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Abstract 
The Gram-negative bacterium Yersinia pseudotuberculosis employs a type 3 secretion 

system (T3SS) to establish infections. The T3SS translocates a diverse set of effector proteins 

directly into the host cells. The coordinate action of the translocated effectors blocks the innate 

immune system of the host and ensures extracellular proliferation of the bacterium. YopE is an 

essential effector that disrupts the actin cytoskeleton of infected host cells. This cytotoxicity is 

caused by the inactivation of RhoGTPases by the GTPase Activating Protein (GAP) activity of 

YopE. YopE was demonstrated to inactivate the RhoGTPases Rac1 and RhoA in vivo. However, 

Rac1 and RhoA inactivation was not a prerequisite for cytotoxicity or virulence. Thus, YopE 

must have additional targets during infection. Surprisingly, avirulent yopE mutants had lost the 

control of Yop expression in the presence of target cells and they all overtranslocated effectors. 

It appeared as if translocated YopE was able to control Yop expression and effector 

translocation via a feedback inhibition mechanism. This feedback inhibition was dependent on 

functional GAP activity. Translocation control could also be mediated by exogenous GAP 

activity, suggesting that effector translocation control might be a general property of all bacterial 

GAP proteins. Besides YopE, the regulatory protein YopK was also found to be involved in the 

effector translocation control process. Clearly, as demonstrated in virulence, the roles for YopE 

and YopK are intimately related.  

Further, YopE possesses a membrane localization domain (MLD) required for proper 

localization. A yopE∆MLD mutant had lost the feedback inhibition of YopE expression and was 

avirulent. Hence, the effector translocation control of YopE requires both proper localization as 

well as functional GAP activity.  

In addition, fish keratocytes were established as a novel model system for Y. 

pseudotuberculosis infections. YopE was found to be the sole effector responsible for 

cytotoxicity towards the keratocytes. Further, induction of cytotoxicity required fully native 

YopE protein which indicated that the keratocytes would be useful as a sensitive model system 

for further studies of YopE mediated phenotypes.  

In summary, this thesis work has sought to unravel the multiple functions of translocated 

YopE. A novel role was elucidated where Yersinia utilizes translocated YopE to control the 

process of effector translocation into host cells. This regulatory control was connected to 

virulence in the mouse model of disease. Thus, perhaps YopE should be considered also as a 

regulatory protein besides being a classical effector.   
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Introduction 

The Yersinia genus  
Species within the Yersinia genus are Gram-negative rod-shaped bacteria 
that belong to the family of Enterobacteriaceae. The genus has 11 known 
members. Out of these 11, Yersinia pestis, Yersinia pseudotuberculosis and 
Yersinia enterocolitica are pathogenic to humans. Despite their differences 
in infection routes and disease severity, the pathogenic species share a 
common tropism for lymphoid tissue, where they resist phagocytosis by 
disrupting the action of the innate immune system [40, 139]. The ability to 
remain extracellular is mainly due to the presence of the virulence plasmid, 
pYV (plasmid of Yersinia virulence) [62, 98].  

The remaining eight species, Y. fredriksenii, Y. intermedia, Y. 
kristensenii, Y. bercovieri, Y. mollaretii, Y. rohdei, Y. ruckeri and Y. 
aldovae, are classified as secondary invaders or saprophytes. They have not 
been extensively studied, but are generally considered to be non-pathogenic. 
[234]  

Yersinia pestis- the causative agent of plague 

Historical background 
Y. pestis is the causative agent of plague. Plague has been estimated to have 
killed up to 200 million people, making Y. pestis one of the deadliest and 
feared bacteria known to man. Plague has occurred during at least three 
pandemics. The first, Justinian plague, struck during the 6th to 8th century 
during the reign of the Roman emperor Justinian. This pandemic rapidly 
spread from Africa, to eventually affect the whole world known at that time. 
Records state that up to 50-60% of the population was lost, and the 
pandemic is considered as one of the events leading to the weakening of the 
Byzantine era.[185, 205]  

Plague reappeared during the Middle Ages in Europe, this time as a 
pandemic known as the Black Death. The Black Death killed approximately 
one third of the population, causing enormous social and economical 
devastation. The impact was to that extent, where plague is believed to have 
shaped the genetic makeup of the surviving population. [100, 193]  

The last plague pandemic started in mainland China in the 1850-ies and is 
still ongoing. During this outbreak, Alexandre Yersin and Shibasaburo 
Kitasato both reported the isolation of the plague bacillus within weeks of 
each other in 1894. Kitasato was initially credited for the discovery. 
However, later it was clear that the bacteria he described most likely was a 
contaminant of the analyzed sample. Instead, in 1896, Yersin could 
successfully cure a plague patient using serum raised against his organism. 
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In honour of his discovery, the bacterial genus was later given the name 
Yersinia. [146] 

The plague disease 
Plague is a zoonosis primarily affecting wild rodent populations. The disease 
is vector-borne, almost always transmitted by the flea Xenopsylla cheopsis 
(Figure 1). [121] Within hours of the flea bite, bacteria disseminate from the 
bite site to local lymph nodes, where they cause an inflammatory response. 
This causes swelling of the lymph nodes, also known as buboes (hence the 
name bubonic plague). Bacteria can spread from the lymph nodes into the 
bloodstream, resulting in severe bacteraemia and sepsis. The mortality rate 
for bubonic plague is above 50% when left untreated and patients generally 
die from septicaemic chock and multi-organ failure. In rare cases, bacteria 
can spread to the lungs, causing pneumonic plague. For pneumonic plague, 
the mortality rate is close to 100%, and this form of disease is highly 
contagious, spreading rapidly from human to human.  

Y. pestis can for diagnosis be recovered from bubo aspirates, blood and 
sputum. However, the bacterium is rather slow growing and therefore 
laboratory diagnostics take time. Once diagnosed, plague can be treated by 
most antibiotics. [193, 224]  

The plague disease is often considered as a problem of the past, but the 
third pandemic is still ongoing. WHO (World Health Organization) records 
from the years 2004-2009 show a total of 12503 plague cases, including 843 
deaths. The plague cases are reported from 16 countries in Africa, Asia and 
the Americas and plague is endemic in many countries in Africa. [177] 
Naturally antibiotic resistant Y. pestis strains have been reported from 
Madagascar, which would upon spread pose a significant threat to man 
health worldwide [94].  

Y. pestis is also listed as a potential biological warfare agent. Biological 
warfare is not a modern invention. Starting in ancient times, plague corpses 
were catapulted over town walls of besieged cities. During World War II, 
Japanese troupes experimented with different ways to spread plague, by for 
instance dropping infected fleas from airplanes. Fortunately, their attempts 
gave futile results. Today, biotechnology advances might provide the 
potential of aerosol formation. In the hands of terrorists, aerosolized Y. 
pestis would cause wide spread panic and perhaps high mortalities in 
pneumonic plague. [65]  

Y. pestis has recently emerged from Y. pseudotuberculosis 
Y. pestis is estimated to have emerged as a clone from Y. pseudotuberculosis 
only 1500-20000 years ago [1]. In fact, the two species are so similar that Y. 
pestis rather should be categorized as a subspecies of Y. pseudotuberculosis. 

2 



 

However, due to the historical impact of plague and for health security 
reasons, the current separate classification remains [185].  

1500-20000 years is a dramatically short time period, especially when 
considering that Y. pestis transformed from being a soil present 
enterobacterium into a vector-borne pathogen, not able to survive outside 
the host [48]. Y. pestis has undergone significant changes in order to 
establish this new infection route. Essential for flea transmission is the 
ability to block the proventriculus, a blockage valve of the flea midgut. Y. 
pestis forms a biofilm on the valve which stops the blood meal from reaching 
into the stomach of the flea. Thus, the starving flea repeatedly tries to feed on 
new hosts, regurgitating bacteria present within the foregut content into the 
bite site. [121]  

During evolution, Y. pestis has acquired two additional plasmids called 
pMT1(pFra) and pPCP1(pPla) in addition to the shared virulence plasmid 
pYV. pMT1 encodes for the F1 protein, a highly immunogenic protein that 
forms a capsule on the bacterial surface [90]. Also present on pMT1 is the 
ymt gene that encodes for a phospholipase D (PLD). ymt is essential for 
bacterial colonisation and replication within the flea midgut [120, 122]. 

Dissemination of bacteria from the flea bite site requires the plasminogen 
activator, encoded on the pPCP1 plasmid. The plasminogen activator is a 
surface protease that activates mammalian plasminogen, degrades 
complement and adheres to laminin. The activator is required in 
subcutaneous infections, in the formation of buboes, and for primary 
pneumonic plague. [106]  

Besides the additional plasmids, the chromosomal genome of Y. pestis has 
undergone some rearrangements. A number of genes have been inactivated 
and a few genes have been obtained [180, 259]. The presence of these extra 
plasmids, the pseudogenes or the new genetic material does not entirely 
explain the extreme difference in virulence when comparing Y. pestis with its 
ancestor Y. pseudotuberculosis. Instead, the striking difference in virulence 
is more likely due to differential regulation of pre-existing genetic elements. 
[48] 

Yersinia pseudotuberculosis and Yersinia enterocolitica- 
enteropathogens present in the environment 
In contrast to the strict vector-borne Y. pestis, Y. pseudotuberculosis and Y. 
enterocolitica have the ability to survive in nature. They are normally 
present in soil and water and cause disease by accidental ingestion of 
contaminated food or water [221]. In humans, enteropathogenic Yersinia 
cause a disease often referred to as yersiniosis. Yersiniosis is an infection 
characterized by gastrointestinal symptoms ranging from abdominal pain, 
diarrhea, and enterocolitis to the more severe mesenteric lymphadenitis. The 
mesenteric lymphadenitis can easily be misdiagnosed as appendicitis [21, 33, 
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64]. In rare cases, infections with enteropathogenic Yersinia, and especially 
Y. enterocolitica, can cause reactive arthritis in humans [102]. 

To cause disease, enteropathogenic Yersinia first adheres and attaches to 
the specialized M-cells (Microfold cells) present in the small intestine. 
(Figure 1) The M-cells are specialized epithelial cells only present in the 
follicle associated epithelia that overlay lymphoid tissue [29, 179]. Larger 
aggregates of lymphoid tissue are organized into Peyer´s patches. M-cells 
sample foreign material and microorganisms from the inside of the small 
intestine and deliver them to the immune cells present in the underlying 
lymphoid tissue [8, 150, 222]. This sampling mechanism is exploited by a 
number of pathogens. Enteropathogenic Yersinia binds β1-integrins on the 
apical surface of the M-cell, via the adhesins Invasin and YadA, to mediate 
transport to the underlying lymphoid tissue (Leong, Fournier et al. 
1990)[184, 213]. Once delivered within the Peyer´s patch, most other 
bacteria would rapidly be ingested by professional phagocytes. Yersinia is 
however equipped with effector proteins delivered via the type 3 secretion 
system (T3SS) that prevents bacterial uptake. Thus, Yersinia replicate as 
extracellular aggregates within necrotic lesions. All pathogenic Yersinia also 
have the ability to survive and replicate within macrophages, but the 
importance of intracellular proliferation is not fully understood. [194] 
Bacteria can spread from the Peyer´s patches and reach the mesenteric 
lymph node (MLN). In rare cases, Y. pseudotuberculosis can enter the 
bloodstream and cause septicaemia in humans [154].  

In rodents, enteropathogenic Yersinia causes a lethal systemic infection 
that resembles plague. In mice, bacteria spread from the MLN to the liver 
and spleen and hence establishe a systemic infection.  
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Figure 1: The different infection routes for pathogenic Yersinia. Adopted from [259]  

The virulence plasmid pYV encodes a type 3 secretion 
system (T3SS) 
Crucial for the disease causing ability of bacteria is the ability to transport 
virulence associated proteins from the inside of the bacterium where they are 
made to their intended site of action. To execute this task, there are a large 
number of dedicated bacterial secretion systems. 

One of these secretion systems, first identified in Yersinia, is denoted the 
type three secretion system (T3SS) [63, 232]. Over 25 different Gram-
negative bacterial species are equipped with one or several T3SS and these 
species can be divided into seven subfamilies.  

As shown in table 1, species encoding for T3SS includes strict animal 
pathogens as well as plant pathogens or symbionts. The T3SS consists of a 
protein secretion apparatus, often called the injectisome due to the 
structural resemblance of a syringe. The secretion apparatus is responsible 
for the delivery of a diverse set of effector proteins. The effectors are believed 
to be delivered directly into the target cell by the injectisome. Over 100 
different effectors have been identified and one species often delivers from 6 
to 20 proteins. Depending on the life style of the bacterium, the effectors 
have different functions, as preventing uptake by phagocytes or promoting 
uptake by non-phagocytic cells or modulating pro-inflammatory signalling 
and more. [59, 87, 115, 126, 240] 
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Table 1: The seven T3SS families. Adopted from [59] 

 

 

 

 

 

 

  

In Yersinia, the T3SS is encoded on the 70 kB pYV virulence plasmid, 
shared by the pathogenic species. The plasmid encodes for the structural 
components of the system, as well as the virulence-associated effector 
proteins delivered, or translocated, into the host. Also present on the 
plasmid are genes encoding for the translocator proteins and chaperones 
that are required for the effector translocation process. Further, the plasmid 
encodes for regulatory elements controlling T3SS assembly and 
activation.[62]  

When discussing the concept of T3SS, it is important to distinguish 
between the two processes of secretion and translocation. Secretion refers to 
the active transport of proteins from the bacterial cytosol, over the inner and 
outer membrane, to the bacterial surface or the supernatant. The term 

6 



 

translocation describes the transport from the inside of the bacterium 
directly across the eukaryotic membrane. Even though translocation requires 
the process of secretion, these processes can be separated. Effector proteins 
often have separate secretion and translocation domains, suggesting that 
information required for secretion differs from information required for 
translocation. Further, translocation occurs only upon target cell contact, 
while secretion can be induced in vitro.  

Environmental regulation of the T3SS 
A successful infection would require the bacterium to sense and interpret its 
surrounding environment, so virulence genes can be turned on or off when 
appropriate. The Yersinia T3SS genes are under strict regulation, controlled 
by several different environmental signals.  

Temperature regulation- positive regulation of the T3SS 
Temperature within the host is often different compared to the temperature 
outside of the host. Therefore, many bacteria use temperature or changes in 
temperature, as a key regulator of virulence gene expression.   

Yersinia is not an exception, and the T3SS is controlled by the 
temperature induced master regulator LcrF (Low calcium response F). LcrF 
(VirF in Y. enterocolitica) belongs to the family of AraC transcriptional 
regulators [57]. When Yersinia is outside the mammalian host, the T3SS is 
inactive. Upon infection, and a temperature shift to 37°C, the T3SS is 
activated by LcrF binding to T3SS gene promoter regions. [144, 165] 

The low calcium response- regulation by calcium 
Another way for bacteria to sense the environment is to monitor the level of 
divalent cations. The concentration of cations often differs from extracellular 
to intracellular compartments and can hence be exploited as a localization 
cue. In this way, Salmonella typhimurium utilizes the levels of magnesium 
ions as a mean for localization and regulation of different virulence 
genes[103].  

In Yersinia, and in Pseudomonas aeruginosa, the T3SS genes are at least 
in vitro controlled by the presence of calcium in the growth medium [128, 
243]. Early observations demonstrated that Yersinia stopped growing when 
calcium was depleted from the growth medium. Initially, the growth defect 
was interpreted as a metabolic requirement for calcium. [119, 143] Later it 
was clear that the growth arrest coincided with the induction of the T3SS, 
and that the growth arrest most likely was due to the massive cost of 
producing and secreting all T3SS related proteins. [32, 85, 117, 231, 265] The 
exact mechanism behind the low calcium response (LCR) remains clouded. 
However, it is a useful tool for mimicking in vivo cell contact. Further, the 

7 



 

LCR has been important for the characterization of T3SS mutants. In respect 
to their LCR, mutants can be divided into three groups.  
Wt Yersinia requires calcium for growth at 37°C. Depletion of calcium 
results in massive secretion of T3SS substrates into the growth medium. This 
phenotype has therefore been coined Calcium Dependent (CD).  
Mutants that are able to grow at 37°C irrespective of calcium levels are 
termed Calcium Independent (CI). These mutant strains often have a defect 
in positive regulation, or secretion system build up. Hence, they do not 
secrete substrates, rendering them avirulent in animal models. The third 
calcium phenotype is the Temperature Sensitive (TS) phenotype. Here, 
mutant strains unable to grow at 37°C irrespective of calcium levels are 
classified. These strains are constitutively producing the secreted proteins, 
due to defects in negative regulatory loops. [62, 265] 

Regulation by target cell contact 
Target cell contact is sensed by many pathogenic bacteria and utilized as an 
important regulatory cue. For Yersinia, target cell contact is a strict 
requirement for effector translocation in vivo. Cell contact has been 
demonstrated to induce transcription, secretion, and the subsequent 
translocation of effectors into the host cell. [187, 189, 201] How Yersinia 
senses target cells is unknown. The needle protein YscF is suggested to sense 
the presence of the target cell and to relay a signal back to the bacteria. For 
the in vitro mimic of cell contact, YscF is suggested to interpret calcium 
levels. [68, 123, 239] The concept of target cell contact and regulation will be 
revisited in the Results and Discussion section.  

Structural components of the T3SS- the injectisome 
The T3SS secretion apparatus is one of the most complex multi-protein 
assemblies known in bacteria. The secretion apparatus of Yersinia is built up 
by approximately 25 Ysc (Yersinia secretion) proteins.[58, 59]  

Genetic analysis has shown that the structural components of the T3SS 
shares ancestral origin with the flagella system [206]. The flagellum, besides 
providing motility, is also an export system that first secretes hook proteins 
followed by filaments [157, 158]. During evolution, the T3SS appears to have 
been acquired via horizontal gene transfer [99].  

The structure of the secretion apparatus, or the injectisome, has been 
visualized by transmission electron microscopy (TEM) for S. typhimurium, 
S. flexneri and EPEC (Enteropathogenic E. coli) [142, 214, 237]. In common 
for these structures is two cylindrical structures anchored in the inner and 
outer membrane, joined together with a rod. Depending on bacteria, the 
basal body is completed with a hollow needle, a pilus or a filament. (Figure 
2) 
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In Yersinia, the structure is completed by a straight hollow needle, 
consisting of multimerized YscF subunits. The average needle length is 60-
80 nm with an external diameter of 6-7 nm and an inner diameter of 2 nm 
[123]. On every bacterium, approximately 50-100 needles are found. 
Substrates destined for secretion trough the needle are believed to travel 
unfolded, or at least partially unfolded, trough the hollow inner tube since 
the inner diameter do not encompass folded proteins [58]. For proper 
function, the needles must have a certain regulated length, which is 
controlled by the YscP protein. Deletions or insertions in YscP results in 
shorter or longer needles respectively. [134]  

 

 

 

 

Figure 2: Schematic illustration of the T3SS of Yersinia. After a shift to host cell temperature but prior 
to cell contact the secretion apparatus is built up in the inner and outer membrane of the bacterium.
The structure is completed with a needle with an LcrV complex on the tip. The secreted substrates, th
translocators and effectors are kept within the bacterial cytosol. Upon target cell contact, th
translocators YopB and YopD are presumed to be secreted first to form a pore in the eukaryotic cel
membrane. Effector proteins are delivered directly into the cytoplasm via the needle and trough th
pore. The effectors have different anti-host functions to ensure extracellular proliferation of th
bacterium.  

 
e 
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Control of secretion 
The T3SS is an impressive virulence determinant with very powerful anti-
host effects. This potent system is under tight regulatory control to prevent 
miss-directed induction and premature secretion. As described previously, 
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the system is tightly regulated on the induction and assembly level. But also 
the process of secretion and translocation of the effectors is tightly regulated. 

Gate keeping of the secretion channel 
Prior to cell contact, or in the presence of calcium, the Ysc secretion 
machinery is closed. Several proteins are suggested to be involved in 
blocking this channel.  

YopN (Yersinia outer protein N) is crucial to prevent premature secretion. 
Two models exist for how YopN controls secretion. YopN was found to be 
localized to the bacterial surface prior to host cell contact [86]. A yopN 
mutant secretes Yop substrates into the supernatant regardless of cell 
contact or calcium levels. This is in contrast to wild-type Yersinia that 
displays what is known as polarized translocation, where no effectors are 
found in the surrounding media. Since the polarized translocation is lost in 
the yopN mutant, YopN might act as an outer gate keeper of the T3SS 
channel. According to this hypothesis, YopN would be secreted upon target 
cell contact and thus removing the plug of the T3S machinery, allowing for 
effector secretion. 

The other hypothesis states that YopN prior to induction of secretion is 
kept in a complex consisting of the two chaperones of YopN, SycN and YscB, 
as well as TyeA in the bacterial cytoplasm. YopN can not be secreted when 
bound to TyeA, and is in this model believed to plug the secretion channel 
from the inside. Upon cell contact, TyeA would disassociate from the 
complex, releasing YopN for secretion and thereby the secretion channel is 
opened. [51, 67, 130, 131] 

Another protein important for preventing premature secretion is LcrG. 
LcrG is postulated to act as an inner gate keeper, blocking the Ysc secretion 
apparatus either directly or indirectly.  According to the titration model, 
YopN would be secreted upon cell contact, allowing for secretion of LcrQ 
(see next section). Upon LcrQ secretion, the levels of LcrV increase and LcrV 
can then form a complex with LcrG [69]. Formation of this complex will titre 
away LcrG from blocking the secretion channel, allowing for full induction 
and secretion of Yops.[159, 176]  

A negative regulatory loop controlling secretion 
Secretion is not only controlled by proteins blocking the secretion channel. 
During non-permissive secretion conditions, a negative feedback mechanism 
blocks transcription of yop genes (The secreted substrates are designated 
Yops). This negative regulatory loop involves the LcrQ protein [196]. LcrQ 
accumulates in the cytoplasm during non-permissive conditions and is part 
of a tripartite complex together with YopD and LcrH. This complex can bind 
to 5´-untranslated regions of yop mRNA. Presumably, host cell contact 
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causes disassociation of this complex and LcrQ will be secreted, and the yop 
mRNA can be translated into Yop proteins. [10, 44-46, 89, 252, 260] 

The secretion signal  
The T3SS apparatus secretes several different substrates. According to the 
substrate specificity switch theory, external Ysc proteins, such as the needle 
protein YscF, are secreted first [77]. When the secretion apparatus is 
completed, the specificity of the apparatus switches to secretion of the 
translocator proteins followed by the effector proteins [3, 77]. To be 
recognized by the apparatus, substrates destined for secretion via the T3SS 
must encompass a specific secretion signal. Since a secretion apparatus from 
one bacterial species can secrete substrates originating from another species, 
the secretion signal seems to be conserved. Unlike substrates designated for 
Sec-dependent secretion, T3S substrates do not have an N-terminal signal 
sequence that later is cleaved off. [52, 60] 

The secretion signal of T3S substrates is located in the very N-terminus of 
the protein. Despite much effort, the exact nature of the signal is unknown. 
Comparisons of the N-termini of different substrates do not reveal any 
conserved amino acids or structural motifs. The secretion signal for the 
effector protein YopE has been extensively studied using various fusion 
constructs. The 11 first amino acids are sufficient for secretion, but the 
nature of the signal is still under debate [210]. One hypothesis states that 
information for secretion is contained within the mRNA sequence [9]. The 
mRNA model is challenged by a more recent study. Here, the mRNA 
sequence was disrupted while the wild-type amino acid sequence was kept 
intact. This mRNA disruption did not block secretion [155]. Thus, the 
secretion signal appears to be contained within the amino acid sequence. 
Further, a second secretion signal is proposed to be located within chaperone 
binding region of the effectors [53, 147, 244]. The N-terminal secretion 
signal is sufficient for secretion, but translocation requires the presence of 
the second secretion signal.  

Dedicated chaperones of the T3SS 
Many of the secreted proteins of the T3SS rely on chaperones for proper 

function. The chaperones have been implicated to serve as secretion signals, 
to prevent premature association and aggregation, to infer stability, to 
prevent degradation, or to maintain effectors in a secretion competent, 
unfolded state. Chaperones are usually small, acidic cytoplasmic proteins 
that associate with one specific substrate. Despite low primary sequence 
identity, the structure of T3SS chaperones often adopts a similar globular 
fold. In Yersinia, the chaperones are called Syc proteins for specific Yersinia 
chaperone. [27, 50, 53, 61, 227]  
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The chaperones of the T3SS can be divided into three distinct classes 
depending on their cognate substrate. Class I bind to effectors, and can bind 
one (Class IA) or multiple effectors (Class IB). SycE, SycH, SycO and SycT of 
Yersinia are examples of class IA and they are the cognate chaperones of 
YopE, YopH, YpkA (YopO) and YopT respectively [84, 129, 151, 245]. SycE, 
first identified as YerA (yopE-regulating gene A), binds as a dimer to amino 
acids 15-75 of YopE in the bacterial cytosol. The crystal structure 
demonstrates that the chaperone binding region of YopE is wrapped around 
the SycE dimer. Upon YopE secretion, SycE is dissociated and remains in the 
cytosol. [27, 84, 210] 

The effectors YopM and YopJ do not appear to require a cognate 
chaperone. The absence of a chaperone for YopM and YopJ implicates that 
the chaperones might infer a secretion hierarchy, however evidence are 
scarce. [27, 35] According to the secretion hierarchy theory, the translocators 
should be secreted first, followed by effectors equipped with chaperones. 
Lastly secreted would be effectors lacking a chaperone.  

Class II chaperones associate to translocator proteins, exemplified by 
LcrH (SycD) that binds to both YopB and YopD [245]. Interestingly, 
translocator chaperones often have an additional role in regulation. [89, 
260]. 

In the last class, class III, chaperones of the flagella system are grouped, 
since the flagella system is evolutionary related to the T3SS [25]. [181] 

The secreted proteins 
After complete assembly of the T3SS apparatus, and upon target cell contact, 
the T3S system starts to secrete two sets of substrates, the translocator 
proteins and the effectors. According to the above mentioned secretion 
hierarchy theory, translocator proteins are assumed to be secreted before the 
effector proteins. The secreted substrates are collectively designated Yops for 
Yersinia outer proteins [31]. Initially, the Yops were detected in the outer 
membrane of Y. pseudotuberculosis, but later they were found to also be 
secreted [63].  

The translocator proteins YopB, YopD and LcrV 
YopB, YopD and LcrV are the translocators of Yersinia and they are all 
encoded on the same operon. [26, 108, 190, 225] 

YopB and YopD 
In related T3SS from other bacteria, YopB and YopD protein analogs are 
present, suggesting that the role for the translocators is preserved. The 
analogs are not related in sequence, but rather share structural similarities.  

YopB and YopD both contain hydrophobic domains and are hence 
predicted to be membrane spanning proteins [108]. They have been 
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demonstrated to form pores in artificial membranes as well as in membranes 
of red blood cells and macrophages [39, 175, 238]. However, this pore has 
not yet been visualized in vivo, and the distinction between real pore 
forming activity and general lysis is difficult.  

What however is clear is that both YopB and YopD are required for the 
translocation process. No translocation occurs in yopB or yopD mutants, 
rendering them avirulent in the mice model. YopB and YopD are also 
localized in the interface between the bacterium and the target cell during 
infection which is consistent with a role in translocation process. [109, 201, 
225] Both YopB and YopD activity depend on the same chaperone, LcrH. In 
the absence of LcrH, no effector translocation occurs [174].  

Besides being a translocator protein, YopD has multiple functions. YopD 
also has a role in regulation, in collaboration with the cognate chaperone 
LcrH and the negative regulatory element LcrQ [252]. Further, YopD has 
been demonstrated to be translocated into target cells. The role for 
translocated YopD remains enigmatic, since no effector function has been 
attributed to YopD. YopD can however interact with the effector YopE, and 
one hypothesis suggests that YopD might act as an intracellular chaperone to 
protect translocated YopE from degradation. [88, 112]  

YopB also has additional functions besides the essential role in 
translocation. YopB induces a pro-inflammatory response resulting in the 
production of the cytokine IL-8 and activation of the MAP kinase Jnk, Erk 
and the small GTPase Ras. How, and why, YopB elicits this response, and the 
role for YopB in signalling versus the role in translocation, is not known. 
This pro-inflammatory signalling is later counteracted by the action of the 
translocated effectors YopE, YopH and YopJ.  

LcrV 
LcrV was discovered in the mid 1950-ies and was first recognized as a 
protective antigen against plague, so undoubtedly, LcrV is a major virulence 
marker in Yersinia. Later, LcrV was found to be located on the virulence 
plasmid, and a part of the low calcium response (LCR). [41] 

The role for LcrV in the translocation process is a more recent discovery, 
where LcrV is required for the pore forming activity by YopB and YopD 
[101]. LcrV has been shown to be located on the outside of the bacterium 
before cell contact, and recently, LcrV was found to be localized to the tip of 
the YscF needle [170, 190].  

Further, LcrV has been demonstrated to be immunomodulatory by down-
regulating the pro-inflammatory cytokines TNFα and IFNγ and up-
regulating the anti-inflammatory cytokine IL-10 [218]. LcrV is suggested to 
perform the immunomodulatory effects via a TLR-2 (Toll-like receptor) 
interaction on the host cell surface. However, the significance, or existence of 
a TLR-2 interaction, is under debate due to conflicting results [20, 192, 195].  
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The effector proteins  
The T3SS of Yersinia is known to translocate six effector proteins into the 
target cell cytosol where they all have different anti-host functions. 

 
Figure 3: Scematic illustration of translocated Yop effector functions within the host cell 

YopM 
The role for YopM during infection remains elusive. All other effector Yops 
have been assigned an enzymatic function, which appears to be lacking in 
YopM. Despite the lack of enzymatic activity, YopM is clearly important for 
virulence for all pathogenic Yersinia strains [152, 160, 241].  

YopM is a leucine-rich repeat (LRR) protein [79]. LRR is a structural 
motif involved in protein-protein interactions and LRR proteins adopt a 
horseshoe like fold where the inside bend form a binding surface for 
interacting proteins [23]. YopM interacts with two eukaryotic kinases, RSK1 
(ribosomal protein S6 kinase) and PRK2 (protein kinase C-related kinase) 
[161]. RSK1 is a substrate of Erk in the MAPK (Mitogen-activated protein 
kinase) signal transduction pathway and hence involved in events regulating 
cell survival and growth [133]. PRK2 is involved in cytoskeletal changes, 
receptor tyrosine kinase signalling and activation of translation [254]. One 
hypothesis states that YopM recruits RSK1 and PRK2 to a novel signalling 
complex and alters signalling to modulate innate immune responses to 
promote bacterial virulence. This hypothesis is based on the finding that 
mice infected with a yopM mutant show higher levels of IFNγ and decreased 
levels of IL-10. IL-10 is an anti-inflammatory cytokine that dampens the 
production of both TNFα and IFNγ and is normally increased during wild-
type Yersinia infection to dampen the response of the innate immune 
system. [163] 
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YopM is also, as the sole effector, localized to the nucleus of infected cells, 
and seem to exploit the endosomal vesicular trafficking system for the 
transport to the nucleus. However, the significance for nuclear localization is 
unknown.[24, 219] 

YpkA 
YpkA (YopO in Y. enterocolitica) is a multi-domain protein. The very N-
terminus targets the protein to the inner surface of the target cell plasma 
membrane. In the C-terminal, a serine/threonine kinase domain is located. 
This region was identified due to the very high similarity with eukaryotic 
Ser/Thr kinases. (Hence the name YpkA for Yersinia protein kinase A). In 
the most C-terminal part, a GDI-like (Guanosine nucleotide dissociation 
inhibitor) domain is localized that interacts with the GDP-bound form of the 
small RhoGTPases RhoA and Rac1 and prevents their activation. The GDI 
domain is followed by an actin-binding domain that binds actin and auto-
activates the kinase activity. [74, 135] 

YpkA is essential for virulence and a kinase deficient mutant is attenuated 
[95]. Recently is has been demonstrated that YpkA targets Gαq proteins and 
thereby inhibits multiple signalling pathways. Gαq proteins couple with G 
protein-coupled receptors to convey multiple extracellular signals to the 
inside of the cell, hence playing a central regulatory role. Especially, the Gαq 
family stimulates PLC-β activity which will in the end generate the 
production of reactive oxygen species (ROS). Since YpkA inhibits the Gαq 
proteins, YpkA might inhibit ROS production. [173]  

Previously, YpkA has been demonstrated to cause cell rounding and to 
disrupt actin stress fiber formation and to be involved in anti-phagocytosis. 
These functions are requiring both N- and C-terminal activities in 
concert.[104, 135, 251]  

YopJ 
Upon bacterial infection, the MAPK and NFκB (nuclear factor kappa-light-
chain-enhancer of activated B cells) signalling pathways are rapidly 
activated. Activation of these pathways would result in activation of the 
innate immune system and cytokine production [248]. In Yersinia 
infections, these pathways are quickly inhibited by the YopJ protein (YopP in 
Y. enterocolitica). [178, 211] Besides inhibiting signalling pathways, YopJ has 
also been demonstrated to induce apoptosis in infected macrophages and 
dendritic cells. [30, 166] 

The exact mechanism of YopJ has been enigmatic until recently when it 
was discovered that YopJ is an acetyltransferase. YopJ employs CoA (Acetyl-
coenzyme A) as a cofactor to acetylate critical serine and threonine residues 
of MAPKK (Mitogen-activated protein kinase kinase). This acetylation 
prevents phosphorylation of these residues, hence blocking downstream 
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signalling. [171] YopJ also acetylates IKK (IκB kinase), a key player in the 
NFκB pathway [167].  

Despite the role of YopJ as a key player in down-regulation of the pro-
inflammatory response, the role in virulence is less clear. YopJ appears to be 
important only for virulence in oral infections with enteropathogenic 
Yersinia, where YopJ exerts its role in the later stages of systemic infections. 
[37, 148, 156, 169, 241, 266]  

YopH 
YopH is a potent tyrosine phosphatase. [105] Tyrosine phosphorylation is a 
reversible post-translational modification important for many cellular 
processes and it is controlled by tyrosine kinases and tyrosine phosphatases. 
YopH is localized to focal adhesions within infected cells [188]. Focal 
adhesions provide a link between the actin cytoskeleton and the extracellular 
matrix (ECM). They are large dynamic macromolecular assemblies that not 
only anchor the cell to the substratum, but also concentrate and transmit 
signals at the sites of integrin binding and clustering [73]. Since Yersinia is 
assumed to bind β1-integrins on target cells, it is not surprising that YopH 
targets phosphotyrosine proteins found in the focal adhesions [132]. Some of 
the reported targets include p130Cas, focal adhesion kinase (Fak), paxillin, 
Fyn-binding protein (Fyb) and SKAP-HOMO. Inactivation of these targets 
leads to the disruption of integrin signalling, the focal adhesions, and the 
actin cytoskeleton and eventually disruption of phagocytosis. [70, 110, 186, 
188] The effect of YopH is remarkably rapid, within 30 s after initial 
bacterial- cell contact, dephosphorylation of host proteins can be observed 
[12].  

Besides dephosphorylation of focal adhesion proteins, YopH has 
additional functions. YopH has been demonstrated to block calcium release 
from infected neutrophils induced by bacterial attachment to β1-integrins 
[11]. Further, YopH suppresses the oxidative burst of infected macrophages, 
and is capable of inducing apoptosis in T-cells and to block T- and B-cell 
activation.[7, 208] However, it is unknown whether these latter effects are 
due to the phosphatase activity towards known targets or are due to activity 
towards unknown targets. It is also difficult to validate the involvement of 
YopH in adaptive immune responses in vivo, since a yopH mutant fails to 
cause systemic infections in the mouse model of disease. [248] 

YopE 
The YopE protein is essential for virulence in Yersinia [83]. YopE is a 
GTPase activating protein (GAP) towards members of the family of small 
RhoGTPases. Other bacterial GAP effector proteins are found in 
Pseudomonas aeruginosa and in Salmonella enterica.  
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YopE mimics functionally, but not structurally, eukaryotic GAP proteins, and 
interacts with the target RhoGTPase by inserting an arginine finger motif 
into the catalytic site of the GTPase. This speeds up the hydrolysis of GTP 
into GDP and inactivates the GTPase and hence blocks downstream effects 
and signalling. [209, 262]  
 In vitro, YopE has been demonstrated to target the RhoGTPases Rac1, RhoA 
and Cdc42 [14, 28, 258]. Via the GAP activity, YopE disrupts the actin 
cytoskeleton of the infected cell. This phenotype is referred to as cytotoxicity, 
and YopE mediates cytotoxicity towards a wide range of cell types 
originating from multiple organisms [36, 200]. When the arginine finger 
motif, the arginine at position 144, is mutated into an alanine, cytotoxicity is 
abolished and the mutant is avirulent [4, 28, 258].   
YopE, together with YopH, YpkA and YopT, contributes to the anti-
phagocytic effect of Y. pseudotuberculosis to counteract actions of the innate 
immunity in epithelial cells, macrophages and neutrophils [81, 104, 202].  
YopE is also involved in prevention of pore formation.  According to the 
microinjection hypothesis for T3SS mediated translocation, the translocator 
proteins form a pore in the target cell membrane. A multi-effector mutant 
displays higher pore-forming activities than wild-type, suggesting that 
effectors would block the translocation pore. As confirmation of this 
hypothesis, the pore-forming activity was reduced when YopE was over-
expressed in the multi-effector background.[109] When pore-forming was 
examined by measuring LDH release from infected cells, YopE was found to 
be responsible for pore formation prevention. Further, the blockage was 
mediated by the GAP activity, since a GAP deficient mutant could not 
prevent pore formation. [247] 

Further, the GAP activity of YopE also influences cytokine production, 
where caspase-1 mediated maturation of prointerleukinβ in macrophages is 
inhibited. This inhibition is mediated via the inactivation of Rac1 [212]. In 
epithelial cells, YopE has been demonstrated to inhibit pro-inflammatory IL-
8 release.[250]  

Translocated YopE localizes to the perinuclear membrane region in 
mammalian cells [201]. Important for this localization is the membrane 
localization domain (MLD). The MLD covers amino acids 54-75, which is a 
region overlapping the YerA chaperone binding domain. [140] Besides 
providing proper localization, potential additional roles for the MLD of YopE 
are not studied.   

Clearly, YopE contributes to virulence by multiple mechanisms, mediated 
by itself or in synergy with other effectors. Likely, there exist additional, still 
unknown functions of translocated YopE. The YopE protein is therefore the 
subject for further investigations, as presented in the Results and Discussion 
section.  
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YopT 
YopT, as YopE, targets the small RhoGTPases. YopT is a cysteine protease 
that cleaves off the lipid modification of the target RhoGTPase [216]. The 
lipid modification mediates membrane attachment of the RhoGTPase and is 
required for the interaction with effectors and regulators. After cleavage by 
YopT, the RhoGTPase is no longer associated with the membrane and is 
thereby inactivated.  

YopT has been shown to inactivate Rac1, RhoA and Cdc42 in vitro [215, 
216], however RhoA appears to be the preferred in vivo target [2]. Recently, 
RhoG has also been demonstrated to be a target for proteolytic cleavage by 
YopT. RhoG targeting is interesting, since RhoG is located in the close 
proximity within β1-integrin receptors to which enteropathogenic Yersinia 
bind. This inactivation of RhoG leads to disruption of actin structures and 
impaired phagocytosis. [168]  

A yopT mutant has no effect on virulence in Y. enterocolitica. It appears 
as if the YopT function is redundant to the more potent effects of YopE. 
Virulence can only be partially restored by introducing YopT in a yopET 
mutant in Y. pseudotuberculosis. [249] 
Some Y. pseudotuberculosis strains have inactivated the yopT gene. A yopT 
mutant was found to be more effective in colonization of certain tissues and 
therefore it might be advantageous to delete the gene. [241]   

YopK- a translocated regulator 
YopK (YopQ in Y. enterocolitica) is an enigmatic protein. YopK is only 
present in the Yersinia species, with no known homolog in any other 
bacteria expressing a T3SS. YopK has recently been identified to be 
translocated, but has no effector function assigned [97]. Rather, YopK 
appears to regulate Yop effector translocation. A yopK mutant strain 
overtranslocates effectors into the target cell, while a strain over-expressing 
YopK shows the opposite, with reduced translocation of effectors. A yopK 
mutant is avirulent in the mice model and the infection is cleared already at 
stage within the Peyer´s patches. YopK is expressed at considerable lower 
levels than the other effector Yops which perhaps is a reflection of a role in 
regulation, rather than acting as an effector.  

YopK has been implicated to regulate the pore forming process of YopB 
and YopD. In infected erythrocytes, YopK modulates the size of the pore, and 
a yopK mutant display higher pore forming activities, consistent with the 
overtranslocating phenotype.[124, 125] 
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Other bacterial GAP effector proteins besides YopE 

ExoS and ExoT from Pseudomonas aeruginosa 
Pseudomonas aeruginosa is a Gram-negative opportunistic human 
pathogen and is the most common hospital acquired infection. Immuno-
compromised patients, such as people suffering from cystic fibrosis, cancer, 
HIV, or severe burn wounds, are at high risk for P. aeruginosa infections.  

P. aeruginosa encodes for a T3SS similar to the Ysc system of Yersinia, 
where substrates of Pseudomonas can be secreted by Yersinia, and vice versa 
[92].  The T3SS is dedicated to translocate four effectors into the target cell; 
ExoS, ExoT, ExoU and ExoY.[114] ExoU is a very potent phospholipase that 
causes severe cytotoxicity of infected cells [82, 207]. ExoY is an adenylate 
cyclase that elevates the levels of cAMP within the target cell, causing actin 
rearrangements [264].  

ExoS and ExoT are two highly similar proteins. In fact, they are so similar 
that ExoT was first assumed to be a pre-form of ExoS. [263] Both are bi-
functional toxins, with an N-terminal GAP activity and a C-terminal ADP-
ribosyltransferase activity. ADP-ribosylation is the covalent transfer of ADP-
ribose from NAD+ to host proteins, catalyzed by bacterial toxins which block 
the interaction between the small Rho GTP-binding protein and their GEF 
(Guanine Exchange Factors) proteins. This  prevents interaction with 
downstream effectors [128]. ExoS and ExoT display the same RhoGAP 
specificity, targeting Rac1, RhoA and Cdc42 both in vivo and in vitro. [137, 
141] The GAP activity disrupts the actin cytoskeleton and the phagocytic 
process [183]. In ADP-ribosylation, they display different specificities, where 
ExoS targets multiple proteins including Ras and Rab proteins while ExoT 
seem to target only Crk-I and Crk-II [55, 56, 235].  

ExoS has a membrane localization domain (MLD) that covers amino acids 
51-77 [182, 267]. The MLD do not influence T3SS secretion or translocation 
of ExoS, however, it affects the intracellular localization and influences both 
RhoGAP activity and ADP-r activity. Clearly, correct intracellular localization 
is important for proper activity [182, 269]. ExoS, via the MLD, travels from 
the plasma membrane to the perinuclear region of the cell. ExoS co-
immunoprecipitates with Rab5, Rab6 and Rab9 which suggests that ExoS 
exploits endosomal trafficking pathways to reach the perinuclear region. The 
Rab proteins with 60 members also belong to the family of small GTPases, 
and are involved in endocytosis and exocytosis [230]. ExoS displays ADPr 
activity towards Rab5, Rab7, Rab8 and Rab11 to inhibit host cell vesicle 
trafficking and endocytosis.[71, 72, 268] By sequence alignment, and the 
similar host localization pattern, ExoT is also assumed to posses a similar 
MLD [22].  
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SptP of Salmonella enterica 
Salmonella enterica has a different life style compared to Yersinia. Instead 
of preventing uptake, Salmonella is an intracellular pathogen that invades 
non-phagocytic cells. The invasion is a unique feature, where Salmonella 
induces ruffles in non-phagocytic cells that lead to bacterial internalization 
by macropinocytosis. Once internalized, bacteria multiply within the SCV 
(Salmonella containing vacuole) that traffics to a perinuclear region that 
provides a niche for intracellular bacterial replication.  

Salmonella encodes for two separate T3SS, SPI-1 (Salmonella 
pathogenicity island) and SPI-2. SPI-1 is important for the early events of 
pathogen entry, while SPI-2 is important for intracellular survival within the 
SCV. [127, 162] 

SptP is part of the SPI-1 and inactivates RhoGTPases to reverse the 
membrane ruffling induced by the effectors SopE, SopE2, and SopB [96, 111, 
229, 270]. SptP is demonstrated to be a GAP protein towards Rac1 and 
Cdc42. By inactivating Rac1 and Cdc42, SptP down-regulates the activation 
of MAP kinases and thereby blocks the production of pro-inflammatory 
cytokines.[93, 226] 

SptP, as ExoS and ExoT, is a bifunctional toxin. The C-terminal possesses 
a tyrosine phosphatase activity, resembling the activity of YopH. [136]  

The family of small RhoGTPases- attractive targets for 
pathogens 

 

Table 2: The 20 human RhoGTPases[19, 34] 

The family of small 
RhoGTPases has twenty 
members in humans and 
belongs to the large Ras 
superfamily. (Table 3) 
RhoGTPases are essential 
regulators in many important 
cellular processes, such as cell                        

                                division, actin cytoskeleton 
regulation, gene transcription control, apoptosis and endocytosis. Their role 
as regulators of so many crucial cellular events makes them very attractive as 
targets for pathogens. Interestingly, bacterial factors that affect Rho proteins 
are only found in Gram-negative bacteria [149].  

The RhoGTPases can be subdivided into two groups depending on how 
they themselves are regulated. The classical Rho GTPases are regulated by 
the GTPase cycle described below (figure 3). The atypical RhoGTPases are 
not regulated by this simple mechanism, instead they appear to be regulated 
by the level of expression, by protein-protein interactions or by degradation. 
[19] 
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Figure 3: The RhoGTPases. The classica
RhoGTPases act as molecular switches
controlling many crucial events in the
eukaryotic cell. The switch function is 
dependent on a GDP-GTP cycle controlled by 
GEF, GAP and GDI proteins.  

l 
, 
 

The classical RhoGTPases act as 
molecular switches, being active when 
bound to GTP and inactive when 
bound to GDP. The activity of 
RhoGTPases is highly regulated and 
the switch is mainly controlled by 
three sets of regulatory proteins. GDI 
(Guanine nucleotide dissociation 
inhibitors) proteins sequester GDP-
bound RhoGTPases from the cell 
membrane and keep the protein 
inactive in the cytosol. The bound GDI 
masks the isoprenyl group. An 
isoprenyl group is found in the C-
terminal of all RhoGTPases which 
allows for membrane association that 
is essential for activity. Several 
stimulatory molecules cause the 
release of the GDI from the Rho protein, exposing the isoprenyl group which 
redirects the protein to the membrane. Once the GDI is released, GEFs 
(Guanine Exchange Factor) can associate with the RhoGTPase. GEF proteins 
accelerate the exchange of GDP into GTP. When the GTPase is activated, the 
conformation of two regions, switch I and switch II, is changed to provide an 
interaction surface for downstream effector proteins. [76] There are a vast 
number of downstream effectors described, most being protein or lipid 
kinases. The RhoGTPases are switched off by GAPs (GTPase Activating 
Protein). GAP proteins increase the low intrinsic hydrolysis of the bound 
GTP into GDP by introducing a catalytic arginine into the active site.  

Since the discovery of the Rho gene in 1985, most focus so far has been on 
RhoA, Cdc42 and Rac1. RhoA is important for stress fiber and focal adhesion 
formation, Cdc42 is crucial for filopodia formation. Filopodia, or 
microspikes, are thin cytoplasmic projections that extend from the leading 
edge of the cell. Rac1 is regulating the lamellipodium which also is a 
cytoskeletal projection found in the leading edge of migrating cells. [34, 220]   

Cell culture and animal models of Yersinia infection 

Cell culture models used for Yersinia infections 
To study bacterial virulence, in vitro cell infection models are extensively 
used. Much of our basal knowledge of bacterial virulence and the interaction 
between pathogen and host are deduced from cell culture experiments.  

For in vitro studies, numerous cell lines have been used for Yersinia 
infections. Enteropathogenic Yersinia binds β1-integrins present on the 
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target cell for bacterial attachment and subsequent effector translocation. β1-
integrins are present on a wide variety of cells which perhaps explains the 
successful translocation of Yop effectors into so many different cell types. 
[36] Epithelial cells, predominantly HeLa cells, have been extensively used 
for studying the anti-host effects of Yop effectors, bacterial internalization, 
and cytokine response [15, 107, 187, 200, 201]. To study inhibition of 
phagocytosis, respiratory burst, and TNFα and IFNγ, as well as apoptosis 
induction, macrophages have been exploited [113, 199, 203, 204]. 
Polymorphonuclear leukocytes (PMNs) have been a tool for studying 
resistance towards phagocytosis, killing and antimicrobial peptides [153, 
255, 256]. 

During in vivo infection of mice, Y. pseudotuberculosis displays specificity 
for phagocytic cells and especially for neutrophils present in the Peyer´s 
patches, MLN and spleens of infected mice. If neutrophils are depleted, the 
overall translocation is reduced. [75] 

Fish scale keratocytes as a putative model for Y. pseudotuberculosis 
infections 

Figure 4: An illustration of a single moving 
keratocyte. The single moving keratocyte often 
adopts the “inverted canoe shape”. The rapid 
movement of the cell occurs in the direction 
indicated by the arrow.   

The fish scale keratocytes constitute 
the main structural component of 
the fish epidermis. They are known 
under many names, such as 
Malphigian cells, pavement cells, 
squamous cells or filamentous 
containing cells. [43, 118, 197, 217, 
246] Keratocytes are involved in the 
quick-wound repair mechanism, 
where they migrate and rapidly 
cover wounds on the fish surface 
[42, 191]. Besides providing a 
mechanical barrier against 
opportunistic infections, the cells 

have been demonstrated to be phagocytic, engulfing Gram-negative bacteria 
and latex beads [16, 17]. Keratocytes display an unusual high motility and 
therefore they have been used as a model system for actin based motility and 
locomotion  [138, 145, 236, 253]. Basically, the cell is constituted of a large 
extended two-dimensional actin network, the lamellipodium, and a nucleus 
located in the rear of the cell body. The lamellipodium is controlled by the 
small RhoGTPases, and especially members of the Rac subgroup, Rac1, 
Rac2, Rac3 and RhoG [18].   
The presence of this large extended actin network, in combination with the 
intrinsic high motility, makes the keratocytes interesting as a putative model 
for Yersinia infections.    
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Non-mammalian Yersinia models 
The use of non-mammalian models for bacterial infection is becoming more 
and more attractive. By using non-mammalian models it is possible to study 
more complex interactions between host and pathogen then what is possible 
in a cell culture system. The use of non-mammalian models is often cost-
effective and is not associated with ethical constraints. Usually, it is possible 
to include a larger number of animals, the model is often genetically 
tractable and mutant collections are available.[228] 

The nematode C. elegans has been widely used to study bacterial virulence 
factors, and two models exist for Yersinia infections. One major 
disadvantage in using C. elegans is the fact that the worms do not survive at 
37°C. Therefore, the effect of virulence factors only expressed at 37°C might 
be undetected.[66, 233] 

The use of insects and larvae as model systems has the advantage that 
they survive at 37°C. Further, the innate immune system of insects is rather 
similar to the innate immune system of humans and insects possess a 
phagocytic-like cell type called the haemocyte. The haemocyte, like 
phagocytes, is capable of ingesting bacterial pathogens and generates 
bactericidal compounds. [172] 

Larvae of the wax moth, Galleria mellonella, have been used as a model 
system for Y. pseudotuberculosis. Larvae are susceptible to infection and 
bacteria are found within the haemocyte, suggesting that this model can be 
useful for studying factors important for intracellular survival of 
Yersinia.[49] 

The amoeba Dictyostelium discoideum has phagocytic ability and the 
mechanism of phagocytosis is well conserved compared to humans. The 
amoeba is interesting for Yersinia pathogenesis since a large part of the 
effectors is directed towards actin cytoskeleton and hence phagocytosis 
prevention. [257]  

Mammalian Yersinia  models   
During the decades, numerous animal models have been established for 

Yersinia infections. To study the potential of vaccine candidates for Y. pestis 
non-human primates have been used [78]. Animals more commonly used in 
Yersinia research are small rodents, including mice, rats, guinea pigs and 
rabbits. The small rodents have been an invaluable tool for our 
understanding of basic molecular mechanisms in bacterial pathogenicity. All 
pathogenic Yersinia cause a systemic lethal infection in mice that resembles 
the human plague disease. Therefore, Y. pseudotuberculosis or Y. 
enterocolitica are relevant models for studying plague, without needing to 
use the human lethal Y. pestis [242]. Mouse models of Yersinia infections 
have elucidated many important processes such as the infectious route, the 
subsequent bacterial dissemination, host responses and more.[116]  
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In contrast to many animal models for human enteropathogens, 
experimental enteropathogenic Yersinia infections in rodents resemble well 
the human yersiniosis disease. Rabbits are a suitable model for studying 
Yersinia induced enteritis. The secondary reactive arthritis can be studied 
using susceptible rats. 

 For animal research, the IVIS (In vivo imaging system) is a valuable 
invention. The IVIS technology allows for real-time imaging of events, such 
as a progressing bacterial infection. IVIS captures photons of light emitted 
from live bacteria that have been engineered to produce bioluminescence. 
This allows for non-invasive monitoring of the infected animals. Thus, this 
technology reduces the number of animals used and thereby also reduces the 
costs significantly. The data collected is also highly reliable, since the same 
animal is followed throughout the infection period.  
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Aim of thesis 
The major aim of this study was to investigate the functions of translocated 
YopE in Yersinia pseudotuberculosis. YopE is a GTPase Activating Protein 
(GAP) and is an essential effector required for virulence of the bacterium.   
A second aim was to examine the potential of using fish scale derived 
keratocytes as a novel model system for Y. pseudotuberculosis infections.  
 

Results & Discussion 

The YopE protein of Yersinia pseudotuberculosis 
The YopE protein is one of the translocated effectors of Yersinia. YopE 
mediates a cytotoxic effect towards host cells and contributes to the overall 
anti-phagocytic effect. YopE has been extensively studied and the protein of 
219 amino acids can be functionally divided into several distinct domains. 
(Figure 5). 

Figure 5A) The YopE protein. The first 11 amino acids are required for secretion. The translocation 
domain is required for translocation and encompasses the binding site of the cognate chaperone YerA. 
Within the translocation domain, the membrane localization domain is found (aa 50-74).  Last is the 
effector domain. The R at position 144 is essential for GAP activity. Amino acids 178-183 are implicated in 
the substrate recognition process and is hence called the homology domain. B) Multiple sequence 
alignment of the homology domain from the related GAP proteins YopE, SptP and ExoS. C) Multiple 
sequence alignment of the membrane localization domain of YopE, ExoS and ExoT. (Color code: red- 
hydrophobic residues, blue- acidic, magenta- basic, green- hydroxyl, amine or basic) 

 
The 11 first amino acids are required for secretion of YopE over the bacterial 
double membranes. The secretion sequence is followed by the translocation 
domain which encompasses the binding site for the cognate chaperone YerA. 
YerA is required for stability, secretion and translocation of YopE and binds 
YopE as a dimer covering amino acids 15-75 [27, 210]. Within the chaperone 
binding region, a membrane localization domain (MLD) has been identified. 
The MLD is important for correct intracellular membrane localization of 
YopE within the eukaryotic cell. [140] Last is the GAP (GTPase Activating 
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Protein) domain that encodes for the effector activity of YopE. Before this 
study was initiated, YopE was known to target the small RhoGTPases Rac1, 
RhoA and Cdc42 in vitro [14, 28, 258]. The RhoGTPases are attractive 
targets for bacterial pathogens since they are important regulators of many 
crucial cellular processes. The activity of RhoGTPases is controlled by a GTP-
GDP cycle. When bound to GTP, the Rho protein is active and can interact 
with multiple downstream effectors. [6] The GAP activity of YopE is 
dependent on the arginine residue at position 144, called the arginine finger 
motif. The arginine finger inserts into the catalytic site of the RhoGTPase 
and increases the hydrolysis of the bound GTP into GDP [76]. When R144 is 
mutated into an alanine, GAP activity is abolished and the mutant is 
avirulent in the mice model [4, 28].   

Besides YopE, the effectors ExoS and ExoT from P. aeruginosa and SptP 
from Salmonella enterica are also GAP proteins targeting small 
RhoGTPases. The crystal structures of the GAP domains of YopE, ExoS and 
SptP have all been solved [80, 226, 261]. Despite low sequence homology, 
the structures superimpose remarkably well. The structure of SptP has been 
solved in complex with the in vitro substrate Rac1, which identified a stretch 
of amino acids in SptP putatively involved in the substrate recognition 
process [226]. This stretch of amino acids (consisting of amino acids 178-187 
in YopE) is highly conserved for YopE, ExoS and SptP, implicating that they 
might be important for substrate recognition also in YopE. Due to the high 
identity, this stretch was termed the homology domain in Paper I. Further, 
this region (aa 166-180) was previously shown to be important for YopE in 
vitro GAP activity and HeLa cell cytotoxicity, showing the importance of 
these amino acids [5].  

To examine the putative role for the homology domain in respect to 
substrate recognition and GAP activity, single alanine point mutations were 
created for amino acids 178-183 in YopE.    

Point mutants of the homology domain show reduced GAP 
activity in vitro 
In vitro GAP assays were performed to investigate if the point mutations 
within the homology domain affected the YopE GAP activity per se. In vitro 
GAP activity was measured as the hydrolysis of 32P-GTP into GDP using 
purified proteins. Here, we used YopE constructs only consisting of the GAP 
domain with the single alanine point mutations, engineered with a His-tag 
for simpler purification.  

The in vitro GAP activity towards all three reported targets of YopE, Rac1, 
RhoA and Cdc42 was examined, and the same result emerged for all three. 
Point mutants yopEF178A, yopES179A and yopEQ180A were still able to 
increase GTPase activity towards the examined RhoGTPases, albeit at 100-
fold reduced levels compared to wild-type YopE. Thus, these amino acids did 
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not appear to be directly involved in substrate specificity in vitro, however 
they were reduced in activity. In contrast, yopEW181A did not at all increase 
GTPase activity, and hence displayed the same phenotype as the GAP 
deficient yopER144A mutant. (Paper I, fig. 6)  
Unfortunate for a complete analysis, we were unable to purify the YopE 
variants yopEG182A and yopET183A. Nonetheless, the results obtained 
demonstrate that the region of amino acids 178-181 of YopE is central for in 
vitro GAP activity towards Rac1, RhoA and Cdc42.  

YopE targets Rac1 and RhoA in vivo, but not Cdc42 
YopE has previously been shown to target the small Rho proteins Rac1, RhoA 
and Cdc42 in vitro [14, 28, 258]. However, to gain deeper insight into the 
functional role of translocated YopE, the targets of YopE during infection 
were examined. Pull-downs of downstream targets of active forms of Rac1, 
RhoA and Cdc42 were performed in HeLa cells to investigate the in vivo 
targets of YopE. 

Already 5 min post infection with wild-type Y. pseudotuberculosis, 90% of 
active Rac1 was abolished. As expected, HeLa cells infected with the GAP 
deficient yopER144A mutant could not inactivate Rac1. For RhoA, the 
inactivation by wild-type bacteria was delayed compared to Rac1 and 
occurred 30 min post-infection. Thus, YopE appears to target Rac1 in the 
early immediate stage of infection and RhoA during the later stages. (Paper 
I, fig. 7) 

No inactivation of Cdc42 was detected, which indicated that Cdc42 is not 
an in vivo target of YopE, at least not in the HeLa cell model. The 
discrepancy between in vitro and in vivo data shows that data obtained by in 
vitro methods are not always compatible with in vivo data. This further 
strengthens the importance of performing experiments in the most relevant 
biological model available.  

The homology domain point mutants were employed in the pull-down 
assays to explore the involvement of the domain in substrate recognition. 
Interestingly, the yopEF178A and yopEW181A mutants had lost their ability 
to inactivate Rac1. yopEQ180A retained some ability to inactivate Rac1, 
while yopES179A, yopEG182A and yopET183A inactivated Rac1 at wild-type 
levels. 

For RhoA, yopES179A and yopEG182A were as efficient as wild-type in 
targeting RhoA and yopEF178A, yopEW181A and yopET183A were as 
inefficient as yopER144A. Again, also for RhoA, yopEQ180A displayed an 
intermediate phenotype. These pull-down assay results clearly demonstrates 
that the homology domain is involved in target recognition during in vivo 
conditions. One especially interesting result was that yopET183A inactivated 
Rac1, but failed to target RhoA, showing that amino acid T183 is essential for 
RhoA recognition. (Paper I, fig. 8)  
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HeLa cell cytotoxicity can be disconnected from Rac1/RhoA 
activity in vivo 
 HeLa cell cytotoxicity is a hallmark effect caused by translocated YopE and 
is dependent on the arginine at position 144 [28, 200, 258]. Surprisingly, 
mutants devoid of GAP activity towards Rac1, RhoA and Cdc42 in vitro were 
still cytotoxic, suggesting that these three proteins can not be the sole targets 
responsible for cytotoxicity [5].    

The homology domain point mutants were tested for cytotoxicity to 
investigate the connection between cytotoxicity and GAP activity further. 

All point mutants, except yopEW181A, induced cytotoxicity to the same 
level as wild-type YopE. When yopEW181A was over-expressed, cytotoxicity 
was restored. Thus, cytotoxicity induced by the yopEW181A mutant is 
dependent on the level of YopE protein translocated. (Paper I, table 1) 

In conclusion, several of the point mutants are still able to induce 
cytotoxicity but fail to inactivate Rac1 and/or RhoA in vivo further 
strengthen the notion that HeLa cell cytotoxicity can not solely by caused by 
RhoA or Rac1 inactivation 

Rac1/RhoA activity is redundant for virulence in the mice 
model 
Yersinia readily infects small rodents and therefore it is possible to use 
laboratory mice as a model system for infections.  
The homology domain of YopE appeared to be important for substrate 
recognition. The relevance of the domain during in vivo infections was next 
examined. Mice were infected intraperitoneally with increasing doses (104-
107 cfu/ml) (colony forming units) of the point mutants. An ID50 (Infectious 
dose affecting 50% of animals) was calculated, rather than the classical LD50 
(Lethal dose killing 50% of animals). ID50 corresponds to the bacterial dose 
where 50% of the animals showed signs of severe disease and therefore were 
euthanized. Wild-type infected mice had an ID50 of 2,8*103 bacteria, while 
the avirulent yopER144A showed an ID50 of 1*107 bacteria. The mutants 
yopEF178A and yopES179A were as virulent as wild-type, with ID50-values 
of 1,3*104 and 1,1*104 respectively. Virulence was defined as a value within 
five times of the wild-type ID50. By that classification, yopEQ180A and 
yopEG182A were attenuated with values of 4,3*105 and 9,2*104 bacteria. 
yopEW181A (1*107) and yopET183A (8*106) were as avirulent as the 
yopER144A mutant.(Paper I, table 1)  

The animal experiment demonstrates that additional targets must exist for 
YopE during in vivo infections since neither Rac1 nor RhoA inactivation is 
directly connected to mice virulence. This can be exemplified with the 
yopEF178A mutant that is as virulent as the wild-type, despite the failure of 
RhoA and Rac1 inactivation. In contrast, the attenuated yopEG182A shows 
wild-type inactivation of both RhoA and Rac1.  
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YopE displays feedback inhibition of Yop expression and 
controls the extent of translocation 
We were surprised that activity towards RhoA and/or Rac1 was not required 
for virulence in the mice model of infection. When levels of Yops expressed 
were investigated, a fascinating pattern started to unravel. In vitro, all 
homology domain mutants produced Yops at the same level as wild-type. 
However, during in vivo conditions in the presence of eukaryotic cells, the 
avirulent mutants yopER144A, yopEW181A and yopET183A produced twice 
the amounts of Yops than wild-type. The attenuated mutants (yopEQ180A 
and yopEG182A) also showed a slight increase in total Yop protein 
production (intrabacterial and intracellular), while the virulent mutants 
yopEF178A and yopES179A displayed wild-type levels of Yop expression in 
the presence of cells. (Paper I, fig. 4) 

Interestingly, it appeared as if YopE originating from the virulent strains 
could control Yop expression during in vivo conditions by some kind of 
feedback inhibition mechanism. The exact mechanism underlying the 
observed inhibition remains to be elucidated, nonetheless it is clearly not 
active during in vitro cultivation of Y. pseudotuberculosis.  

The finding that more Yops were produced by the avirulent mutants in the 
presence of cells was intriguing. Would the avirulent mutants also 
translocate elevated levels of Yops? In a HeLa cell translocation assay, it was 
clear that mutants lacking feedback control also overtranslocated YopE. The 
levels of overtranslocation were similar to the hypertranslocation phenotype 
previously described for the yopK mutant [125]. (Paper I, fig. 3) 

Thus, there is a clear connection between virulence in the animal model 
and the ability to control the extent of effector translocation. To our 
knowledge, this is the first time a translocated effector has been implicated 
to be involved in controlling the extent of its own translocation. This raises 
the question that perhaps YopE should be considered as a regulator of 
effector translocation as well as a traditional effector protein.  
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Summary of important phenotypes for the homology domain 
point mutants 
The mutants of the homology domain of YopE have been investigated in 
several assays described above, that have identified several interesting 
phenotypes for translocated YopE. To clarify the results for the reader, the 
obtained results are summarized in table 3 below.  

Table 3: Overview of the homology domain mutants and their corresponding phenotypes. For clarity, 
yopE R144A and wild-type YopE phenotypes are included.  

 

YopE is the sole effector responsible for pore formation 
prevention 
Yersinia is known to translocate six effectors into the target cell. Out of these 
six, five are essential for virulence. [248] To ensure a successful infection, 
the effector translocation process must be tightly regulated. Our knowledge 
of how Yersinia exerts translocation control is however limited.  

In Paper I, we started to unravel the potential of translocated YopE acting 
as a regulator of effector translocation. According to the microinjection 
hypothesis for T3SS mediated translocation, the effectors are delivered 
through a pore formed in the eukaryotic membrane by the translocators.  
One mechanism of translocation control would be by controlling the 
translocation pore formation process, as has been reported for the YopK 
protein [125].  
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Previous data demonstrated that YopE prevents pore formation, 
measured as blockage of LDH release from infected cells [247]. This finding 
was corroborated in Paper II, where YopE prevented LDH release mediated 
by the inherent GAP activity. Further, no other effector was involved in pore 
formation prevention. (Paper II, fig. 1) Surprisingly, a yopK mutant behaved 
as wild-type, not releasing LDH. This is in contrast to earlier observations 
where YopK was found to be involved in the pore formation process [125].  
One explanation could be due to the fact that a yopK mutant 
overtranslocates YopE and the excessive amounts of YopE would prevent 
pore formation. Another explanation for the discrepancy regarding the 
regulatory role for YopK in pore formation control could be that different 
assays and different cell types were used. For YopK pore formation, 
erythrocytes were used, while HeLa cells were assayed for LDH release. The 
erythrocytes are inert cells, without any cell signalling events. HeLa cells, on 
the other hand, are proliferating cells equipped with multiple signalling 
mechanisms. Also important, LDH is a large molecule with a diameter of 
~4,3 nm [13]. This exceeds the estimated radius of the translocation pore, 
which is estimated to be ~2,5 nm [39, 109, 175]. Clearly, LDH could not be 
secreted directly trough the translocation pore when released from infected 
cells, so LDH release is not a direct measurement of translocation pore 
formation. LDH release is however connected to actin rearrangements and 
hence cytotoxicity. Only the non-cytotoxic mutants yopER144A and 
yopEW181A failed to block LDH release. (Paper I, fig. 5) 

YopE and YopK regulates translocation into target cells 
YopE appeared to control the level of protein produced in the presence of 
target cells as well as controlling the level of its own translocation. Further, 
YopE was not only controlling the extent of its own translocation, but also 
controlled the level of YopH, suggesting that YopE mediated a general 
translocation control mechanism, controlling the extent of translocation of 
multiple effectors. No other effector shared this capacity, since all other 
tested effector mutants translocated YopE and YopH at the same level as 
wild-type. (Paper II, fig. 2) This translocation control mechanism involved 
the regulatory protein YopK. A yopK mutant is known to overtranslocate 
effectors into HeLa cells [125], and according to expectations, overdelivered 
YopE and YopH also in our assay. The underlying mechanism behind the 
translocation control, involving both YopE and YopK, is unknown. 
Presumably, translocated YopE might act as a sensor of translocation. When 
sufficient amounts of effectors are translocated, YopE sends a signal back to 
the extracellular located bacteria mediated via the GAP activity. The signal 
might be relayed via YopK that is demonstrated to interact with the 
translocon constituents YopB and YopD in the eukaryotic cell membrane. 
[38] Further, the needle protein YscF has itself been implicated in signalling 
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extracellular events and perhaps the feedback signalling can be transmitted 
via YscF [239]. Once the signal reaches into the bacteria, the message is 
interpreted and further Yop effector synthesis, secretion and translocation is 
switched off. By using a translocated effector as a sensor, Yersinia would be 
able to modulate the levels of effectors introduced. The lymph tissue tropism 
of Yersinia must require a certain degree of paralysation of the host immune 
system. This is achieved by the introduction of a controlled amount of anti-
host effectors. But an over-paralyzing effect would be detrimental for the 
bacterium. Overt translocation would quickly alert the host immune system 
of the bacterial presence, and the infection will rapidly be cleared. This might 
be the case for the avirulent mutants yopK, yopER144A or yopET183A, that 
all have lost feedback control of Yop effector expression and translocation.  

General bacterial GAP activity can control effector 
translocation 
So, it was clear that the GAP activity of YopE was required for successful 
feedback inhibition of both Yop effector expression and translocation. Is 
GAP activity in general all what was required? The related GAP proteins of P. 
aeruginosa, ExoS and ExoT, are translocated by the Yersinia T3S apparatus 
[91]. ExoS and ExoT are both bifunctional toxins with N-terminal GAP 
activity and C-terminal ADP-ribosyltransferase activity [22]. Wild-type ExoS 
or ExoT as well as GAP- or ADPr- deficient constructs were expressed in 
parallel with wild-type YopE or YopER144A in a yopE mutant background. 
Constructs expressing GAP active versions of YopE, ExoS or ExoT could 
control expression of YopD and YopE in the presence of target cells, while all 
GAP deficient constructs failed to control production. (Paper II, fig. 4) The 
same were true for translocation control, where GAP active constructs of 
YopE, ExoS and ExoT could limit the extent of YopH and YopE 
translocation. (Paper II, fig. 5) It appears if the exogenous effectors ExoS and 
ExoT can control the extent of translocation when ectopically expressed in 
Yersinia, suggesting a general ability of the GAP domain to sense and control 
the level of translocation. In support of this hypothesis, ExoS has recently 
been demonstrated to be involved in a similar feedback mechanism, 
preventing further secretion and translocation of effectors in P. aeruginosa. 
In contrast to YopE, the inhibition could be achieved by either one of the two 
enzymatic activities of ExoS. [54] 

YopE and YopK act in concert in virulence 
YopE and YopK clearly play interrelated roles in effector translocation 
regulation. Animal experiments were performed with yopE and yopK single 
mutants as well as a double yopEyopK mutant in an attempt to increase the 
understanding of the underlying mechanism. [47] 
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Here, the IVIS technology was employed. IVIS allows for in vivo 
bioluminescent imaging of a progressing bacterial infection in real-time.  

Figure 6: YopE and YopK are interconnected
in mouse virulence. On the indicated day
post-infection, infected mice were imaged
for bioluminescence. One representativ
animal per strain is shown. 

 
s  
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The desired mutant strains were obtained by introducing the appropriate 
deletion constructs into the bioluminescent wild-type Y. pseudotuberculosis 
strain YPIII/XEN4 that has the luxCDABE operon integrated on the 
virulence plasmid. BALB/c female mice, 6-8 weeks old, were divided into 

four groups with 9 mice per bacterial 
strain. Animals were orally infected 
with a high dose of bacteria (1,1-1,3*108 
cfu/ml) in the drinking water. The 
animals were anaesthetised on day 1, 3, 
5 and 7 post-infection and imaged for 
bioluminescence in the IVIS chamber. 
On day 1, it was clear that all animals 
were infected at similar levels, with 
bioluminescent signals of the same 
intensity originating from the 
abdominal region. In figure 6, one 
representative animal per strain is 
shown. Wild-type infected mice started 
to show signs of disease on day 3 which 
correlated with high bioluminescence 
signals. Surprisingly, yopK infected 
mice emitted the same bioluminescence 
as wild-type although the mice 
appeared completely healthy. Also 
apparent on day 3 was the synergistic 
contributions of both YopE and YopK in 
virulence. The double yopEyopK 

mutant appeared to be cleared from the infected mice, since no emitted 
photons could be visualized. When organs from infected mice were 
examined on day 3, it was clear that wild-type bacteria had spread 
systemically, with bioluminescence signals originating from the small 
intestine, the MLN as well as from the liver and spleen. For both yopK and 
yopE single infections, signals could be detected only from the small 
intestine and the MLN, while the double mutant infected organs did not emit 
any bioluminescent signals.  

On day 5, the condition of the wild-type infected mice started to 
deteriorate with severe signs of disease. Again, yopK infected mice displayed 
wild-type levels of bioluminescence signals without any visual signs of 
disease. Neither the yopK nor yopE mutant infection had spread beyond the 
MLN, demonstrating their inability to cause systemic disease.    
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The experiment was terminated on day 7, when both yopE and yopEyopK 
infected mice had cleared the infection. Still, the yopK infected mice emitted 
strong signals, however bacteria were cleared from the MLN and were only 
recovered from the small intestine region.  

The mice infection strengthens the conclusion that YopE and YopK are 
interconnected key players in virulence and demonstrates the importance of 
maintaining effector translocation control for the establishment of a 
successful Yersinia infection.  

Further dissection of the YopE protein- the membrane 
localization domain (MLD) 
 
The role for YopE in regulation of translocation was novel and exciting. To 
further elucidate this regulatory role and to perhaps gain better 
understanding of the mechanism behind, we wanted to further examine and 
dissect the YopE protein. In ExoS, Barbieri and co-workers have identified 
the presence of a membrane localization domain (MLD) that targets ExoS to 
intracellular membranes [182]. Further, a MLD for YopE was also identified, 
and this domain covering amino acids 54-75, was found to be both required 
and sufficient for correct intracellular localization of YopE [140].  
We wanted to investigate the MLD further, to examine whether correct 
intracellular localization was required for the newly discovered regulatory 
role of YopE.  

The MLD is essential for intracellular membrane 
localization of YopE 
Translocated YopE locates to the perinuclear, membrane-rich region of 
infected cells [201]. However, HeLa cells intoxicated with wild-type YopE is 
severely affected in morphology, which makes determination of localization 
difficult. The GAP deficient mutant yopER144A has been shown to localize 
to the same perinuclear region as wild-type YopE (Paper I, fig. 2), but 
without any morphological effect towards the cells. Therefore, the 
localization experiments were conducted in the GAP deficient background. 
By performing indirect immunofluorescence stainings, it was clear that the 
MLD was required for correct intracellular localization of translocated YopE. 
YopE∆MLD protein was detected dispersed within the cytoplasm of infected 
HeLa cells. This was in sharp contrast to YopER144A that displayed the 
expected perinuclear staining pattern. (Paper III, fig 4.) 
To confirm the findings from the immunofluorescence experiment, a 
biochemical fractionation on infected cells was also performed, where 
intracellular membranes were separated from the cytosol. For wild-type Y. 
pseudotuberculosis, almost all detected translocated YopE ended up in the 
predicted membrane fraction, while YopE∆MLD ended up in the cytosolic 
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fraction. The levels of translocated protein were however rather low, so the 
overtranslocating GAP deficient background was also employed. The over-
translocated YopE∆MLD-R144A was only detected within the cytosolic 
fraction, with no ability to associate with intracellular membranes. 
YopER144A ended up both in the membrane fraction as well as in the 
cytosolic fraction. The level of translocation was highly elevated, and perhaps 
the appearance of YopER144A also in the cytosolic fraction was due to a 
saturation effect of the membranes. (Paper III, fig. 3B)  
By both immunofluorescence stainings and a biochemical approach, we have 
demonstrated that the MLD is important for correct intracellular localization 
of YopE, corroborating previous data from the Barbieri group[140].  

YopE mediated HeLa cell cytotoxicity requires the MLD 
HeLa cell cytotoxicity has long been the characteristic effect of translocated 
YopE [200]. Despite the fact that cytotoxicity is not directly connected to 
virulence, cytotoxicity is still connected to functional GAP activity [5]. The 
yopE∆MLD was examined for cytotoxicity to see whether correct 
intracellular localization was required for induction of a cytotoxic response 
towards HeLa cells. The yopE∆MLD was very much delayed in the onset of 
cytotoxicity and failed to elicit a full cytotoxic response, regardless the 
duration of infection. (Paper III, fig 5.) The lack of cytotoxicity could be due 
to two reasons, either YopE∆MLD protein has lost the inherent GAP activity 
due to the deletion, or YopE needs to be membrane associated to interact 
with the eukaryotic target protein responsible for cytotoxicity. To examine 
the first hypothesis, in vivo GAP activity assays were performed.  

yopE∆MLD retains full GAP activity towards Rac1 and RhoA 
As a consequence of construction of the yopE∆MLD mutant, half the YerA 
chaperone binding domain, amino acids 50-74 was lost. It was plausible that 
the deletion itself could interfere with the GAP activity residing in the C-
terminal part of YopE and this needed to be investigated.  

In paper I, we identified Rac1 and RhoA as in vivo targets of YopE. By 
employing the same pull-down technique here, we could verify that 
YopE∆MLD inactivates Rac1 and RhoA with the same kinetics as wild-type 
YopE protein. Thus, deletion of the amino acids corresponding of the MLD 
does not affect the GAP activity per se. It rather shows the importance of 
proper intracellular localization for interaction with the biological significant 
eukaryotic targets for YopE. Clearly, Rac1 and RhoA can not be the main 
RhoGTPases responsible for the cytotoxicity or the virulence associated 
functions mediated by YopE.  
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Auto-regulation of YopE expression is lost in the 
yopE∆MLD, yet translocation control is retained 
Studies on the MLD of YopE have so far demonstrated that the domain was 
required for proper intracellular localization of YopE, but it did not interfere 
with the GAP activity per se. In paper I and II, we discovered, and verified, a 
role for translocated YopE in effector translocation control. Most 
importantly, this feedback control mechanism was directly connected to 
virulence in the mice model. Next, we wanted to see if proper intracellular 
targeting was required for translocation control. The yopE∆MLD mutant 
showed a clear defect in the ability to down-regulate the expression of YopE 
in the presence of target cells, thus it displayed the same phenotype as a 
yopER144A or a yopK mutant. (Paper III, fig. 2) 

All mutants defective for auto-regulation of YopE expression in vivo 
examined so far, also overdelivered effectors into HeLa cells. However, the 
yopE∆MLD mutant did not overtranslocate YopE. In fact, yopE∆MLD 
translocated equal amounts of YopE as wild-type Y. pseudotuberculosis into 
HeLa cells. The double mutant yopE∆MLD-R144A displayed the same level 
overtranslocation as the yopER144A single mutant, so deletion of the MLD 
did not interfere with the overtranslocation phenotype. (Paper III, fig. 3A) 

The yopE∆MLD mutant appeared to lack the auto-regulatory control of 
YopE expression, yet translocational control was retained. In conclusion, for 
the first time it is possible to separate auto-regulation of expression from the 
extent of effector translocation. Why yopE∆MLD translocated equal 
amounts of YopE protein as wild-type, bearing in mind the fact that more 
YopE protein is made, could have a simple explanation. Since yopE∆MLD is 
deleted in half the YerA chaperone binding domain, this could result in 
impaired YopE translocation. However, this is not necessary the case, as the 
MLD has been demonstrated to be the region that creates the actual need for 
the chaperone. The role for YerA might be to protect an aggregation prone 
region from premature membrane association within the bacterium [35].  

The group of Bliska has nicely demonstrated the involvement of both 
YopE GAP activity and active RhoA in the translocation control process in 
Yersinia [164]. However, the yopE∆MLD mutant inactivates RhoA and 
retains the translocation control, which is a finding that suggests that 
additional proteins besides RhoA should be involved in the process of 
translocation control. Further, from the translocation assay results, it is clear 
that the reduced cytotoxicity observed with the yopE∆MLD mutant is not 
due to lesser amounts of YopE translocated. Instead, the reduced cytotoxicity 
rather reflects the importance of correct localization for induction of 
cytotoxicity towards HeLa cells.  
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Proper localization and auto-regulation of YopE is required 
for virulence 
A mice infection was performed to investigate the biological significance of 
proper intracellular localization and auto-regulation of YopE expression. As 
for the previously described experiment, investigating the differential 
contributions of YopE and YopK during infection, the IVIS technology was 
used. Here, the yopE∆MLD mutant was examined in parallel with wild-type 
Y. pseudotuberculosis, a yopE mutant and a yopER144A GAP deficient 
mutant (Paper III, fig. 7). The yopE∆MLD was as avirulent as the full yopE 
deletion or as the yopER144A mutation. None of the mutant infected mice 
showed any signs of disease and they had all cleared the infection on day 13 
post-infection. Thus, both the MLD and a functional GAP domain is required 
for virulence in the mice model of infection, showing that translocated YopE 
need to be at the right place and display proper GAP activity during infection 
in order to cause full disease.    

The establishment of a novel model system for Yersinia 
pseudotuberculosis infections 
Our study of the multiple roles for translocated YopE has generated many 
interesting results. Here, we wanted to develop a novel model system in an 
attempt to further elucidate the multiple YopE phenotypes further.  

Y. pseudotuberculosis causes cytotoxicity towards fish scale 
keratocytes 
Fish scale keratocytes are found on the outermost surface on the fish skin 
[43]. They are responsible for the quick wound repair mechanism of fish 
where they rapidly migrate to cover wounds to provide a mechanical barrier 
[42, 191]. The cell consists of a large extended lamellipodium, a two-
dimensional actin network. The lamellipodium provides the forward motion 
to the cell and is regulated by small RhoGTPases. Keratocytes are extremely 
motile and are among the fastest moving eukaryotic cells known. [17, 18, 
220]  

The presence of this large actin network made these cells attractive as a 
putative model system for Yersinia infections. Four of the translocated 
effectors of Yersinia, YpkA, YopE, YopH and YopT, are known to affect the 
actin cytoskeleton. [248] 

Single migrating keratocytes were infected with wild-type Y. 
pseudotuberculosis. The infection process was monitored by live cell 
microscopy. Within the first minutes of infection, the actin network of the 
keratocytes started to rapidly collapse. This actin destruction was similar to 
the cytotoxic effect inflicted by Yersinia in many other cell types. Therefore, 
we have chosen to use the term cytotoxicity also here. Interestingly, the onset 
of cytotoxicity was much more rapid then what is seen in the conventional 
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HeLa cell model. In HeLa cells, cytotoxicity is often scored 45 minutes post-
infection.  

Importantly, the cytotoxic effect was caused by an active T3SS. A T3SS 
deficient strain did not affect cell morphology, instead these bacteria were 
rapidly internalized. (Paper IV, fig. 2) Further, the effect was mediated by the 
action of a translocated effector, since a translocation deficient strain did not 
cause any visual effect towards the cells.       

YopE is the sole effector responsible for cytotoxicity 
To examine which effector that was responsible for cytotoxicity, mutants of 
all effectors were investigated. A yopK mutant was also included, since YopK 
is known to regulate the effector translocation process and displays overt 
cytotoxicity in HeLa cells [125](Paper II). YopE was found to be the sole 
effector responsible for the cytotoxic effect towards the keratocytes. No other 
effector mutant, or the yopK mutant, caused any effect towards the cells. 
This is in good agreement with other cell infection models, where YopE is 
known to responsible for cytotoxicity [36, 200]. 

Cytotoxicity towards keratocytes requires fully native YopE 
protein 
To investigate the requirements for the cytotoxic effect, several mutants in 
different regions of YopE were employed in the keratocyte model.  
Essential for the effector activity of YopE is a functional GAP domain. When 
the arginine at position 144 is mutated into alanine, GAP activity is abolished 
and the mutant is non-cytotoxic toward HeLa cells [4, 28] Consistently, GAP 
activity was required for cytotoxicity towards the keratocytes as well. 

The membrane localization domain is required for correct intracellular 
membrane localization of translocated YopE and cytotoxicity in HeLa cells 
(Paper III). A yopE∆MLD mutant failed to induce cytotoxicity in the 
keratocytes, thus demonstrating the importance of correct localization of 
YopE also in the fish cells. Further, mutants of the homology domain were 
investigated. The homology domain was important for recognition of the 
target RhoGTPase [226](Paper I). None of the homology domain mutants 
could evoke a cytotoxic response in the keratocytes. Neither could over-
expression of homology domain mutants restore cytotoxicity. This is in sharp 
contrast to what is observed in the HeLa cell model, where all but one 
mutation induces cytotoxicity. Further, in HeLa cells, over-expression of the 
non-cytotoxic yopEW181A restores cytotoxicity to wild-type levels. (Paper I) 
Thus, the keratocytes appears to be more responsive towards YopE mediated 
cytotoxicity, since induction of cytotoxicity requires fully native YopE. We 
conclude that the keratocytes could constitute a model system for further 
studies of YopE mediated phenotypes.  
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YopE is capable of causing cytotoxicity towards multiple cell types derived 
from diverse organisms. Further, YopE has been demonstrated to target 
multiple RhoGTPases during in vivo conditions. Besides inactivating Rac1 
and RhoA, YopE has recently been demonstrated to inactivate Rac2 and 
RhoG (Paper I)[198, 223].  Based on these multiple targets identified, as well 
as the ability to cause cytotoxicity towards multiple cell types, we speculate 
that perhaps YopE has no preferred RhoGTPase target protein. Instead, 
YopE activity might be promiscuous and target multiple RhoGTPases 
present in all the different cell types encountered during an infection. Surely, 
from the bacterial point of view, having an effector capable of inactivating 
multiple host proteins at multiple locations would be beneficial for 
promoting bacterial survival, proliferation and virulence.   
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Conclusions 

 YopE inactivates the small RhoGTPases Rac1 and RhoA in vivo. 
However, Rac1 and RhoA inactivation is not required for virulence 
 

 Avirulent yopE mutants have lost auto-regulatory control of Yop 
expression and overtranslocate effectors into HeLa cells. Thus, YopE 
appear to control the effector translocation process, via the GAP 
activity.  

 
 Exogenous GAP activity can control effector translocation in 

Yersinia, suggesting a conserved novel function for all bacteria GAP 
proteins.  

 
 YopE-mediated effector translocation control also requires YopK. 

Animal experiments demonstrate the individual and mutual 
contributions of both YopE and YopK in Yersinia virulence. 

 
 The membrane localization domain of YopE is vital for correct 

intracellular membrane localization, auto-regulation of YopE 
expression and virulence, demonstrating the importance of correct 
localization for proper regulatory function of YopE. 
 

 Fish keratocytes could be a sensitive model system for YopE 
mediated phenotypes for further studies 
 

 We speculate that YopE is a promiscuous GAP protein with no 
preferred RhoGTPase target protein. This conclusion is based on the 
multiple, and different, YopE phenotypes observed in numerous cell 
types derived from different organisms, as well as the identification 
of several different RhoGTPase targets for YopE. 
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