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Abstract 

Pathogenic Yersinia cause a manifold of diseases in humans ranging from mild 
gastroenteritis (Y. pseudotuberculosis and Y. enterocolitica) to pneumonic and 
bubonic plague (Y. pestis), while all three have a common virulence strategy that 
relies on a well-studied type III secretion system and its effector proteins to colonize 
the host and evade immune responses. However, the role of other protein secretion 
and/or translocation systems in virulence of Yersinia species is not well known. In 
this thesis, we sought to investigate the contribution of twin-arginine translocation 
(Tat) pathway and its secreted substrates to the physiology and virulence of Y. 
pseudotuberculosis. Tat pathway uniquely exports folded proteins including 
virulence factors across the cytoplasmic membranes of bacteria. The proteins 
exported by Tat pathway contain a highly conserved twin-arginine motif in the N-
terminal signal peptide. We found that the loss of Tat pathway causes a drastic 
change of the transcriptome of Y. pseudotuberculosis in stationary phase at 
environmental temperature with differential regulation of genes involved in 
virulence, carbon metabolism and stress responses. Phenotypic analysis revealed 
novel phenotypes of the Tat-deficient strain with defects in iron acquisition, acid 
resistance, copper oxidation and envelope integrity, which we were partly able to 
associate with the related Tat substrates. Moreover, increased glucose consumption 
and accumulation of intracellular fumarate were observed in response to inactivation 
of Tat pathway implicating a generic effect in cellular physiology. We evaluated the 
direct role of 22 in silico predicted Tat substrate mutants in the mouse infection 
model and found only one strain, ΔsufI, exhibited a similar degree of attenuation as 
Tat-deficient strain. Comparative in vivo characterization studies demonstrated a 
minor defect for ΔsufI in colonization of intestinal tissues compared to the Tat-
deficient strain during early infection, whereas both SufI and TatC were required for 
dissemination from mesenteric lymph nodes and further systemic spread during late 
infection. This verifies that SufI has a major role in attenuation seen for the Tat 
deficient strain both during late infection and initial colonization. It is possible that 
other Tat substrates such as those involved in iron acquisition and copper resistance 
also has a role in establishing infection. Further phenotypic analysis indicated that 
SufI function is required for cell division and stress-survival. Transcriptomic analysis 
revealed that the highest number of differentially regulated genes in response to loss 
of Tat and SufI were involved in metabolism and transport. Taken together, this 
thesis presents a thorough analysis of the involvement of Tat pathway in the overall 
physiology and virulence strategies of Y. pseudotuberculosis. Finally, we propose that 
strong effects in virulence render TatC and SufI as potential targets for development 
of novel antimicrobial compounds. 
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1 INTRODUCTION 

1.1 Bacterial Protein Translocation 

The sub-cellular compartmentalization was one the first steps of early life 

that renders protection from environmental obstructions and serves the 

perfect conditions for biochemical reactions in the cell. The simplest 

compartment of the cell is the cytoplasm enclosed by the semi-permeable 

phospholipid structures called membranes. When the complexity of the 

organism increases, the sub-compartments emerge to accomplish specified 

cellular functions. 

Two distinct groups of bacteria are defined as Gram-negative and Gram-

positive due to their ability to retain Gram’s stain by having different 

structures in their cell envelopes. Gram-positive bacteria have three cellular 

compartments; a cytoplasm, a thick layer of peptidoglycan (40-50 % of the 

cell envelope) surrounding cytoplasmic membrane and the extracellular 

space. Gram-negative bacteria have an additional sub-compartment around 

the cytoplasmic membrane called periplasm that contains a thin layer of 

peptidoglycan (10-15 % of the cell envelope) enclaved by outer membrane 

(Figure 1).  

To execute their functions proteins need to be transported to the correct 

destinations either in the cell or to outside of the cell. Thus, they have to 

cross at least one membrane. Approximately 20% of the proteins are 

secreted across the cytoplasmic membrane in Escherichia coli (1). The 

secretion process enabled by coordinated actions of membrane-bound 

protein translocation complexes and chaperons, which uses Adenosine 

triphosphate (ATP) or membrane energy potential without compromising 

the membrane structure.  
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Figure 1. Sub-cellular compartments in Gram-positive and Gram-negative bacteria. 

Those complexes could either localize in the cytoplasmic membrane (Sec or 

twin-arginine translocation pathways) or span both cytoplasmic and outer 

membrane enabling secretion of proteins directly to the extracellular milieu 

(Type I, Type III, Type IV, Type VI secretion systems) (2). Additionally, they 

can cooperate in a two-step process, first secretion to the periplasm and then 

to the extracellular media as in Type II secretion system in Gram-negative 

bacteria (3). 

Bacterial secretory proteins consist of periplasmic lipoproteins, hydrolytic 

enzymes, toxins and surface appendages such as pili and flagella. These 

proteins are instrumental to promote survival and adaptation of bacteria in 

different niches and for bacterial virulence to manipulate, intoxicate target 

host cells and/or disrupt their functions. The majority of the secreted 

proteins use the most conserved and well-characterized Sec pathway, which 

is physiologically essential for bacterial viability (4, 5). A small number of 

secreted proteins use the twin-arginine translocation (Tat) pathway, a 

unique mechanism transporting fully folded proteins across the cytoplasmic 

membrane. Importantly, the Tat pathway is required for virulence of many 

different bacteria that are pathogenic to animals, humans and plants (6). In 

this thesis, I will focus on role of the Tat pathway in virulence of enteric 

pathogen Yersinia pseudotuberculosis. 
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1.1.1 The Sec Secretion Pathway 

Sec pathway is the major route for bacterial protein translocation that is 

found and conserved essentially in Gram-negative and Gram-positive 

bacteria (7), plant chloroplasts (8) and in endoplasmic reticulum in 

eukaryotes (9). The Sec pathway translocates proteins in their primary un-

folded state through threading by a membrane-embedded translocase 

complex consists of a protein-conducting channel (SecYEG) and a motor 

protein (SecA) (10).  

Sec-dependent proteins are sorted by their distinct N-terminal signal (20-30 

residues) peptide, which contain one (or more) positive charge(s) at the N-

terminus and a short hydrophobic core of 8-12 residues. The sorting and 

recognition is mediated either by ribonucleoprotein signal-recognition 

particle (SRP) or the SecB chaperone (11-13). In bacteria, SRP are important 

for targeting inner-membrane proteins or secretory pre-proteins with an 

extremely hydrophobic and long signal peptide whereas SecB mostly guides 

the secretory proteins and prevent their folding before translocation (12, 14).  

The targeting process of the Sec pathway is either achieved co-translationally 

when the nascent polypeptide is just emerged from the ribosome exit tunnel 

and recognized by SRP (15) or post-translationally with mediation of 

tetrameric SecB when the translation has been completed (16). In both 

processes, the substrates are targeted to SecYEG protein conducting channel 

following their recognition by receptors FtsY and/or SecA, respectively (17, 

18). SecA is the ATPase, which provides the chemo-mechanical energy to 

drive the translocation (19).  

The Sec protein-conducting channel is composed of 3 integral membrane 

proteins (SecY, SecE, and SecG), which form a heterotrimeric hourglass-

shaped SecYEG pore in ranging diameters from 5 to 8 Å.  The SecY has 10 

trans membrane α-helical domains, which are divided into two halves 

resembling a clam shell around a central pore that spans the membrane in 

the shape of two funnels (5). A flexible plug in the periplasmic side closes 

funnels by a short α-helix in the resting state maintaining the substrate 
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selectivity of the translocon (20). Displacement of the plug domain results in 

the ‘open’ state of the translocon, enabling translocation of pre-proteins with 

the help of SecA and the peristalsis of the SecYEG pore (21) (Figure 2).  

 

 
Figure 2.  The mechanism of export through Sec pathway. Secretory pre-

proteins (thick red line) containing N-terminal Sec signal peptides (yellow rectangle) 

are targeted to the translocase either by the ribosome-bound SRP (pink) immediately 

after they emerge from the ribosome exit tunnel (this is co-translational 

translocation) or by the tetrameric SecB chaperone (brown) after completion of 
translation. Pre-protein was then targeted to SecYEG (green) or SecYEG complexes 

with SecA. FtsY (yellow) and SecA (blue) serve as receptors for SRP and SecB, 

respectively. Pre-proteins are translocated through SecYEG and they fold in the 

periplasm or integrate into the lipid bilayer after signal peptide cleavage by the signal 

peptidase (SPase I; light blue). Energy is provided by ATP binding and hydrolysis by 

the SecA ATPase and the proton-motive force (ΔµH+) (Adapted  from (22)). 

Recent studies, revealed the presence of two SecA homologs, SecA1 and 

SecA2, in many Gram-positive bacteria including Listeria monocytogenes, 

Bacillus subtilis, Clostridium difficile, Mycobacterium tuberculosis, and 

-

+



 

5 

Corynbacteria glutamicum (23). While SecA1 (part of the house-keeping Sec 

system) is essential, SecA2 is not required for growth and mediates secretion 

of a small subset of proteins involved in stress responses and/or cell wall 

modifications, repair, metabolism and virulence. ATP binding activity of 

SecA2 was shown to promote survival of M. tuberculosis in macrophages 

(24). Some Streptococci and Staphylococci strains contains another Sec 

secretion system called aSec or SecA2-SecY2, which transports large, highly 

glycosylated cell-wall anchor proteins that function as adhesins thereby 

contributing to virulence in these bacteria (25, 26).  

1.1.2 The Twin-arginine Translocation (Tat) Pathway 

The twin arginine translocation pathway was first discovered in the early 

1990s in plant chloroplasts (later designated as cpTat) when it was shown 

that a subset of lumenal proteins were translocated through thylakoid 

membranes without ATP requirement and instead relied on proton motive 

force (PMF) (27-29). Later it was shown that those proteins were fully-folded 

(30, 31) and characterized by an N-terminal signal peptide that contains a 

distinctive twin-arginine motif (RR) which lead to designation of pathway’s 

name as the twin-arginine translocation (32). Tat pathway is evolutionary 

conserved in plant chloroplasts (33) and can also be found in mitochondria 

of Jakobid protists (34) but not in mitochondria of other animals or fungi. 

The homologues of the Tat pathway are found in the genomes of 80 % of 

bacteria and in many archaea. During evolution, the Tat pathway has 

diversified according to the ecological niches of bacteria (35, 36).  

The unique molecular mechanism of transporting fully folded proteins 

across the biological membranes without compromising membrane integrity 

has been the scope of several studies. Therefore, recent progressions in 

structure and functions of Tat components are reviewed periodically (37, 

38). Besides, there is an increasing number of studies using Tat transport to 

improve the heterologous expression of proteins for industrial and 

biopharmaceutical applications (39, 40). On the other hand, the absence of 

Tat pathway in mammals and requirement of Tat pathway in bacterial 



 

6 

pathogenesis makes it a relevant target for development of antibacterial 

compounds. However such strategy is challenging unless the high-resolution 

molecular mechanism of Tat transport is fully enlightened. 

1.1.2.1 Components of Tat Pathway 

A complex of two structural membrane protein families facilitate transport 

activity of the Tat pathway in bacteria; TatA (TatA and TatB) and TatC 

families. Minimal Tat systems that possess only TatA and TatC are generally 

found in Firmicutes (low G + C Gram-positive bacteria) and in archaea (41-

43).  

In Escherichia coli, tatA, tatB and tatC are organized in a four-gene operon 

together with tatD whereas the tatE gene is monocistronic. The tatD 

encodes for a protein with nuclease activity that is dispensable for functional 

Tat translocation (44). TatE protein on the other hand, appears to have a 

pore forming function overlapping with TatA (45, 46). In Y. 

pseudotuberculosis the tat genes are organized on the chromosome in a 

similar way as in E. coli (47).  

The Gram-positive model organism B. subtilis harbors only tatA and tatC in 

their genome and encodes a minimal Tat complex. Different copies of these 

two genes are located in two distinct tat operons that function 

independently. The first operon adjacent to phoD gene encodes the only 

known substrate of the TatAd-TatCd pathway where the expression is only 

induced under low phosphate conditions (48, 49). The second operon is 

composed of tatAy and tatCy genes that encode the TatAy-TatCy pathway 

with a broader range of substrate proteins including EfeB (YwbN), QcrA, and 

YkuE (48, 50, 51). An additional tatAc gene has been found in B. subtilis 

(49). The role of this component is somewhat ambiguous and it cannot 

compensate for the absence of TatAy or TatAd for the translocation of 

specific Tat substrates (52). A schematic display of the gene organization of 

Tat components in E. coli, Y. pseudotuberculosis and B. subtilis are shown in 

Figure 3.  
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Figure 3. Examples of gene organization of Tat components in Gram-
negative and Gram-positive bacteria. In E. coli and Y. pseudotuberculosis, the 

genes encoding the minimal Tat translocation components tatA, tatB, tatC and tatD 

are organized in an operon whereas tatA homolog tatE gene is located elsewhere in 

the chromosome. The Gram-positive bacterium B. subtilis encodes two minimal Tat 

pathways (only TatA and TatC). Components of the first pathway, tatAd and tatCd, 

are organized in an operon alongside with phoD, which is the only substrate of this 

pathway. The second pathway is encoded by tatAy and tatCy, which are located in 
another operon while substrate genes efeB, ykuE and qcrA localize in other parts of 

the chromosome. tatAc is not encoded in an operon with other tat genes and does not 

appear to have any role in the function of the other pathways.  

1.1.2.1.1  TatA 

TatA is most abundant with a 20 fold molar excess compared to the other 

Tat components and forms the translocation channel by homooligomeric 

organization in different diameters (53, 54). E. coli TatA is a 9.6 kilodalton 

(kDa) (86 amino acids long) integral membrane protein that has an N-

terminal trans membrane (TM) helix connected to an amphipathic helix 

(APH) with a hinge region and a C-terminal tail that remains largely 

unstructured (Figure 4). 

tatA
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Recent studies of detergent soluble TatA as well as solid-state nuclear 

magnetic resonance (NMR) structures confirmed the predicted L-shaped 

arrangement of two α-helices in the lipid environment where N-terminal is 

inserted into the membrane bilayer and the APH lies along the membrane 

(55, 56). It has been suggested that the N-terminal TM helix is too short to 

span the membrane, which causes a tilting of TM helix. Thus, the hinge 

region and the proximal part of the APH is deeply inserted into lipid bilayer 

(56). The native unstructured C-terminal on the other hand has been shown 

to protrude towards cytoplasm and is dispensable for the Transport activity 

and oligomerization (57, 58). A dual topology of TatA according to its 

functional state has also been suggested since different studies have 

demonstrated the periplasmic and inverse orientation of the N-terminal 

extension of the TM helix (59, 60). 

The most conserved amino acid residues in TatA orthologues are generally 

found in the N-terminal TM helix and in the APH domain. The most 

conserved residues in E. coli TatA sequence are F20, G21 and F39 (61). 

Among them F39, which is located in the C-terminal of the APH, is required 

for the transport activity in E. coli (62, 63). The polar residues F20 and G21 

that localize in the hinge region and Q8 in the N-terminal of the TM helix are 

important for the helix oligomerization and also for protein-protein 

interactions with TatB and TatC (63, 64). 

1.1.2.1.2 TatB 

E. coli TatB is 171 amino acids long with a molecular mass of 18.5 kDa and 

has structural similarity to TatA. The recently discovered solution NMR 

structure of TatB showed that it consists of a TM helix, an APH and two 

solvent exposed helices with a longer C-terminal tail compared to TatA (65) 

(Figure 4). TatA and TatB share 20 percent sequence identity and structural 

homology, but their biochemical properties differ (61). TatB forms 

constitutive, equimolar complexes with TatC, which forms the receptor 

complex for signal peptide binding in contrast to highly oligomeric 

organization of TatA, (66). 
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The most conserved regions are found in TM and amphipathic helices 

between the prokaryotic orthologues of TatB (61). Genetic studies have 

shown that the amino acid substitutions in the very N-terminal tail of TM 

helix abolish TatB activity (67, 68). However, the substitutions in the TatB 

APH and the deletions in the C-terminal tail had a little or no effect on 

function (57, 69). 

The TM helix of TatB interacts with the TatC TM helix 5 (70, 71) and this 

interaction was modeled as TatB TM helix lying between TM 5 and TM 6 of 

TatC where TatB forms tetrameric bundles and surrounded by TatC 

monomers in the TatBC complex (72, 73). Additionally, a recent study 

revealed more interactions between TatB and, TM2 and TM4 helices of TatC 

suggesting a dome-like organization of TatB bundle in the TatBC complex. 

This could lead to a substrate-binding site of the Tat translocase being closed 

cavity that deeply extends into the membrane (74). TatB function in the 

TatBC complex has been associated with binding to the signal peptide. The 

h-region and the n-region of the signal peptide cross-link to TatB (71, 75) 

and it is suggested that TatB protects the signal peptides from being cleaved 

before the translocation occurs (76). A recent study by Kuzniatsova et al 

using peptide-overlapping array detected interactions between the different 

regions of cytoplasmic domains of TatB and the different NarJ sub-family 

(DmsD, YcdY, TorD, NarJ and NarW) Redox Enzyme Maturation Proteins 

(REMPs), which are specific chaperons playing a role in maturation of Tat-

dependent respiratory enzymes (77). 

1.1.2.1.3  TatC 

TatC is the largest and the most highly conserved subunit of Tat pathway. E. 

coli TatC consists of 258 amino acids with a molecular mass of 28.9 kDa. 

TatC is a multi-span integral membrane protein that has six TM helices with 

N-in C-in topology (78, 79) (Figure 4). The structure of TatC from the 

hypothermophile Aquifex aeolicus has been determined by X-ray 

crystallography and revealed that the six TMs fold into a structure 

resembling a cupped hand or baseball glove (72, 80). The ‘palm’ of the hand 
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forms a cavity, which extends to the periplasmic side of the membrane by a 

stable cap composed of a surface helix and two parallel surface loops. A gap 

between the short TM5 and TM6 helices and the cap results in a prominent 

groove leading from the concave face of A. aeolicus TatC to the periplasm 

(72, 80).  

The cytoplasmic N-terminal tail and first cytoplasmic loop regions of the 

TatC have been shown to be important for Tat function and assembly. The 

two-conserved residues, F94 in the second TM domain and P48 in the first 

periplasmic loop are critical for the assembly of Tat complexes. Additionally, 

the highly conserved residue Glu165 (either glutamine or glutamate in other 

organisms) localized in the middle of the cavity shown to be significant for 

translocation (81-83).  

The TatBC complex serves the initial binding for Tat precursors, which is 

mediated by the twin-arginine motif. It has been shown that twin arginine 

motif is positioned close to TatC upon substrate binding indicating a 

presence of a specific binding site for this conserved motif (75, 84). 

Interestingly, tatC mutants have been isolated that can also recognize the 

signal peptide containing a twin-lysine motif (85).  The signal peptide-

binding site of TatC was located around the cytoplasmic N-terminal tail and 

the first cytoplasmic loop of protein by crosslinking analysis (71).  

1.1.2.1.4 TatE 

E. coli TatE is a protein of 67 amino acids, which shares 53% sequence 

identity with TatA and has been suggested to have evolved by a late gene 

duplication event (66). TatE homologues have been found in the genomes of 

Enterobacteria (86) and the Gram-positive bacterium Corynebacterium 

glutamicum (87). TatE has the ability to complement strains lacking both 

TatA and TatE in E. coli indicating that they are functionally interchangeable 

(41). However in strains expressing only TatE, the transport activity is 

reduced which possibly related to the 50 times lower expression levels of 

TatE compared to TatA (88). Three-dimensional density maps revealed that 

TatE forms ring-shaped structures in differing diameters by rather small and 
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discrete complexes (45). Another recent study, demonstrated that the TatE 

could interact with TatA, TatB and TatC and even hetero-oligomerizes with 

TatA therefore serving a regular constituent of Tat pathway in E. coli (46).  

 

 
Figure 4. The proposed structures of the Tat subunits. TatA and TatB have 

single trans membrane helices (TMH) followed by an amphipathic helix (APH) 

domain lies along the cytoplasmic face of the inner membrane. TatC has six TM 

domains with both N and C-terminus localized in the cytoplasm. 

1.1.2.2  Complex Formation by Tat Subunits 

The subunits of Tat pathway have the ability to form homo-oligomeric 

and/or hetero-oligomeric complexes. In E. coli and other Gram-negative 

bacteria, Tat subunits have been isolated as TatABC and TatA complexes 

(89, 90). In Gram-positive bacteria, only TatA and TatAC complexes could 

be recovered since they lack the TatB subunit (91).  

The size of the isolated TatABC complexes in E. coli has been determined to 

be 370 kDa by blue-native polyacrylamide gel electrophoresis (90). TatBC 

can associate in the absence of TatA, indicating that those two proteins form 

the core complex of the translocase (92). It has been suggested that TatBC 

assemble primarily with a bound precursor and then interacts with TatA 

whereby the complex is stabilized (93). The Electron microscopy analysis of 
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TatBC complexes revealed that they contained six to seven copies of TatB 

and TatC in an equimolar ratio (94, 95). In addition to forming hetero-

oligomeric complexes, TatB and TatC have the ability to self-oligomerize. 

TatB can oligomerize ranging from dimers to pentamers while TatC mostly 

forms dimers. This dynamic interaction range between TatB and TatC 

supporting that TatBC-receptor complex can constitute multivalent 

attachment platforms for RR-precursors (73, 94, 96, 97). The interaction of 

TatB TMH with TatC TMH 5 within the TatBC complex and binding of 

multiple substrates lead to propositions of a model in which tetrameric 

bundles of TatC molecules surround a TatB core like petals of a flower (69). 

The minimal oligomer of TatA has been shown to be a tetramer and 

suggested to oligomerize to higher-order assemblies of various sizes only 

when it interacts with TatBC complex (58, 98, 99). The interactions between 

TatA protomers within the oligomer might require the TMH and the APH 

since it was shown that the both helices are localized closer to the 

corresponding helices in neighboring TatA molecules (58, 63, 99). Spin 

labeling studies demonstrated that the APHs radiate out from the central 

TMH bundle and in addition to the TMHs, the APHs are also in contact 

along their entire length (55, 100). The recently proposed model for TatA 

oligomerization called charged-zipper model suggests that the basic residues 

in the APH interact with the acidic residues in the adjacent C-terminal tail 

that forms salt bridges between TatA subunits (101). However, this model 

yet needs more evidence for plausibility. 

1.1.2.3 The Tat Signal Peptide 

The signal peptides of Tat substrate proteins have a tripartite structure with 

a basic n region at the N terminus, a hydrophobic h region in the middle part 

and a polar c region at the C terminus. The n region contains the highly 

conserved consensus motif S-R-R-x-F-L-K (x is generally a polar amino acid) 

in which the RR motif is nearly invariant (102) (Figure 5). While the 

substitutions of RR motif with KK abolishes the transport, the mutations in 

the other residues lead to less notable transport defect even though they are 
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conserved in more than 50 percent of the Tat signal peptides (103-105). The 

major distinguishing property of the Tat signal peptides from Sec signal 

peptides is the decreased hydrophobicity of the h region where a small 

increase in the hydrophobicity directs the passenger protein to the Sec 

pathway (106, 107). In addition to harboring the cleavage site for the signal 

peptidase I (108, 109), the c region is often enriched in basic residues that 

serves as a Sec-avoidance signal (110, 111). The Tat pathway can also 

transport proteins that lack a specific signal sequence. This phenomenon 

only occurs when proteins form complexes with partner subunits that have a 

Tat signal peptides in their N terminus and therefore this is termed hitch-

hiking (112).  

 
Figure 5. Typical tripartite structure of the Tat signal peptides. In general, 

a Tat signal peptide is composed of a basic amino terminal (n region), a hydrophobic 

core (h region) and a polar carboxyl domain (c region). The n region contains the 

twin-arginine (RR) motif and the signal peptide cleavage site (A-x-A) is located at the 

end of the c region. 

1.1.2.4 The Tat Substrates 

The utilization of the Tat pathway in different organisms varies. While B. 

subtilis and Staphylococcus aureus encode a few predicted Tat substrates, 

enteric bacteria are predicted to encode between 20 to 30 proteins with a Tat 

signal peptide (43). Interestingly, the Gram-positive genus Streptomyces 

uses Tat pathway extensively and here the number of Tat substrates could be 

more than 100 and some halophilic archaea transports 50 percent of their 

extra cytoplasmic proteins via the Tat pathway (113). The functions of the 

proteins translocated by Tat pathway are quite versatile. A rule of thumb, 

these proteins are required to be folded and a majority of proteins are 

cofactor containing redox proteins where folding around the cofactor is a 

prerequisite for function (114). In addition, some hetero-oligomeric protein 
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complexes use Tat pathway with the hitch-hiking mechanism where only one 

partner protein contains the Tat signal peptide such as E. coli hydrogenases 

(112) and dimethyl sulfoxide (DMSO) reductase (115). Conversely, 

monomeric and co-factorless proteins can also be transported through Tat 

pathway that were thought to exhibit fast folding kinetics as such the 

situation in halophilic archaea where the proteins needs to be folded and 

stabilized quickly in high salinity (116, 117). Some lipoproteins can be the 

substrates of the Tat pathway with an additional feature where the signal 

peptide cleavage is performed by signal peptidase II (118-120). The assembly 

of some membrane proteins can be achieved by Tat pathway as well. Those 

proteins can either have their N-terminal signal peptide as an anchor to the 

membrane such as Rieske iron-sulfur proteins (121-124) or be anchored by a 

single trans membrane carboxyl helix such as the small subunits of bacterial 

respiratory formate dehydrogenases and uptake hydrogenases (125, 126). On 

the other hand, the Tat substrates AmiA and AmiC that are involved in the 

cell wall biogenesis of E. coli, confer hallmark phenotypes of the tat deletion 

strains such as outer membrane permeability defects and the long non-

separated cell chains in this bacterium (127-129). Additionally, virulence 

factors of some pathogenic bacteria have been shown to be translocated 

through Tat pathway such as phospholipases PlcH and PlcN and the 

pyoverdine synthesis enzyme PvdN in Pseudomonas aeruginosa (130, 131). 

1.1.2.5 Mechanism and Energetics of Tat Transport 

The structural organization and complex formation by Tat subunits has been 

identified in recent studies but still a lot remains to be understood regarding 

how large and folded precursor proteins are transported across ionically 

sealed membranes. The proposed translocation cycle model is generally 

based on experiments carried out in bacteria and plants, which were 

assumed to be conserved between these two systems. 

The first step of the translocation cycle includes the binding of the folded 

substrate to the TatBC receptor complex via their signal peptide where TatC 

initially serves as the recognition site for the twin-arginine motif (132, 133). 
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The binding stabilizes the receptor-precursor complex and might occur 

independent of other Tat components (134). There are additional evidences 

that some Tat substrates can be targeted to TatBC complex via initial 

interaction with phospholipids (135) or with the assistance of chaperon 

proteins (136).  

The second step includes the recruitment of TatA protomers to the TatBC-

precursor complex in ΔpH dependent manner and that lasts until the 

substrate protein passes through the membrane (132, 137). It has always 

been anticipated that TatA protomers homo-oligomerize to form the 

translocation channel as the single particle electron microscopy showed that 

these oligomers have a ring-shaped morphology with a lid-like structure on 

the cytoplasmic side (54, 94). How the transport occurs through a large 

conducting channel without compromising the cell integrity remains 

ambiguous. Therefore, two different models have been proposed; the trap 

door and the membrane-weakening model. In the trap door model, the dual 

topology of TatA has been hypothesized to be involved in promoting the 

APH flip from the cytoplasmic side of the membrane into the membrane 

providing a tightly regulated pore for the translocation of the substrate (99). 

Alternatively in the membrane weakening model, instead forming a pore, the 

oligomerized TatA protomers aggregate without an order that could form 

complexes large enough to destabilize the membrane (138). This was 

suggested since NMR structure of TatAd were found not to be as flexible as 

anticipated and the flipping of the APH into the membrane bilayer might 

disturb the lipids in the membrane (59, 60, 101) (Figure 6). 

The Tat pathway was first named as ΔpH-pathway, as it was discovered that 

the translocation relied solely on proton movie force (PMF) (27, 139). Later 

studies also confirmed the dependency of Tat translocation on PMF in 

bacteria since the translocation of Tat substrates in E. coli inverted 

membrane vesicles (IMVs) was blocked when the membrane electrical (+H) 

potential was dissipated (108, 140). 
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Figure	6.	Proposed	model	of	 the	Tat	 translocation	mechanism.	At the start of the 

translocation cycle, TatB (blue) and TatC (green) associate to form the TatBC 

complex, whereas TatA (red) is present in the inner membrane as protomers and/or 

tetramers. The folded (and/or co-factor bounded substrate) (thick, gray line) is 

targeted to TatBC complex where the twin-arginine (RR) consensus motif in the 

signal peptide (orange rectangle) is specifically recognized by a site in TatC. Signal 

peptide binding to TatBC complex is energy-independent and the binding triggers 

assembly and oligomerization of TatA protomers in a PMF dependent process. The 

resulting TatABC complex is the active translocation site and the passenger domain 

of the substrate protein translocated via the polymerized TatA component by PMF, 
after which the signal peptide is cleaved by signal peptidase and the mature protein is 

released to the periplasm (Adapted from (37)).  

However, how PMF drive the transport in which steps of the translocation is 

not still well established. It has been suggested that two electrical potentials 

needed in two different steps of Tat transport process (141) and it is known 

that the TatA protomers requires PMF to oligomerize (134). One intriguing 

observation is that each transport event requires ~80,ooo protons 

(equivalent to 10,000 ATP molecules). It is hard to envisage such a large 

amount of protons leaking in a single mechanistic step. One explanation 

could be that the Tat translocation machinery can assemble a proton-

conducting pathway containing protonable amino acid side chains and 

buried water molecules since it has been suggested that water molecules can 

bind to TatA oligomer in the periplasmic side (55). 

PMF PMF
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1.1.2.6 Quality Control and Proof-reading of Tat Substrates 

One hallmark of Tat pathway is to transport fully folded proteins and the 

preference of correctly folded Tat substrates has been shown in several 

studies. Directing the Sec substrate alkaline phosphatase to Tat pathway was 

only possible under oxidizing conditions which allowed disulphide bridge 

formation present in the cytoplasm (142). The same results were obtained 

with cytochrome c, where replacing the Sec signal with the Tat signal of the 

protein was not sufficient to re-route the protein to Tat pathway, instead it 

only required proper folding (143). Additionally, even small truncations of 

the substrate protein, which leads to incomplete folding, can interfere with 

translocation (144). However, it was shown before that the bacteria and the 

chloroplasts can transport the unstructured polypeptides only with limited 

length unless they contained hydrophobic residues (137, 144). Conversely, it 

was recently demonstrated that the Tat substrate CueO, which needs copper 

insertion for activation, can be transported in its apo-form (145). On the 

other hand, association of translocation-incompetent substrates with the Tat 

subunits has been observed which raises the question whether an intrinsic 

quality control or an efficient degradation system removes misfolded 

substrates. In support of the latter is in E. coli, Fe/S proteins NapG and NrfC 

mutated in their Fe/S center were quickly degraded (146, 147). Rocco et al, 

revealed important residues in the Tat apparatus by selecting for mutations 

that enabled translocation of incompetent substrates that rather support the 

idea of an intrinsic quality control mechanism (148).  

Some Tat substrates, especially redox enzymes, need cytosolic chaperon 

proteins (REMPs, see above) for their cofactor insertion and binding (149). 

These proteins function by binding to the signal peptide of their partner 

proteins by dimerization and they can also slow down the export process 

until the maturation is completed (149, 150). TorD, DmsD, HyaE, HybE and 

NapD are the best characterized REMPS in E. coli and bind specifically to 

trimethylamine N-oxide (TMAO) reductase (TorA), DmsA subunit of DMSO 

reductase, HyaA subunit of hydrogenease-1, HybO subunit of hydrogenase-2 

and NapA subunit of nitrate reductase, respectively (151-154). Additionally, 
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DmsD and the general chaperonin GroEL have also been shown to interact 

with the signal peptide of DmsA which suggests that in this case two 

different chaperones cooperate in Tat substrate maturation (155, 156). In 

addition, the substrates such as CueO and YcdB that do not have specific 

chaperons have been shown to interact with DnaK through their signal 

peptides (157, 158). DnaK has also been suggested to promote secretion of 

Tat substrates (159). 

1.1.2.7 Role of Tat pathway in Virulence  

Numerous studies have established that Tat system contributes to bacterial 

pathogenicity. tat mutants of several bacterial pathogens shows pleiotropic 

phenotypes which complicates the studies to verify direct contribution to 

virulence and only a few Tat dependent virulence factors has been identified. 

The fact that the Tat pathway translocates proteins with a broad spectrum of 

functions points out that the Tat pathway plays a major role in bacterial 

physiology, which in turn is critical for bacterial survival in the hostile host 

niche. 

Homologues of the tat genes have been identified in the genome of a broad 

repertoire of pathogenic bacteria including, E. coli O:157, Agrobacterium 

tumefaciens, P. aeruginosa, Vibrio cholerae, Helicobacter pylori, M. 

tuberculosis, L. monocytogenes, Salmonella enterica, Neisseria 

meningitidis, Haemophilus influenzae, Pasteurella multocida, Y. pestis, Y. 

pseudotuberculosis, S. aureus, Ralstonia solanacearum, Campylobacter 

jejuni, Legionella pneumophila, Edwardsiella tarda and Dickeya dadantii 

(43, 47, 86, 160-163) and in most of these pathogens the Tat pathway and 

the role in virulence has been studied in detailed analysis. 

In silico prediction of Tat substrates in these pathogens revealed differences 

both in number and in function. The substrates are suggested to function in 

cell division and cell wall biogenesis, iron transport, motility, respiration, 

stress response, transport, metabolism and virulence (6). Loss of Tat 

function therefore results in phenotypes that at least in part could be related 

to those substrates.  
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1.1.2.7.1 Iron Transport 

Defective growth in iron-limited medium is the most common phenotype of 

tat mutants of different pathogenic bacteria. P. aeruginosa indeed encodes 

Tat dependent protein PvdN which is involved in synthesis of the 

siderophore pyoverdine. Therefore Tat-deficiency results in lack of 

pyoverdine secretion and a defect in iron acquisition in this bacterium (130). 

The tat mutant of P. syringae pv. tomato is deficient in iron uptake as the 

Tat substrate aminotransferase which is critical for siderophore synthesis 

was mislocalized in this strain (164). Recent data suggested that tatAC 

operon of L. monocytogenes encodes a Fur box in its promoter region and 

ferric reductase FepB, having a role in the reductive iron uptake process, is 

translocated by Tat pathway (165). In E. coli, and S. enterica Serovar 

Enteritidis, FhuD, which is a part of iron-hydroxamate-type transporter 

system, was found to be Tat dependent and could in part be responsible for 

the iron uptake-deficient phenotype (166, 167). However, no Tat substrates 

related to iron uptake has so far been detected in D. dadantii even though 

inactivation of the Tat pathway resulted in impaired growth in iron-

restricted medium (163).  

1.1.2.7.2  Motility 

P. aeruginosa (131), E. coli O157:H7 (168), A. tumefaciens (169), L. 

pneumophila (170), Y. pseudotuberculosis (47), R. solanacearum (171), S. 

enterica Serovar Enteritidis (167) and S. enterica Serovar Typhimurium 

(172) strains defective in Tat translocation show a decreased motility. The 

synthesis of H7 flagellin was abolished in the E. coli O157:H7 tatABC 

mutant. Even though this protein harbors an RR motif in its N-terminus, 

there is no direct evidence of Tat-dependent secretion of this protein (168). 

For L. pnuemophila there was also a decrease in the amount of flagellin and 

flagellar basal body protein FlgI. The latter protein was predicted to be a Tat 

substrate but this has not been confirmed experimentally (173). For the rest 

of the pathogenic bacteria listed above, the motility defect was suggested to 

be indirect since no flagellar proteins were identified as Tat substrates. 
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Interestingly, the motility defect in S. enterica Serovar Typhimurium tatC 

mutant was only observed on swimming plates but not on swarming plates 

suggesting that the motility defect in tatC mutants is only seen under 

specific conditions (172). 

1.1.2.7.3 Biofilm 

Biofilms are highly organized microbial communities and play a significant 

role promoting bacterial infections since biofilms are typically much more 

resistant to antibiotic treatments and clearance by host immune system 

(174). Biofilm formation was decreased in P. aeuroginosa and L. 

pneumophila tat mutants and attributed to a defect in motility, twitching 

motility and changes in the outer membrane (131, 170). As such, the 

diminished biofilm in E. coli was suggested to be the result of envelope 

defects in tat mutants (166). The failure of biofilm formation of Tat-deficient 

strains of V. cholerae, V. alginolyticus, C. jejuni, and Y. pestis, has been 

verified, but this has not yet been linked to specific Tat substrates (175-178).  

1.1.2.7.4 Stress Response 

The Tat pathway has also been shown to play a role in different types of 

stress responses in pathogenic bacteria. A decreased osmoprotection was 

observed in P. aeruginosa, E. coli O157:H7 and C. jejuni tat deletion strains 

(131, 168, 177). In addition, C. jejuni were found to be sensitive to oxidative 

stress (177). Furthermore, the sensitivity of tatABCD mutant to heat shock 

was verified in E. tarda (162). Y. pseudotuberculosis on the other hand, 

exhibited a growth defect in acidic medium (47). The increased sensitivity to 

high copper concentrations of tat mutants in P. aeruginosa and P. syringae 

pv. tomato was attributed to the mislocalization of putative Tat substrates 

multicopper-oxidase CumA and copper translocating protein CopA (131, 

179). In E. coli, the multicopper-oxidase CueO has in fact been shown to be 

partly responsible for this phenotype (166). Similar to this, multicopper-

oxidase MmcO form M. tuberculosis is also verified to be Tat dependent and 

has a role in oxidation of toxic copper (180). 
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1.1.2.7.5 Envelope Integrity and Growth 

The defect in envelope integrity is a distinctive phenotype of Tat-deficient 

strains including non-pathogenic bacteria. E. coli strains defective in Tat-

translocation are sensitive to sodium dodecyl sulfate (SDS), lysozyme, 

ethylenediaminetetraacetic acid (EDTA) and ampicillin suggesting that the 

Tat pathway is important for outer membrane integrity (129). In V. cholerae, 

S. scabies, S. enterica Serovar Typhimurium, C. jejuni, L. pneumophila and 

R. solanacearum, growth in detergents, bile and to various antimicrobials 

was severely inhibited in Tat-deficient strains (170-172, 175, 177, 181). The 

Tat-dependent cell wall amidases AmiA, AmiC and cell division protein SufI 

have been shown to confer envelope integrity in S. enterica Serovar 

Typhimurium (182). Moreover, cell division appeared to be inhibited when 

Tat pathway is blocked in several pathogenic bacteria including Y. pestis, L. 

pneumophila, A. tumefaciens and S. enterica Serovar Typhimurium. 

Noteworthy however, the growth rate was not affected in these bacteria (169, 

170, 178). With a few exceptions such as M. tuberculosis, the Tat pathway is 

not essential for growth (183). Intriguingly, a recent study revealed that the 

tatC gene was essential for H. pylori, but tatB gene was not (184).  

1.1.2.7.6 Virulence Factors and Infection 

Tat deficiency is correlated to a virulence defect in almost all pathogenic 

bacteria listed above. In a rat model of P. aeruginosa chronic lung infection, 

a tatC mutant was unable to form lesions in lung (131). In P. syringae pv. 

tomato, an intact Tat pathway was required for chlorotic cell death in 

Arabidopsis thaliana leaves (164). In both of these pathogens, two 

phospholipases PlcH and PlcN were verified to be translocated by the Tat 

pathway (164, 185) but the direct contribution of those proteins to the 

virulence defect remains to be established. In a recent study, exoproteome of 

a tat mutant in P. aeruginosa, revealed three new Tat substrates that could 

be important for virulence and in addition down regulation of ToxA 

expression was observed (186). In L. pneumophila tat mutants, a replication 

defect both in amoeba Acanthamoeba castellanii and in differentiated U937 



 

22 

cells has been shown. A phospholipase and a protein named IvrE were both 

found to be Tat substrates playing a role in intracellular replication of this 

bacterium (173). S. enterica Serovar Typhimurium tat mutants are defective 

in short-term intestinal and systemic colonization of BALB/c mice and also 

showed a decrease in internalization by J774-A.1 mouse macrophages (172). 

The attenuation was attributed to the envelope stress that was caused by the 

absence of AmiA, AmiC and SufI in the periplasm of tat mutant strain in S. 

enterica Serovar Typhimurium (182). The inactivation of Tat pathway led to 

a colonization defect in suckling mouse intestines and a decrease in the 

secretion of cholera toxin in V. cholerae (175). Similarly, a decrease in Shiga 

toxin 1 production and verotoxicity of E. coli O157:H7 was observed (168). 

However, in none of the studies no direct evidence that these toxins were 

exported by Tat was provided. The Tat pathway is essential for M. 

tuberculosis, but the importance of the Tat system for virulence of this 

pathogen was shown by studies on Tat dependent virulence factors. Rv2525c 

protein was shown to confer resistance to β-lactam antibiotics and M. 

tuberculosis strains lacking this protein were attenuated both in in vitro and 

in vivo infection models (183). Additionally four phospholipase proteins and 

RipA, which is important for invasion of macrophages, were found to be Tat 

substrates (187, 188). Y. pseudotuberculosis tatC mutant was severely 

impaired in colonization of lymphoid organs in systemic mouse infection 

model despite the fact that none of the predicted Tat substrates studied has a 

direct role in virulence (47). Interestingly, the Y. pestis CO92 tatA mutant 

strain was demonstrated to be severely attenuated both in bubonic and 

pneumonic models, but showed only a minor defect in virulence when mice 

were infected intranasally (178). The well-studied main virulence arsenal of 

pathogenic Yersinia, the type III secretion system (T3SS), was not affected 

in these species when Tat pathway was inactivated, but the expression of F1 

antigen shown to be down regulated in the Y. pestis C092 tatA mutant (178).  
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1.2  The Pathogenic Yersinia 

The Genus Yersinia belongs to the Enterobacteriaceae family, which 

includes Gram-negative, rod or coccobacilli-shaped, facultative, oxidase 

negative and glucose-fermenting bacteria. Recent phylogenetic analysis 

based on the whole genome sequencing and single-nucleotide 

polymorphisms (SNPs) revealed that there are 14 species clusters in the 

Yersinia genus. Yersinia species can cause diseases in birds, fish and 

mammals and three species Y. pseudotuberculosis, Y. enterocolitica, and Y. 

pestis are pathogenic to humans (189, 190). Y. pseudotuberculosis and Y. 

enterocolitica are both zoonotic enteric pathogens that are suggested to have 

emerged within the last 200 million years ago, whereas Y. pestis, the 

causative agent of the bubonic and pneumonic plague, is a recently emerged 

clone of Y. pseudotuberculosis that is evolved between 2,000 to 10,000 years 

ago (191). Y. pestis is transmitted to humans either via a direct contact of 

infected animals, particularly rodents, or by a flea bite that was fed on the 

infected animal. After intradermal infection via flea, Y. pestis replicates 

inside the macrophages and then spreads to lymph nodes where it forms the 

bubo (hemorrhagic, swollen lymph nodes) and cause the bubonic plague. 

Later it can spread to different organs and to the bloodstream leading to 

septicemic plague. The dissemination of bacteria to the lungs, leads to the 

development of pneumonic plague from which can transmit human to 

human by bacteria containing droplets (192).  

Y. pseudotuberculosis and Y. enterocolitica are enteric pathogens that 

commonly cause self-limited gastrointestinal disease with symptoms such as 

enteritis, ileitis, diarrhea, and mesenteric lymphadenitis. Infections typically 

occur by the ingestion of contaminated food or water. In very rare cases 

erythema nodosum, reactive arthritis and systemic infection can occur in 

humans (190). Once they reach to the lumen of the small intestine they 

selectively colonize Payer`s patches where they can cross the intestinal 

barrier through the invasion of microfold (M) cells. They can then spread to 

more distant lymphoid tissues such as mesenteric lymph nodes whereby 

extracellular replication and formation of monoclonal microabseccess causes 
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dissemination from distal ileum to spleen and liver resulting systemic 

infection in mouse (193).  

1.2.1 Virulence Traits and Pathoadaptation of Enteric 
Yersinia 

Both enteric Yersinia species encode specialized virulence factors and 

adaptation systems that enable them to adhere and invade host tissues, 

replicate, and avoid host immune responses. They interact with the 

intestinal epithelium with surface-exposed adhesins and invasins to promote 

further passage to the intestinal barrier to initiate the infection. In the 

further steps of a successful infection, Yersinia capitalizes Ysc-Yop T3SS as 

major armor to direct toxic effector proteins in to host cells and evade host 

immune responses. The genome of those pathogens encodes several 

additional regulatory circuits for the acquisition of nutrients and metal ions 

(eg. iron) and survival within a variety of unfavorable conditions in the harsh 

host environment, will be explained in details in the following sections 

below.  

1.2.1.1  Adhesins 

The major Yersinia adhesion factors include invasin, Ail and YadA. Invasin 

is a chromosomally encoded outer membrane protein that mediates 

attachment and internalization of enteric Yersinia by binding to the β-1 

integrins on the surface of the host intestinal epithelium. Invasin is present 

in Y. pestis genome as an inactive pseudogene (194, 195). The highest 

expression levels of invasin are observed at 26 ºC, whereas low levels of 

expression at 37 ºC could only be induced during growth in acidic pH (196, 

197). Furthermore, invasin expression was positively regulated by RovA and 

negatively regulated by YmoA (198, 199).  

Ail is functional in all three pathogenic Yersinia species and mediates 

binding to various extracellular matrix (ECM) proteins on different cell lines 

(200-203). In Y. pestis, Ail was found to be essentially the only protein 

which confers serum resistance among four Ail/Lom family outer membrane 
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proteins and also shown to be required for virulence in particular for the 

inhibition of the neutrophil recruitment (201, 204). Y. pseudotuberculosis 

Ail protein was found to be devoid of adhesion and invasion capacity (205). 

The expression level of Ail is also thermo-regulated by reaching to the 

maximum levels at 37 ºC (200).  

YadA on the other hand, is encoded on the 70 kb virulence plasmid named 

pYV and it is induced upon temperature shift to 37 ºC. Additionally, 

expression levels of YadA is regulated by the temperature-sensitive lcrF gene 

(206, 207). Similar to invasin, YadA is inactivated in Y. pestis by a frameshift 

mutation (208). YadA protein has a major role in serum resistance by 

binding and inactivating the complement system (209). YadA has been 

shown to adhere to different cell types such as macrophages, neutrophils and 

epithelial cells and this interaction was mediated by binding to different 

ECM molecules such as collagen, fibronectin, laminin and β-1 integrins 

(210). YadA is important for virulence of Y. enterocolitica while Y. 

pseudotuberculosis strains lacking YadA show no significant virulence defect 

(211, 212). However, a recent study suggested that in Y. pseudotuberculosis, 

YadA together with invasin are important for the selective binding and 

effector translocation into neutrophils by T3SS (213). 

1.2.1.2  T3SS 

A number of Gram-negative bacteria that are pathogenic to humans, animals 

and plants possess T3SSs as the main virulence arsenal. T3SS forms a 

needle-like structure that spans the both membranes and promotes the 

export of effector proteins to the extracellular milieu or directly into the 

cytosol of the host cells with the aid of ATP hydrolysis. In contrast to 

intracellular pathogenic bacteria such as Salmonella, Shigella and 

Chlamydia, Yersinia spp. utilizes T3SS for extracellular replication (214). 

The proteins that assemble the functional Ysc-Yop T3SS in three pathogenic 

Yersinia species are encoded by the common virulence plasmid pYV (pCD1 

in Y. pestis). Impairment in any of those proteins results in attenuation in in 

vivo highlighting the importance of this system in the Yersinia virulence 
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(215). The effector proteins are in general named as Yersinia outer proteins 

(Yops) and their secretion is induced by the depletion of Ca2+ in vitro at 37ºC 

whereas the direct contact with the host cell is required in in vivo (216). Yops 

such as YpkA/YopO, YopE, YopH, YopP/J, YopT and YopM function as 

kinases, guanine nucleotide exchange factors, GTPase activators (GAPs), 

phosphatases, proteases, acetyltransferases and deubiquintases that mimic 

host enzymatic activities. Once translocated into the host cell they modulate 

the actin cytoskeleton structures to inhibit phagocytosis and 

proinflammatory responses and induce cell death. YopE is a small GTPase 

activating protein and the translocation of YopE into host cell targets Rho 

family of GTPases including RhoA, Rac1, and Cdc42. The GAP activity of this 

protein on Rho GTPases disrupts the action of cytoskeleton structures and 

leads to phagocytosis inhibition (217-219). In addition to its GAP activity, 

YopE has been found to inhibit reactive oxygen species (ROS) activity that is 

required for the colonization of the spleen in mice (220). YopH is a tyrosine 

phosphatase (PTPase) that binds and dephosphorylates focal adhesion 

kinase, Crk associated tyrosine kinase substrate (p130Cas), paxillin and Fyn-

binding protein and promotes phagocytosis inhibition (221-223). Similar to 

YopE, cysteine protease YopT and the serine/threonine kinase YpkA also has 

actin disrupting activities by binding to Rho GTPases (224, 225). In addition, 

YopP/J acts as an acetyltransferase with deubiquitination and putative 

cysteine protease activities, which inhibits the production of 

proinflammatory molecules and induces apoptosis in macrophages (226, 

227). 

1.2.1.3  Iron Transport 

As part of non-specific immune system in mammals, free iron is bound and 

reduced by specific host proteins to prevent bacterial growth. Therefore, 

bacterial pathogens have developed high-affinity iron acquisition systems to 

adapt to this iron-restricted milieu for the establishment of a successful 

infection. Iron acquisition ability of Yersinia spp. enhances its pathogenicity. 

Therefore, Yersinia spp. are. are classified as low or high pathogenic 

according to the presence of a large chromosomal region encoding for an 
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iron-uptake system named as high-pathogenicity island (HPI) (228, 229). 

HPI in three pathogenic species encodes synthesis and transport of the 

siderophore yersiniabactin (Ybt), which is a high-affinity ferric (Fe3+) iron 

chelator (230). The biosynthesis of Ybt is mediated by non-ribosomal 

peptide synthesis with the aid of 7 gene products; HMWP1, HMWP2, YbtD, 

YbtE, YbtS, YbtT, and YbtU and secreted to the extracellular milieu by an 

unknown mechanism. Ferric iron-bound yersiniabactin is then sensed by 

outer membrane receptor protein Psn and transported back into the cytosol 

by ATPase/ABC transporters YbtP and YbtQ (231). These ABC transporters 

have a unique structure compared to other ABC transporter family proteins 

with both an N-terminal membrane spanning domain and a C-terminal 

ATPase domain (232). The transcriptional regulation of Ybt locus has been 

shown to be regulated by Fur, YbtA, iron and yersiniabactin itself (233). 

Mutations in Ybt transport, and/or synthesis genes significantly impairs 

virulence of pathogenic Yersinia (230, 232, 234).  

Alternative siderophores such as the pseudochelin (Ynp), the yersiniachelin 

(Ysu), and the aerobactin (Iuc) systems are also present in pathogenic 

Yersinia strains (235). The aerobactin locus has a frameshift mutation in 

iucA in Y. pestis strains and therefore cannot synthesize aerobactin. 

However, the transport of aerobactin in Y. pestis is mediated by both Iuc and 

Fhu systems, which are also encoded in the genome of Y. pseudotuberculosis 

(235). Moreover, the two additional iron acquisition systems Yfe and Feo 

play a role in the transport of ferrous (Fe2+) iron in anoxic conditions and are 

both essential for in vivo virulence of Yersinia (236).  

1.2.1.4 Stress response 

Pathogenic bacteria have to cope with different toxic components and host 

defenses as an additional challenge. The bacterial response to several stress 

conditions can therefore be implicated as virulence factors. Examples of such 

stress conditions encountered in the host environment are temperature, low 

pH, nutrient limitation, oxygen tension, oxidative/nitrosative stress, high 

osmolarity and membrane disrupting agents derived from immune cells. 
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Despite the differences in life styles and infection routes, Yersinia species 

encounter many of these stress inducers and have therefore developed 

regulatory networks that coordinates the rapid adaptation and establishment 

of infection (237). 

For the food-borne pathogens Y. pseudotuberculosis and Y. enterocolitica, 

the passage through the highly acidic stomach of the host is the first barrier 

that has to be surpassed. This is enabled by different mechanisms in these 

bacteria to tolerate increased acidity. Urease enzyme that catalyzes urea 

hydrolysis to ammonia has been shown to play a role in the acid survival, but 

the requirement in in vivo virulence differs where it appears to be 

dispensable in Y. pseudotuberculosis (238-240). Nevertheless, the positive 

regulation of urease was found be mediated by OmpR which is the response 

regulator of EnvZ/OmpR two-component regulatory system (TCRS) (241). 

In addition, decreased urease activity in strains lacking the RNA chaperone 

hfq has suggested a role for this global regulator in acid survival of enteric 

Yersinia (242). Mutation in ureD eliminated the urease activity in Y. pestis 

that was found to be toxic to fleas and highlights the evolutionary aspects of 

adaptation to increase the vector-born transmission potential of this 

pathogen (243). In addition, the production of ammonia by AspA, which is 

involved in aspartate metabolism, increases the survival of Y. 

pseudotuberculosis in acidified medium when additional aspartate is 

present. This suggests a role for amino acid metabolism in acid survival 

(244). Moreover, Zhang et al proposed an unusual mechanism where the 

type VI secretion system 4 (T6SS-4) could promote acid survival of Y. 

pseudotuberculosis by acting as a proton efflux system (245). This was later 

shown to be activated by RovM, a central regulator of CsrABC-RovM-RovA 

cascade, in response to the nutrient availability. The same study also 

demonstrated the presence of a functional arginine-dependent acid 

resistance system, of which the expression was repressed by RovM (246). 

The response regulator PhoP of the PhoP-PhoQ TCRS is essential for the 

acid responsiveness of Y. pseudotuberculosis, which contributes to the 

survival of this bacterium in macrophages and in vivo virulence (247, 248). 
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The alternate sigma factor σS (RpoS) is important for stationary phase 

survival and general stress response gene expression which includes 

oxidative, osmotic, heat and starvation stress response pathways (249). The 

role of RpoS in survival in the diverse stress conditions such as high 

temperature, osmolarity, hydrogen peroxide and low pH in enteric Yersinia 

has been shown to be critical. Additionally, RpoS regulates the motility, 

biofilm formation and T6SS in Y. pseudotuberculosis (250, 251).  

To sustain the envelope integrity against membrane damaging agents, which 

affect the protein transport and folding in these compartments, bacteria 

possess extra cytoplasmic stress response (ECS) pathways. The five well-

characterized ECS responsive pathways are; Bae, Cpx, Psp, Rcs and σE, of 

which some have an impact on virulence of pathogenic Yersinia. RpoE gene 

is essential for growth of Yersinia under various stress conditions such as 

high osmolarity, low pH, ethanol and high temperature (252, 253). 

Inactivation of rpoE led to decreased Ysc-Yop T3SS components in Y. 

pseudotuberculosis (254). The accumulation of phosphorylated CpxR, 

component of CpxA-CpxR TCRS, down-regulates the transcription of Ycs-

Yop T3SS and invasin in Y. pseudotuberculosis and this in turn results 

reduced toxicity against eukaryotic cell lines (255, 256). Y. enterocolitica 

strains lacking phage shock protein PspC have been shown to be avirulent in 

a mouse model of infection and grows slower during T3SS induction 

compared to wild-type strain (257). Rcs phosphorelay system has been 

studied extensively in enteric Yersinia and the majority of the Rcs regulon 

has been predicted to function in cell envelope and the absence of the Rcs 

components conferred decreased adhesion, resistance to bile, biofilm 

formation and resistance to osmotic stress (258). 

1.2.1.5  Metabolism 

Studies on pathogenic bacteria have mainly focused on virulence factors and 

their targets in the infected host. However, recently the significance of 

metabolic fluxes that are needed to promote bacterial survival and 

replication in the host has been valued and taken the host-pathogen 
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interaction studies to a new area (259). For enteric pathogens, the presence 

of specialized metabolic pathways for the utilization of micronutrients in the 

intestine and competition with the resident microbiota appeared to be 

equally important as virulence factors to promote infection (260). Studies on 

the central carbon metabolism and its regulation through cAMP-CRP (cyclic-

Adenosine monophosphate and cAMP receptor protein) and Crp-Csr-RovA 

cascade have provided information that link the metabolic state to the 

virulence of Yersinia. cAMP-CRP regulates Pla protease, outer membrane 

porins, T3SS, F1 capsule and small non-coding RNAs of carbon storage 

regulatory (Csr) system in pathogenic Yersinia species and therefore their 

survival in mouse models of infection (261). The complex regulatory circuits 

on carbon metabolism in Yersinia involve the action of global regulator 

RovA, RovM, and Csr on pyruvate metabolism and tricarboxylic acid (TCA) 

cycle and utilization of glucose in Y. pseudotuberculosis (262, 263). Deletion 

of pykF encoding for a central point of this pathway lead to a significant 

virulence reduction in the oral mouse infection model. This emphasizes the 

importance of carbon metabolic fluxes in in vivo fitness of this pathogen 

(264). A recent systematic approach on Y. pseudotuberculosis temperature-

dependent transcriptome changes uncovered the presence of a 

thermoregulated “acetate switch” in Y. pseudotuberculosis. The utilization of 

carbon sources such as glucose and serine switched to acetate utilization 

when growth temperature shifted from environmental to host temperature. 

This was explained by the high level of acetate production of microbiota in 

the mammalian intestine that could serve as the major carbon source for Y. 

pseudotuberculosis (265). A similar study in Y. pestis demonstrated that the 

temperature shift to 37°C had an impact on metabolic pathways such as 

inhibition of glycolysis but instead oxidation of carbohydrates, amino acids 

and fatty acids known to exist in host environment was induced (266). In 

addition, nutrition status has also been linked to the regulation of T3SS. The 

increase in the extracellular levels of glutamate, glutamine, aspartate, or 

asparagine activates T3SS in Y. enterocolitica. In relation to this, the YscM1, 

the LcrQ homologue in Y. enterocolitica, inhibits phosphoenolpyruvate 

carboxylase (PEPC) activity, (196), leading to increased production of 
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oxaloacetate that feeds the TCA cycle. Excess oxaloacetate then induces the 

formation of aspartate and glutamate. Probably the regulation is enabled by 

the translocation of YscM1 into host cells thereby decreasing the amount of 

cytoplasmic YscM1 and leading to the activation of PEPC reaction (267, 

268).  

1.2.2 Immune Responses to Enteric Yersinia 
Infections 

The immune system is classified into innate and adaptive immunity. The 

innate immunity serves as the immediate response to invading pathogens 

with the help of macrophages, dendritic cells (DCs), natural killer (NK) cells, 

neutrophils and the complement system. The innate immune system 

identifies pathogens by pattern-recognition receptors (PRRs) such as Toll-

like receptors (TLRs) that recognize microbial components named as 

pathogen-associated molecular patterns (PAMPs). At this point, residential 

phagocytes perform the direct attack, recruit other types of innate immune 

cells and induce an inflammatory response by secreting chemokines. The B 

and T-cell acquired immunity act on the later stages of infection that 

eventually leads to clearance of the pathogens (269).   

In the mouse model of infection, enteropathogenic Yersinia initially infects 

terminal ileum and cecum. Within a short time period after infection they 

can colonize Payer`s Patches and specifically interact with the M cells which 

are located in the follicle associated epithelia. The internalization into M 

cells is mediated by the interaction of invasin with surface domain of the β-

integrins found in the apical side of the M cells. The dome region under the 

epithelial follicle constitutes dendritic cells, macrophages and it is possible 

that the these cells perform the internalization (270). The replication ability 

of enteropathogenic Yersinia in	naïve murine macrophages in vitro could be 

an evidence that the migrating phagocytes enables dissemination to MLNs. 

Systemic dissemination by highly pathogenic Yersinia strains in rodents 

could be mediated by phagocytes that engulf Yersinia and transport them to 

liver and spleen via blood stream. The resident macrophages as well as 
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recruited macrophages and neutrophils have been shown to play a role in the 

immune responses against enteric Yersinia infections in the intestine and in 

the liver and spleen (271). Both macrophages and neutrophils respond to 

recognition by TLRs that promote a proinflammatory response by secretion 

of IFN-γ and TNF-α that then induces a Th1 adaptive response against 

Yersinia infections (272).  

1.2.2.1 Yersinia Neutrophil Interactions 

The neutrophils or the polymorphonuclear neutrophilic leukocytes (PMNs) 

constitute the second major class of phagocytes that are circulating in the 

blood stream with a short life span. The mechanisms of pathogen 

elimination by neutrophils include phagocytosis, degranulation, production 

of ROS and neutrophil extracellular traps (NETs), production and secretion 

of antimicrobial proteins such as defensins and cathepsins (273). The 

recruitment of neutrophils as a first line of defense upon Yersinia infection 

has been shown by many studies (271), and therefore neutrophils are one of 

the major targets of Yersinia (274). Different virulence factors of Yersinia 

implement different inhibitory effects on the antimicrobial actions of 

neutrophils. The delivery of T3SS effector proteins YopH and YopE inhibit 

phagocytosis, ROS and Ca2+ signaling in neutrophils (275-277). More 

recently, the T3SS translocator protein YopD has also been found to be 

responsible for inhibition of ROS in neutrophil-like cells (278). In contrast to 

their role in triggering apoptosis in macrophages and dendritic cells, YopP 

and/or YopJ does not induce apoptosis in neutrophils and instead inhibit 

ROS (279). The roles of YopH, YopK and YopE have also been shown to be 

important for neutrophil targeting in the early stages of enteropathogenic 

Yersinia infections (280, 281). NET formation has been shown to be induced 

and there is evidence that NETs are degraded by extracellular nucleases of Y. 

enterocolitica (282, 283). Moreover, invasin, Ail and YadA direct the Yop 

translocation specifically to neutrophils together with the complement 

system components (284).  
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1.3 Transcriptomics Approaches in Pathogenic 
Bacteria 

Transcriptomics is a comprehensive approach of gene expression patterns to 

understand the contribution of genes to complex phenotypes in all 

organisms. The rapid dynamics of adaptation to environmental changes, 

short half-life of mRNA and lower complexity and scale of bacterial genomes 

make transcriptomics a powerful tool to study bacteria-environment 

interactions on molecular level. The great advances in the techniques for 

evaluation of gene expression has leaped from basic hybridization to next-

generation high-throughput analyses that lead to deposition of large 

numbers of data. This also provided novel findings in prokaryotic “RNA 

world” such as non-coding RNAs (ncRNAs), untranslated regulatory 

elements and alternative operon structures as well as restructuring the 

published annotations of coding genes. The application of different 

techniques for transcriptomic analysis of pathogenic bacteria and its host 

enabled discovery of novel virulence factors and a better understanding of 

host-pathogen interactions (285, 286).  

1.3.1 Microarrays 

DNA microarray has been an important technique for gene expression 

profiling. The basis is that the single-stranded DNA probes corresponding to 

the whole genome of the target organism are spotted on a glass slide. The 

isolated mRNA (converted to cDNA by reverse transcription) or DNA of the 

target organism from different conditions are labeled with fluorescent dyes 

and hybridized to the glass slide containing the probe DNA. An increase in 

intensity of the fluorescence over background level indicates successful 

hybridization. The fluorescence intensity is detected by a scanner and an 

image of the array is generated which then transformed to numerical 

readings by specialized software (287). Microarray is used in clinical 

microbiology applications for the identification and diagnostics of 

pathogenic bacteria by targeting 16S, 23S rRNA, gyrB and katG genes as 

identifiers (288, 289).  
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The gene expression profiling of various pathogenic bacteria by microarray 

analysis is used to reveal their responses in gene regulation in different 

environmental conditions and in the host (290). There have been many 

studies analyzing global changes in the transcriptome of pathogenic Yersinia 

by using microarray in response to temperature shift from 26°C to 37°C, 

survival in different immune cells such as macrophages and also in infected 

body fluids and tissues contributed to discovery of new regulatory systems in 

virulence (291-294).  

1.3.2 RNA-seq 

The principle of RNA-seq is based on the high-throughput deep sequencing 

of complementary DNA (cDNA), which is reverse-transcribed from isolated 

RNA of the target organism. The spontaneous sequencing of the transcripts 

is more advantageous over the classical hybridization techniques such as 

microarray and Northern blotting where the specific probes are required. It 

also allows higher resolution and eliminates the possibility of non-specific 

hybridization (295). Additionally, gene expression level in RNA-seq is 

quantified by reads per kilobase coding sequence (CDS) length per million 

reads analyzed (RPKM) whereas the hybridization methods are quantified by 

the intensities of fluorescence or radioactivity, which may lead to saturation 

of detection. Therefore, RNA-seq increases the chance of discrimination 

between very high or very low expression levels. High proportion of 

ribosomal RNAs in the extracted total RNA sample can be reduced up to 

90% by ribosomal RNAs depletion strategies, which increases the coverage 

of mRNA and ncRNA reads (296).   

Besides surveying transcriptome of bacterial strains, RNA-seq is a powerful 

tool for determination of transcription start sites by specifically sequencing 

the 5` region of mRNAs, for discovery of novel ncRNAs and for 

metatranscriptome analysis of marine, soil and gut communities (297). 

Applications of RNA-seq to understand the virulence and pathophysiology of 

pathogenic Yersinia species in in vivo and in vitro settings have been the 

focus of recent studies. Transciptome profiling of lung lesions caused by Y. 
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pestis, revealed spatially distinct neutrophil responses in this 

microenvironments (298). Another recent study, revealed the adaptation 

process of Y. pseudotuberculosis to persist in cecum for extended period of 

time by the down regulation of T3SS and up regulation of regulatory systems 

in response to in vivo environmental cues (299). Novel ncRNAs that are 

important for the infection process of pathogenic Yersinia have been 

identified by RNA-seq technology (300, 301).  
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2 OBJECTIVES OF THIS THESIS 

The major objective of this thesis was to study the role of Tat pathway and its 

substrates in virulence of Y. pseudotuberculosis. The more specific 

objectives were:  

 

• To investigate the role of Tat pathway in general physiology of Y. 

pseudotuberculosis by transcriptomic and phenotypic analysis 

 

• To identify and verify Tat substrates that are important for in vivo 

infection 

 

• To compare in vitro and in vivo phenotypes of the attenuated Tat 

substrates and the Tat-deficient Y. pseudotuberculosis  
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3 RESULTS AND DISCUSSION 
3.1 PAPER I- Transcriptomic and phenotypic analysis 

reveals new functions for the Tat pathway in Y. 
pseudotuberculosis 

In our previous study, we have shown that the Tat pathway is essential for 

the virulence of Y. pseudotuberculosis (47). However, none of in silico 

predicted Tat substrates in this study appeared to be directly involved in 

virulence. Therefore, to reveal the consequences of Tat-deficiency on 

bacterial physiology, we decided to compare the global transcriptomes of the 

wild type and the tatC mutant under different in vitro growth conditions 

(exponential and stationary phase growth at 26°C and 37°C) by microarray 

analysis.  

3.1.1 Loss of Tat function leads to significant 
reprogramming at 26°C stationary phase growth 

The global expression patterns of the tatC mutant demonstrated a certain 

level of reprogramming. Intriguingly, the highest number of differentially 

regulated genes in tatC mutant seen during stationary phase growth at 26°C. 

The functional clustering of differentially regulated genes by Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway mapping revealed 

that a large number of genes involved in metabolism, stress adaptation, 

virulence and transport were under Tat control during stationary phase 

growth at environmental temperature indicating a major role for the Tat 

pathway in the overall physiology and adaptation of bacteria in Y. 

pseudotuberculosis (Paper I, Figure 1A, Table S2). Based on these results we 

could identify the phenotypes of the tatC mutant that could be related to 

altered gene expression patterns. We could also identify Tat substrates that 

could be functionally related to these phenotypes by including the Tat 

substrate mutants in the phenotypic analysis. 
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3.1.2 Tat pathway is required for iron acquisition 

 Iron is essential for pathogenic bacteria to survive and replicate in host 

niches. In our transcriptomic analysis, we found that the fpbABC and bfr 

genes, that encode for iron transport and storage proteins, respectively were 

up regulated in tatC mutant at both 26°C and 37°C (Paper I, Table S2). 

Another significant finding was that, FhuD, a predicted Tat substrate in our 

in silico prediction analysis and a verified Tat substrate in E. coli (166), is a 

part of the iron-hydroxomate-type siderophore uptake system in Yersinia 

(302). The impaired export of FhuD to the periplasm in tatC mutant could 

lead to increased transcription of other iron uptake systems to compensate 

the absence of FhuD. We found that the tatC mutant was severely impaired 

in growth at both 26°C and 37°C in comparison to wild type in low-iron 

medium (Paper I, Figure 2A, and B). However, the growth defect of fhuD 

mutant was not as severe as for the tatC mutant at 37°C in contrast to 

growth at 26°C where both mutants were equally impaired for growth. This 

suggests that lack of periplasmic protein FhuD is partly responsible for the 

impaired growth of the tatC mutant in low-iron media especially at host 

temperature. Further support for this is that both the tatC and fhuD mutants 

showed the same level of growth defect when the iron was scavenged by 

iron-hyroxamate-type-siderophore ferrichrome in the growth medium at 

37°C (Paper I, Figure 2C). On the other hand, the expression of FhuD could 

be very low at 26°C, but at 37°C other iron acquisition systems such as 

yersiniabactin uptake systems (Ybt) could support the growth of fhuD 

mutant in iron-starved conditions of which the expression is known to be 

induced at 37°C (231). In conclusion, Tat pathway is essential for the ability 

of Y. pseudotuberculosis to acquire iron, which in part due to the loss of 

FhuD in the periplasm and in turn impeded iron acquisition could negatively 

affect the growth in host tissues.  

3.1.3 Loss of Tat function has an impact on YadA 
expression  

The expression levels of genes encoding for T3SS components were not 

changed in tatC mutant at 37°C (Paper I, Table S2), which is line with the 
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previous study where the inactivation of Tat pathway had no effect on Yop 

expression, secretion and T3SS function in in vitro cell infection models 

(47). Interestingly, yadA expression was found to be down regulated at both 

26°C and 37°C during exponential growth in the tatC mutant. We could 

verify this both by qRT-PCR (Paper I, Figure S1) and by Western blot both in 

Ca2+ supplemented and depleted medium (Paper I, Figure 3). YadA is an 

outer membrane protein and its expression is maximal at 37°C when the 

Ca2+ is depleted from growth medium (207). The direct relation of YadA 

expression and Tat pathway is not clear. Similarly, down regulation of a 

surface protein F1 antigen in Y. pestis tatA mutant has also been 

demonstrated (178). However, the envelope defect we have observed in tatC 

mutant (see below) could affect the correct localization of these surface 

proteins. YadA is important for the interaction with different immune cells 

and virulence of enteropathogenic Yersinia (211, 213, 303) and a decrease in 

the surface localization of this protein could result in a colonization defect 

early in the in vivo infection.  

3.1.4 Central metabolism is significantly affected in tatC 
mutants 

Among the 91 differentially regulated genes in tatC mutant at 26°C 

stationary phase involved in metabolism of which 40% have functions in 

carbon metabolism (Paper I, Figure 4A). Significantly, genes encoding 

enzymes involved in glycolysis such as pgi, pgk, eno, pykF, pfkA, and gpmA 

were up regulated suggesting that inactivation of Tat pathway leads to 

intense glucose catabolism and therefore increased secretion of acidic end 

products into the growth medium (Paper I, Table S2, Figure 4B). In line with 

this, the growth of the tatC mutant on Luria agar supplemented with glucose 

and phenol red confirmed the secretion of acidic end products (Paper I, 

Figure 4C). The dld and lld genes that encode lactate hydrogenases were also 

up regulated in the tatC mutant, indicating the excess pyruvate could be 

oxidized to lactic acid, confirming the intense secretion of acidic end 

products. This also suggests that the tatC mutant primarily utilize substrate 

level phosphorylation rather than oxidative phosphorylation, which could be 
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related to down regulation of ATP synthases (atpHBI) (Paper I, Table S2). In 

addition, intense glycolysis leads to low energy yield and metabolic state 

especially in stationary phase. 

Another interesting finding was the up regulation of genes encoding 

enzymes of the reductive branch of TCA cycle (frdABCD) and the down 

regulation of genes encoding enzymes involved in succinate biogenesis 

(sdhABCD and sucBC), through the oxidative branch of TCA cycle in tatC 

mutant (Paper I, Figure 4B, Table S2). In addition, the up regulation of argH 

encoding the argininosuccinate lyase, which is involved in fumarate 

production, could replenish the TCA cycle and lead to increase fumarate 

reduction. The higher levels of intracellular fumarate in tatC mutant during 

growth in stationary phase at 26°C compared to wild type further supported 

this finding (Paper I, Figure 4D). Increased fumarate reduction was 

previously described in other enteric bacteria such as E. coli and S. flexneri 

upon entry to stationary phase (304, 305). On the other hand, bacteria 

mostly utilize fumarate reduction when oxygen is limited and the absence of 

6 Tat substrates predicted to be involved in the reduction of various terminal 

electron acceptors in anaerobic conditions could lead to compensation by up 

regulating an anaerobic-like metabolism in tatC mutant. Consequently, the 

lower metabolic state and energy levels in stationary phase, where the 

nutrient starvation is the highest, could be expected to lower the in vivo 

fitness of tatC mutant.  

3.1.5 Tat pathway is important for Y. pseudotuberculosis 
to cope with various stress conditions 

The Tat pathway has been found to have a role directly or indirectly for 

growth during various stressful conditions in many pathogenic bacteria (131, 

162, 168, 177). Strikingly, the inactivation of Tat pathway led to the up 

regulation of 28 genes that are involved in stress responses to heat shock, 

acidic environment, oxidative agents, cold shock and high osmolarity at 26°C 

during stationary phase growth in our transcriptomic analysis (Paper I, 

Table S2). The stress response regulons are usually induced by sigma factor 

RpoS upon entry to stationary phase (306) and RpoS was also up regulated 
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in tatC mutant (Paper I, Table S2). Hence, our data provide evidence that 

the restrictive environment in stationary phase is much harsher for tatC 

mutant than in the wild type resulting a simultaneous induction of many 

different stress responses.  

Moreover, the up regulation of the ureABCDEG, adiAC, hdeBD genes that 

encode proteins important for protection of bacterial integrity in acidic 

environments and of importance for survival of enteric pathogens in the host 

intestine prompted us to investigate survival of tatC mutant in low-pH 

medium. Since the expression of the potential Tat substrate carbonic 

anhydrase CynT (47) was also up regulated in tatC mutant during growth at 

both environmental and host temperature, we included a cynT mutant in 

this analysis. The tatC mutant showed a significantly lower survival rate 

compared to wild type in acidic pH at 37°C whereas cynT mutant was 

dispensable for acid resistance in this condition (Paper I, Figure 4C). These 

results suggested that the Tat function is essential for growth in acidic 

environment and therefore contribute to the survival during passage through 

stomach or upon internalization by host cells.  

High levels of copper is toxic to bacteria and they have evolved detoxification 

systems to maintain the intracellular copper homeostasis (307). 

Interestingly, homologues of periplasmic multicopper oxidases have been 

shown to be Tat-dependent in various bacterial species including Y. 

pseudotuberculosis (47, 131, 179, 180). The up regulation of copA in tatC 

mutant at 26°C stationary phase growth could therefore be caused by the 

mislocalization of CueO, a multicopper oxidase and a putative Tat substrate 

of Y. pseudotuberculosis. Thus, we compared the copper tolerance of tatC 

and cueO mutants with wild type strain at 26°C and 37°C. Indeed tatC 

mutant showed significantly lower tolerance to copper at both temperatures 

compared to wild type and cueO mutant strains at both temperatures. The 

cueO mutant was less sensitive than the tatC mutant, which is similar to 

what was previously found in E. coli (166) (Paper I, Figure 5A and B). These 

results suggested that the absence of CueO in the periplasm is only partly 

responsible for the lowered copper tolerance of tatC mutant and loss of Tat 
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function leads to a relatively more severe effect. In E. coli this general effect 

was shown to be independent of the envelope defect that was seen in tat 

mutants (166). Accordingly, the lower copper tolerance seen in the Tat-

deficient strain could be disadvantageous when the pathogen faces copper 

stress generated upon internalization by immune cells in the host. 

Studies of E. coli and Salmonella spp. demonstrated that inactivation of Tat 

pathway leads to a pleiotropic defect in the outer membrane characterized 

by sensitivity to SDS and hydrophobic drugs (129, 167). In E. coli this defect 

was conferred by the mislocalization of two amidases AmiA and AmiC, 

however in the case of Salmonella enterica Serovar Typhimurium an 

additional cell division protein SufI was involved and required together with 

AmiA and AmiC in the virulence attenuation of this bacterium (129, 182). In 

Y. pseudotuberculosis however, only SufI and AmiC was predicted to be Tat 

substrates (47). Based on these findings we sought to identify the 

contribution of those proteins in envelope integrity together with the tatC 

mutant in Y. pseudotuberculosis by growth in SDS at environmental and 

host temperatures. Intriguingly, only tatC mutant showed an impaired 

growth on SDS at both temperatures while neither sufI nor amiC mutant 

exhibited any increased sensitivity (Paper I, Figure 6A and B). This clearly 

demonstrated that the SufI and AmiC are not solely responsible for the 

impaired envelope integrity of the tatC mutant. In E. coli, the envelope 

integrity defect of tat mutants resulted in up regulation of rcs regulon (166). 

Inversely, none of the envelope stress response regulons were differentially 

regulated in our transcriptomic analysis of tatC mutant that indicates 

distinct responses to the same condition in closely relative bacteria. 

Moreover, there is evidence that the inner membrane permeability and PMF 

was affected in the E. coli tat mutant which might be result of integration or 

interaction of folded Tat substrates into the inner membrane when Tat 

export was blocked (136, 138). Thus, changes in the integrity of both 

membranes would definitely affect the overall physiology of bacteria in a 

stressful condition, such as stationary phase.  
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3.2 PAPER II- Tat substrate SufI is critical for the 
ability of Y. pseudotuberculosis to cause systemic 
infection 

In Paper I, we could identify novel phenotypes of tatC mutant of Y. 

pseudotuberculosis in accordance with the transcriptomic changes. Together 

these changes could be predicted to impact in vivo fitness. However, the Tat 

substrates functionally related to those phenotypes only partly contributed 

to the respective phenotypes. Therefore, in this study we sought to identify 

the individual Tat substrates that play a role in vivo virulence and in turn 

contribute to the attenuation of Tat-deficient strain of Y. pseudotuberculosis.  

3.2.1 sufI and ybtP mutants are the most attenuated of the 
putative Tat substrates  

For in vivo characterization of individual Tat substrates, we mutated 22 out 

of 25 genes encoding Tat substrates predicted by in silico prediction analysis 

using PRED-TAT (308) (Paper II, Table S1). This mutants were evaluated in 

an in vivo competitive mouse infection model. In agreement with our 

previous study, the tatC mutant was found to be highly attenuated and failed 

to colonize spleen and cause a systemic infection (47) (Paper I, Table 2). 

Seventeen of the mutated Tat substrates were equally virulent as the wild 

type while five mutants exhibited different levels of significant attenuation. 

These five genes encode the cell division protein SufI, the yersiniabactin 

transporter YbtP, the oxidoreductase YedY, the putative sulfatase 

YP_071579 (YPTB3074), and the putative urea transporter UrtA (Paper II, 

Table 2). Importantly, the ΔsufI mutant was essentially as attenuated as the 

ΔtatC mutant, and unable to spread systemically with a defect in 

colonization of spleen (Paper II, Table 2). The second most attenuated 

mutant was ΔyptP (62 fold) (Paper II, Table 2). The level of attenuation for 

ΔyedY, ΔYPTB3074 and ΔutrA was quite low (1.4 fold, 1.8 fold and 1.5 fold, 

respectively) (Paper II, Table 2). This makes it unlikely that they would each 

significantly contribute to the attenuation of the Tat deficient strain, 

however does not necessarily mean that they are not relevant for the 

attenuation of tatC mutant. Possibly, in combination they could be 
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important for the in vivo infection. The attenuation of ybtP and sufI mutants 

in other pathogenic Yersinia species was in line with previous studies (232, 

309) suggesting that those two proteins are important for virulence of Y. 

pseudotuberculosis. It was surprising that the inactivation of FhuD and 

CueO, that played a role in the iron acquisition and copper detoxification of 

tatC mutant (Paper I, Figure 2 and Figure 5), did not led to a virulence defect 

in the mouse infection model. Intriguingly, Ybt- strains of Y. pestis were only 

attenuated when administrated subcutaneously but not intravenously 

suggesting that this system is primarily important for early establishment of 

infection (310). The specific role of SufI in virulence however, is not clear. 

Therefore, prior to more in depth analysis of these mutants in in vivo 

infection, we investigated whether SufI and YbtP are Tat substrates. We 

found that the similar to E. coli, export of SufI is mediated by Tat pathway in 

Y. pseudotuberculosis, whereas the inner membrane ABC transport protein 

YbtP, was not exported by Tat pathway (232) (Paper II, Figure 1A and B). Tat 

pathway has a role for insertion of some inner membrane hydrogenases but 

these proteins generally have a periplasmic domain in their N-terminus 

contrasting to the predicted membrane topology of YbtP as it has a 

cytoplasmic C-terminal domain and no periplasmic domain (126, 311). Thus, 

the attenuation of ybtP mutant has no direct role for the virulence of tatC 

mutant since it is not Tat-dependent and other iron uptake systems 

contribute to the defective growth of tatC mutant in iron-restricted 

environment. All together this data indicates that the SufI is primarily 

responsible for the attenuation of tatC mutant in Y. pseudotuberculosis.  

3.2.2 sufI and tatC mutants are impaired in colonization 
during early infection  

In order to compare the in vivo characteristics of the sufI and tatC mutants 

in more detail, we made use of the in vivo bio photonic imaging technology 

by IVIS® instrument. Analysis of the first 24 hours of orally infected mice 

with the bioluminescent strains demonstrated that the both sufI and tatC 

mutants were able to initially colonize cecum as early as 6 hours post 

infection (h.p.i.). Importantly, the efficiency of colonization was much lower 
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compared to the parental strain, while the sufI mutant had less defect in 

early colonization compared to the tatC mutant strain (Paper II, Figure 2A, 

B and C). This observation was also verified by the viable counts of 

homogenized organs (Paper II, Figure 2E and Figure S2). The difference 

between the two mutants at this time of the infection might be the result of 

other Tat-related phenotypic defects such as decreased iron uptake, 

sensitivity to copper and a defect in envelope structure (Paper I). Since SufI 

is not required for any of these functions (Paper I and Paper III), there are so 

far unidentified roles of SufI leading to the initial colonization defect. 

Additionally, we found that the tatC mutant was impaired in survival in the 

stomach of mice, which is in agreement with our findings in Paper I where 

the tatC mutant has a lower in vitro survival in low-pH medium (Paper I, 

Figure 5C). This suggests that a part of the tatC mutant is lost during the 

passage through the stomach, which became another distinctive feature 

between sufI and tatC mutant during early infection. Overall, these results 

suggests that the both mutants were able to colonize cecum, although less 

efficiently than the parental strain.  

3.2.3 TatC and SufI is required for systemic dissemination 

To investigate the ability of two mutants in further in vivo dissemination, we 

also monitored later time points of infection by in vivo bio photonic imaging 

and physical examination. The parental strain disseminated rapidly and 

caused systemic infection on days 5-7 p.i., while the two mutant strains were 

unable to spread and were eventually cleared around 18 days post infection 

(d.p.i.) (Paper II, Figure 3A and B). Mice infected with the tatC and sufI 

mutant strains showed only a small degree of weight loss and diarrhea 

around day 2-3 p.i.. Thereafter mice regained weight and appeared healthy 

after 5 days p.i. and onwards. Analysis of dissected organs by IVIS showed 

that the both mutants were able to colonize Payer`s patches (PPs) and MLNs 

on day 3, 5 and 7 post infection (Paper II, Figure 3C). Dissemination to 

spleen and liver was observed in wild type infected mice on day 5 and day 7 

p.i., respectively. In contrast, neither sufI nor tatC mutants disseminated 

further from MLN and the signal from MLNs of tatC and sufI mutant 
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infected mice on these days showed a continuous decrease (Paper II, Figure 

3C and D). These results indicate that the both mutants exhibit very similar 

in vivo characteristics at later time points of infection. The observed small 

differences between the two mutants during early infection appears to be 

less significant at later time points where the ability to survive and spread 

from MLNs to cause systemic infection strictly requires SufI function in the 

periplasm.  

3.2.4 sufI and tatC mutants are contained by neutrophils 
in MLNs 

Upon entry into the intestinal lymphoid tissues, enteric Yersinia encounters 

phagocytes and an increased number of macrophages and neutrophils are 

recruited to the infection site (312, 313). Our results in previous section 

showed that the MLN served as a barrier for the tatC and sufI mutants to 

inhibit their further dissemination to the spleen and liver. Therefore, we 

analyzed the interaction of neutrophils with the two mutant strains 

compared to the wild type strain in MLNs at different time points. On day 3 

p.i. all strains exhibited similar patterns of foci formations and similar levels 

of neutrophil recruitment. However on day 5 and day 7 p.i., several foci of 

wild type strain in the tissue were observed where not all the foci were 

surrounded by neutrophils. This indicates that there is a rapid replication 

and escape from the neutrophils by wild type strain at these later time 

points. Importantly, in the MLNs infected by the two mutants on day 5 and 7 

p.i., fewer foci were observed and they were always contained by extensive 

amounts of neutrophils. This indicates that the mutants were unable to 

overcome the actions of neutrophils or possibly of other phagocytes, thereby 

leading to clearance of the mutants, which is in accordance with the in vivo 

imaging data where the signal from the mutants were decreasing after day 5 

and 7 p.i. Thus, it is clear that SufI function in the periplasm is required for 

the Tat-deficient strain to survive in the selective environment of MLN and 

against the immune cell actions. On the other hand, T3SS effector proteins 

YopH and YopE have been shown to be important for escaping neutrophils 

in Y. pseudotuberculosis infections in mice (280). However, neither sufI nor 



 

47 

tatC mutant are affected in expression and secretion of T3SS effectors 

indicating that the impaired survival in MLN is independent of T3SS 

function (47) (data on sufI not shown).  

SufI localizes to the septal ring in E. coli and can suppress the phenotypes of 

different fts mutants, but does not appear to be essential for cell division 

(314, 315). Structural studies revealed that SufI belongs to the multicopper 

oxidase superfamily but lacks enzymatic activity suggesting that it most 

likely is involved in protein-protein interactions in the divisome (316). 

Another interesting finding is that SufI is only found in organisms in 

Enterobacteriales and Pasteurellales of the Gammaproteobacteria (316). In 

S. enterica Serovar Typhimurium, a single sufI mutant was not attenuated. 

However, in combination with amiA and amiC deletion, it becomes a 

virulent and this was linked to the defects in envelope integrity. Even though 

the specific role and contribution to virulence for these cell division proteins 

differ, these findings indicate a central role for cell division proteins in 

virulence of enteric pathogens. Taken together these data demonstrated that 

a single Tat substrate, SufI, is primarily responsible for the high level of 

virulence attenuation of a Tat-deficient strain of Y. pseudotuberculosis even 

though its predicted function does not seem to be directly related to classical 

virulence determinants. 
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3.3 PAPER III- Transcriptomic and phenotypic 
analysis of sufI and tatC mutants of Y. 
pseudotuberculosis 

Our detailed transcriptomic and phenotypic analysis revealed that the Tat-

deficiency results in significant changes in phenotypes such as growth defect 

in iron-limited medium, increasing copper concentrations, low-pH, and a 

defect in envelope integrity that could impact the in vivo survival (Paper I). 

Moreover, we found that the SufI is mainly responsible for in vivo 

attenuation of the tatC mutant in Y. pseudotuberculosis (Paper II). In order 

to get insight into the function of SufI, we compared both the phenotypes 

and transcriptomes of the tatC and sufI mutant. Interestingly, sufI mutant 

did not exhibited any of the previously identified phenotypes of the tatC 

mutant. We observed a slight elongation in the cellular morphology of both 

sufI and tatC mutants specially during logarithmic growth (Paper III, Figure 

1A) which is line with other studies that Tat-deficiency generally leads to a 

cell division defect (169, 170, 178). Since SufI is suggested to be involved in 

cell division, this phenotype is most likely caused by the loss of SufI function 

in the tatC mutant (316). We also found that the both sufI and tatC mutant 

has a lower survival rate on Yersinia Selective Agar plates (YSA) (Paper III, 

Figure 2) but this was not due to the bile salts alone that is present in YSA 

plates. The transcriptome analysis of both sufI and tatC mutant at host 

temperature revealed that even though they showed only limited overlap in 

terms of the differentially regulated genes, there was a similarity that in both 

mutants where the metabolism, virulence and transport pathways were 

affected (Paper III, Figure 3, Table S1 and Table S2). We also found four 

common differentially regulated genes involved in drug efflux, ubiquinone 

biosynthesis and peptide cleave with similar expression patterns in the two 

mutants (Paper III, Table 1). Overall these results might provide insight on 

both the in vivo and in vitro phenotypes of sufI and tatC mutants. 
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4 MAIN FINDINGS IN THIS THESIS 
Paper I 

• Inactivation of the Tat pathway results in a global effect on the 

transcriptome of Y. pseudotuberculosis at environmental temperature 

during stationary phase growth involving modulation of virulence, 

metabolism and stress response. 

• The Tat pathway and associated substrates are required for iron 

acquisition, copper oxidation, acid resistance, and envelope integrity 

in Y. pseudotuberculosis. 

• Loss of Tat pathway affects central carbon metabolism. 

Paper II 

• Among 22 potential Tat substrate mutants, the sufI mutant alone 

confers essentially equal attenuation level as tatC mutant in Y. 

pseudotuberculosis. 

• Both the tatC and the sufI mutants colonize intestinal lymphoid 

tissues although less efficiently than parental Y. pseudotuberculosis 

during initial colonization of orally infected mice.  

• SufI function in the periplasm is required for dissemination from 

mesenteric lymph nodes by evading neutrophil activities in this tissue 

and to cause systemic infection.  

Paper III 

• Unlike the tatC mutant a sufI mutant does not show growth defects in 

iron limited medium, high copper concentrations, low pH or a defect 

in envelope integrity. 

• SufI plays a role in cell division and growth in Yersinia Selective Agar 

plates of Y. pseudotuberculosis tatC mutant.  

• Transcriptomic analysis of sufI and tatC mutants revealed common 

changes in transport and metabolic pathways of Y. 

pseudotuberculosis.     
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5 FUTURE PERSPECTIVES 
In our studies, we have shown the importance of Tat-dependent substrates 

in virulence and physiology of Y. pseudotuberculosis and we found that 

single substrate SufI significantly contributes to the ability of Y. 

pseudotuberculosis to cause systemic infection. Even though SufI localizes to 

the divisome, knowledge on the actual function of this protein in cell division 

is very limited. Interestingly, SufI is only present in the Enterobacteriales 

and Pasteurellales of the Gammaproteobacteria which includes E. coli, S. 

flexneri, S. typhimurium, Enterobacter sp. 638, Y. enterocolitica, Erwinia 

carotovora; Sodalis glossinidius Photorhabdus luminescens, Mannheimia 

succiniciproducens, Haemophilus influenza (316). The role of SufI in 

virulence has not been studied in these species with the exception of S. 

enterica Serovar Typhimurium where inactivation of SufI alone did not 

confer any virulence defect in this enteropathogen. This might indicate that 

this protein has a different and specific function in Y. pseudotuberculosis 

related to in vivo survival. Different strategies could be employed to increase 

our understanding of the function of SufI in Y. pseudotuberculosis. Based on 

our findings in Paper III, several hypothetical genes were up regulated in 

response to the inactivation of SufI at host temperature and this could 

possibly provide new information to reveal novel phenotypes linked to SufI. 

Moreover, we have seen up regulation of different toxin-antitoxin systems in 

the sufI mutant strain which is intriguing, since these systems have variety of 

functions in bacteria varying from stress response, cell division and plasmid 

maintenance (317). Another aspect could be to perform a transcriptome 

analysis of sufI mutant when grown at high temperatures and on YSA plates 

to identify the genes contributing to the global regulation in the absence of 

SufI in these conditions. As a genetic approach, a multicopy plasmid library 

could be generated to find the suppressor genes of these phenotypes in the 

sufI mutant. Furthermore, more specific analysis on SufI could be to 

perform pull-down experiments to identify the interaction partners in the 

periplasm, which is expected to give hints about whether it interacts with 

any other cell division proteins or with a virulence factor.   
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