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Abstract 

Protein secretion in Gram-negative bacteria plays a vital role in their survival in the 

environment and their virulence. At least nine secretion systems have been identified in 

Gram-negative bacteria, including the type VI secretion system (T6SS). The T6SS 

appears to play an important role in the virulence of many pathogenic bacteria and also 

in interbacterial competition. The T6SS consists of 13 core protein subunits (TssA-

TssM) some of which exhibit structural similarity to components of the bacteriophage 

T4 contractile tail. The T6SS is predicted to employ an analogous mechanism to inject 

bacterial effector proteins directly into host eukaryotic cells, competing bacteria or into 

the extracellular medium.  

 

The interaction between the 13 core components of the T6SS was investigated by using 

the bacterial adenylate cyclase two-hybrid (BACTH) system. The results of the BACTH 

analysis of the interactions between these proteins showed that many Tss subunits are 

self-interacting such as TssH, TssI, TssJ, TssK, TssL and TssM. The results also 

revealed a number of novel hetero-oligomeric interactions between the different 

subunits. Furthermore, BACTH interaction results confirmed that TssA self-interacts 

mainly through its C-terminal domain and also interacts with a number of other T6SS 

subunit proteins, suggesting that it is central to the assembly of the baseplate complex of 

the T6SS. The analysis of proteolytic degradation products of TssA support a model in 

which TssA is organised into two domains linked by an unstructured linker region. Size 

exclusion chromatography and analytical ultracentrifugation revealed that TssA forms a 

large oligomer. Negative stain EM showed that TssA forms a ring of 20-25 nm diameter 

with external projections which resemble the baseplate component of the T4 phage tail 

complex. Moreover, by constructing a MBP-TssA C-terminal domain fusion the C-

terminal domain of TssA was demonstrated to be necessary and sufficient for ring 

formation. Two-hybrid analysis, SEC and negative stain EM suggest that a related 

protein, TssA
E
, encoded within the Aeromonas hydrophila T6SS gene cluster, is 

functionally orthologous to TssA. 
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1.1. The Burkholderia cepacia complex  

The genus Burkholderia consists of more than 60 species of non-fermentative, non-

spore forming bacilli within the ɓ class of the phylum Proteobacteriaceae and therefore 

they are Gram-negative (Compant et al., 2008). The Burkholderia cepacia complex 

(BCC) consists of 17 species with similar phenotypic features but distinct genetic 

composition (Mahenthiralingam et al., 2008, Vanlaere et al., 2008). The first member of 

the BCC was identified in 1950 by W.H. Burkholder, who described it as the causative 

agent of soft onion root (Burkholder, 1950). It was initially described as a member of 

the genus Pseudomonas due to the close phenotypic resemblance to the pseudomonads, 

and named P. cepacia. Until the early 1970s, different species now known to belong to 

the BCC were classed under the genus Pseudomonas, which belongs to the ɔ subgroup 

of proteobacteria. In 1973 considerable differences were demonstrated within the 

pseudomonad family at the ribosomal RNA homology level (Palleroni et al., 1973). 

Therefore, P. cepacia and 6 other Pseudomonas species (Pseudomonas solanacearum, 

Pseudomonas pickettii, Pseudomonas gladioli, Pseudomonas mallei, Pseudomonas 

pseudomallei, and Pseudomonas caryophylli) were classified within RNA homology 

group II pseudomonas. Later they were reclassified under a new genus - Burkholderia  

based on their DNA-DNA homology values, cellular lipid and fatty acid composition, 

16S rRNA sequences and phenotypic characteristics (Yabuuchi et al., 1992). By 1997, 

it became clear that B. cepacia consisted of at least five distinct genomovars (I-V) 

which are phenotypically similar but genotypically distinct strains (Vandamme et al., 

1997). Subsequently, these were assigned species designations (B. cepacia, B. 

multivorans, B. cenocepacia, B. stabilis and B. vietnamiensis). Since 1997 further 

studies have resulted in addition of another twelve species to the BCC. Table 1.1 lists 

the seventeen currently known species that constitute the BCC.  

 

BCC bacteria are widely distributed throughout the environment and commonly found 

in soil, especially the rhizosphere of plants. Some species have beneficial interactions 

with plants and provide protection against fungal infections (biopesticidal properties) 

such as infection of the seeds with Rhizoctonia solani and Pythium species which cause 

a condition known as ñdamping offò. Another useful feature of some members of the 

BCC is the ability to degrade pollutants because of their ability to use a wide variety of 

carbon sources such as groundwater pollutants. However, they have a dark side as some  
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Table 1.1 B. cepacia complex species and their habitat
a 

Name   Habitat    Reference 

 

B. cepacia  

 

 

Humans (CF and non-CF), elimination of 

pollutants from the environment and 

biological control 

 

 

(Vandamme et 

al., 1997) 

B. multivorans  

 

Humans (CF and non-CF) 

 

(Vandamme et 

al., 1997) 

B. cenocepacia  

 

Humans (CF and non-CF), animals, soil, 

plant, water, and biological control 

 

 

(Vandamme et 

al., 2003) 

B. stabilis  

 

Humans (CF and non-CF), rhizosphere 

soil, hospital equipment 

 

 

(Coenye et al., 

2001) 

B. vietnamiensis Humans (CF and non-CF), elimination of 

pollutants from the environment and 

biological control 

 

 

(Coenye et al., 

2001) 

B. dolosa  

 

Humans (CF) 

 

(Vermis et al., 

2004) 

B. ambifaria  

 

Humans (CF and non-CF) and biological 

control 

 

 

(Coenye et al., 

2001) 

B. anthina  

 

Humans (CF and non-CF)  

 

(Vandamme et 

al., 2002) 

B. pyrrocinia  

 

Humans (CF and non-CF) and biological 

control 

 

(Vandamme et 

al., 2002) 

 

B. ubonensis  

 

 

Hospital-acquired infection   

 

 

(Vanlaere et al., 

2008) 

B. latens  

 

Humans (CF)  

 

(Vanlaere et al., 

2008) 

B. diffusa  

 

Humans (CF and non-CF), soil, water 

 

(Vanlaere et al., 

2008) 

B. arboris  

 

Humans (CF and non-CF), soil, 

rhizosphere soil, water 

 

(Vanlaere et al., 

2008) 

 

B. seminalis  

 

 

Humans (CF and non-CF), soil, 

rhizosphere soil, water 

 

 

(Vanlaere et al., 

2008) 

 

B. metallica  

 

 

Humans (CF)  

 

 

(Vanlaere et al., 

2008) 

B. contaminans  

 

Infections in  animals and in humans 

(CF) 

 

(Vanlaere et al., 

2009) 

 

B. lata  

  

 

Forest soil  

  

 

(Vanlaere et al., 

2009) 
a
Adapted from (Sousa et al., 2010). 
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species are able to cause opportunistic infections in humans (Parke and Gurian-Sherman, 

2001). 

 

BCC are major opportunistic pathogens in immunocompromised patients. The severity 

of infection with this type of pathogenic bacteria in cystic fibrosis patients can vary 

considerably between chronic lung infection to óócepacia syndromeôô, which is a 

combination of necrotizing pneumonia and sepsis leading to a rapid clinical 

deterioration in lung function and eventually death (Isles et al., 1984). Patients with 

chronic granulomatous disease (CGD) are also at risk of serious BCC infections (Speert, 

2001). Cepacia syndrome is the second leading cause of death in CGD patients 

(Johnston, 2001). 

 

Among BCC species, B. cenocepacia is the most common member of the group to 

cause clinical infection in cystic fibrosis patients, resulting in as many as 70% of cases 

of BCC infection in cystic fibrosis patients (Figure 1.1). However, recent studies shown 

that B. multivorans has become the most common BCC isolate in the United States and 

the United Kingdom (Reik et al., 2005, Mahenthiralingam et al., 2008). B. multivorans 

is the second most frequent BCC pathogen isolated from cystic fibrosis patients 

(Mahenthiralingam et al., 2002, Mahenthiralingam et al., 2005). The nucleotide 

sequences of the genomes of several strains of B. cenocepacia have been determined. In 

one strain, J2315, the genome is 8.06 Mb and consists of three circular chromosomes 

and one plasmid.  

 

1.2. Virulence determinants of the BCC 

A wide variety of virulence determinants may have a role in the ability of some species 

of BCC to cause disease, such as biofilm formation, iron acquisition, the ability to 

survive intracellulary and some protein secretion systems. Clinically; BCC species are 

problematic because they can cause invasive lung disease in immuno-compromised and 

cystic fibrosis (CF) patients and they are difficult to treat as they exhibit a high level of 

intrinsic antibiotic resistance. Therefore, research on the virulence determinants is 

important to identify bacterial processes that might be targeted by a novel vaccine or 

new antibiotics.  
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Figure 1.1. Electron micrograph of B. cenocepacia strain J2315. Reproduced from 

http://accessscience.com/content/Burkholderia-cepacia-complex. Image source: Emma Ralph, 

Eshwar Mahenthiralingam and Philip Sayre, Cardiff School of Biosciences, University of 

Cardiff, UK. 
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For instance, biofilm formation in B. cenocepacia can protect the bacteria from 

antibiotics as well as the host immune response (Estrela et al., 2009). It is predicted that 

in the CF lung B. cenocepacia live in biofilms, sometimes with P. aeruginosa and 

communicate together by using their quorum-sensing systems which is another 

virulence determinant of B. cenocepacia (Tomlin et al., 2001). Another important 

virulence trait of BCC species is the production of up to four types of siderophores 

(pyochelin, ornibactin, cepaciachelin, and cepabactin) for iron uptake and chelation 

(Thomas, 2007). However, most species only produce two of these, ornibactin and 

pyochelin. 

 

In addition, a number of secretion systems were found to have a role in the virulence of 

BCC species by secreting effector molecules that disrupt cell function and contribute to 

causing a disease. In B. cenocepacia, the type III secretion system (T3SS) is required 

for survival in a murine infection model as the bacterial mutant showed attenuated 

virulence compared to the wild type (Tomich et al., 2003). One of the two type IV 

secretion systems (T4SS) in B. cenocepacia contributes to the intracellular survival and 

replication in macrophages and airway epithelial cells (Sajjan et al., 2008). B. 

cenocepacia survive inside the macrophages within a membrane-bound vacuole (BcCV). 

The type VI secretion system (T6SS) has a very interesting role in the virulence of B. 

cenocepacia. The T6SS was shown to trigger a drastic alteration in the morphology of 

infected macrophages by inactivation and reduction of the cellular pool of Rac1 and 

Cdc42, members of Rho family GTPases which are involved in the regulation of 

intracellular actin dynamics. The T6SS also inhibits the recruitment of the NADPH 

oxidase complex, including Rac1, to the BcCV membrane (Flannagan et al., 2012, 

Rosales-Reyes et al., 2012b). Moreover, cooperation between type II secretion system 

(T2SS) and T6SS was recently proposed in B. cenocepacia. Several proteins are 

secreted to the extracellular environment by the B. cenocepacia T2SS such as the zinc-

dependent metalloproteases ZmpA and ZmpB that can degrade several substances 

including host immunity proteins (Kooi and Sokol, 2009). Although the T2SS cannot 

inject its effectors directly into the target cell (Section 1.3.2), Rosales-Reyes and 

colleagues showed that a functional T6SS facilitates the translocation of ZmpA into the 

cytoplasm of macrophages (Rosales-Reyes et al., 2012a). 
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1.3. Protein secretion systems in Gram-negative bacteria 

Protein secretion is defined as the transport of proteins from the interior to the exterior 

of the cell. It is an important process for bacterial survival as it plays a key role in 

numerous aspects of the bacterial life cycle such as the mediation of the interaction 

between bacteria and their eukaryotic hosts, biosynthesis of extracellular organelles 

such as pili and flagella, and nutrition. The structure of Gram-positive and Gram-

negative bacteria differ by the latter having two membranes which make protein 

secretion a more complicated process. Protein secretion in Gram-negative bacteria 

involves the transport of the secreted protein across the inner membrane (IM) and outer 

membrane (OM) as well as passing through the periplasmic space. A further difficulty 

faced by Gram-negative bacteria is the lack of ATP or energy source in the OM 

(Thanassi et al., 2005). Therefore, either the secretion process across both membranes 

should occur in a single step or in separate steps in which case the energy required for 

the transport of the secreted protein from the periplasm across the OM must be acquired 

at the IM (Thanassi and Hultgren, 2000). In situations where the protein is secreted in 

two steps, it is translocated across the IM using the Sec or Tat (see below). 

 

Research on protein secretion has identified at least nine specialised protein secretion 

systems in Gram-negative bacteria. Five of them, i.e. the Type II, -Va, -Vb, -VII, -VIII 

and -IX secretion systems, use the Sec or Tat pathway for transporting the secreted 

protein across the IM, whereas the other secretion systems, i.e. the Type I, -III, -IV and 

Type -VI secretion systems adopt a direct transport mechanism through both 

membranes without a periplasmic intermediate (Figure 1.2). Despite the involvement of 

all these secretion systems in the pathogenicity of bacteria, it has been found that the 

evolution of several of these secretion systems are from bacterial organelles associated 

with specific cell functions other than virulence. The type I secretion system (T1SS) is 

believed to be evolved from ATP-binding cassette (ABC) transporters, while the T2SS, 

T3SS and T4SS are similar to type IV pili, flagella and conjugation machines, 

respectively (Cascales, 2008).  
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Figure 1.2. Schematic representations of secretion systems of Gram-negative bacteria. The 

diagram shows that type I, III, IV and VI secretion systems transport their substrate proteins to 

the extracellular media or to the target cell cytosol in one step, whereas, type II, Va, Vb, VII, 

VIII and IX are two-step systems where the first step (translocation across the inner membrane) 

is mediated via Sec or Tat. Abbreviations: IM, bacterial inner membrane; OM, bacterial outer 

membrane; ECM, extracellular milieu. 
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1.3.1. The Sec and Tat systems 

Translocation of protein across the bacterial inner (or cytoplasmic) membrane to the 

periplasmic space is controlled by two systems: the Sec (general secretory) and Tat 

(twin-arginine translocation) pathways. The proteins that are transported by the Sec or 

Tat pathways have specific N-terminal signal sequences that are used to guide the 

protein to the Sec or Tat system located in the cytoplasmic membrane. When the protein 

passes through the inner membrane, the function of N-terminal sequence is completed 

and therefore it is cleaved off by a signal peptidase (Economou, 1999, Sargent et al., 

2006).  

 

The Sec system of E. coli is constituted of two main parts, a chaperone located in the 

cytosol named SecB, and a large protein complex in the inner membrane of the bacterial 

cell referred to as the translocase. The function of SecB chaperone is to hold the 

proteins in the correct conformation for translocation, and also targeting them to the 

translocase. The translocase has an ATPase component (SecA) and a membrane protein 

complex (Driessen et al., 1998, Stathopoulos et al., 2000). The process of protein 

translocation begins by selective binding of SecB to the preprotein that needs to be 

translocated (Driessen et al., 1998). It is worth mentioning that SecB chaperone cannot 

differentiate between secretory and non-secretory proteins, as it does not have 

specificity for signal peptides (Knoblauch et al., 1999, Stathopoulos et al., 2000). 

Subsequently, the SecB-preprotein complex binds to SecA and the preprotein is 

released from SecB and binds to SecA. SecA undergoes conformational changes after 

binding of an ATP molecule to the nucleotide binding site. These results in a part of the 

preprotein and the signal peptide being inserted into the translocation channel and ~ 2.5 

kDa of the preprotein is translocated. Hydrolysis of ATP results in reverse of the 

conformational changes of SecA and release of the bound preprotein. Then the cycle is 

repeated until all of the protein is translocated (Driessen et al., 1998, Stathopoulos et al., 

2000). The Sec pathway can only transport proteins in their unfolded state as they must 

fit through the 5-8 Å pore of the Sec system and the SecB chaperone keeps the 

preprotein in the required conformation (Pugsley, 1993, Van den Berg et al., 2004). If a 

Sec-dependent protein folds prematurely in the cytoplasm, it cannot be translocated via 

the Sec system. This might result in accumulation of precursors and subsequent cell 

toxicity. The Sec system is used to transport proteins in Gram-positive bacteria, Gram-

negative bacteria, eukaryotes and Archaea (Pohlschroder et al., 1997). In Gram-negative 
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bacteria the secretion of Sec-dependent proteins across the OM must be completed by 

separate mechanisms which are specialised secretion systems (Driessen et al., 1998).  

 

In E. coli the Tat system is composed of at least 3 main proteins that form the 

translocase: TatA, TatB and TatC (Berks, 1996, Settles et al., 1997, Berks et al., 2000). 

Proteins exported through the Tat system appear not to require a channel, as proteins are 

extracted through a layer of TatA by TatC (Fisher et al., 2008). The Tat system displays 

preference for proteins that binds to a cofactor in the cytoplasm such as haem or iron-

sulpher clusters, and therefore they are folded before export (Berks et al., 2000, Lee et 

al., 2006). However, in vitro studies showed that some cofactor-free proteins are also 

translocated by the Tat system (Berks, 1996, Bruser et al., 1998). 

 

The signal peptides of both Sec and Tat systems are short peptide chains of ~ 24 amino 

acids that are composed of three different regions: the n-region, which is an N-terminal 

positively charged region; the h-region, which is a hydrophobic helical region, and a c-

domain that contains the signal peptidase cleavage site (von Heijne, 1985, Izard and 

Kendall, 1994, Cristobal et al., 1999). Tat system-dependent signal peptides have 

additional features, the most distinctive feature of which is a conserved S/T-R-R-x-F-L-

K motif. The name of the Tat system is related to this conserved motif which contains a 

dispensable but highly conserved twin-arginine motif (Chaddock et al., 1995, Sargent et 

al., 1998). 

 

1.3.2. Type I secretion system  

The type I secretion system (T1SS) is Sec-independent and secretes proteins across the 

IM and OM in one step. The T1SS consists of three components, two components of the 

IM translocase: an ATP-binding cassette (ABC) transporter and a membrane fusion 

protein (MFP), in addition to a pore-forming outer membrane-associated protein, the so-

called outer membrane (OMP) protein. The secreted substrates have a non-cleavable C-

terminal signal sequence (Delepelaire, 2004). The T1SS exports high molecular weight 

toxins and exoenzymes from the inside to the outside of the bacterial cell in one step. 

The OMP forms a ɓ-barrel through which proteins are exported. An example of a T1SS 

is the secretion system for a-haemolysin (HlyA) of pathogenic E. coli (Kostakioti et al., 

2005).  
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1.3.3. Type II secretion system  

The type II secretion system (T2SS), also referred to as the secreton, is a Sec-dependent 

multi-protein complex composed of 12-15 proteins that span the inner and outer 

membranes (Voulhoux et al., 2001). Apart from one subunit, the outer membrane 

protein D (i.e. GspD or XcpQ), which is also known as the secretin as it forms a pore in 

the OM, all the T2SS proteins are associated with the IM and periplasm (Korotkov et al., 

2011, Van der Meeren et al., 2012). GspD is composed of two domains: a highly 

conserved C-terminal domain and a non-conserved N-terminal domain. The C-terminal 

domain is integrated into the outer membrane and oligomerises into a ring (Nouwen et 

al., 1999, Thanassi, 2002, Peabody et al., 2003). The N-terminal domain is extended 

into the periplasm, and has many roles, including substrate recognition. In some systems, 

an additional protein, the lipoprotein GspS, is integrated into the periplasmic side of the 

OM. This protein is known as a pilotin and it is involved in assembly of the secretin 

(Hardie et al., 1996, Shevchik et al., 1997). The current model of the T2SS suggests that 

it is formed from three sub-assemblies (Douzi et al., 2012). A sub-complex associated 

with the IM called the IM platform (IMP), which composed from GspC, -F, -L and -M 

proteins; the cytoplasmic traffic ATPase, the second subassembly, is connected to IMP 

via its interaction with GspL (Bleves et al., 1996, Arts et al., 2007). In addition, the 

T2SS contains five proteins GspG, -H, -I, -J and -K which are homologous to the type 

IV pilin protein PilA and are therefore called pseudopilins (Sauvonnet et al., 2000, 

Korotkov and Hol, 2008). Lastly, the third subassembly is composed of the pore-

forming GspD subunit in the OM which forms a channel through which secreted 

proteins can pass to the extracellular environment (Brok et al., 1999, Nouwen et al., 

1999). It is proposed that GspC recruits secreted proteins which are transferred to the 

T2SS vestibule. Then the secreted protein is contacted by the tip of a pseudopilus 

formed from the pseudopilin proteins which grows and pushes it through the GspD pore 

(Douzi et al., 2012). Examples of proteins secreted by the T2SS include
 
hydrolytic 

enzymes such as proteases, cellulases, pectinases, phospholipases and lipases, as well as 

some
 
toxins such as cholera toxin (Sandkvist, 2001, Hazes and Frost, 2008). 
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1.3.4. Type III secretion system  

The type III secretion system (T3SS) is Sec-independent and delivers toxin into 

eukaryotic cells in one step crossing both bacterial membranes and the eukaryotic cell 

membrane. It consists of at least 25 different proteins, which form two main parts: the 

basal body, which spans the entire cell envelope, and the needle complex (NC) which 

protrudes from the outer membrane and is also called the injectisome (Galan and 

Collmer, 1999, Galan and Wolf-Watz, 2006). The injectisome shares similarity with 

bacterial flagella and they are believed to share a common ancestor (Hayes et al., 2010). 

Bacterial-host contact is required for the activation of the T3SS and it is used by many 

pathogenic bacteria such as Yersinia spp., Salmonella spp., Shigella spp. and 

enteropathogenic E. coli . Also, the T3SS is used by symbiotic bacteria. The T3SS has 

been shown to deliver toxins, virulence factors and other effector proteins to the 

extracellular milieu or directly into the host cell (Mota et al., 2005). The T3SS effectors 

have a specific protein sequence that acts as a signal sequence to direct these effectors 

to the T3SS. Also, many T3SS effectors require a chaperone, which dissociates from the 

effector and remains in the bacterial cytoplasm during translocation of the effector into 

the target cell (Ghosh, 2004). When T3SS effectors are injected into the target cell they 

become activated by host factors which are not present in the secreting bacterium. 

Therefore, preventing toxicity to the secreting bacterium (Dean, 2011). 

 

1.3.5. Type IV secretion system  

The type IV secretion system (T4SS) is a complex and diverse system which can be 

divided into two main types:  

 

1.3.5.1. Type IV A secretion system  

The type IV A secretion system (T4SSa) is similar to the conjugation system of bacteria. 

In addition to the secretion of protein effectors, this system can export and import DNA 

and therefore may facilitate the spread of antibiotic resistance genes (Christie and 

Cascales, 2005, Hayes et al., 2010). Usually, direct cell-cell contact is required for the 

activation of T4SS. The T4SSa is largely made up from three subcomplexes, a 

pilus/adhesin that mediates cell-cell contact, a secretion channel through which protein 

passes, and finally a receptor for the channel's substrate proteins known as type 4 

coupling protein (T4CP). A well-studied example of a T4SSa is the VirB/VirD4 system 

of the plant pathogen Agrobacterium tumefaciens which injects DNA directly into the 
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host cell. The secretion channel is composed of 11 proteins (VirB1-VirB11) which are 

known as mating-pair formation (Mpf) proteins. In this system, T4CP is called VirD4 

and it delivers the transferred DNA strand to the secretion channel. VirD4 protein may 

act as a translocase as it has DNA-dependent ATPase activity. VirB4 and VirB11 are 

also ATPases which may provide the energy required for T4SS assembly and/or 

secretion (Hayes et al., 2010). 

 

1.3.5.2. Type IV B secretion system  

The type IV B secretion system (T4SSb) transports and delivers effector proteins 

directly into the cytoplasm of target cells (Christie and Vogel, 2000). The T4SSb is 

present in Legionella pneumophila and contains seven proteins that are also present in 

the T4SSa and two that are also present in the T6SS (DotU (IcmH)=TssL, and 

IcmF=TssM) (Segal et al., 2005).  

 

1.3.6. Type V secretion system 

The type V secretion system (T5SS) is Sec-dependent and can be subdivided into two 

types based on variations in their mechanism. 

 

1.3.6.1. Type V A secretion system  

The type V A secretion system (T5SSa) is also called the autotransporter (AT) system, 

because the secreted proteins can autonomously cross the outer lipid bilayer. The 

substrates secreted by the T5SSa are mainly virulence proteins. Autotransporters are 

composed of 3 main domains: an N-terminal Sec-dependent signal sequence, an internal 

passenger domain which will be delivered to the exterior of the cell, and a C-terminal ɓ-

domain (Kostakioti et al., 2005). 

 

As in other Sec-dependent proteins, the N-terminal signal sequence targets the protein 

to the Sec system which translocate protein across the inner membrane into the 

periplasm. Once in the periplasm, the C-terminal region forms a ɓ-barrel in the outer 

membrane. The ɓ-barrel facilitates the translocation of the passenger domain through 

outer membrane which can then be cleaved off and released into the extracellular 

compartment or remain anchored to the cell surface (Henderson et al., 2004, Desvaux et 

al., 2004). The first described autotransporter was the IgAI protease secreted by 

Neisseria gonorrhoeae (Pohlner et al., 1987). 
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1.3.6.2. Type V B secretion system 

The Two-partner secretion (Tps) system, also known as the type V B secretion system 

(T5SSb), is Sec-dependent, and is composed of two separate polypeptides: TpsA which 

is the secreted substrate or effector, and TpsB which is the translocator component 

(Jacob-Dubuisson et al., 2001). The Tps system is related to the T5SSa. The difference 

is that the ɓ-barrel domain of an autotransporter is a separate protein in the Tps system 

(TpsB). Therefore the Tps is considered as a unique secretion system (Jacob-Dubuisson 

et al., 2004). The TpsA contains an N-proximal domain called the secretion domain 

with a specific secretion signal. The latter directs the TpsA component towards TpsB 

which form a channel in the OM for the secretion of TpsA. TpsA physically interacts 

with TpsB on the periplasmic side of the OM. Examples of proteins secreted by the Tps 

include an iron acquisition protein, several adhesins and cytolysins such as the high-

molecular weight adhesins 1 and 2 of the Haemophilus influenzae  (Jacob-Dubuisson et 

al., 2001). 

 

1.3.7. Type VII A secretion system 

The chaperone-usher pathway secretion system, also known as the type VII secretion 

system (T7SS), is a Sec-dependent pathway used by bacteria mainly to translocate the 

proteins which form surface structures such as certain types of adhesive pili. This 

system is formed from gene cluster contains genes encoding an usher, a chaperone and a 

pilus subunit (Nuccio and Baumler, 2007). Substrate proteins such as pilin subunits are 

translocated to the periplasm via the Sec system where they form a complex with the 

chaperone protein. The function of the chaperone protein is in donor strand 

complementation that allows the correct folding of the subunits, and simultaneously 

prevents premature subunit-subunit interactions (Choudhury et al., 1999, Sauer et al., 

1999). Then, the chaperone and usher proteins are involved in the secretion and 

assembly of pilus subunits into a pilus (Busch and Waksman, 2012). 

 

1.3.8. Type VII I  secretion system 

The extracellular nucleation-precipitation (ENP) pathway involved in the secretion and 

assembly of curli, also known as thin aggregative fimbriae, has been proposed to be the 

type VIII secretion system (T8SS) (Desvaux et al., 2009). As a Sec-dependent system, 

the T8SS is one of the terminal branches of the GSP (Stathopoulos et al., 2000). Several 

pathogenic bacteria display curli on their surfaces that play a role in biofilm formation 
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and specific interaction with eukaryotic cells. In E. coli, curli are made up from two 

proteins, CsgA and CsgB. CsgG is a lipoprotein located in the OM and required for the 

secretion of CsgA and CsgB. The secretion mechanism of curli is poorly understood. 

There are two theories as to how curli components cross the outer membrane using this 

system, some proposing the CsgG serves as  a chaperone stabilizing the two curli 

components; others suggesting that single CsgG form a channel through which curli 

components are exported (Loferer et al., 1997, Stathopoulos et al., 2000). 

 

1.3.9. Type IX secretion system 

A secretion system was recently discovered in the phylum Bacteriodetes. It was referred 

to as the PorSS (Porphorymonas secretion system) as it was originally discovered in 

Porphorymonas gingivalis. More recently it has been referred to as the type IX 

secretion system (T9SS) (McBride and Zhu, 2013, Sato et al., 2013). P. gingivalis 

causes periodontal disease and possesses many virulence factors such as 

lipopolysaccharides, hemagglutinins, fimbriae and proteinases. Gingipain is a secreted 

proteinase which can break down the periodontal tissue as it has high hydrolytic 

activities. PorSS is involved in the translocation of the gingipain across the IM and OM 

into the cell surface or the extracellular environment. A number of proteins make up the 

PorSS, which include PorK, PorL, PorM, PorN, PorO, PorP, PorQ, PorT, PorU, PorV 

(PG27, LptO), PorW and Sov. Gingipains are composed of three proteins that possess 

conserved C-terminal domain (CTD) with common motif, RgpA, RgpB and RgpP. 

Another 10 potential PorSS secreted effector proteins were identified, all possess the 

conserved CTD (McBride and Zhu, 2013, Sato et al., 2013). Some P. gingivalis PorSS 

proteins share similarity with Flavobacterium johnsoniae gliding motility proteins at the 

amino acid sequence level. Nakane and colleagues demonstrated that the gliding 

motility of F. johnsoniae is mediated through the dynamic movement of the SprB 

adhesin (Nakane et al., 2013). A significant reduction in the motility of F. johnsoniae 

was observed in sprB
 
deficient cells suggesting that PorSS may be involved in the 

gliding motility of this bacterium (Braun et al., 2005).  
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1.4. Type VI secretion system  

1.4.1. Discovery of the type VI secretion system  

Approximately 10 years elapsed between the first identification of a T6SS component, 

haemolysin co-regulated protein (Hcp), in 1996 and the identification of the T6SS as 

protein secretion system in 2006. Williams and colleagues identified Hcp as a novel 

secreted protein in Vibrio cholerae. The absence an N-terminal cleavable signal peptide 

from this protein indicated a novel mechanism for its secretion (Williams et al., 1996). 

 

Further evidence for a previously unidentified secretion system was found in 1997, 

when Roest and colleagues discovered a chromosomal locus in Rhizobium 

leguminosarum which they termed imp (impaired in nitrogen fixation). This locus was 

required for secretion of a protein and is now known to encode a T6SS. Mutations in 

this locus resulted in the mutant strain becoming able to nodulate and fix nitrogen on 

Pisum sativum and Vicia hirsuta  (Roest et al., 1997). In the following year, a study by 

Wang et al. reported that the virulence of P. aeruginosa in neutropenic mice was 

induced by a gene locus encoding a serine-threonine protein kinase (STPK). They 

showed that null mutant strain of this locus exhibit reduced virulence compared to the 

wild type in neutropenic mice (Wang et al., 1998). Another major discovery of T6SS 

components was made in V. cholerae by Das et al. in 2003 when they identified a 

cluster of conserved genes named IcmF-associated homologous proteins (IAHP), 

because of the similarity between one of the genes in the cluster and the T4SSb icmF 

encoded protein. The only IAHP gene which was found to be present in T4SSb at that 

stage was icmF. Later, another gene,  icmH (dotU) also present in T4SSb was identified 

in IAHP clusters (Das and Chaudhuri, 2003).  

 

In 2002, Pallen and colleagues screened bacterial genomes for the presence of genes 

encoding forkhead-associated (FHA) domains and surprisingly they found that many 

species of pathogenic or symbiotic Gram-negative bacteria have homologous gene 

clusters which contained a gene encoding an FHA domain protein (Pallen et al., 2002). 

It is now known that FHA domain proteins regulate some T6SSs at the post-

transcriptional level (Mougous et al., 2007, Hsu et al., 2009). Also, in 2002 it was 

convincingly demonstrated that a novel genomic island (Salmonella centisome 7 

genomic island, SCI) in Salmonella enterica serovar Typhimurium, that was similar to 
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icmF-containing gene clusters in other bacteria, was important for the bacteria to invade 

eukaryotic cells successfully (Folkesson et al., 2002). 

 

Finally, in 2006, the name T6SS was given to the product of IAHP clusters when it was 

recognised as a novel secretion mechanism by the Mekalanos group, who demonstrated 

that this system was responsible for cytotoxicity of V. cholerae against Dictyostelium 

discoideum and mammalian J774 macrophages (Pukatzki et al., 2006). 

 

1.4.2. Standardized nomenclature for T6SS genes 

Many of the T6SS core components were discovered in different Gram-negative 

bacterial species prior to the identification of the T6SS as a functional secretion system. 

Therefore organism-specific names of equivalent components exist, making 

nomenclature confusing. A scheme was proposed by Shalom and colleagues in 2007 

who predicted the existence of 13 core components of the T6SS based on the 

conservation of these genes in T6SS gene clusters. These core subunits were referred to 

as TssA-TssM (type six secretion) (Table 1.2). In addition, genes that are present in 

some T6SS clusters, but not others, were referred to as tag genes (T6SS-associated-

genes). The tag genes encode accessory proteins such as auxiliary components of the 

secretion system, effectors or regulatory proteins (transcriptional and post-

transcriptional) (Shalom et al., 2007, Aschtgen et al., 2010a). This nomenclature will be 

used in this thesis, and is now widely used in the field alongside some organism-specific 

designations which still prevail. 
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Table 1.2 Standardization of nomenclature for type VI secretion systems. 

 

a
 One of the 3 T6SS present, sciII. 

b 
One of the 3 T6SS present, HSI-II.  

c 
Two orthologues are present in the same T6SS gene cluster. 

d
 Gene is present at another locus outside the T6SS gene cluster. 

NA, no alternative name given; NP, no corresponding gene present in the cluster; APEC, avian pathogenic E. coli; EAEC, enteroaggregative E. coli. 

 Corresponding gene nomenclature in other bacteria 

 of Gram-negative bacteria 
 

Standardised 

gene names 

 S. 

typhimurium 

 V. 

cholerae 

APEC  EAEC
a 

 E. tarda  R. 

leguminosarum 

P. 

aeruginosa
b   

B. ceno-           

cepacia 

              tssA  sciA  vasJ
 

aec29  aaiJ  evpK  impA hsiA2 bscE 

 tssB  sciH  vipA aec17  aaiA  evpA  impB hsiB2 bscL 

 tssC  sciI  vipB aec18  aaiB  evpB  impC/impD
c 

hsiC2 bscK 

 tssD  sciK/sciM
c 

 hcp aec16/aec32
c
  NP

 
 evpC  NA hcpC bscJ 

bscJ 

 

tssE  sciD  NA aec19  aaiD  evpE  impF hsiF2 bscI 

 tssF  sciC  vasA aec20/aec21
c 

 aaiE  evpF  impG hsiG2 bscH 

 tssG  sciB  vasB aec22  aaiF  evpG  impH hsiH2 bscG 

 tssH  sciG  vasG aec27  aaiP  evpH  NA clpV2 bdcF
 

 tssI  vrgS  vgrG aec15  aaiG  evpI  NA vgrG2 NP
d
  

tssJ  sciN  vasD aec24  aaiK  evpL  NP
 

lip2 bscN 

 tssK  sciO  vasE aec25  aaiL  evpM  impJ hsiJ2 bscO 

 tssL  sciP  vasF aec26  aaiN  evpN  impK dotU2 bscP 

 tssM  sciS  vasK aec30  aaiO  evpO  impL icmF2 bscB 
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1.4.3. Genomics of the T6SS 

T6SS is widely distributed in Gram-negative bacteria in both pathogenic and symbiotic 

bacteria (Figure 1.3) (Shalom et al., 2007, Cascales, 2008). Gene clusters encoding the 

T6SS have been identified in more than 25% of genome-sequenced bacteria (Bingle et 

al., 2008). It worth nothing that the type VI secretion system clusters usually exist in 

pathogenicity islands in various bacterial species such as the EAEC pheU island, S. 

typhimurium SCI (Salmonella centisome island, now known as Salmonella 

Pathogenicity Island 6 (SPI-6)) and Pseudomonas aeruginosa HSI (Hcp-secretion 

island) (Folkesson et al., 2002, Mougous et al., 2006, Dudley et al., 2006) and in many 

cases are present on the accessory bacterial chromosome that encodes genes directly or 

indirectly implicated in virulence or survival inside the host cell (Cascales, 2008). 

 

The number of T6SS-related genes in a T6SS gene cluster ranges from 12 to more than 

20 genes, with different composition and organisation between species (Cascales, 2008, 

Shalom et al., 2007). The gene order and orientation of the T6SS genes vary among 

species. It is worth mentioning that in some cases tssD (hcp) and tssI (vgrG) are located 

at other genetic loci. Also Zheng and Leung carried out a comprehensive study to 

identify T6SS genes in Edwardsiella tarda, and they found that 13 out of 16 genes of 

the evp cluster were crucial for the proper export of Hcp-like protein (EvpC), VgrG 

(EvpI) and EvpP (Zheng and Leung, 2007). These genes are evpA-evpC, evpE-evpI and 

evpK-evpO, and they correspond to tssA-tssM (Table 1.2). Single or multiple copies of 

T6SS are present in many pathogenic Gram-negative bacteria such as P. aeruginosa (3 

copies), Yersinia pestis (4 copies) and B. pseudomallei (6 copies) and many others 

(Mougous et al., 2006, Shalom et al., 2007, Suarez et al., 2008). Studies on B. 

cenocepacia have shown that it carries one copy of T6SS (Aubert et al., 2008, Holden 

et al., 2009). 
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Figure 1.3. Orthologous T6SS gene clusters observed in Gram-negative bacteria. 

Genes in each T6SS gene cluster are represented by block arrows. Direction of the arrows 

represents gene orientation. Orthologous genes are presented as identical coloured arrows. 

Uni-coloured arrows represent ócoreô T6SS subunit genes (tss), hatched arrows represent 

T6SS-associated genes (tags). P.aeruginosa tss1 and tss2 correspond to P.aeruginosa 

T6SSs HSI-I and HSI-II (P.aeruginosa has 3 T6SS gene clusters). B. pseudomallei tss5 is 

the animal pathogenicity T6SS of B. pseudomallei (B. pseudomallei has six T6SS gene 

clusters), Y. pseudotuberculosis tss-4 is one of four T6SS gene clusters in this organism. 

Other Gram-negative bacteria presented here have a single T6SS gene cluster. Used with 

permission (Shalom et al., 2007). 
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1.4.4. The diverse functions of the T6SS 

The T6SS has been demonstrated to play versatile functions in Gram-negative bacteria. 

Some of these functions are described below. 

 

1.4.4.1. Role of T6SS in virulence 

The T6SS has been demonstrated to play a role in the virulence of various Gram-

negative bacteria. Several studies on Gram-negative pathogens have shown that their 

virulence is attenuated in mutant strains lacking a functional T6SS. For example, V. 

cholerae is significantly less virulent in some host when the T6SS is absent. Thus, the 

cytotoxicity of V. cholerae cells toward Dictyostelium amoebae and mammalian J774 

macrophages, which is contact-dependent, was significantly reduced in vas gene 

mutants. Further studies on V. cholerae showed that the T6SS was required for actin 

crosslinking and cytotoxic effects on J774 macrophage cells and Dictyostelium 

(Pukatzki et al., 2007). Aeromonas hydrophila mutants with a defective T6SS are less 

cytotoxic toward human cells and less resistant to attack by human macrophages. They 

are also less virulent in a mouse infection model (Suarez et al., 2008).  B. pseudomallei 

possess six copies of T6SSs and T6SS-1 was shown to play role in the infection of the 

macrophages (Shalom et al., 2007).  T6SS-1 gene cluster homologous was identified in 

B. mallei which is closely related species to B. pseudomallei and has been demonstrated 

to be essential for virulence in a hamster model as ȹT6SS mutants were avirulent 

(Schell et al., 2007). In addition, T6SS-1 in B. pseudomallei has been shown to play 

important role in the virulence, as ȹhcp mutants were less pathogenic and have reduced 

intracellular growth and cytotoxicity in a hamster model of acute melioidosis (Burtnick 

et al., 2011). 

 

Similarly, S. enterica serovar Typhi is less cytotoxic but more invasive toward human 

epithelial cells in ȹsciG (tssH) mutant compared with the wild type (Wang et al., 2011). 

A study on S. enterica serovar Typhimurium by Mulder et al showed that disruption of 

four clusters of non-core genes of T6SS result in impaired intracellular replication and 

systemic spread in mice. They also found that ȹsciG mutant display significant 

reduction in the ability to replicate in macrophages (Mulder et al., 2012). A recent study 

on the same bacteria aimed to identify the role of T6SS in the infection of the chicken 

showed that ȹT6SS mutant had impaired ability to colonise the gut and the internal 

organ of chicken (Pezoa et al., 2013). 
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1.4.4.2. Role of T6SS in antipathogenesis 

In addition to the role of the T6SS in pathogenesis, in some cases it plays a role in 

attenuating the virulence of the bacteria which harbour the T6SS, i.e. antipathogensis. 

This function enables the host cells and the pathogen to survive together by pushing the 

relationship away from pathogenesis and towards a commensal interaction, i.e. chronic 

infection. Several studies were conducted to study the role of T6SS in chronic infections. 

Mutation in the HSI-1 cluster (one of the T6SS gene clusters in P. aeruginosa) made the 

mutant more virulent in the rat model of chronic pulmonary infection (Potvin et al., 

2003). Also in 2003, Bladergroen group showed that the mutualistic interaction of R. 

leguminosarum and leguminous plants is highly specific and deletion mutation in tss 

(imp) genes enables the bacterium to infect pea plants. The results of the study indicate 

that the T6SS was involved in defining the host specificity of the Rhizobium-plant 

interaction (Bladergroen et al., 2003).  

 

Similarly, the T6SS in S. enterica serovar Typhimurium allows it to survive longer in 

host cells by limiting intracellular bacterial replication and thus attenuates the virulence 

and favours chronic infection (Parsons and Heffron, 2005). Therefore, the T6SS in S. 

enterica is similar to that in P. aeruginosa (HSI-1 cluster) as it can be induced in the 

chronic phase of infection to help the organism to survive within the host. A recent 

study on Helicobacter hepaticus also suggests that the T6SS may have a role in limiting 

the intracellular multiplication and virulence (Chow and Mazmanian, 2010). 

 

1.4.4.3. Role of T6SS in interbacterial competition 

The T6SS has also been shown to have an important role in competitive interbacterial 

interactions by contact-dependent injection of T6SS effectors. Mougous and colleagues 

have identified and characterised three putative T6SS effector proteins Tse1-Tse3 in P. 

aeruginosa (Section 1.6.1). Tse2 protein has lethal effects on eukaryotic cells and 

bacteria when synthesised intracellularly (Hood et al., 2010). Although Tse2 protein 

was cytotoxic towards eukaryotic and prokaryotic cells when it was ectopically 

produced inside these cells, further studies demonstrated that eukaryotic cells are not the 

true target of the Tse2 effector.  

 

A recent study on Acinetobacter baumannii demonstrated that the T6SS is involved in 

inter-bacterial competition in a cell contact-dependent fashion.  In this study, 
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competition assays were carried out to assess the potential of A. baumannii strain M2 

and derived tssB
-
 and tssC

-
 mutants to outcompete E. coli. The result showed that there 

was a significant drop in the number of viable E. coli when they were incubated with A. 

baumannii, and this was dependent on the presence of functional TssB and  TssC 

subunits (Carruthers et al., 2013). A similar result was obtained in competition assays 

between Serratia marcescens Db10 and E. coli MC4100 as there was a significant 

reduction in the number of viable E. coli cells when it was cocultured with S. 

marcescens Db10, whereas no significant reduction in the number of E. coli cells was 

observed when MC4100 was cocultured with a T6SS mutant (Murdoch et al., 2011). 

 

Further evidence supporting the role of the T6SS in interbacterial interactions was 

obtained from studies on V. cholerae strain V52. This investigation demonstrated that V. 

cholerae strain V52 containing a deletion in the accessory toxins hlyA, rtxA, and hapA 

was shown to be highly virulent against many Gram-negative bacteria such as E. coli, S. 

enterica and Citrobacter rodentium, whereas a mutant strains containing a deletion in 

vasK (tssM gene of the T6SS) lost its virulence against these Gram-negative bacteria  

(MacIntyre et al., 2010). 

 

1.5. Structural subunits of the T6SS 

Although the existence of the T6SS was first reported only in 2006, a model for the 

assembly and mechanism of the T6SS is starting to take shape. As discussed earlier, the 

T6SS contains 13 core components which are predicted to assemble into the T6SS 

apparatus. Currently, they are classified into three groups. Several studies have revealed 

the remarkable similarity between some T6SS proteins and bacteriophage contractile 

tail components, and these proteins are classified as bacteriophage-like components 

(Figure 1.4). A second group of T6SS proteins are associated with the inner or outer 

membrane, while the third group include Tss proteins with no clear role. Based on our 

current knowledge of the T6SS, it has been suggested that T6SS core components are 

assembled into a macro-complex structure which resembles an inverted bacteriophage 

tail-like structure embedded in the bacterial cell envelope membrane (Cascales and 

Cambillau, 2012). Figures 1.4 and 1.5 present the current model of T6SS assembly and 

mechanism of action.  
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Figure 1.4. Similar injection mechanisms of bacteriophage T4 and the T6SS. Structurally 

similar proteins in bacteriophage T4 and the T6SS are shown in the same colours. A. The 

bacteriophage T4 is attached to the surface of the target bacterium. B. A Gram-negative 

bacterium with T6SS firing at a target bacterium.  Abbreviation: C, cytoplasm; IM, inner 

membrane; P, periplasmic space; OM, outer membrane; ECC, extracellular compartment. 

Adapted from Cotter (2011). 

 

 

 

 
 

Figure 1.5. Diagrammatic representation of the T6SS assembly. The diagram shows the 

EAEC Sci-I T6SS which includes TagL with a peptidoglycan-binding domain (PGB) and TssL 

lacking one (see Section 1.5.3). The location of TssA is unknown (itôs predicted to be in the 

cytoplasm). Adapted from Cascales and Cambillau (2012). 
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1.5.1. Bacteriophage-like components (the injection apparatus) 

1.5.1.1. The T6SS needle tail protein, TssD  

TssD (Hcp) is a secreted protein first identified in V. cholerae (Williams et al., 1996). 

TssD was detected in the pulmonary secretions of cystic fibrosis patients and TssD-

specific antibodies were present in their sera (Mougous et al., 2006). In fact, TssD is 

present in the culture supernatant of all bacteria with a functioning T6SS. Although it is 

a secreted protein, the absence of TssD results in inactivation of the T6SS (Zheng and 

Leung, 2007). This led to the conclusion that TssD is not only a secreted protein but it 

also acts as a T6SS structural component. Another support for this assumption is that 

secretion of another T6SS component, TssI (VgrG), requires a functional TssD. It 

appears that TssD and TssI show a mutual dependence for their secretion (Pukatzki et 

al., 2006). 

  

The TssD crystal structure of P. aeruginosa TssD1 revealed that TssD monomers 

assembled into hexameric rings with an outer diameter of 80-90 Å and an inner channel 

diameter of 35-40 Å that can form nanotubes in vitro by stacking on the top of each 

other (Figure 1.6 and 1.7). The TssD nanotube is large enough to allow a small folded 

protein or an unfolded or partially folded protein to pass through it (Mougous et al., 

2006, Ballister et al., 2008). As TssD has been found in the culture supernatant and 

periplasm of bacterial cells containing an active T6SS, this suggests that the TssD tube 

assembles at the inner membrane and then extends through the outer membrane. 

However, assembly of the TssD tube has not yet been directly proven in vivo. 

 

The TssD monomer shares a common evolutionary origin with the E. coli bacteriophage 

T4 tail tube protein gp19 and has structural similarities to ɚ phage protein gpV, which 

constitutes the bacteriophage tail tube (Leiman et al., 2009, Pell et al., 2009). Therefore, 

TssD is predicted to form a phage-like tail tube component of the T6SS. The crystal 

structure of the TssD monomer from P. aeruginosa (HSI-1 cluster) consists of an 

identical fold of two antiparallel ɓ-sheets with a ɓ-hairpin extension (Figure 1.7) 

(Mougous et al., 2006). 
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Figure 1.6. Negative stained EM images of TssD proteins from P. aeruginosa PAO1. A. EM 

micrograph of TssD showing TssD rings. B. Refolded purified TssD protein after denaturation 

in 8 M urea. Arrows indicate polymeric structures of TssD. Adapted from Leiman et al (2009). 

 

 

 
 

Figure 1.7. The crystal structure of TssD protein. A. Ribbon illustration of the secondary 

structure of a TssD monomer.  B. Top view of the TssD hexameric structure showing the lumen 

with an internal diameter of 40 Å. Each of the six subunits is coloured differently. C. Side view 

of the TssD hexameric structure (chain B in the Protein Data Bank, code 1Y12). Adapted from 

Mougous et al (2006). 
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There is some evidence that TssD may also function as an effector protein. It was 

shown that ectopic expression of A. hydrophila TssD within eukaryotic cells leads to 

induction of apoptosis (Satchell, 2009). Evidence that TssD can function as a chaperone 

and effector recognition was revealed in very recent study in P. aeruginosa. In this 

study, TssD was shown to specifically bind to T6SS-effector molecules (the three Tse 

proteins, but mainly Tse2). The interaction of TssD with Tse2 was demonstrated to be 

required for the stabilisation and export of the Tse2 (Silverman et al., 2013). 

 

1.5.1.2. The T6SS tail spike protein, TssI  

TssI, also known as VgrG (valine-glycine repeats), constitutes a family of proteins 

containing conserved N-terminal and central regions but showing high sequence 

divergence at their C-termini. It has been found that the two conserved domains are 

similar to the bacteriophage T4 gp27 protein and the C-terminal domain of 

bacteriophage T4 gp5, respectively, which form the bacteriophage T4 tail spike (Leiman 

et al., 2009). The crystal structure of the conserved N-terminal and central regions of a 

TssI protein from uropathogenic E. coli strain CFT073 that includes the regions 

corresponding to gp27 and gp5 revealed that TssI consists of four domains, two ɓ-

sandwiches, an Ŭɓ domain and a domain corresponding to the 

oligosaccharide/oligonucleotide-binding (OB)-fold domain of gp5 (Figure 1.8). In 

bacteriophage T4, gp5 is composed of three domains connected together by long linkers: 

the oligosaccharide/oligonucleotide-binding (OB)-fold domain, the middle domain 

termed the lysozyme domain, and the C-terminal domain, whereas gp27 consists of two 

similar domains named tube domains  (Leiman et al., 2009). However, the lysozyme 

domain is not present in the gp5-like region of TssI. 

 

The T4 bacteriophage tail spike consists of trimers of gp27 and gp5, i.e. (gp27.gp5)3, 

which functions as a puncturing tool towards the target cell that facilitates insertion of 

the bacteriophage tail tube and subsequent injection of the viral DNA into the host cell 

(Kanamaru et al., 2002). As the structures of the (gp27.gp5)3 complex and the TssI 

trimer are analogous, the current model of the T6SS suggests that the TssI trimer is 

located on the top of the TssD tail tube and functions as a puncturing device, piercing 

the membrane of the target cells (Figure 1.4). The presence of two ɓ-sandwich domains 

per TssI monomer gives a six fold symmetry to the TssI trimer which presumably 

facilitates interaction with the hexameric TssD ring. The cylinder which is formed by 
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the gp27 trimer complex has an internal diameter of 30 Å, whereas the gp5 trimer 

complex forms a prism of ɓ-helices with an inner diameter 33 Å at the base and 25 Å at 

the tip resulting in a tapering structure like a needle (Pukatzki et al., 2007). However, 

the internal diameter of the trimeric TssI channel is too small to allow proteins through 

it (Hachani et al., 2011). Based on this observation, one can speculate that the TssI must 

be detached from the TssD tubular structure to allow proteins to be secreted through the 

tail tube (Silverman et al., 2012). The location of the TssI trimer suggests that 

outgrowth of the TssD tail tube pushes out the TssI trimer tip (Cascales and Cambillau, 

2012). Similar to TssD, TssI has been found in the culture supernatant of bacteria with a 

functioning T6SS. Therefore, the presence of TssD and TssI in culture supernatant is the 

hallmark of a functioning T6SS. As discussed above, TssD and TssI show mutual 

dependence, since TssD is not present in the culture supernatant of tssI
- 
cells and vice 

versa. This confirms the role of TssI as an essential component of the T6SS.  

 

Some TssI (VgrG) proteins carry C-terminal extensions and these are referred to as 

evolved VgrGs (Figure 1.9). In several cases that have been studied the C-terminal 

extension of the evolved VgrG has been shown to function as an effector domain that is 

injected into the target cell cytosol (Section 1.6.1) (Pukatzki et al., 2007). Moreover, 

many T6SS-containing bacteria contain multiple tssI genes, even where only one T6SS 

gene cluster is present. Several of these may encode evolved VgrGs containing different 

effector moieties. 

 

The absence from TssI of the lysozyme domain which is present in phage T4 gp5 

protein and is involved in the destruction and lysis of the bacterial cell wall is puzzling. 

However, it was observed that the gp5 protein of vibriophage KVP40, which is another 

type of T4 phage, also lacks the lysozyme domain, and it is predicted to encode this 

lysozyme domain somewhere else in its genome (Rossmann et al., 2004). It is possible 

that the T6SS utilises a similar mechanism although the nature of such a lysozyme is 

unknown. However, it was recently shown that P. aeruginosa non-evolved VgrG1 can 

deliver peptidoglycan hydrolase effectors (Tse1 and Tse3) into the periplasm of target 

Gram-negative bacterial cells resulting in destruction and lysis of the bacterial cell wall 

(Section 1.6.1) (Hood et al., 2010, Russell et al., 2011). Therefore, in such situation, the 

requirement for a lysozyme component in the T6SS tail-spike no longer exists. It is also  
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Figure 1.8. The crystal structure of TssI encoded by the E. coli CFT073 c3393, and 

homology to the bacteriophage T4 gp27 and gp5. A. the bacteriophage T4 baseplate, showing 

the location of the tail spike proteins gp27 and gp5. The gene products homologous to T6SS 

proteins are underlined.  B. Crystal structure of bacteriophage gp27-gp5 monomer. Domains are 

represented in different colours. C. Structure of the TssI trimer, containing the gp27-like domain 

and the needle like membrane puncturing domain which is homologous to the gp5 domain from 

bacteriophage T4. The ɓ-helical region is a prediction. PDB ID 2P52. Adapted from Leiman et 

al (2009). 

 

 

 
 

Figure 1.9. Schematic representation of the gp27 and gp5 subunits of the bacteriophage T4 

tail spike compared to core and evolved VgrG subunits of the T6SS. The homologous 

domains are shaded in the same pattern. A. gp27 and gp5 subunits of the bacteriophage T4 

showing the individual domains of gp5. B. Core VgrG of T6SS. C. Evolved VgrG with 

additional domain at C-terminus an ñextended extensionò (effector domain). OB, 

oligonucleotide/oligosaccharide-binding fold; CTD, C-terminal domain. 
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noteworthy that some T6SS gene clusters, such as the one in B. cenocepacia, encode a 

predicted endolysin, TagV (M. Thomas personal communication). 

 

Although the current model of T6SS suggests the formation of a needle apparatus via 

assembly of the TssD tube with a tip composed of a TssI trimer on top, and more 

recently it was proposed that a small PAAR (proline-alanine-alanine-arginine) repeat 

protein sits on the top of the tip of the TssI trimer to ñsharpenò it (Section 1.5.5), such a 

hypothesis has not been experimentally tested (Shneider et al., 2013, Filloux, 2013).  

 

1.5.1.3. The T6SS needle sheath proteins, TssB and TssC 

The tssB and tssC genes are always found adjacent to each other and in the same 

orientation in T6SS gene clusters indicating that they might be functionally related. 

Accordingly, it has been demonstrated that TssB and TssC interact and form 

microtubules which were shown to disassembled by TssH into smaller sub-complexes 

(Bonemann et al., 2009, Hachani et al., 2011, Lossi et al., 2013). A two-hybrid study on 

the type VI secretion-like system of Francisella tularensis demonstrated that IglA 

(TssB) and IglB (TssC) interact and form a complex. Strikingly, they also found, that 

the same interaction is conserved between IglA and IglB proteins and corresponding 

T6SS proteins from other pathogenic bacteria (Broms et al., 2009). The interaction of 

TssB and TssC was subsequently demonstrated in several organisms such as V. 

cholerae, B. cenocepacia and P. aeruginosa (Bonemann et al., 2009, Aubert et al., 2010, 

Lossi et al., 2013).  

 

Based on the structure of contractile phage tails, the current model for assembly of the 

T6SS suggests that TssB and TssC form a contractile sheath which surrounds the TssD 

tail tube (Figure 1.4 and 1.5). The cylindrical complexes formed by these proteins were 

estimated to have an inner diameter of 100 Å and an external diameter of 300 Å by 

electron microscopy (Figure 1.10), which is large enough to accommodate the TssD 

conduits (Mougous et al., 2006, Ballister et al., 2008, Bonemann et al., 2009). The 

TssB/TssC complex was shown to exist in two different structural conformations which 

are predicted to be the extended and contracted forms of the sheath (Basler et al., 2012).  

 

In bacteriophage T4, the tail sheath protein gp18 also forms a cylindrical structure with 

an inner diameter of 110 Å and an external diameter of 250 Å which can accommodate  
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Figure 1.10. Negative stained EM images of TssB/TssC tubular complexes. The micrograph 

shows the tubular and ring form of TssB/TssC complex. Adapated from Lossi et al. (2013). 
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the gp19 tail tube. The contraction of the T4 bacteriophage tail sheath, which surrounds 

the viral tail tube, provides the energy required for injection of the tail needle into the 

bacterial cell envelope (Aksyuk et al., 2009). Despite the fact that there no amino acid 

sequence similarities between the TssB/TssC complex and gp18, they appear to have a 

similar structural organisation. Therefore, the TssB/TssC tubular complex of the T6SS 

is predicted to function in a similar way to the T4 bacteriophage tail sheath. In support 

of this hypothesis, a recent fractionation study on F. novicida showed that TssD, TssB 

and TssC can be found in multiple fractions which suggest that these proteins are part of 

a large complex (de Bruin et al., 2011). Also, it was demonstrated that TssB and TssC 

proteins are localised in the cytoplasm and the outer membrane (Bonemann et al., 2009, 

Aubert et al., 2010). Based on these observations, it is predicted that the shrinkage of 

TssB/TssC tubules might provide the energy for the needle tail and spike apparatus (i.e. 

TssD and TssI) to be injected into target cells (Leiman et al., 2009, Bonemann et al., 

2010). A recent study on V. cholerae demonstrate that TssB/TssC tubules are formed in 

vivo and they undergo continues cycle of elongation, contraction and disassembly. 

These tubules are positioned near-perpendicular to the IM. Interestingly, TssH had been 

shown to recycle the TssB/TssC tubules after effective contraction and also to prevent 

the spontaneous assembly of non-productive contracted tubules (Kapitein et al., 2013). 

 

1.5.1.4. The needle hub protein, TssE 

TssE is the only one of the 13 core components of the T6SS which was shown to have a 

significant (~ 40%) amino acid sequence similarity to a phage protein, the T4 

bacteriophage baseplate protein gp25 (Shalom et al., 2007, Leiman et al., 2009, Lossi et 

al., 2011). In the bacteriophage T4, gp25 is a constituent of the baseplate 

(Kostyuchenko et al., 2003, Yap et al., 2010). The interactions of gp25 with other 

components of the bacteriophage baseplate depend on the state of the injection 

apparatus. In the resting state where the baseplate is comprised of six wedge-shaped 

protein complexes that form a hexagon, gp25 interacts with the (gp27-gp5)3 complex 

and in the active state of the injection apparatus where the wedges reorientate to form a 

six-pointed star-like structure, it interacts with the tail tube (Kostyuchenko et al., 2003, 

Kostyuchenko et al., 2005, Leiman et al., 2010). Taking gp25 protein of bacteriophage 

T4 as a plausible model for TssE, TssE is predicted to contribute to the assembly of the 

T6SS baseplate by interacting with TssI in the resting state and TssD in the active state 

(Leiman et al., 2009, Lossi et al., 2011). Figure 1.11 presents a model of the TssE 
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structure based on similarity with the gp25-like phage protein GSU0986 of Geobacter 

sulfurreducens. 

 

1.5.2. The sheath recycling protein, TssH  

TssH (ClpV) is a member of a group of proteins termed AAA
+
, which all have an AAA 

domain responsible for ATP hydrolysis and binding. AAA
+
 proteins (ATPase associated 

with various cellular activities) play different roles in various cellular processes such as 

protein refolding and degradation, and DNA replication and repair (Ogura and 

Wilkinson, 2001, Sauer et al., 2004). TssH is a ClpB homologue, which is conserved in 

all T6SSs and plays an essential role in the secretion of TssD and TssI (Bonemann et al., 

2009). ClpB forms hexameric rings and binds ATP via its conserved AAA
+
 domain and 

uses the energy of ATP hydrolysis to drive unfolding or disassembly of proteins (Lee et 

al., 2003). The domain structure of ClpV is highly similar to that of ClpB protein 

(Figure 1.12), despite the fact that they only share 30-35% amino acid sequence 

homology. ClpV proteins have four distinct domains, an N-terminal domain, two AAA
+
 

domains, each containing Walker A and Walker B boxes involved in nucleotide binding 

and hydrolysis, and a middle domain inserted into the first AAA
+
 domain. The two 

AAA
+
 domains are highly conserved among ClpV and ClpB proteins, whereas the N-

terminal and the middle domains are variable in length and sequence (Schlieker et al., 

2005). 

 

TssH was shown to interact with TssB/TssC tubules via its N-terminal domain which 

binds specifically to an N-terminal alpha helix of TssC. The C-terminal AAA
+
 domain 

of TssH provides the required energy for the dissociation of the contracted TssB/TssC 

tubules. Furthermore, the N-terminal domain is important for TssB/TssC binding, and 

the TssC will only bind to the TssH N-terminal domain when in complex form with 

TssB (Bonemann et al., 2009). In the TssH of V. cholerae, a cleft in the N-terminal 

domain is formed by an Ŭ-helix, and is where TssC binds (Pietrosiuk et al., 2011). TssH 

prevents the accumulation of TssB/TssC tubule in the cytoplasm which might interfere 

with the translocation of TssB or TssC monomers into the periplasm to form the 

predicted tail sheath (Bonemann et al., 2009, Pietrosiuk et al., 2011). As disussed before, 

TssH had been shown to have a dual role as it recycle the TssB/TssC tubules and 

prevent the spontaneous assembly of non-productive contracted tubules (Kapitein et al., 

2013). 
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Figure 1.11. Predicted model of TssE of P. aeruginosa. Bioinformatics tools were employed 

to predict the structure of TssE (gp25-like protein) based on the crystal structure of the gp25-

like phage protein encoded by GSU0986 of G. sulfurreducens. A. Ribbon representation of 

GSU0986, demonstrates the loop conformation between the Ŭ1 and Ŭ2 helices. B. Ribbon model 

representation of TssE based on the homology with GSU0986. C. Ribbon representation of the 

GSU0986 illustrating some identical residues between it and TssE. Adapted from Lossi et al 

(2011). 

 

 

 

 
 

Figure 1.12. Structure similarities between ClpB and TssH (ClpV). The N-domain is shown 

in brown. In TssH the N-domain has an N-terminal extension shown in red. The two highly 

similar AAA
+
 domains are called NBD1 and NBD2, and are shown in blue and green, 

respectively. A and B denote Walker A and Walker B boxes. The middle domain (M) is shown 

in deep pink.  
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1.5.3. The transmembrane-spanning complex (TssJ, TssL and TssM) 

A recent study on one of the three T6SSs in EAEC, Sci-1, identified a complex 

consisting of four membrane-associated proteins: TssL, TssM, TssJ and TagL 

(Aschtgen et al., 2010a). Localisation studies have shown that TssM and TssL are 

inserted into the IM (Ma et al., 2009b), whereas TssJ is an OM lipoprotein which is 

anchored in the OM (Aschtgen et al., 2008). TagL is also embedded in the IM 

(Aschtgen et al., 2010a). TssM was shown to interact with TssL and TssJ. Therefore, 

TssM links the IM and the OM (Zheng and Leung, 2007, Ma et al., 2009b, Felisberto-

Rodrigues et al., 2011). Sequence analysis of T4SSb and T6SS gene clusters reveal that 

two of the membrane components are shared between these two systems: TssL 

(DotU/IcmH) and TssM (IcmF) (Das and Chaudhuri, 2003, Nagai and Kubori, 2011). In 

T4SSb these two genes encode putative inner membrane proteins which interact with 

each other and form a complex that stabilise the other core components of the apparatus 

(Sexton et al., 2004, VanRheenen et al., 2004).  

 

TssM is embedded in the IM by three TMDs. The N-terminus of TssM is located in the 

cytoplasm and contains a few residues, followed by two TMDs connected by a short 

periplasmic loop. A small cytoplasmic domain (Ḑ30 kDa) is located between the second 

and third TMDs. This cytoplasmic domain carries conserved Walker A and B motifs, 

suggesting its function in ATP-binding and hydrolysis (Ma et al., 2009b). Mutagenesis 

studies have revealed conflicting data about the importance of the ATPase function of 

TssM in different organisms. The inactivation of the Walker A motif in E. tarda had no 

effect on the secretion of TssD and TssI proteins (Zheng and Leung, 2007), whereas in 

A. tumefaciens the inactivation of Walker A motif completely abolishes the secretion of 

Hcp (Ma et al., 2009b). However, some TssM orthologues lack the walker box motifs. 

In addition, many TssM are predicted to have only one TMD (Cascales and Cambillau, 

2012). A large C-terminal periplasmic domain (Ḑ80 kDa) follows the last TMD, and 

can be divided into two subdomains: an N-terminal Ŭ-helical domain and a C-terminal 

ɓ-strand domain (Felisberto-Rodrigues et al., 2011). TssM interacts with TssJ through 

its periplasmic domain (Zheng and Leung, 2007, Felisberto-Rodrigues et al., 2011). 

 

TssL is anchored in the IM by a single C-terminal TMD. The main part of TssL is 

located in the cytoplasm and adopts a particular shape similar to a hook (Aschtgen et al., 

2012, Durand et al., 2012). This has been suggested to recruit the T6SS secreted 
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proteins to the secretion apparatus (Cascales and Cambillau, 2012). The crystal structure 

of the TssL cytoplasmic domain of EAEC demonstrated that this region is constituted of 

two bundles of three helices which are connected by two short helices. Also, this 

domain was shown to form a dimer (Durand et al., 2012). In many T6SS clusters, the 

encoded TssL subunit contains an additional domain at the C-terminus which is located 

in the periplasmic space. This C-terminal periplasmic domain contains a periplasmic 

OmpA-like domain which carries a PGB motif. When the peptidoglycan binding (PGB) 

motif is absent from TssL, it is usually carried by a T6SS-associated protein (Tag), i.e. 

TagL in the case of the EAEC Sci-1 T6SS, which interacts directly with TssL (Section 

1.5.5) (Aschtgen et al., 2010a, Aschtgen et al., 2010b). 

 

TssJ is inserted into the OM through the N-terminal acylated cysteine (Aschtgen et al., 

2008). The crystal structure of TssJ showed that it contains a ɓ-sandwich fold with four-

stranded ɓ-sheets (Felisberto-Rodrigues et al., 2011). A recent study on Serratia 

marcescens showed that TssJ lipoprotein oligomerises (Rao et al., 2011). Therefore, it 

is possible that the TssL-TssM-TssJ sub-complex assembles as a ring-like structure to 

form a channel spanning the IM and the OM of the bacterial cell envelope, similar to 

T3SS and T4SS membrane-spanning complexes (Fronzes et al., 2009, Worrall et al., 

2011). 

 

1.5.4. T6SS cytoplasmic and predicted cytoplasmic components (TssA, TssF, TssG 

and TssK) 

1.5.4.1. TssK  

TssK is a trimeric cytoplasmic protein that has been shown to play an important role in 

the assembly of the T6SS (Figure 1.13). The two subassembly complexes (phage tail-

like and trans-envelope) of the T6SS seem to be connected by TssK as it interacts with a 

number of T6SS components from the two groups. TssK in EAEC was shown to 

interact with TssA, TssC, TssD and TssL. Also, TssK was found to play a role in the 

sheath assembly (Zoued et al., 2013). The tssK gene was found to be organised in 

tandem with tssL gene in more than 70% of T6SS gene clusters which suggests an 

interaction between the two proteins or a functional relationship (Boyer et al., 2009). 

TssK protein has also been found to be present as a component of the inner membrane 

proteome of P. aeruginosa which provides further evidence for the association of TssK 

with the membrane complex (Casabona et al., 2013). Also, TssK in V. cholerae was 
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shown to be associated with the T6SS sheath as it co-purified with the isolated sheath 

adding further evidence for the prediction of TssK function as a connector between the 

membrane and phage-like subassemblies (Basler et al., 2012). 

 

1.5.4.2. TssA, TssF and TssG 

There is little published literature on TssA, TssF and TssG. Primary sequence analysis 

or secondary structure predictions of TssA, TssF and TssG showed no obvious 

similarities with bacteriophage T4 subunits. Nevertheless, Cascales and Cambillau 

predicted that these subunits are soluble cytoplasmic proteins which might have 

structural similarities with the bacteriophage T4 proteins (Cascales and Cambillau, 

2012). 

 

TssA was discovered in S. enterica serovar Typhimurium in 2002 and referred to as 

óSciAô (Folkesson et al., 2002). Alignment of B. cenocepacia TssA with TssA 

orthologues present in other Gram-negative bacteria showed that the N-terminal region 

of TssA proteins is conserved whereas the C-terminal region varies between different 

organisms. TssA proteins can be divided into two classes, based on divergence within 

their C-terminal regions (M.S. Thomas, personal communication). The first class is 

known as the SciA class (TssA
S
), which includes TssA proteins with a C-terminal 

region similar to that of SciA such as TssA of B. cenocepacia. The second class, termed 

the enteric class (TssA
E
), is encoded by T6SS gene clusters of a number of pathogenic 

bacteria that can cause enteric infections such as V. cholerae and A. hydrophila.  In 

addition, TssA
E 

is also found in T6SS clusters of some non-enteric pathogens such as 

T6SS-5 of B. pseudomallei and T6SS-2 (HSI-II ) of P. aeruginosa.  

 

In many T6SS gene clusters encoding TssA
E 

orthologues a second tssA-like gene is also 

present. The latter gene encodes a protein with a similar N-terminal region to TssA
S 
and 

TssA
E 

but the C-terminal region is distinct from those of TssA
S
 and TssA

E
, and it 

contains a region encoding a predicted TMD located midway along the length of the 

polypeptide chain (Figure 1.14). In V. cholerae, it has been shown that whereas the 

TssA
E 

orthologue, VCA0119 (VasJ), is essential for T6SS function, the other tssA-like 

gene, VCA0121 (VasL), is not (Zheng et al., 2011). Therefore, it can be defined as a 

Tag (T6SS-associated gene). It will be referred to here as TalT (TssA-like Tag). Where 

tssA
E 

and TalT occur together in a T6SS gene cluster, tssA
E 

is usually located  
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Figure 1.13. Negative stained EM images of TssK of EAEC. The micrograph shows the tri-

armed structure of TssK. A. Negative stain EM of TssK. B. EM averaging of raw particles of 

TssK. Adapted from Zoued et al .(2013). 
 

 

 
 

Figure 1.14. Predicted domain organisations of the two TssA classes and TalT. The 

conserved N-terminal region present in both classes of TssA and TalT is represented by the 

chequered fill colour. Regions shown in uniform colour are conserved within a TssA class or 

TalT. Each type of TssA and TalT contains a predicted N-terminal domain (NTD) and a C-

terminal domain (CTD) separated by a linker region (zigzag motif). TssA
E
 contains an 

additional domain (middle domain, MD) separated from the CTD by a short linker region. TalT 

orthologues are predicted to contain a trans-membrane domain (TMD) between the NTD and 

CTD (M. Thomas, personal communication). 
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immediately upstream of tssM and talT is located immediately downstream of tssM 

(Figure 1.15). 

 

The secondary structure and domain organisation of TssA
S
, TssA

E
 and TalT was 

predicted by amino acid sequence alignments and the PSIPRED program (Figures 1.16, 

1.17, 1.18, 1.19 and 1.20). In all three groups of proteins the N-terminal 100-130 amino 

acids are conserved (Figure 1.16). This is followed by a non-conserved helical region 

connected to the group-specific C-terminal region by a non-conserved random coil 

linker region (which includes a TMD in the case of TalT). In the work described here, 

for simplicity, the entire region located N-terminal from the predicted linker sequence 

will be referred to as NTD (N-terminal domain). The TssA
S 
region located C-terminal to 

the linker consists of 60-75 amino acids and is referred to here as TssA
S
CTD (Figure 

1.20A). The longer TssA
E 

C-terminal region can be subdivided into at least two 

domains based on the presence of non-conserved regions that are predicted to form 

random coils. Thus, TssA
E 

appears to have a middle domain of ~ 150 amino acids and a 

C-terminal domain of 80-120 amino acids which is conserved over a 70 amino acid 

stretch (Figure 1.20B). Therefore, TssA
S 
and TssA

E 
have predicted CTDs of similar size 

but distinct sequence. The C-terminal region of TalT orthologues is approximately 120 

amino acids in length and is conserved within this group of proteins (Figure 1.20C). It 

bears no obvious similarity to the C-terminal domain of TssA
S 

or the middle or C-

terminal domains of TssA
E
. 

 

As most of the work in this study was carried out on the TssA subunit of B. cenocepacia, 

a TssA
S
 member, for simplicity it will be referred to as TssA throughout this thesis.  
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Figure 1.15. Organisation of T6SS gene clusters of B. cenocepacia and A. hydrophila. tss 

genes encoding the 13 T6SS core components are represented as uniformly coloured block 

arrows whereas the tag genes (tss associated genes) are hatched. The orientation of the block 

arrows indicates the direction of transcription of the genes within the cluster. B. cenocepacia 

tssI orthologues are located elsewhere on the B. cenocepacia genome. The B. cenocepacia T6SS 

gene cluster (BCAL0337-BCAL0352) contains a single tssA gene, encoding a SciA class TssA 

(BCAL0348).  The A. hydrophila T6SS gene cluster (AHA1826-AHA1848) contains a tssA 

gene located upstream of tssM that encodes an Enteric class TssA (AHA1844). In addition, a 

tssA-like tag (talT, AHA1846) is located downstream of tssM. 
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BCAL0348      1 -------------------- MPI N------- LPELLTPIS EASP- SGDDLLFSNEFDAI QDARRYDDPTL 

PA0082        1 --------------------- MLD------- VPVLLAAVSPDSP- CGDDLEYDAAFLELERIA- QGQPER 

BB0799        1 --------------- MPRMTTNME------- FADLLKTLTPSLP- CGEDLEYDADFLQLQQAA- VGRSEQ 

SciA           1 ---------------------- MD-------- MSLTKPVSAEQP- CGPDPEYDPEYLLLFSRA- APQAEA 

ImpA          1 ---------------------- MN------- VREI IDPLEQNHP- CGENVRSNTAFREI YYRI KDARNAA 

YPO0499       1 ----------------- MI------------ LKRMDNNMSDIFPQALFGVEYDPAYGEI ESI LSQLDESA 

AHA1844       1 ------------------------ MSYQHPWCARLLTSLPDEQI- RGAVLADEPRWDYVETELV- -----  

Aec29          1 -------------------- MAMDLRNPDVWLAHLLENLPEDKL- SAALDDGNADWEFVDSEI V------  

ECA3433       1 ------------------------- MHAHPWCKRLQTSLPDERL- RAAVLADDPLWEKVETELV------  

YPO3602       1 ------------------- MRHMDITSQHPWHVLLQAPLSPEQT- AQALADDDPQWEYI DGQMV------  

BPSS1493      1 ----- MSERRPPGGAAARARMPI D--- VEALAVLGRTDI DSAMP- AGADVRADARFDALHAELA------  

PA1656        1 -------------------- MTYSSKLSSHYLELAEQPIS KDVF- AGEDVRFSSEYEALENELG------  

AHA1846       1 -------------------------------- MSQNQQGQQALK- VGRDPRMLPEYEALRAEI N------  

Z0249          1 MCIPTRKITRSAVGCSASLVCQTH--- CTEEAGMNSNVLTQTI V- TGSDPRGLPEFSAI REEI N------  

Aec31          1 -- MWIPKITRSPAVCSACSVYRI R--- CIKGIVMSNYALTQTI V- TGSDPRALPEFSAI REEI N------  

ECA3431       1 ----------------------------------- MQDAQQALK- VGRDPRMLPEFDALRAEI N------  

YPO1489       1 ---------------------------------- MAGNTERLLK- TGGDPRALADFTALRGELN------  

EC042_4550     1 ------------------------------------ MTSEVKLK- TGGDPRSLPDYAALRDEI S------  

 

BCAL0348     43 DQG----- EWVTEIKEADWGFVVDHAGELLRTRTKDLRLAVWLTEALALEDGI TGLTEGYALLEGLCREF 

PA0082       41 QMG----- DAVLPAEPPEWPRVRALASEL- FGRSKDLRVANLLLQSNVALDGLDGLADGLLLVRELLGQY 

BB0799       47 QFG----- ATIIPAQAPDWRAVERLALGL- LERTRDLRI IA YLTRAWTEMRGLPGYAEGVTLAAGTLEQY 

SciA          39 QYG----- DFVSTPEAVNWPEI ERDARRL- LTRSKDI RVLIL LLRSRIQQAGAQGLAEMLTQLAELSVIW 

ImpA         41 RTAERSIIPGETITIAPA WHDVSNLGLQLLSSKSKDI EVLAWLAEAQLRLRGFSGLHDVYVATVSLLDKH 

YPO0499      42 DP L----- SRPHEPPQI NWHHI SEQANKL- LEQCFDLRVMLWFIR ANI HIK GI SALYDGFMRI NAQTQDT 

AHA1844      40 - KL------ GSLAHSQVDLNAVAEACLGLLESRTKDMRVLAQLLRCLQHPAKATPLGAAI SLLEAWI QAY 

Aec29         44 - KL------ GSLAHSQLDIPE LQRRGLMLLASETKDFRLLAHLLRTLQHAGD--- I LLASRMLAQYTEHY 

ECA3433      39 - KL------ GSLAHNQVDLNVVAGYCLTLLESKTKDMRVLVQLLRCLQHPAKATPFSTALMLLDSWLESY 

YPO3602       45 - KL------ GSLAHATLNIDDI QQQAMALLSQKSKDFRLVVHLLRTLQHGGQPDELMLAMSLLTEYVQLF 

BPSS1493     56 - KL----- ASPGASGQVDWRAATHLAAELLRERGKDLLVGCYLAGALLQTGGAAGLRCGLEIVGDLVERH 

PA1656       44 - KA----- LSLHENGQTDWLKI LENSEALLRAQSKDLRVAAWLTWALYQRESFPGLLAGLGLLERLCSRH 

AHA1846      32 - KL------ SHASRPEVDWQRI HQLASLI FEKHGVDLQTAI YFTLARSRLQGLSGFTEGCEFLANLI VTQ 

Z0249         61 - KA------ SHPSQPELNWKLVESLALAI FKANGVDLHTATYYTLARTRTQGLAGFCEGAELLAAMVSHD 

Aec31         59 - KA------ NHPSQPELNWKLVESLALSI FKANGVDLHTATYYTLARTRNQGLAGFCEGAELLAAMIIHE 

ECA3431      29 - KL------ SHASRPDVDWMLVHDMATTI FEKQGVDLQTAI YFTLARSRLAGLTGFTESCEFLANLI VTQ 

YPO1489      30 - KL------ AHPARPDVDWVRVEQLCLALFRQNGVELQTAVDFTLARTHTVGLAGLCEGLELLAGLVCHQ 

EC042_4550   28 - KL------ THPARPDVDWRYVETLCLRLYEHNGVELQTASWYTI ARMHTTGLSGLNEGLALI VALTRHH 

 

BCAL0348    108 WDTFHPLPEDDDIEH------- RLGNVAWLSGRTAE----- LLRAVPLT- DGASNAFSTLDWEVAQHVAQ 

PA0082      105 WDGVYPLLDADDD------- NDPTFRI NALTGLVAEPLLQLVWAIPLVR- SR--- AFGPVNLRAALNAA-  

BB0799      111 WDAVHPMLASGGE------- EDPMPRVNALASLGDPQGCVRGMRSACLL- DD--- VHGRLSLRDAEAL--  

SciA         103 S DALHPQLLTGEGASAESIEDASLARSNALAALLDHEGVMADI RGITLS- NS--- AALRLQVRDVERAL-  

ImpA        111 FDALHSIGDGDVEE-------- RFAPFAGLNGVGGEGTLIQAI RLTSLIPGGKFAQFSLWDFQLSQRPN-  

YPO0499     106 DVV IY PQSEEPPL------ NSGHAAALGWLSTAQ---- CIAELKTARLTEEH--- PYILQDLITTEALPN 

AHA1844     103 WLLAWPGNASQKQ--------- RLMV------------------------------------ QIV KRFEG 

Aec29        104 WTCAAPQNMAHKK--------- RFAA------------------------------------ QVI KRFES 

ECA3433     102 WVTAWPASPVQKQ--------- KLMI------------------------------------ QIV RRFEG 

YPO3602     108 WTTAWPQNPLHKR--------- RFAQ------------------------------------ QIL KRFDS 

BPSS1493    120 WDAMSPPVSRMRA--------- RRGALQWLVDRVDAMHD---- AGAAAC- GGACSAELVAQLRAAARR--  

PA1656      108 WVEI HPLKAR-- T--------- RAAAI AWLVPRLEQALN---- ENVPIK- EQ--- LPLFRRLAEHLEK--  

AHA1846      95 WESFWPPVHQERA--------- RI EMLDWFIA RISD----- VI RQY- QISH-------- EDKRLI YRCER 

Z0249        124 WDKFWPQGG-- PA--------- RTEMLDWFNSRTGN----- I LRQQISFAE-------- SDLPLI YRTER 

Aec31        122 WDKFWPQSG-- PA--------- RTEMLDWFNTRTGN----- I LRQQVSFSE-------- NDLSLLYRTER 

ECA3431       92 WDNFWPPVHQERA--------- RI EMLDWFIA RISE ----- VVRQY- AISH-------- EHKRLVYRCER 

YPO1489      93 WRGLWPPQT-- HA--------- RVALLAWLSDRLQQ----- VWRTMTLCY--------- GDLAQVYRAER 

EC042_4550    91 WSVMWPLNT-- HA--------- RLEI I TGLFNHLQK----- TLRAMPPDDR-------- DNLPLLYQTET 
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Figure 1.16. Alignment of the N-terminal regions of TssA
S
, TssA

E
, TalT

 
orthologues. 

Alignment was carried out between TssA
S
 orthologues (red font) present in B. cenocepacia 

strain J2315 (BCAL0348), P. aeruginosa strain PAO1 (PA0082), Bordetella bronchiseptica 

strain RB50 (BB0799), S. enterica serovar Typhimurium str. LT2 (SciA), R. leguminosarum bv. 

viciae 3841 (ImpA) and Y. pestis strain CO92 (YPO0499); TssA
E
 orthologues (green font) 

present in A. hydrophila subsp. hydrophila ATCC 7966 (AHA1844), E. coli (Aec29), 

Pectobacterium atrosepticum SCRI1043 (ECA3433), Yersinia pestis CO92 (YPO3602), 

Burkholderia pseudomallei K96243 (BPSS1493) and P. aeruginosa PA01 (PA1656) and TaIT 

orthologues present in A. hydrophila subsp. hydrophila ATCC 7966 (AHA1846), E. coli 

O157:H7 (Z0249), avian pathogenic E. coli BEN2908 (Aec31), Erwinia carotovora subsp. 

atroseptica (ECA3431), Yersinia pestis CO92 (YPO1489) and E. coli (Ec042_4550); and TalT 

orthologues (blue font) present in A. hydrophila subsp. hydrophila ATCC 7966 (AHA1846), E. 

coli O157:H7 (Z0249), avian pathogenic E. coli BEN2908 (Aec31), Erwinia carotovora subsp. 

atroseptica (ECA3431), Yersinia pestis CO92 (YPO1489) and E. coli (Ec042_4550). Alignment 

was carried out using Clustal Omega and shading was conducted using BoxShade program. 

Amino acids identical or similar in 50% of the sequences are shown in white font and shaded by 

black or grey, respectively. The red arrow indicates the C-terminal end of the N-terminal 

homologous regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=nuccore&cmd=search&term=BB0799
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nuccore&cmd=search&term=BB0799
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BCAL0348  302  GI QNRAQAVDQLRAVARYFRQTEPHSPVAYLADKAAEWADMPLHKWLESVVKDDGSLSHI  

PA0082    278  EI ANREDVLRQLDRLLEYYVRHEPSSPVPVLLKRAKTLVTADFAEI VRNLI PDGISQFE-  

BB0799    280  RI ATREDAMAMLAKVSAYFETHEPSHPAPYLIRRVQQLI PLDFHDIL RNLAPQGLAQFE-  

SciA      290  PIR DRNDALERLRCI RRWFESSEPSSPTIP LLRQAERLVGKRFSEVI NEI PVELLEKWD-  

ImpA      285  MIR SREEAFELLIA VARYFRRTEPHSPI SMSI ETLVRRGRMDFFELLAELLPEQQTRNA-  

YPO0499   268  SIR SRQEI I MMLDRI LEYFQHYEPSHPAPI FIRRTKEMIGMDFYSI VEEIL PEAVITLK -  

 

BCAL0348  362  RELLGVRPDEQS----  

PA0082    337  - TLRGPESE-------  

BB0799    339  - AWTAREAASQS----  

SciA      349  ---- ALE---------  

ImpA      344  - VLTAAGIQPVADKGG 

YPO0499   327  - QFTGKTNLPFR----  
 

Figure 1.17. Alignment of the C-terminal region of TssA
S 

orthologues. Alignment was 

carried out between TssA
S
 orthologues present in B. cenocepacia strain J2315 (BCAL0348), P. 

aeruginosa strain PAO1 (PA0082), Bordetella bronchiseptica strain RB50 (BB0799), S. 

enterica serovar Typhimurium str. LT2 (SciA), R. leguminosarum bv. viciae 3841 (ImpA) and Y. 

pestis strain CO92 (YPO0499). Alignment was carried out using Clustal Omega and shading 

was conducted using BoxShade program. Amino acids identical or similar in 50% of the 

sequences are shown in white font and shaded by black or grey, respectively.  
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AHA1844   228  SSNDRAWRQTQL--- KVAELLI ERQPEVAVGYRLRRHAVWAGITA VPMSGAGN- KTPLAP 

Aec29     230  NHDDKAWRDTLL--- KVAAI LCERQPESPQGYRLRRHALWQTIT STPQAESDG- RTPLAA 

ECA3433   220  SSDERSWRQTQL--- NVAALLVERHPDSPMGYRLRRHAI WSGI ATPPMSSKGH- KTQLAP 

YPO3602   217  NTSDRAWRQTLL--- KMADLLSEQQPDAAI GFRLRRHAVWGALTAPPMAQSDG- RTPLAA 

BPSS1493  328  --- ERALADALAQLHCVATAFAQADWADARGFRLRRVACWSSVCALPETDAENGRTRI AA 

PA1656    224  HKAMRAQQEAAR--- PLCAWWLKQKATDLRALRLNRTMLWLPI ESMPERNAEQ- VTALRG 

 

AHA1844    284  MSADMVDEYRAAMNAPDQ- GLWQRI EQSLTLAPYWFEGHRLSAEVAEKLGFGA-- VAQAI  

Aec29     286  FPVDMMDDYLARLNNADM- ALWQQVEKSLLLAPYWLDGHYLSAQTALRLGYKQ-- VADAI  

ECA3433   276  VSSDRVDEYQSALAQADL- ALWERI EQSLVLAPYWFDGHMLSASVASRLGHSS-- VATAM 

YPO3602   273  VSADRTADYLARLANADL- PLWHQVEQSLTLAPYWLDGHVLSAQI ALQLGYDA-- VAQAI  

BPSS1493  385  PSASI VGAAKSIDGDGEPVAAVRFAEAHAQAFPLWLDLQRI AARALARAGGDGADARREV 

PA1656    280  VPADKLKSYQERFAQGLYADLLVELEASLARAPFWFDGQRLVWECLQGLNAEQ-- AMREV 

 

AHA1844    341  AEELGTFLQRLPALRELAFSDGSPFLSPECSRWLQPAKG-- G--- S--------------  

Aec29     343  RDEVTDFLARLPALIN LLFNDRTPFVSEQTKQWLASSGSVNQ--- T--------------  

ECA3433   333  AEELSAFI QRLPELRELAFSDGAPFLTGKCSQWLQSSQPVRG--- G--------------  

YPO3602   330  RDELSVFLARI PALKTLFFTDMTPFLSSESAAWLQQDANHQG--- R--------------  

BPSS1493  445  ETAVRALLARLPGLDALTFADGTPFADDATRAWLGELGAPVVAADAVSPSSLPLSPRPSP 

PA1656    338  EMHFALLLQRLPGLVELRFHDGSAFADAATRGWI SAHVMPHLQNDSA-------------  

 

AHA1844    382  ------- AG---------- I - GEAGLAEEVAQRHGEQGI AAALALLDERI AQLKEPRDRF 

Aec29     386  ------- VP---------- VVQTDEELQAAKACFDENGLEAALRYLE- NLPE- GDPRHQF 

ECA3433   376  ------- GG---------- A- RQDDLATEAASCRDEKGI GAAMLLLDERMRRLKEPRDRF 

YPO3602   373  ------- SR---------- TIEQ---- DEIWQCYQQQGLEAALQMIN- RQPQQSEPRDRF 

BPSS1493  505  PERSSPMAGEPARAPGDACGASADDAVDRACAFAASGQLDLALHAI QHAI DRATSAEQRL 

PA1656    385  PRKVETVAL---------- QAEWDVALDEVQPVLRKDGLKAAVQVLKQGMKRAHGGRARF 

 

 

AHA1844    424  HALLVQAELLAQEGMEALARQHYQHLWQEASRLGLSHWEPGLVNRLESLAAPLSK-----  

Aec29     427  HRQFFGAQLLEEAGMVQLAQQQYRMLFRTGLHMMLSEWEPSLLKALEQKLTAEQ------  

ECA3433   418  YAELVLADLLAEEGMKSLAAQHYQHMWQESQQLGLMQWEPGMVSRVERLAASRKK-----  

YPO3602   411  YHQLLSAQLFEKAGLTALAQQHYHSLLLVGQQLQLSEWEPALI ALLTEKQRQLKP-----  

BPSS1493  565  RARVRLCELARDHWPHEVPEAFARGVIEPIR RHDLLAWNPELALDGLSAAYAL-- LIRRD 

PA1656    435  FWQLSLARLCFLAKKYELAKTQLESLDHQLHESGLHAWEPDLALDVLHLLHSCCELLPQN 

 

 

AHA1844    478  ---------------------------  

Aec29      480  ---------------------------  

ECA3433   472  ---------------------------  

YPO3602   465  ---------------------------  

BPSS1493  623  RE- SAHARTVLDEIASVDAARAMRLST 

PA1656    495  HAVRERKEDIYRRLCHLDLEVVLE---  

 

Figure 1.18. Alignment of the C-terminal region of TssA
E 

orthologues. Alignment was 

carried out between TssA
E
 orthologues present in A. hydrophila subsp. hydrophila ATCC 7966 

(AHA1844), avian pathogenic E. coli BEN2908 (Aec29), Pectobacterium atrosepticum 

SCRI1043 (ECA3433), Yersinia pestis CO92 (YPO3602), Burkholderia pseudomallei K96243 

(BPSS1493) and P. aeruginosa PA01 (PA1656). Alignment was carried out using Clustal 

Omega and shading was conducted using BoxShade program. Amino acids identical or similar 

in 50% of the sequences are shown in white font and shaded by black or grey, respectively. The 

predicted middle domain is underlined by the red line and the predicted C-terminal domain is 

underlined by the green line. 
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AHA1846      353  LYPDSLAVKALDKQWQAQLGGLQGDVISVPTYLDARAGVDALLDQLLELERQRK- TVTI S 

Z0249       351  RWPESLQQQQASTQWNEALKTRAQSSPQLRGWLQTRQDLHAFADLVMQR-- EKE- GLTLS 

Aec31       345  LWPESLQQQEASRMWSNTLRNRAQASPQMKGWQQARQNLRDFADLMMKKETEKQ- GFTLS 

EcA3431     355  LYPDSLAVKEMERQWQI TLERQQGDEPKTLGYEQARARVNDTLQQLLELERQRR- TVTI S 

YPO1489     331  LWPTNQEVKRLNALWQQQRAAGAAPLVELKHYALAQDRLRQLAERLNSLDEKKRGYMTVS 

Ec042_4550  334  LFPDNPRVQEMVDNWQKSVRSRALPEEAMAGWNEGMTRLQQLAERLNRLDEQRGKYMTVS 

 

 

AHA1846      412  YLKSQLYEVQKNLMQNI PFSLRLGELEARKASQEPITAAELKSLENDLKALNI RLYQLQQ 

Z0249       408  YI KNVIWQAERGLGQETPVESLLTQYQDARAQKQN- TDALEKQI NERLEGVLSRWLLLKN 

Aec31       404  YI KTVTWQAERLLNQETPLEYLLTQYQETRTQKQD- TQALEKEI NERLDGLLSRWLLLKN 

EcA3431     414  YLKSKLYDMQKDLIS DVPFGIRLRELEARKIKS QSLTPAELRGMEDELRAFNI RLYRLQQ 

YPO1489     391  ELKSAVFAI QQPLAQAVPLEELLRQYQEQLESGQTPSSALRQQI DSRFSQLLNRYALLVV 

Ec042_4550  394  ELKTEVFGI MQAFNRHI PAEEQLRRYDEVRNQNSS-- EQQQKKVENGLVELVSRYWVLTQ 

 

 

AHA1846      472  GASGS----------------------------  

Z0249       467  NTIPTIKKALNFNNIHEYKGVLNGEFNLFNTKW 

Aec31       463  TGQDMATDNR- TEPVHPTH--------------  

EcA3431     474  SNSAS----------------------------  

YPO1489     451  PPGVQ----------------------------  

Ec042_4550  452  GDMK-----------------------------  

 

Figure 1.19. Alignment of the C-terminal region of TalT
 
orthologues. Alignment was carried 

out between TaiT orthologues present in A. hydrophila subsp. hydrophila ATCC 7966 

(AHA1846), E. coli O157:H7 (Z0249), E. coli (Aec31), Erwinia carotovora subsp. atroseptica 

(ECA3431), Yersinia pestis CO92 (YPO1489) and E. coli (EC042_4550). Alignment was 

carried out using Clustal Omega and shading was conducted using BoxShade program. Amino 

acids identical or similar in 50% of the sequences are shown in white font and shaded by black 

or grey, respectively.  
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Figure 1.20. PSIPRED secondary structure predictions of B. cenocepacia TssA

S 

(BCAL0348), A. hydrophila TssA
E 

(AHA1844) and A. hydrophila TalT (AHA1846). The 

amino acid sequence of a representative of each of the two classes of TssA and TalT was 

submitted to the PSIPRED program (v3.3) to predict the secondary structure. Regions 

highlighted with a red box are the predicted linker regions. The red arrow indicates the position 

of the C-terminal end of conserved part of the NTD. A. The secondary structure prediction of B. 

cenocepacia TssA
S 

(BCAL0348) shows an unstructured peptide chain (linker region) of ~ 55 

amino acids separating a large N-terminal region of 11 Ŭ-helices from a C-terminal region of 4 

Ŭ-helices. Ŭ-helices are numbered according to their position relative to the N-terminus. The 

region corresponding to H6/H7 is folded into two helices (H6 and H7) in other members of the 

TssA
S
 class and the region folded into the H8b helix is not predicted to form a helix in other 

members of the TssA
S
 class. The H11a

 
helix

 
is a region with low confidence of prediction and is 

not detected when an older version of the PSIPRED program was used (results not shown). B. 

Secondary structure prediction of A. hydrophila TssA
E 

(AHA1844) shows a predicted random 

coil (linker region) of ~ 42 amino acids separating an N-terminal region of 7 Ŭ-helices from a 

large C-terminal region of 12 Ŭ-helices. The region folded as H14 is probably part of the middle 

domain-CTD linker because it is not strongly conserved in other TssA
E
 members. The H15 

region is also not strongly conserved (Figure 1.18). Therefore a second linker region extending 

from position 351 to 388 divides the C-terminal region into two domains, the middle domain 

(MD) containing 7 Ŭ-helices and the CTD containing 4 or 5 Ŭ-helices. Ŭ-helices are numbered 

according to their position relative to the N-terminus. C. Secondary structure prediction of A. 

hydrophila TalT
 
(AHA1846) shows an long unstructured peptide chain (linker region) ~74 

amino acids separating an N-terminal region of 7 Ŭ-helices from a predicted TMD (underlined 

by the green bracket) and a large C-terminal region of 10 Ŭ-helices. The region extending C-

terminal from the TMD to postion 352 is not well conserved among TalT orthologues and has 

been omitted from the TalT CTD alignment (Figure 1.19) Ŭ-helices are numbered according to 

their position relative to the N-terminus.  
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1.5.5. T6SS accessory proteins 

A number of proteins have been identified that serve as auxiliary subunits of the T6SS. 

Many of these are referred to as Tags (Section 1.4.2) (Shalom et al., 2007). Tags are not 

present in all organisms that encode a T6SS, and in those that do contain tag genes, 

their number and nature varies. The most studied Tag is TagL as it was demonstrated to 

carry a specific domain, the peptidoglycan-binding motif of the OmpA/MotB/Pal family 

of proteins which anchors such proteins to the bacterial cell wall (Aschtgen et al., 

2010b). EAEC TagL was shown to interact with the PG in vivo and in vitro (Aschtgen 

et al., 2010a). In many bacteria possessing a T6SS, a peptidoglycan-binding motif is 

carried by the C-terminal periplasmic domain of TssL (ñevolved TssLò), whereas in a 

few species such as EAEC and uropathogenic E. coli (UPEC) a PG-binding motif is 

carried by TagL (Aschtgen et al., 2010a, Aschtgen et al., 2010b). The PG-binding 

domain is also located at the C-terminus of other Tag proteins such as TagN and TagP 

and in the central region of TagW. TagP is similar to TssM, as they share a conserved 

N-terminal domain, but the C-terminal periplasmic domain of TssM is replaced by the 

PG-binding domain in TagP. Only a few bacteria contain TagN, such as B. cenocepacia. 

TagW is a large polypeptide which was found in some species of Vibrio such as V. 

parahaemolyticus (Aschtgen et al., 2010b). The proposed function of the PG-binding 

motif is to stabilise the T6SS in the bacterial cell wall. It should be noted that some 

bacteria with a T6SS lack an evolved TssL and a Tag containing a PG-binding domain 

(Aschtgen et al., 2010b). It is not clear how the T6SS in these organisms is anchored to 

the PG. 

 

TagJ has also been observed in P. aeruginosa HSI-I, S. typhi (where it is also known as 

SciE), B. pertussis, V. parahaemolyticus, Serratia marcescens and Rhizobium (ImpE) 

(Shalom et al 2007; Mark Thomas personal communication). This protein is present in 

30% of bacteria that contain a T6SS (Lossi et al., 2012). TagJ in P. aeruginosa is 

specific to H1-T6SS and it was shown to interact with an N-terminal Ŭ-helix in TssB 

encoded by H1-T6SS forming a subcomplex which might mediate the integration of 

TssB into the T6SS (Lossi et al., 2012). Also, tagJ of S. marcescens was shown to 

interact with TssB from S. marcescens. Interestingly, the H1-T6SS encoded TssB has an 

N-terminal helix that the other two TssB subunits encoded by H2- and H3-T6SS do not 

have. Also the TssB subunit in bacteria with T6SS gene clusters deficient in the TagJ-

like subunit often lack the N-terminal Ŭ-helix region. Moreover, the interaction of TagJ 
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with TssB1 was shown to be specific as TagJ does not interact with TssB2 (Lossi et al., 

2012). 

 

A very recent study to identify additional components associated with the T6SS tail 

spike that correspond to orthologues in the bacteriophage T4 tail spike revealed an 

accessory subunit. The study identified a PAAR protein which forms a sharp extension 

on the tip of the TssI (VgrG) spike. Furthermore, the study showed that the PAAR 

proteins are essential for the function of the T6SS in Acinetobacter baylyi, which 

encodes 3 PAAR proteins, as a triple deletion mutant that removes all three PAAR 

genes result in a significant reduction in TssD (Hcp) secretion and ~ a 10,000 fold 

decrease in T6SS-dependent killing of E. coli. A similar result was obtained in V. 

cholerae which has two PAAR proteins. The authors suggest that PAAR proteins may 

contribute to the T6SS assembly or they may play a role in the translocation of the 

VgrG into the host cells (Shneider et al., 2013). PAAR proteins also play a role in Rhs 

effector secretion (Section 1.6.6). 

 

1.6. Effector proteins of the T6SS 

Despite intensive research on the T6SS, only a few secreted effector proteins have been 

identified so far. The first identified effector proteins of the T6SS were VgrG 

derivatives which showed a dual role as structural subunits and as secreted effector 

proteins of the T6SS (Section 1.5.1.2). Some evidence was also provided that the TssD 

subunit also has a secondary role as an effector (Section 1.5.1.1). Some small and large 

effector proteins were subsequently identified which are not subunits of the T6SS (see 

below). In several cases, immunity proteins have been identified to specific VgrG and 

non-VgrG effectors encoded adjacent to the effector gene in the producing bacterium. 

 

1.6.1. Evolved TssIs (VgrGs) 

The T6SS in V. cholerae has been shown to secrete three VgrG (TssI) proteins: VgrG1, 

VgrG2 and VgrG3, of which VgrG1 and VgrG3 are evolved derivatives (Pukatzki et al., 

2007). A well-studied evolved VgrG is VgrG1. The C-terminal domain of VgrG1, 

which leads to actin cross-linking, is homologous to the actin crosslinking domain 

(ACD) of RtxA toxin of V. cholerae (Sheahan et al., 2004, Ma et al., 2009a). The C-

terminal region of VgrG3 (VCA0123) in V. cholerae has a peptidoglycan-binding 

domain and exhibits peptidoglycan hydrolase activity. Interestingly, V. cholerae 
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protects itself from the toxic effect of VgrG3 by production of type six secretion 

antitoxin B (TsaB) a product of the downstream gene tsaB. Therefore, VgrG3 and TsaB 

represent a toxin-antitoxin pair (Brooks et al., 2013). VgrG2 has no C-terminal 

extension and therefore constitutes a core VgrG subunit (Pukatzki et al., 2007). 

Interestingly, it was demonstrated that inactivation of VgrG2 prevents the secretion of 

TssD, VgrG1 and VgrG3 and reduces the virulence of V. cholerae towards 

Dictyostelium amoebae and J774 macrophages (Pukatzki et al., 2006). The C-terminal 

vegetative insecticidal protein-2 (VIP-2) domain, which known is for its actin ADP-

ribosylating activity, of VgrG1 in A. hydrophila was also shown to induce host cell 

cytotoxicity by modifying the cytoskeleton of eukaryotic cells (Suarez et al., 2010). 

These observations have led to the assumption that the non-evolved VgrG can target 

bacterial cells whereas evolved VgrG can target eukaryotic cells.  

 

1.6.2. Non-VgrG-derived peptidoglycan hydrolase effectors 

Hood and co-workers identified three non-VgrG effector proteins Tse1-Tse3 (type VI 

secretion exported 1-3) secreted by the haemolysin co-regulated protein secretion island 

(HSI-I)-encoded T6SS (HI-T6SS) of P. aeruginosa and demonstrated that Tse2 is a 

cytoplasmic toxin component of a toxin-immunity system. Tse2 can arrest the growth of 

many prokaryotic and eukaryotic organisms, but it was shown to be specifically targeted 

against the bacterial cells (Hood et al., 2010). Subsequent studies in the same lab 

showed that Tse1 and Tse3 are lytic enzymes that break down the peptidoglycan layer 

of the targeted (prey) bacterium by amidase and muramidase activity, respectively 

(Russell et al., 2011). In addition to Tse1, Tse2 and Tse3, P. aeruginosa synthesizes 

three immunity proteins, T6SS immunity 1, 2 and 3 (Tsi1, Tsi2 and Tsi3), which 

antagonise the effect of Tse1, Tse2 and Tse3, respectively. Tsi1 and Tsi3 are located in 

the periplasm, while Tsi2 is located in the cytoplasm. Therefore, P. aeruginosa protects 

itself from the lytic effect of Tse1 and Tse3 and the toxic effect of Tse2, injected by the 

sister cells. These immunity proteins seem to be limited to P. aeruginosa and hence the 

species can use H1-T6SS to attack closely related bacterial species which are in 

competition with P. aeruginosa for niches (Russell et al., 2011, Li et al., 2012). 

 

In 2012 Russell et al. developed a heuristic approach for the screening of T6SS 

substrates. Using this approach, they undertook a study on B. thailandensis and 

identified BTH_I0068 and BTH_I0069 as an amidase-immunity pair analogous to the P. 
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aeruginosa Tse1-Tsi1 pair. They suggested the name Tae2 (type VI amidase effector) 

and Tai2 (type VI amidase immunity) for BTH_I0068 and BTH_I0069, respectively, 

and for other members of this family of proteins (Russell et al., 2012). The heuristic 

approach was used to identify T6SS amidase EI pairs in 193 phylogenetically distinct 

Gram-negative bacteria possessing a T6SS. 51 effectors from the 419 predicted EI pairs 

identified in the large scale screen were divided into four families (Tse1, Tae2, Tae3 

and Tae4) based on their primary sequence homology. The Tae3 and Tae4 families 

include effectors present in S. typhi and S. typhimurium respectively which are able to 

degrade peptidoglycan and have corresponding immunity proteins (Tai3 and Tai4). The 

study by Russell et al also identified Tae3-Tai3 EI pairs in P. fluorescens (Russell et al., 

2012). Tae4-Tai4 EI pairs were also identified in Enterobacter cloacae (Zhang et al., 

2013). The four amidase EI pair families have distinct cleavage specificities against the 

peptidoglycan of Gram-negative bacteria which provides a useful measure against the 

structural variability of peptidoglycan (Russell et al., 2012).  

 

Two T6SS-dependent effector proteins (Ssp1 and Ssp2) in S. marcescens were 

identified and confirmed as antibacterial toxins, along with their cognate immunity 

proteins (Rap1a and Rap2a). The Ssp1 and Ssp2 proteins contain a domain of unknown 

function (DUF4285) which is present in both eukaryotic and prokaryotic proteins. Ssp1 

and Ssp2 were shown to be periplasmic-acting and were therefore presumed to target 

the bacterial cell wall (English et al., 2012). In fact, these proteins were recognised as 

being members of the Tae4 family of amidase effectors while the Rap proteins were 

identified as member of the Tai4 family of immunity proteins (English et al., 2012, 

Russell et al., 2012) . 

 

A more recent study identified a new group of peptidoglycan hydrolases that cleave the 

carbohydrate backbone of PG (i.e. peptidoglycan glycosidases or muramidases) rather 

than the peptide component targeted by the amidases. They identified three families of 

Tge proteins, Tge1-Tge3, (type VI secretion glycoside hydrolase effectors) along with 

corresponding immunity proteins (Tgi1-Tgi3) (Whitney et al., 2013). 
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1.6.3. T6SS lipase effectors  

A recent study identified a divergent superfamily of bacterial phospholipases which 

includes enzymes with phospholipase A1 and A2 activity. These enzymes are T6SS 

effectors that mediate antagonistic bacterial interactions (Russell et al., 2013). 

Bioinformatics analysis identified 377 putative lipases which can be divided into five 

different families called type VI lipase effectors 1-5 (Tle1-5) (Russell et al., 2013). The 

first four families (Tle1-4) share the GXSXG motif which is widespread in esterases 

and lipases, while the Tle5 family have the dual HXKXXXXD motifs present in 

phospholipase D enzymes (Aloulou et al., 2012). A member of the GXSXG family was 

identified in B. thailandensis (BTH_I2698, Tle1
BT

) (Russell et al., 2012). A subsequent 

study showed that the BTH-I2699 protein of B. thailandensis is an immunity protein 

that protects the host against Tle1
BT

 and was named as type VI secretion lipase 

immunity 1 (Tli1
BT

) (Russell et al., 2013). A Tle2 lipase enzyme was identified in V. 

cholerae (VC1418, Tle2
VC

) (Russell et al., 2013). Analysis of the biochemical activity 

of Tle1
BT

 and Tle2
VC

 demonstrated that they act specifically as a phospholipase A2 

(PLA2) and a phospholipase A1 (PLA1), respectively (Russell et al., 2013). The Tle2
VC

 

has also been investigated by Dong group, who reffered to it as TseL (Dong et al., 

2013). TseL was shown to act as an effector in prokaryotic and eukaryotic cells. The 

killing effect V. cholerae towards Dictyostelium discoideum amoebae was demonstrated 

to require the action of both TseL and VasX (Section 1.6.4) as they function 

synergistically (Dong et al., 2013). A Tle5 family member was identified in P. 

aeruginosa as PldA (PA3487) and named as Tle5
PA

 (Russell et al., 2013). Tle5
PA

 was 

shown to specify a eukaryotic-like phospholipase D activity (Wilderman et al., 2001). P. 

aeruginosa expresses PA3488 protein in the periplasm which acts as a cognate 

immunity protein for Tle5
PA

. Therefore, it was assigned the name Tli5
PA 

(Russell et al., 

2013). 

 

1.6.4. VasX  

VasX (VCA0020) was identified in V. cholerae as a virulence factor regulated by the 

transcriptional regulatory protein VasH and contributes toward the killing of D. 

discoideum (Miyata et al., 2011). A recent study on T6SS effector and immunity 

proteins in V. cholerae identified the function of VasX as a T6SS-dependent effector 

protein that targets the bacterial cell wall. Moreover, the study identified the 

corresponding immunity proteins, TsiV2, for VasX required for the protection against 
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the attack of sister cells. A vasX and vgrG3 double mutant as well as a vasX vgrG3 tseL 

triple mutant were unable to secrete TssD which suggest that they play a role in the 

assembly of a functional T6SS (Dong et al., 2013).  

 

1.6.5. EvpP 

Zheng and Leung identified a small protein that is secreted by the T6SS. In their 

comprehensive study on the T6SS components in E. tarda, they found that EvpP 

secretion is dependent on 13 Evp proteins, including Hcp (TssD) and VgrG (TssI), 

whereas an evpP mutant is able to secrete TssD and TssI proteins but not EvpP. 

Importantly, the evpP mutant was shown to be non-virulent (Zheng and Leung, 2007). 

These authors also showed that EvpP interacts with TssD inside and outside the 

bacterial cell which suggests that this effector passes through the TssD tube. 

 

1.6.6. Rhs 

The rhs genes are a family of horizontally acquired genes which was first identified in E. 

coli and shown to be widely distributed among Gram-negative bacteria. In E. coli it was 

observed that the recombination of distinct rhs genes leads to chromosomal 

rearrangement, and they were therefore called rearrangement hot spot (rhs)  (Lin et al., 

1984). The size of these genes ranges from 2-12 kilobase pairs (kb) and they consist of 

long core sequences which are GC-rich and highly conserved and short tip sequences 

which are low in GC content and poorly conserved. Similarly, Rhs proteins are 

predicted to include two domains: an N-terminal large core domain which contains a 

various number of tyrosine-aspartate (YD) repeats and a C-terminal small tip domain 

(Jackson et al., 2009). The rhsT gene of P. aeruginosa, which encodes a toxic protein, is 

induced by contact with phagocytic cells. Translocation of RhsT into phagocytic cells 

induces inflammasome-dependent cell death. As RhsT protein lacks the N-terminal 

signal sequence, is predicted to be secreted by a Sec-independent secretion system 

(Kung et al., 2012). A recent study in Dickeya dadantii 3937 identified two Rhs 

proteins (RhsA and RhsB) that carry nuclease domains involved in the degradation of 

target cell DNA and therefore inhibit the growth of neighbouring bacteria. The study 

also identified the role of the T6SS in secretion of Rhs proteins by construction of a 

mutant lacking tssI
 
genes from ȹrhsA/rhsB

+ 
inhibitor cells. The mutant lost the ability to 

outcompete other bacteria. A similar result was also observed with a mutant lacking the 
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tssD gene. These results indicate that Rhs proteins are effector proteins secreted via the 

T6SS (Koskiniemi et al., 2013).  

 

The newly identified T6SS PAAR proteins which bind to the tip of VgrG and serve as 

the membrane piercing tool were suggested to play a role in the secretion of RhsA and 

RhsB. Shneider et al identified PAAR repeat regions in RhsA and RhsB and predicted 

that these two T6SS nuclease effectors bind to PAAR proteins and therefore can be 

secreted into target cells (Shneider et al., 2013). 

 

1.7. Mechanism of effector protein secretion  

Although information is being rapidly generated concerning effectors of the T6SS, it is 

still unclear by what mechanism non-VgrG effectors are recognised and secreted by this 

system. Based on the T6SS subunit structure information, the current model of the T6SS 

as an inverted bacteriophage tail on the surface of the Gram-negative bacteria 

translocates the VgrG-based effectors located at the tip of this structure into target cells 

(Ma et al., 2009a, Basler et al., 2012).  For non-VgrG effectors, other mechanisms must 

be used in order to translocate these effectors into target cells. For instance, the Tse 

proteins of P. aeruginosa (Hood et al., 2010, Russell et al., 2011) are not VgrG 

orthologues. A different secretion mechanism is proposed for these small effectors 

based on the fact that the inner channel of the TssD tube (Ḑ 4 nm) can allow 

translocation of folded proteins with a molecular weight less than 50 kDa (Mougous et 

al., 2006, Silverman et al., 2012). Therefore, the known T6SS amidase effectors of P. 

aeruginosa and S. marcescens can be transported by this mechanism as their sizes 

would allow them to fit into the Hcp channel (Dong et al., 2013). A recent study on P. 

aeruginosa demonstrates a direct and specific interaction of Tse2 and TssD1 of the H1-

T6SS which helps in the stability and export of the effector protein. Also, Tse1 and 

Tse3 were shown to require a direct interaction with TssD1 for their secretion. 

Therefore, TssD was proposed to function as a chaperone and receptor for T6SS 

effectors (Silverman et al., 2013). 

 

However, the molecular weights of some known V. cholerae T6SS effectors such as 

VasX or TseL are much larger. Therefore, these effectors cannot be transported through 

the lumen of the TssD tube in their folded state (Dong et al., 2013). Dong et al. 

demonstrated a direct interaction between the TseL and VgrG3 effectors of V. cholerae 
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and also showed that secretion of TseL depended on the presence of VgrG3. Therefore, 

they suggested another secretion mechanism for secretion of T6SS effectors that does 

not require transit through the lumen of the TssD tube. They proposed that other T6SS 

effectors might bind to a cognate VgrG orthologue or certain heterotrimers of VgrG and 

are secreted in the form of an effector-VgrG complex (Dong et al., 2013). A recent 

study by Shneider and colleagues proposed two new mechanisms for the secretion of 

effectors by the T6SS that depend on PAAR protein. In some cases they suggest that the 

effector may attach to this protein by non-covalent binding, whereas in other cases the 

effector may be fused to the PAAR protein as an N- or C-terminal domain extension 

(Shneider et al., 2013). 

 

1.8. Aims and Objectives  

1. To identify protein-protein interactions between the tss gene products of T6SS from 

B. cenocepacia and A. hydrophila by the bacterial adenylate cyclase two-hybrid system 

and perform confirmatory biochemical experiments. 

 

2. To characterise the T6SS subunit protein TssA. 
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2.1. Bacterial strains and plasmids 

The bacterial strains and plasmids used in this study are shown in Tables 2.1 and 2.2 

 

Table 2.1. Bacterial strains used in this study 

Abbreviations used within this table: Sm
r
, streptomycin resistant; Tc

r
, tetracycline resistant; Tc

s
, 

tetracycline sensitive and CF, Cystic Fibrosis.  

 

 

 

 

 

 

 

Strain Genotype Reference 

 

E. coli 

 

JM83 F
-
 ara æ (lac-proAB) rpsL (Sm

r
) ū80 dlacZæM15 

Hsd
+ 

 

(Yanisch-Perron et al., 

1985) 

C41(ɚDE3) Spontaneous mutants of  BL21(ɚDE3) 

 

(Miroux et al., 1996) 

C43(ɚDE3) Spontaneous mutants of  BL21(ɚDE3)  

 

(Miroux et al., 1996) 

MC1061 hsdR araD139 æ(ara-leu)7697 ælacX74 galU galK 

rpsL(Sm
r
) 

 

(Casadaban and Cohen, 

1980) 

XL1 blue 

 

 

NEB 

Express 

 

 

BTH101 

 

 

recA1 endA1 gyrA96 thi-1 hsdR17 (rk
ī
mk

+
) supE44 

relA1 lac [ F' proAB lacI
q
ZȹM15::Tn10(Tc

r
)] 

 

fhuA2 [lon] ompT gal sulA11 (mcr-73::miniTn10 

(Tc
S
)2 [dcm] (zgb-210::Tn10 (Tc

S
) endA1 ȹ(mcrC-

mrr)114::IS10 

 

F
-
 cya-99 araD139 galE15 galK16 hsdR2 mcrA1 

mcrB1 rpsL1 (Sm
r
) 

Stratagene 

 

 

Enhanced BL21 

derivative created by New 

England Biolabs. 

 

karimova et al., 1998 

B. cenocepacia 

 

715j 

 

CF isolate, prototroph (McKevitt et al., 1989; 

Darling et al., 1998) 

 

H111 

 

 

J2315 

 

CF isolate, prototroph 

 

 

CF isolate from patient in Edinburgh Hospital, ET12 

lineage 

 

(Romling et al., 1994; 

Gotschlich et al., 2001) 

 

(Isles et al., 1984, Holden 

et al., 2009) 
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Table 2.2. Plasmids used in this study 

Plasmid Description Source  

pET14b E. coli-specific expression vector for producing N-

terminal His-tagged protein 

Novagen 

 

pET14b-

His6.TssA 

 

pET14b-TssA 

 

 

pET14b-

His10.TssA 

 

pET14b-

TssA.His10    

 

pET14b- 

His6.TssA.NTD 

 

pET14b containing tssA cloned between the NdeI and 

BamHI sites (Ap
r
) 

 

pET14b containing tssA cloned between the  XbaI and 

BamHI sites (Ap
r
) 

 

pET14b containing tssA and 10 histidine tag cloned 

between the NcoI and NdeI site (Ap
r
) 

 

pET14b containing tssA cloned between the XbaI and 

BamHI sites (Ap
r
) 

 

pET14b containing tssA.NTD cloned between the NdeI 

and sites BamHI (Ap
r
) 

 

(S.Shastri, 

2011) 

 

This study 

 

 

This study 

 

 

This study 

 

 

This study 

 

pET14b- 

His6.TssA.CTD 

 

pET14b containing ~250 bp the C-terminal end of  TssA 

cloned between the NdeI and BamHI sites (Ap
r
) 

 

 

(S.Shastri, 

2011) 

pET14bȹT7 E. coli-specific expression vector with deleted T7 

promoter 

This study 

 

pET14b-TssD 

 

pET14b containing tssD cloned between the NdeI and 

BamHI sites (Ap
r
) 

 

(S.Shastri, 

2011) 

 

pET14b-

His6.TssD 

 

pET14b containing tssD cloned between the NcoI (PsiI) 

and BamHI sites (Ap
r
)  

 

(S.Shastri, 

2011) 

 

pET14b-TssE 

 

 

pACYCDuet-1 

 

 

 

pACYCDuet-

TssA 

 

 

pACYCDuet-

linkerHis1.TssA  

 

pACYCDuet-

linkerHis2.TssA  

 

pACYCDuet-

His6.TssA.CTD-

S.tag 

pGS301 

 

 

pET14b containing tssE cloned between the NcoI 

(BspHI) and XhoI sites (Ap
r
) 

 

Expression vector containing two MCS each proceeded 

by a T7 promoter/lac operator and RBS. p15A origin of 

replication. 

 

pACYCDuet-1 containing tssA cloned between the 

BamHI and NcoI sites (Cm
r
) 

 

 

pACYCDuet-1 containing tssA cloned between the 

BamHI and NcoI sites (Cm
r
) 

 

pACYCDuet-1 containing tssA.CTD cloned between the 

BamHI and KpnI sites (Cm
r
) 

 

pACYCDuet-1 containing tssA cloned between the  NcoI 

and BamHI sites (Cm
r
) 

 

pTrc99A containing B. pseudomallei fur gene (Ap
R
) 

 

 

(S.Shastri, 

2011) 

 

Novagen 

 

 

 

This study 

 

 

 

This study 

 

 

This study 

 

 

This study 

 

 

(Lowe et al., 

2001) 
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pACYCDuet-

His10.TssA 

 

pACYCDuet-

His6.TssE 

 

pACYCDuet-

His6.TssE-DT7.2  

 

pACYCDuet-

His6.TssE-TssA 

 

pACYCDuet-

TssE.His6-TssA  

 

 

pACYCDuet-

VSVg.TssD   

 

 

pACYCDuet-

VSVg.TssD-

linkerHis1.TssA 

 

 

 

pACYCD-

VSVg.TssDm    

  

 

pACYCD-

VSVg.TssDm-

linkerHis1.TssA 

 

 

 

pUC19-gp27gp5 

 

 

 

pACYCDuet-

gp27gp5    

 

 

pACYCDuet-

VSVg.TssH 

 

 

 

pACYCDuet-

VSVg.TssH-

linkerHis1.TssA 

 

 

 

pACYCDuet-1 containing tssA cloned between the  NcoI 

and BamHI sites (Cm
r
) 

 

pACYCDuet-1 containing tssE cloned between the 

BamHI and HindIII  sites (Cm
r
) 

 

pACYCDuet-His6.TssE containing deletion of  the 

second T7lac promoter 

 

pACYCDuet-His6.TssE containing tssA cloned in second 

MCS between the NdeI and BglII sites (Cm
r
) 

 

pACYCDuet-TssA containing DNA fragment encoding 

TssE with C-terminal His-tag cloned between 

BspHI/NcoI and BamHI sites (Cm
r
) 

 

pACYCDuet-1 containing DNA fragment encoding 

TssD with an N-terminal VSV-G tag cloned between the 

NcoI and BgIII sites (Cm
r
) 

 

pACYCDuet-1 containing DNA encoding TssD with N-

terminal VSV-G tag cloned between the NcoI and 

BamHI sites and TssA with a hexahistidine tag in the 

linker region, cloned between the NdeI and BglII sites, 

and (Cm
r
) 

 

pACYCDuet-1 containing DNA fragment encoding 

TssDm with an N-terminal VSV-G tag cloned between 

the NcoI and BgIII sites (Cm
r
) 

 

pACYCDuet-1 containing DNA encoding TssDm with 

N-terminal VSV-G tag cloned between the NcoI and 

BamHI sites and TssA with a hexahistidine tag in the 

linker region, cloned between the NdeI and BglII sites, 

and (Cm
r
) 

 

pUC19 containing DNA fragment encoding gp27gp5-

like region of TssI BCAM0148 cloned between the smaI 

(Ap
r
) 

 

pACYCDuet-1 containing DNA fragment encoding 

gp27gp5-like region of TssI BCAM0148 cloned between 

the NcoI and BamHI sites (Cm
r
) 

 

pACYCDuet-1 containing DNA fragment encoding 

TssH with an N-terminal VSV-G tag cloned between the 

NcoI and BgIII sites (Cm
r
) 

 

 

pACYCDuet-1 containing DNA encoding TssH with N-

terminal VSV-G tag cloned between the NcoI and 

BamHI sites and TssA with a hexahistidine tag in the 

linker region, cloned between the NdeI and BglII sites, 

and (Cm
r
) 

 

This study 

 

 

This study 

 

 

This study 

 

 

This study 

 

 

This study 

 

 

 

This study 

 

 

 

This study 

 

 

 

 

 

This study 

 

 

 

This study 

 

 

 

 

 

This study 

 

 

 

This study 

 

 

 

This study 

 

 

 

 

This study 

 

This study 
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pACYCDuet-

VSVg.TssI-

linkerHis1.TssA 

 

 

 

pMAL-c5X 

 

 

 

pMAL-c5X-

TssA.CTD 

 

 

pUT18 

 

 

 

pUT18C 

 

 

 

pKT25 

 

 

 

pKNT25 

 

 

 

pKT25-Zip 

 

 

 

pUT18C-Zip 

pACYCDuet-1 containing DNA encoding TssI 

BCAM0148 with N-terminal VSV-G tag cloned between 

the NcoI and BamHI sites and TssA with a hexahistidine 

tag in the linker region, cloned between the NdeI and 

BglII sites (Cm
r
) 

 

E. coli vector containing ampicillin resistance genes 

(bla) and malE gene (encoding MBP) under control of 

the tac promoter (Amp
r
) 

 

pMALc5X containing a DNA fragment encoding 

TssA.CTD cloned between the NdeI and BamHI sites 

(Amp
r
) 

 

Cloning and expression vector; encodes the T18 

fragment (amino acids 225ï399 of CyaA) with a MCS at 

the N-terminal end of T18 (Ap
r
) 

 

Cloning and expression vector; encodes the T18 

fragment (amino acids 225ï399 of CyaA) with a MCS at 

the C-terminal end of T18 (Ap
r
) 

 

Cloning and expression vector, encodes the T25 

fragment (amino acids 1ï224 of CyaA) with a MCS at 

the C-terminal end of T25 (Km
r
) 

 

Cloning and expression vector; encodes the T25 

fragment (amino acids 1ï224 of CyaA) with a MCS at 

the N-terminal end of T25 (Km
r
) 

 

A derivative of pKT25 in which the leucine zipper of 

GCN4 (1) is genetically fused in frame to the T25 

fragment (Km
r
) 

 

A derivative of pUT18C in which the leucine zipper of 

GCN4 (1) is genetically fused in frame to the T18 

fragment (Ap
r
) 

This study 

 

 

 

 

 

New 

England 

Biolabs 

 

This study 

 

 

 

Karimova et 

al., 1998) 

 

 

Karimova et 

al., 1998) 

 

 

Karimova et 

al., 1998) 

 

 

Karimova et 

al., 1998) 

 

 

Karimova et 

al., 1998) 

 

 

Karimova et 

al., 1998) 

 

 
Abbreviations used within this table: Tp

r
, trimethoprim resistant; Km

r
, Kanamycin resistant; Ap

r
, 

Ampicillin resistant; Cm
r
, Chloremphenicol resistant. 
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2.2. Bacteriological techniques 

2.2.1. Bacteriological media 

The following bacterial culture media were used routinely throughout this project 

 

Luria -Bertani (LB) broth  

Tryptone (Difco)           10 g             

Yeast extract (Difco)       5 g 

NaCl                              10 g  

H2O                               made up to 1 litre and autoclaved 

 

Luria -Bertani (L B) Agar 

LB agar plates were made by adding 15 g/litre of agar to LB medium before autoclaving.  

When the agar has cooled to 50-60
o
C appropriate antibiotics and supplements were 

added and poured into 90 mm Petri-dishes. The agar plates were left to set and either 

used immediately after drying or stored at room 4
o
C future use.  

 

MacConkey-maltose agar  

40 g of MacConkey agar base (Difco) was dissolved in 1 litre of distilled water and 

autoclaved. A stock solution of glucose-free maltose (20% in water) was sterilized by 

filtration. For MacConkey-maltose agar, maltose (1% final concentration) as well as 

antibiotics (ampicillin at 100ɛg/ml and kanamycin at 50ɛg/ml) was added to the 

autoclaved MacConkey medium just before pouring the plates. IPTG (isopropyl-ɓ-D-

thiogalactopyranoside, 0.5 mM) can be included in the medium to induce full 

expression of the hybrid proteins. 

 

Brain-heart infusion (BHI) broth  

43 g of BHI broth powder was added to 1 litre of distilled water. The solution was 

mixed well to dissolve the powder and was then distributed into aliquots and sterilized 

by autoclaving at 15 lb sq.in
-1

 for 20 minutes. 

 

Auto-induction (AI) medium 

This medium was used for inducing protein overproduction from vectors that employ 

theT7 promoter system without the need for IPTG. anhydrous D-glucose, lactose 

(Fisher Scientific UK) and  glycerol (Fisher Scientific UK) were added to a final 
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concentration of 0.05%, 0.2% and 1%, respectively to 150 ml of LB broth in a glass 

bottle and topped up to 200 mls with LB broth.  

 

2.2.2. Media Supplements 

IPTG 

Isopropyl ɓ-D-thiogalactoside was dissolved to 1 M in distilled H2O, filter sterilized and 

stored at ï20°C. 

 

Carbon sources  

Maltose was prepared as a 20% (w/v) solution in deionized water and filter sterilized. 

 

Antibiotics  

To ensure that only strains containing the correct plasmid were present on plates or in 

the medium, antibiotics were added whenever appropriate.  

 

Antibiotic stock solutions 

Ampicillin (Ap) ï 100 mg ml
-1

 in distilled water, filter sterilized and stored at -20
o
C. 

Kanamycin (Km) ï 50 mg ml
-1

 in distilled water, filter sterilized and stored at -20
o
C. 

Chloramphenicol (Cm) ï 25 mg ml
-1

 in 100% ethanol, and stored at -20
Ǔ
C. Antibiotic 

were used at 1000-fold dilution in media. 

 

2.2.3 Maintenance of bacterial strains (glycerol stocks) 

0.7 ml of an overnight culture grown in LB was mixed with 0.3 ml sterile 50% glycerol 

in a cryogenic vial, to give a final concentration of ~15 % glycerol.  The vial containing 

the culture was vortexed briefly and stored frozen at ï80 °C. 
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2.3. DNA preparation and purification techniques 

2.3.1. Genomic DNA preparation 

Genomic DNA from B. cenocepacia strains 715j, H111 and J2315 and A. hydrophila 

strain ATCC 7966 were prepared using the Nexttec DNA isolation system according to 

the manufacturerôs instructions. Purified genomic DNA was dissolved in 100 µl of EB 

and stored at -20
o
C.    

 

2.3.2. Crude boiled lysate preparation of chromosomal DNA 

A crude genomic DNA preparation was prepared by suspending a loop of bacteria in 

200 µl of TE buffer contained in tube and the suspension was heated at 100
o
C for 5 

minutes in boiling water bath. The suspension was then centrifuged for 1 minute at 

13,200 rpm and the supernatant was transferred into a new microcentrifuge tube.  

TE buffer was 10 mM Tris-HCl (pH 8.0); 1 mM EDTA. 

 

2.3.3. Plasmid DNA preparation 

Small scale plasmid DNA preparations (plasmid minipreps) were generally performed 

using the alkaline lysis procedure incorporating phenol chloroform step. However, 

when DNA was required for nucleotide sequence determination, the minicolumns 

procedures was used. 

 

2.3.3.1. Alkaline lysis followed by phenol-chloroform method 

Stock solutions for miniprep procedure 

Solution 1 

¶ 50 mM glucose 

¶ 25 mM Tris-HCl (pH 8.0) 

¶ 10 mM EDTA (pH 8.0) 

 

This was autoclaved and stored at 4 °C.  This solution was prepared using sterile 

(autoclaved) stock solutions of 1 M Tris-HCl (pH 8.0) and 0.5 M EDTA (pH 8.0). 1 M 

Tris-HCl (pH 8.0) was made by adding 12.1 g Tris base in 70 ml water and adjusted to 

(pH 8.0) using HCl on magnetic stirrer. This was then made up to 100 ml by adding 

water, then autoclaved. EDTA (pH 8.0) was prepared by adding 3 g of EDTA in 70 ml 

water, adjusting to (pH 8.0) using 10 M NaOH and then making the volume up to 100 

ml by adding water following which the solution was autoclaved. 
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Solution II  

¶ 0.2 M NaOH  

¶ 1% (w/v) sodium dodecyl sulphate (SDS) 

 

This solution was stored at room temperature without autoclaving. 

 

Solution III  

¶ 60 ml 5M potassium acetate 

¶ 11.5 ml acetic acid, glacial 

¶ 28.5 ml H2O (>18 Mɋ) 

 

The solution was autoclaved and stored at 4 °C. 

 

Miniprep procedure 

Bacterial cultures were inoculated into 2 ml LB, and incubated overnight in the shaker 

at 37
o
C. 1.5 ml of each culture was poured into a microcentrifuge tube, and the cells 

were collected by centrifugation at 13,000 rpm for 5 minutes in a bench top 

microcentrifuge. The supernatant was discarded and the cell pellet thoroughly 

resuspended in 100 ɛl solution I and kept on ice for 5-10 min. Then, 200 ɛl solution II 

was added and the microcentrifuge tubes were inverted 3-4 times gently and stored on 

ice for 5 min. 150 ɛl solution III was added and the tubes were shaken following which 

they were kept on ice for a further 5 min. After this time the tubes were centrifuged at 

13,000 rpm for 5 minutes in a bench top microcentrifuge. 

 

Following centrifugation, the supernatant was transferred to a clean microcentrifuge 

tube. 400 ɛl of phenol-chloroform was added and the sample vortexed briefly and 

centrifuged at 13,000 rpm for 3 minutes in a bench top microcentrifuge. The upper, 

aqueous, phase was then transferred to microcentrifuge tubes, and the nucleic acids 

were precipitated using 2 volumes (~ 800 ɛl) absolute ethanol. 

 

The sample was vortexed briefly and left on the bench to precipitate the nucleic acids 

for at least 5 min. Following this, the sample was centrifuged at 13,000 rpm for 5 

minutes in a bench top microcentrifuge. After that the ethanol was removed leaving the 
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nucleic acid to which pellet and 1ml of 70% ethanol was added. After brief vortexing, 

the samples were re-centrifuged for 5 min, the 70% ethanol was completely removed 

from the microcentrifuge tube, and it was then left open on the bench to air dry for 

about half hour. The dried nucleic acid pellet consisting mainly of plasmid DNA and 

stable RNA was resuspended in 50 ɛl water and analysed on an agarose gel. 

 

In order to remove the contaminating RNA from the sample, 1 ɛl of 1 mg ml
-1

 RNAse 

A was added to the 50 ɛl plasmid solution and this was incubated at 37 ÜC for 1 hour.  

 

2.3.3.2. Alkaline lysis followed by minicolumn method 

 Plasmid extractions from cells (mini preps) were carried out using the Qiagen mini 

prep kit per the manufacturerôs instruction (only for DNA sequencing). DNA 

purification after digestions, or post gel extraction was also carried out using the Qiagen 

PCR purification kit. 

 

2.3.4. DNA amplification by the polymerase chain reaction (PCR) for cloning 

PCRs contained the following components (stock concentrations shown in parenthesis): 

¶ 3 ɛl genomic DNA/boiled lysate         

¶ 5 ɛl KOD 10x buffer         

¶ 4 ɛl MgSO4 (25 mM)             

¶ 5 ɛl dNTPs (2 mM each dNTPs)           

¶ 3 ɛl 10 ÕM forward primer  

¶ 3 ɛl 10 ÕM reverse primer  

¶ 2.5 ɛl DMSO         

¶ 0.5 ɛl KOD DNA polymerase (1u/ɛl)   

¶ 24 ɛl distilled water   

       

50 ɛl PCR sample made up in 0.5 ml PCR tube. 

 

2.3.4.1. PCR regime 

¶ 95
o
C Temperature step for 5 minutes. After 3 minutes, cycler was paused and 

KOD DNA polymerase was added. This ñhot startò is to increase the specificity 

of the primers for their specific target sequences on the genomic DNA.  
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After the initial temperature step, the following cycle was repeated 30 times. 

¶ Denaturation at 95
o
C for 30 seconds 

¶ Annealing for 30 seconds. Temperature varies depending on the length and G+C 

content of the primer. The annealing temperature was calculated using the 

formula ((A+T) x 2) + ((G+C) x 4)-5
o
C. 

¶ Elongation (polymerisation) at 72
o
C. The duration of step depended on the size 

of DNA fragment being amplified. In order to polymerise 1 kilobase (kb) of 

DNA, 1 minute at 72
o
C was allowed. 

 

2.3.4.2. DNA amplification by PCR for recombinant plasmid screening (ñcolony 

PCRò) 

Screening of potential clones to determine if they contained the correct DNA insert was 

conveniently performed by PCR screening. The PCR was carried out as described in 

section 2.3.4, but the purified genomic DNA or boiled cell lysate was replaced by a 

small quantity of cells from transformant colonies. Individual colonies were picked 

using a sterile toothpick which was used to inoculate a PCR tube followed by patching 

onto an agar plate containing the appropriate antibiotic. Taq polymerase master mix 

containing primers specific for the gene inserted, or regions flanking the cloning site in 

the plasmid, was then added to each PCR tube containing colonies to be screened along 

with positive and negative controls. 

 

2.4. DNA manipulation techniques 

2.4.1. DNA sequencing 

DNA polymerase can introduce mutation in the amplified DNA sequences, all plasmid 

constructs containing PCR-amplified inserts were sequenced with appropriate primers 

to check the sequence of the entire insert. Sequence changes were confirmed as strain to 

strain sequence variations or the result of mutations by sequencing the PCR product of a 

separate amplification. Plasmid DNA for sequencing was prepared using the QIAprep 

Spin Miniprep Kit (Qiagen). DNA sequencing was carried out by Lark technologies at 

the University of Sheffield Medical School Core Sequencing Facility.   
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2.4.2. Restriction endonuclease digestion of DNA 

Restriction digestions were performed using enzymes and buffers purchased from 

Promega corporation. Reactions consisted of the following components in a final 

volume of 50 ɛl. 

DNA       10 ɛl for PCR product or 15 ɛl plasmid miniprep 

Restriction enzyme buffer (10x)           5 ɛl 

Bovine serum albumin (BSA)   0.5 ɛl (recommended)  

Enzyme        1 ɛl 

H2O up to                                             50 ɛl 

 

For diagnostic restriction digestion the final volume of the reaction was 30 ɛl. Volumes 

of the buffer and water were adjusted accordingly. Digestions were left for 2 hours at 

37
o
C after which the digested DNA was purified using the Qiagen PCR purification 

protocol, if it was to be used for subsequent enzymatic manipulation such as DNA 

ligation. 

 

2.4.3. Annealing complementary oligonucleotides 

For the purpose of cloning very small DNA fragments complementary single-stranded 

oligonucleotides were annealed that generated double-stranded DNA fragment with 

restriction site-compatible sticky ends. To do this 45 µl each of 100 pmol ml
-1
 single 

stranded complementary oligonucleotides in milliQ water and 10 µl of ×10 annealing 

buffer (10 mM MgCl2, 200 mM Tris-Cl (pH 8.0) in milliQ water) were combined into 

0.5 ml microcentrifuge tube and incubated at 90 ºC for 10 minutes and then left at room 

temperature to cool for 30 minutes. 1 µl of this mixture of annealed oligonucleotides 

was used in the ligation reaction.  

 

2.4.4. Ligations 

Ligations were performed using Promega T4 DNA ligase and ligation buffer. The 

following were added to a microcentrifuge tube: 

¶ 10 ɛl digested plasmid DNA    

¶ 10 ɛl digested PCR product                

¶ ɛl ligase buffer (10x)                   

¶ 1 ɛl DNA ligase (3u/ɛl)                
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Made up to 30 ɛl with distilled water. Ligations were incubated at room temperature 

overnight. 

 

A vector control (no PCR product or ligase) and ligation control (no PCR product) were 

included to judge the effectiveness of the ligations and the digestions.  

 

2.4.5. Transformation of E. coli with plasmid DNA 

2.4.5.1. Preparation of competent cells 

To prepare competent cells, the method of Hanahan was used (1985) 0.5 ml of fresh 

overnight culture of E. coli was inoculated into 50 ml LB broth and grown at 37
o
C with 

shaking to exponential phase (OD600=0.3-0.5). The culture was chilled on ice for 10-15 

min, and bacteria were harvested by centrifugation at 4,000 rpm for 10 min at 4
o
C. The 

supernatant was discarded and the cell pellets were resuspended by moderate vortexing 

in 16 ml ice cold RF1 solution.  The cells were incubated on ice for 30 minutes prior to 

centrifugation for 10 minutes at 4,000 rpm, at 4 °C.  The cell pellets were resuspended 

in 4 ml of solution RF2 and kept on ice for 15 min. The resuspended competent cells 

were aliquoted into microcentrifuge tubes and frozen immediately at -80
o
C. As prepared, 

competent cells were stored for a year without significant loss of transformation 

frequency. 

 

Solution RF1         

KCl                        3.73g 

MnCl2.4H2O          4.95g 

Potassium acetate  1.47g 

CaCl2.2H2O           0.75g 

Glycerol                 76 ml 

 

The above were dissolved in ~300 ml H2O (>18 Mɋ), and the resultant solution was 

adjusted to pH 5.8 using 0.2 M acetic acid.  The final volume was then made up to 500 

ml. The solution was sterilised by filtration through a nitrocellulose 0.45 ɛm membrane, 

and stored at 4 ęC. 
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Solution RF2 

¶ Solution A: 0.5 M MOPS, (pH 6.8) 

¶ Solution B: 10 mM KCl 

75 mM CaCl2.2H2O 

15% (w/v) glycerol 

 

Both solutions A and B were made up in >18 Mɋ H2O, and stored at 4 ęC.  0.2 ml of 

solution A and 9.8 ml of solution B were mixed together on the day of use. 

 

2.4.5.2. Transformation procedure 

1 ɛl of plasmid DNA or 15 ɛl of ligation reaction to be used for transformation was 

chilled on ice for ~10 minutes prior to addition of 100 ɛl competent cells to each sample. 

A cell control without addition of any DNA was also prepared. The samples were then 

incubated on ice for 30 minutes whereupon the tubes were heat-shocked at 42°C for 2.5 

minutes and returned to ice for 5 minutes. 1 ml LB broth was then added to each 

mixture and the tubes were incubated at 37°C for 1 hour to allow expression of 

antibiotic resistance genes carried by the plasmid.   

 

100 ɛl of each transformed culture was spread on selective agar medium and the plates 

were incubated at 30 or 37°C as appropriate and for the recommended duration. The 

remainder of the transformation mixture was kept in the fridge at 4°C for a few days in 

case more transformants were required. In such cases the remainder of the culture was 

harvested by centrifugation at 13,000 rpm for 30 seconds in a microcentrifuge.  Most of 

the supernatant was drained from each tube, leaving ~ 100 ɛl broth into which the cell 

pellets were resuspended and then spread onto a separate agar plate. 

 

2.4.6. Agarose gel electrophoresis  

Gel electrophoresis was used qualitatively to check DNA preparations, and 

quantitatively for determination of relative insert and vector concentrations in cloning 

reactions. It was also used to separate and purify specific DNA fragments for cloning. 

All agarose gels were prepared in 1xTAE buffer and heated to boiling for 1-2 min in 

a microwave oven (normally 0.8% (w/v) agarose was used. However, a higher 

percentage (1.0-1.5%) was used to resolve bands of <500 bp). The molten agarose 

was cooled and poured into the casting tray of a mini-gel tank (Bio-Rad minigel 
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system), a comb appropriate for the number and volume of samples was inserted to 

form the DNA loading wells and the agarose left to set. After removing of the gel 

comb and sealing tape, the gel was placed in the gel tank and submerged in 1xTAE 

buffer and the sample; containing 2 µl of 2X DNA loading solution, 8 µl water and 5 

µl DNA, was loaded into each well. A marker lane was always included which 

contained either a supercoiled DNA ladder (Promega) or Q-Step 4 Quantitative DNA 

ladder marker (Yorkshire Bio).  Electrophoresis was carried out at 80 V for at least 60 

min. Following electrophoresis the gel was transferred to a tray, covered with 

ethidium bromide (0.1µg/µl) and shaken for 15-20 minutes to allow intercalation of 

the ethidium bromide into the DNA within the gel.  After rinsing the gel with tap 

water, the gel was visualized on a UV trans-illuminator and photographed.    

 

50 X TAE buffer 

¶ 242 g  Tris-base 

¶ 57.1 ml glacial acetic acid  

¶ 37.2 g   di-sodium EDTA dihydrate 

 

¶ H2O (>18 Mɋ) to 1 L 

The final pH of  50 xTAE is 8. 

 

10x DNA Loading Dye:  

50 % (v/v) glycerol in milliQ H2O, 0.1 % (w/v) bromophenol blue. Diluted to 2x using 

further milliQ water when required.  

 

2.5. Protein purification and analysis techniques 

2.5.1. Protein analysis techniques 

2.5.1.1. Growth of bacterial cultures and induction of protein overproduction 

E. coli BL21(ɚDE3) cells harbouring plasmids expressing cloned target genes were 

grown at 37 ęC in LB broth to an OD600 of 0.5, in the presence of the appropriate 

antibiotic. 1 ml of the culture was taken immediately before addition of IPTG and left to 

grow for a further 3 hours. IPTG was added to the rest of the culture to a final 

concentration of 1 mM to induce expression of the cloned gene. Cells were incubated 

for a further 3 hours. Samples were taken from the pre- and post-induction culture for 
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analysis by SDS-PAGE. 100 µl of each sample was centrifuged at 13,200 rpm for 3 min, 

the supernatant was discarded and the cell pellet was resuspended in 50 µl of lysis 

buffer and mixed with 50 µl of 2X Laemmli sample buffer and boiled for 10 minutes to 

denature and solubilise the proteins. Laemmli sample buffer consisted of: 

 

Laemmli sample buffer 2X: 

¶ 250 mM Tris-HCl (pH 6.8) 

¶ 10 % SDS  

¶ 20 % glycerol 

¶ % Bromophenol blue 

 

The above components were made upto 99 ml with H2O. For each 9.9 ml, 0.1 ml ɓ-

mercaptoethanol was added. 

 

2.5.1.2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Gel preparation 

SDS polyacrylamide gels were prepared according to the procedure described by 

Laemmli (1970). The resolving gel was poured between two glass plates separated by 

0.75 mm spacer upto ~ 2.0 cm from the top to allow for the stacking gel. The 10 ml 

resolving gel can be used to pour 2 gels. A few drops of butanol were added to the top 

of the poured resolving gel to maintain a level surface before polymerisation. The gel 

was then left to polymerise for 20-30 minutes and the butanol was then washed off the 

surface using water. 

 

12 % resolving gel (10 ml) 

¶ 4.3 ml       H2O (>18 Mɋ) 

¶ 3 ml       40 % acrylamide:bis-acrylamide (Fisher scientific) 

¶ 2.5 ml       1.5 M Tris-HCl (pH 8.8) 

¶ 100 ɛl       10 % (w/v) SDS 

¶ 100 ɛl       10 % ammonium persulphate 

¶ 5 ɛl       TEMED (Sigma) 
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15 % resolving gel (10 ml) 

¶ 3.5 ml       H2O (>18 Mɋ) 

¶ 3.75 ml       40 % acrylamide:bis-acrylamide (Fisher scientific) 

¶ 2.5 ml       1.5 M Tris-HCl (pH 8.8) 

¶ 100 ɛl       10 % (w/v) SDS 

¶ 100 ɛl       10 % ammonium persulphate 

¶ 5 ɛl       TEMED (Sigma) 

 

The stacking gel was applied over the resolving gel and the gel comb was immediately 

inserted in the gel. After polymerisation, the comb was removed and the gel was placed 

into the gel tank filled with 1X SDS running (reservoir) buffer. 

 

5 % stacking gel (4.5 ml) 

¶ 3.2 ml  H2O (>18 Mɋ) 

¶ 625 ɛl  40 % acrylamide:bis-acrylamide (Fisher scientific) 

¶ 625 ɛl  1 M Tris-HCl (pH 6.8) 

¶ 50 ɛl  10 % (w/v) SDS 

¶ 50 ɛl  10 % ammonium persulphate 

¶ 5 ɛl  TEMED (Sigma) 

 

10 X SDS running buffer 

¶ 30.3 g  Tris base 

¶ 144 g  glycine 

¶ 10 g  SDS 

¶ Up to 1 L        H2O (>18 Mɋ) 

 

2.5.1.3. Electrophoresis of the gel 

The protein samples for SDS analysis were prepared as described above. Samples were 

10-15 µl loaded in each well and a protein molecular weight marker was loaded in one 

well. Then the SDS-PA gel was electrophoresed at 120 V for approximately 2 hrs (until 

the bromophenol blue dye had migrated to the bottom of the gel). When the gel was to 

be used for western blotting, a prestained molecular weight standard was used. 
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2.5.1.4. Staining of polyacrylamide gels 

Gels were routinely stained with Coomassie brilliant blue R-250 on a gently shaking 

platform for ~2 hrs or overnight at room temperature. 

 

Staining solution 

¶ 40%             Methanol 

¶ 10% (v/v)    Glacial acetic acid 

¶ 50%             dH2O 

¶ 0.2%            Coomassie brilliant blue R-250 

 

2.5.1.5. Destaining of polyacrylamide gels 

Gels were destained by 3-4 washes (~100 ml) on a gently shaking platform for 1-2 hrs 

at room temperature until the gel background became clear.  

 

Destaining solution 

¶ 10%           Acetic acid 

¶ 40%           Methanol 

¶ 50%           dH2O 

 

2.5.2. Solubility test of the overproduced protein  

To test the solubility of the overproduced proteins, 250 ml of BL21(ɚDE3) liquid 

culture containing an expression vector such as pET14b were grown and induced as 

described in section 2.5.1.1. The cell culture was then centrifuged at 12,500 xg for 20 

minutes at 4ęC in a 6 x 250 rotor and the cell pellet was resuspended in 25 ml of buffer 

containing: 

 

Wash buffer 

¶ 25 mM Tris  

¶ 130 mM NaCl 

¶ 2 mM EDTA 

 

Resuspended cells were re-centrifuged at 12,500 xg for 20 minutes at 4ęC and 1 g of 

cell pellet was resuspended in 5ml of lysis buffer: 
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Lysis buffer 

¶ 50 mM Tris-HCl (pH 8.0) 

¶ 2 mM EDTA (not used if protein was subsequently being purified by IMAC) 

¶ 200 mM NaCl 

¶ 10 % glycerol 

¶ 10 mM imidazole (only used if protein was subsequently being purified by 

IMAC). 

 

To the cell suspension 0.1 ml of freshly made 10 mg ml
-1

 lysozyme was added with 

stirring for 20-30 minutes at 4ęC. While stirring, PMSF was added to a final 

concentration of 25 µg ml
-1

 from a freshly made 2.5 mg ml
-1 

stock solution in ethanol or 

acetone and sodium deoxycholate was added to a final concentration of 500 µg ml
-1
 

from a 25 mg ml
-1 

solution, and the suspension was left stirring for a further 20-30 

minutes. 

 

Following this the BL21(ɚDE3) cells were subjected to sonication for 4-5 times for 30 

seconds with 2 minute intervals on ice in between each sonication. 50 ɛl of this crude 

suspension was removed and boiled with 50 ɛl of 2 x Laemmli buffer for 10 minutes. 

The remaining culture was centrifuged for 30 minutes at 20,000 rpm and 50 ɛl of 

supernatant was removed and boiled with 50 ɛl of 2 x Laemmli buffer for 10 minutes. 

The four samples (uninduced cells, induced cells, crude lysate, and cleared lysate) were 

then analysed by SDS PAGE using a Bio Rad mini protean II system at 120 volts. If the 

desired protein was found to be soluble, then the growth and induction procedure was 

scaled up to 1 litre. The washed cell pellet was stored frozen at -20 ęC and a small 

amount was processed to obtain the soluble fraction on the day of protein purification. 

Only 5 ml of cleared cell lysate was used each time. 

 

2.5.3. Immobilized metal affinity chromatography (IMAC)  

The soluble cell lysate containing the protein of interest was prepared as described in 

Section 2.5.2. A 1 ml Hi-Trap nickel column from GE Healthcare was attached to an 

AKTA protein purification system and equilibrated with 10 ml of lysis buffer. The lysed 

cell supernatant containing the target protein was sterilised by filtration through a 0.22 

µm filter using 10 ml syringe and then applied to the nickel column at a flow rate of 1 
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ml/min. The flow-through from the column was collected and in some situations the 

flow-through was recycled for further 2 times. After the entire sample had been loaded, 

the column was washed with at least 20 ml of lysis buffer. The target protein was eluted 

by a 10-500 mM imidazole gradient applied over the column in a 50 ml volume elution 

buffer which contained: 

¶ 50 mM Tris-HCl (pH 8.0) 

¶ 200 mM NaCl 

¶ 10 % glycerol 

 

The elution of the target protein was monitored at 280nm, due to absorbance by 

tryptophan and tyrosine side chains. The eluted protein was collected in 1 ml fractions 

and 50 ɛl of each fraction was taken and boiled for 10 minutes with 50 ɛl of 2 x 

Laemmli buffer. 15 ɛl of each sample was then analysed by SDS PAGE. The protein 

concentrations of the samples corresponding to the UV peak were also determined using 

the Bradford protein assay. 

 

Regenerating the nickel resin column 

The 1 ml nickel affinity column was washed with 10 ml 20% ethanol after finishing the 

protein purification and stored at 4ºC for future use. In order to completely remove 

residual protein material from the column, it was washed with 5 ml 50 mM EDTA (pH 

8.0) followed by 5 ml 500 mM guanidine hydrochloride that completely strip the 

column by removing all the nickel along with any residual proteins. The column was 

then washed with water several times and then re-charged with 5 ml 100 mM NiCl.  

 

2.5.4. Anion exchange chromatography 

Following IMAC, the protein solution was loaded into a dialysis bag with appropriate 

molecular wt. cut off and the bag was sealed on both sides. The protein solution was 

dialysed against 100 volumes of 20 mM Tris (pH 8.0) for 2 h then the dialysis buffer 

was changed and dialysis continued with stirring at 4ºC overnight. The dialysed 

partially purified protein was applied onto an anion exchange chromatography column 

for further protein purification. The chromatography matrix of the Q column employed 

has positively charged moieties covalently linked to it which will interact with 

negatively charged proteins. A mono Q column from GE-Healthcare was used for anion 

exchange chromatography. The column was equilibrated with low salt buffer before 
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applying the dialysed partially purified protein to the column at a flow rate of 1 ml min
-1

. 

The flow-through from the column was collected and then the column was washed with 

20 ml of low salt buffer: 

 

Low salt buffer for anion exchange chromatography 

¶ 50 mM Tris-HCl (pH 8.0) 

¶ 20 mM NaCl 

¶ 10 % glycerol 

 

The target protein was eluted with a 20-1000 mM NaCl gradient applied to the column 

in a 30 ml volume of buffer containing 50 mM Tris-HCl (pH 8.0) and 10% glycerol. 

Elution was followed at 280nm. Samples from each 1 ml fraction was then analysed by 

SDS PAGE to check the purity of the eluted protein. 

 

2.5.5. Amylose column chromatography of MBP fusion proteins 

To purify maltose-binding fusion protein (MBP), the plasmid encoding the gene of 

interest (pMAL c5x) was transformed into the NEB Express cells (New England 

Biolabs) and the culture was processed as described in Section 2.5.2. The only 

difference was the use of column buffer instead of lysis buffer.  

 

Column buffer: 

¶ 20 mM Tris-HCl (pH 7.4) 

¶ 200 mM NaCl 

¶ 1.0 mM EDTA 

¶ 1.0 mM sodium azide 

¶ 11 mM ɓ-mercaptoethanol 

 The above components were dissolved in 800 ml milliQ water, topped up to 1L with 

water and autoclaved for 20 minutes.  

 

5 ml of the soluble fraction of the cell lysate containing the MBP fusion protein was 

applied onto a 2 ml amylose column (New England Bio Labs) pre-equilibrated with 10 

ml column buffer. The flow-through was collected and the column washed with 20 ml 

column buffer. Then, the MBP fusion protein was eluted with the column buffer 
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containing 10 mM maltose. Ten 3 ml fractions were collected and analysed by SDS-

PAGE. 

 

Regenerating the amylose resin  

After each use the amylose column was regenerated with the following sequence of 

washes:  

Water: 3x column volumes  

0.1% SDS: 3x column volumes  

Water: 1x column volume  

Column buffer: 3x column volumes 

 

Following this, the amylose column was stored at 4ºC for future use. 

 

2.5.6. Size exclusion chromatography (gel filtration) 

Size exclusion chromatography (SEC) was carried out using a Superose 6 or 12 column 

(GE healthcare), according to the desired separation capacity of the column, by 

attaching it to an AKTA protein purification system. The column was equilibrated with 

the following buffer:  

 

¶ 50 mM Tris-HCl (pH 8.0) 

¶ 200 mM NaCl 

¶ 10 % glycerol 

 

This was followed by loading the column with 100 ɛl of concentrated protein sample 

via a 100 ɛl superloop and the flow rate was adjusted to 1 ml min
-1
 across the column. 

The flow-through from the column was monitored at 280nm. Samples collected from 

the size exclusion column were analysed by SDS PAGE. 

 

The SEC column was also calibrated by known molecular weight protein standards 

when the aim of the SEC was to estimate the size of the target protein. 2 mg of each 

protein standard (ribonuclease (13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin (43 

kDa), conalbumin (75 kDa), alcohol Dehydrogenase (149.5 kDa), thyroglobulin (669 

kDa), apoferritin (443 kDa) and the polysaccharide blue dextran (2000 kDa) (GE 

Healthcare)) were mixed and dissolved in equilibration buffer and concentrated to 100 
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ɛl before applying to the SEC column via a 100 ɛl superloop. The elution time of the 

proteins was used to create a calibration curve using graphical software. From this curve 

it was possible to estimate the approximate mass of target proteins eluted from the SEC 

column by measuring the time at which they elute. 

 

2.5.7. Bradford assay 

The protein concentration in a sample was determined by the Bradford assay (Bradford, 

1976). A stock solution of 10 mg ml
-1

 bovine serum albumin (BSA) was prepared by 

dissolving 50 mg of BSA in 5 ml of MilliQ H2O. A sample of BSA at 1 mg ml
-1

 was 

prepared by dilution of the stock solution. The concentration of 1 mg ml
-1

 BSA sample 

was confirmed by measuring the sample at OD280 in a quartz cuvette.  At OD280 the 

absorbance of a sample that is 1 mg/ml should be 0.667. This 1 mg ml
-1

 sample was 

used to prepare series of protein concentration of standards at 0.2, 0.4, 0.6, 0.8 and 1.0 

mg ml
-1

 in water. A serial dilution of the unknown protein sample was also prepared. 20 

ɛl of each protein concentration standard and unknown protein sample was added to 

980 ɛl of Bradford reagent, mixed thoroughly in a microcentrfuge tube and left for 5 

minutes before being transferred to a cuvette to measure the OD595.. A sample without 

any added protein was included as a blank. The measurements of the standards were 

used to create a calibration curve from which the protein concentration in the test 

sample was calculated. Dilutions of the protein sample were used if the absorbance of 

the original protein sample fell outside of the ranges used in the calibration curve.  

 

2.5.8. Proteolytic cleavage of MBP from MBP fusion protein  

 20 µl fusion protein at 1 mg ml
-1 

was mixed with 1 µl factor Xa diluted to 200 µg ml
-1
. 

Another 5 µl of the fusion protein was placed in separate micro-centrifuge tube without 

factor Xa (negative control). As a positive control, 10 µl of MBP5-paramyosin-ȹSal 

(NEB) was mixed with 0.5 µl of diluted factor Xa. The three tubes were incubated at 

room temperature and 5 µl samples were taken at 2, 4, 8 and 24 hours from the reaction 

tube. The four test samples, the negative control and the positive control (both controls 

at 24 h) were mixed with an equal volume of 2x Laemmli buffer and boiled for 10 

minutes. All samples were analysed by SDS-PAGE. 

 

After determining the optimal time for the cleavage, the experiment was scaled up. The 

cleavage was carried out using factor Xa reaction buffer (recommended by NEB) which 
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contained final concentrations of 20 mM Tris-HCl (pH 8.0), 100 mM NaCl and 2 mM 

CaCl2 in 500 ml milliQ water. Filter sterilised using a cellulose nitrate membrane filter 

(0.2µm, Whatman). A small amount of the undigested fusion was saved as reference. 

Samples should be checked for complete cleavage by SDS-PAGE. 

 

2.5.9. Thrombin cleavage of His-tagged protein 

Small scale optimisation 

The thrombin cleavage kit was purchased from Novagen. The thrombin enzyme was 

first diluted in thrombin dilution/storage buffer. The Novagen protocol was used to 

estimate the appropriate range of enzyme: target protein. Serial dilutions of thrombin in 

thrombin dilution buffer were prepared as 1:25, 1:50, 1:100 and 1:200 containing ~ 0.04, 

0.02, 0.01, and 0.005 U enzyme per µl, respectively. The following components were 

added to five microcentrifuge tubes: 

 

¶ 5 µl 10X thrombin cleavage/capture buffer 

¶ 10 µg target protein  

¶ 1 µl diluted thrombin (each tube received 1 µl of a different enzyme dilution. 

The fifth tube received 1 µl dilution buffer only as a negative control)  

¶ deionized water to make up the total volume to 50 µl 

 

The five micro-centrifuge tubes were incubated at room temperature and 10 µl samples 

were taken from each tube after 2, 4, 8 and 16 h incubation. The samples were mixed 

with an equal volume of 2x Laemmli buffer and boiled for 10 minutes. The extent of 

cleavage was determined by analysing the samples by SDS-PAGE. 

 

The reaction was scaled up proportionately using the appropriate enzyme:target protein 

ratio determined from the pilot experiment. 

 

Biotinylated thrombin capture 

Streptavidin agarose was used to quantitatively remove the biotinylated thrombin 

following the proteolytic cleavage of the target protein. For each unit of enzyme, 16 µl 

settled resin (32 µl of the 50% slurry) was used. The Streptavidin agarose beads slurry 

was resuspended gently by inverting the bottle several times. The desired volume of 
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agarose beads was added to the reaction mixture and incubated at room temperature for 

30 minutes with gentle shaking. Then the mixture was transferred to the sample cup of a 

Spin Filter (supplied with the kit) and centrifuged at 500 rpm for 5 minutes. The filtrate 

in the collection tube contained the proteolytically released target protein, free of 

biotinylated thrombin. 

 

2.5.10. Nickel affinity pulldown  

At least three micro-centrifuge tubes were loaded with ~ 200 ɛl of nickel resin slurry 

and centrifuged for one minute at 500 rpm before the supernatant were discarded. 1 ml 

of low salt lysis buffer (50 mM Tris-HCl (pH 8.0), 50 mM NaCl and 10% glycerol) was 

added to each tube and mixed gently by inverting the tubes several times. The tubes 

were centrifuged again and the supernatant was replaced with 1 ml of fresh low salt 

lysis buffer followed by re-centrifugation and removal of the supernatant. This wash 

step was repeated two more times. To the resulting pellet of resin, 200 ɛl of protein 

sample in low salt lysis buffer (50 mM Tris-HCl (pH8.0), 50 mM NaCl, 10% glycerol 

and 10 mM imidazole) was added and incubated at room temperature with gentle 

mixing on a rotating wheel for 2 hours at room temperature. The resin was collected by 

centrifugation at 500 rpm for one minute and the supernatant was removed. Beads were 

washed by addition of 500 µl of fresh lysis buffer followed by centrifugation at 500 rpm 

for one minute and removal of the resulting supernatant. The wash step was then 

repeated twice. Bound proteins were eluted by the addition of 100 ɛl lysis buffer 

containing 500 mM imidazole and gentle mixing on a rotating wheel at room 

temperature for 30 minutes. The samples were centrifuged at 500 rpm and the 

supernatant was collected. Samples of the eluted proteins were boiled with an equal 

volume of 2x Laemmli buffer and analysed by SDS-PAGE and western blotting.  

 

2.5.11. Co-immunoprecipitation procedure 

The EZview Red Protein A Affinity Gel beads (Sigma-Aldrich) was used to carry out 

co-immunoprecipitation (Co-IP) experiments. The soluble fraction of cell lysate 

containing the target proteins was prepared as described in Section 2.5.2. 1 ml of the 

soluble fraction was pipetted into a 1.5 ml micro-centrifuge tube and mixed with 1-10 µl 

of an appropriate dilution of antibody. The mixture was then vortexed briefly and 

incubated at 2-8 °C with thorough, gentle mixing for 1 hour. 
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The bottle of EZview Red Protein A Affinity Gel beads was carefully mixed and 

aliquots of 30 µl of the 50% slurry were pipetted into a 1.5 ml micro-centrifuge tube 

held on ice. The beads were washed and calibrated in low salt lysis buffer (50 mM Tris-

HCl (pH8.0), 50 mM NaCl, 10% glycerol and 10 mM imidazole) by adding 0.75 ml of 

the buffer to each tube followed by vortexing and centrifugation for 30 seconds at 8,200 

rpm. The supernatants were removed and the tubes containing the pellet of beads set on 

ice. The wash step was repeated two more times and then the washed bead pellets were 

returned to ice. The cell lysate plus antibody mixture was transferred into the tube of 

washed protein A beads, mixed briefly and left to stir for 1 hour at 2-8 °C to allow 

antibody-antigen complexes to bind to the protein A on beads. The mixture was then 

centrifuged for 30 seconds at 8,200 rpm, the supernatant was removed with a pipette 

and the tube with the bead pellet was placed on ice. The bead pellets were washed with 

0.75 ml of low salt lysis buffer by vortexing and incubated with thorough, gentle mixing 

at 2-8 °C for 5 minutes. After brief centrifugation, the supernatants were removed and 

the tubes containing the bead pellets set on ice. The wash step was repeated two more 

times. A 25 µl of lysis buffer was added to each bead pellet and vortexed briefly. An 

equal volume of 2x Laemmli buffer was then added to the samples which were boiled 

for 10 minutes to elute antibody-antigen complexes. For analysis of immunoprecipitated 

proteins by SDS-PAGE, the boiled samples were vortexed, and centrifuged for 30 

seconds, whereupon the supernatants were transferred into clean micro-centrifuge tubes 

for subsequent analysis. 

 

2.5.12. Western blot analysis 

Protein samples were electrophoresed in SDS-PA gel along with EZ-Run Prestained 

Rec protein ladder as molecular weight markers (section 2.5.1.2). A piece of 

polyvinylidene fluoride (PVDF) membrane (GE Healthcare: Amersham HybondÊ-P) 

of the same size of the gel was soaked in 100% methanol for 15 seconds and then 

washed in water for 2 minutes. The PVDF membrane, the polyacrylamide gel, two 

pieces of filter paper (Whatman 3M) the same size as the gel and 2 sponge pads were 

saturated in 1x transfer buffer (for the recipe see below). To assemble the Western blot 

stack, the gel was laid on filter paper set on a sponge pad and the PVDF membrane was 

placed on the top of the gel, then the second filter paper was placed on the membrane 

followed by the second sponge pad. Before adding the second filter paper on top, it was 

ensured that no air bubbles were present between the layers. The stack was placed 
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inside a transfer tank (BioRad) containing 1x western transfer buffer with 10% 

methanol and transfer was carried out at 100 V for 60 minutes. An ice cassette was 

placed inside the transfer tank for the duration of the transfer to keep it cool. The 

membrane was then blocked in Tris-buffered saline containing 0.05% (v/v) Tween® 20 

(TBS-T) with 5% semi-skimmed milk powder at room temperature for 60 minutes. The 

membrane was then washed with TBS-T for 10 minutes on a shaker. This was repeated 

a further 2 times. The membrane was then probed with the appropriate primary antibody 

at the required dilution in TBS-T containing 5% (w/v) semi-skimmed milk powder. For 

better results the solution was poured into a 50 ml centrifuge tube, the membrane was 

inserted (protein side facing towards the inside of the tube) and the membrane incubated 

with the primary antibody overnight at 4̄C with gentle agitation. To remove the 

unbound antibody, three successive room temperature washes (10 min each) were 

performed with TBS-T. The membrane was then probed with the appropriate secondary 

antibody at the required dilution for 60 minutes at room temperature in TBS-T 

containing 5% (w/v) semi-skimmed milk powder with gentle agitation. The membrane 

was then washed with TBS-T for 10 minutes by gentle agitation. The washing step was 

repeated a further 2 times. 1 ml of detection reagent (EZ-ECL) was made by combining 

0.5 ml EZ-ECL solution A and 0.5 ml EZ-ECL solution B. This was applied to the 

PVDF membrane and incubated for 5 minutes at room temperature. The excess 

detection reagent was removed and the Western blot was imaged using the Bio-Rad 

molecular imager ChemiDocÊ XRS+. 

 

10X TBS (pH 7.4) 

¶ 15 g      Tris-base 

¶ 40 g       NaCl 

¶ 1 g         KCl 

¶ H2O (>18 Mɋ) to 1 L 

The final pH of 10 xTBS was adjusted to 7.4 with HCl 

 

10X western transfer buffer (pH 8.3)  

¶ 30.3 g Tris base 

¶ 144 g glycine 

¶ H2O (>18 Mɋ) to 1 L 
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The final pH of 10 x transfer buffer was adjusted to 8.3. 

 

2.5.13. Ammonium sulfate precipitati on 

When high concentration of ammonium sulfate (AS) is present, proteins tend to 

aggregate and precipitate. In order to determine the suitable AS concentration to 

precipitate the target protein, different concentrations of AS were tested (5%, 10%, 15%, 

20% and 30%). Before precipitation of the target protein with AS, nucleic acids was 

precipitated first by polyethyleneimine (PEI) (each target protein was precipitated by 

addition of 40 µl of PEI per ml of sample) and the protein resuspended in an equal 

volume of lysis buffer containing 1 M NaCl. Then the treated cell lysate containing the 

target protein was divided equally into five tubes and each tube received a certain 

concentration of AS and rotated gently for 10-15 minutes. The solution was centrifuged 

at 10,000 xg for 10 minutes, the supernatant was removed and the precipitate 

resuspended in 2 pellet volumes of buffer. Samples were analysed by SDS-PAGE. 

 

2.5.14. Preparation of inclusion bodies  

One litre of IPTG induced bacterial culture prepared as described in Section 2.5.1.1 was 

centrifuged at 9,000 rpm for 15 minutes, and the pellet resuspended in 20 ml 2% sodium 

deoxycholate solution. The suspension was then sonicated until the viscosity had 

decreased. Then the sonicated suspension was centrifuged at 30,000 x g for 30 minutes 

at 4 ęC in a 6 x 250 rotor, to collect the inclusion bodies. The pellet, containing the 

inclusion bodies, was washed three times with wash buffer. After each wash the 

inclusion bodies were collected by centrifugation at 30,000 x g for 30 minutes at 4ęC.  

Then pellet was weighed and each 1 g of cell pellet resuspended in a 5 ml buffer 

containing 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10 mM imidazole, 10% glycerol 

and 8 M urea, and incubated for 1 hour at 4ęC with gentle shaking. A final clarifying 

centrifugation was carried out at 30,000 x g, for 30 minutes at 4 ęC, and the supernatant, 

containing the solubilised inclusion body protein, was retained for analysis by SDS-

PAGE. 

 

 

 



108 
 

2.6. Bacterial two-hybrid assay 

The bacterial adenylate cyclase two-hybrid (BACTH) system was employed to study 

protein-protein interactions in the T6SS. The principle of the BACTH system relies on 

the interaction-mediated reconstitution of adenylate cyclase activity in E. coli. The 

BACTH assay utilises the fact that the adenylate cyclase domain from Bordetella 

pertussis Cya A protein consists of two complementary fragments, T25 and T18. When 

these fragments are physically separated, they are inactive. However, when they are 

fused to interacting polypeptides, the interaction of these hybrid proteins results in 

functional reconstitution between T18 and T25 which leads to cAMP synthesis. Cyclic 

AMP produced from the interacting fragments binds to the cAMP receptor protein 

(CRP) (also known as the catabolite activator protein (CAP)). The cAMP/CRP complex 

activates the promoters of reporter genes, including genes of the lac and mal operon 

required for lactose and maltose catabolism. The bacteria become able to utilise lactose 

or maltose as the unique carbon source, therefore they are easily distinguished on 

indicator media. 

 

In order to generate fusion proteins, tss genes were inserted into the BACTH vectors 

pKT25 and pKNT25, which are kanamycin resistant and encode the T25 fragment with 

the multiple cloning site located at the C-terminal and the N-terminal coding regions of 

the T25 fragment, respectively, and pUT18C and pUT18, which are ampicillin resistant 

and encode the T18 fragment with the multiple cloning site located at the C-terminal 

and the N-terminal coding regions of the T18 fragment, respectively. The different 

antibiotic resistance-genes allow selection for two compatible BACTH plasmids within 

one individual E. coli cell. 

 

The E. coli cya
- 

strain BTH101 was co-transformed with the recombinant fusion 

plasmids and was plated on MacConkey-maltose agar (Section 2.2.1) containing both 

antibiotics. Plates were incubated at 30
o
C and transformant colonies observed after 72 

and 120 hours incubation. The plate should contain reasonable number of individual 

colonies (less than 500 colonies). A Cya
+
 phenotype yields purple E. coli colonies, and 

a Cya
- 
phenotype gave rise to white colonies. A Cya

+
 phenotype was scored according 

to the colour of the colonies compared to the positive control. All BACTH 

combinations were repeated three times to confirm the results. 
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2.7. Electron microscopy (EM) grid preparation and staining  

The negative staining procedure for the protein samples was carried out using a uranyl 

formate stain. 0.75 % (w/v) uranyl formate stain was prepared by adding 37.5 mg uranyl 

formate powder to 5 ml boiling water, which was left to stir for 5 minutes. Then ~ 8 ɛl 

of 5 M NaOH was added and the mixture stirred for another 5 minutes. The uranyl 

formate solution was filter sterilised using a 0.22 ɛm syringe filter unit, and stored in a 

foil wrapped tube at 4°C.  

 

Carbon-coated grids were glow discharged for 20-30 seconds inside the coating 

machine (Cressington 208carbon), whereupon 3-5 ɛl of protein sample (the 

concentration of protein samples which submitted to EM was about 0.5 mg/ml. Three 

dilution 1:10, 1:50 and 1:100 were prepared and examined for each sample) was applied 

to the discharged carbon grid for 1 minute. Excess protein sample was removed by 

blotting of the grid on clean filter paper. The grid was then washed twice using distilled 

water and once using uranyl formate stain, with the grid being blotted on filter paper 

between each wash. Then the grid was submerged in uranyl formate stain for 20 

seconds and blotted to remove excess stain before drying it using a small vacuum pump. 

The prepared carbon grid was examined by the electron microscopy and stored in a grid 

box at room temperature for future use. 
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3.1. Introduction  

The core components of the T6SS were identified by a bioinformatics analysis by  

Shalom and colleagues who implicated  13 proteins that were named TssA-TssM 

(Shalom et al., 2007). In support of this study, Zheng and Leung carried out a 

comprehensive mutagenesis study to identify T6SS subunit  genes in Edwardsiella 

tarda and they found that 13 out of 16 genes in the evp T6SS cluster are crucial for the 

proper export of Hcp (EvpC), VgrG (EvpI) and a putative effector, EvpP (Zheng and 

Leung, 2007). These genes are evpA-evpC, evpE-evpI and evpK-evpO, and they 

correspond to tssA-tssM. These thirteen components of T6SS are proposed to interact in 

some way to assemble the T6SS complex. The bacterial adenylate cyclase two-hybrid 

(BACTH) system was previously used to identify and characterise protein-protein 

interactions between the TssA-TssG subunits of the T6SS of B. cenocepacia (S.Shastri, 

2011).  The aim of the work described in this chapter was to identify protein-protein 

interactions occurring between the TssH-TssM subunits of the T6SS, and between these 

subunits and TssA-TssG. 

 

The principle of the BACTH system relies on the interaction-mediated reconstitution of 

bacterial adenylate cyclase activity in E. coli. It provides all the advantages of working 

with E. coli. The BACTH assay utilises the fact that the adenylate cyclase domain of the 

Bordetella pertussis cya A protein can be expressed as two complementary fragments, 

T25 and T18 (Karimova et al., 1998). The interaction between these two fragments 

leads to the synthesis of cAMP (Ladant, 1988). When these fragments are physically 

separated, they are inactive (Ladant and Ullmann, 1999). Based on these facts, the 

BACTH system was designed in an endogenous adenylate cyclase-deficient E. coli 

strain (ȹcya). If T25 and T18 fragments are fused to interacting polypeptides, X and Y, 

the interaction of these hybrid proteins will result in functional reconstitution of 

adenylate cyclase activity which leads to cAMP synthesis (Karimova et al., 2000). 

Cyclic AMP produced from the interacting fragments binds to the E. coli cAMP 

receptor protein (CRP), also called catabolite activator protein (CAP). The cAMP/CAP 

complex activates promoters of various genes involved in the metabolism of alternative 

carbon sources, some of which like the lac and mal operons required for lactose and 

maltose catabolism, act as reporter genes for the assay. The ability of the bacteria to 

utilise lactose or maltose as the unique carbon source can be easily distinguished on 

indicator or selective media (Figure 3.1). 
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The BACTH system consists of two pairs of compatible vectors. The advantage of the 

different plasmids is to allow construction of fusion proteins at the N- and C-termini of 

the T25 and T18 CyaA fragments. pKNT25 and pKT25 are plasmids that specify 

kanamycin resistance and encode the T25 fragment. The multiple cloning site (MCS) is 

engineered at the N-terminal of coding region of T25 in pKNT25 and C-terminal coding 

region of T25 in pKT25 to facilitate the insertion of the gene of interest in frame with 

the T25 coding sequence either at the N- or C-terminus, respectively. pUT18 and 

pUT18C express ampicillin resistance and encode the T18 fragment. The MCS is 

located upstream of the T18 coding sequence in pUT18 and downstream of this 

sequence in pUT18C. Therefore, the fusion protein can be created at the N- or C-

terminus of the T18 fragment, respectively (Figure 3.2). The pUT18 and pUT18C 

plasmids are derived from ColE1 and are therefore compatible with the p15A 

derivatives pKT25 and pKNT25. 

 

In addition to these four plasmids, the BACTH system provides two positive control 

plasmids pKT25-zip and pUT18C-zip which encode the leucine zipper region of the 

yeast transcription regulatory protein GCN4 inserted into the KpnI site within the MCS 

of pKT25, and between the KpnI and EcoRI sites within the MCS of pUT18C, resulting 

in production of T25 and T18 fused to a long (35 aa) leucine zipper  (Karimova et al., 

1998). These fusion proteins can interact due to the dimerization of the fused leucine 

zipper motifs resulting in strong Cya
+
 phenotype when they are used to co-transform a 

ȹcya E. coli strain. The combinations of plasmids, both for controls and screening for 

interactions, used in this study are shown in Table 3.1.  

 

The BACTH system employs two alternative E. coli reporter strains, which are the non-

reverting adenylate cyclase deficient (cya) mutants BTH101 and DHM.  The BTH101 

strain was used in this study. 
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Figure 3.1 Principle of the BACTH system. A. Activation of the BACTH system. Interaction 

of T25 and T18 leads to production of cAMP. If the T25 and T18 components are physically 

separated, this will lead to the cessation of cAMP production. When proteins X and Y fused to 

the T25 and T18 components interact, the T25 and T18 domains are brought together which 

resumes cAMP production. B. cAMP produced by the reconstituted enzyme binds to catabolite 

activator protein (CRP) and turns on the expression of the mal operon involved in maltose 

catabolism. This facilitates the utilisation of maltose by the E.coli ȹcya host strain, which 

results in a Mal
+ 
phenotype which is distinguishable when the bacteria are grown on indicator 

media such as MacConkey-maltose agar shown here. 
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Figure 3.2 Diagram of the BACTH plasmids showing the MCS sequences. Plasmids are 

represented in linear form below which is presented the nucleotide sequences of the MCS of 

each vector showing the T18 or T25 reading frame. A) pKT25 = T25 coding sequence located 

upstream from the MCS; B) pKNT25 = T25 coding sequence located downstream from the 

MCS; C) pUT18C = T18 coding sequence located upstream from the MCS; D) pUT18 = T18 

coding sequence located downstream of the MCS. Adapted from BACTH system manual  

(Euromedex, 2000) designed by Karimova et al. (1998). 



117 
 

Table 3.1 BACTH system plasmid combinations used to analyse protein-protein 

interactions 

Plasmid encoding first tss gene  Plasmid encoding second tss gene  Expected Mal 

phenotype 

A 

pKT25-gene X 

 

pUT18-gene Y 

 

Unknown 

pKT25-gene X pUT18C-gene Y Unknown 

pKNT25-gene X pUT18-gene Y Unknown 

pKNT25-gene X pUT18C-gene Y Unknown 

pUT18-gene X pKT25-gene Y Unknown 

pUT18C-gene X pKT25-gene Y Unknown 

pUT18-gene X pKNT25-gene Y Unknown 

pUT18C-gene X pKNT25-gene Y Unknown 

B   

pKT25-gene X pUT18-gene X Unknown 

pKT25-gene X pUT18C-gene X Unknown 

pKNT25-gene X pUT18-gene X Unknown 

pKNT25-gene X pUT18C-gene X Unknown 

C   

pKT25-gene X or Y pUT18 Negative 

pKT25-gene X or Y pUT18C Negative 

pKNT25-gene X or Y pUT18 Negative 

pKNT25-gene X or Y  pUT18C Negative 

pUT18-gene X or Y pKT25 Negative 

pUT18C-gene X or Y pKT25 Negative 

pUT18-gene X or Y pKNT25 Negative 

pUT18C-gene X or Y pKNT25 Negative 

pKT25-zip pUT18-zip Strong positive 

D   

pKT25 pUT18 Negative 

pKT25 pUT18C Negative 

pKNT25 pUT18 Negative 

pKNT25 pUT18C Negative 

 A Plasmid combinations utilised to test hetero-oligomeric protein-protein interactions. 

 B Plasmid combinations to test for homo-oligomeric protein interactions. 

 C Control plasmid combinations. 

 D Empty plasmid combinations. 
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3.2. Cloning of the Burkholderia cenocepacia tssH-tssM genes into BACTH 

plasmids 

PCR amplification of the tssH to tssM genes was carried out from chromosomal DNA 

of B. cenocepacia H111 using pairs of primers designed specifically to amplify each 

gene. In each primer, a cleavage site for a restriction enzyme was included to allow 

cloning of the amplicon into the MCS of each of the BACTH plasmids (see appendix 1 

for the primer sequences).  

 

In pKT25 and pUT18C, as mentioned above, the MCS is located at the 3ô end of the 

T25 and T18 coding sequences, respectively, to allow construction of in-frame fusions 

at the C-terminal end of the T25 and T18 polypeptides. Therefore the primers were 

designed to ensure that the tss gene was in frame with the T18 and T25 coding sequence, 

and the stop codon of the tss gene was retained. On the other hand, in pKNT25 and 

pUT18, the T25 and T18 coding sequences are located downstream from the MCS. 

Therefore, each tss gene was cloned into these vectors so that it was in-frame with the 

translation initiation codon located upstream of the MCS and also with the T18 and T25 

coding sequence downstream of the MCS, i.e. the tss gene stop codon was excluded. 

For this reason, every tss gene was amplified with two different pairs of primers with 

the same forward primer being used but the  reverse primer that was used to produce C-

terminal fusions contained a stop codon at the end of the tss gene whereas the reverse 

primer used to construct the N-terminal fusion was without a stop codon. 

 

As shown in Figure 1.15 there is no copy of the tssI gene in the B. cenocepacia T6SS 

gene cluster, whereas there are 10 copies distributed around the genome. However, in 

several other members of the BCC, one or more copies of tssI are present in the 

corresponding T6SS gene cluster. BCAM0148 was chosen as the TssI orthologue for 

this analysis based on its similarity to the two tssI genes located in the corresponding 

T6SS gene cluster of  B. lata strain 383 (a member of the BCC).  BLASTP searches 

with each of them as the query, revealed BCAM0148 as the most homologous one in B. 

cenocepacia J2315.  

 

Some Tss proteins contain N-terminal signal sequences or transmembrane domains 

(TMD) which may result in some protein domains being targeted to the periplasm. To 

ensure that the proteins remained in the cytoplasm, which is essential for the BACTH 
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assay, these regions were excluded from the amplified tss gene by making the forward 

primer complementary to sequences located downstream from the signal peptide and N-

terminal TMD coding sequences and the reverse primer complementary to sequences 

located upstream of C-terminal TMD coding regions. This strategy was followed in the 

case of tssJ, which encodes an N-terminal signal peptide, and tssL, which encodes a C-

terminal TMD (Durand et al., 2012). In the case of the tssM gene, 3 TMD regions can 

be identified in the encoded protein, two near the N-terminus of the gene (which was 

avoided by placing the forward primer downstream of the sequence coding for the 

second TMD) and one in the middle of the protein. Therefore, TssM was analysed as 

two separate fragments, the cytoplemic NTD and the periplemic CTD, which were 

fused separately to T18 and T25. 

 

Using chromosomal DNA of B. cenocepacia H111 strain the proofreading enzyme, 

KOD Hot Start DNA polymerase: was used to amplify the TssH, TssJ, TssK, TssL, 

TssMNTD, and TssMCTD coding sequences. For amplification of tssI, no product was 

obtained from the standard PCR. Therefore, optimised PCR using a range of 

temperatures and different concentrations of magnesium sulphate was tried. From 

optimised PCR, again no product was obtained for tssI. Due to potential sequence 

differences between the tssI primers that were based on the J2315 genome sequence, 

and H111 tssI sequence, amplification of tssI gene was repeated using chromosomal 

DNA from B. cenocepacia strains 715j and J2315. The correct product of tssI gene was 

obtained from both strains. Therefore, it was decided to use the PCR product of tssI 

derived from 715j in this study. 

 

DNA from each amplified tss gene was digested with two restriction enzymes 

corresponding to the restriction sites included in the forward and reverse primers. 

Simultaneously, DNA from each BACTH plasmid (obtained by plasmid mini 

preparation from the host E. coli strain MC1061 or JM83) was digested with the same 

pairs of restriction enzymes used to cut the tss genes. The ligation of tss genes with the 

BACTH plasmids were carried out as detailed in Section 2.4.4. E. coli strain MC1061 

or JM83 was transformed with the ligation of the BACTH plasmids with tss genes. 

Transformants harbouring pKT25-tss and pKNT25-tss clones were selected on LB 

plates supplemented with kanamycin, while those containing pUT18C-tss and pUT18-

tss clones were selected on LB plates supplemented with ampicillin. The transformants 
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were screened by colony PCR and/or manual plasmid mini-preparations to identify 

plasmids with required DNA inserts. 

 

To confirm that the tss genes were cloned successfully into the BACTH plasmids, the 

correct sized clones for each gene-plasmid combination were digested with the 

appropriate restriction endonucleases and examined on an agarose gel. If the released 

fragment was the expected size, then the column plasmid mini-preparation procedure 

was performed to prepare higher quality DNA for nucleotide sequence determination. 

The nucleotide sequence of the insert was determined with the appropriate vector 

primers to confirm that no mutation in the gene of interest was introduced during PCR, 

and also to ensure that the gene was in frame with the T25 and T18 coding sequences. 

For the large inserts (tssI, tssH, and tssMCTD) sequencing was completed using primer 

that annealed to sequences within the insert: tssINFOR, tssINREV, tssHINFOR, 

tssHINREV, tssM2INFOR, and tssM2INREV, respectively.  27 out of 28 possible 

clones were successfully obtained. pUT18-TssH was not constructed despite several 

attempts.  

 

Appendix 2 shows a comparison of the nucleotide sequences of the tss genes in J2315 

with the corresponding gene derived from H111 or 715j. The amino acid sequences of 

J2315 and H111 or 715j Tss proteins with the amino acid changes highlighted in 

different colours are shown in Appendix 3. Differences in nucleotide sequences between 

tss genes derived from J2315 and either H111 or 715j were deemed to be due to strain 

variation if they were observed in independent amplifications of the tss gene. If the 

mutation was present in one clone but not another, it was concluded to be due to a PCR-

induced error and the clone was discarded. 
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3.3. Investigation into the homo-oligomerisation of TssH, TssI, TssJ, TssK, TssL, 

TssMNTD   and TssMCTD 

To assess the possibility of TssH, TssI, TssJ, TssK, TssL, TssMNTD and TssMCTD self-

interaction all possible self-combinations of T25-Tss or Tss-T25 and T18-Tss or Tss-

T18 fusion proteins were tested using the BACTH system (26 combinations). The 

analysis of TssH-TssH interactions revealed that both tested combinations of TssH 

fusion proteins gave rise to bright red/purple colonies on MacConkey-maltose plates 

after 72 hours incubation (figure 3.3A). The other two possible combinations were not 

tested because pUT18-TssH not constructed. The strong maltose-positive phenotype 

generated by the two fusion protein combinations suggests that TssH self-interacts to 

form an oligomer. Table 3.2 describes the system used to score the maltose phenotypes 

presented in the figures. 

 

In the case of TssI, all four fusion protein combinations gave rise to a Mal
+
 phenotype 

after 72 hours incubation (Figure 3.3B). The T25-TssI with T18-TssI combination 

showed a strong maltose-positive phenotype after 72 hours incubation. On the other 

hand, T25-TssI in combination with TssI-T18 required 120 hours to give rise to a strong 

maltose-positive phenotype. The other two combinations of TssI fusion proteins gave a 

weaker Mal
+
 phenotype with patchy red colonies on MacConkey-maltose plates 

(colonies showed red (Mal
+
) and white (Mal

-
) areas which are termed ñpatchyò). These 

results are consistent with previous observation that TssI is organised as oligomer 

(Leiman et al., 2009, Hachani et al., 2011).  

 

Regarding the analysis of TssJ for self-interaction, it was found that all fusion protein 

combinations yielded a maltose-negative phenotype, suggesting that TssJ does not form 

oligomers.  

 

Three combinations of TssK fusion proteins gave rise to a Mal
+ 

phenotype (Figure 

3.4A), whereas the combination of TssK-T25 with TssK-T18 gave rise to a Mal
-
 

phenotype. These results suggest that TssK also self-interacts. 
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Table 3.2 Description of the phenotypes observed in the BACTH assay and the 

classifications attributed to them. 

Description of colony phenotype Attributed  rating *  

 

Very strong Mal
+
 phenotype giving rise to dark red/purple 

coloured colonies with purple halo around the colonies.  

 

+++++        
 

 

Strong Mal
+
 phenotype giving rise to red/purple coloured 

colonies.  

 

++++        

 

 

Mal
+
 phenotype giving rise to moderate red/purple coloured 

colonies. 

 +++           
 

Mal
+
 phenotype giving rise to weak red/purple coloured colonies 

++             
 

 

Mal
+
 phenotype giving rise to very weak red/purple coloured 

colonies  

 

+               
 

 

 

Colonies showed red (Mal
+
) and white (Mal

-
) areas (ñpatchesò). 

 

 P         
 

*Colony phenotype observed when E. coli strain BTH101 was transformed with compatible 

combinations of the BACTH plasmids and allowed to grow at 30
o
C for up to 120 h on 

MacConkey agar containing 1% maltose and the appropriate antibiotics. 
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Figure 3.3 Analysis of TssH and TssI self-interaction using the BACTH assay. Pairwise 

combinations of compatible BACTH plasmids encoding fusions of TssH or TssI to the T18 and 

T25 components of CyaA were introduced into E. coli strain BTH101. Transformants were 

scored for their maltose phenotype on MacConkey-maltose agar after 72 and 120 h incubation at 

30
o
C. Combinations that gave rise to a maltose-positive phenotype are shown. The strength of 

the maltose phenotype shown was scored after 120 h incubation. A. Combination of TssH 

fusion proteins that gave rise to a maltose-positive phenotype. B. Combination of TssI fusion 

proteins that yielded a maltose-positive phenotype. 
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It was found that one combination of TssL fusion proteins, T25-TssL with T18-TssL, 

gave rise to red/purple colonies on MacConkey-maltose plates (Figure 3.4B). Also, one 

combination of TssMCTD fusion proteins (T25-TssMCTD with T18-TssMCTD) gave rise to 

red/purple colonies on MacConkey-maltose plates (Figure 3.4C), whereas all the 

combinations of TssMNTD fusion protein gave rise to a maltose-negative phenotype. 

These results suggest that TssH, -I, -K, -L and TssMCTD self-interact to form higher 

order complexes. 
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Figure 3.4 Analysis of TssK, TssL and TssMCTD self-interaction using the BACTH assay. 

Pairwise combinations of compatible BACTH plasmids encoding fusions of TssK, TssL or 

TssMCTD to the T18 and T25 components of CyaA were introduced into E. coli strain BTH101. 

Transformants were scored for their maltose phenotype on MacConkey-maltose agar after 72 

and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive phenotype are 

shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A. 

Combination of TssK fusion proteins that gave rise to a maltose-positive phenotype. B. 

Combination of TssL fusion proteins that yielded a maltose-positive phenotype. C. Combination 

of TssMCTD fusion proteins that yielded a maltose-positive phenotype. 
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3.4. Investigation into interactions between different T6SS subunits 

The BACTH system was used to screen for protein-protein interactions that occur 

between different T6SS subunits. As an analysis of the interactions between TssA to 

TssG has already been carried out, this analysis screened for interactions between TssH 

to TssM on the one hand, and TssA to TssM on the other. To do this, a pairwise 

interaction analysis was performed between Tss-T25 or T25-Tss and Tss-T18 or T18-

Tss fusion proteins in all possible combinations.  

 

3.4.1. Investigation of the interaction between TssH and TssA-TssG and TssI-TssM 

3.4.1.1. Investigation of the interaction between TssH and TssA 

For each Tss protein combination, eight combinations of fusion proteins were screened 

except for combinations involving TssH, where it was only possible to screen six fusion 

protein combinations due to the unavailability of the pUT18-tssH plasmid. Interestingly, 

two pairwise combinations of TssH and TssA fusion proteins gave rise to a strong Mal
+
 

phenotype indicating that TssH and TssA interact with each other. The Mal
+
 phenotype 

was observed only when the C-terminal ends of both TssH and TssA in the fusion 

protein were free (Figure 3.5A). All other combinations of TssH and TssA fusion 

proteins gave rise to a Mal
-
 phenotype. 

 

3.4.1.2. Investigation of the interaction between TssH and TssB 

Three out of six combinations of TssH and TssB fusion proteins gave rise to Mal
+
 

phenotype. In one of these combinations, T25-TssH and T18-TssB, a weak Mal
+
 

phenotype was observed. The appearance of the colonies on MacConkey-maltose plates 

was pink/red with a patchy appearance. The result of the reverse combination (T25-

TssB and T18-TssH) was similar. A stronger Mal
+
 phenotype was generated by the 

combination of TssB-T25 and T18-TssH, although again with patchy pink/red colonies 

(Figure 3.5B). A maltose-negative phenotype resulted from the remaining combinations 

of TssH and TssB fusion proteins. 

 

3.4.1.3. Investigation of interaction between TssH and TssC 

All combinations of TssH and TssC fusion proteins in the BACTH system gave rise to a 

Mal
-
 phenotype. 
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3.4.1.4. Investigation of the interaction between TssH and TssD 

Of the six possible TssH and TssD protein fusion combinations that could be screened, 

two yielded patchy pink/red coloured colonies (Figure 3.6A). It was observed that in 

order for these two proteins to interact, the C-terminal end of both proteins should be 

free (i.e. unfused). 

 

3.4.1.5. Investigation of interaction between TssH and TssE 

A very weak Mal
+
 phenotype was observed when the plasmid encoding the TssE-T25 

fusion was combined with the plasmid expressing the T18-TssH fusion in the same cell. 

Colonies exhibited a Mal
+ 

sectors within the
 
colonies after 120 hours incubation. The 

rest of the fusion protein combinations gave rise to a Mal
-
 phenotype (Figure 3.6B). 
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Figure 3.5 Analysis of TssH and TssA or TssB interactions using the BACTH assay. 

Pairwise combinations of compatible BACTH plasmids encoding fusions of TssH and TssA or 

TssB to the T18 and T25 components of CyaA were introduced into E. coli strain BTH101. 

Transformants were scored for their maltose phenotype on MacConkey-maltose agar after 72 

and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive phenotype are 

shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A. 

Combination of TssH and TssA fusion proteins that gave rise to a maltose-positive phenotype. 

B. Combination of TssH and TssB fusion proteins that yielded a maltose-positive phenotype. 
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3.4.1.6. Investigation of the interaction between TssH and TssF 

Figure 3.6C shows that Mal
+
 phenotypes were observed in three pairwise combinations 

of plasmids encoding TssH and TssF fusion proteins. A Mal
+
 phenotype was found 

when either T25-TssH or TssH-T25 was combined with T18-TssF. Also, TssF-T25 in 

combination with T18-TssH gave rise to a Mal
+
 phenotype. In all three cases, the 

interactions gave rise to mal
+
 colonies with, a ñpatchyò appearance. All other 

combinations gave rise to a Mal
-
 phenotype. 

 

3.4.1.7. Investigation of the interaction between TssH and TssG 

Mal
+
 phenotypes were not observed when plasmids encoding TssH fusion proteins were 

combined with those encoding TssG fusion proteins for any of the plasmid 

combinations tested. 

 

3.4.1.8. Investigation of the interaction between TssH and TssI 

A moderate Mal
+
 phenotype was obtained for two combinations of fusion proteins when 

the C-terminal ends of both TssH and TssI were free. These results suggest that the C-

terminal end of both TssH and TssI is important for the putative interaction between the 

two fusion proteins. In addition, a weak Mal
+
 phenotype was observed after 120 hours 

incubation when the TssI-T25 and T18-TssH fusion proteins were co-expressed. In all 

three combinations that gave rise to a Mal
+
 phenotype, the colonies exhibited the patchy 

morphology (Figure 3.7). All remaining combinations gave rise to Mal
-
 phenotype. 
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Figure 3.6. Analysis of TssH and TssD or TssE or TssF interactions using the BACTH 

assay. Pairwise combinations of compatible BACTH plasmids encoding fusions of TssH and 

TssA or TssB to the T18 and T25 components of CyaA were introduced into E. coli strain 

BTH101. Transformants were scored for their maltose phenotype on MacConkey-maltose agar 

after 72 and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive 

phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h 

incubation. A. Combination of TssH and TssD fusion proteins that gave rise to a maltose-

positive phenotype. B. Combination of TssH and TssE fusion proteins that yielded a maltose-

positive phenotype. C. Combination of TssH and TssF fusion proteins that yielded a maltose-

positive phenotype. 
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3.4.1.9. Investigation of the interactions between TssH and TssJ 

Mal
-
 phenotypes was observed when plasmids encoding TssH were combined with 

those encoding TssJ in all plasmid combinations used. Therefore, no evidence of 

interaction between these two proteins was obtained using the BACTH system. 

 

3.4.1.10. Investigation of the interactions between TssH and TssK 

 Mal
+
 phenotypes were observed when plasmids encoding TssH were combined with 

those encoding TssK for three of the six combinations tested (Figure 3.8A). T25-TssH 

in combination with T18-TssK, and T25-TssK combined with T18-TssH both produced 

a strong Mal
+
 phenotype with patchy red colonies. Colonies co-expressing the TssK-

T25 and T18-TssH fusion proteins exhibited red patches after 120 hours of incubation.  

 

3.4.1.11. Investigation of the interactions between TssH and TssL 

Probing for interactions between TssH and TssL revealed a strong Mal
+ 

phenotype 

between T25-TssH and T18-TssL with pink/red patchy colonies on MacConkey-

maltose plates. Interestingly, the other possible combination where the C-terminus of 

each of the Tss proteins is free (T25-TssL and T18-TssH) gave rise to a weak Mal
+ 

phenotype with a patchy appearance after 120 hours incubation (Figure 3.8B).   

 

3.4.1.12. Investigation of interactions between TssH and TssM 

The BACTH assay of TssH-T18 and -T25 fusion proteins in combination with TssMCTD 

and TssMNTD fusion proteins in all twelve possible combinations gave rise to Mal
-
 

phenotype for all pairwise combinations. These results indicate that either TssH does 

not interact with either of the two TssM domains or such interactions were not detected 

using BACTH assay. 
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Figure 3.7. Analysis of TssH and TssI interactions using the BACTH assay. Pairwise 

combinations of compatible BACTH plasmids encoding fusions of TssH and TssI to the T18 

and T25 components of CyaA were introduced into E. coli strain BTH101. Transformants were 

scored for their maltose phenotype on MacConkey-maltose agar after 72 and 120 h incubation at 

30
o
C. Combinations that gave rise to a maltose-positive phenotype are shown. The strength of 

the maltose phenotype shown was scored after 120 h incubation. 
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Figure 3.8. Analysis of TssH and TssK or TssL interactions using the BACTH assay. 

Pairwise combinations of compatible BACTH plasmids encoding fusions of TssH and TssK or 

TssL to the T18 and T25 components of CyaA were introduced into E. coli strain BTH101. 

Transformants were scored for their maltose phenotype on MacConkey-maltose agar after 72 

and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive phenotype are 

shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A. 

Combination of TssH and TssK fusion proteins that gave rise to a maltose-positive phenotype. 

B. Combination of TssH and TssL fusion proteins that yielded a maltose-positive phenotype.  
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3.4.2. Investigation of interactions between TssI and TssA-TssG and TssJ-TssM 

3.4.2.1. Investigation of interactions between TssI and TssA 

Strong Mal
+
 phenotypes were observed when plasmids encoding TssI fusions were 

combined with those encoding TssA fusions for three out of the eight combinations 

tested (Figure 3.9A). T25-TssI in combination with T18-TssA, and T25-TssA combined 

with T18-TssI both gave rise to deep purple E. coli colonies after 72 hours incubation. 

These results indicate that both proteins require a free C-terminus to interact or it could 

simply be that T18 and T25 are too far apart in some of the other combinations. Also, 

transformant colonies harbouring the TssI-T25 and T18-TssA fusion protein 

combination turned red and exhibited the patchy phenotype after 120 hours of 

incubation, but the reverse combination was negative. 

 

3.4.2.2. Investigation of interactions between TssI and TssB 

Screening of TssI and TssB protein interactions using the BACTH system showed that 

two out of eight pairwise combinations yielded a maltose-positive phenotype (Figure 

3.9B). When TssI was fused to the C-terminus of T18 and combined with TssB fused to 

the N- or C-terminus of T25 this gave rise to pink/red colonies with a patchy appearance 

after 120 hours incubation. 

 

3.4.2.3. Investigation of interactions between TssI and TssC 

A very weak Mal
+ 

phenotype was observed after 120 hours incubation of colonies 

containing the T25-TssI and T18-TssC fusion protein combination (Figure 3.9C). All 

other compatible combinations gave rise to a Mal
-
 phenotype.  
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Figure 3.9. Analysis of TssI and TssA or TssB or TssC interactions using the BACTH 

assay. Pairwise combinations of compatible BACTH plasmids encoding fusions of TssI and 

TssA or TssB or TssC to the T18 and T25 components of CyaA were introduced into E. coli 

strain BTH101. Transformants were scored for their maltose phenotype on MacConkey-maltose 

agar after 72 and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive 

phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h 

incubation. A. Combination of TssI and TssA fusion proteins that gave rise to a maltose-

positive phenotype. B. Combination of TssI and TssB fusion proteins that yielded a maltose-

positive phenotype. C. Combination of TssI and TssC fusion proteins that yielded a maltose-

positive phenotype. 
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3.4.2.4. Investigation of interactions between TssI and TssD 

A strong Mal
+ 

phenotype was generated when T25-TssD and T18-TssI were both 

present in the same cell, giving rise to pink/red patchy colonies on MacConkey-maltose 

plates.  The other possible combination where TssI and TssD are located at the C-

terminus of both fusion proteins (i.e. T25-TssI and T18-TssD) also yielded a Mal
+ 

phenotype with patchy appearance after 120 hours incubation, although the phenotype 

was not as strong as the T25-TssD and T18-TssI combination (Figure 3.10A). 

 

3.4.2.5. Investigation of interactions between TssI and TssE 

BACTH encoding TssI fusion proteins were examined in pairwise combinations with 

TssE fusion proteins for possible TssE-TssI protein-protein interactions. Out of eight 

possible combinations, only one combination, TssE-T25 with T18-TssI, gave rise to a 

Mal
+
 phenotype, with colonies displaying a pink/red patchy appearance (Figure 3.10B). 

 

3.4.2.6. Investigation of interactions between TssI and TssF 

Three TssI and TssF fusion protein combinations gave rise to Mal
+
 phenotype (Figure 

3.10C). A patchy Mal
+
 phenotype was observed for colonies containing the T25-TssF 

and T18-TssI fusion proteins on MacConkey-maltose plates. In contrast, the reverse 

combination (T25-TssI and T18-TssF) gave rise to a Mal
-
 phenotype. TssI-T25 and 

T18-TssF, and the analogous combination (TssF-T25 and T18-TssI) both yielded a Mal
+
 

phenotype with uneven pink/red colour of the colonies (patchy phenotype). A maltose-

negative phenotype was observed for the remaining five combinations between TssI and 

TssF fusion proteins. 

 

3.4.2.7. Investigation of interactions between TssI and TssG 

Mal
-
 phenotypes were observed in all 8 pairwise combinations between plasmids 

encoding TssI and TssG fusion proteins. 

 

3.4.2.8. Investigation of interactions between TssI and TssJ 

Of the eight possible combinations of TssI and TssJ fusion proteins, only one 

combination (TssJ-T25 and T18-TssI) yielded a moderate Mal
+
 phenotype with pink/red 

patchy colonies (Figure 3.11A). 

 

 



137 
 

3.4.2.9. Investigation of interactions between TssI and TssK 

Two combinations of TssI and TssK fusion proteins gave rise to a weak maltose-

positive phenotype with pink/red patchy colonies (T25-TssK with T18-TssI, and T25-

TssI with T18-TssK). In both fusion protein combinations the C-terminus of TssK and 

TssI is free (Figure 3.11B). No other fusion protein combinations yielded a Mal
+ 

phenotype. 

 

3.4.2.10. Investigation of interactions between TssI and TssL 

Three combinations of TssI and TssL fusion proteins yielded a maltose-positive 

phenotype with patch pink/red colonies. T25-TssI with T18-TssL and the analogous 

combination (i.e. T25-TssL with T18-TssI) gave rise to a moderate Mal
+ 

phenotype 

after 72 hours incubation. A weak maltose-positive phenotype was observed after 120 

hours incubation when BTH101 was co-transformed with plasmids expressing the TssI-

T25 and T18-TssL fusion proteins (Figure 3.11C). Other combinations led to a Mal
-
 

phenotype. 
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Figure 3.10. Analysis of TssI and TssD or TssE or TssF interactions using the BACTH 

assay. Pairwise combinations of compatible BACTH plasmids encoding fusions of TssI and 

TssA or TssB to the T18 and T25 components of CyaA were introduced into E. coli strain 

BTH101. Transformants were scored for their maltose phenotype on MacConkey-maltose agar 

after 72 and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive 

phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h 

incubation. A. Combination of TssI and TssD fusion proteins that gave rise to a maltose-

positive phenotype. B. Combination of TssI and TssE fusion proteins that yielded a maltose-

positive phenotype. C. Combination of TssI and TssF fusion proteins that yielded a maltose-

positive phenotype. 
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Figure 3.11. Analysis of interactions of TssI with TssJ, TssK and TssL using the BACTH 

assay. Pairwise combinations of compatible BACTH plasmids encoding fusions of TssI and 

TssJ or TssK or TssL to the T18 and T25 components of CyaA were introduced into E. coli 

strain BTH101. Transformants were scored for their maltose phenotype on MacConkey-maltose 

agar after 72 and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive 

phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h 

incubation. A. Combination of TssI and TssJ fusion proteins that gave rise to a maltose-positive 

phenotype. B. Combination of TssI and TssK fusion proteins that yielded a maltose-positive 

phenotype. C. Combination of TssI and TssL fusion proteins that yielded a maltose-positive 

phenotype. 
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3.4.2.11. Investigation of interactions between TssI and TssM 

None of the 16 possible combinations of plasmids encoding TssI fusion proteins with 

those encoding TssMNTD or TssMCTD fusion proteins gave use to a Mal
+
 phenotype.  

 

3.4.3. Investigation of interactions between TssJ and TssA-TssG and TssK-TssM 

All of the 80 possible pairwise BACH fusion protein combinations involving TssJ and 

TssA-TssG or TssJ and TssK-TssM gave use to a maltose-negative phenotype.   

 

3.4.4. Investigation of interactions between TssK and TssA-TssG and TssL-TssM 

The investigation of interactions between TssK fusion proteins and fusion proteins 

involving  TssA-TssG and TssL-TssM using the BACTH system suggested  that TssK 

interacted with four T6SS proteins in addition to TssH (section 3.4.1.10) and TssI 

(section 3.4.2.9). The details of these positive combinations are given in the section 

below. The BACTH assay yielded a Mal
- 
phenotype between TssK, on the one hand, 

and TssB, TssC, TssE, TssG, TssJ, TssMNTD and TssMCTD on the other.  

 

3.4.4.1. Investigation of the interaction between TssK and TssA 

Pairwise interaction analysis of the eight combinations of TssK and TssA fusion 

proteins showed that one combination, T25-TssK in combination with T18-TssA, 

yielded colonies with red/purple patches on MacConkey- maltose plates. The analogous 

combination with the C-termini of TssA and TssK both free (i.e. T25-TssA combined 

with T18-TssK) also gave rise to a similar result (Figure 3.12A). The other BACTH 

fusion protein combinations gave rise to a maltose-negative phenotype. 

 

 3.4.4.2. Investigation of the interaction between TssK and TssD 

All compatible TssK and TssD plasmid combinations were examined by the BACTH 

assay. A Mal
+
 phenotype was detected when T25-TssK was combined withT18-TssD in 

which the C-terminus of both encoded Tss proteins was free (Figure 3.12B). This 

combination revealed red patchy colonies on MacConkey-maltose agar. The other 

combination where both Tss proteins were located at the C-terminus of the fusion 

proteins and the combination of TssK-T2S with T18-TssD yielded weak maltose-

positive phenotypes after 120 hours incubation. The remaining combinations resulted in 

a maltose-negative phenotype. 
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3.4.4.3. Investigation of the interaction between TssK and TssF 

Figure 3.13A illustrates the combinations of TssK and TssF fusion proteins that were 

observed to give rise to a maltose-positive phenotype. When TssK, fused to either the 

N- or C- terminal end of T25, was combined with TssF fused at C-terminal end of T18, 

it resulted in pink/red patchy colonies on MacConkey-maltose agar. Similar results were 

obtained when TssF-T25 or T25-TssF were combined with T18-TssK. All other 

combinations gave rise to Mal
-
 phenotype. 

 

3.4.4.4. Investigation of the interaction between TssK and TssL 

BTH101 competent cells were transformed with the all eight pairwise combinations of 

TssK and TssL fusion proteins. When TssK, fused at N- or C-terminus of T25 (i.e. 

pKNT25-TssK or pKT25-TssK), was combined with TssL fused at the C-terminus of 

T18 (i.e. pUT18C-TssL), it resulted in a maltose-positive phenotype with patchy 

pink/red coloured colonies on MacConkey-maltose agar (Figure 3.13B). A maltose-

negative phenotype was observed with the remaining combinations. 
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Figure 3.12. Analysis of TssK and TssA or TssD interactions using the BACTH assay. 

Pairwise combinations of compatible BACTH plasmids encoding fusions of TssK and TssA or 

TssD to the T18 and T25 components of CyaA were introduced into E. coli strain BTH101. 

Transformants were scored for their maltose phenotype on MacConkey-maltose agar after 72 

and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive phenotype are 

shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A. 

Combination of TssK and TssA fusion proteins that gave rise to a maltose-positive phenotype. 

B. Combination of TssK and TssD fusion proteins that yielded a maltose-positive phenotype.  

 

 

 

 

 

 



143 
 

 
 

Figure 3.13. Analysis of TssK and TssF or TssL interactions using the BACTH assay. 

Pairwise combinations of compatible BACTH plasmids encoding fusions of TssK and TssF or 

TssL to the T18 and T25 components of CyaA were introduced into E. coli strain BTH101. 

Transformants were scored for their maltose phenotype on MacConkey-maltose agar after 72 

and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive phenotype are 

shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A. 

Combination of TssK and TssF fusion proteins that gave rise to a maltose-positive phenotype. B. 

Combination of TssK and TssL fusion proteins that yielded a maltose-positive phenotype.  
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3.4.5. Investigation of interactions between TssL and TssA-TssG and TssM 

3.4.5.1. Investigation of interactions between TssL and TssA 

All four TssL fusion proteins were tested for interactions with all four TssA fusion 

proteins. It was observed that in the two fusion protein combinations where both 

proteins are located at the C-terminus of T18 and T25, a strong Mal
+
 phenotype with 

pink/red patchy patterned colonies was obtained, i.e. T25-TssL with T18-TssA and 

T25-TssA with T18-TssL (Figure 3.14A). 

 

3.4.5.2. Investigation of interactions between TssL and TssB 

BTH101 was co-transformed with eight pairwise combinations of TssL and TssB fusion 

proteins. Combinations of TssB fused to either the C- or N-terminus of T25 with TssL 

fused at C-terminal end of T18 yielded a weak maltose-positive phenotype with patchy 

colonies (Figure 3.14B). All other combinations gave rise to a maltose-negative 

phenotype. 

 

3.4.5.3. Investigation of interactions of TssL with TssC, TssE and TssG 

BACTH assays of TssL fusion proteins with TssC, TssE and TssG fusion derivatives 

gave rise to a maltose-negative phenotype in all possible combinations. 

 

3.4.5.4. Investigation of interactions of TssL with TssD  

TssL and TssD fusion proteins were examined for potential interactions using BACTH 

assay. Of the eight pairwise combinations screened, colonies with a weak maltose-

positive patchy phenotype were observed when T25-TssD was combined with T18-

TssL (Figure 3.14C). All other combination gave rise to a maltose-negative phenotype. 

 

3.4.5.5. Investigation of interactions between TssL and TssF 

Screening for potential interactions between TssL and TssF using the BACTH system 

showed that three fusion protein combinations gave rise to colonies with patchy Mal
+
 

phenotypes (Figure 3.15A). Thus, when the T25-TssL fusion protein was combined 

with T18-TssF, it gave rise to a weak maltose-positive phenotype. Also, the alternative 

plasmid combination where TssF and TssL are encoded at the C-termini of the fusion 

proteins (i.e. pKT25-tssF combined with pUT18C-tssL) gave rise to a maltose-positive 

phenotype, but it was obviously stronger. The combination that gave rise to a maltose-

positive phenotype was TssF-T25 with T18-TssL which resulted in colonies with a 



145 
 

weak maltose- positive phenotype on MacConkey agar. All other combinations of TssF 

and TssL fusion proteins were negative. 

 

3.4.5.6. Investigation of interactions between TssL and TssM 

A strong Mal
+
 phenotype was observed after 72 hours incubation when TssL was fused 

to the C-terminal end of T25 and combined with the cytoplasmic domain of TssM 

(TssMNTD) fused to the C-terminal end of T18. The analogous combination with both 

Tss domains located at the C-termini of the fusion proteins (i.e. T25-TssMNTD with T18-

TssL) yielded a similar result (Figure 3.15B). In both cases, the colonies had a patchy 

appearance. The remaining fourteen combinations gave rise to Mal
- 
phenotype. 

  

3.4.6. Investigation of interactions of TssMNTD and TssMCTD with TssA-TssG 

Each of the four TssMNTD and four TssMCTD fusion proteins were tested for possible 

interactions with each quartet of TssA, TssB, TssC, TssD, TssE, TssF and TssG fusion 

protein derivatives. All 112 pairwise combinations gave rise to a maltose-negative 

phenotype. 

 

3.4.6.1. Investigation of interactions of TssMNTD with TssMCTD 

A maltose-positive phenotype was not observed for any of the fusion protein 

combinations of TssMNTD with TssMCTD. 
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Figure 3.14. Analysis of interaction of TssL with TssA, TssB and TssD using the BACTH 

assay. Pairwise combinations of compatible BACTH plasmids encoding fusions of TssL and 

TssA or TssB or TssD to the T18 and T25 components of CyaA were introduced into E. coli 

strain BTH101. Transformants were scored for their maltose phenotype on MacConkey-maltose 

agar after 72 and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive 

phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h 

incubation. A. Combination of TssL and TssA fusion proteins that gave rise to a maltose-

positive phenotype. B. Combination of TssL and TssB fusion proteins that yielded a maltose-

positive phenotype. C. Combination of TssL and TssD fusion proteins that yielded a maltose-

positive phenotype. 
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Figure 3.15. Analysis of interaction of TssL with TssF and TssMNTD using the BACTH 

assay. Pairwise combinations of compatible BACTH plasmids encoding fusions of TssL and 

TssF or TssMNTD to the T18 and T25 components of CyaA were introduced into E. coli strain 

BTH101. Transformants were scored for their maltose phenotype on MacConkey-maltose agar 

after 72 and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive 

phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h 

incubation. A. Combination of TssL and TssF fusion proteins that gave rise to a maltose-

positive phenotype. B. Combination of TssL and TssMNTD fusion proteins that yielded a 

maltose-positive phenotype.  
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3.5. Investigation of interactions between TssA domains and other T6SS subunits 

Two-hybrid assays have previously indicated that TssA interacts with itself, TssB, TssD, 

TssE and TssF (S.Shastri, 2011). Here, we have also provided evidence that TssA 

interacts with TssH, TssI, TssK and TssL. Therefore, TssA potentially interacts with 8 

other T6SS subunits and so is likely to be central to the assembly of the T6SS. For this 

reason, we focussed our subsequent effort on this subunit. 

 

Amino acid sequence alignments and the PSIPRED secondary structure prediction 

program have suggested that the N-terminal 250 amino acids of TssA may fold into a 

domain composed of 11-12 Ŭ-helices (H1-H11) which is separated by an unstructured ~ 

55 amino acid peptide chain from a shorter C-terminal domain of 70 amino acids which 

is folded into 4 Ŭ-helices (H12-H15) (Section 1.5.4.2). DNA encoding the predicted 

TssA N- and C- terminal domains (i.e. TssANTD which include 1-256 amino acids and 

TssACTD which include 293-373 amino acids) has been previously cloned into all four 

BACTH vectors and pairwise combinations of these plasmids with compatible plasmids 

expressing TssA, TssB, TssD, TssE, and TssF fusion proteins were used to screen for 

the role of each TssA domain in interactions with these subunits (S.Shastri, 2011). To 

complement these experiments, BACTH assays were performed on the two TssA 

domains in combination with full-length TssH, TssI, TssK and TssL fusion proteins, as 

full -length TssA fusion derivatives yielded a Mal
+
 phenotype in combination with these 

subunits. Furthermore, as it had become clear during the course of this work  that the 

previously constructed pKT25-TssACTD plasmid was defective, this plasmid was 

reconstructed and  the two-hybrid assays between both TssA domains and TssA, TssD, 

TssE and TssF (and their domains where appropriate) were repeated. As a comparison, 

BACTH assays were also repeated between full-length TssA and its domains with TssA, 

TssA domains, TssD, TssE and TssF. 

 

3.5.1. Analysis of TssA domain interactions with TssA and its domains  

To confirm previous observations regarding the oligomerisation of TssA and the role of 

the CTD in the process (S.Shastri, 2011), all four plasmids encoding full -length TssA 

fusion proteins and all four plasmids encoding TssACTD fusion proteins were tested in 

the BACTH assay in all possible pairwise combinations. All four possible pairwise 

combinations of full-length TssA fusion proteins, all eight possible pairwise 

combinations of full-length TssA fusion proteins with TssACTD fusion proteins, and all 
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four possible pairwise combinations of TssACTD fusion proteins gave rise to colonies 

exhibiting a strong Mal
+ 

phenotype with a uniform deep red/purple colour (Figure 

3.16A, B and C). All these results are in agreement with those observed previously 

(S.Shastri, 2011). We also confirmed that when TssA was fused either at the C- or N-

terminus of T25 and combined with T18-TssANTD, it gave rise to weak Mal
+ 
phenotype 

(Figure 3.16D). Other combinations of TssANTD fusion proteins with full-length TssA 

revealed a maltose-negative phenotype. From these results we can conclude that TssA 

self-interacts to form a homo-oligomer of unknown stoichiometry and that the CTD 

plays an important role in this process. 
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Figure 3.16. Analysis of interaction between TssA and TssA, TssACTD, and TssANTD, and 

between TssACTD and itself using the BACTH assay. Pairwise combinations of compatible 

BACTH plasmids encoding fusions of TssA with TssA, TssACTD or TssANTD, and TssACTD with 

TssACTD to the T18 and T25 components of CyaA were introduced into E. coli strain BTH101. 

Transformants were scored for their maltose phenotype on MacConkey-maltose agar after 72 

and 120 h incubation at 30
o
C. Combinations that gave rise to a maltose-positive phenotype are 

shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A. 

Combination of TssA and TssA fusion proteins that gave rise to a maltose-positive phenotype. 

B. Combination of TssA and TssACTD fusion proteins that yielded a maltose-positive phenotype. 

C. Combination of TssACTD and TssACTD fusion proteins that yielded a maltose-positive 

phenotype. D. Combination of TssA and TssANTD fusion proteins that yielded a maltose-positive 

phenotype. 
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3.5.2. Interaction of TssA and its domains with TssD  

Two out of eight combinations of TssA and TssD fusion proteins yielded a maltose-

positive phenotype. In both cases, the C-terminal ends of TssA and TssD were free 

(Figure 3.17A). These results are in accordance with previously reported observations 

(S.Shastri, 2011). Testing combinations of TssD with TssA domains revealed a maltose-

positive phenotype for one combination, TssACTD-T25 with T18-TssD (Figure 3.17B). 

 

3.5.3. Interaction of TssA and its domains with TssE 

Co-transformation of E. coli BTH101 with all possible pairwise plasmid combinations 

encoding full-length TssA and TssE fusion proteins was carried out. Only one 

combination of fusion proteins, TssE-T25 with T18-TssA, gave rise to colonies with a 

patchy maltose-positive phenotype (Figure 3.17C) in agreement with (S.Shastri, 2011). 

However, in contrast to previous observations, no combinations of TssACTD or TssANTD 

with TssE gave rise to a Mal
+
 phenotype. Previously, it was observed that both pairwise 

combinations of TssACTD and TssE, where both proteins were located at the N-terminus 

of their respective fusion proteins, were positive in the two-hybrid assay (S.Shastri, 

2011).  

 

3.5.4. Interaction of TssA and its domains with TssF  

Co-transformation of E. coli BTH101 with all possible pairwise plasmid combinations 

encoding TssA or its domains and TssF fusion proteins was carried out. Four 

combinations of full-length fusion proteins gave rise to a maltose-positive phenotype 

with pink/red patched colonies (Figure 3.17D) in agreement with (S.Shastri, 2011). Also, 

two combinations of TssACTD with TssF gave rise to a maltose-positive phenotype 

(Figure 3.17E). 
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