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Abstract:

Many Gram negative bacteria use type III secretion systems to cross-talk with 
eukaryotic cells. Type III secretion system assembly and function is tightly regulated. It 
initiates with assembly of a basal body-like structure, and is followed by a cytoplasmic-
located substrate sorting and export platform that first engages with early substrates 
required for needle assembly. At the needle tip, a translocon is formed upon eukaryotic cell 
contact to allow the translocation of effector proteins to the host cell. The focus of this 
thesis is on understanding aspects of biogenesis, regulation and function of the translocon 
and its interaction with the host cell. Research questions are addressed in enteropathogenic 
Yersinia pseudotuberculosis model. 

Prioritising the secretion of translocon components before effector proteins is a 
task given partly to the InvE/MxiC/HrpJ family of proteins. In Yersinia, homology to this 
protein family is partitioned over two proteins; YopN and TyeA. Certain Yersinia strains 
naturally produce a single YopN/TyeA polypeptide hybrid. To understand the implications 
of hybrid formation towards type III secretion control, a series of mutants were engineered 
to produce only a single hybrid peptide. Using in vitro assays revealed no difference in 
substrate secretion profiles between parent and mutants. Moreover, no obvious 
prioritisation of secretion between translocator and effector substrates was observed. 
Although these in vitro studies indicate that the YopN-TyeA single polypeptide is fully 
functionally competent, these mutants were attenuated in the mouse infection model. 
Hence, natural production of YopN and TyeA as a single polypeptide alone is unlikely to 
confer a fitness advantage to the infecting bacteria and is unlikely to orchestrate hierarchal 
substrate secretion. 

The YopB and YopD translocon components form a pore in the host cell plasma 
membrane to deliver the effectors into the host cell. To better understand how YopD 
contributes to the biogenesis, function and regulation of the translocon pore, a series of 
mutants were constructed to disrupt two predicted -helix motifs, one lying at the N-
terminus and the other at the C-terminus. Based upon phenotypes associated with 
environmental control of Yop synthesis and secretion, effector translocation, evasion of 
phagocytosis, killing of immune cells and virulence in a mouse infection model, the mutants 
were grouped into three phenotypic classes. A particularly interesting mutant class 
maintained full T3SS function in vitro, but were attenuated for virulence in a murine oral-
infection model. To better understand the molecular basis for these phenotypic differences, 
the effectiveness of RAW 264.7 cells to respond to infection by these mutants was 
scrutinised. Sixteen individual cytokines were profiled with mouse cytokine screen 
multiplex analysis. Signature cytokine profiles were observed that could again separate the 
different YopD mutants into distinct categories. The activation and supression of certain 
cytokines that function as central innate immune response modulators correlated well with 
the ability of mutant bacteria to modulate programmed cell death and antiphagocytosis 
pathways. Hence, the biogenesis of sub-optimal translocon pores alters host cell 
responsiveness and limits the ability of Yersinia to fortify against attack by both early and 
late arms of the host innate immune response. 

The amount of bacteria now resistant to multiple antibiotics is alarming. By 
providing insights into a common virulence process, this work may ultimately facilitate the 
design of novel broad-acting inhibitors of type III secretion, and thereby be useful to treat 
an array of bacterial infections. 
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1 Introduction

1.1 Man against disease; from miasma to germ theory  
 

Humanity has been challenged by disease since the dawn of 
history. Until now, the human race is still trying to understand how 
disease develops and how to cure it. Germ theory changed the course of 
science and medicine (Lederberg, 2000). Before the emergence of the 
germ theory, scientists believed that disease was caused by miasma, 
(Loomis and Wing, 1990), which simply  proposed that disease is caused 
by low quality air (Garner, 2006). It was not until 1530 when Girolamo 
Fracastoro, an Italian doctor, suggested that syphilis is transmitted from 
one human being to the other by seeds through sexual contact. 

Fracastoro also stated that using the patient’s personal belongings 
like clothing can cause disease (Lederberg, 2000). This theory, which 
was a natural evolution of the contagion theory, laid the grounds for 
Anton van Leeuwenhoek, 1683, when he devised the microscope and 
could visualize bacteria. Developing vaccines was a bi-product of the 
germ theory. By mid-late 19th vaccines against challenging infectious 
diseases had been developed, which in some cases provided effective 
cures, and gave hope for patients that would otherwise be condemned as 
societal outcasts. Two prominent examples stemmed from the work of 
French chemist Louis Pasteur, who introduced anthrax vaccine (Schumm 
et al., 2002), and the German doctor Robert Koch, who discovered the 
causative agent of tuberculosis and provided a vaccine for the disease 
(Cambau and Drancourt, 2014). Vaccines have since saved millions of 
human lives, and this in no small way can be attributed to the germ 
theory that gave scientist an insight into the onset of microbial diseases. 

A second revolutionary discovery to fight bacterial infections came 
in 1928, when by mere coincidence Alexander Fleming discovered 
Penicillin and its antibacterial properties (Fleming, 2001). This opened 
the floodgates to various clinically significant antibiotic discoveries 
during the ensuing 60 years. Discovery of antibiotics and vaccines had a 
profound impact on the public health domain, improved the 
socioeconomics, life expectancy worldwide and the way the scientific 
community tackled microbial pathogens and their pathogenicity. 

There are two major approaches to deal with pathogens. The first 
approach is directly related to the germ theory and depends on using 



2

established techniques in microbiology and molecular biology. The 
second approach is broader and is multidisciplinary. It involves studying 
the causative agent of the disease, patients and their socioeconomics, life 
habits, conditions and the environment surrounding them (Figure 1). 
This approach is called the one health approach (Gibbs, 2014).   

In my studies undertaken in this thesis, more direct approaches 

are taken. Regularly used are established techniques in microbiology and 
molecular biology to study virulence and how to fight bacterial infections 
by studying a common type 3 secretion system (T3SS) that is used by 
many Gram-negative bacteria to help colonise the host. Gram negative 
bacteria encompass a versatile group of bacteria. This versatility 
stemmed through the evolution process where different genera and 
species within a genera have evolved to adapt to the surrounding 
environment and thrive in their replication niches. 

Pathogenic Gram-negative bacteria have also developed their own 
growth and replication niches in their host organisms. Most pathogenic 
Gram negative bacteria like enteropathogenic E.coli (EPEC), 
enterohemorrhagic E.coli (EHEC), Salmonella spp., Shigella spp., 
pathogenic Pseudomonas spp., pathogenic Yersinia spp. and Chlamydia 
spp. use common type III secretion systems (T3SSs) that all share 
common structural and functional proteins (Dean, 2011). In light of the 
emergence of antibiotic resistant among these bacteria, essential T3SS 
components are now being targeted for inhibition using natural and 
synthetic small molecules. The notion that this might provide a possible 
chemotherapeutic solution to infections caused by multiple antibiotic 
resistant bacteria using T3SS as a virulence machine has been extensively 
reviewed recently (Charro and Mota, 2015; Lyons and Strynadka, 2019).   

In this thesis, Y. pseudotuberculosis is the model organism used to 
understand type III secretion (T3S) and its contribution to the virulence 

Figure 1: One health approach looks at humans 
surrounding environment to identify how disease 
is transmitted and circulated in the environment 
and take necessary measures to fight the disease in 
all niches.  
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process in this bacterium. The work emphasises regulatory and 
functional aspects associated with the process of T3SS-dependent 
targeting of immune modulatory proteins into host immune cells in 
order to subvert the immune system of the host. Such understanding 
should help to unlock the T3SS virulence code, and could facilitate the 
development of new chemical approaches to inhibit these factors and 
prevent bacterial colonization in the host that will relieve disease 
symptoms and progression. 

 

1.2 Evolution of a bacterial pathogen – the Yersinia example  
 
Gram negative bacteria encompass versatile and heterogeneous 

groups of bacteria that can be found living freely in the environment, or 
co-existing with other organisms in mutually beneficial or in parasitic 
association where the bacterium survives and thrives at the expense of 
the infected host, and which may even lead to host morbidity or 
mortality. The different bacterial life styles represent survival 
mechanisms that are selected upon by the prevailing environment. 
Understanding the evolution of pathogenic Yersinia spp. has revealed a 

Figure 2: Pathogenic Yersinia spp. evolved from no-pathogenic environmental 
Yersinia spp. by acquiring virulence plasmids and other virulence genes over 
periods of time.  
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great deal about the development of harmless environmental bacteria 
into highly virulent pathogenic bacteria (McNally et al., 2016). As a 
consequence, more light has been shed on genetic loci that likely encode 
for critical virulence determinants of the pathogenic bacteria.  
 Through the process of evolution non-pathogenic bacteria have 
acquired virulence factors to help them strive to survive in new 
replication niches inside their hosts. Virulence  
factors, which can be encoded on the chromosome or on 
extrachromosomal virulence plasmids, were acquired through an 
evolutionary process due to selection pressure that caused genomic 
changes (Hacker and Carniel, 2001).  In the case of human pathogenic 
Yersinia spp. evolution, non-pathogenic free living Y. enterocolitica 
evolved first from an environmental free living E. coli ancestor, which in 
turn has acquired a virulence plasmid pYV. This ancestrally virulent Y.
enterocolitica acquired more virulence factors that resulted in the 
evolution of Y. pseudotuberculosis.  This process took place about 0.4-1.9 
million years ago. The plague causing bacterium, Y. pestis, evolved from 
Y. pseudotuberculosis through DNA acquisition, DNA loss, and DNA 
rearrangements about 1500-20000 years ago (Figure 2) (Achtman et al., 
2000). Y. pestis evolution is still ongoing as indicated by the presence in 
its genome of high numbers of pseudogenes and insertion sequence (IS) 
elements. 
 

1.2.1 Evolution of Y. pestis from Y. pseudotuberculosis: 

 
Human pathogenic Yersinia spp. are a very interesting model 

system to study the evolution of virulence in Gram-negative bacteria. The 
evolution of human pathogenic Yersinia spp. is marked by the transition 
of a harmless environmental organism into a mildly pathogenic organism 
characterised by local self-limiting gastrointestinal disease, followed by 
the recent evolution of Y. pestis that is capable of causing deadly disease. 
Specifically, Y pestis evolved from Y. pseudotuberculosis that is a mild 
pathogen capable of causing minor, self-limiting disease, despite the 
close relatedness in the DNA content of both species.  

Comparative whole genome studies showed that Y. pestis shares 
almost an identical 70kb virulence plasmid and about 97% identity of its 
nucleotides with Y. pseudotuberculosis (Chain et al., 2004; Cornelis and 
Van Gijsegem, 2000). With such DNA relatedness and homology, 
evolutionary biologists have tried to provide answers to explain what 
caused the differences between the two species in terms of life style and 
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pathological manifestations in humans (Achtman et al., 2004; 
Rasmussen et al., 2015; Reuter et al., 2014). 

An extensive rearrangement of the genome of Y. pestis took place 
during the evolutionary process. It is established that the genome size 
plays an important role in adaptability and fitness of pathogenic bacteria. 
In her review, Moran argued that genome size of pathogenic bacteria is 
proven to be smaller than environmental bacteria (Moran, 2002). This 
reduction of genome size rids the bacteria from the burden of extra genes 
that are not needed giving the pathogen more adaptability and agility in 
the hostile environment of the host. This comes at a cost however, 
because it means that these bacteria have lost coding capacity, 
particularly in metabolic processes, and in some cases the reduction is so 
extensive that the bacteria are forced to become strictly reliant on a host 
to overcome these critical limitations. 

Y. pestis has also evolved an ability to survive in fleas in a biofilm 
structure, unlike its predecessor Y. pseudotuberculosis that cannot 
survive in fleas. This adaptation process involved 5 sets of gene loci 
linked to metabolism, Psa fimbriae, quorum sensing, transcription 
regulation, and stress response genes (Chouikha et al., 2019).  

The pathway to chromosomal reduction in Y. pestis has taken 
two routes. The first is a direct way by the physical loss or deletion of 
some unnecessary genes (Chain et al., 2004; McNally et al., 2016). The 
second is an indirect way by inactivation of genes forming pseudogenes, 
and this occurred mostly via the action of insertion sequences. The 
genome of Y. pestis contains many examples of pseudogenes (Parkhill et 
al., 2001; Tong et al., 2005). Examples of genes that are specifically 
retained in Y. pseudotuberculosis and Y. enterocolitica only – 
presumably for establishing enteric infection and colonization – include 
yadA, ail, ure and inv. In Y. pestis, these genes are inactivated by 
insertion sequences (mainly IS100) that renders them inactive (Achtman 
et al., 2004; Parkhill et al., 2001). Genes that were discarded or 
inactivated made the Y. pestis pathogen more fit in its new replication 
niches.  
Another factor that helped Y. pestis to be a more efficient pathogen and 
to develop new colonization niches was the acquisition of two more 
virulence plasmids. The first plasmid is called pMT1, which is about 96kb 
(Darby, 2008). It is thought that this plasmid helps this bacterium to 
resist digestion in the gut of fleas and to form biofilm in the flea fore gut 
(Chouikha et al., 2019; Hinnebusch et al., 1996). Biofilm formation also 
relies upon a hemin storage locus known as hms. The hms locus is 
encoded on a pathogenicity island (termed high pathogenicity island - 
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HPI), but this HPI is found in both Y. pestis and enteropathogenic 
Yersinia. A model suggesting that the low body temperature of the fleas 
(lower than mammalian host body temperature) causes biofilm 
formation in fleas by Y. pestis. The biofilm is made up of extra cellular 
matrix. The products of the hmsHFRS genes are needed for biofilm 
formation (Jarrett et al., 2004). The pMT1 plasmid also encodes for the 
F1 capsule that makes Y. pestis resistant to phagocytosis in the 
mammalian host (Lindler et al., 1998; Pujol and Bliska, 2005; Rajanna et 
al., 2010). 
The second virulence plasmid is called pPCP1. This plasmid codes for a 
plasminogen activator (PLA) protease that helps in disseminating Y.
pestis in lymphatic tissues of the mammalian host. It was suggested that 
immune cells presenting CD205 which is a C-type lectin receptor 
promotes uptake of Y. pestis. These cells deliver infecting bacteria to 
lymph nodes to help dissemination and establish infection (Hu et al., 
1998; Zhang et al., 2008). Plasmid acquisition has been a vital 
evolutionary step in evolving environmental Yersinia into the strict 
pathogen Y. pestis. This is because it gained the ability to survive in a flea 
vector, which facilitates the transmission of this bacterium from one 
mammalian host to another (Bacot and Martin, 1914; Parkhill et al., 
2001). 

Understanding the molecular basis of Y. pestis evolution has 
challenged the classical view of virulence factors. A rethink of the 
definition of virulence factors is surely necessary in view of the complex 
metabolic and physiological relationship between bacteria and host. 
Moreover, it must be appreciated that virulence factors are not only lined 
in short chromosomal stretches, but can be distributed in pathogenicity 
islands that can be spread across the entire genome (Bouyioukos et al., 
2016). Since the virulence process is orchestrated through co-regulation, 
co-function and co-transfer, researchers were enticed to develop 
algorithms, statistical models and use artificial intelligence to explore 
and re-define virulence genes (Ansong et al., 2013; Bouyioukos et al., 
2016). 

Yet another complexity in the process of bacterial pathogen 
evolution concerns the problem of regulation of gene expression. 
Solutions to how newly acquired ‘virulence factors’ are integrated into 
pre-existing core regulatory pathways of housekeeping genes are many 
and varied, and in many cases still remain unknown. Significantly, post 
transcriptional regulation accounts for several differences between final 
pools of proteins found in Y. pseudotuberculosis and Y. pestis, where 
non-coding small regulatory RNAs (sRNA) are a major player in 
controlling expression from virulence regulons of both species (Martinez-
Chavarria and Vadyvaloo, 2015).  
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1.2.2 Taxonomical aspects 
 

The genus Yersiniae belongs to the family of Enterobacteriaceae 
(Bouvet et al., 1989). Yersinia are Gram negative bacilli that can grow 
under facultative anaerobic conditions. Different Yersinia spp. were 
classified based on their phenotypic characteristics such as 
morphological manifestation and biochemical activities as well as by 
using molecular tools like Pulsed-Field Gel Electrophoresis (PFGE), 
DNA-DNA hybridization and 16S ribosomal RNA sequencing (Achtman 
et al., 2000; Kotetishvili et al., 2005; Reuter et al., 2014).  

The genus Yersiniae consists of 14 species that have evolved over 
time (Reuter et al., 2014).  This group of organisms are quite diversified. 
They can be found in different ecological niches like soil, different water 
reservoirs, insects and wild animals (Highsmith et al., 1977; Kapperud, 
1981; Kapperud and Rosef, 1983; McNally et al., 2016; Parkhill et al., 
2001), and can grow in wide temperature range (0-45oC) (Fabrega and 
Vila, 2012). However, the optimum growth temperature is between 25-
32oC (Linde et al., 1999). Biochemical characterization tests for Yersinia 
sp. are carried out at 25-28oC (Linde et al., 1999).  

Of the 14 species of Yersiniae several are non-pathogenic but can 
be opportunistic pathogens (De Keukeleire et al., 2014; Le Guern et al., 
2018). Established pathogens range from the insect pathogen – Y.
entomophaga (Hurst et al., 2011), the fish pathogen – Y. ruckeri, 
(Fernandez et al., 2007), and the well-studied human pathogenic 
Yersinia spp – Y. enterocolitica, Y. pseudotuberculosis and Y. pestis 
(Achtman et al., 2004; Heroven and Dersch, 2014; Wren, 2003). Despite 
non-human pathogens lacking the common virulence plasmid found in 
their human pathogen counterparts, the importance of studying non-
human Yersinia pathogens should not be overlooked, for they might still 
provide some valuable insights into the evolution of bacterial 
pathogenesis in Yersinia spp. (Francis and Auerbuch, 2019). 

Y. pestis is unique in more than one aspect when compared to 
the other two human pathogens; Y. enterocolitica and Y.
pseudotuberculosis. Y. pestis lost the ability to live freely in the 
environment and must associate itself with a hosting organism, be it a 
tick, wild rodent, or human being (McNally et al., 2016).  

Additionally, Y. pestis lost its swimming motility. However, 
motility remains an important aspect in virulence, quorum sensing and 
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biofilm formation in enteropathogenic Y. enterocolitica and Y.
pseudotuberculosis (Kim et al., 2008; Young et al., 2000).  

It could be argued that loss of flagella by Y. pestis also represents 
an immune evasion survival mechanism. Flagellar proteins are 
immunogenic and causes activation of an immune response. Losing 
flagella helps this pathogen to reduce the chance that they become 
detected by the immune system (Badger and Miller, 1998; Tsolis et al., 
2008). Despite the loss of motility in a Y. pestis community, the bacteria 
are still capable of communicating by quorum sensing and forming 
biofilm on the pro-ventricular valve within the foregut of an infected flea, 
thanks largely to the hms locus and iron acquisition genes (Jarrett et al., 
2004).  

Also unique to Y. pestis is the production of a capsular envelope 
(F1 antigen) at 37oC and in the mammalian host environment (Anisimov 
et al., 2004; Demeure et al., 2019). Capsular components are needed for 
Y. pestis virulence. Due to its immunogenic properties; trials have been 
made to use capsular antigens as part of a vaccine against the plague 
bacterium (Demeure et al., 2019; Levy et al., 2018).   

Despite of these obvious differences Y. pestis was still classified 
with Y. enterocolitica and Y. pseudotuberculosis. In fact Y.
pseudotuberculosis and Y. pestis are very close genetically. For example, 
five house-keeping genes and one LPS biosynthesis gene were found to 
be identical in both strains (Achtman et al., 2000). DNA-DNA 
hybridization studies showed a similarity of more than 90% between 
them (Bercovier et al., 1980). 16S rRNA studies showed that both Y.
pseudotuberculosis and Y. pestis share 99.5% rRNA similarity (Ibrahim 
et al., 1994). Multilocus sequence typing also confirmed the close 
relatedness between these two species, and that both of them were 
distinct from Y. enterocolitica (Kotetishvili et al., 2005). These 
similarities were the basis of  the early suggestion to classify Y. pestis as a 
subspecies of Y. pseudotuberculosis (Bercovier et al., 1980). 

 
 
1.3 Virulence factors of human pathogenic Yersinia spp. 

Pathogenic Yersinia species are equipped with a number of 
virulence factors that enable them to subvert the infected host immune 
system and establish replication and colonization niches despite the 
presence of an active immune system. The factors are either 
chromosomally or plasmid encoded (Atkinson and Williams, 2016).  
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1.3.1 Yersinia chromosomally encoded virulence factors 
 
Among the factors that are chromosomally encoded are not 

necessarily directly involved in virulence. For example, they can promote 
environmental fitness that helps enteric Yersinia to be a better survivor 
outside of the host, and therefore establishing environmental reservoirs 
that make it more available to infect its host. Examples of such factors 
are the ability of Yersinia to survive at low temperatures and to form 
biofilms in their environmental niches (Castro et al., 2019). Additionally, 
some of the chromosomally encoded virulence factors are located on a 
horizontally acquired High Pathogenicity Island (HPI) DNA sequence of 
35-45 kb in length. This HPI is found in more highly pathogenic enteric 
Yersinia spp and in Y. pestis, but it is not found in low pathogenic enteric 
Yersinia spp. HPI genes code for proteins that are needed for iron uptake 
(Carniel, 2001). Iron acquisition from the host is important for the 
virulence capacity of Yersinia (Perry et al., 1999; Perry and Fetherston, 
2011). HPI include genes that encode factors specialising in iron 
uptake/haemin-storage proteins – the hms set of genes, and the iron 
binding/transport proteins associated with the Yersinibactin siderophore 
– the ybt set of genes. While the Yersinibactin siderophore is intimately 
coupled to iron acquisition, the Hms proteins also function as core 
players in biofilm formation. Aside from the iron acquisition HPI that is 
shared with other two highly virulent Yersinia strains; Y. pestis HPI also 
includes a pgm locus (about 86kb) so the total size of HPI in Y. pestis is 
ca. 102kb (Carniel, 2001; Chen et al., 2016; Hacker and Carniel, 2001; 
Perry and Fetherston, 2011; Rakin et al., 2012). Interestingly, the 
equivalent of the Yersinibactin iron uptake genes are also found in E.
coli, Salmonella, Klebsiella and other pathogenic Gram negative bacteria, 
where they also contribute to the virulence of these pathogens (Koczura 
and Kaznowski, 2003; Petermann et al., 2008; Schubert et al., 1998).  
 Adhesion of bacteria to the host cell is a critical event that helps 
bacteria to establish tissue colonization. This process is achieved by a 
group of bacterial proteins called bacterial adhesins (Atkinson and 
Williams, 2016). Adhesins produced by Yersinia spp. are mostly encoded 
on the chromosome. Invasin is a protein that helps enteric Yersinia to 
adhere to M cells found in the epithelial cell layer of the intestine. This 
contact promotes these intestinal cells to internalise Yersinia from which 
point they translocate through to the underlying environment, and this 
includes gaining access to deeper intestinal tissues. Specifically, invasin 
interacts with 1-integrins on the plasma membrane of host cells (Marra 
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and Isberg, 1997). The strict pathogen, Y. pestis, does not produce 
invasin. Other adhesin-like proteins produced by Y. pestis include 
capsular F1 antigen, Pla and Ail. Other factors also include Psa fimbriae 
and an intimin-invasin like protein (ilp).

 
 

1.3.2 Yersinia plasmid encoded virulence factors 
 
Virulence factors are also encoded on a so-called Yersinia 

virulence plasmid (Gemski et al., 1980; Portnoy and Falkow, 1981; 
Portnoy et al., 1981). This Yersinia virulence plasmid (pYV) is around 
70kb and is common among all three human pathogenic Yersinia 
species. This plasmid encodes for the prominent Ysc-Yop type 3 section 
system (T3SS) (Cornelis et al., 1998; Hu et al., 1998), and which is the 
subject of this thesis. In general, T3SSs are composed of a nano-syringe 
that secretes and translocates effector proteins from the bacterial cytosol 
into the host cell to subvert the immune system (Cornelis, 2002b). Like 
the nano-syringe components, the secreted cargo are also encoded on the 
same pYV virulence plasmid. Interestingly, a recent publication 
identified four chromosomally encoded Yersinia leucine-rich repeat 
proteins YlrA, YlrB, YlrC, and YlrD as T3SS substrates (Bartra et al., 
2019). To the best of my knowledge, this is the only occasion that 
chromosomally encoded substrates have been identified as Ysc-Yop T3SS 
substrates. These YlrA, YlrB, YlrC, and YlrD proteins are needed for full 
Yersinia pathogenicity. 

To ensure full infection capability, it was found that increased 
pYV plasmid copy number in Y. pseudotuberculosis is a requirement. 
pYV copy number is increased in vitro under Ca+2 depletion conditions 
and in a mouse infection model (Wang et al., 2016). At this stage, the 
molecular mechanism that links pYV copy number control to Ca+2 
depletion is not established, although conceivably it could work through 
one of several intrinsic regulators of the Ysc-Yop T3SS. 

The pYV virulence plasmid also encodes one additional virulence 
factor other than the Ysc-Yop T3SS. This virulence factors is YadA that is 
considered to be an adhesin. YadA engages 1-integrins to establish 
bacterial host cell association (Atkinson and Williams, 2016; Eitel and 
Dersch, 2002; Gillenius and Urban, 2015). It has also been suggested 
that bacterial proximity to the host cell during bacteria-host cell contact 
is controlled by the length by which YadA protrudes from the bacterial 



11

surface, which subsequently affects the ability of the bacterium to use the 
Ysc-Yop T3SS to translocate effectors to the host cell (Mota et al., 2005).  

 

1.3.3 Regulation of virulence gene expression as a 
determining factor of Yersinia pathogenesis – an 
overview

 
It is worth mentioning that bacterial virulence is a very dynamic 

process. Based on RNA-seq studies in a mouse infection model, it was 
suggested that virulence factor expression varies according to the phase 
and progression of the infection, whereby the transcriptome is being 
reprogrammed in each progressive infection phase. During the initial 
acute infection phase, invading Yersinia are motile and the Ysc-Yop T3SS 
is activated. When bacteria translocate through the epithelial layer in the 
cecum, the bacteria loose motility, but maintain active T3SS. Another 
phase is the later persistent infection phase where bacteria become 
confined to a microaerophilic environment. In this environment, bacteria 
are exposed to additional oxidative and acidic stress factors. To cope with 
this stress, adaptive genes are upregulated. Bacterial load in infected foci 
is kept under control by limiting replication and newly reprogrammed 
bacteria that are now motile and with no T3SS production are shed from 
the infected tissue. (Avican et al., 2015). Elevation of the levels of pro-
inflammatory cytokines, TNF- , IL-1 , IL-4 and IL-17, are also observed, 
but the significance of this is not yet understood (Fahlgren et al., 2014). 
By establishing a persistent infection, bacteria can maintain a replication 
niche even in the presence of a host immune response, and this serves as 
a way for the bacteria to preserve the lifecycle of species.  

 
 
1.4 Yersinia spp. pathogenesis 

 
Even though the three human pathogenic Yersinia spp. all share a 

highly homologous virulence plasmid (pYV) and have tropism towards 
infecting lymphatic tissues (McNally et al., 2016), it is suggested that this 
tropism is independent of the Ysc-Yop T3SS It was shown that mice 
infected with a Y. pseudotubeculosis mutant lacking T3SS was able to 
colonize mesenteric lymph nodes (MLN) with milder symptoms when 
compared to WT infected mice. In the same time these mutants were 
cleared in mice that lacked lymphocytes (Balada-Llasat and Mecsas, 
2006).  
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Y. pseudotuberculosis and Y. enterocolitica are food borne 
pathogens and gastrointestinal infections usually cause self-limiting 
disease. In contrast, Y. pestis is a zoonotic pathogen endemic in certain 
wild rodent populations. However, through insect vector borne 
transmission can infect humans systemically and cause deadly bubonic, 
pneumonic and septicemic plague disease. The route of entry via the bite 
of an infected flea likely contributes in part to Y. pestis infections in 
humans being much more severe in its symptomology, morbidity and 
mortality (Wren, 2003). For reference, Figure 3 illustrates the different 
lifecycles and transmission routes known for human pathogenic Yersinia 
spp.  
 

1.4.1 Y. enterocolitica and Y. pseudotuberculosis
pathogenesis, transmission, and risk factors  

Y. enterocolitica and Y. pseudotuberculosis can be found freely 
in the environment and can be associated with plants and animals (wild, 
domesticated and pets) and both can cause yersiniosis (Fredriksson-
Ahomaa et al., 2006; Frolich et al., 2003; Mair, 1973; Wang et al., 2010). 
Human exposure to either of these bacterial species can result in 

Figure 3: The modes of transmission of human pathogenic Yersinia spp. Some of the 
wild animals serve as reservoirs for Y. enterocolitica and Y. pseudotuberculosis. 
Contact with infected animals can transfer infection to human beings, farm and 
domesticated animals and birds. Human consumption of infected farm animals causes 
self-limiting disease.  Faecal material from such animals can contaminate farmed 
produce that can transfer infection to humans. Fleas and wild rodents can co-infect 
each other with plague germ, Y. pestis. Fleas also infect humans and cause deadly 
disease plague.  
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asymptomatic or self-limiting mesenteric diarrhoea and lymphadenitis 
(Galindo et al., 2011; Pujol and Bliska, 2005; Vannoyen et al., 1980; 
Verhaegen et al., 1998).  

It is well-established that human yersiniosis is a foodborne 
disease, yet the mode of transmission is not very clear. Some suggest that 
there might be other ways for infection due to the diversity of habitat that 
these bacteria live in.  

Because Y. pseudotuberculosis and Y. eneterocolitica can be 
found freely living in the environment, a number of risk factors can 
contribute to an infection. Untreated water should be considered as a 
possible risk factor (El Qouqa et al., 2011; Ostroff et al., 1994). Insects 
and arthropods can serve as reservoirs which makes all of them potential 
risk factors (Galindo et al., 2011). Contact with pets and domesticated 
animals (Boqvist et al., 2009) and wild animals (Fredriksson-Ahomaa, 
2019; Reinhardt et al., 2018) are can also potentially mediate enteric 
Yersinia infections and the onset of yersiniosis. 

A number of yesiniosis outbreaks have been reported. Examples 
of major risk factors that can cause outbreaks include raw or under 
cocked pork meat and pork products, various ready-to-eat meals 
including fresh carrots and leafed salad mixes (Boqvist et al., 2009; 
Jalava et al., 2006; Jalava et al., 2004; MacDonald et al., 2012), and also 
packed milk (Castro et al., 2019). Ignoring basic hygiene practices can 
put babies at risk to enteric Yersinia infections. For example, a Swedish 
case-control study showed that babies can get Yersinia infection from 
babies’ dummies (Boqvist et al., 2009). 

Occupational risk factors can also increase the risk of enteric 
Yersinia infection. These can include workers on pig farms and pig 
slaughter houses (Laukkanen et al., 2008). So one theme that emerges is 
that enteric Yersinia are also efficient colonizers of pigs. It is not yet 
understood why pigs are a popular host for enteric Yersinia. 

Unhealthy persons and patients with medical conditions are at 
risk of developing yersinosis that can develop into more serious 
conditions. It was reported that a Yersinia outbreak in Finland caused 
patients to develop erythema nodosum (Jalava et al., 2006). 
Malnourished children were shown to be prone to Yersinia infections (El 
Qouqa et al., 2011). Thalassemia patients are at risk of experiencing more 
complications with enteric Yersinia infections (Adamkiewicz et al., 
1998). Patients with HLA-B27 antigens are at risk of developing severe 
reactive arthritis (RA) after being exposed to a Yersinia infection (Hannu 
et al., 2003). However, if the patient was immuno-compromised and/or 
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infection was not properly diagnosed, the disease can evolve to an 
inflammatory non-purulent reactive arthritis due to the reactivity of 
patient’s antibodies against Yersinia (Hannu et al., 2003; Honda et al., 
2017). There is also a chance that they cross the blood barrier and cause 
septicaemia. The systemic dissemination of Y. enterocolitica and Y.
pseudotuberculosis is rare but can have adverse consequences on the 
patient where mortality rate of such patients can reach up to 50% in the 
case of Y. enterocolitica and 75% in the case of Y. pseudotuberculosis 
(Abramovitch and Butas, 1973; Deacon et al., 2003; Galindo et al., 2011; 
Ljungberg et al., 1995; Pulvirenti et al., 2007).  
Since yersiniosis is a self-limiting disease, antibiotics are not normally 
administered. However, in more invasive forms of the disease, like 
septicaemia, third generation fluoroquinolones and cephalosporins are 
the drugs of choice. The second generation quinolone, ciprofloxacin, is 
suggested for the treatment of reactive arthritis (Fabrega and Vila, 2012).  

1.4.1.1 Challenges 
 
Yersiniosis is an underestimated disease. It can be overlooked by 

doctors and clinical bacteriology labs due of the lack awareness from the 
doctors’ side, the lack of specialise culture media needed to grow 
Yersinia spp. in the labs. Moreover, standard surveillance systems are 
lacking in several countries. All these factors might compromise the 
safety of the patient (Galindo et al., 2011; Morris and Feeley, 1976; 
Renaud et al., 2013). Y. enterocolitica is naturally resistant to -lactam 
antibiotics, penicillin and ampicillin. On the other hand, Y.
pseudotuberculosis is sensitive to -lactam antibiotics due to the absence 
of resistance genes (Bonke et al., 2011; Cornelis and Abraham, 1975). 
However, both Y. enterocolitica and Y. pseudotuberculosis are resistant 
to first generation cephalosporin (Kim et al., 2018).  

The growing number of immuno-compromised individuals in the 
community sphere represent a larger target group at risk of infections, 
and this is true also for enteric Yersinia spp. As with the increasing 
presence of bacteria that are resistant to multiple antibiotics, ways to 
counteract the at-risk patient groups must be developed. More 
epidemiological studies are needed to obtain more insights on how the 
disease is transmitted, how to detect such overlooked pathogens and to 
identify possible ways for prevention of such diseases (Long et al., 2010). 
Developing better surveillance systems would be a positive step in the 
right direction. 



15

1.4.2 Y. pestis pathogenesis, transmission, and risk factors  

Y. pestis causes plague, a re-emerging disease (Gracio and 
Gracio, 2017; Randremanana et al., 2019) that is insect vector-borne with 
very high mortality rate (Rasmussen et al., 2015; Stenseth et al., 2008). 
Because of the devastating social and economic consequences due to 
global Y. pestis epidemics (Alfani and Murphy, 2017; Stenseth et al., 
2008), extensive studies have been made in a bid to understand ways of 
transmission of this bacterium and the risk factors that contribute to the 
spread of the disease.  

The most studied forms of plague are bubonic, septicemic and 
pneumonic plague. These forms result from bites of infected fleas.  
Fleas feed on infected (usually wild) animals. To be infected, a high titre 
of bacteria in the blood meal is a requirement, which means that the 
animal sustains a high bacterial load in the circulating blood (Oyston and 
Isherwood, 2002). Transmission to and entry in humans is via a 
cutaneous infection route resulting from the bite from infected fleas. The 
initial form of the disease is bubonic plague that culminates following 
bacterial infection of the lymphatic system (Parkhill et al., 2001). At this 
point, the bacterium can cross the blood barrier to cause septicaemia 
(Chouikha et al., 2019; Pechous et al., 2016). Y. pestis circulating in the 
blood spreads to the lungs causing highly contagious and highly virulent 
disease known as pneumonic plague. Such a disease will result in patient 
death within 3 days if left untreated. Pneumonic plague is highly 
contagious, efficiently spreading through the inhalation of aerosol 
droplets (Cole and Buchrieser, 2001). Generally speaking, all forms of 
plague have high mortality rates that can reach up to 100% if not 
diagnosed and treated at an early stage of infection (Inglesby et al., 2000; 
Ligon, 2006).  

Far less common forms of plague are only very occasionally 
observed in humans. Gastrointestinal infections can results from eating 
contaminated undercooked meat. Contact with infected animals may 
result in skin or conjunctivitis lesions, and pneumonic plague can arise 
from inhaling aerosolised droplets originating from an infected animal 
(Stenseth et al., 2008; Yang, 2018). Other rare forms might include 
pharyngeal and meningeal forms of plague (Yang, 2018). 

A number of risk factors have been identified. Travelling to and 
from endemic areas, sleeping directly on the ground and being in contact 
with animals (wild, domesticated or household pets) can increase the 
chances of contracting plague (Andrianaivoarimanana et al., 2019; Sun et 
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al., 2019). Living in low population density rural areas in the wild or 
close to wildlife with diversified rodent populations increases the chance 
of getting in contact with rodents carrying infected fleas 
(Andrianaivoarimanana et al., 2019; Xu et al., 2019). On the other hand, 
pneumonic plague can spread faster in heavily populated urban areas 
(Sun et al., 2019). Furthermore, precipitation and increased 
temperatures are environmental factors that contribute to the 
propagation of rodents and fleas (Andrianaivoarimanana et al., 2019; Xu 
et al., 2019). Moreover, as global warming increases so too is the threat of 
Y. pestis as a globally re-emerging disease with potential for rapid 
transmission and spread at epidemic proportions 
(Andrianaivoarimanana et al., 2019).  

People at risk of getting plague include those that are in close 
contact with patients like care givers, clinicians and lab workers that are 
in contact with body fluids of infected patients, or even researchers in 
basic research laboratories (Andrianaivoarimanana et al., 2019). Poor 
economics and lack of funds and inaccessibility to healthcare system can 
be a contributing factor of poor control of the disease 
(Andrianaivoarimanana et al., 2013; Stenseth et al., 2008). Furthermore, 
alternative burial practices and cultural habits like exhumation of the 
dead pose real threat to the surrounding society. There is evidence that Y.
pestis can persist in soil, although whether these bacteria can cause 
disease or not is under debate (Andrianaivoarimanana et al., 2013; 
Heitzinger et al., 2018).  

 

1.4.2.1 Challenges 
 
Historically, plague has claimed the lives of more than 200 

million people throughout 3 major pandemics (Perry and Fetherston, 
1997). Around one third of the population of Europe was killed in the 
fourteenth century because of plague (Gage and Kosoy, 2005). The 1994 
plague outbreak in India caused panic and more than 0.5 million people 
fled their homes because of the outbreak (Perry and Fetherston, 1997). In 
the 2017 outbreak in Madagascar 209 deaths occurred (Sams et al., 
2017). This proves that plague is not eradicated but is still active in a 
number of foci around the globe. The fear that the Y. pestis might flare 
again and spread is genuine. Keeping these foci under control is a real 
challenge. 
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Early detection, proper diagnosis and proper medication are 
vital for controlling plague. In order to achieve this, a number of 
measures must be taken. There is a need to increase the awareness of 
inhabitants of plague endemic areas about the disease and to report any 
dead rodents. People must be educated about the symptoms of the 
disease and to see a qualified doctor if they suspect being infected rather 
than visiting local healers, unqualified medicine or voodoo men 
(Andrianaivoarimanana et al., 2013). Inhabitants also should be 
educated about hygiene practices and avoiding rodent infestation in the 
home (Bramanti et al., 2019). Medical staff should be educated and 
trained to properly diagnose the disease. Developing educational 
programs for care givers is also merited (Randremanana et al., 2019). 

It is also imperative to implement a proper surveillance system 
to monitor the disease (Jones et al., 2019). Creative solutions to track 
rodents in plague foci and fight them will dramatically reduce incidences 
of plague transmission in these area. For example, a surveillance system 
introduced in Kazakhstan using high resolution satellite images to locate 
gerbil barrows proved to be effective. While this system might be 
effective in the desert, other creative systems suitable for forest areas 
should be developed (Addink et al., 2010).  

There is also a need to provide necessary funds to establish 
accessible clinics with trained staff that can diagnose the disease. These 
clinics should be equipped with necessary equipment to store 
medications. Finally, research programs designed to control the spread 
of the disease should have access to enough funds and financial support 
(Andrianaivoarimanana et al., 2013; Andrianaivoarimanana et al., 2019) 
especially in underdeveloped and developed countries in places like 
Africa, Asia and South America. 

Given that active endemic foci are present on most major 
continents, there is genuine concern that in this day and age of 
globalization, and the relaxing of political and geographical borders that 
these foci might generate into global pandemics if not properly 
monitored and controlled. The unexpected 2017 outbreak in Madagascar 
alerted the public health community and various health control agencies 
such as WHO of this potential (Stenseth et al., 2008). This particular 
case involved almost 500 confirmed cases and 209 deaths mostly from 
pneumonic plague (Heitzinger et al., 2018)..  

Plague is becoming an even more challenging disease because of 
the emergence of multidrug resistant strains (Galimand et al., 1997). This 
is exacerbated by the fact that efforts made to develop a vaccine for this 
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disease have been largely unsuccessful (Sun and Singh, 2019; Yang, 
2018). In light of this, it is concerning that this plague-causing bacterium 
represents a potential biological weapon (Inglesby et al., 2000).  

 
 
1.5 The type three secretion system – built for protein 

delivery into eukaryotic cells 
 
As explained earlier, human pathogenic Yersinia spp. can have 

adverse effects on infected patients, and with subsequent negative socio-
economic impact. The type III secretion system (T3SS) is a primary 
virulence determinant required for Yersinia to establish acute infections. 
This section will shed light on the T3SS machinery and its regulation of 
assembly and function. Through the understanding of T3SS and its 
regulation we might have the possibility to devise approaches to inhibit 
the T3SS, and these approaches eventually could be developed into 
clinical treatments to fight infections by Yersinia and other Gram 
negative bacteria. 

The main function of a T3SS in pathogenic Gram-negative 
bacteria is to deliver effector proteins from bacteria cytosol into the 
target eukaryotic cell (Dewoody et al., 2013b; Dey et al., 2019). This 
means that the delivered proteins cross three biological membranes; the 
inner and outer membranes of the bacterial cell wall as well as the 
plasma membrane of the target cell. Additionally, when grown in 
laboratory culture media in the absence of eukaryotic cells, the T3SS can 
secrete that same arsenal of effector proteins directly into the culture 
supernatant. Extensive work has been done to understand the biogenesis 
and the function of this machine (Deng et al., 2017). It is suggested that 
the biogenesis of this system is highly regulated and is built in temporal 
or hierarchical order (Deng et al., 2017; Johnson et al., 2019). Very 
briefly, T3SS machinery is made of the basal body-like structure that 
resembles the flagellar basal body, despite there being no real homology 
between the various constituents. The basal body spans the inner and 
outer membranes of the bacterial cell and its hollow structure provides 
the conduit through which proteins can pass through the bacterial cell 
wall. Inner and outer rods that polymerise outward from the basal body 
represent the first secreted substrates. This is followed by the formation 
of the translocon (middle secreted substrates) that is thought to span the 
host cell plasma membrane forming a pore to allow the translocation of 
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effector proteins (late secreted substrates) into the host cell (Abrusci et 
al., 2014; Deng et al., 2017; Dey et al., 2019).   
 

1.5.1 Basal body and export apparatus
 

Building the hardware of the T3SS machinery takes place in 
temporal or hierarchical order. It starts with the formation of the basal 
body structure in the bacterial envelope. In parallel, an export apparatus 
or substrate sorting platform forms at the cytoplasmic face of the inner 
membrane where it connects with the basal body. After which, this 
structure is initially competent for secretion of substrates involved in 
needle assembly of the non-flagellar injectisome or the hook structure of 
the flagellum i.e.: early substrates (Buttner, 2012; Diepold and Armitage, 
2015; Kawamoto et al., 2013; Sorg et al., 2006). Upon assembly of the 
needle / hook structure, at the distal tip is then built a translocon 
injectisome – in the case of a non-flagella T3SS, or the actual flagellum 
apparatus. In both cases these components constitute middle secretion 
substrates, and represent the structural building blocks of the two 

Figure 4: Comparison between the structures of T3SS (left) and flagellar T3SS (right) 
showing resemblances among both structures.   
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representative external appendages – the T3SS needle coupled to the 
translocon as well as the hook / flagellum filament (Bennett and Hughes, 
2000) (Figure 4). Greater detail of the translocon structure – which is 
one topic of this thesis, will be provided in section 2.5.2.2, 2.6.4.  

The flagella T3SS and the non-flagella T3SS form extracellular 
appendages that have different functions and, accordingly, different 
structures. In contrast, the basal body of both machines share obvious 
structural and functional similarities, despite a lack of genetic 
homologies among some 10 individual components (Johnson et al., 
2019). This machine is anchored to the peptidoglycan layer of the 
bacterial cell wall and spans both the inner and outer membranes (Hu et 
al., 2015; Johnson et al., 2019).   

At the base of the basal body, situated at the cytoplasmic face of 
the inner membrane is assembled a substrate recognition and sorting 
platform. This export apparatus is the core defining entity of a T3SS, its 
constituents are universal among all T3SSs – composed of a central 
energy pump in the form of an ATPase, and at least five additional 
proteins (Table 1, Figure 4). The universal nature of these components 
means that they are genetically and structurally highly conserved among 
all T3SSs. In Yersinia spp., the flagellar T3SS ATPase energiser is FliI 
and the equivalent for the non-flagellar T3SS ATPase homologue is YscN. 
Through ATP hydrolysis, these ATPase proteins drive the secretion of 

Flagellar 
proteins

Yersinia  sp. Pseudomonas
sp.

S. enterica  
SPI-1

Shigella sp. E. coli Structure Component

N/A YscC PscC InvG MxiD EscC Outer membrane ring

N/A YscD PscD PrgH MxiG EscD Inner membrane router ring

FliF YscJ PscJ
PrgH/ 
PrgK

MxiJ EscJ Inner membrane inner ring

FliGMN YscQ PscQ
PrgJ/ 
SpaO

Spa33 EscQ
C-ring cytoplasmic ring (HrcQ 
in Pseudomonas)

FliI YscN PscN InvC Spa47 EscN ATPase

FliP YscR PscR SpaP Spa24 EscR
T3S apparatus inner 
membrane protein

FliQ YscS PscS SpaQ Spa33 EscS
T3S apparatus inner 
membrane protein

FliR YscT PscT SpaR Spa29 EscT
T3S apparatus innerm 
membrane protein

FlhA YscV PcrD InvA MxiA EscV
T3S apparatus inner 
membrane protein

FlhB YscU PscU SpaS Spa40 EscU
T3S apparatus inner 
membrane protein

Export 
apparatus

T3SS proteins

Basal body

Table 1: Flagellar and virulence T3SS proteins in basal body/export apparatus 
comparison table.  
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substrates through the central hollow central core of the T3SS machine 
(Dewoody et al., 2013b; Izore et al., 2011; Saier, 2004). YscN is regulated 
by YscL, an ATPase negative regulator. Both proteins, YscN and YscL 
interact, and the impact of YscL function is ultimately downregulate the 
expression and abolish secretion of injectisome proteins (Blaylock et al., 
2006; Dewoody et al., 2013b). 

Despite the fact that T3SS needle structure has been resolved 
using electron microscopy, for a long-time there remained doubts as to 
whether the substrates passed through a hollow needle core. It was not 
until substrate-fusion proteins were used to study T3S by Shigella 
flexneri (Dohlich et al., 2014) and Salmonella enterica serovar 
Typhimurium (Radics et al., 2014) that evidence for this theory 
accumulated. In these critical experiments, the substrates fusions were 
observed trapped inside the needle injectisome. This led the authors to 
conclude that the secreted substrate were in an unfolded state inside the 
needle during the process of secretion and that the substrates were 
secreted in a N-terminus to C-terminus direction (Dohlich et al., 2014; 
Radics et al., 2014).  

It is proposed that proteins that are funnelled through the 
injectisome have N-terminus secretion signals and are specifically piloted 
by cognate chaperones to the base of the export apparatus in preparation 
for secretion. However, it is not yet clear how the process of secretion 
occurs. A secretion signal either lies in the N-terminus of secreted 
proteins, or within the template mRNA. Yet another secretion signal is 
thought to involve a substrate in complex with chaperone, which may be 
necessary for a direct interactions with the T3SS ATPase (Chen et al., 
2013).  

 

1.5.1.1 Energising the secretion process: 
 

It has long been known that T3S requires energy. However, the 
source of the driving force needed for the secretion and translocation is 
still unclear. A few models have been proposed to address this knowledge 
gap (Figure 5). One model suggests that once the substrate is ready for 
secretion, the cognate chaperone binds to the ATPase at the base of the 
export apparatus, which then strips the chaperone from the protein and 
it is this process that provides the energy for protein secretion (Galan, 
2008). While this model seems to be convincing, it has since been 
challenged. An alternate model proposes that the energy needed for 
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secretion is provided by proton motive force present across the inner 

Figure 5: Proposed models proposing different energy sources needed for the secretion of 
proteins through the needle. A) T3SS energiser ATPase located at the base of the needle 
provides energy to drive unfolded protein through the basal body into the needle. B) Proton 
motor force provides energy that helps unfolded protein to pass through the needle. C) It 
was suggested that the unfolded protein stores potential energy that helps the protein to 
travel through the needle. This energy is then used to fold the protein once it exits the 
needle. D)  Another proposal is a direct interaction model. The C-terminus of the first 
protein interacts with the N-terminus of the next protein. D) An electrostatic repulsion 
model suggests that the positively charged needle protein repels the positively charged 
protein in the needle forcing it out of the needle.  
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membrane. The model suggests that rotation of the needle  would be 
responsible for proton transfer into the cell in exchange for driving out 
substrates through the needle. However, whether the injectisome rotates 
is still debated (Ohgita et al., 2013; Saito, 2019). It could well be the both 
models are correct, such that substrate secretion is driven directly by 
ATPase activity and the proton motive force. 

Diffusion of proteins through the needle can also explain how 
proteins are secreted. This model suggests that proteins diffuse through 
the needle, in single file one protein at a time. The unfolded protein 
travelling through the needle uses its potential energy to move through 
the needle. Once out of the needle this energy is re-harvested and used to 
fold the protein. However, this would not be a rapid process, and for this 
reason would seem unlikely. Another hypothesis suggests that the C-
terminus of protein exiting the needle would interact with the N-
terminus with the next protein in line for secretion. The folding of the 
protein exiting the needle provides the energy needed to pull the next 
protein through the needle. A final model is based on the assumption 
that the inner wall of the needle is positively charged. This would allow 
non-covalent interactions with the positively charged residues of the 
protein substrate passing through, and this would propel the substrate 
through to the exit portal of the needle. This model has since been 
challenged on the basis that the charge inside is needle is neutral (Lee 
and Rietsch, 2015).  

 

1.5.1.2 The export apparatus proteins: 
 

The export apparatus is universal and composed of the highly 
conserved proteins YscR, YscS, Ysct, YscU and YscV (Table 1). FliP, FliQ, 
FliR, FlhB and FlhA are the corresponding proteins in the flagellar T3SS 
(Table 1). Some of these proteins are anchored in the bacterial inner 
membrane, while others are more cytoplasmic or only loosely associated 
with the membrane. YscU and YscV are membrane anchored, and make a 
conduit that allows the passage of different proteins that build T3SS into 
the inner rod. Furthermore, it is suggested that YscU is involved in 
substrate selection (Wood et al., 2008). Moreover, YscV also interacts 
with both cytoplasmic YscX and YscY, which are proteins necessary for 
T3S (Diepold et al., 2010; Gurung et al., 2018). YscR, YscS, and YscT are 
thought to be loosely associated with the cytoplasmic face of the bacterial 
inner membrane unlike YscU and YscV that are thought to have cytosolic 
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domains aside from a transmembrane domains associated with the 
bacterial cytosol.  

 

1.5.1.3 The basal body proteins and structure: 

The basal body is made up of two sets of rings namely YscD, YscJ 
and YscC that anchor the injectisome to the inner and outer membranes 
of the bacterial cell. A putative C-ring made of YscQ was not revealed by 
in situ structural reconstruction in Y. enterocolitica and Shigella flexneri, 
maybe because YscQ is transiently associated with the basal body or 
because it is an unstructured protein (Kudryashev et al., 2013). More 
recently, Diepold et al. suggested that YscQ is a dynamic protein that is 
made of 22 subunits and is required for a functional T3SS (Diepold et al., 
2015). 

The basal body length varies among the same bacterial species 
suggesting that it is somehow elastic allowing the system to be flexible 
and is able to stretch and retract. This stretching can be due to elasticity 
of YscC and YscD that anchor the basal body to the bacterial outer and 
inner membranes. Both YscC and YscD are made up of a multimer of 24 
molecules. YscD interacts with YscC in the periplasmic region. YscD also 
interacts with YscJ and spans the periplasm crossing the inner 
membrane to the bacterial cytoplasm (Kudryashev et al., 2013). 

Two models were proposed for building the basal body. The first 
model suggests that building the basal body of the injectisome starts 
inside-out in a similar way as in flagellar T3SS assembly i.e.: starting 
from the cytoplasmic export apparatus. This is followed by the assembly 
of the inner rings around the secretion apparatus. Outer membrane ring 
is then formed. Then the last feature to assemble is the formation of the 
C-ring and the energy pump as was shown in Salmonella typhimurium 
SPI-1 (Kimbrough and Miller, 2000; Wagner et al., 2010a) and 
enteropathogenic Escherichia coli (EPEC) (Gauthier et al., 2003). The 
second model proposes the assembly of the basal body from the outside 
first and builds inwards as shown in Y. enterocolitica. Very briefly, the 
first structure to be made is the outer membrane ring (YscC) followed by 
the inner membrane ring (YscD) then the export apparatus is formed. 
The final step encompasses assembly of the remainder of the basal body 
C-ring and the energy pump (Deng et al., 2017; Diepold et al., 2010). The 
different possibilities for basal body assembly among different Gram 
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negative bacteria opens the possibility that the hierarchical order of 
building the T3SS can vary among different species. 

 
 

1.5.2 T3SS substrates of the Ysc-Yop system 

From this point on, the focus will be centred on the non-flagella 
T3SS, and in particular on the plasmid encoded Ysc-Yop T3SS. Some 20 
proteins are involved in building the Ysc-Yop secretion machinery. The 
Ysc system encompasses the needle forming proteins (early substrates), 
followed by the translocon (middle substrates) that form the interface 
between the bacteria and the host cell.  After completion of the structure 
of the needle and contact with the host cell, effector Yops are secreted 
and translocated into the host cell (late substrates).  

 

1.5.2.1 Early substrates 
 

The substrates involved in the formation of the last stages of the 
injectisome machinery assembly are called early substrates (Cornelis and 
WolfWatz, 1997). The needle components include the inner and outer 
rods (Dey et al., 2019). The Yersinia proteins involved in forming these 
assemblies are YscI, which forms the inner rod, YscF, which forms the 
needle appendage and finally, YscP, the molecular ruler governing needle 
length (Dewoody et al., 2013b; Wood et al., 2008). 
 
1.5.2.1.1 The YscI inner rod 
 

YscI is a structural protein that forms the inner rod. It functions 
as an interface between the basal body and the needle that protrudes out 
of the bacterial cell wall.  This protein is made of 155 residues and is 
regulated by YscP and YscU by modulating YscI secretion (Michiels et al., 
1991; Wood et al., 2008). In part, this effect is mediated through an 
interaction of YscU with YscP and YscI (Ho et al., 2017). It is suggested 
that YscP, YscU and YscI function together to switch the substrate 
secretion specificity from early to middle substrates of T3SS (Ho et al., 
2017). However the mechanism of this process is not fully understood, 
but likely involves the fact that the YscU-family of proteins all undergo 
autoproteolysis at their C-termina (Dewoody et al., 2013b; Ho et al., 
2017; Wood et al., 2008). Critically, YscI interaction with the YscF needle 
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protein is required for needle assembly, and in this sense, correct YscI 
positioning within the basal body is obviously needed for the secretion of 
middle translocon substrates, such LcrV (Cao et al., 2017).  
 
1.5.2.1.2 The YscF needle 
 

YscF is the final piece in assembling a T3SS that is competent for 
the in vitro secretion of substrates to the extracellular milieu. This 
structural protein is secreted through YscI, the inner rod, and upon 
which it polymerizes to form the needle that protrudes out from the 
bacterial surface (Diepold et al., 2012). It is made of 87 amino acids 
(Michiels et al., 1991) with a suggested secretion signal in the first 15 N-
terminal residues (Souza et al., 2018).  

The N-terminus sequence is highly variable among Y. pestis and 
other homologous T3SS needle proteins of Gram-negative bacteria, while 
the C-terminus sequence seems to be conserved. It has been proposed 
that YscF actively contributes to substrate recognition and during the 
secretion process (Davis and Mecsas, 2007). Moreover, the assembled 
needle is recognised as a pathogen associated molecular pattern (PAMP) 
to induce an immune response from host immune cells (Chung and 
Bliska, 2016; Osei-Owusu et al., 2015). However it has been reported that 
YscF N-terminus reduces the immune response in Y. pestis, which helps 
Y. pestis to establish infection (Osei-Owusu et al., 2015). 

Secretion and polymerization of YscF is highly regulated. There 
are number of proteins that play regulatory roles in the process of 
building the needle. For example, YscF needs two dedicated T3SS 
chaperones – YscE and YscG – to prevent premature YscF 
polymerization in the bacterial cytosol before secretion (Souza et al., 
2018; Sun et al., 2008). The binding affinity to YscF of the two 
chaperones is different. While YscG is tightly attached to the C-terminus 
of YscF, YscE is lightly attached to the N-terminus, and both chaperones 
can bind simultaneously to form a YscFEG multi-protein complex (Sun et 
al., 2008). While both chaperones play important roles in anti-
polymerization and pre-secretory stability of YscF, it seems that YscE is 
more important for the process of YscF secretion (Souza et al., 2018). 
Consistent with all T3SS chaperones, neither YscG nor YscE are secreted 
following YscF secretion, but rather they both remain in the bacterial 
cytosol and are recycled to engage with newly synthesised YscF (Day et 
al., 2000). 
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Interestingly, all polymerized needles display a rather 
homogenous length estimated to be in the order of 60-80nm long, 6-7nm 
wide and with a central hole with a diameter of 2nm (Agrain et al., 2005; 
Cornelis, 2002a). These defined lengths indicated that the needle is made 
to measure. Indeed, YscP was discovered to function as a molecular ruler 
with the defined purpose to restrict the length of the growing YscF needle 
(Wagner et al., 2010b). As the needle grows to the desired length, as set 
by molecular ruler YscP, secretion of early substrates will be switched off 
in favour of the secretion of middle substrates (eg.: the translocon 
components) starting with needle cap and sensor, LcrV. As indicated in 
section 1.5.2.1.1, this substrate specificity switch involves the YscU and 
YscP proteins. At this checkpoint however, middle substrates are not 
actively secreted until a cell contact signal is received (Broms et al., 
2007). Presumably, transduction of the cell contact signal travels 
through the needle. Part of the signal transduction circuit probably 
involve and interaction between the needle protein YscF and translocon 
component, LcrV, as this is also needed for the functionality of Yop 
translocation in a tissue culture monolayer infection model (Davis and 
Mecsas, 2007).  

 

1.5.2.2 Middle substrates; the translocon 
 
The Ysc-Yop T3SS translocon is made of 3 proteins namely LcrV, 

YopB and YopD. They are encoded by genes that are all part of the 
lcrGVHyopBD operon. The 5’-prime end of yopB overlaps with the 3’-
prime end of lcrH by 23 nucleotides (Bergman et al., 1991). Typical of the 
Ysc-Yop T3SS, all 5 proteins – LcrG, LcrV, LcrH, YopB and YopD – are 
up-regulated by the absence of Ca+2 (Bergman et al., 1991). In turn, many 
of these proteins have regulatory functions involved in feedback 
regulation of T3SS (Bergman et al., 1991; Kopaskie et al., 2013; Matson 
and Nilles, 2001). These regulatory functions will be discussed in later 
sections. These proteins are also critical structural proteins that form the 
distal tip of the needle – a structure that is known by the term 
“translocon” (Bergman et al., 1991; Pettersson et al., 1999). Many aspects 
of translocon biogenesis, function and regulation remain elusive. For this 
reason, this topic is a core focus of this thesis. 
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1.5.2.3 Late substrates; the immune-modulating Yop 
effectors 

 
The term Yop effector is given to an eclectic group of proteins 

with enzymatic activity that are translocated into the cytosol of the 
eukaryotic cell. Intracellular localised Yop effectors can interrupt 
signalling pathways and manipulate the immune system of the host to 
establish bacterial tissue colonization and novel replication niches 
(Cornelis, 2006; Lloyd et al., 2001). While aspects of the T3SS machinery 
is highly conserved among Gram negative enteric pathogens, effector 
proteins show very little to no homology between them. This is logical as 
every pathogen evolved its own set of customised effector proteins to 
suite its own infection lifecycle (Pinaud et al., 2018). For example, 
Salmonella spp. and Shigella spp. prefer an intracellular lifecycle, and 
accordingly encode an array of T3SS effectors that help these bacteria 
promote uptake and adapt to life on the inside, which, for example, 
include dealing with the maturation of the host cell endocytic pathway  
(De Souza Santos and Orth, 2019). In contrast, although Yersinia spp. 
can survive and replicate intracellularly, it prefers an extracellular milieu 
as a replication niche (Pujol and Bliska, 2005; Valencia Lopez et al., 
2019). This is facilitated by the production of several Yop effectors that 
target for inhibition the process of phagocytosis. Moreover, the EPEC 
and EHEC replication niche is strictly extracellular, so an arsenal of 
effectors ensure that these bacteria efficiently colonise and remain at the 
surface of epithelial cells (Croxen and Finlay, 2010; Reis and Horn, 
2010). 

It has been established for some time that the Ysc-Yop T3SS of 
Yersinia translocates six virulence plasmid encoded Yop effector proteins 
in a process bound by a strict temporal order (Mahdavi et al., 2014). 
These proteins are YopE, YopH, YpkA/YopO, YopJ/YopP, YopT, YopM in 
Y. pseudotuberculosis, Y. pestis and Y. enterocolitica (Andersson et al., 
1996; Juris et al., 2000; Mahdavi et al., 2014; Rosqvist et al., 1990). The 
model bacteria used in the research that is the basis for this thesis – Y.
pseudotuberculosis serotype III (YPIII) – naturally lacks YopT 
(Mohammadi and Isberg, 2009). Importantly, this strain is also is a 
pseudogene for phoP. Lacking PhoP negatively affects the invasiveness 
and intracellular survivability of this bacterium, making the replication 
niche mainly extracellular (Grabenstein et al., 2004).  
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1.5.2.3.1 Functional role of the late substrates in immune 
system subversion 

Very briefly, effector proteins are translocated in temporal order 
into the target eukaryotic cell (Figure 6). The first group of effectors that 
are delivered are effectors that tampers with the cytoskeletal system of 
the host cell to prevent phagocytosis. These proteins are; YopE, YopH 
and YpkA/YopO (Demeure et al., 2019; Pha and Navarro, 2016). 
Additionally, YopE and YopH also interfere with inflammasome 
activation in an epithelial cell infection model using Y. enterocolitica 

Figure 6: Y. pseudotuberculosis translocate effectors into the host cells host. YopK controls the 
translocation of Yops into the cell.  
Yop H, YopE and YpkA manipulate signalling system of the cytoskeletal formation pathways 
rendering phagocytosis ineffective.  
YopH is a protein tyrosine phosphatase that de-phosphorylates focal adhesion complexes 
(Persson et al., 1997). 
YOPE is a localized at the cell membrane by a membrane localizing domain (MLD). It is GTPase 
activating protein (GAP) that lead to the hydrolysis of GTP to produce GDP of Rho, Rac1 and 
Cdc42 membrane remodelling proteins (von Pawel-Rammingen et al., 2000). 
YpkA is a localized at the cell membrane by a membrane localizing domain (MLD). YpkA is a 
protein kinase that can phosphorylate actin polymerization proteins (Juris et al., 2000). The C-
terminus of YpkA is guanine nucleotide dissociation inhibitor (GDI)-like that inhibits Rho 
GTPase binding activity (Pha et al., 2014). 
YopJ suppresses the MAPK pathway and hence supresses the inflammatory response (Zhou et al., 
2005).  
YopM supresses programmed cell death through the suppression of Caspase 1 pyrin 
inflammasome formation (Chung et al., 2016). 
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(Thinwa et al., 2014). The second wave of Yops to be translocated 
interfere with the cell death pathways of the host cell. In particular, YopJ 
interferes with the TNF  pathway and its upstream proteins such as NF-

B, and interfering with the MAPK pathway (Ma and Ma, 2016; Palmer 
et al., 1998). A second effector, YopM, interferes with the pyrin 
inflammasome formation pathway (Chung et al., 2016; LaRock and 
Cookson, 2012). 

An additional protein, YopK, is also a translocated protein. The 
intracellular localization of YopK is thought to control the amounts of 
effector proteins that are translocated. In part, this is based upon the 
observations that deletions within the yopK allele results in uncontrolled 
translocation of effectors (Holmstrom et al., 1997; Zwack et al., 2015).  

 
 

1.5.2.3.2 Versatile T3SS chaperones associated with effector 
proteins

T3SS chaperones are small acidic proteins that are specific to one 
or a few secreted substrates. If absent, substrate secretion is negatively 
affected, but not necessarily abolished. The group of T3SS chaperones 
that specifically target the secreted effector substrates are classified as 
class I chaperones (Deng et al., 2017). Chaperones are usually encoded 
nearby the coding region of their cognate substrates (Page and Parsot, 
2002). They usually function as dimers and bind to a chaperone binding 
domain located immediately downstream of the N-terminal secretion 
signal and within the first one hundred amino acids of the various 
effectors (Page and Parsot, 2002; Parsot et al., 2003).  

The class I chaperones SycE, SycH, SycO, SycT specifically bind 
to their cognate effectors, YopE, YopH, YpkA (YopO) and YopT 
respectively. Strangely, not all effectors have a need for a dedicated 
chaperone. YopJ, YopM and YopK possess no known chaperone (Parsot 
et al., 2003; Trosky et al., 2008). It is still uncertain what this means. It 
could reflect that these particular substrates possess structural 
characteristics that maintain their pre-secretory stability in the bacterial 
cytoplasm, or promote efficient substrate piloting to, and recognition by 
the export apparatus. Since T3S chaperones possess multiple roles 
(Parsot et al., 2003), it is hard to pin-point exactly why some substrates 
do not require them. 

It is suggested that chaperones are needed for efficient secretion 
of effectors. For example, YopE can be secreted independently of SycE 
during the first 30 minutes after cell contact, then starts another phase of 
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SycE dependent secretion (Birtalan and Ghosh, 2001). Upon receipt of 
environmental signals, the T3SS machinery is switched on. A pool of 
effectors are synthesized and are confined in the cytosol waiting for the 
right time to be secreted. Cognate chaperones bind their substrates 
forming chaperone-substrate complexes to stabilize, protect the 
substrate from being degraded, and prevent the effector proteins from 
premature folding and aggregation. Chaperones also mask active 
substrate domains. This is certainly true of SycE that masks membrane 
localization domains in YopE (Hakansson et al., 1996a; Letzelter et al., 
2006; Pha et al., 2014), and SycT that masks the protease activity domain 
of YopT (Locher et al., 2005). T3SS chaperones are also suggested to play 
other roles like preventing effector Yops from interacting with other 
proteins. Besides their regulatory role helping in substrate recognition 
helping bacteria to maintain hierarchical Yops’ secretion order. ‘ 

 
1.6 Orchestrating the correct temporal order of substrate 

secretion and translocation 
 
As mentioned earlier, once Yersinia receives environmental 

signals the T3SS machinery is switched on and starts synthesis of the 
different T3SS substrates. Substrates are chaperoned to the export 
apparatus at the cytoplasmic face of the basal body to be ready for 
secretion. The secretion process is very tightly regulated ensuring that 
proteins are secreted in the right temporal order. Multiple regulatory 
elements control the middle and late substrate secretion and 
translocation. These regulatory processes are discussed in more detail in 
subsequent sections.  

After the basal body / needle structure is complete, the latter is 
capped with LcrV and a pool of translocators, YopB and YopD. During 
this process, Yop effectors are kept within the cytosol in a standby state 
waiting for the cell contact signal to launch the last wave of substrate 
secretion. It has been proposed that YopN/TyeA forms a physical block 
of the export channel, preventing access to the T3SS entry portal of Yops 
effectors. Once cell contact has been established and an inducing signal 
received inside the bacterial cytoplasm, YopB and YopD use LcrV as a 
building platform to form a translocation competent translocon. Once 
complete the process of secretion and translocation of late substrate 
effectors begins with the aim to subvert the infected cell making sure that 
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bacteria can survive and replicate in its chosen niche within the hosting 
organism (Cornelis, 2006; Deng et al., 2017).  

 

1.6.1 Environmental regulation of the Ysc-Yop T3SS 

To activate the synthesis of Yops, an extracellular environmental 
signal is needed. The first signal is temperature upshift from 26oC to 
37oC. This event starts building the T3SS machinery. Once the needle is 
built, it is capped by LcrV and the early substrate export routine is 
switched off by a complex of YopN/TyeA, performing a gate keeper 
function together with SycN and YscB. This plug is released only after a 
second environmental signal is received, in the form of eukaryotic cell 
contact (in vivo) or calcium depletion (in vitro). This induces the 
synthesis / secretion / translocation process of effectors into the 
surrounding medium (in vitro), or into the eukaryotic cell cytosol 
(Cornelis and WolfWatz, 1997; Economou et al., 2006).  The response to 
Calcium depletion in vitro is well known throughout the research 
community as the low calcium response (LCR). 

 

1.6.1.1 Temperature upshift induces T3SS biogenesis 
 
Regulation of T3SS activation is a process in two-steps. The first 

step is a positive loop that involves temperature controlled synthesis of 
LcrF, the transcriptional activator of the Ysc-Yop T3SS. The second step 
is the suppression of the synthesis and secretion of Yops until the 
biogenesis of the injectisome is complete and calcium depletion or a host 
cell contact signal is established. This suppression takes place through a 
negative inhibitory feedback loop that might involve LcrH, YopD and 
LcrQ (Pettersson et al., 1996; Rimpilainen et al., 1992; Williams and 
Straley, 1998). Temperature upshift from 26oC to 37oC in vitro, causes Y.
pseudotuberculosis to lose motility, stop growth and secrete Yops when 
grown in Ca2+ depleted medium. These events take hierarchical order 
upon the activation T3SS ysc genes followed by the activation of yop 
genes, after completion of basal body and needle formation. The 
activation of this process is a tightly thermo-regulated event. This event 
is dependent on the interplay between chromatin factors and virulence 
plasmid encoded LcrF, which is the master transcriptional regulator for 
T3SS (Cornelis and WolfWatz, 1997; Lee and Schneewind, 1999). LcrF 
shares homology with the E. coli arabinose operon regulator, AraC, and 
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another T3SS regulator of P. aeruginosa, ExsA (King et al., 2013; Lee 
and Schneewind, 1999). The AraC family of transcription factors have 
two helix-turn-helix (HTH) motifs that can insert into the major grove to 
complex with the promoter region of the target DNA (King et al., 2013).   

LcrF engages a positive regulatory loop to induce the synthesis of 
Yops by binding to sequences found in the promoter region of several 
operons on the virulence plasmid, including the promoters of yopH, 
yopE, virC and lcrG in a concentration dependent manner (Wattiau and 
Cornelis, 1994). Transcription of lcrF is repressed by the Yersinia 
thermo-sensitive modulator, YmoA, which is a nucleotide associated 
protein. At 26oC this protein binds to regulatory regions in the 
neighbourhood of the 70 promoter that drives transcription of the yscW 
and lcrF bicistronic operon (Cornelis et al., 1991). This binding results in 
bending the DNA and the transcription of a heat labile mRNA that acts 
like a thermometer. This mRNA has two stem loops that include the 
ribosomal binding site for lcrF. The two stem loops prevent the ribosome 
from binding to its binding site. Upon temperature shift to 37oC YmoA is 
subjected to degradation by proteases Clp and Lon. Temperature up-shift 

Figure 7 – The expression of LcrF is thermally regulated. At environmental temperature 
(~26oC), YmoA binds DNA sequence downstream of the lcrF transcription initiation site. 
This limits the transcription process. Another layer of LcrF expression is the formation of 
stem-loops in the mRNA that prevents ribosomal binding to its binding site. And hence, 
preventing the translation of mRNA to LcrF. Upon temperature upshift, YmoA is relieved 
from the DNA allowing the transcription of yscW-lcrF. Released YmoA is digested by ClpP 
and Lon. Increased temperature will also melt mRNA stem-loops allowing the translation 
of lcrF mRNAto LcrF protein molecules.  
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causes melting of stem loops formed in the mRNA freeing the RBS 
(Bohme et al., 2012; Schwiesow et al., 2016). This allows mRNA lcrF and 
to be translated to LcrF protein. 

Translated LcrF forms dimers that binds to target DNA 
sequences. Dimerization allows stronger binding affinity when compared 
to its Pseudomonas homologue ExsA. ExsA initially binds to DNA one 
monomer at a time, before it dimerizes on the DNA (King et al., 2013). 
LcrF bound to DNA promoters recruits RNA polymerase to establish ysc
and yop gene transcription (Figure 7). 

 

1.6.2 Regulation of Yops secretion through YopN and TyeA 

YopN regulates Yops secretion. It is composed of 293 residues 
with a molecular mass of 32.3kDa and a minimum secretion signal of 15 
amino acids residing in its N-terminus (Figure 8), which supports its 
T3S. The C-terminus of YopN binds to the N-terminus of TyeA through a 
TyeA binding domain (Amer et al., 2016; Schubot et al., 2005). TyeA is 
composed of 92 amino acids with molecular mass of 10kDa. The YopN-
TyeA complex builds in an additional layer of regulatory sophistication in 
the control of Yops secretion and translocation (Cheng et al., 2001). 

YopN and TyeA are seen to exist as two separate proteins. 
However, Y. pestis and Y. pseudotuberculosis but not Y. enterocolitica, 
can also produce YopN and TyeA as a single hybrid protein that is still 
secreted normally. The hybrid protein is proposed to be formed as a 
result of +1 frame shift at the C-terminus of YopN (Amer et al., 2013; 
Ferracci et al., 2004). However, the hybrid form and function remains 
elusive. Paper I sheds some light on this YopN-TyeA hybrid protein in Y.
pseudotuberculosis.   

Once the needle has fully assembled, conformational changes 
take place in the YopN-TyeA complex located at the cytoplasmic face of 
the basal body takes place to prevent further secretion of the YscF needle 
proteins (Schubot et al., 2005). At this stage, the YopN-TyeA complex 

Figure 8: Schematic representation of YopN-TyeA proteins. YopN has a secretion 
signal in the N-terminus (residues 1-12). A chaperone binding domain (residues 32-76) 
followed by a central region (residues 76-181). It also has two coiled-coil domains 
(residues 64-110 and 248-272). TyeA binding domain (287-293) which binds YopN to 
TyeA. 
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functions like a gate keeper or a plug and is associated with the basal 

body of T3SS (Figure 9) to regulate the secretion of Yops through the 
needle (Burkinshaw and Strynadka, 2014). Another aspect of YopN 
regulatory function is its contribution to polarized translocation of 
effector Yops into the eukaryotic cell. In the absence of functional YopN, 
a greater amount of effectors are secreted into the surrounding medium 
rather than undergoing directional delivery into the host cell (Forsberg et 
al., 1991; Sundberg and Forsberg, 2003). Moreover, specific deletions of 
the central domain of YopN caused a reduction in the translocation of 
YopE and YopH in the initial infection stage (Bamyaci et al., 2018). 
Exactly how YopN is contributing to polarized delivery of Yop effectors 

Figure 9 – When the needle is complete, it is capped with LcrV and YopN/TyeA forms a 
“plug” at the base of T3SS not allowing any Yops to be secreted. Once the host cell is 
sensed, YopB and YopD are secreted and use LcrV as a platform to form a translocation 
competent translocon. Then YopB and YopD get integrated in the cell membrane, effector 
proteins are translocated into the cells afterwards.  
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into eukaryotic cells is not understood. It has been suggested that YopN 
can interact with YopE and YopK as well as the translocon proteins; 
LcrV, YopB and YopD (Bamyaci et al., 2019). Whether these observations 
are biologically relevant needs to be further investigated. 

The complex of YopN and TyeA complex with two cognate 
chaperones SycN and YscB, The two chaperones specifically engage at 
the N-terminus of YopN between residues 16-100 (Cheng et al., 2001; 
Day and Plano, 1998; Schubot et al., 2005). Additionally, the LcrG 
protein binds to the C-terminus of YopN to block its secretion (Day et al., 
2003) . Effector Yops are allowed to be secreted only upon contact with 
the plasma membrane of a host cell (Amer et al., 2013; Day and Plano, 
1998). The consequence of cell contact is that a translocon pore 
composed of YopB and YopD is formed in the plasma membrane of the 
host cell. YopN is released through the pore and is translocated into the 
host cytosol (Cheng and Schneewind, 2000; Iriarte et al., 1998; Sundberg 
and Forsberg, 2003). The function of translocated YopN in the host cell 
cytosol is unknown. Moreover, what becomes of TyeA following YopN 
translocation is a question still debated. Some studies showed that it is a 
secreted protein while others show it is left behind in the bacterial cytosol 
after dissociating from YopN (Cheng and Schneewind, 2000; Iriarte et 
al., 1998; Sundberg and Forsberg, 2003). Adopting the view that suggest 
that TyeA is a bacterial surface protein may suggest that TyeA might play 
a regulatory role not only in the secretion of Yops, but also in targeting 
effectors, YopE, YopH, YopM and YopN into the host cell (Cheng and 
Schneewind, 2000). Consequently, depletion of TyeA in the bacterial 
cytosol might affect the secretion and translocation of effectors as will be 
discussed in paper I. 

 

1.6.2.1 YopN and TyeA proteins are conserved among T3SS of 
other Gram-negative bacteria 

 
YopN and TyeA proteins share homology with proteins 

produced by other Gram negative bacteria. These homologs can be 
divided into two groups. One group produces the YopN and TyeA 
homologs as one single protein which is typified as the group InvE/HrpJ 
family of proteins, with representatives being InvE (from Salmonella 
typhimurium SPI-1), HrpJ (Erwinia chrysanthemi), MxiC (Shigella 
fleneri), SepL (E. coli) and SsaL (Salmonella typhimurium SPI-2). The 
second group encompasses bacteria that produce YopN and TyeA as two 
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proteins just as is the case for human pathogenic Yersinia. One other 
example is PopN/Pcr1 from Pseudomonas aeruginosa. YopN and PopN 
share 47% identity and 56% similarity (Yahr et al., 1997).  The PopN-Pcr1 
complex also displays T3SS gate keeper function in P. aeruginosa. Other 
parallels include the fact that this complex is regulated by PcrG, a LcrG 
homolog (Lee et al., 2014). Moreover, like YopN, PopN is a secreted 
protein and is also needed for polarized translocation of effectors 
(Sundin et al., 2004). With respect to those homologous proteins that 
exist as a single protein, YopN47-293 shares 21.46% amino acid identity 
with HrpJ46-297, while TyeA7-84 shares 12.99% amino acid identity with 
HrpJ298-374 (Paper I) (Ginocchio et al., 1992; Pallen et al., 2005).  

A number of these singular proteins have been studied in some 
detail. InvE regulates the secretion and translocation of effectors in a 
hierarchical order, and in doing so InvE promotes Salmonella 
internalization (Ginocchio et al., 1992; Kubori and Galan, 2002). Unlike 
YopN, InvE is not a secreted protein and does not get exposed to the 
bacterial surface (Kubori and Galan, 2002). Once Salmonella is 
internalized, SPI-2 proteins are produced to allow the bacterium to 
survive and replicate in an intracellular niche. One of these proteins is 
SsaL which belongs to InvE/HrpJ family of proteins and share homology 
with YopN/TyeA. SsaL acts as a gatekeeper, complexing with SpiC and 
SsaM after the needle is built (Yu et al., 2010). The MxiC homologue 
from Shigella sp. contains an N-terminal secretion signal, and is a 
secreted protein (Cherradi et al., 2013; Martinez-Argudo and Blocker, 
2010)(Botteaux et al., 2009; Deane et al., 2008; Roehrich et al., 2017). 
MxiC is made up of three domains. It seems that first two domains of 
MxiC fold similar to YopN, and the last domain is similar to TyeA. The 
second domain has a hydrophobic patch presenting an active site for 
protein binding and is involved in preventing effector secretion. Despite 
similarities, the overall structures of MxiC and YopN/TyeA are not the 
same; MxiC is not globular, but rather an elongated protein. Apparently, 
this elongation gives the protein the capability to bind more substrates 
(Deane et al., 2008). In addition to MxiC, MxiA (YscV homologue in Ysc-
Yop T3SS) and IpaD (LcrV homologue) collaborate together and regulate 
the secretion of substrates (Shen and Blocker, 2016). It has been shown 
that MxiC directly interacts with IpaD to cause conformational changes 
that allows the switch of substrate secretion (Roehrich et al., 2017). 

In E. coli, the gate keeper protein SepL was characterized in 
EHEC. SepL is found in the bacterial cytosol and can be associated with 
the bacterial membrane. It was also shown that effector secretion is 
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absent upon the deletion of sepL, and as a result adhesion and 
accumulation of actin was greatly impaired in a HeLa cell monolayer 
infection model (Kresse et al., 2000). It was suggested that the molecular 
ruler EscP (equivalent to YscP) makes a substrate switch by sending a 
signal to SepL. This signal causes the dissociation of the gate keeper 
complex allowing the secretion of effectors through the needle (Shaulov 
et al., 2017). EscV (YscV homolog) and SepL can also act as a molecular 
switch (Gaytan et al., 2018). SepL is made of three domains. The first 
domain is the least conserved and has a secretion signal and a putative 
chaperone binding domain (Younis et al., 2010). The second and third 
domains show more conservation when compared to other gatekeepers 
(Burkinshaw et al., 2015). The C-terminus is implicated in substrate 
recognition and is needed for effector secretion (Wang et al., 2008). It 
has been hypothesized that SepL, SepD and CesL complex together, 
perhaps analogous to YopN/TyeA, YscB and SycN. On the other hand, 
full length SepL is not secreted even though it is suggested that it has a 
secretion signal in the N-terminus (Younis et al., 2010).  

 

1.6.3 Low Calcium/cell contact regulates T3SS biogenesis 

Calcium depletion in in vitro laboratory culture medium relieves 
the gatekeeper complex associated with the export apparatus at the base 
of the basal body. Removal of the gatekeeper complex allows access and 
passage of effector proteins through the injectisome. In addition, in vivo 
close contact with the eukaryotic cell surface also causes conformational 
changes in the needle, which releases the gate keeper complex from the 
basal body. Most likely, eukaryotic cell contact is a universal activator for 
essentially all non-flagella T3SSs. 

The calcium depletion signal is pivotal for regulation of some 
T3SSs as produced by Yersinia, Pseudomonas, EHEC and EPEC 
(Economou et al., 2006; Hauser, 2009; Shaulov et al., 2017). Growth in 
calcium rich or depleted environments has been an excellent tool to 
study T3SS regulatory processes under in vitro conditions. Moreover, it 
is thought to mimic eukaryotic cell contact within tissue culture and 
mouse infection models. However, it is an ‘all-or-none’ phenomenon that 
may not be all that biologically relevant (Milne-Davies et al., 2019; Wiley 
et al., 2007). In Yersinia, depletion of calcium in the growth medium at 
37oC is coupled with a cessation of growth after a few generations and the 
activation of T3SS and the secretion of Yops in the growth medium 
(Bolin et al., 1982; Straley and Perry, 1995). The fact that Yersinia cease 
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to grow under these conditions is counter-intuitive, and further reflects 
that this in vitro condition may be artificial. Nevertheless, this response 
is well-characterised and is known as the low calcium response (LCR) 
(Lee and Schneewind, 1999; Straley and Perry, 1995).  

Despite its obvious effect on the T3SSs of some bacteria, not all 
bacteria respond to changes in calcium concentration; at least not in the 
same way. For example, the Shigella T3SS is activated in vitro by adding 
Congo red, whereas the Salmonella SPI-2 T3SS displays a responsiveness 
to pH (Beuzon et al., 1999; Pinaud et al., 2018; Yu et al., 2010), while 
growing Salmonella at 37oC until late logarithmic phase is enough to 
induce T3SS in SPI-1 (Cooper et al., 2017).  
 

1.6.4 Regulatory aspects of the translocon; LcrV, YopB and 
YopD

Upon eukaryotic cell contact, the Ysc-Yop T3SS secretes the 
translocon proteins, YopB and YopD. These two proteins utilise the 
needle tip protein, LcrV, as a platform to build a translocation competent 
translocon. The nature of the inducing signal that stems from contact 
with the target cell is unknown. Despite the obvious importance of the 
translocon to T3SS activity, translocon biogenesis including the 
mechanism of interaction with the plasma membrane is poorly 
understood (Lawaree and Custodio, 2019). Additionally, evidence exists 
that all three proteins – LcrV, YopB and YopD – are also translocated 
into the host cell cytosol (Francis and Wolf-Watz, 1998; Mahdavi et al., 
2014). The role of LcrV, YopB and YopD inside the host cell remains 
elusive. 

Interestingly, at least some of the translocator components 
display a regulatory role, this could be in the bacterial cytosol prior to 
secretion or through signal transduction through the needle from the tip. 
Both processes would be to control effector secretion by the T3SS 
(Armentrout and Rietsch, 2016; Lawton et al., 2002).  

 

1.6.4.1 The needle tip protein – V-antigen or LcrV 
 
LcrV is a 37kDa hydrophilic protein that is made of 322 amino 

acids. Secreted LcrV locates on top of the needle and forms a distinct 
structure (Bergman et al., 1991; Mattei et al., 2011; Mota, 2006; Mueller 
et al., 2005; Perry et al., 1998). This makes LcrV it a good candidate of 
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being a cell contact sensor (Broms et al., 2007). Moreover, it suggests 
that LcrV secretion precedes cell contact (Pettersson et al., 1999).  

The tertiary structure of LcrV is known. The globular N terminus 
forms the base of the protein followed by central coiled-coil domain -7 
(amino acids 148-182) that is connected to another globular domain that 
forms the head (Broz et al., 2007; Chaudhury et al., 2013). The C-
terminus is a long -helix forming an antiparallel coiled-coil domain -
12 (amino acids 274-322) that interacts with -7 coiled-coil (Derewenda 
et al., 2004). 

The globular N-terminal domain is needed for a number of 
functions like the assembly and stabilization of the translocon, the 
secretion of effector proteins, as it sends a signal through YscF to start 
Yop secretion, the translocation of YopH, the interaction with both YopB 
and YopD, and for full virulence (Broms et al., 2007; Broz et al., 2007; 
Ekestubbe et al., 2016). 

It is has been suggested that LcrV forms a pentamer with an 
external diameter of 8-10nm and an internal diameter of 3-4nm (which 
corresponds to the internal diameter of the needle) (Caroline et al., 
2008).  LcrV can be cross linked and interact with the needle protein 
YscF (Broz et al., 2007; Harmon et al., 2013; Mueller et al., 2005), which 
supports that LcrV is situated on the tip of the needle. Despite growing 
supporting evidence that LcrV is situated on top of the needle, others 
have argued that this is not the case for analogous proteins in Shigella 
and Salmonella (Mota, 2006).  

LcrV also interacts with LcrG, an interaction that is thought to 
regulate the secretion of T3SS substrates (Matson and Nilles, 2001; 
Nilles et al., 1997). It has been suggested that LcrG serves as a LcrV 
chaperone (Lee et al., 2000), where the N-terminus of LcrG binds to 
(amino acids 148-169) which is part of the central coiled-coil domain -7 
(Derewenda et al., 2004). 

LcrV serves as a platform for the assembly of the translocators 
YopB and YopD (Caroline et al., 2008; Marenne et al., 2003). This occurs 
only upon eukaryotic cell contact; the translocators cannot be detected in 
association with LcrV in vitro under secretion permissive conditions. 
Being a part of the translocon, LcrV can also regulate the translocation of 
effector proteins into host cells. It may do this by controlling the size of 
the pore formed by YopB and YopD in the plasma membrane of the host 
cell (Holmstrom et al., 2001). Moreover, lcrV deletion mutants lose the 
ability to translocate effector proteins into the host cell (Broms et al., 
2007; Pettersson et al., 1999), and LcrV itself is translocated into the host 
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cells (Mahdavi et al., 2014). The function of translocated LcrV is 
unknown.  

LcrV shares homology with proteins produced by other Gram-
negative bacteria. It shares 41% sequence identity and 63% similarity 
with its Pseudomonas aeruginosa counterpart; PcrV (Frank, 1997). This 
similarity is enough for PcrV to complement LcrV mutant in Yersinia 
(Broms et al., 2003b; Holmstrom et al., 2001; Pettersson et al., 1999). 
Additionally, LcrV shows very low sequence similarity to analogous 
counterparts in other T3SSs, such as IpaD of Shigella, SipD of 
Salmonella, and finally EspA of E. coli (Mueller et al., 2008). In fact, it 
has been suggested to include LcrV and PcrV in a subfamily that 
possesses different characteristics separating them from IpaD and SipD 
family (Espina et al., 2007). 

1.6.4.2 The YopB and YopD pore forming proteins
 

The YopB and YopD proteins are structurally unique among the 
secreted Yop substrates. They are the only secreted proteins predicted to 
have central hydrophobic domains (Hakansson et al., 1993). Presumably, 
the hydrophobic domains help both proteins to integrate into the plasma 
membrane of the host cell (Costa et al., 2012; Neyt and Cornelis, 1999a; 
Tardy et al., 1999), but this has not been experimentally proven. 
Nevertheless, this integration results in a structural pore that is 
necessary for Yop effector translocation into the cytosol of the eukaryotic 
cell (Francis and Wolf-Watz, 1998; Hakansson et al., 1996b; Tardy et al., 
1999). Biogenesis of the pore requires interactions with the needle-
capping protein, LcrV, and this interaction is therefore essential for the 
translocation of Yop effectors into the cytosol of eukaryotic cells (Dey et 
al., 2019).  

The precise role of the pore depends upon whether one 
considers a classical one-step model of effector translocation or the 
recently proposed two-step model. The one-step model of direct injection 
of effectors into the host cell through the needle has been long 
established. It represents conceptually a hypodermic needle that injects 
effectors direct from the bacterial cytosol without any delivery 
intermediate. However, it was challenged early on by Watari and 
colleagues who observed the presence of the translocators IpaB, IpaC and 
IpaD on the Shigella surface, and not free in the surrounding medium, 
which were not sufficient for efficient bacterial invasiveness (Watarai et 
al., 1995). More recently, the one-step direct injection model was directly 
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challenged using a Yersinia cell infection model where a yopH deletion 
mutant coated with YopH at the bacterial surface was able to translocate 
YopH into the host cells (Akopyan et al., 2011). Support for this two-step 
model has also been observed using EPEC bacteria as a model system 
(Tejeda-Dominguez et al., 2017). In these scenarios, the translocator 
proteins would function more analogous to the binding ‘B’ modules in 
the A-B (or A-B5) toxin family i.e.: the translocators would specifically 
interact with target eukaryotic cells to provide the pathway for effectors 
(analogous to the active ‘A’ modules in the A-B or A-B5 toxin family) to 
gain access to the eukaryotic cell cytosol (Edgren et al., 2012). Critically, 
this two-step model is considered to achieve a rapid immediate response 
to immune cell contact (Akopyan et al., 2011; Edgren et al., 2012). Hence, 
the possibility that both the one-step and two-step models coexist in the 
same T3SS is valid; the two-step model would represent a fast acting 
immediate response, whereas the one-step model would represent the 
ability to establish a delayed, second wave of effector delivery (Edgren et 
al., 2012). However, this recently proposed two-step model has not yet 
been widely accepted (Park et al., 2018) (Figure 10). 

Critically, double mutants of YopB and YopD maintain effector 
Yops secretion, but the mutants lose the ability to translocate effectors 
into the host cells (Hakansson et al., 1996b; Rosqvist et al., 1994). Like 
effector proteins however, both YopB and YopD proteins are also 
translocated into the host cell (Cornelis, 2002a; Francis and Wolf-Watz, 
1998; Mahdavi et al., 2014). The translocation of YopB and YopD into the 
host cell is tightly regulated since the increased translocation of both 
Yops is linked to the activation of the inflammasome activation (Zwack et 
al., 2015). In particular, translocated YopB can stimulate a 
proinflammatory response in HeLa cells. The proinflammatory response 
due to YopB leads to the secretion of IL-8, and necessitates the action of 
intracellular localised Yop effector, YopJ, to counteract it (Viboud et al., 
2003). The presence of YopB and YopD in the cytosol of the host cell 
raises the question of whether YopB and/or YopD are only transiently 
associated with the pore formed in the plasma membrane, and whether 
either or both proteins can play an effector role in the cytosol of the host 
cell besides. These questions require significantly more investigation.  

Class 2 T3SS chaperones are required for maintenance of the 
translocator class of T3SS substrates (Feldman and Cornelis, 2003; 
Parsot et al., 2003). This is true also for YopB and YopD that require the 
presence of the T3SS chaperone LcrH to maintain function (also termed 
SycD in Y. enterocolitica) (Wattiau et al., 1994). A primary function of 
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LcrH/SycD is to prevent premature interactions in the bacterial 
cytoplasm between YopB and YopD, and between this complex and LcrV 
(Neyt and Cornelis, 1999b). It follows that LcrH/SycD also maintain pre-
secretory YopB and YopD stability in the bacterial cytoplasm (Francis et 
al., 2000; Neyt and Cornelis, 1999b; Wattiau et al., 1994). Finally, the 
YopD-LcrH complex in the bacterial cytoplasm is involved in the 
negative regulation of Yop synthesis (Francis et al., 2001b).  

 
 

Figure 10: Two models were proposed for the translocation of Yops into the host cell. 
A one-step model that suggests that translocon is situated on top of the needle and Yops 
are secreted through the needle until it gets to the translocon then it is translocated into 
the cell. This model has been challenged by a two-step model. There are growing 
evidence that support the one step model, yet the possibility of an existing two step 
model cannot be ruled out.
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1.6.4.2.1 The YopB translocator protein 
 

YopB is a ~42kDa protein and is made up of 401 residues with 
two central hydrophobic domains spanning amino acids 166 to 188 and 
228 to 250, respectively (Hakansson et al., 1993). These domains are 
predicted to span the plasma membrane of the target eukaryotic cell, and 
thereby be required for membrane integration and anchoring (Ryndak et 
al., 2005). Deletion analysis has revealed that both transmembrane 
domains are needed for pore formation and effector translocation. 
Furthermore, disruption of the helix forming propensity of the first 
transmembrane domain compromises its ability to form a pore into the 
host cell membrane, and in turn, the translocation of effectors and is 
defective (Ryndak et al., 2005; Solomon et al., 2015). However, this study 
did not address the impact that these deletions may have on the stability 
of the mutant protein. Moreover, it is not known what characteristics of 
these membrane spanning domains are most important; is the overall 
hydrophobicity important or is it amino acid composition and the 
sequence of amino acids that is important? To address these questions 
requires further investigation. In addition to the hydrophobic nature of 
YopB, there also exists two putative coiled-coil domains. The first coiled-
coil locates to the central region and spans between amino acids (103-
168) while the second is the C-terminus and spans between amino acids 
(330-385) (Neyt and Cornelis, 1999a). 

It is also very evident that YopB (and YopD) pore formation 
and/or YopB (and YopD) localization into immune cells induces a strong 
inflammatory response from infected immune cells (Adams et al., 2015; 
Auerbuch et al., 2009; Bliska et al., 2013; Kwuan et al., 2013; Solomon et 
al., 2015; Viboud and Bliska, 2001). This suggests that YopB (and YopD) 
function is a trade-off, for its role induces a strong immune detection 
signal, and also most likely requires the presence of Yop effectors to 
counteract it. Logically therefore, the pore is probably turned-over very 
quickly in order to lessen the alarm signal. However, to my knowledge 
there is no study in any model system that addresses this. Perhaps the 
recent study to assess assembly and post-assembly turnover and 
dynamics in the T3SS of Y. enterocolitica (Diepold, 2019; Milne-Davies 
et al., 2019) may offer some opportunity to study the dynamics of 
translocon assembly and de-assembly.  

YopB shares 40% amino acid with PopB from P. aeruginosa 
PopB, 24% with EspD from enteropathogenic E. coli, 21% with SipB from 
Salmonella spp., and 21% with IpaB from Shigella spp. (Buttner and 
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Bonas, 2002). A characteristic of all these proteins is the presence of two 
transmembrane domains as well as coiled-coil domains and amphipathic 
helical domains (Mattei et al., 2011). The latter domains are especially 
prominent protein-protein interaction domains. 

1.6.4.2.2  The YopD protein – more than just a translocator 
 
YopD is an interesting protein for it is a central molecule that is 

involved in many biological and physiological aspects. It is a vital 
component of the translocon needed for polarized translocation of 
effector Yops into the cytosol of the target eukaryotic cell (Cornelis, 
2002a; Francis and Wolf-Watz, 1998; Mahdavi et al., 2014; Neyt and 
Cornelis, 1999a). YopD may even act as an effector since it is translocated 
in the host cell (Cornelis, 2002a; Francis and Wolf-Watz, 1998; Mahdavi 
et al., 2014). Alternatively, it is also possible that translocated YopD can 
chaperone effector Yops to their final destination inside the host cell. 
Nevertheless, it is also evident that YopD (and YopB) pore formation 
and/or YopD (and YopB) localization into immune cells induces a strong 
inflammatory response from infected immune cells (Adams et al., 2015; 
Auerbuch et al., 2009; Bliska et al., 2013; Kwuan et al., 2013; Solomon et 
al., 2015; Viboud and Bliska, 2001; Viboud et al., 2003; Zwack et al., 
2015).  

Aside from functions at the bacteria-host cell interface, YopD 
also contributes essential Yop synthesis control functions inside the 
bacterial cytosol. It is needed to increase virulence plasmid copy number 
to establish virulence in animals (Wang et al., 2016). This new finding 
may well be related in some way to the long established observation that 
YopD is involved in repression of the low calcium response (Bergman et 
al., 1991; Francis et al., 2001b; Francis and Wolf-Watz, 1998; 
Rimpilainen et al., 1992; Williams and Straley, 1998), and which appears 
to work through the RNA binding capacity of YopD (Cambronne and 
Schneewind, 2002) (Kopaskie et al., 2013) (Chen and Anderson, 2011). 
The fact that YopD has several diverse functions, has made it a difficult 
protein to study, because genetic manipulations of yopD can have 

Figure 11: Schematic representation of YopD protein. YopD requires a secretion 
signal in the N-terminus of minimum 5 residues. It also has a central transmembrane 
protein, two putative coiled coil domains, one -helical domain in the C-terminus and 
two chaperon binding domains.
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pleiotropic effects on Yersinia physiology that cloud interpretation and 
analysis of phenotypes. 

The yopD gene is situated at the end of the functionally 
important lcrGVH-yopBD operon. It encodes for the YopD protein that is 
made up of 306 amino acids, schematically presented in Figure 11, and 
with molecular mass of ~36kDa. The minimal secretion signal for YopD 
lies in the N-terminus and requires at least the first five residues (Amer 
et al., 2011). It has two -helical rich regions that might be putative 
coiled-coil domains. The first coiled-coil domain lies in the N-terminus 
(residues 31-44), while the second is found in the C-terminus (residues 
251-274). Coiled-coil domains are implicated in a number of 
physiological and biological activities (Costa et al., 2012; Costa et al., 
2013; Olsson et al., 2004; Pallen et al., 1997; Solomon et al., 2015). A 
study of the involvement of these coiled-coils in YopD function is a focus 
of this thesis, and will therefore be discussed in paper II and III). In-
between these two putative coiled-coil domains is a central 
transmembrane domain (Olsson et al., 2004), which has been implicated 
in its integration in the plasma membrane of the eukaryotic cell, and 
from which a translocation pore can be formed (so long as YopB is also 
present). To the right of the second coiled-coil domain is also a -helical 
amphipathic domain encompassing the residues 278-292, and that has 
significant structural and functional importance (Cornelis, 2002a; Costa 
et al., 2010; Francis et al., 2000; Francis et al., 2001b; Francis and Wolf-
Watz, 1998; Mahdavi et al., 2014; Olsson et al., 2004). Finally, there 
exists two binding domains for the T3SS chaperone LcrH (also termed 
SycD in Y. enterocolitica). The first LcrH binding domain lies in the N-
terminus and stretches from the end of the first coiled-coil to the end of 
the transmembrane protein (residues 53-149), and the second is in the C-
terminus in the area of the -helical domain that is found between 
residues 278-292 (Francis et al., 2000; Francis et al., 2001b).  

LcrH is a dual chaperone for both YopB and YopD. This 
interaction is needed for the pre-secretory stabilisation of both YopB and 
YopD (Francis et al., 2000; Neyt and Cornelis, 1999b), presumably to 
prevent premature interactions between YopB and YopD in the bacterial 
cytosol prior to their secretion. Moreover, the LcrH-YopD binding is also 
needed for the negative regulation of Yops synthesis (Costa et al., 2010; 
Francis et al., 2001a). This regulation takes place at the post 
transcriptional level (Chen and Anderson, 2011), and in some way also 
involves another secreted negative regulatory element, LcrQ (which has 
undergone gene duplication in Y. enterocolitica and go by the names of 
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YscM1 and YscM2) (Cambronne and Schneewind, 2002; Pettersson et 
al., 1996; Stainier et al., 1997). The mechanism of this regulation is not 
fully understood, but it is suggested that the molecular target is yop 
mRNA, where a YopD/LcrH complex, together with LcrQ, binds to 
mRNA UTR sequence preventing the translation of Yops (Figure 12). The 
mechanism is coupled to a functional T3SS and calcium depletion/target 
cell contact, and indicates that the secreted components – LcrQ and 
YopD – function as anti-activators. It is believed that upon cell contact or 
calcium depletion two events occur; 1) the regulatory complex is released 
from target mRNA, and 2) the Ysc-Yop T3SS opens to allow release of the 
anti-activators LcrQ and YopD (Costa et al., 2010; Francis et al., 2001a). 
This allows Yop synthesis to commence. Support for this comes from a 
number of studies. YopD has been shown to target conserved AU rich 
sequences within the 5’prime UTR region of mRNA for yopQ and yopE 

Figure 12:  
Two models were proposed for YopD post-transcriptional regulation of Yops. The first 
model suggests that YopD-LcrH both bind to short AU-rich sequences located within 5’-
untranslated region (UTR) of various yops mRNA suppressing the translation process. 
It was also proposed that YopD, YscM1/YscM2 (Y. enterocolitica) and LcrH bind the 
30S ribosomal unit preventing to from binding to 5oS ribosomal unit blocking complete 
ribosomal assembly. Once the translocon is complete, the blocks are removed and the 
coding sequence becomes accessible for the ribosome resulting in the translation of the 
mRNA to protein. 
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(Cambronne and Schneewind, 2002). A subsequent study of YopQ 
translocation suggested that YopD also binds rRNA within the 30S 
ribosomal unit, and preventing assembly with the 50S ribosomal unit to 
restrict translation of mRNA (Kopaskie et al., 2013). The two models are 
not mutually exclusive and can exist side by side. Once secretion 
permissive environmental signal is received, LcrQ is released from YopD 
and LcrH and chaperoned to the needle to be secreted. This release 
allows the translation of Yops and their subsequent secretion followed by 
translocation into the host cell (Anderson et al., 2002; Anderson and 
Schneewind, 1997, 1999; Chen and Anderson, 2011; Kopaskie et al., 
2013).  

Previous work studying the amphipathic -helical domain found 
in the C-terminus of YopD (residues 278-292) illustrates the difficulties 
with studying this multifunctional protein. As already described, this 
domain is essential for interaction with the T3SS chaperone LcrH 
(Francis et al., 2000), and thereby for negative regulation of Yop 
synthesis (Costa et al., 2013; Francis et al., 2001b; Francis and Wolf-
Watz, 1998; Olsson et al., 2004). As a result, deletion of this domain 
results in a phenotype resembling the full length null mutant yopD.
First of all, this phenotype manifests itself as temperature sensitive for 
growth, whereby the mutant ceases to grow after a few generations at 
37oC (Costa et al., 2013; Francis et al., 2001b; Francis and Wolf-Watz, 
1998; Olsson et al., 2004). However, further analysis of this amphipathic 
domain indicated that it was also needed for YopD to interact with itself 
to form higher order oligomers, and also to interact with the needle 
capping protein, LcrV (Costa et al., 2010). Loss of this protein-protein 
interaction ability is probably why mutants in the region are incapable of 
forming a functional translocon (as primarily shown by an erythrocyte 
haemolysis assay – the methodology of which is shown in this 
publication  (Costa et al., 2019), and subsequently the loss of its ability to 
translocate effector Yops into HeLa cells (Costa et al., 2013; Costa et al., 
2010; Francis and Wolf-Watz, 1998; Olsson et al., 2004). Yet, it becomes 
extremely difficult to further dissect these interesting phenotypes 
associated with bacteria-eukaryotic cell interactions in any meaningful 
way when they cannot be studied in isolation from the temperature 
sensitive growth restrictive phenotype. Hence, what is surely needed to 
progress work with YopD are functionally relevant mutants that still 
maintain regulatory control of Yop synthesis i.e.: mutants defective in 
bacteria-eukaryotic cell interactions that do not display the growth 
restriction phenotype. This thesis delivers on this need. 
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YopD is conserved among the three pathogenic Yersinia spp. 
YopD of Y. pseudotuberculosis shares 99.7% identity with Y. pestis and 
more than 97% identity with Y. enterocolitica (Costa et al., 2012). When 
compared with other pathogenic Gram negative bacteria YopD shows 
amino acid identity of 41.3% with PopD of P. aeruginosa (Costa et al., 
2012). Interestingly, this extent of sequence homology was not enough 
for PopD and its cognate chaperone PcrH to restore the cytotoxicity in a 
Y. pseudotuberculosis yopD deletion mutant using a HeLa cell 
monolayer infection model (Broms et al., 2003a). The YopD sequence 
identity with functional homologues in other bacteria, such as the 
Shigella and Salmonella translocon proteins; IpaC and SipC, 
respectively, is in the vicinity of 20% at the amino acid level. 
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2 Objective of this thesis: 

The biogenesis and function of the translocon is tightly regulated to 
ensure delivery of effector proteins to the cytosol of the host cell in the 
right order and the right time. 

The main focus of this thesis is to answer the following questions 
related to the regulation of T3SS: 
Unlike Y. enterocolitica, Y. pestis produces a singular YopN/TyeA hybrid 
protein. We wanted to answer the following questions: 
1- Does Y. pseudotuberculosis produce YopN/TyeA hybrid protein since 
it is closely related to Y. pestis? 
 
2- If the answer is yes; what is the regulatory role of this hybrid protein 
in the regulation of effector Yops in vitro and in vivo? 
 
3- Shed light on the biogenesis, function and regulation of T3SS 
translocon pore studying two -helical domains that have the propensity 
to form coiled coils.  
 
4- Study the biological and physiological relevance of the integrity of the 
translocation pore on early and late infection events.   
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3 Results and discussion 

Pathogenic Yersinia spp. have evolved from free living bacteria to be 
a mammalian pathogen by acquiring a T3SS that is shared among many 
pathogenic Gram-negative bacteria. Virulent Yersinia spp. Have T3SS 
encoded on a common virulence plasmid (pYV). This plasmid encodes a 
Ysc/Yop T3SS that delivers toxic effectors (Yops) to the host cell through 
a micro-injection needle anchored to the bacterial cell wall (injectisome). 
The basal body of the injectisome is conserved among the three Yersinia 
pathogens (Y. enterocolitica, Y. pseudotuberculosis and Y. pestis) and 
shares high homology with other Gram negative bacteria. This intricate 
system is built on demand in a temporal order. The virulence machine 
starts building the hardware of T3SS upon receiving environmental 
signals of temperature up-shift, from environmental temperature of less 
than 30oC to the mammalian host temperature of 37oC.  Once the YscF 
needle is formed, it is capped with LcrV and the basal body switches off 
secretion of needle forming substrates with the help of a cytosolic 
YopN/TyeA, YscB and SycN complex. Bacterial contact with the plasma 
membrane of the host cell somehow causes conformational changes in 
the injectesome giving a signal to dissociate the YopN/TyeA, YscB and 
SycN complex from the basal body allowing YopB and YopD to be 
secreted to the needle tip where they form the translocon. Both YopB and 
YopD use LcrV as a platform to form a translocation competent 
translocon. The tip of the needle interacts with the plasma membrane of 
the host cell allowing YopB and YopD to integrate into the eukaryotic cell 
plasma membrane. It is believed that pore formation is one feature of the 
translocon that helps effector Yops to be translocated into the host cell.  

One specific goal of this thesis was to investigate if YopN/TyeA 
functions as a regulator of the biogenesis and the function of T3SS 
translocon and the translocation process (paper I). It was shown here 
that Y. pseudotuberculosis produces a single YopN/TyeA hybrid protein. 
It is thought that this hybrid protein is a result of a programmed 
frameshift event. Paper I provides characterization of this hybrid protein 
and an attempt to understand its biological and physiological relevance 
both in vitro and in vivo.  

The other specific goal focused on YopD function in the biogenesis, 
regulation and function of the T3SS translocon pore (papers II and III). A 
particular focus was to investigate two -helical domains present in 
YopD, and which are predicted to form coiled-coil domains. Based on in 
silico predictions, point mutations were introduced into these domains 
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that are expected to disrupt both domains in a gradient that varies from 
full disruption to 40% probability that this domain will be able to form a 
coiled-coil.  Paper II shows the introduction of point mutations coupled 
with in vitro and in vivo characterization of these mutants. Paper III is a 
continuation of the study, looking at the biological and physiological 
relevance of the integrity of the translocation pore on early and late 
infection events. The study also shows that discrete domains of YopD 
affect cytokine production by infected RAW 264.7 cells both in the 
presence and absence of effector proteins. 

 
 
3.1 Considering YopN/TyeA function in the context of the 

HrpJ gate keeping family of proteins 

As discussed earlier in section 2.6.2.1 ; there are two classes of 
HrpJ homologs among the T3SSs produced by pathogenic Gram-
negative bacteria. The first class produces a single protein and is called 
the HrpJ/InvE-like protein family. Examples of pathogenic Gram-
negative bacteria producing a singular protein of this nature are 
Pseudomonas syringae (HrpJ protein), Salmonella (InvE), Shigella 
(MxiC) and E. coli (SepL). The second class produces the equivalent of 
InvE but as two separate polypeptides that interact with each other. 
Examples of pathogenic Gram-negative bacteria producing a two 
individual proteins are Yersinia (YopN and TyeA) and Pseudomonas
aeruginosa (PopN and Pcr1). In Y. pseudotuberculosis, YopN47-293 shares 
21.46% amino acid identity with HrpJ46-297 produced by the plant 
pathogen Erwinia amylovora, whereas TyeA7-84 shares 12.99% amino 
acid identity with HrpJ298-374 (paper I, Figure 1).  

One aspect of InvE family function is the ability to recognise 
middle substrates and/or late substrates to prioritize the secretion of 
pore forming (middle) proteins before effector (late) proteins. It seems 
logical that this would happen given that pore formation is a prerequisite 
for effector translocation into target eukaryotic cells. In S. typhimurium, 
InvE is reported to recognise middle substrates, directly interacting with 
the pore forming translocator proteins, SipB and SipC and their 
chaperone. As InvE also associates with the sorting platform, the 
interaction with pore forming proteins as well as with the sorting 
platform results in the prioritised secretion of the translocator proteins 
before the effector proteins (Kubori and Galan, 2002; Lara-Tejero et al., 
2011). In Shigella, the completion of the inner and outer rod assembly 
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signals the prioritised secretion of translocator proteins IpaD and IpaC. 
Following this, MxiC specifically engages with the basal body ATPase at 
the cytoplasmic face of the inner membrane, and this acts as a plug 
blocking the subsequent secretion of late effector substrates (Botteaux et 
al., 2009). In E. coli; SepL interacts with EscP, and this complex can play 
a role in establishing effector translocation after secretion of translocator 
proteins. In particular, Shaulov et al. proposed a model in which Calcium 
cations from the surrounding environment can be delivered to the basal 
body of the needle. Calcium acts as a stabilizer for the SepL, EscP and 
CesT complex (or CesL as per the alternate model proposed by (Gaytan et 
al., 2018). Upon the drop in Calcium concentration in the surrounding 
medium or following the engagement of the bacterial transclocon with 
the host cell plasma membrane, a signal is sent through the filament 
causing the release of this complex from the basal body allowing the 
secretion of late substrates (Gaytan et al., 2018; Shaulov et al., 2017). 

With this short summary, it is obvious that the HrpJ/InvE family 
of proteins possess different molecular mechanisms of action, but the 
consequence on orchestrating and prioritising translocator secretion 
before effector secretion is a consistent theme. 

 
3.2 YopN and TyeA singular hybrid protein 
 

In pathogenic Yersinia, the situation is different again because 
genetic homologues to the HrpJ/InvE family are produced as two 
polypeptides, YopN and TyeA.  Interestingly, YopN interacts with TyeA 
through the TyeA binding domain found in the C-terminus of YopN 
(paper I, Figure 1) (Ferracci et al., 2004; Ferracci et al., 2005; Iriarte et 
al., 1998). In agreement with other findings (Ferracci et al., 2004; 
Ferracci et al., 2005; Iriarte et al., 1998), we show that this interaction is 
needed for the stability of YopN (paper I, Figure 4A).  

Additionally however, the two interacting proteins were also found 
to be produced as a singular hybrid protein polypeptide in Y. pestis with 
molecular mass of 42kDa (Ferracci et al., 2004). On the other hand, Y.
enterocolitica did not exhibit production of this some singular protein. 
The authors of this work reasoned that a frameshift event in Y.
enterocolitica would result in a stop codon in the C-terminus of yopN 
and upstream of the start codon of tyeA, which would prevent hybrid 
formation (paper I, Figure2). Since the nucleotide sequence of yopN and 
tyeA open reading frames are identical in both Y. pseudotuberculosis and 
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Y. pestis (paper I, Figure 2), it raised the possibility of a YopN/TyeA 
hybrid protein also being produced by Y. pseudotuberculosis.   

Indeed, a 42kDa sized singular hybrid polypeptide is synthesized 
and secreted by Y. pseudotuberculosis, in addition to 32 kDa YopN and 
10kDa TyeA. Synthesis and secretion of YopN and the hybrid protein is 
regulated by Ca+2, which is typical of all components of the Ysc-Yop T3SS 
(paper I, Figure 3A and Figure 5A). The regulation of YopD and YopE is 
lost upon deletion of either yopN or tyeA (paper I Figure 5B) or the dual 
deletion of both genes (paper I Figure 3A and 3C). At least under these 
assay conditions, it means that both YopN and TyeA are needed for the 
regulation of synthesis and secretion of YopD and YopE equally, and 
irrespective of whether they are middle or late secretion substrates.  

 

3.2.1 Artificially constructed frameshifted chimeras are 
stable and functional  

The presence of a suggested ribosomal pausing site sequence, 
UUU-UGG, in residues 278-279 led Ferracci et al. to suggest that the 
singular protein is a result of translational mRNA +1 frameshift in the 3’ 
end of YopN (Ferracci et al., 2004). The idea of a frameshift event was 
appealing, given that frameshifting is employed by viruses, prokaryotes 
and eukaryotes as a gene recoding mechanism. Frameshifting takes place 
in the vicinity of a ribosomal pausing site. A paused ribosome allows 
tRNA to slip one or two nucleotides. A new translational reading frame 
occurs as a result of the missense error, which often renders the newly 
translated protein non-functional. Since this event occurs rarely, of 
interest is another mechanism of gene recoding that is programmable. A 
programmed ribosomal frameshift event allows for the same tRNA to 
translate more than one protein encoded on the same mRNA (Dinman, 
2019).  

Pursuing this line of thinking, mutations in the two codons 
suggested to be ribosomal pausing sites at residues 278 and 287 at the C-
terminus of YopN were constructed in Y. pseudotuberculosis. To ensure 
that only singular protein is transcribed, suggested tyeA Shine-Dalgarno 
(SD) sequence was scrambled to end up with four mutations; 
YopN278(F+1)TyeA, YopN278(F+1), SDTyeA, YopN 287(F+1)TyeA and YopN287(F+1), 

SDTyeA (paper I, Figure 2). The four mutants were introduced both in cis 
and in trans.  

Engineered mutants produced only one hybrid protein (42kDa) 
that was stable and abundantly produced when placed both in cis and in



55

trans (paper I, Figure 4. A, B and C). YopN/TyeA hybrid protein 
synthesis and secretion were regulated normally in response to Calcium 
depletion (paper I, Figure 5 A). The middle and late substrates YopD and 
YopE respectively, were also similarly regulated by the singular hybrid 
protein producing bacteria. It was interesting to notice that synthesized 
and secreted YopD and YopE were expressed in the same levels like the 
parental strain despite the more abundant expression of these 
engineered hybrid proteins compared to the naturally produced hybrid 
by the parental strain. This indicates that the synthesis and secretion of 
YopD and YopE are tightly regulated (paper I, Figure 5B).  

Unlike yopN and tyeA mutants, the engineered strains 
producing a YopN/TyeA protein hybrid maintained polarized 
translocation of YopD and YopE into HeLa cells, although perhaps not to 
the extent of the parental strain in the case of mutant bacteria producing 
YopN278(F+1)TyeA, YopN278(F+1), SDTyeA (paper I, Figure 6). This defect 
might be caused by the alterations in the sequence of the C-terminus of 
YopN. However, the reduced polarized Yop effector translocation 
efficiency of these two mutants did not affect their ability to resist 
phagocytosis by J774A.1 macrophage like cells, which was similar for all 
strains including parental bacteria (paper I, Figure 7). Despite this 
however, all engineered mutants showed attenuation compared to parent 
bacteria in an animal infection model using the oral route of inoculation. 
The competitive indices for mutants retrieved from spleens of infected 
mice showed a significantly lower ability to colonize the spleen of 
infected mice (paper I, Figure 8).  

Although these in vivo infection data are consistent with the 
slight deficiency in polarization of translocation, such degrees of 
attenuation in the animal model was unexpected based upon the 
parental-like phenotypes following our thorough in vitro 
experimentation. A summary of the efficiency of various mutants to 
resist phagocytosis in a tissue culture infection model is illustrated. This 
is compared to the illustration in Figure 13 summarizing the competitive 
index data derived from in vivo mouse infection model. This just goes to 
show that it is not recommended to rely solely on in vitro methods to 
characterize mutant bacteria. Experimental work based on an in vitro 
context must be supplemented by biologically relevant in vivo 
experiments. 

The cause of the attenuation is of interest. An initial idea is that it 
might be a consequence of changes in the amino acid sequence of the C-
terminal of YopN. This could naturally lead to a conformational 
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change(s) in the chimera proteins the compromises its function, as 
compared to the natural YopN/TyeA complex formed by two individual 
proteins. Moreover, the secretion of hybrid protein would deplete the 
cytosol of TyeA, which as a singular protein is normally not secreted. 
Forcing the secretion of TyeA is unnatural, and this may somehow 
impact negatively on the control secretion of other Yops. These 
hypotheses should be explored experimentally. 

 

3.2.2 The frameshift dilemma 

It was shown that expression of a naturally produced YopN/TyeA 
hybrid protein was not negatively affected upon mutation of the 
proposed ribosomal pausing site at codon positions 278-279 with 
sequence UUU-UGG. This could mean that the frameshift event needs 
other additional elements in addition to the ribosomal pausing site. We 
speculate that these additional elements could include the proximity to 
SD sequence that might affect the translation of the pausing sequence or 
another epigenetic effect, like tRNA competition (McNulty et al., 2004). 

Figure 13: A) The number of bacteria recovered from a J774-1 macrophage like cells 
were significantly higher from those recovered from yopN, tyeA but were not 
significantly different from those recovered from YopN278(F+1)TyeA, YopN278(F+1) 
SDTyeA, YopN 287(F+1)TyeA and YopN287(F+1), SDTyeA. B) In a competitive index 
infection model animals infected with YopN/TeyA hybrids were unexpectedly lower 
than those recovered from parental like strain. (*) shows significance level at p=0.05 in 
the animal infection model.    
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Alternatively, another different possibility is that the mRNA 
sequence UUU-UGG is not a genuine ribosomal pausing site. In view of 
this, it opens up the possibility of stop codon reassignment as a reason 
for the natural production of the YopN/TyeA chimera. Stop-codon 
reassignment is a mechanism that allows for gene recoding, and can take 
place in both prokaryotes and eukaryotes (Alkalaeva and Mikhailova, 
2017; Wei et al., 2016). Interestingly, it was also suggested that the UGA 
stop sequence – such as that used in the yopN open reading frame, is a 
weak stop codon that has specifically evolved by bacteria to help bacterial 
frameshifting events (Tate et al., 1999). 

Realistically, the only way to confirm any of the above scenarios 
is to achieve amino acid sequence of the naturally produced hybrid 
protein. Attempts were made to purify the naturally occurring hybrid 
with the intention to perform mass spectrophotometry and trypsin 
digestion analysis to obtain the amino acid sequence. However, sufficient 
purification of the hybrid remains a challenge, for us and for others. 
Failure to resolve the sequence of the hybrid protein, leaves several 
remaining questions and hypotheses that at present will rely on genetic 
analysis for more answers. While experiments shown in paper I were able 
to characterise the artificially made single hybrid protein successfully, 
these results need to be interpreted carefully until the nature of the 
naturally formed hybrid protein can be better understood. 

 

3.2.3 Investigating involvement of the YopN/TyeA hybrid in 
the hierarchical secretion of middle and late substrates  

The next question to be answered concerned investigating if the 
YopN/TyeA hybrid would have any role in the recognition of middle and 
late substrates. It was previously suggested that pore forming proteins 
were secreted before cell contact, reflecting a two-step translocation 
model (Akopyan et al., 2011; Edgren et al., 2012). This contrasts with the 
far more widely accepted one-step model of translocation. In this one-
step model, the needle tip and translocon assembly engages the 
eukaryotic cell plasma membrane in one continuous channel allowing the 
bacteria to subsequently inject Yops directly from the bacterial cytoplasm 
into the host cell, without any intermediate (Park et al., 2018).   

If YopN/TyeA was to affect secretion hierarchy, the expectation 
would be that mutant bacteria deficient for YopN and/or TyeA would 
present as an altered YopD and YopB secretion profile, especially in un-
induced conditions represented by the presence of Ca2+. Normally, these 
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proteins are not secreted into the medium in the presence of Ca2+ (paper 
I, Figure 5). However, deletion of YopN and YopN/TyeA de-regulated the 
synthesis and secretion of both middle and late substrates alike, 
represented by YopD and YopH respectively (Paper I, Figure 5B). Thus, if 
YopN/TyeA are involved in substrate specificity switching, then the in 
vitro assay for profiling secretion lacks the sensitivity to visualize 
differences. At the same time, it is interesting that some studies suggest 
that YopN interacts with translocon proteins. It was shown that TyeA 
interacts with YopD and that it plays a role in the translocation of Yops 
(Cheng and Schneewind, 2000). Moreover, a recent study suggested that 
YopE and YopH translocation was reduced upon the deletion of residues 
76-181 of YopN (Bamyaci et al., 2018). Hence, this circumstantial 
evidence makes it plausible to assume that YopN/TyeA interact with 
middle and late substrates. These kinds of interactions might serve as a 
molecular switch that would prioritize the secretion of pore forming 
proteins before the secretion of effectors. According to these findings, it 
is thought that the control of hierarchical secretion in Yersinia spp. is a 
far more complex process than originally thought and might involve one 
or more proteins other than YopN/TyeA. 
Trying a different approach, a preliminary investigation looking into the 
efficiency of the feed-back inhibitory control by YopN/TyeA when 
YopN278(F+1), SDTyeA expression was uncoupled from Ca2+ control was 
undertaken. When expressed under the control of an IPTG inducible 
promoter, it was found that the ‘wild-type’ YopN/TyeA complex 
supressed the synthesis of YopD and YopE rather equally, and more 
efficiently than YopN278(F+1), SDTyeA. This meant that this particular 
hybrid had lower capacity to block the secretion of middle and late 
substrates. In other words, the YopN278(F+1), SDTyeA hybrid is slower than 
the  wild type YopN/TyeA complex in preventing the synthesis and 
secretion of both classes of effectors  (paper I, figure 9A and 9B). It was 
also noticed that YopD is expressed at higher IPTG concentrations when 
compared to YopE. This might indicate that there is more YopD in the 
cell than YopE. This can lead to competition with YopE and causing the 
secretion of YopD before YopE. In support of this hypothesis, generation 
of YopE chimeras in which the native secretion signal was replaced with a 
YopD secretion signal caused more protein expression i.e.: yopD 
regulatory elements have capacity for higher production than do yopE 
regulatory elements. In a macrophage like cell line infection model, the 
number of bacteria recovered from the first mutant was significantly 
higher than those recovered from the second variant (Amer et al., 2011). 
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This might support the idea that YopD might be more ample in the 
bacterial cytosol. Another suggestion could be that YopD has a stronger 
secretion signal than YopE. Both possibilities would lead to an increase 
in the competitiveness of YopD over YopE allowing pore forming YopD 
protein to be secreted before effector protein YopE. To investigate this in 
greater dynamic detail requires approaches that allow quantitative 
analysis of substrate secretion in real-time. 

3.3 Putative coiled-coil domains in YopD 

YopD plays a central role in the T3SS-mediated virulence process 
of human pathogenic Yersinia. The function of YopD  affects many 
attributes of Yersinia virulence, which includes controlling virulence 
plasmid copy number and the post-transcriptional regulation of lcrF, and 
through protein-protein interactions the fate of several other T3SS 
components (for example: YopN, YopB, LcrV and YopE). YopD is also a 
structural protein where it forms the translocon pore. YopB and YopD 
use the needle-tip protein LcrV as platform to build a translocation 
competent translocon. The pore formed by the hydrophobic proteins 
(YopB and YopD) allows the translocation of effectors into the eukaryotic 
cell. Translocated effectors hijack eukaryotic cell processes by interfering 
with various signal system cascades allowing infecting bacteria to 
multiply and establish colonization in the preferred extracellular 
replication niche. 

The current work is based on earlier YopD findings that showed 
the YopD C-terminus to contain a -helical domain that is predicted to 
form a coiled-coil domain. The identification of the coiled-coil was 
carried out using web server; COILS 
(http://www.ch.embnet.org/software/COILS_form.html). This coiled-
coil domain spans between residues 267-275. This prediction was based 
on low stringency parameters (Olsson et al., 2004). Another -helical 
domain was predicted to form a putative coiled-coil domain in the N-
terminus between residues 31-44, albeit with a lower than 70% 
probability that this domain would form a coiled-coil (Costa et al., 2012). 
Using a deletion strategy revealed that both domains contributed to the 
ability of the T3SS to translocate effector proteins into the host cells.  

Coiled-coil domains are rather common among different T3SS 
structural and functional proteins. The coiled-coil domain is made of -
helices that has repeats of hydrophobic residues that forms an 
amphipathic super coil structure (Cohen and Parry, 1990).  Coiled-coil 
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motifs are implicated in different physiological aspects primarily by 
providing an interface for protein-protein interactions. With respect to 
bacteria-host interactions, such interactions can affect the localization of 
proteins in the bacterial and host cytoplasm and promoting bacterial 
entry into the host cell through the intimate adhesion by interacting with 
the host cell membrane as a prerequisite for bacterial invasion (Barocchi 
et al., 2005; Delahay and Frankel, 2002; Gazi et al., 2009). Having this 
in mind it was hypothesised that the YopD coiled coil-domains 
participate in important functions. 

 

3.3.1 YopD point mutants are stable and regulated by low 
calcium concentration 

To characterise and validate putative coiled coil domains in YopD 
function, six point mutations were designed to disrupt both coiled-coil 
domains. The mutants were designed using in silico prediction tools. Two 
point mutations were introduced into yopD to specifically disrupt the N-
terminus and gave rise to YopDI32K and YopDI32P. The first mutation 
reduces the probability of producing a coiled-coil from 80% to 60%, 
while the second point mutation is predicted to have a more disruptive 
effect that reduces the probability of forming a coiled-coil to 0% (Costa et 
al., 2012). Four additional point mutations were introduced into were 
introduced into yopD to disrupt the C-terminus, giving rise to YopDI262P, 
YopDA263P, YopDK267P and YopDA270P. These point mutations were 
predicted to form the coiled-coil motif ranging from 0% to 40% (Paper II 
Fig. 1 and S1). An additional deletion mutant from a previous study 
where the whole coiled-coil domain was deleted, YopD 256-275, was also 
used. This mutant had a 0% prediction of forming a coiled-coil motif 
(Olsson et al., 2004). The point mutations introduced in cis in the N-
terminus were previously characterized both in vitro and in vivo using a 
mouse infection model (Costa et al., 2012).  

The scope of work in paper II includes a battery of assays that were 
carried out to characterize four point mutations in the C-terminus 
(YopDI262P, YopDA263P, YopDK267P and YopDA270P) both in vitro and in 
vivo, and extended the work conducted on the mutants YopDI32K, 
YopDI32P using more robust  experimental procedures (Costa et al., 
2012). 

In paper III we used the following mutants; YopDI32K, YopDA262P, 
and YopDA270P, for further in vitro characterization and to examine the 
immune response resulting from RAW 264.7 cells infection by measuring 
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cytokines levels and some other supporting assays to understand the role 
of YopD in early and late infection events.  

From these studies, the mutants could be classified into three 
phenotypically defined subsets. The first subset included YopDI32K and 
YopDI32P that both showed in vitro cytotoxicity in a HeLa cell monolayer 
infection model, but slight attenuation in an animal infection model. The 
pore size of these mutants calculated by a sheep erythrocyte haemolysis 
assay was not greatly affected. Hence, although fully functional in vitro, 
the data indicated that the N-terminus of YopD is needed for full 
virulence (Costa et al., 2012). The second subset of mutants included 
YopDA263P and YopDA270P. This classification was based upon them being 
cytotoxic to HeLa cells, but in animal infection studies the infected 
subjects showed full disease symptoms but all still managed to survive 
the infection (paper II, Fig. 9). The pore size for these mutants were 
smaller than pores produced by the parental strain (paper II, Fig. 6B).  

The last subset of mutants were represented by YopDI262P and 
YopDK267P. These mutant bacteria were attenuated in both Hela cell and 
mouse infection models (paper II, Fig. 9). The pore size of these mutants 
was clearly defective compared to parental bacteria as measured by sheep 
erythrocyte haemolysis, and this was the case even when the infection 

Figure 14: A) HeLa cells infection model shows that parental strain and variants with 
point mutations YopDI32K and YopDA270P were cytotoxic while yopB yopD and 
YopDI262P were non cytotoxic. B) Mice were infected with 107 CFU/ml parental and 
YopDI32K variants were terminated, YopDA270P showed symptoms but survived while 

yopB yopD deletion and YopDI262P infected mice survived with no symptoms. 
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was performed in a hypotonic buffer (paper II, Fig 6.A). The main 
conclusion here is that the C-terminus of YopD is needed for its 
integration into eukaryotic cell plasma membranes. In Figure 14A, a 
summary of cytotoxic effect of different mutants in HeLa cells infection 
model. In Figure 14B, an animal infection model was used to assess how 
mice responds to different mutants. 

Point mutations did not affect the stability and the folding of YopD 
(Paper II, Fig. 2). Moreover these mutants were secreted normally under 
secretion inducing conditions. This meant that all point mutations grew 
normally at 37oC without exhibiting any obvious heat sensitivity – an 
obvious requirement when a goal was to perform animal infection 
experiments. To put this in perspective, all yopD mutations in previous 
studies lead to a heat sensitivity phenotype and were always deregulated 
for Yops synthesis and secretion. It followed that the regulation of 
effector Yops synthesis and secretion was maintained in these new point 
mutants, which was a significant observation (paper II, Fig. 3, S3). Once 
again, to my knowledge this is the first report of YopD mutants that are 
not heat sensitive and can regulate the secretion of other Yops normally 
in response to calcium depletion. Hence, these mutants would provide a 
very powerful tool to study different functional aspects of YopD.  

In vitro characterization of these mutants showed that they could 
produce pores that are integrated in the plasma membrane of 
erythrocytes and epithelial cells. The pores produced by YopDI262P and 
YopDK267P mutants were defective as they produced smaller sized pores 
and showed less YopD associated with the plasma membrane when 
compared to YopDA263P and YopDA270P mutants (paper II, Fig. 6, 7). 

One point mutation was chosen from each subset for further 
characterization in the context of the host response to infection. The 
chosen mutants were YopDI32K, YopDI262P and YopDA270P. 

 

3.3.2 Point mutations alter early and late infection events 

A smaller defective pore affected the ability of the stated mutants 
to translocate the Yop effectors; YopE and YopH (paper II, Fig 5). To 
confirm that YopH translocation is impaired in mutants that produce 
sub-optimal pores, a cell rounding/cytotoxicity assay based on the HeLa 
cell infection model was used. While the parental strain, and the mutants 
producing YopDI262P and YopDI270P were able to intoxicate HeLa cells 
causing cytotoxicity, the other two mutants showed a clear attenuated 
effect (Paper II, Fig S5). A visual presentation of the results obtained 
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from HeLa cells infection model are represented in Figure 14 A. YopH is 
a potent toxin and a multi-functional protein that has multiple targets in 
the host cell. YopH interferes with both innate and adaptive immunity 
pathways. It is one of the first effectors to be translocated into the host 
cell (Mahdavi et al., 2014). Due to its enzymatic activity as a protein-
tyrosine phosphatase, YopH targets focal adhesion kinase (Persson et al., 
1997). The early translocation of YopH results in hijacking the phagocytic 
abilities of the cell by targeting the cytoskeletal system through the de-
phosphorylation of focal adhesion kinase (FAK) (paper III, Fig 5.A). 
YopH also affects the adaptive immunity pathway through the 
interference with the activation signals of T- and B-cells (Navarro et al., 
2005).  

Bacterial mutants with impaired effector translocation of Yops 
lead to their clearance in a macrophage-like cell infection model based on 
either J774A.1 or RAW 264.7 cell lines. An early event represented by 
internalization and a late event represented by clearance of bacteria was 
monitored over  a six hour infection period, and this showed that sub-
optimal pore formation increases the ability of macrophage-like cells to 
internalize and clear bacteria (paper II, Fig. 4- paper III, Fig. 5B). Hence, 
it was concluded that discrete domains of YopD are essential for 
establishing infection in both early and late time points. 

Bacterial intoxication lead eventually to a late event characterised 
by eventual cell death. Pores produced by a complex of the YopB and 
YopD pore forming proteins compromised the integrity of the 
mammalian cell plasma membrane. The compromised plasma 
membrane can cause cell death. Using a trypan blue exclusion assay, it 
was shown that a defective pore produced minimal damage to the 
eukaryotic cell plasma membrane over a period of 7 hours (paper III, Fig. 
2A). Another consequence of plasma membrane damage was the release 
of LDH into the surrounding medium, and this data corroborated the 
results of trypan blue exclusion. It was evident that the size of 
translocation pore is a determining factor in the cell death process (paper 
III, Fig. 2B). This confirms that Yersinia preferred replication niche is 
extracellular and that YopD is a central molecule that helps Yersinia 
achieve this niche. The cell death is Caspase dependent as z-vad, a 
general Caspase inhibitor, could salvage host cells infected with parental 
and toxic mutant strains (paper III, Fig. 2C).  
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3.3.3 Aspects of cell death as a terminal event 

Cell death is not a trivial event. In over-simplified terms; cell death 
can take one of two pathways. The first pathway is called apoptosis which 
is a programmed cell death. In this case the cell decides to sacrifice itself 
for the benefit of the surrounding cells and tissues. The other pathway is 
called necrosis, and this happens when a group of cells are exposed to an 
external factor that forces cells to die. These two pathways can occur 
simultaneously, sequentially or independently (Elmore, 2007).  

There are two forms of programmed cell death. The first form is a 
non-inflammatory form while the second is an inflammatory form. While 
the term apoptosis can be used in both cases, pyroptosis can be used 
specifically for inflammatory programmed cell death (Bergsbaken et al., 
2009). In order not to get caught in technicalities of terminology, both 
processes will be referred to here as apoptosis.  

The driving force behind inflammatory programmed cell death is, 
Caspase-1, a cysteine protease (Bergsbaken et al., 2009). One of the 
implications of Caspase-1 production is the cleavage of the pro-form of 
inflammatory cytokines IL-1  and IL-18 that are secreted into the 
surrounding medium or tissues, which establishes an inflammatory 
response (Lilo et al., 2008; Zheng et al., 2012).   

It is established that Yersinia suppresses inflammasome formation 
which in turn supresses IL-1 . However, in the experimental set-up 
involving Yersinia infection of RAW 264.7 cells, elevated levels of IL-1 . 
RAW 264.7 cells lack ASC adaptor that is needed for Caspase-1 activation 
and the inflammasome assembly. However, it has also been suggested 
that Caspase-1 activation can occur independently of ASC during 
infection by Yersinia (Brodsky et al., 2010). Another Caspase that is 
involved in the cell death is Caspase-8, which forms a Caspase-8 
inflammasome and is also ASC dependent (Gurung and Kanneganti, 
2015). One explanation for high IL-1  levels is that it might be secreted 
through a different pathway. This hypothesis is backed up by the 
suggestion that IL-1  can be activated independently of Caspases or 
indirectly through Caspase-8 (Gurung and Kanneganti, 2015). At this 
stage it would be very useful to probe for Caspase-3 and Caspase-8 to 
explore Caspase dependent cell death pathway. It is also worthwhile 
looking into the alternative IL-1  activation pathways other than through 
inflammasome activation as Caspase-1 and Caspase-8 can be activated 
through alternative pathways that are ASC independent (Bossaller et al., 
2012; Broz et al., 2010). IL-1  results should be validated using a cell line 
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that produces ASC to confirm the Caspase-1 and Caspase-8 role in cell 
death. Non canonical activation of Caspase-1 and Caspase-8 must also be 
further explored. 

Activation of the MAPK signalling pathway determines the fate of 
the cell by signalling either cell survival or cell death pathways. It was 
shown that the translocated effector YopJ is needed to suppress the 
MAPK pathway (Orth, 2002). This action lead to the suppression of the 
pro-inflammatory response. The MAPK pathway can be activated by 
TLR4 in response to LPS mediated by MYD88. To dampen the effect of 
such activation, translocated YopJ interferes with signalling molecules 
that activate MAPK pathway. Here it is shown that YopJ is needed to 
suppress the phosphorylation of P38, a MAPK signalling molecule 
(Brodsky and Medzhitov, 2008), (paper III, Fig. 3.A). It is also shown 
that the absence of pore formation and/or the formation of a sub-optimal 
pores, reduces the bacterial ability to block this phosphorylation (paper 
III, Fig. 3.B). The magnitude of this suppression is reflected on the levels 
of downstream products of this pathway, NF B (paper III, Fig. 4) and 
TNF-  (paper III, Fig. S1). This means that a fully functional pore is 
needed in order to suppress the inflammatory response of Yersinia-
infected RAW 264.7 cells. 

 

3.3.4 Cytokine production profiles delineates between 
different mutant subsets   

Among the consequences of the intimate interaction between the 
invading bacteria and the host cell is release of cytokines by the targeted 
host cell. Cytokines are small molecules produced by the cells when 
subject to stress such as occurs during bacterial infection. Cytokine 
production is a tightly regulated process. Cytokines can be either pro-
inflammatory or anti-inflammatory. An example of pro-inflammatory 
cytokines are TNF- , IL-1  and IL-1 . Other cytokines are anti-
inflammatory like IL-6 and IL-10. Note that IL-6 can also function as a 
pro-inflammatory cytokine in some situations. Cytokines are produced 
by naïve cells to activate an innate immune response and by B- and T-
cells to activate an adaptive immune response (Dinarello, 2000; Opal 
and DePalo, 2000).  

As has already been detailed above, YopD can affect both early and 
late infection events (see section 3.3.2). Mutants in YopD contained 
within a parental strain background (i.e.: with capacity to produce the 
entire complement of translocated Yop effectors) were used to test for 
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cytokine profiling at 4 hours post infection. Using Multivariate analysis, 
the parental strain, and mutants producing YopDI32K or YopDA270P 
clustered together and were well separated from the yopB/yopD double 
deletion mutant and the mutant producing YopDI262P (paper III Figure 
1.B). This separation was due to high levels of IL-1  produced by parental 
strain, YopDI32K and YopDA270P, while TNF- , IL-1 , IL-6, IL-10 and GM-
CSF contributed to the separation of yopB/yopD and YopDI262P (paper 
III, Fig. 1.C, S.1). 

When infecting RAW 264.7 cells with an isogenic multiple Yop 
mutant background (MYM) that lacked all known plasmid-encoded 
effector Yops (e.g.: YopH, YopM, YopE, YopK, YopJ and YpkA), the same 
separation pattern was observed (paper III, Fig. 6.B). This separation is 
caused by IL-1 , IL-1 , IL-6, IL-10, RANTES, and GMC-SF (paper III, 
Fig. 6.C). Cytokine secretion profiles among mutants in parental strain 
background (e.g.:  producing all other Yops) and those in the MYM 
background (e.g.: only producing the pore forming Yops) were compared. 
This was done in other to identify cytokines produced as a result of pore 
formation per se compared to the response to the process of active 
translocation and the activity of translocated effectors. Results show that 
the parental strain, YopDI32K and YopDA270P still clustered together and 
could be separated from yopB/yopD and YopDI262P (paper III, Fig. 7.A). 
IL-1 , IL-1  and IL-10 caused this separation (paper III, Fig. 7.B, C). It 
was also shown that there is a distinction between yopB, yopD mutant 
and YopDI262P, where IL-1  and IL-10 contribute to this distinction. 
Hence, distinctive cytokine production profiles specifically in response to 
the actual pore alone could be identified for each mutant group 
classification. 
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4 Main findings of this thesis work: 
 

Y. pseudotuberculosis produces a YopN/TyeA hybrid protein that is 
physiologically relevant 
 
 YopN/TyeA hybrid protein plays a role in the regulation of 
translocation proteins and effectors 
 
 Less evident was the role played by this YopN/TyeA hybrid 
protein in orchestrating secretion of translocator and effector 
proteins 
 
 
 
Point mutations in the putative coiled-coil domains provide a useful 
tool to study the biogenesis and function of YopD 
 

The C-terminus of YopD is needed for translocon integration in 
the eukaryotic cell plasma membrane and for complete T3SS-
mediated virulence 

 
Signature cytokine profiles can differentiate between different 

YopD mutants and to distinguish between immune cell 
responsiveness to the pore per se, and to the translocated Yop 
effectors 
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5 Future perspectives 
 

The T3SS is a versatile virulence machine that is used by many 
pathogenic and symbiotic Gram-negative bacteria (Coburn et al., 2007). 
This machine is tightly regulated through a multilayer system of 
molecular switches that will orchestrate assembly of the machinery and 
determine when, where and how the various substrates are secreted. The 
core T3SS hardware is conserved among Gram-negative bacteria, and is 
used to delivers effector proteins into target eukaryotic cells of diverse 
origin (Izore et al., 2011). However, these effectors are not conserved  
among the different bacterial genera (Hueck, 1998) as they serve to 
establish unique replication niches for the various bacteria in the hosting 
organism. Effector translocation is also highly regulated to ensure that 
they are translocated to their molecular targets inside the eukaryotic cell 
in a hierarchical order (Deng et al., 2017; Mahdavi et al., 2014). This 
temporal and spatial delivery profile is necessary to establish the 
different bacterial infection stages; from establishing infection to 
terminal cell death to spreading to a new host.  

A YopN/TyeA complex together with SycN and YscB is proposed 
to form a plug in the basal body that keeps the pool of effectors inside the 
bacterial cytosol until the needle establishes contact with the host 
eukaryotic cell (Burkinshaw and Strynadka, 2014; Schubot et al., 2005). 
The scope of work in this thesis included the characterization of an 
intriguing YopN/TyeA hybrid naturally produced as a singular protein by 
Y. pestis and Y. pseudotuberculosis, but not by Y. enterocolitica. It was 
suggested that this singular hybrid protein is a result of a frameshift 
(Amer et al., 2013; Ferracci et al., 2004). Both prokaryotic and eukaryotic 
cells can use the same DNA stretch to code for more than one protein. 
Protein recoding can take place by programmed frameshift, where the 
ribosome can skip one or two nucleotides at the ribosomal pausing site 
that results in frameshifting. Another way of protein recoding is to 
capitalise on the presence of a weak stop codon that would cause the 
ribosome to skip the stop codon and continue transcribing mRNA 
causing the production of a new extended protein (Dinman, 2019; Tate et 
al., 1999).   

In this thesis, a YopN/TyeA hybrid produced by Y.
pseudotuberculosis was phenotypically characterized. Critically however, 
these accumulated results can only be validated if the amino acid 
sequence of this ectopically expressed hybrid is proven to be the same as 
the naturally produced hybrid. At the present time, sequence 
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determination has not proven to be feasible in at least two research 
laboratories (Amer et al., 2013; Ferracci et al., 2004). Attempts to purify 
enough of the naturally occurring YopN/TyeA hybrid protein must 
continue, so that suitable material can be analysed by trypsin digestion 
and mass spectrophotometry to reveal the amino acid sequence of this 
hybrid protein. Armed with this information, more meaningful genetic-
based methods can then be employed to determine the precise 
frameshifting event. 

The question of YopN/TyeA controlling hierarchical translocation 
order of Yops is still a burning question. More in vitro experiments 
should be carried out to find out and understand YopN/TyeA interaction 
partners. Tagging YopN/TyeA and its interaction partners with 
fluorescent tags can help monitor this interaction in real-time before and 
after translocation. Real-time interaction experiments can also be used to 
understand the nature of the interaction between YopD and YopN/TyeA. 
Nevertheless, analysis of secretion in calcium dependent growth 
conditions may not reveal secretion order on the basis that this all-or-
none phenomenon may not provide enough discretionary power when all 
substrates are synthesized to such high levels. Utilising target cell contact 
instead of calcium depletion is a more authentic inducing signal, and this 
should be considered when designing experiments that will have the 
resolving power to discriminate order and rate of secretion of the early, 
middle and late substrate classes during real-time analyses. 

YopD is another regulator of T3SS. YopD is a structural protein 
that is integrated into the host eukaryotic cell plasma membrane and 
functions as a translocator of effectors across the plasma membrane of 
the host cell (Costa et al., 2012; Neyt and Cornelis, 1999a). This thesis 
has identified discrete domains in YopD that are needed for full T3SS 
activity and subsequent virulence of Y. pseudotuberculosis in both in 
vitro tissue culture cell monolayer infection models and in vivo animal 
infection models. Resolving the pore by purifying pore forming proteins 
from artificial and biological membranes is necessary to shed light on the 
dynamics of pore biogenesis and function. Applying current super-
resolution fluorescent and electron microscopy techniques like Cryogenic 
electron microscopy (cryo-EM) to resolve assembled pores resulting from 
the YopD mutants established herein will provide a valuable genetic basis 
to pry apart the biogenesis and the integration of YopD into the plasma 
membrane. 

The nature of the interaction between pore forming proteins and 
host eukaryotic cell plasma membrane remains elusive. The host cell 
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plasma membrane is a dynamic structure. It was recently shown that the 
translocon pushes through the plasma membrane causing a rather 
dramatic reshaping of the latter (Park et al., 2018). For this to occur, it is 
hypothesised that crosstalk must take place between the bacterial pore 
forming proteins and components within the host cell plasma membrane. 
Setting out to investigate this hypothesis, the laboratory is pursuing a 
large scale commercial yeast two-hybrid screen with either YopB or YopD 
as bait with the thought to identify molecular targets of eukaryotic cell 
origin that might play a role in plasma membrane remodelling. It may 
even be so that host proteins are identified that play a role in plasma 
membrane repair, which is probably needed as a result of perturbation 
caused by the pore insertion. Clearly, more research is required to shed 
light on the process of translocon pore assembly.  

A fully functional pore is needed for the translocation of early and 
late functioning effectors (Costa et al., 2012). It is known that YopD is 
translocated into the host cell, suggesting that it might have a role to play 
inside the target cell. In vitro work suggests such a role, considering 
observations that YopD interacts with YopK, YopE and YopH (Dewoody 
et al., 2013a; Hartland and Robins-Browne, 1998; Thorslund et al., 2011). 
However the biological relevance of such an interaction must be explored 
using some of the tools that have been mentioned earlier like fluorescent 
tagging and real-time experiments.  

For ethical reasons we opted to start this phase of experimentation 
using cell lines. Cell lines have their own limitations. However with such 
encouraging results we can use primary cells extracted from mice, or 
buffy coat from human blood. While cells from human blood can provide 
information that can be relevant to human infection, yet a donor having 
upregulated immune system due to an infection or being on antibiotic 
treatment might affect the outcome of cytokines’ production.  
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6 Concluding remarks 
 

The focus of this thesis was to shed some light on the regulatory aspects 
involving hierarchical order of middle and late substrate secretion in the 
context of YopN/TyeA and YopD functions. Although some important 
observations were made and genetic tools created, more questions await 
answers in this arena. These are big questions and arguably are the most 
important that remain to be addressed in the T3SS field. Low lying fruit 
has been picked already. Those that remain concern resolving the 
regulatory mechanisms that control the translocation of effector Yops 
into the host cell, the biogenesis of the translocon, the structural and 
functional aspects of YopD within the bacterial cytosol, translocon and 
inside the host cell. With the establishment of genetic tools, this current 
work lays the ground for future work to answer some of the above 
questions and might lead the way to design molecular tools that will 
impede T3SS in the host and hence control or eradicate important 
clinical and veterinary significant bacterial infections.  
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