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Most bacteria are good guys  

that enable us to live happily ever after. 

 

 

 

 

 

But this is not that kind of story… 
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ABSTRACT 

The Type III secretion system (T3SS) is an important virulence mechanism that 

allows pathogenic bacteria to translocate virulence effectors directly into the 

cytoplasm of eukaryotic host cells to manipulate the host cells in favor of the 

pathogen. Enteropathogenic Yersinia pseudotuberculosis use a T3SS to translocate 

effectors, Yops, that prevent phagocytosis by immune cells, and is largely dependent 

on it to establish and sustain an infection in the lymphoid tissues of a mammalian 

host.  

Translocation into a host cell requires specific translocator proteins, and is tightly 

controlled from both the bacterial and host cell cytoplasm. We aimed to investigate 

two of the regulatory elements, YopN and LcrV, to gain more insight into the 

translocation mechanism. 

Two separate regulatory complexes regulate expression and secretion of Yops, 

however, the processes are linked so that expression is induced when secretion is 

activated. A complex, including YopD, prevents expression of Yops, while YopN-TyeA 

and LcrG block secretion. LcrV is required to relieve the secretion block, by 

sequestering LcrG. We verified that LcrG binds to the C-terminal part of LcrV, which 

is consistent with what has been shown in Y. pestis. In addition to their regulatory 

roles, both LcrV and YopD are translocators and are assumed to interact at the 

bacterial surface, where LcrV promotes insertion of YopB and YopD into the host cell 

membrane. However, here we show that purified YopD failed to interact with LcrV, 

instead YopD solely interacted with a complex of LcrV-LcrG. This indicates that LcrV 

and YopD interact in the bacterial cytosol, which may be important for regulation of 

Yop expression and secretion.  

The established role of YopN is to block secretion prior to host cell contact. We 

found that deleting the central region (amino acids 76-181) had no effect on the 

regulatory role of YopN in expression and secretion of Yops. Interestingly, we found 

that, even though the YopN∆76-181 mutant secreted the translocators with similar 

kinetics as the wild type strain, translocation of the effector YopH, into HeLa cells, 

was significantly reduced. Consequently, the YopN∆76-181 mutant was unable to block 

phagocytosis, almost to the same level as the ∆lcrV mutant which is completely 

unable to translocate YopH. Our results indicate that YopN is involved in the 

translocation step in addition to its role in regulating secretion.  

Further, we show that the amino terminal of LcrV, in the context of translocation, 

is involved in the early intracellular targeting of YopH in order to block phagocytosis 

efficiently and sustain an in vivo infection. LcrV mutants that failed to efficiently 

target YopH intracellularly were severely attenuated also for in vivo virulence.  

All together, we show that LcrV and YopN are involved in more steps in the 

regulation of translocation, than what was known before. Our studies also highlight 

that early translocation is essential for Yersinia to block phagocytosis, which in the 

end is essential for in vivo virulence. 
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SAMMANFATTNING PÅ SVENSKA 

Bakterier finns överallt omkring oss, på oss och i oss. De allra flesta är 

harmlösa och många är livsviktiga för oss. Men det finns även bakterier som 

gör oss sjuka. Forskning på de virulensmekanismer som 

sjukdomsframkallande (patogena) bakterier använder ger oss större 

möjligheter att motverka dessa patogener utan att påverka den normala 

bakteriefloran i vår kropp. 

Många patogena bakterier (t.ex. Salmonella, E. coli och Yersinia) som 

infekterar däggdjur använder sig av en speciell virulensmekanism, kallad typ 

III sekretionssystem (T3SS). T3SS kan beskrivas i tre delar; 1) en 

sekretionsapparat (T3SA) som sitter förankrad i bakteriens cellmembran, 

med en nålliknande struktur som sträcker sig ut från bakteriens yta, 2) 

regulatoriska proteiner som säkerställer att T3SA endast är aktiv vid rätt 

plats och tidpunkt, samt 3) toxiska proteiner (effektorer) som levereras in i 

våra celler (värdceller) via T3SA, i en process som kallas translokering.  

För att effektorerna ska kunna translokeras in i värdcellen krävs att 

bakterien har bundit till ytan av värdcellen. Nålen kommer då i kontakt med 

värdcellmembranet och en signal skickas till bakteriens insida att 

effektorerna ska translokeras. Effektorerna har oftast en enzymatisk 

funktion men exakt vad de gör inne i värdcellen är unikt för varje 

bakterieart.  

Yersinia pseudotuberculosis är en enteropatogen bakterie som infekterar 

oss i magtarmkanalen via kontaminerad mat och vatten. När Y. 

pseudotuberculosis når tarmen passerar den över tarmväggen och når den 

underliggande lymfatiska vävnaden som är målvävnaden för Y. 

pseudotuberculosis. I den lymfatiska vävnaden finns delar av vårt 

immunförsvar som består av olika typer av celler (lymfocyter) som är 

specialiserade på att upptäcka och eliminera främmande material, såsom 

patogena bakterier. En av lymfocyternas viktigaste uppgifter är att aktivt ta 

upp och förstöra eller avdöda dessa bakterier genom en process som kallas 

fagocytos. För att överleva i denna fientliga miljö använder Y. 

pseudotuberculosis sitt T3SS för att translokera effektorer som paralyserar 

lymfocyterna och blockerar därigenom fagocytos. Fagocytos är en snabb 

process och signaleringen som leder fram till det startar direkt när bakterien 

fäst på cellytan. För att hinna blockera fagocytos måste därför Y. 

pseudotuberculosis translokera effektorerna omedelbart vid cellkontakt. 

Flera regulatoriska proteiner samarbetar för att säkerställa att effektorerna 

translokeras omedelbart samt att de dirigeras till sina målproteiner inuti 

värdcellen. Dessa två aspekter är otroligt viktiga för T3SS, och är det som 

åsyftas i titeln som ”timing och targeting”. 
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I den första studien undersökte vi hur tre av de regulatoriska proteinerna 

(LcrG, LcrV och YopD) interagerar med varandra. LcrG behövs inuti 

bakterien för att blockera T3SA så att inga effektorer translokeras innan 

bakterien har bundit till en värdcell. YopD i sin tur förhindrar produktionen 

av effektorer, till dess T3SS är aktiverat. Vid cellkontakt, binder LcrV till 

LcrG och upphäver då blockeringen. Translokeringen kan starta varpå YopD 

transporteras ut från bakterien vilket resulterar i ökad produktion av 

effektorer som translokeras efter hand. Tidigare forskning har visat att LcrV 

och YopD binder till varandra och det förutsattes att detta skedde utanför 

bakterien i samband med att LcrV placerade YopB och YopD i 

värdcellmembranet. Våra undersökningar visar däremot att YopD inte 

binder till LcrV i ren form, utan endast binder ett komplex av LcrV-LcrG. Det 

är möjligt att LcrV-LcrG och YopD interagerar med varandra inuti bakterien, 

möjligtvis som ett steg i regleringen av produktion och export av effektorer. 

I den andra studien undersökte vi YopN, som tillsammans med LcrG 

blockerar T3SA. Tidigare forskning har visat att YopN kan ha flera 

funktioner och våra resultat visar att YopN dessutom reglerar translokering. 

För att kunna påvisa detta konstruerade vi en YopN variant (mutant) med 

bibehållen regulatorisk funktion. Det som skiljde YopN mutanten från 

vildtypen var att translokeringen försenades när celler infekterades med 

YopN mutanten. Således verkar YopN ha en viktig funktion i timingen av 

translokering. Till följd av att effektorerna inte translokerades fort nog 

kunde YopN mutanten inte blockera fagocytos, vilket är förödande för Y. 

pseudotuberculosis’ överlevnad vid en infektion.  

I den tredje studien undersökte vi LcrV i sin roll som translokator. 

Tidigare forskning har visat att LcrV behövs för att sätta in YopB och YopD i 

värdcellmembranet där de främjar translokering av effektorerna, och det 

antogs att detta var LcrV’s huvuduppgift under translokeringen. När 

effektorerna translokerats, dirigeras de till sina målproteiner och våra 

resultat visar att LcrV kan medverka även i detta steg. Två LcrV mutanter 

som translokerade effektorer lika snabbt och lika mycket som vildtypen, 

visade sig ändå inte kunna blockera fagocytos. När vi undersökte hur en 

effektor, YopH, dirigerades till sitt mål fann vi att LcrV mutanterna inte 

lyckades dirigera YopH lika effektivt som vildtypen. Detta indikerar att LcrV 

har en funktion i targeting av effektorerna.  

Sammantaget visar vi att både YopN och LcrV är involverade i flera steg i 

translokering av effektorer, samt att deras funktioner är viktiga för Y. 

pseudotuberculosis förmåga att etablera en infektion och överleva i ett 

värddjur. 
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1 INTRODUCTION 

ife on Earth began roughly four billion years ago when organic 

material that could replicate itself came into existence. This was 

the base for the genetic material that is harbored by all living 

organisms. Over time life evolved to create the biodiversity of organisms that 

inhabit the world today. Based on the genetic material, life is divided in three 

domains; Archaea, Bacteria and Eukarya (Figure 1). Archaea and bacteria are 

prokaryotes, which are single-cell organisms encased by one or two lipid 

membranes and a cell wall, that separates the cell interior (cytoplasm) from 

the environment. Prokaryotes lack intracellular organelles, such as a 

separated nucleus, and the genetic material resides in the cytoplasm of the 

cell. Eukaryotes, on the other hand, are more complex organisms with 

several intracellular membrane-encased organelles and a nucleus separating 

the genetic material from the cell cytoplasm. Eukaryotic life forms range 

from unicellular organism such as amoeba and plankton to complex 

multicellular organism such as fungi, plants and animals.  

Prokaryotes were among the first organisms to colonize earth and arose at 

least 3.5 billion years ago. Their amazing ability to quickly evolve and adapt 

to changes in the environment allow them to survive and thrive, even in the 

most uninhabitable of places.  

L 
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Archaeal species are generally more difficult to isolate and cultivate, 

compared to bacteria, and therefore our knowledge about them is limited. 

Much more is known about bacteria, and especially about bacteria that 

interact with us. Animals, including humans, provide residence for several 

prokaryotic species, both archaea and bacteria, and we rely on them for our 

survival and well-being. Parts of our skin and our intestines are covered with 

bacteria and it was estimated that a human body contains ten times more 

bacterial cells than human cells, which puts a perspective on our dependence 

on these organisms.  

Bacteria 

Eukarya 

Archaea 

Figure 1. The three domains of life. Based on the genetic content, organic 
organisms are separated into three domains; Bacteria, Archaea and Eukarya. 
Eukarya is, morphologically, the most diverse domain with organism ranging 
from unicellular, such as amoeba, to complex multicellular organisms like fungi, 
plants and animals. 
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Even though we are completely dependent on bacteria to survive, there 

are parts of our body, such as most of our internal organs, where bacterial 

growth could be devastating for us. Most bacteria have a considerably 

shorter generation time than eukaryotic cells, and if left to roam free, they 

could easily outmaneuver us. 

1.1 Virulence 

The co-evolution of bacteria and eukaryotes has pushed the development 

of strategies that allow us to co-exist. Higher eukaryotic organisms have 

evolved immune systems to keep colonizing bacteria in check and prevent 

harmful infections. Humans have an intricate immune system, which 

includes various types of cells that scavenge our bodies continuously and 

quickly remove any foreign and harmful material, including invading 

bacteria. Naturally, bacteria have evolved strategies of their own to evade our 

immune system and survive in the host. These survival strategies are often 

displayed as virulence.  

The word virulence is derived from the Latin word virulentus meaning 

“full of poison”, and is a measure of the ability of bacteria to cause disease in 

a host, and a parameter to distinguish between pathogenic and non-

pathogenic bacteria.  

As the saying goes; it takes two to tango, virulence is a phenomenon 

arising from the interaction between pathogen and host and can only be 

displayed in a susceptible host. It is difficult to draw a clear line between 

pathogenic and non-pathogenic bacteria. Pathogenic bacteria can fail to 

cause disease in individuals that are immune. At the same time, non-

pathogenic bacteria may suddenly cause disease in individuals that for one 

reason or another has become susceptible to infection. 

One feature that pathogenic bacteria have in common is the expression of 

virulence factors that support their lifestyle and promote survival of the 

pathogen. There is a great deal of variation in virulence factors displayed by 

different pathogens, depending on the lifestyle niche of the pathogen. 

Pathogens that replicate in the tissues of the host generally express virulence 

factors that help them evade the host immune system. Some pathogens 
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replicate intracellularly and express virulence factors that aid attachment to- 

and invasion of host cells. Other pathogens replicate extracellularly and thus 

express virulence factors that block uptake. Some pathogens also express 

toxins and other harmful compounds that block or damage cellular processes 

in the host. 

1.2 Secretion systems in Gram-negative bacteria 

To cause the desired effect the virulence factors must be secreted from the 

bacterial cytosol by a secretion system. Depending on the composition of the 

cellular envelope, bacteria are divided into Gram-positive and Gram-

negative (Figure 2). The cell envelope of Gram-positive bacteria consists of 

an inner membrane and a thick peptidoglycan cell wall. Gram-negative 

bacteria, on the other hand, have an inner- and an outer membrane, 

separated by a periplasmic space containing a thin peptidoglycan layer. 

Once secreted, the virulence factor can either be deployed on the bacterial 

surface or secreted out from the bacteria altogether. The process of protein 

secretion requires energy, which is generally provided through hydrolysis of 

ATP by an ATPase associated with the secretion system. The energy needed 

can also be provided through the proton motive force (PMF) and in some 

cases by a combination of ATP and PMF [1]. 

Transport across the inner membrane is accomplished by the Sec or twin-

arginine translocation (Tat) pathways. The Sec and Tat pathways are highly 

conserved and are present in both prokaryotes and eukaryotes. In bacteria 

these pathways are commonly employed to insert proteins into the 

cytoplasmic membrane or transport proteins to the periplasm. Some of the 

proteins are further secreted by other secretion systems (section 1.2.1). 

The Sec system transports unfolded proteins through a membrane 

embedded channel, formed by SecY, SecE and SecG. The proteins are 

targeted to the SecYEG by SecB or the signal-recognition particle and the 

transport is driven by the ATPase SecA [2].  

The Tat system consists of three proteins; TatA, TatB and TatC, and 

transports folded proteins. The substrates are recognized by a TatB/TatC 

complex and are targeted to TatA, which forms a channel in the inner 
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membrane, through which the substrate is transported. Transport via the Tat 

pathway is driven by the PMF [3]. 

Since Gram-negative bacteria have an outer membrane in addition to the 

inner membrane, protein transport by the Sec and Tat pathways is not 

sufficient to secrete the proteins out of the bacteria. Consequently, they have 

acquired several secretion systems to accomplish this. To date, six secretion 

systems have been identified in Gram-negative bacteria, named type I 

secretion system, (T1SS), T2SS, T3SS, T4SS, T5SS and T6SS. The 

contributions to virulence by the different secretion systems vary. Many of 

them are involved in metabolism and are important for survival and fitness 

of the bacteria, and are thus present also in non-pathogenic bacteria [1]. 

1.2.1 Secretion across the bacterial envelope 

T1SS, T2SS and T5SS secrete their protein substrates from the bacteria 

out to the surrounding environment (Figure 3). Some of the substrates 

associated with virulence are for example, hemolysin A in Escherichia coli 

(T1SS), Cholera toxin in Vibrio cholera (T2SS) and IgA protease in Neisseria 

gonorrhoeae (T5SS) [1], [4]. 

Figure 2. Composition of the cell envelope of Gram-positive and Gram-
negative bacteria. Reprinted with permission from Ummehan Avican ISBN 978-
91-7601-607-7.  
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T1SS forms a structure that spans both bacterial membranes and is thus 

independent of the Sec and Tat pathways. An inner membrane ABC 

transporter is linked via a membrane fusion protein to a pore in the outer 

membrane. The substrates are secreted in an unfolded state and the 

secretion is driven by the ABC transporter ATPase [5]. 

Secretion by T2SS and T5SS occur in two steps where the proteins are 

transported across the inner membrane by either Sec or Tat. These secretion 

systems are therefore said to be Sec- or Tat-dependent.  

T2SS forms an outer membrane channel, which consists of a protein 

called secretin. The secretin contacts an inner membrane platform that is 

linked to a cytoplasmic ATPase. The ATPase drives the secretion of folded 

proteins through the secretin channel [6]. 

Host cell 
cytoplasm 

OM 

IM 

Bacterial 
cytoplasm 

Periplasm 

T1SS T2SS T5SS T3SS T4SS T6SS 

Figure 3. Illustration of secretion systems in Gram-negative bacteria. T1SS, 
T2SS and T5SS secrete their substrates to the extracellular space. T3SS, T4SS 
and T6SS target their substrates to the cytoplasm of a host cell. 
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T5SS differs from the other secretion systems in that it does not form a 

stable secretion apparatus, instead the protein substrates themselves 

promote secretion. A β-barrel domain forms a channel in the outer 

membrane through which the substrate domain is secreted in an unfolded 

state. The β-barrel and the substrate domain can either be transcribed as one 

protein or as two separate proteins [7]. 

1.2.2 Secretion across host cell membranes 

T3SS, T4SS and T6SS are independent of the Sec and Tat pathways, as 

they form secretory channels that span both bacterial membranes. In that 

sense they resemble the T1SS, however these systems are unique in that they 

transport their substrates (called effectors) across three membranes – the 

bacterial envelope and into an adjacent cell (Figure 3). As such, these 

secretion systems are designed to interact directly with other cells and are 

perhaps more typically associated with virulence compared to the previously 

mentioned systems.   

T3SS specifically targets eukaryotic cells and the system requires close 

contact with the host cell. The system is related to the flagella system and 

forms a basal body that spans the bacterial envelope followed by a needle 

filament on the surface of the bacteria [8]. The secreted proteins are 

delivered directly into the host cell and in vivo there is little or no secretion 

into the extracellular space [9]. T3SSs are important for virulence in many 

pathogenic bacteria, and as it is the focus of this thesis it will be discussed in 

detail in the following sections.  

T4SSs are versatile and can secrete both DNA and protein, either to the 

surrounding environment or directly into an adjacent cell. The target cells 

can be both other bacteria and eukaryotic cells. T4SS comprise three 

subfamilies; conjugation systems, effector translocation systems, and DNA 

uptake/release systems [10]. DNA conjugation is an important bacterial trait 

and T4SS are widely spread in both bacteria and archaea. The secretion 

apparatus consists of an inner membrane complex and an outer membrane 

complex that are linked by a stalk. A pilus extends from the outer membrane 

complex and may be involved in sensing target cell contact [11], [12]. T4SSs 



8 

are associated with virulence in some pathogenic bacteria, e.g. Helicobacter 

pylori and Agrobacterium tumefaciens. Most commonly, virulence-

associated T4SSs belong to the effector translocator subfamily. 

T6SS is structurally similar to bacteriophage tails and may have evolved 

from these. A membrane complex anchors a contractile sheath containing an 

inner tube. In the inactive state the contractile sheath is extended in the 

bacterial cytosol. Upon activation the sheath contracts, pushing the inner 

tube towards the target cell and deliver the proteins by puncturing the target 

cell envelope [13]. Interestingly the T6SS effectors are encoded together with 

genes providing immunity to the effector, and studies of e.g. V. cholera and  

Pseudomonas aeruginosa, suggest that bacteria utilize the T6SS to target 

other bacteria in the competition for the same environment [14].  

1.3 The Type III Secretion System 

The T3SS is an important virulence mechanism found in many Gram-

negative pathogens, including Salmonella, Shigella, Chlamydia, E. coli, 

Pseudomonas and Yersinia. The T3SS consists of a complex machinery that 

actively delivers effector proteins into the cytoplasm of eukaryotic host cells. 

Thereby, allowing the bacteria to communicate directly with the host cell. 

Pathogens use their T3SS to translocate toxic effector proteins in order to hi-

jack the host cell and promote its own survival [15].  

The T3SS was first discovered in Yersinia, when it was found that proteins 

encoded on a virulence plasmid, had to be delivered into the host cells 

through a bacteria-host cell contact-dependent mechanism [16]. The name 

T3SS was coined in 1993 [17] and a few years later, the structure of the type 

III secretion apparatus (T3SA) (Figure 4) was revealed by electron 

microscopy of isolated T3SAs from Salmonella [18]. 

Activation of the T3SS require tight contact between bacteria and host 

cell, and translocation is polarized, meaning that translocation of effectors 

only occur at the site of interaction [9].  The bacteria display several T3SAs 

on the surface, however, only those in close contact with the host cell will be 

active [19].  
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1.3.1 T3SS, a secretion system that translocates 

As indicated by the name the T3SS is a secretion system, and the objective 

is to deliver proteins directly into another cell. This process is, however, 

termed translocation. For clarification, in this thesis ‘secretion’ will refer to 

transport of proteins through the T3SA out into the extracellular space, 

which is mostly an in vitro phenomenon when the T3SS is induced 

artificially, whereas, ‘translocation’ will refer to transport of proteins into 

host cells (Figure 5). 

1.3.2 Origin and acquisition of the T3SS 

The T3SS is evolutionary related to the flagella and similarities between 

the systems can be seen both in structure and in function [20], [21]. There 

are different theories of how these systems evolved, i.e. which came first 

Translocon 

Tip- 
complex 

Needle 

Basal 
body 

Cytosolic 
components  

Needle- 
complex 

Figure 4. Schematic illustration of the T3SS. The basal body spans the 
bacterial membranes and a needle-like filament extends from the surface and is 
capped by a tip complex. The whole needle complex is traversed by a narrow 
channel. Upon host cell contact a translocon is inserted in the host cell 
membrane and proposedly form a pore. The ATPase is associated with the 
cytosolic complex at the base of the T3SA. 
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[20], [22]–[25]. Considering that bacteria evolved roughly two billion years 

before the multicellular eukaryotes that make out the targets for T3SS   

(plants, animals), and also the ancient need for bacteria to be able to move 

towards more beneficial environments, it seems more likely that T3SS 

evolved from the flagella and not the other way around [20], [25].  

Phylogenetic studies of T3SS ATPase and 16S RNA show that bacteria and 

T3SS have evolved independent of each other, which strongly indicate that 

T3SSs are transferred horizontally [22]. This is also supported by the fact 

that T3SSs most often are encoded by gene clusters on pathogenicity islands 

or plasmids, which can be easily transferred from one bacteria to another 

[26]. 

Non-inducing 
conditions 

A B C 

Inducing 
conditions 

Host cell 
contact 

Figure 5. The concepts of secretion and translocation. (A) When bacteria is 
growing in non-inducing conditions, i.e. prior to host cell contact, the T3SS is in 
stand-by, secretion is blocked and expression remains low. (B) If the T3SS is 
artificially induced in vitro, expression of effectors is upregulated and there is 
secretion to the medium. (C) When the T3SS is induced by host cell contact, the 
expression is upregulated, however the effectors are translocated directly into 
the host cell without leakage to the surroundings. 
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Based on phylogenetic studies, T3SSs can be grouped into seven different 

families, where the most well-studied include the Ysc-system in Yersinia and 

Pseudomonas, the Inv-Mxi-Spa-system (SPI-1) in Shigella and Salmonella, 

and the Ssa-Esc-system (SPI-2) in E.coli. Regardless of any differences at the 

genetic levels and in individual T3SS components, the overall T3SS 

mechanism is highly conserved. The experimental support for that comes 

from studies of T3SS in Yersinia, Pseudomonas, Salmonella and Shigella 

which allowed secretion as well as translocation of heterologous effectors 

into the target cells [27]–[29].  

While the overall structure and function of the T3SS is highly conserved, 

there is great variability in the effector proteins. They are unique for each 

species, and as a result, the bacteria-host interaction is unique for each 

pathogen. 

Many T3SS effectors are modular and can contain several different 

domains, enzymatic or protein interaction domains. Often these domains are 

functionally similar to eukaryotic proteins, and it is possible that they were 

acquired from eukaryotic cells by horizontal gene transfer and then 

rearranged to modular domains [30].   

One thing that effectors from different pathogens have in common is that 

they often mimic eukaryotic enzymes. The effectors also work in concert with 

each other and may target the same eukaryotic process from several different 

angels [31]. Many pathogenic bacteria carry effectors that modulate the 

dynamics of the actin cytoskeleton and intervene with phosphorylation 

signaling cascades within the host cell. 

1.3.3 The structure of the T3SS 

The proteins that make up the T3SS can be divided in four parts 1) a 

structured unit, the T3S apparatus (T3SA), through which proteins are 

secreted, 2) regulatory proteins that ensures the timing and precision of 

T3SS activity, 3) translocator proteins which facilitate the translocation 

across the host cell membrane, and 4) the secreted effector proteins which 

are delivered into the host cell [32].  
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The structural unit (Figure 4) is built up by ~20 different proteins and 

contains a basal body anchored in the bacterial envelope that is traversed by 

a hollow rod. An ATPase is associated with the cytosolic side of the basal 

body through interaction with cytoplasmic T3SS components. On the surface 

of the bacteria a needle-like filament extends from the basal body out in the 

extracellular space and is capped by a needle-tip complex. Upon host cell 

contact, two additional proteins are inserted in the host cell membrane 

where they form a translocon. Altogether this creates a hollow structure, 

proposed to link the bacterial cytoplasm with the host cell cytoplasm and this 

structure is believed to be similar for all T3SSs [32]–[37]. The energy needed 

for secretion is supplied by the ATPase and the PMF [38]–[40]. 

1.3.3.1 Assembly of the T3SS 

The T3SA was first visualized in S. typhimurium by Kubori et al., through 

the use of electron microscopy [18]. Since then, both electron and 

fluorescence microscopy techniques have developed to the point where the 

individual components of the T3SA could be visualized and based on this, 

the order of assembly was proposed [35].  The structure and assembly of the 

T3SA have been studied extensively in Salmonella, Shigella and Yersinia 

and the names of the components below, and in following sections, are 

derived from the Yersinia Ysc T3SS, unless otherwise stated. 

In Yersinia, assembly of the T3SA starts as two separate events. The outer 

membrane secretin (YscC) is formed and reaches down towards the inner 

membrane where YscD assemble the outer MS-ring. Meanwhile the export 

apparatus (YscRSTUV) is formed separately in the inner membrane and 

associates with the inner MS-ring (YscJ), and is then incorporated into the 

outer MS-ring [41], [42].  

Following the assembly of the outer and inner membrane components 

into one complex, the ATPase (YscN) bound to the C-ring complex (YscQLK) 

is recruited to the base of the T3SA [41]. At this point the T3SA is able to 

secrete and to complete its structure the inner rod component (YscI) and 

needle subunits (YscF) are secreted through the T3SA and assembled [43].  
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Following completion of the needle filament, controlled by YscP [44]–

[46], the needle tip protein (LcrV) is secreted and localizes at the distal end 

of the needle [47], [48]. At this point the T3SA will be in stand-by mode until 

the bacteria has made contact with a eukaryotic host cell.  

1.3.4 The function of the T3SS 

The T3SS is an important virulence mechanism in many pathogens, which 

rely on it to translocate effectors that are toxic to the host. There are 

however, examples of bacteria that use their T3SS to establish a symbiotic 

interaction with their host, e.g. Rhizobium spp [49]–[51]. This is an example 

of how T3SSs can trigger completely opposite outcomes, depending on the 

activity of the translocated effectors.  

This is also illustrated among pathogenic bacteria; some pathogens, such 

as Salmonella and Shigella, use their T3SS to trigger uptake into host cells, 

while others, such as Pseudomonas and Yersinia, use it to block uptake 

[52]–[55]. 

1.3.5 Regulation of the T3SS 

As for any type of cell it is important for bacteria to conserve energy and 

therefore metabolic processes are often regulated in response to 

environmental cues to ensure that the right function is served at the right 

time. This is also true for virulence mechanisms such as the T3SS. Besides 

being energetically costly for the bacteria to express the T3SS when it is not 

needed, it could also be devastating for the bacteria to have an unregulated 

T3SS, e.g. the Yersinia ∆yopK mutant which hyper-translocates effectors in 

vitro cell infection models, is attenuated for virulence in vivo (section 

1.6.5.3). It is possible that uncontrolled activity of the T3SS might cause a 

stronger immune response, giving the host an upper hand and ability to clear 

the infection.  

The environmental triggers of T3SS expression vary depending on the 

niche of the particular pathogen. For example Salmonella and Yersinia 

replicate in different organs in human (mammalian) hosts and they also 

have different pathogenic lifestyles. Salmonella replicates intracellularly, 
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while Yersinia replicates extracellularly and therefore the environmental 

signals they respond to are different. One thing that is common for many 

T3SS of human pathogens is that expression of T3SS is induced when the 

temperature is elevated to 37°C which is the body temperature of mammals 

[56]. Another induction signal is linked to the establishment of bacteria-host 

cell contact [57].  

1.3.5.1 Temperature regulation 

When bacteria are ingested by a mammalian host the temperature is 

elevated as the body temperature is generally higher compared to the 

surrounding environment. The increased temperature triggers expression of 

the T3SS master activator LcrF [58]–[60]. Extensive studies in Yersinia have 

shown how this thermoregulation is achieved. LcrF is a member of the AraC-

like transcriptional activators and once expressed it binds to the promoter 

regions of T3SS genes and activates their transcription [59], [61]–[63]. 

Expression of LcrF is tightly thermoregulated, both at the transcriptional 

and the translational level. At low temperatures, YmoA blocks transcription 

of lcrF by binding to the 5´-UTR of the yscW-lcrF operon [60], [64]. At 

37°C, YmoA is degraded by proteases and as a result, lcrF is transcribed [64], 

[65]. If transcription of lcrF is forced at low temperatures under 

experimental conditions, translation is still blocked through the presence of 

a stem-loop structure upstream of lcrF, making the ribosome site 

inaccessible for the ribosome. At 37°C the stem-loop structure is destabilized 

allowing access of the ribosome and translation of LcrF [64]. 

As the T3SS gene products are being expressed, the basal body, needle and 

tip complex of the T3SA are assembled, after which, the T3SA is ready to be 

activated upon host cell contact [35], [66].  

1.3.5.2 Cell contact 

Activation of the T3SS, i.e. translocation of effector proteins, requires close 

contact with the host target cell [9]. Prior to host cell contact, the expression 

of effectors remains low, through the action of anti-activators [67]–[72]. 

When the bacteria have attached to a host cell, secretion/translocation is 
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induced and the anti-activators are secreted resulting in an upregulation of 

expression and secretion of effectors and translocators [9], [73]–[76].  

It has been suggested that the tip complex senses host cell contact and 

propagate the signal down the needle, to relieve the secretion block inside 

the bacteria [77]–[79]. 

1.4 Secretion through the T3S organelle 

There are two classes of secreted substrates; the effector proteins that are 

translocated into the host cell where they elicit a biological response, and the 

translocator proteins which facilitate the delivery of effectors across the host 

cell membrane [80], [81].  

A hallmark of T3SS is that the effectors are delivered directly into the host 

cell cytoplasm without significant leakage to the extracellular space [9]. 

Components of the T3SS needed for secretion of virulence effectors were 

identified early, but the secretion mechanism remained a mystery until the 

structure of the T3SA was visualized by electron microscopy [18]. The 

structure revealed a channel spanning the length of the T3SA and it was 

suggested that the effectors were transported through the T3SA [32].  

The narrow channel, only 2-3 nm in diameter, suggested that the effectors 

had to be secreted in an unfolded or partially folded state, and the energy 

required for unfolding of the effectors would be supplied by the T3SA-

associated ATPase [38]. Thanks to advanced microscopy techniques, two 

independent groups were able to show the secretion of unfolded substrates 

through the T3SA [82], [83].  

1.4.1 The sorting platform 

In Salmonella, the C-ring complex (SpaO, OrgA, OrgB) has been proposed 

to function as a sorting platform loaded with translocator proteins. In the 

absence of translocators the C-ring complex was instead loaded with 

effectors. This indicated that the C-ring complex preferably interacts with 

translocators ensuring their secretion before the effectors [84]. It was found 

that the secretion regulator InvE, which belongs to a family of proteins 

sometimes referred to as ‘gate-keepers’, was required to load the 
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translocators onto the sorting platform. When invE was deleted the 

translocators could not be secreted [84]. Similar mechanisms seem to occur 

in Shigella and E. coli, resulting in a secretion hierarchy for translocators 

and effectors. The consequence of deleting the gate-keepers in E. coli (sepL) 

and Shigella (ΔmxiC) is similar to that of ∆invE [36], [78], [85]. 

The C-ring complex is part of the general structure of the T3SA and is 

formed also in Yersinia (YscQ,K,L) [41], [86], however, it is questionable if it 

functions as a sorting platform also in Yersinia. The Yersinia homolog to 

InvE, YopN-TyeA, regulate secretion, however, there does not appear to be a 

secretion hierarchy for translocators and effectors. A ∆yopN or ∆tyeA 

mutant hyper-secretes both translocators and effectors [87]–[89](Paper II). 

1.5 Translocation by the T3SS  

The intricate assembly and extensive regulation of the T3SS, all boils 

down to one thing – translocation. The fate of every T3SS effectors is to 

efficiently reach into the eukaryotic cell and like a ninja strike its molecular 

target, leaving no traces behind.  

1.5.1 The translocator proteins 

Three translocator proteins aid the delivery of effectors over the host cell 

membranes. A hydrophilic translocator forms the tip complex on the needle 

[47], [48], [90]–[92], and  two hydrophobic translocators are inserted into 

the host cell membrane [93]–[97]. There is no redundancy between the 

translocators, all three are required for translocation to occur [9], [98]–

[100] 

Homologs of the hydrophilic translocator include LcrV (Yersinia), PcrV 

(Pseudomonas), SipD (Salmonella), IpaD (Shigella) and EspA (E. coli). It 

has been shown that the hydrophilic translocators are required for insertion 

of the hydrophobic translocators into host cell membranes, and without the 

hydrophilic translocator the translocon cannot be formed [93]–[96]. Based 

on this, it was suggested that the tip complex functions as a platform for 

insertion of the hydrophobic translocators and formation of the translocon 
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[101]. In line with this, it was shown that LcrV needs to be secreted to 

function as a translocator [102].  

The hydrophobic translocators harbor one or two transmembrane 

domains (TMs), and homologs include YopB/YopD (Yersinia), PopB/PopD 

(Pseudomonas), SipB/SipC (Salmonella), IpaB/IpaC (Shigella) and 

EspD/EspB (E. coli).  

In some cases the translocators also have a regulatory role. Studies from 

Shigella and P. aeruginosa indicated that the tip complex can function as a 

sensor for host cell contact [77]–[79], [103]. This seems logical since the tip-

complex is positioned in close proximity to the host cell membrane when the 

bacteria has attached to a host cell. The tip complex in Shigella consists of 4 

molecules IpaD and 1 IpaB molecule. As part of the tip complex both IpaD 

and IpaB have regulatory roles and deletion of either of the corresponding 

genes results in deregulated secretion [104]–[106]. The Yersinia translocator 

YopD regulates expression of effectors by blocking access of the ribosome to 

the yop mRNA, as a result, deletion of yopD leads to constitutive expression 

of Yops [67]–[69] (section 1.6.4.3).  

1.5.2 Pore formation 

The hydrophobic translocators share some homology with pore-forming 

toxins [107] and numerous studies using both artificial membranes and 

eukaryotic cell models have shown that the hydrophobic translocators form 

pores in the host cell membrane (Yersinia, Shigella, Salmonella, E.coli, and 

Pseudomonas). The methods used to study pore formation measures leakage 

of small substances over the cell membrane and gives an indirect 

measurement of pore formation. The methods include leakage of 

hemoglobin from red blood cells (RBC) [99], uptake and release of 

impermeable dyes like Ethidium bromide and Calcein [108], or leakage of 

LDH [109].  

By infecting cells in the presence of different sugar molecules the size of 

the pore has been estimated to be 2-3 nm wide [99], [110]–[116] which 

corresponded nicely to the inner diameter of the needle [117].  
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Through the isolation of host cell membranes, it has been established that 

the hydrophobic translocators are inserted into the membrane and isolation 

of a native translocon, by Montagner et al., estimated the size of the 

translocation pore to be between 500-700 kDa corresponding to 15-20 

YopB/YopD monomers [118].  Actual visualization of the translocation pore 

has proven far more difficult, however, by adding purified PopB and PopD, 

Schoehn et al. could show the presence of ring-like structures in liposomes 

[119].  

In the case of Yersinia, pore formation assays require the use of ∆yopK, 

∆yopE or multi-effector mutants, due to the low pore forming ability of wild 

type strain Yersinia. This has led to speculations that the effectors plug the 

pore [120] and this may or may not be part of the feed-back regulation that 

occurs in vivo (section 1.6.4.4). It may also mean that the pore is not a stable 

entity that once inserted into the membrane will stay in the membrane. 

1.5.3 The one-step model of translocation 

The widely accepted mode of translocation by the T3SS is the one-step 

model where the effectors are secreted and translocated directly from the 

bacterial cytoplasm into the host cell cytoplasm through the T3SA.  

This model is based on the observations that 1) translocation is polarized 

and no effectors leak out to the infection media, 2) the hollow structure of 

the T3SA in combination with the translocation pore in the host cell 

membrane forms a hollow conduit, connecting the bacteria and host cell, and 

3) the overall resemblance to the flagella system where the flagella substrates 

are secreted through the basal body.  

The injection model is indeed quite logical, there are however, studies that 

instead argues for a two-step model of translocation. 

1.5.4 The two-step model of translocation 

Persson et al. showed that a truncated version of the Yersinia effector 

YopH lacking amino acids (aa) 49-154 was not translocated into HeLa cells 

although it was secreted from the bacteria, thereby showing that YopH has a 

translocation domain separated from the secretion signal [121]. Fusion of 
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YopE and YopH secretion signals to Cya triggered efficient secretion of the 

hybrid proteins to the bacterial surface, yet the hybrid proteins could not be 

translocated into host cells [122], [123]. The secretion signals of YopE and 

YopH were mapped to aa 1-15 and 1-17 respectively, while translocation 

required the first 50 aa of YopE and the first 71 aa of YopH [122]. If the 

injection model is true that would suggest that once the effectors have been 

targeted to the T3SA for secretion, translocation into host cells would follow 

automatically. The presence of a separate translocation domain argues for a 

two-step process where secretion and translocation are separate events 

[123]. 

Results contradicting the injection model also comes from the Shigella-

field where the translocators IpaB, IpaC and IpaD were present on the 

bacterial surface prior to host cell contact [71], [124]. Upon host cell contact 

these proteins were released from the surface [124]. Interestingly, latex-

beads coated with Ipa proteins triggered uptake into HeLa cells in a similar 

way as the Shigella T3SS [125]. 

 Surface localization of effectors and translocators has been observed in 

Yersinia as well and, more importantly, Akopyan et al. showed that surface-

localized effectors could be translocated into host cells [29]. Purified YopH 

coated on bacteria was translocated into neutrophils and HeLa cells by both 

Yersinia and Salmonella. These results strongly argue for a two-step 

translocation mechanism perhaps similar to the AB-toxin where the B-

moiety binds to the host cell membrane and deliver the toxic A-moiety into 

the cell. In this model the translocators would represent the B-moiety 

whereas the effectors are the A-moiety [126].  

One model does not exclude the other and it is possible that at least 

Yersinia use both ways of translocation in vivo. Release of translocator-

effectors complexes from the bacterial surface upon host cell contact may 

ensure instant delivery of effectors, while awaiting translocation to establish 

through the T3SA. 
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1.6 Yersinia 

There are three human pathogenic species of Yersinia; Y. 

pseudotuberculosis, Y. pestis and Y. enterocolitica, and they all rely on their 

T3SS to promote infection and survive in a host. The T3SS in Yersinia 

belongs to the Ysc-family of T3SSs (section 1.3.2).  

Y. pseudotuberculosis and Y. enterocolitica cause gastrointestinal disease 

in humans and infections are often self-limiting. Y. pestis on the other hand 

is far more virulent and infection with Y. pestis is fatal unless treated with 

antibiotics very early after infection. 

The pathogenic Yersinia species share a tropism for lymphoid tissues 

which can seem paradoxical to the extracellular lifestyle of these pathogens, 

as the lymphoid tissues are the reservoir of the host’s immune cells.  

1.6.1 The route of infection 

Y. pseudotuberculosis and Y. enterocolitica infects via the fecal-oral route 

upon ingestion of contaminated food or water. The ingested bacteria travel 

down the gastro-intestinal tract and reach the intestines where Yersinia 

passes through the intestinal epithelium. The intestinal epithelium forms a 

barrier that most bacteria cannot pass through, however specialized cells (M-

cells), which are sampling content of the intestines, are targeted by Yersinia. 

Yersinia attaches to the M-cells via invasin-β1-integrin interaction and 

thereby promotes its own uptake. The bacteria are then released on the other 

side in the lymphoid tissue (Peyer’s patches, PPs) below [127]–[131].  

Yersinia colonies the PPs and can then spread further through the 

lymphatic system to the mesenteric lymph nodes (MLNs), spleen and liver. 

Y. pseudotuberculosis and Y. enterocolitica can spread to the blood stream 

(sepsis). It is, however, very rare that the infection reaches that far in 

humans. 

1.6.2 Phagocytosis 

Phagocytosis is a process by which a eukaryotic cell internalizes large 

particles. In mammals, and other higher vertebrates, phagocytosis is 
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associated with the host immune response, whereby foreign and potentially 

harmful particles, such as microbes, are engulfed by phagocytic cells and 

cleared from the host [132]. 

Essentially all host cells are capable of phagocytosing particles, however, 

innate immune cells such as macrophages, dendritic cells and neutrophils 

are professional phagocytes. They are equipped with multiple types of 

receptors that collectively recognize a wide range of foreign particles. Some 

receptors bind the particle indirectly, through antibodies or other host-

derived proteins coated on the surface of the particle, while other receptors 

bind directly to ligands expressed by the particle itself [133], [134]. 

Regardless of which type of receptor is involved, the phagocytic process is 

initiated by binding of a ligand to the receptor, thereby activating the 

receptor. This is followed by kinase activation and phosphorylation signaling 

in the cytosol. The actin cytoskeleton is rearranged to encapsulate the 

particle in a phagosome that buds off from the membrane. Through fusion to 

other cytosolic vesicles the phagosome eventually matures into a 

phagolysosome where the particle is degraded [55] (Figure 6).  

1.6.2.1 β1-integrin triggered phagocytosis 

The integrin receptors are a large group of receptors that are expressed on 

professional phagocytes as well as non-professional phagocytes. These 

receptors bind a variety of ligands in e.g. the extracellular matrix or on other 

cells. The cytosolic domain of the receptor is coupled to the actin 

cytoskeleton and is involved in processes such as migration and 

proliferation. Integrin receptors can also recognize ligands expressed by 

microbes [135].  

Pathogenic species of Yersinia express the adhesion molecule invasin on 

the surface, which binds to β1-subunit of the integrin receptor. The 

interaction between invasin and β1-integrin leads to activation and 

clustering of the integrin receptors at the site of binding and formation of 

focal adhesion complexes (FAC) [136], [137]. FACs are distinct structures 

associated with the cytoplasmic domain of the activated receptor and are 

made up of multiple proteins that are recruited to the receptor upon 
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activation. First structural proteins, such as α-actinin and paxillin are 

recruited to the cytoplasmic domain of the receptor and form a structural 

link between the receptor and the actin filaments. Subsequently, signaling 

proteins, typically tyrosine kinases such as Focal adhesion kinase (FAK), are 

recruited and launch a rapid phosphorylation signaling cascade, which 

ultimately leads to rearrangement of the actin filaments into pseudopods 

that surround and engulf the bacteria [138]–[140] (Figure 6). 

Yersinia depend on its T3SS to survive in a host, and the main mission of 

the T3SS is to block phagocytosis [55]. Several of the effectors in Yersinia act 

in concert to block phagocytosis [141], [142], and they will be discussed in 

section 1.6.5. 

2 

3 

4 

1 

Figure 6. Outline of the phagocytic process. (1) Bacteria bind to receptors in 
the cell membrane (e.g. β1-integrin) which initiates a phosphorylation-
signalling cascade in the cell, and actin rearrangement to form pseudopods that 
wrap around the bacteria. (2) The bacteria is taken up into a phagosome. (3) 
The phagosome fuses with a lysosome forming the phagolysosome, which is an 
acidic compartment containing a lot of different digestive enzymes. (4) The 
bacteria is eventually degraded in the phagolysosome. 
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1.6.3 The virulence plasmid  

The pathogenic species of Yersinia all carry a 70 kb virulence plasmid 

which encodes all the components of their respective T3SS [143], [144]. 

These include 1) Yersinia secretion (Ysc) proteins that build the T3SA, 2) 

Yersinia outer proteins (Yop) which includes the effector- and translocator 

proteins, 3) Low calcium response (Lcr) proteins that regulate expression 

and secretion, and 4) Specific Yop chaperones (Syc) that chaperone members 

of group 3.  

1.6.4 Regulation of the T3SS in Yersinia 

The Yersinia T3SS is regulated by temperature and host cell contact as 

described in section 1.3.5. The regulatory features that apply to, or are 

unique for, Yersinia will be described in more detail in this section. 

1.6.4.1 The low calcium response 

Yersinia has a unique requirement for calcium when grown in vitro at 

37°C [145]–[147]. This calcium requirement was found to be associated with 

the presence of the virulence plasmid. When Yersinia is grown at 37°C in 

presence of calcium (non-inducing conditions) the genes encoding the T3SS 

are expressed at a basal level and the system is assembled. If calcium is 

removed from the culture medium at this point (inducing conditions), it 

results in massive expression and secretion of Yops [75], [148], [149], and 

the bacteria stop growing. This phenomenon is referred to as the low calcium 

response (LCR) [150]. The growth restriction is most likely a result of the 

energy cost of the T3SS rather than a metabolic need for calcium [151]. The 

LCR has been very useful to decipher the functions of the T3SS gene 

products, and T3SS mutants in Yersinia can be categorized as calcium 

dependent (CD), calcium independent (CI) or temperature sensitive (TS). 

Calcium dependent strains are the wild type strain and mutants that are not 

affected in the overall T3SS in vitro [148], [149], which also include 

mutations in the Yop effectors, meaning that an in vitro CD phenotype can 

still be avirulent in vivo. CI strains are generally downregulated in T3SS 

activity and grow equally well in the presence or absence of calcium [148], 
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[149]. Mutants that fall within this category are those that fail to produce a 

functional T3SA (ysc mutants) or lack the positive regulators like lcrF and 

lcrV (section 1.6.4.3). In contrast to CI, TS strains cannot grow at 37°C 

regardless of the calcium concentration and they constitutively express (and 

in some cases secrete) Yops [152]. Mutants in this category typically lack 

negative regulators, such as lcrG, yopN, tyeA, lcrQ or yopD (section 1.6.4.3). 

It is not known how the calcium dependent Yop expression and secretion 

correlate to the in vivo infection. The cytoplasmic concentration of calcium 

inside eukaryotic cells is very low (micromolar), compared to the 

extracellular concentration of calcium (millimolar), which correlates to the 

calcium concentrations used during in vitro growth. One theory is that 

docking of the T3SA to the host cell allows the bacteria to sense the 

intracellular environment, i.e. the low calcium concentration, and that would 

trigger the expression and subsequent secretion and translocation of 

effectors into the cell [32]. The translocation-dependent feed-back 

mechanism fine-tune the expression and translocation to accommodate the 

particular bacteria-cell interaction, so the growth restriction that occurs 

when the T3SS is induced in vitro likely does not occur in vivo. 

1.6.4.2 Copy number 

T3SS activity requires intimate bacteria-cell contact, or in the case of 

Yersinia, in vitro induction can be achieved by removing calcium from the 

growth medium. Upon induction of the T3SS, expression of Yops increases 

dramatically [75], [148], [149] and in a recent publication Wang et al. 

showed that Y. pseudotuberculosis can regulate the copy number of the 

virulence plasmid [153]. The virulence plasmid copy number was slightly 

higher when Y. pseudotuberculosis was grown at 37°C, compared to 26°C, 

under non-inducing conditions. However, when the bacteria were shifted to 

inducing conditions the copy number increased almost 3-fold. Interestingly a 

∆yopD mutant which display a TS phenotype, with constitutive Yop 

expression at 37°C, also had a higher copy number compared to the wild type 

strain in non-inducing conditions. The importance of regulating virulence 

plasmid copy number was verified in vivo as a strain with only one copy of 
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the virulence plasmid was less virulent than the isogenic wild type strain and 

failed to cause systemic spread in mice. These results show that the copy 

number strongly contribute to T3SS gene expression [153]. 

1.6.4.3  Regulated expression and secretion 

Expression and secretion of Yops are tightly linked through a feed-back 

mechanism requiring secretion of anti-activators before Yops can be 

translated (Figure 7). When host cell-contact is established the anti-

activators are secreted and expression of Yops is upregulated and vice versa, 

when secretion is blocked the Yop expression remains low. 

In absence of host cell-contact (or in presence of calcium in vitro) 

secretion of Yops is blocked by YopN-TyeA and LcrG, if either one of the 

corresponding genes are deleted it results in constitutive expression and 

secretion of Yops [87]–[89], [154]–[157]. YopN-TyeA needs to be targeted to 

the T3SA by the chaperone complex SycN/YscB in order to regulate secretion 

[158]–[160], and it was shown that YopN interacted with the inner rod 

component YscI in the T3SA [161]. A study in P. aeruginosa showed that 

both LcrG and TyeA homologs (PcrG and Pcr1 respectively) interacted with 

the YscV (PcrD) in the export apparatus, and with each other [162]. These 

results argue for a model where LcrG, YopN and TyeA blocks secretion by 

forming a complex at the base of the T3SA.  

LcrV is a positive regulator of secretion and the interaction between LcrV 

and LcrG is required for secretion of Yops. A model was suggested where the 

intracellular levels of LcrV increases quickly upon host cell contact, allowing 

LcrV to titrate LcrG away from the T3SA, thereby relieving the secretion 

block. In support of this, an lcrG mutant, which failed to interact with LcrV, 

constitutively blocked secretion [163]–[165]. It is not known how YopN-

TyeA are affected by the removal of LcrG, however, considering that LcrG 

and YopN-TyeA associate to YscV, it is possible that removal of LcrG, by 

LcrV, leads to dissociation of YopN and TyeA from the T3SA, and subsequent 

secretion of YopN, thereby relieving the secretion block. Curiously, low levels 

of Yops are secreted and dispersed on the bacterial surface before host cell 
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contact [29], [98], and it is currently unknown how they pass the secretion 

block. 

Before secretion is induced, Yop expression remains low by the actions of 

YopD, LcrH and LcrQ. YopD forms a complex with LcrH which binds to the 

5´-UTR of yop gene mRNA, and in doing so, likely block the access of the 

ribosome to the ribosome binding site and promote degradation of the yop 

gene mRNA [69], [166]. LcrQ is also required for the negative regulation of 

Yop expression although the regulatory mechanism of LcrQ is not known. It 

has been suggested that LcrQ, YopD and LcrH form a tripartite complex at 

Effector 

LcrV 

YopN 

LcrQ 

LcrH 

YopD 

Ribosome 

LcrG 
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Figure 7. Simplified model of the regulation of expression and secretion. 
(A) YopN-TyeA and LcrG block secretion by binding to the base of the T3SA. Low 
levels of LcrV are present in dimerized form, yop expression is blocked by YopD-
LcrH and LcrQ. (B) Upon target cell contact, LcrV sequesters LcrG from the T3SA 
and YopN is secreted, this allows secretion of LcrQ, which possibly destabilizes 
the YopD-LcrH-mRNA complex. (C) YopD-LcrH detaches from the mRNA and the 
ribosome gain access and translation starts. The Yop effectors and translocators 
are secreted. 
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the mRNA. When Yersinia has attached to a host cell, LcrQ is secreted which 

in turn may destabilize the YopD-LcrH complex, causing its release from the 

mRNA. The ribosome can then access the RBS on the mRNA and translation 

is initiated resulting in a quick up regulation of Yop expression [68], [75], 

[167], [168]. A recent study showed that LcrQ counteracted the effect of 

LcrF, and it was suggested that LcrQ may regulate transcription of T3SS 

encoding genes. As LcrQ is secreted (upon host cell contact) the level of LcrF 

exceed that of LcrQ and transcription is activated [169].  

1.6.4.4 Regulated translocation 

Translocation of effectors into host cells is the be-all and end-all of T3SS 

induced pathogenicity, nevertheless, translocation follows the minimalistic 

principle that less is more. The effectors have specific targets within the cells 

and once those targets have been hit, there is no point in continuing the 

translocation. On the contrary it is actually detrimental for the bacteria to 

translocate too much, as is exemplified in the Yersinia ∆yopK mutant which 

hyper-translocates effectors yet is attenuated for in vivo virulence [170], 

[171]. 

It has been shown for both Pseudomonas and Yersinia that translocation 

of effectors inhibit subsequent translocation of effectors through a feed-back 

loop [109], [172]. It is largely unknown how the feed-back mechanism work, 

but in Yersinia it is dependent on the enzymatic activity of the effector YopE, 

which is similar to eukaryotic GTPase activating proteins (GAP) (section 

1.6.5.2). In short, the GAP activity of YopE disrupts the actin cytoskeleton of 

the host cells and inactivation of the GAP-activity results in loss of the feed-

back regulation and over-translocation of effectors (including YopE). This 

suggests that the feed-back loop is coupled to the activity of the effectors and 

relayed back to the translocation machinery through the actin filaments 

[109]. YopK (section 1.6.5.3), which is specific to Yersinia spp., is also 

important for regulation of translocation. As mentioned above a ∆yopK 

mutant hyper-translocate effectors into cells, without affecting either 

expression or secretion of Yops, which means that YopK acts specifically at 

the level of translocation [173]. YopK bridges the translocon to the β1-
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integrin, which in turn connects to the actin cytoskeleton, suggesting that 

YopK may transmit the signal from YopE back to the T3SA [109], [171], [174] 

(Figure 8). 

1.6.5 The Effectors in Yersinia 

Yersinia spp. encode six effectors; YopE, YopH, YopJ, YopM, YpkA and 

YopT. YopE and YopH will be discussed in more detail in the sections below.  

YopJ, YopP in Y. enterocolitica, is a serine/threonine acetyltransferase 

which inactivates kinases in the MAPK- and NF-kB signaling pathways 

[175]–[177]. By blocking these pathways, YopJ blocks cytokine production 

and promotes apoptosis of the infected cell [178]–[181]. 

YopM is the only effector that lacks enzymatic activity. It has a leucine 

rich repeat domain and a nucleus localization signal and localizes in the 

nucleus [182], [183]. YopM has been shown to inhibit pro-inflammatory 

responses, possibly by upregulating the anti-inflammatory IL-10, through 

binding to ribosomal S6 protein kinase and protein kinase C-related kinase 

[184], [185]. Further it has been suggested that YopM induces apoptosis by 

activating caspase-3 [186]. 

YpkA (YopO in Y. enterocolitica) has two enzymatic domains, both of 

which target actin filaments and contribute to anti-phagocytosis. A 

serine/threonine kinase domain becomes activated upon binding to globular 

actin in the host cell, and phosphorylates proteins involved in the regulation 

of actin polymerization [187]–[189]. A guanine nucleotide dissociation-like 

inhibitor (GDI) domain binds to RhoA and Rac1 and lock them in their 

inactive state, thereby inhibiting actin polymerization [190] 

YopT also contributes to anti-phagocytosis by disrupting the actin 

filaments. YopT is a cysteine protease which targets and cleaves GTPases of 

the Rho family, causing them to mis-localize in the cell [191]–[194]. Due to a 

deletion of the yopT gene, this effector is not present in all serotypes of Y. 

pseudotuberculosis, however the function of YopT can be complemented by 

YopE [191], [195]. 
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1.6.5.1  YopH 

YopH was discovered almost 30 years ago as a crucial virulence factor of 

Y. pseudotuberculosis, when it was found that YopH protected Yersinia from 

phagocytosis [196], [197]. YopH, together with YopE, is the most abundant 

effector in Y. pseudotuberculosis and since its discovery a lot of research has 

been done on this effector.  

YopH is a very powerful protein tyrosine phosphatase (PTPase) [198], 

[199]. The PTPase domain is located in the C-terminal, aa 206-468, and a 

cysteine residue at position 403 is critical for YopH activity [198].  

YopH targets cytosolic proteins that are associated with the FAC in 

epithelial cells and macrophages. Among the proteins identified as targets of 

YopH are FAK, p130cas, paxillin and Fyb [200]–[202]. When Yersinia 

Bacteria 

Host cell RACK1 RACK1 

YopE YopE 

K K 

Figure 8. Translocation dependent feed-back signalling in Yersinia. YopE 
and YopK regulate the level of translocation. The GAP activity of YopE results in 
disruption of the actin filaments in the host cell, which prevents the cell from 
phagocytosing the bacteria. Successful disruption of the actin filaments sends a 
signal back to the bacteria, possibly via RACK1 and YopK, to stop translocating. 
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attach to a host cell, through the invasin-β1-integrin interaction, these 

proteins are rapidly phosphorylated, however translocation of YopH reverse 

the process, by specific dephosphorylation (Figure 9). The YopH dependent 

dephosphorylation of cytosolic host cell proteins can be seen as early as 30 

seconds after cell infection [136].  

Activation of β1-integrin receptors also results in a massive elevation of 

the intracellular calcium concentration and this influx of calcium is seen 

immediately after Yersinia attaches to the host cell. Translocation of YopH 

blocks the calcium spiking, showing that YopH is translocated within 

seconds after attachment [203].  

 The importance of YopH to Yersinia virulence in vivo is illustrated by 

that a ∆yopH mutant fails to disseminate beyond the PPs, compared to e.g. a 

∆yopE mutant, which can spread to the MLN before it is cleared [204], 

[205]. 

1.6.5.2 YopE 

Translocation of YopE into eukaryotic cells is followed by a characteristic 

rounding of the cells as YopE elicits a cytotoxic response. This morphological 

change is caused by a collapse of actin filaments [16], which is in turn caused 

by the intrinsic GAP-activity of YopE [206]–[208]. 

The GAP domain of YopE contains a conserved arginine finger, which is 

also found in eukaryotic GAPs, and a conserved arginine residue at position 

144 is crucial for the GAP activity of YopE [206]–[208]. YopE targets RhoA, 

Rac1 and CDC42 in vitro and RhoA and Rac1 have been verified to be in vivo 

targets as well [206], [207], [209].  

Through its effect on the actin cytoskeleton, YopE plays an important part 

in the anti-phagocytic action of Yersinia. Interestingly, it was shown that 

YopE is the sole determinant in blocking phagocytosis by dendritic cells 

[210], due to the specific mechanism by which dendritic cells engulf bacteria. 

Macrophages engulf bacteria by a different mechanism, where both YopH 

and YopE are required for anti-phagocytosis [210].  

Another important function of YopE is to regulate translocation levels, 

through a feed-back mechanism. A ∆yopE mutant hyper-translocates the 
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other effectors [109], [211], similarly to a ∆yopK mutant [171], [173], [212], 

[213]. The precise mechanism behind the feed-back regulation is not known, 

however, it is coupled to the GAP activity of YopE, as the GAP mutant 

YopER144A hyper-translocates itself and YopH [209]. Further, it was shown 

that inhibition of actin polymerization resulted in lowered translocation 

levels [120], [214]. It is therefore tempting to think that the feed-back 

regulation stems from YopE activity, resulting in rearrangement of the actin 

cytoskeleton which, by extension, connects to YopK and the translocon 

(Figure 8).  

1.6.5.3 YopK  

Though not an effector per se, YopK is translocated and serves its function 

from within the infected host cells.  
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Figure 9. YopH-dependent phagocytosis inhibition. (A) Yersinia attaches to 
the host cell through invasin binding to β1-integrin. This binding initiates a 
phosphorylation signalling cascade that ultimately results in phagocytosis of the 
bacteria. (B) Yersinia translocates YopH which is guided by YopK to FAK and 
other intracellular target proteins. YopH quickly dephosphorylates its target 
proteins thereby terminates the signalling cascade. 
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YopK is specific for Yersinia, and it is found in all three pathogenic strains 

of Yersinia (YopQ in Y. enterocolitica). There are no genetic homologs 

identified in T3SSs of other species, however, the EspZ protein in E. coli may 

be a functional homolog to YopK, in the sense of regulating translocation 

levels [215]. 

YopK was, early on, identified as an important virulence factor as a ∆yopK 

mutant was attenuated for virulence in mice, despite that it induced 

cytotoxicity and blocked phagocytosis in vitro [170]. It was later found that 

the ∆yopK mutant translocated more YopE and YopH into HeLa cells 

compared to the wild type strain while on the other hand, overexpression of 

YopK lowered the translocation levels. YopK did not affect either expression 

or secretion levels of the effectors, which meant that YopK specifically 

regulated translocation [173].  

The hyper-translocation phenotype of the ∆yopK mutant was coupled to 

the increased hemolytic activity, and osmo-protection assay using sugars of 

different sizes suggested that the ∆yopK mutant form larger pores in the 

host cell membrane and therefore translocates more [173]. Isolation of RBC 

membranes verified that the ∆yopK mutant insert more YopB and YopD into 

the membrane [171] (Paper III), which agrees with the increased hemolytic 

activity in this mutant.  

By use of a glycogen synthase kinase tag, Garcia et al., showed that YopK 

is translocated into host cells [216] which was also verified by Thorslund et 

al., using the beta-lactamase reporter system [171]. Further it was shown that 

YopK needs to be translocated into the host cell to regulate translocation 

[212]. Interactions between YopK and YopD suggests that YopK is associated 

with the translocon once it has been translocated [171], [212]. 

Interestingly, RACK1 has been identified as a target for YopK. RACK1 is a 

scaffold protein, which binds to the cytoplasmic domain of β1-integrins. 

Yersinia is dependent on the interaction between YopK and RACK1 to block 

phagocytosis and Thorslund et al. proposed a model where YopK bridges the 

translocon to the focal adhesion complexes, through its interaction with 

RACK1, and guide the effectors to their targets, thereby ensuring an 

immediate block in the intracellular signaling [171]. 
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The localization of YopK between the translocon and RACK1 also places 

YopK in an optimal position to receive and transmit the feed-back signal 

from YopE to cease translocation [109], [171], [174]. If YopK is absent, 

transmission of the feed-back signal is lost and as a result translocation 

continues (Figure 8). 

1.7 YopN 

YopN is a 32 kDa secreted protein which regulates secretion. The C-

terminal end of YopN interacts with the small cytoplasmic protein TyeA (aa 

212-222 and 243-293) and an N-terminally located chaperone-binding 

domain (CBD, aa 32-76) binds the cognate chaperone complex SycN/YscB 

[158], [159] (Figure 10). All these four proteins are required, along with 

LcrG, to regulate the timing and precision of secretion during infection, and 

deletion of either of the corresponding genes results in a TS phenotype [88], 

[154], [155], [158], [159]. 

YopN-TyeA is the Yersinia homolog of a family of proteins (gate-keepers) 

that regulate secretion. Homologs from other species include PopN-Pcr1 (P.  

aeruginosa), InvE (Salmonella SPI-1), MxiC (Shigella) and SepL (E. coli). 

The sequence homology between these proteins is quite low, yet the overall 

function as secretion regulators is conserved.  

Unique for the Ysc T3SS is that the gate-keeper is encoded as two separate 

proteins, whereas homologs from the other T3SS families are encoded as a 

single protein. Interestingly though, TyeA binds to the C-terminal of YopN 

and the structure of the YopN-TyeA complex is strikingly similar to that of 

MxiC [34], [217], [218].  

The interaction between TyeA and YopN is central to secretion regulation. 

The TyeA binding site has been mapped to aa 248-293 of YopN [88], [219], 

however the crystal structure of the complex indicated that there is a second 

interaction site at aa 212-222 [217]. If TyeA is deleted or the YopN-TyeA 

interaction disrupted, secretion regulation is lost [88], [156], [220]. 

YopN-TyeA function depend on the YopN chaperone complex SycN/YscB 

and most likely the function of the chaperone is to pilot the YopN-TyeA 

complex to the T3SA [160]. 
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1.7.1  Secretion and translocation of YopN 

The established role of YopN is to regulate secretion, yet YopN is also 

translocated into host cells [221]. 

Under secretion permissive conditions YopN, but not TyeA, is secreted 

along with the other Yops and it has been suggested that secretion of YopN is 

the trigger that induces secretion of translocators and effectors [156]. 

Intriguingly, Day and co-workers also showed that YopN is translocated into 

the eukaryotic cell in a YopB-dependent manner [221]. However, it is not 

clear if YopN is translocated as a step in relieving the secretion block, or if 

YopN has a specific function or target inside the host cell. 

The YopN homolog from Chlamydia, CopN, was shown to sequester 

tubulin, and when expressed intracellularly in yeast, CopN caused cell cycle 

arrest, possibly by preventing microtubule assembly [222], [223]. 

Intracellular expression of YopN did not cause cell cycle arrest [222], 

however that does not exclude that YopN could have a different intracellular 

target.   

TyeA binding 
site 

CBD TyeA 

Figure 10. Schematic diagram of YopN. The coding sequence of yopN and 
tyeA overlap, however they are expressed as two separate proteins. TyeA bind 
post-translationally to the C-terminal end of YopN. The SycN/YscB chaperone 
complex bind to the chaperone binding domain (CBD). 
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1.8 LcrV 

LcrV is a 37 kDa multifunctional protein. It serves three different roles in 

three different locations, inside the bacteria, at the tip of the YscF needle and 

secreted from the bacteria.  

1.8.1  The V-antigen 

The name LcrV derives from Low calcium response Virulence antigen. 

LcrV was the first identified virulence factor in Yersinia, discovered in Y. 

pestis and named V antigen as it was only produced by virulent strains of Y. 

pestis [224]. Later it was also discovered in Y. pseudotuberculosis [225] and 

Y. enterocolitica [226].  

LcrV is a secreted soluble protein and in 1963 Lawton et al., purified LcrV 

and showed that passive immunization with antibodies raised against LcrV 

protected mice against challenge with Y. pestis [227]. They also showed the 

first indications that active immunization with purified LcrV protected 

against Y. pestis infection. This was later confirmed when it was shown that 

active immunization with LcrV protected mice against up to 106 lethal doses 

of Y. pestis [228], [229].  

Further studies revealed that LcrV contains a minor (aa 2-135) and a 

major (aa 132-275) protective epitope and monoclonal antibodies (mAb7.3) 

directed against the major epitope gave passive immunity against infection 

with Y. pestis and Y. pseudotuberculosis [230]–[232]. Due to the antigenic 

property of LcrV, it is pursued as a vaccine candidate [233], [234]. 

1.8.2 LcrV – a regulator of Yop synthesis and secretion 

LcrV functions as a positive regulator therefore deletion of lcrV leads to 

downregulated Yop expression and secretion [98], [235]. 

The gene encoding LcrV is transcribed as part of the lcrGVH-yopBD 

operon and LcrV interacts with LcrG as well as YopB and YopD [163], [236].  
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1.8.3 The structure and localization of LcrV 

From the early studies of LcrV it was known that LcrV was secreted from 

the bacteria, and in 1999 Pettersson et al. showed that LcrV localizes at 

discrete foci on the bacterial surface [98]. A few years later it was shown that 

LcrV localizes to the distal end of the needle where it forms a distinct tip 

structure, containing a ‘head’, ‘neck’ and ‘base’ (Figure 11) [47]. The surface 

localization of LcrV and positioning on top of the YscF needle fits with the 

antigenic property of LcrV and suggests that the protective antibodies block 

T3SS function rather than LcrV alone. 

LcrV is shaped like a dumbbell with an N-terminal- and a central globular 

domain separated by a coiled-coil motif (Figure 11). LcrV majorly consists of 

α-helical content as revealed by the crystal structure [237], [238]. LcrV 

contains 12 α-helices of which two (α7 and α12) form the coiled-coil motif. 

The N-terminal globular domain consists mainly of α-helices, while the 

central globular domain consists of a mixture of short α-helices and b-

strands that are connected by unstructured coils and turns. Further studies 

showed that LcrV homologs from Pseudomonas, Shigella, Salmonella, 

Burkholderia and E. coli share the dumbbell shaped structure. Even though 

the sequence homology between the homologs is rather low, the structural 

conservation of the proteins is very high, especially in the coiled-coil motif. 

The coiled-coil motif is also the most sensitive to mutations as disruption of 

the coiled-coil most likely disrupts the structural integrity of the whole 

protein [237].  

Computer modelling of LcrV on top of the YscF needle indicated that LcrV 

tip-complex consists of a pentamer [96]. Broz et al. also showed that the N-

terminal and C-terminal of LcrV is facing down towards the needle and that 

the N-terminal globular domain points out from the needle and forms the 

‘base’. The central coiled-coil forms the ‘neck’ and the central globular 

domain forms the ‘head’ [96]. Overall, the structure of LcrV and the 

pentamer fits very well with electron micrographs of the tip complex [101], 

[239]. 
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1.8.4 LcrV is one of the translocator proteins 

Beside its role in regulation, LcrV is also one of three translocator proteins 

required for translocation of effectors across the host cell membrane. The 

two other translocators, YopB and YopD, were shown to be directly involved 

in translocation [9], [99], and both YopB and YopD were shown to interact 

with LcrV [236] which suggested that LcrV might also be involved in 

translocation. The regulatory phenotype of lcrV mutants impeded studies of 

LcrVs role in translocation, however, by use of polyclonal antibodies directed 

against LcrV, Pettersson et al. showed that LcrV was a true translocator 

protein, and in-frame deletions identified a central and C-terminal regions of 

LcrV, that were specifically required for translocation [98]. Studies followed 

to show that LcrV was required for pore formation by YopB and YopD in 

RBC membranes [112], [240] and the localization of LcrV at the tip of the 
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Figure 11. Illustration of LcrV. (A) Diagram of the domains in LcrV, α-helices 
7 and 12 form the coiled-coil that separates the two globular domains. (B) X-ray 
structure of LcrV (PdB: 1R6F, reference 237. (C) Illustration of the LcrV 
pentamer which forms the tip complex, with the characteristic ‘head’ (central 
globular domain), ‘neck’ (coiled-coil) and ‘base’ (N-terminal globular domain) 
configuration.  
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needle agreed nicely with this and suggested that LcrV constitutes a platform 

for pore formation [101]. In further support of this it was shown that LcrV 

secretion was a requirement for translocation and in vivo virulence [102]. By 

producing hybrid proteins of LcrV homologs of different sizes it was shown 

that the N-terminal globular domain of LcrV was required for membrane 

insertion of YopB [96]. 
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2 OBJECTIVES OF THIS THESIS 

The molecular mechanism of effector translocation and how it is regulated 

is largely unknown, therefore the studies in this thesis were undertaken to 

analyze different aspects of translocation.  

 

The specific aims were: 

 

 To characterize the central region of YopN 

 

 To analyze if YopN has an additional role besides regulating 

secretion 

 

 To perform an in-depth analysis of the role of LcrV during 

translocation 
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3 RESULTS AND DISCUSSION 

T3SS assembles into a complex machinery dedicated to translocate a 

specific set of substrates into eukaryotic cells. The system is vital in many 

bacteria-eukaryote interactions, especially as a virulence mechanism in 

pathogenic bacteria. Expression of the T3SS inflicts a metabolic burden on 

the bacteria and is therefore only expressed and active when needed. Several 

regulatory proteins coordinate the expression and activity of the T3SS with 

high precision (sections 1.6.4.3 and 1.6.4.4). 

Past studies have revealed that expression and secretion (in vitro) or 

translocation (in vivo) are linked through feed-back mechanisms. In this 

thesis I show that two of these regulatory proteins, YopN and LcrV, are 

involved in additional events, feeding in to the regulation of the T3SS. 

3.1 The LcrV-LcrG heterodimer interacts with YopD 

Before secretion is induced, yop gene translation is blocked by YopD, 

LcrH and LcrQ [67]–[69]. When secretion is induced, LcrQ is secreted [75]. 

Presumably YopD and LcrH detach from the mRNA at this point, allowing 

translation to start. 

LcrG regulates secretion together with YopN and TyeA. Studies in 

Pseudomonas showed that TyeA (Pcr1) and LcrG (PcrG) interacted with 

YscV (PcrD) and with each other, and the results suggested that LcrG and 

YopN-TyeA form a complex which blocks access of T3SS substrates to the 

secretion channel through the interaction with YscV [162]. LcrV, which is a 

positive regulator, is believed to sequester LcrG from the T3SA when host 

cell contact is established [163], [164]. This possibly leads to secretion of 

YopN and opening of the secretion channel. 

In addition to their regulatory functions inside the bacteria, both LcrV and 

YopD are translocator proteins and the interaction has been mapped to the 

amphipathic domain in YopD [241]. Further it was shown that the N-

terminal globular domain of LcrV was required to insert YopB and YopD in 

host cell membranes suggesting that this was the site of interaction [96], 
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[103]. Considering that LcrV is required for membrane insertion of YopB 

and YopD, the interactions between them would logically occur on the 

surface of the bacteria. 

 In Paper I we set out to map the LcrV-YopD interaction in LcrV and 

investigate if YopD competes with LcrG for the interaction site. Considering 

that interaction between LcrV and YopD has been shown before [241], we 

were somewhat surprised to find that YopD failed to interact with LcrV 

under the conditions used (Paper I). Previous studies of purified proteins in 

Pseudomonas, showed that PcrV and PopD did not interact with each other 

in vitro [119], [242], and now we show that the same is true for Yersinia 

LcrV and YopD. It is assumed that LcrV and YopD interact directly with each 

other in vivo, during translocation, yet since LcrV forms a pentamer on the 

needle tip [96] it is probable that LcrV needs to oligomerize before the 

interaction with YopD can occur. Purified LcrV appears in dimeric form 

which may be unsuitable for YopD interaction.  

All the more fascinating was that YopD readily bound to the LcrV-LcrG 

heterodimer (Paper I, Figure 5). Since LcrG is not secreted, any interaction 

involving LcrG ought to reflect an event that occurs in the bacterial 

cytoplasm. We also assume that the LcrV-LcrG heterodimer is the natural 

cytoplasmic form of LcrV. This raises the question if the interaction is 

relevant for the regulation of Yop expression and/or secretion?  

Costa et al. successfully pulled down YopD with GST-LcrV from the 

cytoplasm of Yersinia and our results suggest that LcrG was present in that 

complex. Further, in line with the theory that YopD-LcrV interaction is 

involved in the regulation, is that residues in the amphipathic domain of 

YopD, that were required for interaction with LcrV, were also required for 

YopD-dependent regulatory processes in the bacterial cytoplasm [241].  

YopD was also pulled-down using TyeA-GST [88], suggesting that there 

may be a link between the YopD/LcrH/LcrQ complex which blocks yop gene 

translation and the LcrG/YopN-TyeA complex that blocks secretion. It is 

possible that an interaction between the two complexes (or parts of them) is 

a step in the secretion of the anti-activators to de-repress yop gene 

translation. 
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3.2 Indications that YopN is an effector 

Under secretion permissive conditions YopN, but not TyeA, is secreted 

along with the other Yops and it has been suggested that secretion of YopN is 

the trigger that induces secretion of translocators and effectors [156], [243]. 

Intriguingly, Day et al. also showed that Y. pestis translocated YopN into the 

eukaryotic cell in a YopB-dependent manner [221]. The question remains, if 

YopN is passively translocated as a step in relieving the secretion block or if 

YopN also has an intracellular function? 

YopN is translocated at very low levels and to detect YopN intracellularly, 

Day et al. employed a GSK tag which becomes phosphorylated by eukaryotic 

kinases [221]. We could confirm that, similarly to Y. pestis, YopN is also 

translocated by Y. pseudotuberculosis. As expected, the wild type strain 

translocated very low levels of YopN, however by combining the proteinase K 

protection assay with TCA precipitation of the cytosol we were able to 

concentrate the cytosolic proteins and detect YopN. To optimize detection of 

YopN, we constructed a hemagglutinin (HA) tag in the C-terminal of YopN. 

Since there is an overlap of the yopN and tyeA sequences, we wanted to 

ensure proper expression of tyeA by expressing the YopN-HA construct in-

trans, from an arabinose inducible promoter in a non-polar ∆yopN mutant 

(Paper II). To analyze if translocation of YopN was regulated by YopK we 

constructed a ∆yopN/∆yopK double mutant and expressed the YopN-HA in 

this background (Paper II). Interestingly, we found that YopN translocation 

was indeed upregulated in the absence of YopK (Figure 12, Ekestubbe 

unpublished), which shows that YopN translocation is regulated in the same 

way as the other effectors. These findings indicate that YopN is not passively 

translocated as a step in relieving the secretion block, but rather that YopN is 

actively translocated. As absence of YopE also results in upregulated Yop 

translocation it remains to be analyzed if the YopE-dependent feed-back 

regulation applies to YopN. 

While no known function for translocated YopN inside the host cell has 

been assigned yet, expression of CopN (Chlamydia) in yeast cells lead to cell 

cycle arrest [222]. Further, it was shown that CopN prevented microtubule 
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assembly by sequestering tubulin [223]. Intracellular expression of YopN did 

not cause cell cycle arrest [222]. However, considering the very different 

lifestyles of Yersinia, an extracellular pathogen, and Chlamydia, an 

intracellular pathogen, it would not be very surprising if YopN has a different 

eukaryotic target than CopN. 

To our knowledge, translocation of gate-keepers from other T3SS 

subfamilies, has not been shown, and considering the low level of homology 

between the gate-keepers, translocation is not necessarily a common trait to 

all of them. In contrast to YopN, InvE (Salmonella) and SepL (E. coli) 

remain in the bacterial cytosol also after secretion has been induced [244], 

[245], which argues against translocation of these proteins into host cells. It 

has been shown though, that like YopN, MxiC (Shigella) and PopN (P. 

aeruginosa) are secreted during inducing conditions [243], [246], so it is 

possible that they are also translocated. Future studies will have to reveal if 

Figure 12. YopN translocation is regulated by YopK. HeLa cells were infected 
with the indicated strains for 2 hours. For Western blot analysis (left), the cells 
were fractionated and the cytosolic proteins were precipitated. For 
immunostaining (right) the cells were fixed and membranes were stained with 
Texas Red-conjugated WGA (red) and YopN-HA was stained using α-HA 
antibody followed by Alexa-488-conjugated secondary antibody (green). Nuclei 
were stained with DAPI (blue). 
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translocation of gate-keepers is a common trait and, if so, what their 

intracellular targets and functions are. 

3.3 No evidence for a sorting platform in Yersinia 

  In Salmonella, E. coli and Shigella there is evidence for a secretion 

hierarchy where translocators are secreted before the effectors, which is 

regulated by the gate-keeper [84], [85], [243], [247]. 

In Paper II, we show that Yersinia lacks this YopN-dependent secretion 

hierarchy and this suggests that the C-ring complex in Yersinia does not act 

as a sorting platform. Deletion of yopN results in constitutive expression and 

secretion of both translocators and effectors (Paper II, Figure 2). Our results 

highlight that gate-keepers regulate secretion differently in the different 

subfamilies. In Yersinia both effectors and translocators are surface localized 

before host cell contact, which also argues against the presence of a sorting 

platform or secretion hierarchy in Yersinia. The question is why some T3SS 

subfamilies employ a sorting platform while others do not. This is likely an 

adaptation to fit the particular life style niche of the pathogen.  

Yersinia replicates in lymphoid tissues and must continuously battle 

professional phagocytes. To prevent uptake by phagocytes, translocation 

must occur immediately. In that sense it may be advantageous for Yersinia 

to keep both effectors and translocators surface localized prior to host cell 

contact. In support of this argument, it was shown by Akopyan and Edgren 

et al., that surface localized YopH was translocated, and translocation was 

immediate and efficiently blocked the intracellular calcium signaling that 

precedes phagocytosis. Further, they showed that YopH coated on the 

surface of S. typhimurium was translocated as well [29], however it has not 

been shown if Salmonella naturally positions its effectors on the surface. It is 

possible that the one-step translocation is the main mode of translocation in 

Salmonella, while Yersinia employ both one-step- and two-step 

translocation to ensure quick translocation of effectors to block uptake. 

In vitro studies of Salmonella showed that this pathogen translocated the 

effector SipA quickly after host cell contact [248], however it is not known if 

this is as crucial in vivo as it is for Yersinia [55]. 
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3.4 Characterization of the central region in YopN 

It is fairly common that T3SS substrates have more than one function, e.g. 

YopD and LcrV are required for regulation of the T3SS and for translocation 

of effectors. The indication that YopN is actively translocated into host cells 

support the notion that also YopN may be a multifunctional protein. In 

absence of YopN both expression and secretion are highly upregulated and 

this phenotype could mask any other possible function of YopN. In Paper II 

we therefore aimed to construct YopN mutants that retained full regulatory 

control.  

The interaction between YopN and its cognate chaperone complex and 

TyeA has been characterized previously [88], [158], [159], [217], yet no 

known function had been ascribed to the central part of YopN. We decided to 

target this region of YopN with the aim to construct mutants that were 

unaffected in regulation of Yop expression and secretion, to gain further 

insights into the function of this part of YopN.  

Based on domain predictions of YopN, we constructed three in-frame 

deletions generating YopNΔ131-167HA, YopNΔ170-207HA and YopNΔ76-181HA, all 

containing a C-terminal HA-tag (Paper II, Figure S1). The constructs were 

cloned under an arabinose inducible promoter and expressed in trans in the 

non-polar ∆yopN mutant.  

Trans-complementation of the ∆yopN mutant with the three YopN 

variants showed a variation in the regulation phenotype. The YopNΔ170-207HA 

variant could partially rescue the ∆yopN phenotype, as complementation 

with this variant reduced, yet did not completely block, the expression and 

secretion of Yops in non-inducing conditions. Expression of YopNΔ131-167HA 

resulted in a slightly deregulated phenotype, where low levels of Yops were 

expressed and secreted also during growth in non-inducing conditions. 

Interestingly, the largest deletion YopNΔ76-181HA rescued the ∆yopN 

phenotype, and brought back the regulation of expression and secretion to 

wild type strain levels (Paper II, Figure 2-4).  

It is interesting that the largest deletion (aa 76-181) retained full 

regulatory control of secretion. Considering that the smaller deletion (aa 131-
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167) falls within the large deletion, one would expect that this part is 

redundant for the regulation. However, this was apparently not the case, 

since the YopNΔ131-167HA variant did not bring back full regulatory control.  

Our results indicate that aa 182-207 are important for the regulatory 

function of YopN, and this agrees with the study performed by Ferracci et al., 

where several point mutations that downregulated secretion, localized to this 

region [156]. It is not known what this part of YopN does, however one can 

speculate that the deregulated phenotype of YopNΔ170-207HA results from 

failure to interact with TyeA or YscI. Studies in Shigella showed that the 

interaction between MxiC (YopN) and MxiI (YscI) was an important step in 

the secretion regulation. Point mutation in mxiC identified residue 206 

(corresponding to residue 223 in YopN) as important for the interaction 

[161]. The interaction site of YscI has not been mapped in YopN and it is 

possible that YscI interact upstream of TyeA which would position it in the 

proximity of the deleted region in YopNΔ170-207HA. Studying the interactions 

between the YopN variants and TyeA and YscI could shed light on the 

different regulatory phenotypes of the YopN variants. 

3.5 YopN has a role in translocation of effectors 

The gate-keepers have been implicated in translocation of effectors in 

Yersinia, Salmonella and E.coli. The studies of Yersinia yopN and tyeA 

mutants have provided conflicting results as to the requirement of the gate-

keeper for translocation [9], [88], [89], [221]. Results from Salmonella and 

E. coli showed that deletion of invE or sepL, respectively, blocked 

translocation. However, considering that deletion of invE and sepL 

abrogated secretion of the translocators in Salmonella and E. coli, the 

translocation defect might very well be an indirect effect caused by the lack 

of translocator secretion [244], [245]. 

Rosqvist et al. reported that a ∆yopN mutant caused delayed translocation 

of YopE [9], however, when we infected HeLa cells with the new non-polar 

∆yopN mutant we saw a quick cytotoxic response, similarly to that caused by 

the wild type strain. Interestingly, quantification of translocated YopH 

showed that the ∆yopN mutant actually translocated somewhat higher levels 
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of YopH compared to the wild type strain. Complementation with YopN-HA 

brought the translocation back to wild type strain levels (Paper II, Figure 5).  

When we complemented the ∆yopN mutant with the YopNΔ76-181HA 

variant we found that the translocation was significantly downregulated. 

This is particularly interesting since this YopN variant retained full 

regulatory control. Quantification of translocation levels was done by 

introducing a YopH-beta-lactamase fusion protein (YopH-Bla), and we could 

verify that deletion of this part of YopN resulted in delayed translocation. 

After 30 minutes of infection the amount of YopH in cells infected with the 

YopNΔ76-181HA strain was 65% lower than that in cells infected with the wild 

type strain (Paper II, Figure 5). However, after 60 minutes the translocation 

levels were similar between the YopNΔ76-181HA and the wild type strain. 

Considering that the YopNΔ76-181HA mutant displayed normal secretion of the 

translocators, our results indicated a novel and specific role of YopN during 

translocation. To reveal a possible delay in secretion of translocators we 

performed a kinetic assay and found that there was no difference in secretion 

kinetics between the YopNΔ76-181HA mutant and the wild type strain, showing 

that indeed YopN is directly involved in translocation. The fact that 

prolonged infection allowed the YopNΔ76-181HA mutant to catch up to the wild 

type strain indicates that the requirement of YopN is in the early stages of 

translocation. 

The YopNΔ131-167HA mutant translocated YopH at similar levels as the wild 

type strain, while the YopNΔ170-207HA translocated at similar levels as the 

∆yopN mutant. This is interesting because it shows an indirect role of YopN 

in translocation as well. If YopN is deleted or dysfunctional, translocation is 

upregulated which suggests that YopN may be part of the feed-back 

regulation.  

The significance of the translocation defect was further strengthened 

when the YopNΔ76-181HA strain was analyzed for phagocytosis inhibition. All 

and all, the ability to block phagocytosis reflected the translocation ability of 

all the YopN variants. Strikingly, while the wild type strain efficiently 

blocked phagocytosis (20% uptake) the YopNΔ76-181HA was almost as 

inefficient as the ∆lcrV mutant, with an uptake of 75% and 95% respectively 
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(Paper II, Figure 6). It should be noted here that the ∆lcrV mutant suffers a 

complete downregulation in the T3SS, while the YopNΔ170-207HA mutant, in 

that sense, only suffers from delayed translocation. This stresses the 

importance of efficient, early translocation, to survive the infection. 

3.6 Using red blood cells as a model for T3SS pore 

forming activity 

For translocation to work, all three translocators must be secreted. 

Further, YopB and YopD need to be inserted into the host cell membrane, 

where they are proposed to form a pore through which the effectors are 

translocated. 

For the most part membrane insertion of YopB and YopD and pore 

formation have been studied in RBCs, and in past studies, there has been a 

strong correlation between ability to form pores in RBCs and ability to 

translocate [99], [102], [112], [171].  

The use of RBCs as the model for studies of T3SS induced pore formation 

and insertion of translocators in plasma membranes is widely spread. A lot 

of knowledge also comes from using these methods in terms of T3SS 

function. However the research field has progressed to a point where the use 

of RBCs needs to be questioned. We are no longer dealing with knock-out 

mutants with a black or white phenotype, instead we are down to the 

tortuous point mutations’ impact on structure and function of the protein. 

When studying T3SS at this high resolution the methods needs to be 

adjusted to illustrate a more in vivo-like situation.  

In Paper III we saw a striking phenotype of two LcrV mutants (section 

3.7), which were able to translocate effectors without forming pores in RBCs. 

This initially sidetracked us to investigate a possible mechanism of how 

translocation occurred without membrane localization of YopB and YopD. 

When we then analyzed membrane insertion in HeLa cells, which is the cell 

system we use for our translocation studies, we found that YopD was indeed 

inserted into the membrane. YopB could not be detected in our assay, and 

although we cannot say for certain that YopB is inserted, we find it most 
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likely that YopB along with YopD localizes in the membrane during infection 

with the LcrV mutants, just as they are during infection with the isogenic 

wild type strain.   

The discrepancy between RBCs and HeLa cells instead highlights that 

pore formation in RBCs can be an artefact and not a true reflection of 

translocation ability, and this type of inconsistencies has actually been 

shown before. For example, Yersinia YopD mutants with strongly reduced 

hemolytic activity, which still provoked a strong cytotoxic response in HeLa 

cells, have been identified [241]. Also Shigella IpaB mutants have been 

identified, that were invasive yet unable to insert translocators in RBC 

membranes. Similar to our observation, the translocators could be recovered 

from HeLa cell membranes [104]. 

Ideally, one would analyze all aspects of T3SS in the same cell-based 

system, however, due to various reasons this is not accomplishable at all 

times. It should be prioritized when dealing with phenotypes in the gray-

zone, such as the LcrV mutants, where there is not an all-or-nothing 

response.  

3.7 LcrV N-terminal mutants as a tool to study 

translocation 

In contrast to the novel finding that YopN is involved in translocation, it is 

well established that the needle tip proteins (LcrV) are required for 

translocation, possible by forming a platform for insertion of the 

hydrophobic translocators [101]. Like YopN, LcrV is also involved in 

regulation, so in-depth functional analysis of LcrV requires mutants that 

separate one function from another. On account of the central- and C-

terminal α-helices that form the coiled-coil, LcrV is very sensitive to genetic 

manipulations. This makes it challenging to construct mutants that affect 

translocation alone without affecting regulation. 

It was previously shown that frame shifting the extreme N-terminal of 

LcrV did not affect Yop expression or secretion. The resulting LcrV+1 and 

LcrV-1 mutants also induced cytotoxicity in HeLa cells [102]. When we 
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analyzed these LcrV+/-1 mutants using the RBC-model, we were quite 

surprised to find that they were completely devoid of hemolytic activity 

(section 3.6). In Paper III we investigated the translocation ability of these 

mutants in more detail. 

3.8 LcrV is involved in intracellular targeting of YopH 

Efficient translocation is central in preventing uptake by phagocytes and, 

by extension, it is central to survival of Yersinia in a host. We knew from our 

earlier study that the LcrV+1 and LcrV-1 strains induced cytotoxicity in HeLa 

cells [102], which is an indirect measure of translocation ability. When we 

analyzed the intracellular levels of YopE and YopH we found that the LcrV 

mutants translocated the effectors at levels similar to the wild type strain 

(Paper III, Fig. 3 and 4). However, despite that the effectors were 

successfully translocated, the LcrV mutants were impaired in their ability to 

block phagocytosis. Roughly 45% of the LcrV mutants were phagocytosed in 

comparison to 20% of the wild type strain (Paper III, Fig. 6).  

Phagocytosis is a rapid process and to block it Yersinia must translocate 

effectors immediately at cell contact. The fact that the LcrV+/-1 mutants 

were unable to fully block phagocytosis suggested that they were affected in 

the very early events of translocation. Unlike the YopN76-181HA mutant, 

where reduced translocation was displayed after 30 minutes of infection, 

kinetics experiment with the LcrV+/-1 mutants could not detect any 

differences from the wild type strain (discussed further in section 3.9).  

Due to the powerful enzymatic activity of YopH, translocation can be 

monitored during the first minutes of infection. Fällman and co-workers 

identified intracellular targets of YopH in both HeLa cells and macrophages. 

Further, they showed that YopH was translocated and reached these targets 

within a minute after cell contact [136], [137], [200]. We therefore decided to 

pursue YopH targeting, to analyze early translocation in the LcrV+/-1 

mutants.  

The interaction between Yersinia and the host cell, through invasin and 

β1-integrins, initiates rapid phosphorylation of several intracellular proteins. 

YopH targets several of these and quickly dephosphorylate them [136], [137], 
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[200], [202]. By measuring YopH dependent dephosphorylation of one of 

these targets, FAK, we got an indirect measure of the targeting efficiency. 

Using this approach we found that the LcrV+/-1 mutants inefficiently 

targeted YopH to FAK. Interestingly, the phosphorylation level of FAK was 

intermediary in cells infected with the LcrV+/-1 mutants, compared to cells 

infected with the wild type strain and a strain expressing inactivated YopH 

(Paper III Fig. 7). This argues that the LcrV+/-1 mutants’ impaired ability to 

block phagocytosis is a reflection of their inefficient intracellular targeting of 

YopH. 

Given that the LcrV+/-1 mutants failed to fully block phagocytosis, one 

could expect them to be affected in in vivo virulence as well. Strikingly, we 

found that the LcrV+/-1 mutants were severely attenuated for virulence 

almost to the point of the ∆lcrV mutant. Mice survived intraperitoneal 

challenge with a high dose (105 CFUs) of LcrV+1 or LcrV-1, while mice 

infected with the wild type strain succumbed to the infection within seven 

days (Paper III Fig. 8). This is in line with a previous study, showing that 

targeting of YopH to the FACs is required for in vivo virulence [137]. Using 

the in vivo imaging system (IVIS) we found that when mice were infected 

orally the LcrV+/-1 mutants colonized PP and in a few cases they reached the 

MLNs, where they were eventually cleared (Ekestubbe, unpublished data). 

These results also highlight the requirement of efficient targeting of YopH, a 

∆yopH mutant fails to disseminate from the PP during in vivo infection, 

while a ∆yopE or a ∆yopK mutant reaches the MLN where they are 

eventually cleared [204], [205], [249].  

3.9 Timing and targeting of effector translocation 

It is well established that LcrV is required for translocation, and it was 

initially thought that the requirement of LcrV was to promote pore 

formation. During the last decade, compiling evidence suggest that the tip 

protein and translocon have a more dynamic role during translocation. 

Numerous studies suggest that the tip protein and translocon senses host cell 

contact. Through structural rearrangement they can transmit signals, 
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through the needle, between the cell and bacteria to initiate, regulate and 

terminate translocation [77]–[79], [103], [250], [251].  

In Paper III we show that LcrV is involved in the early intracellular 

targeting of effectors, which is in line with a dynamic tip and translocon. In 

addition we show that YopN is involved in the regulation of translocation, 

which has not been shown before. Genetic manipulations to LcrV or YopN 

resulted, in both cases, in a translocation defect that consequently affected 

Yersinia’s ability to block phagocytosis (Paper II, Figure 6 and Paper III, Fig. 

6). The question is at what level YopN and LcrV affect translocation. Is it 

timing or targeting?  

Our data suggests that YopN ensure the timing of translocation. The 

YopNΔ76-181HA strain translocated low amounts of YopH-Bla, compared to  

the wild type strain, after 30 minutes infection. However, after 60 minutes 

infection the YopNΔ76-181HA had caught up with the wild type strain, and 

there was no difference in the amounts of intracellular YopH (Bamyaci & 

Ekestubbe unpublished). This suggests that even though the YopNΔ76-181HA 

strain secrete the effectors and translocators with similar kinetics as the wild 

type strain, there is a glitch during the translocation step that results in 

delayed translocation (Figure 13). The delayed translocation seem to be 

general as YopE dependent cytotoxicity was also delayed in this strain, and 

quantification of translocated YopE-Bla showed the same results a for YopH-

Bla (Bamyaci & Ekestubbe unpublished). 

Regarding the LcrV+/-1 mutants, they cause a delayed effect of YopH, 

however, it is difficult to deduce if they affect timing or targeting. That is, is 

the immediate translocation of YopH delayed, or is YopH, once translocated, 

not targeted efficiently to the FACs? Our attempts to analyze translocation 

kinetics, by using the cytotoxicity assay, could not reveal any translocation 

defect in LcrV+/-1 mutants (Paper III). In a further attempt to analyze early 

translocation levels, we took advantage of the LcrV+/-1 mutants expressing 

YopHFL-Bla and quantified translocation levels in the Tecan plate reader (as 

described in Paper II). Using this approach we were able to detect 

translocation as early as after ten minutes of infection and we found that the 

LcrV+/-1 mutants translocated YopH-Bla at the same levels as the wild type 
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strain (Figure 14 A, Ekestubbe unpublished). As we have shown that YopH 

targeting to FAK was reduced in the LcrV+/-1 mutants, compared to the wild 

type strain, after ten minutes infection, this indicates that LcrV is involved in 

intracellular targeting and not timing (Figure 14 C).  

The intracellular targeting of YopH involves YopK. YopK interacts with 

both YopD and the eukaryotic protein RACK1, and by extension, may 

therefore be a link between the translocon and the FAC, which guides YopH 

to the correct place after translocation. In that context a ∆yopK mutant fails 

to target YopH efficiently to the FAC, however in the phagocytosis inhibition 

assay this is compensated by the massive amount of YopH that is 

translocated [171]. Interestingly, when we analyzed our ∆yopK/LcrV+/-1 

double mutants for phagocytosis inhibition we found that they, like the 

LcrV+/-1 mutants, suffered impaired ability to block phagocytosis (Figure 14 

B, Ekestubbe unpublished). This suggests that the hypertranslocation 

phenotype cannot compensate the loss of YopK when the LcrV+/-1 variants 

are expressed instead of wild type strain LcrV. These results indicate that 

LcrV manage the intracellular targeting of effectors in cooperation with 

YopK (Figure 14 C). 
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Figure 13. Hypothetical model of YopH targeting in the YopNΔ76-181HA 
strain. Translocation of YopH was significantly lower in cells infected with the 
YopNΔ76-181HA strain compared to the wildtype after 30 minutes infection, 
however after 60 minutes infection there was no difference in translocation 
levels, suggesting that translocation is delayed in the YopNΔ76-181HA strain. 
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Figure 14. YopH targeting in the LcrV+/-1 mutants. (A) Translocation of 
YopHFL-Bla into HeLa cells after 10 minutes infection. (B) Phagocytosis inhibition 
of ΔyopK/LcrV+/-1 strains. (C) Hypothetical model of YopH targeting. The wild 
type translocates and targets YopH directly to its eukaryotic target. The LcrV+/-
1 mutants seem to translocate YopH as quickly as the wild type but fail to target 
YopH correctly. The ΔyopK mutant cannot target YopH, however this defect is 
compensated by the massive translocation in this mutant. In the ΔyopK/LcrV+/-
1 mutants, the hyper-translocating phenotype does not seem to compensate 
the mistargeting of YopH. 
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4 MAIN FINDINGS IN THIS THESIS 

 YopD interacts solely with an LcrV-LcrG complex, which suggest 

that these proteins interact in the bacterial cytoplasm and that the 

interaction between them may be important for regulation of the 

T3SS. 

 Similar to Yop effectors, YopN translocation is also regulated by 

YopK. 

 Deletion of aa 76-181 of YopN generated a YopN variant which 

retained the regulatory phenotype of the wild type strain. 

 YopN is directly involved in translocation of effectors into host 

cells. 

 Impaired early translocation of YopH, seen in the YopNΔ76-181HA 

mutant and the LcrV+/-1 mutants resulted in significantly 

reduced ability to block phagocytosis. 

 Methods to study the early events of translocation are important 

to detect subtle phenotypes that may be important for in vivo 

virulence. Further, methods to study pore formation and 

translocator insertion in host cell membranes is best performed in 

nucleated cells, as opposed to RBCs. 

 Frame-shift mutations in the extreme N-terminal of LcrV did not 

affect the regulatory role of LcrV. 

 LcrV is required for early efficient targeting of YopH to the 

intracellular target FAK.  

 Slight defects in the early intracellular targeting of YopH, by the 

LcrV+1/-1 mutants, had a major impact on the in vivo virulence of 

Yersinia. 
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5 FUTURE PERSPECTIVES 

To deduce how YopN is implicated in translocation, it would be very 

interesting to investigate the membrane insertion of YopB and YopD in host 

cell membranes in the YopNΔ76-181HA mutant. Further it remains to be 

elucidated if YopN regulates translocation from within the host cell or not. It 

is possible that YopN is translocated and localizes to the translocon, 

somehow gating the translocation from this position. To elucidate this it 

should first of all be investigated if YopNΔ76-181HA is also translocated. 

Further, interaction studies between the translocators and YopN or YopNΔ76-

181HA could give valuable information of how YopN affect translocation. 

Another approach would be to combine the YopNΔ76-181 mutation with 

ΔyopK and ΔyopE mutations. Since both ΔyopK and ΔyopE mutants hyper-

translocate effectors and the YopNΔ76-181HA seem to delay translocation, the 

combination between them can give meaningful information on if/how these 

protein interact during translocation.  

The fact that YopN is translocated, in what seems to be a regulated 

manner, indicates that YopN has a function in the host cell cytoplasm and it 

would be most interesting to do a screening against eukaryotic proteins to 

investigate if YopN has a eukaryotic target protein. If that was the case, that 

would open up for a whole new line of assays to investigate the role of the 

interaction during translocation and virulence.  

The interaction between YopD and the LcrV-LcrG complex raises many 

questions. First of all, the interaction between them should be verified in 

Yersinia, which can be done using pull-down assays of the individual 

proteins. It was shown previously that LcrV and YopD co-purified [241], and 

it should be investigated if LcrG is present in that complex. An LcrG mutant 

which does not interact with LcrV has been identified earlier [165], and could 

be incorporated as a control. The next thing to elucidate is if the interaction 

between LcrV-LcrG-YopD is biologically relevant. Both YopD and LcrG have 

several other identified interaction partners in the bacterial cytosol, which 

opens up for an extensive study on how these proteins interact. Delineation 
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of the genes in combination with pull-down assays and in vitro Yop 

expression and secretion assays can go a long way in answering these 

questions.  
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