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Abstract 

The gram-negative, opportunistic pathogen Pseudomonas aeruginosa encodes many weapons for 

virulence and interbacterial warfare, including the type VI secretion system (T6SS), a contractile 

nanomachine delivering effector proteins and antibacterial toxins either into the extracellular 

environment or directly into neighbouring cells. The T6SS component TssA is variable in size, domain 

organisation, symmetry and structure. Some TssA proteins are proposed to coordinate the assembly 

of the T6SS contractile sheath, but the exact role of TssA proteins remains unclear, and understanding 

is complicated by this relatively low level of conservation of TssA proteins. This project aimed to 

characterise the three TssA proteins of P. aeruginosa to assess their contribution to, and positioning 

within, their respective T6SSs and determine whether these were influenced by TssA variation. To 

achieve this, functional assays were optimised to monitor the activity of the three P. aeruginosa T6SSs 

and assess the requirement for TssA proteins. Interactions of both full length TssA proteins and 

individual domains with other T6SS proteins were also characterised and in silico approaches allowed 

the position of TssA proteins within the T6SS to be modelled. It was identified that each P. aeruginosa 

TssA protein was specifically required for the activity of its respective T6SS. Interactions of these TssA 

proteins with T6SS components were identified including specific interactions with the cognate 

contractile sheath, where this specificity could be altered by the exchange of domains. This work 

conclusively demonstrated specificity determinants for TssA proteins, which allowed the generation 

of functional chimeric TssA proteins, even with components from different TssA sub-groups. From this 

work a new docking has been proposed for TssA proteins with the contractile sheath and a model has 

been developed for how sheath assembly is coordinated by TssA proteins from this position.  
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1. Introduction 

 

1.1 Pseudomonas aeruginosa  

The gram-negative, rod-shaped gamma-proteobacterium Pseudomonas aeruginosa is an 

opportunistic pathogen, ubiquitous in a wide range of ecological niches, such as aquatic and soil 

ecosystems, and able to colonise numerous host organisms, including plants, insects and animals such 

as humans (1–4). The ability of P. aeruginosa to colonise and proliferate in such varied environments, 

including those poor in nutrients, has been attributed to its metabolic versatility (5,6). The reference 

strain PAO1, isolated from an infected wound in 1954 and sequenced in 2000, has a 6.3 Mb genome 

containing 5570 open reading frames (5,7). It is estimated that almost 10 % of these genes have 

regulatory roles, underpinning the adaptability of this organism (5,6). This adaptability has been 

demonstrated by the identification of phenotypic differences between distinct PAO1 laboratory 

strains, for example in secretion profiles, despite limited genomic alterations, suggesting that 

microevolution in isolated sublines can contribute to regulatory differences (8). Variation also exists 

between strains, a core genome has been identified with conservation between P. aeruginosa strains, 

but more variable regions, termed the accessory genome, contribute to strain-specific differences (9).  

 

1.1.1 P. aeruginosa is an opportunistic human pathogen  

Human hosts can be colonised by P. aeruginosa, but it rarely has a pathogenic effect on healthy 

individuals, while it is strongly associated with nosocomial infections and infections of 

immunocompromised individuals (10). An estimated 7 % of healthcare-associated infections are 

suggested to involve P. aeruginosa (11). As a metabolically versatile opportunistic pathogen, P. 

aeruginosa can colonise a range of niches within human hosts. P. aeruginosa is, for example, the most 

common gram-negative bacterium associated with infections of burn wounds (12). Infection with P. 

aeruginosa is also a common complication following surgery, accounting for around 5 % of surgical 

site infections (13) and correlating with an increased mortality risk (14). Medical devices can also be 

associated with P. aeruginosa infection in the form of catheter-associated urinary tract infections or 

ventilator-associated pneumonia (15,16). P. aeruginosa is estimated to be the most common cause of 

ventilator-associated pneumonia, which can have a mortality rate of up to 30 % (17,18). Cancer 

patients and organ transplant recipients whose immune systems may be compromised are also 

vulnerable to such infections (19–21). In healthy individuals, P. aeruginosa is a leading cause of 

microbial keratitis associated with contact lens use (22).  
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Infection with P. aeruginosa is also very commonly found in the lungs of patients with cystic fibrosis. 

Such infections commonly occur in the first few years of life, and while some can be cleared naturally 

others need to be targeted with robust antibiotic treatment (23,24). By adulthood, recurring infection 

commonly develops into chronic infection which cannot be cleared by antibiotic treatment. Data 

indicates that 60 % of adult cystic fibrosis patients were chronically infected with P. aeruginosa in the 

UK in 2013, with P. aeruginosa one of the predominant pathogens in this context along with 

Staphylococcus aureus (25). This chronic infection correlates with poorer clinical outcomes, such as a 

decline in lung function, higher incidence of pulmonary exacerbations and increased mortality (26–

30).  

The high prevalence of bacterial infections in the lungs of cystic fibrosis patients is proposed to be 

linked to impaired mucociliary clearance. Cystic fibrosis is caused by mutations to the cystic fibrosis 

transmembrane conductance receptor (CFTR), a chloride ion channel regulating ion and water 

transport in epithelial cells (31). Loss of or mutation to CFTR which cause cystic fibrosis, leads to 

impaired ion transport and fluid homeostasis, particularly affecting lung epithelial cells, causing an 

increased viscosity of mucus which has been proposed to contribute to the impaired mucociliary 

clearance, promoting bacterial colonisation and tissue damage caused by subsequent inflammation 

(32,33). It is not known specifically what causes P. aeruginosa to predominate in this niche, although 

it has been suggested that direct interbacterial competition to eliminate competitors through the 

delivery of anti-bacterial proteins may play a role (34). 

P. aeruginosa isolates from the lungs of chronically infected cystic fibrosis patients display convergent 

expression profiles and phenotypes through the accumulation of pathoadaptive mutations that are 

selected for in the cystic fibrosis lung environment (35). A classic example of a pathoadaptive mutation 

is the development of a mucoid phenotype, linked to mutations in the anti-sigma factor mucA and 

genes involved in production of alginate a key biofilm component, which provides protection against 

host immune responses (see section 1.2.2) (36,37). Mutations are also accumulated to decrease 

motility and virulence, which further reduce detection by host immune pathways (38,39). Increased 

antibiotic resistance is also a common feature of these isolates, through mechanisms that will be 

described in section 1.1.3. Metabolic adaptation to this environment involves a switch to iron uptake 

from host haem, via upregulation of the Phu system, while the siderophore pyoverdine is 

downregulated (see section 1.2.5) (40). The overall effect of these mutations produces strains that 

have low virulence and motility and are difficult to eradicate. 

The presence of other organisms within the cystic fibrosis lung can influence clinical outcomes. It has 

been suggested that early infection with S. aureus may give some protection against subsequent P. 
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aeruginosa infection (41). Antagonistic behaviour is commonly demonstrated between P. aeruginosa 

and S. aureus under laboratory conditions, however in the environment of the cystic fibrosis lung these 

bacteria have been demonstrated to co-exist, which has been linked to adaptive mutations and 

environmental conditions (69). P. aeruginosa can use the protease LasA to lyse S. aureus for iron 

uptake (70), however a pathoadaptive mutation to the cystic fibrosis lung decreases LasA production 

reducing this antagonism (71,72). Environmental factors, such as oxygen limitation, associated with 

the cystic fibrosis lung have also been identified to reduce the production of virulence factors linked 

to competition with S. aureus (73). Coinfection with some organisms can have detrimental effects: it 

has been demonstrated that cystic fibrosis patients coinfected with P. aeruginosa and Burkholderia 

cepacia have an accelerated decline in lung function (42). Interbacterial interactions therefore provide 

an additional level of complexity to bacterial infection.  

P. aeruginosa pathogenicity is mediated by a large arsenal of virulence factors which will be discussed 

in section 1.2.  

 

1.1.2 P. aeruginosa lifestyles  

P. aeruginosa is associated with different infection types, termed acute and chronic (Figure 1.1), which 

have quite different clinical profiles. Acute infections are generally more aggressive infections that are 

acquired by immunocompromised patients, as described above. These infections are classically 

associated with motile, planktonic bacteria, which attach to the epithelial mucosa using flagella and 

pili (43–45). Bacteria can then secrete a range of virulence factors either into the extracellular milieu 

or directly into host cells, causing cell damage, allowing proliferation of the bacterial population and 

modulating host inflammatory immune responses (46). In contrast, chronic infections are associated 

with sessile bacteria found in biofilm structures, such as in the lungs of cystic fibrosis patients, which 

are less virulent, motile and immunogenic.  

The regulation of these lifestyles is partly linked to the Gac-Rsm pathway, which will be discussed in 

more detail in section 1.3.5.1. In brief, the pathway regulates the expression of the small non-coding 

RNAs RsmY and RsmZ, that sequester post-transcriptional regulators of the Rsm family. Rsm proteins 

positively regulate factors associated with acute infection, such as expression of the type III secretion 

system and type IV pili, and negatively regulate factors associated with chronic infection, such as 

production of biofilm-associated Pel and Psl polysaccharides and the type VI secretion system (Figure 
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1.1) (47–49). This pathway is therefore a key regulator of this lifestyle switch, influencing the outcome 

of infection (50).  

More recently it has become apparent that there is a progressive transition between motile and sessile 

lifestyles, rather than a binary switch. There are several stages of biofilm formation, with specific gene 

expression profiles associated with these stages (51–54). Further complexity arises in observations of 

overlap between factors associated with these different lifestyles, for example factors associated with 

chronic infection were found to be upregulated in an acute mouse respiratory infection (55). Similarly, 

biofilm formation was key in an acute mouse burn model (56).  

 

Figure 1.1 Schematic of the lifestyle switch model in P. aeruginosa. Low levels of RsmY and RsmZ 

are associated with a motile, planktonic P. aeruginosa lifestyle and acute infection (blue). High 

levels of RsmY and RsmZ are associated with a sessile P. aeruginosa lifestyle in biofilm and chronic 

infection (red). The type III and type VI secretion systems (T3SS and T6SS) are antagonistically 

regulated. Figure reproduced from Valentini et al. (2018) with permission from Elsevier. 
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1.1.3 P. aeruginosa antibiotic resistance  

P. aeruginosa is a highly prevalent nosocomial pathogen, but treatment of these infections is 

complicated by high rates of antibiotic resistance. Indeed, the WHO has designated P. aeruginosa into 

a ‘critical’ priority group of pathogens, for whom research targeted at the development of novel 

antibiotic treatments is urgently needed (57). Additionally, P. aeruginosa is one of the ESKAPE 

pathogens (Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. 

aeruginosa, and Enterobacter spp.) identified as relevant in healthcare settings and more complex to 

treat due to multidrug resistance and virulence (58). 

Eight categories of antibiotics can be used to treat infections with P. aeruginosa, including those 

targeting peptidoglycan synthesis: carbapenems (i.e. imipenem and meropenem), cephalosporins (i.e. 

ceftazidime and cefepime), penicillins with β-lactamase inhibitors (i.e. ticarcillin-clavulanic acid and 

piperacillin-tazobactam), monobactams (i.e. aztreonam) and phosphonic acids (i.e. fosfomycin), as 

well as aminoglycosides which target protein synthesis (i.e. gentamicin and tobramycin), 

fluoroquinolones which target DNA synthesis (i.e. ciprofloxacin) and polymyxins which target the cell 

membrane (i.e. colistin and polymyxin B) (59). Antibiotic resistant strains of P. aeruginosa can be 

designated as either multidrug resistant, extensively drug resistant or pandrug resistant (60,61). A 

strain which is not susceptible to ≥ 1 agent in ≥ 3 of these antimicrobial categories is classed as 

multidrug resistant. A strain not susceptible to ≥ 1 agent in all but ≤ 2 antimicrobial categories is 

classed as extensively drug resistant. While a strain which is not susceptible to all antimicrobial agents 

is classed as pandrug resistant. In 2016 it was reported that 34 % of P. aeruginosa strains screened in 

Europe demonstrated resistance to at least one of the antimicrobial categories tested (62). 

Resistance of bacteria to antibiotics can arise through a range of intrinsic, acquired and adaptive 

mechanisms. An intrinsic feature which contributes to P. aeruginosa antibiotic resistance is the low 

outer membrane permeability, which is up to 100-fold lower than that of Escherichia coli (63). This 

low intrinsic outer membrane permeability can be further decreased by modulation of porins. 

Structural changes or reduced expression of the porin OprD can reduce the internalisation of 

carbapenems (64). Alternatively, OprH overexpression enhances membrane stability and is thus 

associated with increased resistance to polymyxin B and gentamicin (65,66). 

Antibiotics which do enter the bacterium may then be expelled from the cell due to the activity of 

efflux pumps. Four major multidrug efflux systems of the RND family have been described to 

contribute to P. aeruginosa antibiotic resistance: MexAB-OprM, MexCD-OprJ, MexEF-OprN and 

MexXY-OprM (67). In each of these efflux systems, one Mex protein is an efflux pump protein 

anchored within the inner membrane, with the other Mex protein spanning the periplasm to the outer 
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membrane pore formed by the Opr protein (68). While MexAB-OprM and MexXY-OprM contribute to 

intrinsic antibiotic resistance, mutations driving overexpression of MexCD-OprJ and MexXY-OprM 

contribute to acquired antibiotic resistance (68). Expression of these efflux pumps can be induced by 

exposure to antimicrobial agents (69).  

Specific antibiotic resistance genes can modify internalised antibiotics to inactivate them. The core P. 

aeruginosa genome encodes a gene for the cephalosporinase AmpC, which although typically 

expressed at a low level, can be overproduced due to either induction or point mutation (70). The 

presence of other β-lactamases in the core genome has also been described in P. aeruginosa, including 

an imipenemase and an oxacillinase (71,72). Various horizontally acquired β-lactamases and other 

antibiotic resistance genes such as aminoglycoside-modifying enzymes are also common (73–75). 

To evade the action of internalised antibiotics, P. aeruginosa can also modify the associated antibiotic 

targets. Resistance to aminoglycosides can be achieved through the acquisition of enzymes which 

methylate the 16S rRNA antibiotic target (76). Resistance to β-lactam and fluoroquinolone antibiotics 

can involve the modification of the respective penicillin binding protein (77) or DNA gyrase (78) 

targets. Modifications to alter the charge of the lipid A moiety of membrane lipopolysaccharide can 

also reduce the binding of polymyxins (79). 

A further strategy used by P. aeruginosa to evade the activity of antibiotics is the formation of biofilm 

structures, where communities of bacteria encased in a polysaccharide matrix are more resistant to 

killing by antibiotic treatment (see section 1.2.2). This increased resistance has been linked to a 

reduced diffusion of antibiotics within the biofilm matrix (80) and the reduced metabolic rate of 

bacteria within the biofilm (81). The rate of horizontal gene transfer is often higher in biofilm 

communities than planktonic cells, which may facilitate transfer of mobile genetic elements 

associated with antibiotic resistance (82). Furthermore, the rate of mutation has been found to be 

higher in biofilm-associated P. aeruginosa, which may also promote the emergence of antibiotic 

resistance (83). 

Infections caused by antibiotic resistant P. aeruginosa strains are associated with worse clinical 

outcomes, including increased mortality (84,85). There is also an elevated financial cost associated 

with the treatment of infections caused by antibiotic resistant bacteria (86). 
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1.2 P. aeruginosa virulence factors  

P. aeruginosa produces a large range of virulence factors which contribute to colonisation of the host 

and establishment of infection. These virulence factors can be cell-associated or secreted into the 

extracellular environment and may contribute to bacterial adhesion, invasion, nutrient acquisition or 

evasion and modulation of host immune responses.  

 

1.2.1 Lipopolysaccharide  

The cell envelope of gram-negative bacteria is comprised of an inner membrane encased by a thin 

layer of peptidoglycan which is then surrounded by an asymmetric outer membrane comprised of an 

inner leaflet of phospholipids and an outer leaflet of glycolipids, primarily lipopolysaccharide (LPS) 

(87). This extracellularly exposed LPS is formed of three structural domains: the lipid A, the core region 

and the O-antigen. The lipid A moiety is an acylated glucosamine disaccharide that forms the outer 

leaflet of the outer membrane via the six or seven acyl chains (88). The core region consists of an 

oligosaccharide linked to the lipid A, while the O-antigen is the outermost region of the molecule and 

consists of an extended polysaccharide chain with variable composition (88). LPS molecules present 

in the outer membrane can either contain an O-antigen, termed capped, or lack an O-antigen, termed 

uncapped (89). There are two types of O-antigen associated with P. aeruginosa: the common 

polysaccharide antigen (CPA) and the O-specific antigen (OSA) (89).  

As the moiety present at the external surface of the bacterium, LPS provides not only a physical 

barrier, important for structural integrity and influencing membrane permeability, but can also 

interact with host receptors (90). The detection of LPS by a host organism can trigger immune 

responses, for example the lipid A acyl chains activate the toll-like receptor 4 (TLR4) activating 

downstream pro-inflammatory pathways including the production of cytokines (91). Pulmonary 

inflammation triggered by LPS is also linked to the activation of tumour necrosis factor-α (TNF-α), 

Interleukin-1, Interleukin-6 and Interferon-γ (92). This pulmonary inflammation correlates with an 

increase in airway epithelial barrier permeability (93). 

LPS also has a role to play in biofilm formation and surface attachment of bacteria, with mutants in 

LPS biosynthesis genes defective in attachment to airway epithelial cells and with reduced biofilm 

formation (94). Specific profiles of CPA and OSA O-antigens have been associated with certain stages 

of biofilm development, while O-antigens also influence the characteristics of outer membrane 

vesicles (OMVs) (95). CPA O-antigen is linked with chronic infection, promoting immune evasion and 

biofilm development (95,96). In these chronic infections P. aeruginosa LPS has been demonstrated to 
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induce production of reactive oxygen species (ROSs), driving an increased production of mucin 

characteristic of these chronic infections and associated with poor clinical outcomes (97,98).  

 As previously stated, LPS is a target for polymyxin antibiotics, and modifications to LPS can increase 

resistance to treatment with these agents (79). 

 

1.2.2 Biofilm formation  

P. aeruginosa chronic infections are associated with biofilm formation (see section 1.1.2). In biofilms, 

communities of bacteria are encased in a matrix formed primarily from three exopolysaccharides: 

alginate and the two aggregative polysaccharides Pel and Psl, in addition to extracellular DNA, lipids 

and proteins (99). This matrix provides structural support for biofilm assembly and attachment to 

surfaces, as well as protecting bacteria from damaging agents including antibiotics as previously 

described (see section 1.1.3) but also host immune defences and disinfectants.  

Biofilm development takes place in stages, beginning with an initial reversible attachment to a surface 

(100). This attachment then becomes irreversible, with growth into more structured microcolonies, 

which eventually mature into the classical mushroom-shaped biofilm structures (101). Mature biofilm 

structures contain networks of channels involved in distribution of nutrients and disposal of waste 

products (99). Dispersal of bacteria from the mature biofilm releases planktonic cells which can adhere 

to different surfaces to seed new biofilm or contribute to acute virulence. Degradation of extracellular 

DNA in the matrix is a requirement for this dispersal step (102). Glycoside hydrolases encoded within 

pel and psl synthesis operons have also been described to hydrolyse their respective polysaccharides 

and contribute to biofilm dispersal (103). 

A key regulator of chronic infection lifestyles, as previously outlined is the Gac-Rsm pathway (see 

section 1.1.2), however other regulatory pathways also play a role. Biofilm formation requires 

collective behaviour from a population, quorum sensing pathways therefore have a role to play in 

coordinating responses, such as the production of rhamnolipids and polysaccharides (104,105). 

Quorum sensing pathways also upregulate the production of lectins, whose polysaccharide binding is 

important for stabilising the exopolysaccharide containing matrix (106,107). Quorum sensing 

networks also influence motility and the secretion of extracellular enzymes which influence matrix 

composition (108). The formation of biofilm is also correlated with the level of the secondary 

messenger c-di-GMP, where elevated c-di-GMP levels drive the production of exopolysaccharides and 

adhesins (109).  
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1.2.3 Motility 

P. aeruginosa can navigate its environment using different mechanisms of motility, such as swimming, 

swarming, twitching, sliding and surfing. These allow P. aeruginosa to approach surfaces and 

contribute to attachment and colonisation. 

 

1.2.3.1 Flagella  

P. aeruginosa rotates a single, polar flagellum for motility by swimming in liquid environments or 

swarming and surfing over solid surfaces (110,111). The flagellar structure can be split into three 

substructures: the basal body, the hook and the helical filament (Figure 1.2) (112). The basal body is 

comprised of four major ring structures that span the cell envelope, the cytoplasmic (C)-ring, the 

membrane-supramembrane (MS)-ring, the peptidoglycan (P)-ring and the LPS (L)-ring (113). The C-

ring is the rotor unit of the flagellum, and is coupled to ion-conducting stator units of MotAB that are 

also embedded in the cytoplasmic membrane surrounding the C-ring (114–117). These stator units 

provide energy for flagellar rotation through the passage of protons through the peptidoglycan-

anchored MotB, causing a conformational change in MotA that interacts with FliG of the C-ring, 

generating torque (118,119). 

An export apparatus is connected to the basal body MS- and C-rings and is used to transport flagellar 

components across the cytoplasmic membrane for assembly, via a similar mechanism to that used by 

the type III secretion system (see section 1.2.6.3). A central channel formed in this export apparatus 

by FliOPQR aligns with the MS-ring channel (120). The associated FlhA powers secretion by generating 

proton-motive force and interacting with the cytoplasmic ATPase complex (121). FlhA and FlhB 

provide a platform to dock substrates and regulate export specificity (122,123). The cytoplasmic 

ATPase complex is formed from the ATPase FliI which is associated with substrate unfolding and 

export, its negative regulator FliH, and FliJ which mediates interaction with FlhA (124,125). Flagellar 

components, such as those comprising the rod, hook and filament, are sequentially transported 

through this export apparatus in an unfolded or partially unfolded state, before being incorporated 

into the growing flagellum structure (123). 

Attached to this export apparatus and connecting the MS-ring, the P-ring and the L-ring is the hollow 

rod, which can be split into the proximal rod, linked to the MS-ring, and the distal rod that links to the 

hook (126). The hook is a curved tube formed from 11 FlgE protofilaments that extends from the rod 

out of the cell and connects to the filament (127). The filament is formed from polymerisation of up 

to 20,000 flagellin (FliC) subunits at a constant rate to a length of approximately 15 μm (128). This 
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filament is generally comprised of 11 flagellin protofilaments, where new protofilaments are 

transported through the filament to be incorporated at the distal end (129). Transport of subunits to 

the tip of the flagellum involves individual subunits being linked to form a chain, where the 

incorporation of the distal subunit into the tip of the flagellum provides the energy to pull the attached 

chain further through the channel (130). This distal end is capped with the FliD complex, which forms 

a cap plate structure from which leg domains extend below to contact the flagellar filament 

(129,131,132). FliD is associated with the folding and polymerisation of newly secreted FliC subunits 

at the flagellar tip, rotating as new subunits are incorporated (131).  

Rotation of this filament, transmitted through the hook, propels the bacterium forward. Through 

switching the direction of flagellar rotation while swimming, bacteria tumble and are then 

Figure 1.2 Schematic of the bacterial flagellum structure. The flagellar basal body contains four 

rings, the C-ring, the MS-ring the P-ring and the L-ring. The C-ring motor is surrounded by stator 

units of MotAB and is connected to the export apparatus of FliOPQR, FlhA and FlhB and the 

cytoplasmic ATPase. The rings of the basal body are connected by a hollow rod, which links to a 

curved hook structure, formed of FlgE. The hook is extended by the helical filament of FliC which 

is capped at its distal end by FliD. Figure reproduced from Chevance et al. (2008) with permission 

from Springer Nature. 
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reorientated allowing navigation in specific directions, particularly in response to chemical signals by 

chemotaxis (117,133). 

P. aeruginosa can use chemoreceptors to detect wound-associated amino acids and use chemotaxis 

and flagella-driven swimming to navigate to airway epithelial cells (134). Flagellin has also been 

identified to bind to asialo-GM1, an important glycolipid receptor for P. aeruginosa adherence to 

airway epithelial cells that is more abundant in cystic fibrosis patients (135–137), and heparan 

sulphate proteoglycans at the basolateral surface of airway epithelial cells (45). Flagella are therefore 

crucial to P. aeruginosa localisation to and binding to host cells. 

Flagella are important for pathogenesis in acute P. aeruginosa infection. In a mouse pneumonia 

model, there was reduced mortality caused by bacteria lacking flagella, and inflammation was highly 

localised, rather than spreading through the lung (135). In contrast, in chronic infections flagella can 

be mechanically inhibited from rotating through FliD-mediated adhesion to host mucin (138). 

Additionally, mutation to the anti-sigma factor mucA associated with chronic infections drives 

repression of fleQ, the flagellar master regulator, reducing expression of flagellar synthesis genes 

(139). Reduction in motility is required for the establishment of biofilm, while loss of flagella also acts 

to prevent immune stimulation (140,141). The host immune system recognises flagellin through toll-

like receptor-5 (TLR5), activating NF-ΚB and stimulating TNF-α production to promote pro-

inflammatory responses (142).  

 

1.2.3.2 Type IV pili 

Type IV pili are filamentous appendages of polymerised pilin proteins, whose extension and retraction 

are responsible for twitching motility over surfaces (143,144). Type IV pili also contribute to swarming 

motility on solid surfaces in conjunction with flagella (145). These helical filaments are several 

micrometres long and approximately 8 nm in diameter, but able to withstand pulling forces exceeding 

100 pN (146,147). The major pilin (PilA) forms most of the filament, which is capped with minor pilins 

at the distal tip (FimU-PilVWXY1) (148,149). A subset of core minor pilins contribute to pili formation 

and tip stabilisation, while non-core minor pilins contribute to aggregation, adhesion and DNA binding 

(150). 

Twitching motility requires the activity of two ATPases, an assembly ATPase and a retraction ATPase, 

which associate with the platform protein from which the pilus is assembled (151). Extension of the 

pilus involves major pilin polymerisation, powered by the assembly ATPase, and is followed by 
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adhesion of the pilus tip to a surface (146,152). The pilus is then retracted, via depolymerisation of 

the major pilin powered by the retraction ATPase.  

In addition to motility, type IV pili contribute to attachment and pathogenesis. Type IV pili are required 

for full virulence in Drosophila infection models (153). The minor pilin protein, PilY1, is required for 

attachment to basolateral airway epithelial cell surfaces (154). PilY1 contains a mechano-sensor 

domain, hence this attachment provides a mechanical signal which has been linked to induction of 

virulence pathways upon attachment to epithelial cells (53,155). The type IV pilus is also able to bind 

DNA and has thus been suggested to contribute to DNA uptake by natural transformation and biofilm 

formation by binding extracellular DNA (156). Surface adhesion by type IV pili is enhanced in the 

presence of the exopolysaccharide Pel, further indicating a role for type IV pili in biofilm formation 

(157). This enhanced interaction has also been suggested to contribute to a phenomenon, where 

secretion of polymeric substances from motile bacteria forms trails, which guide the movement of 

sister cells and can promote microcolony formation (158). 

As with other P. aeruginosa virulence factors, type IV pili are recognised by the host immune system, 

with the major pilin subunit activating the inflammasome (159). 

 

1.2.3.3 Rhamnolipids  

Rhamnolipids are glycolipids with a rhamnose mono- or disaccharide moiety as the head group 

connected to a fatty acid tail (160). Rhamnolipids are biosurfactants due to their amphiphilic nature, 

lowering surface tension at the interface between liquids and other phases. Various types of P. 

aeruginosa motility are therefore facilitated by rhamnolipids, such as sliding motility, in the absence 

of flagella and type IV pili, and swarming motility (145,161,162). Biofilm formation is also associated 

with rhamnolipids, which contribute to initial attachment (163) and architecture, where they are 

involved in maintaining channel structure within the mature biofilm (164).  

Rhamnolipids also contribute to pathogenesis, where they have been identified to disrupt airway 

epithelial junctions (165). The presence of rhamnolipids can also modulate host immune responses, 

by subverting immune signalling pathways (166) and inducing necrosis of polymorphonuclear 

leukocytes, which is elevated in the cystic fibrosis lung environment (167,168). P. aeruginosa 

rhamnolipids also have a role to play in interbacterial competition, delivering rhamnolipid micelles 

containing anti-bacterial toxins into competitors such as S. aureus (169). 
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1.2.4 Iron acquisition systems  

Iron uptake is required for bacterial growth and virulence, with this resource being limited in host 

environments as a defence mechanism against pathogens (170). 

P. aeruginosa secretes the siderophores pyoverdine and pyochelin into the extracellular environment 

to facilitate iron uptake. Pyoverdine has a peptide chain and a dihydroxyquinoline chromophore 

responsible for binding iron, where the three P. aeruginosa pyoverdine classes differ in their peptide 

chain composition (171,172). These pyoverdines can bind free iron in the extracellular environment 

in addition to scavenging iron from host proteins (173). Iron-bound complexes are then transported 

across the outer membrane by TonB-dependent transporters (174,175). Production of pyoverdines is 

required both for full virulence in acute mouse infection models (176), and for the formation of 

biofilms associated with chronic infections (177). In addition to its role in iron acquisition, pyoverdine 

is also a signalling molecule which drives the production of two key virulence factors exotoxin A and 

the protease PrpL (178).  

The siderophore pyochelin has a lower affinity for iron when compared to pyoverdine (179). Pyochelin 

also contributes to virulence, as iron bound to pyochelin can promote the production of ROS, which 

cause tissue damage (180). 

In addition to the secretion and uptake of chromosomally-encoded siderophores, P. aeruginosa can 

also hijack siderophores produced by other organisms such as E. coli enterobactin (181). Iron from 

host haem and haemoglobin is also targeted by P. aeruginosa HasAp (see section 1.2.6.1) and Phu 

systems (182). 

 

1.2.5 Pyocyanin 

Pyocyanin is a tricyclic zwitterionic phenazine responsible for the blue-green colour of P. aeruginosa. 

Pyocyanin production is associated with disease severity and a decline in lung function (183,184). 

Pyocyanin is pro-inflammatory, stimulating the production of cytokines and attraction of neutrophils 

(185). Additionally, pyocyanin is redox active and contributes to the generation of ROS, causing tissue 

damage (186,187). Pyocyanin production has additionally been linked to cell lysis and the release of 

extracellular DNA, which contributes to biofilm formation (188).  
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1.2.6 Secretion systems 

The export of proteins produced by gram-negative bacteria across their cell envelope is achieved 

through macromolecular complexes termed protein secretion systems. These complexes use various 

mechanisms to span the cell envelope and deliver proteins either into the extracellular environment 

or directly into neighbouring cells. These pathways can secrete proteins across the cell envelope in a 

single step, or via a two-step process with transport across each membrane achieved by separate 

components. 

 

1.2.6.1 Type I secretion system 

The type I secretion system (T1SS) is comprised of an ATP-binding cassette (ABC) transporter in the 

inner membrane which is linked via the membrane fusion protein to a channel formed by the outer 

membrane protein TolC (Figure 1.3) (189–191). There is structural similarity between the T1SS and 

the RND family of efflux pumps (see section 1.1.3) (192). The ABC transporter couples protein 

transport across the inner membrane to ATP hydrolysis, and forms a complex in the inner membrane 

with the membrane fusion protein that has a large periplasmic domain (193,194). The TolC protein 

forms a β-barrel structure in the outer membrane with a periplasmic extension formed by α-helices 

that gate this channel, rearrangement of these helices via a twisting motion opens to channel to allow 

protein secretion (195,196). Substrate binding to the inner membrane components triggers 

recruitment of TolC to form the transmembrane channel for transport of unfolded substrates into the 

extracellular medium (191,197).  

The P. aeruginosa T1SS is responsible for the secretion of the alkaline protease AprA (198), the 

haemophore HasAp (199), the host immunomodulator TesG (200) and AprX of unknown function 

(201). AprA can impair the host immune response by cleavage of components of the immune response 

Figure 1.3 Schematic of the type I 

secretion system structure. A channel is 

formed between the inner membrane 

associated ABC transporter and 

membrane fusion protein with the outer 

membrane protein, through which 

proteins are secreted. Figure created 

with Biorender.com. 
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such as complement proteins and cytokines (198,202,203), in addition to degrading extracellular 

flagellin to prevent its recognition by TLR5 (204). AprA can also block the phagocytosis and subsequent 

killing of P. aeruginosa by neutrophils (203). The production of AprA has been identified in P. 

aeruginosa isolates associated with cystic fibrosis patients (205). It is suggested that the proteolytic 

activation of a sodium channel in airway epithelial cells by AprA contributes to an increased viscosity 

of mucus and impaired mucociliary clearance (206).  

TesG similarly has roles in suppressing host inflammatory responses by targeting host Rho GTPases, 

suppressing neutrophil influx and secretion of pro-inflammatory cytokines, thereby contributing to 

the establishment of chronic infections (200). Secreted HasAp can bind host haem, which it then 

delivers to the HasR receptor located at the cell surface to facilitate iron uptake (199).  

 

1.2.6.2 Type II secretion system  

The type II secretion system (T2SS) is comprised of 12-15 proteins which form a platform associated 

with the inner membrane, a cytoplasmic ATPase, a periplasmic fibrillar structure called the 

pseudopilus and a secretin channel in the outer membrane (Figure 1.4) (207–209). Multiple 

components of this assembly have structural similarities to type IV pili, although this pseudopilus is 

confined to the periplasm rather than extending out into the extracellular environment (210). The 

cytoplasmic ATPase powers assembly of the pseudopilus and effector secretion via ATP hydrolysis 

(211). The pseudopilin is comprised of a major pilin and capped at the tip with minor pilins (212,213). 

The outer membrane channel is formed from the dodecameric assembly of the secretin protein which 

contains a closed periplasmic gate (214,215).  

Figure 1.4 Schematic of the type II 

secretion system structure. Effectors are 

transported into the periplasm through Sec 

or Tat export pathways, before being 

recruited into the T2SS channel. Effectors 

are pushed out of the cell through the 

secretin by the ATPase-powered 

polymerisation of the pseudopilus. Figure 

created with Biorender.com. 
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T2SS-associated effectors are targeted for transport across the inner membrane and into the 

periplasm by N-terminal signal sequences for either the Tat export pathway if they have been folded 

in the cytoplasm, or via the Sec export pathway if they are unfolded (216,217). From the periplasm 

effectors are then inserted into the secretin channel through interaction with components of the inner 

membrane platform and the outer membrane secretin (218), before ATPase-powered pseudopilus 

polymerisation pushes the proteins through the secretin and out of the cell in a piston-like mechanism 

(219). 

P. aeruginosa has been identified to encode three T2SS machineries: a Xcp system (220), a Hxc system 

(221) and a Txc system, which is found exclusively in the PA7 strain (222). These T2SSs transport a 

wide variety of protein effectors into the extracellular environment, including elastases (i.e. LasA and 

LasB) (223), lipases (i.e. LipA and LipC) (224,225), phospholipases (i.e. PlcB, PlcH and PlcN) (216,226), 

alkaline phosphatases (i.e. PhoA and LapA) (221,227), the aminopeptidase PaAP (223) and the 

lipoxygenase LoxA (228). These secreted effectors have broad impacts on pathogenicity and host 

immune responses. The elastase LasB, for example, can disrupt airway epithelial junctions, degrade 

components used in the host immune response and degrade exogenous flagellin to prevent its 

recognition by TLR5 (229–232). 

A very potent P. aeruginosa virulence factor secreted in a T2SS-dependent manner is the ADP-ribosyl 

transferase, exotoxin A, one of the virulence factors previously described to be upregulated by 

pyoverdine signalling (see section 1.2.5) (178,233). Secreted exotoxin A can bind to CD91 on the host 

cell surface and be internalised through either clathrin-coated pits or caveolin-mediated 

internalisation (234). In endosomes, exotoxin A is cleaved to an active form before being transported 

to the cytosol (235,236). One target for ADP-ribosylation by exotoxin A is eukaryotic elongation factor-

2, causing impaired host protein synthesis (237). Exotoxin A is also proposed to cause cell cycle arrest 

and induce apoptosis (238,239). While it can also modulate host inflammatory responses, by 

decreasing cytokine production and secretion (92,240,241).  

 

1.2.6.3 Type III secretion system 

The type III secretion system (T3SS) is described as an injectisome, which delivers effector proteins 

directly into the cytosol of eukaryotic cells (242,243). Genes encoding P. aeruginosa T3SS structural 

and regulatory components are organised in operons, while genes associated with effector proteins 

are present at distinct chromosomal loci (244–246). The structural components are assembled into a 

cytoplasmic ATPase and sorting platform, a basal body that spans the cell envelope, a hollow needle 
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that extends into the extracellular environment and translocator proteins that form a pore in 

eukaryotic cell membranes (Figure 1.5) (247,248). There are structural similarities between the T3SS 

and the flagellum (see section 1.2.3.1), with homologous proteins forming the export apparatuses 

associated with each of these systems (249,250), and sorting platforms coordinating the hierarchical 

secretion of substrates (251). 

The T3SS needle is formed from the secretion and polymerisation of a single needle protein (PscF) 

which in P. aeruginosa extends to 60-80 nm (247). Three P. aeruginosa proteins, PopB, PopD and PcrV, 

are then transported through the needle, with PopB and PopD inserting into the eukaryotic cell 

membrane to form the translocon pore (252–254). PcrV is proposed to form a scaffold at the tip of 

the needle whose interaction with PopB is required for formation of the translocon pore, with 

antibodies against PcrV inhibiting effector delivery (255,256). 

Following the translocation and assembly of the translocon pore, unfolded effectors are delivered to 

the cytoplasmic sorting platform by chaperones, before being transported through the needle and the 

translocon into the eukaryotic cell (257). Targeting of effectors to the T3SS involves the presence of 

N-terminal secretion signals (258). Four main effectors have been identified associated with the P. 

aeruginosa T3SS, ExoS, ExoT, ExoU and ExoY, although strains commonly encode only a subset of these 

Figure 1.5 Schematic of the type III secretion 

system structure. Effectors are delivered to the 

cytoplasmic sorting platform at the base of the 

cell envelope-spanning basal body. Effectors 

are then transported through a hollow needle 

structure, which forms a bridge to the 

eukaryotic cell cytosol and is capped with a 

translocon pore in the membrane of a 

eukaryotic cell. Figure created with 

Biorender.com. 
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effectors (259). ExoS and ExoT are very similar proteins, with N-terminal RhoGAP domains and C-

terminal ADP-ribosylation domains, which affect host cytoskeleton and functions such as migration, 

adhesion and phagocytosis (260). ExoU has phospholipase activity, triggering host cell lysis and pro-

inflammatory pathways (261–263). ExoY is an adenylate cyclase, which disrupts cAMP associated 

signalling pathways, affecting host cytoskeleton, bacterial uptake into host cells and epithelial cell 

junctions (244,264,265). 

P. aeruginosa strains generally encode either ExoS or ExoU, where ExoU-encoding strains are impaired 

in internalisation and associated with rapid cell lysis, while ExoS-encoding strains are associated with 

more efficient internalisation and slower cell death (266,267). Isolates from cystic fibrosis patients are 

more commonly associated with ExoS when compared to other isolates (259). 

Additional P. aeruginosa T3SS effectors, PemA and PemB, have been identified using a machine-

learning approach (268). These effectors have been demonstrated to be translocated by the T3SS into 

eukaryotic cells but are yet to be functionally characterised. 

The T3SS is an important P. aeruginosa virulence factor associated with acute infections, influencing 

tissue damage and mortality (269,270). The master regulator of T3SS expression is ExsA and the 

ExsADCE cascade, which is induced by signals such as low levels of extracellular calcium ions and host 

cell contact (271). As with many other P. aeruginosa virulence factors, including exotoxin A and type 

IV pili, the T3SS is regulated by the transcriptional regulator virulence factor regulator (Vfr) (272). The 

Rsm family of post-transcriptional regulators also promote expression of T3SS genes, through positive 

regulation of ExsA via an unknown mechanism (49,273). In contrast, expression of the T3SS is typically 

lost in chronic infections, such as those found in the lungs of cystic fibrosis patients (259,274). Loss of 

T3SS gene expression in this environment has been linked to mutation of the anti-sigma factor mucA, 

which drives downregulation of vfr expression through the alternate sigma factor AlgU, where the 

mucA mutation also contributes to the increased alginate production and mucoid phenotype 

associated with chronic infections (see section 1.2.2) (275,276).  

 

1.2.6.4 Type V secretion system 

Type V secretion system (T5SS) components are transported to the periplasm via the Sec export 

pathway, using an N-terminal signal sequence, followed by the insertion of the translocation domain 

into the outer membrane forming a β-barrel structure, through which the passenger domain is 

secreted (277). Five different types of T5SS have been described, type Va-Ve, where so called 

autotransporters, Va, Vc, Vd and Ve, contain both translocation domain and passenger domain within 
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a single polypeptide (Figure 1.6) while Vb T5SSs have separate polypeptides encoding translocation 

and passenger domains, known as two-partner secretion systems (278).  

P. aeruginosa encodes three of these T5SS autotransporters: EstA, EprS and AaaA (279–281). EstA is 

transported out of the pore in an unfolded state and remains tethered to the pore and displayed at 

the bacterial cell surface (282). This surface-associated passenger domain is an esterase, which is 

required to produce rhamnolipids and is consequently important for motility and biofilm formation 

(283). Additionally, binding of EstA to laminin contributes to adhesion in respiratory infections (284). 

The EprS passenger domain, which is secreted through the pore and released into the extracellular 

environment, has serine protease activity and induces pro-inflammatory host responses (280). The 

AaaA aminopeptidase passenger domain is tethered to the cell surface where it can cleave N-terminal 

arginine residues, which can then be used for growth, providing a fitness advantage in certain 

environments including chronic wound infection (281). A type Vd T5SS, PlpD, is also encoded by P. 

aeruginosa (285). The PlpD passenger domain, which is secreted through the pore and released into 

the extracellular environment, has lipase activity.  

P. aeruginosa encodes multiple type Vb two-partner secretion systems, including LepA-LepB and 

CdrA-CdrB (286,287). The passenger protein, LepA, contains an RGD motif, which may contribute to 

adhesion to the extracellular matrix, and a serine protease motif which contributes to the activation 

pro-inflammatory host responses (286). CdrA is an adhesin which is associated with the biofilm matrix, 

where it contributes to biofilm stability, through both cross linking Psl polymers and tethering Psl to 

cells (287).  

Figure 1.6 Schematic of the type V 

secretion system autotransporter 

structure. T5SS components are 

transported into the periplasm through 

the Sec export pathway, before folding 

of the translocation domain into a β-

barrel structure which is inserted into 

the outer membrane. The passenger 

domain is then transported through 

this pore and either tethered to the cell 

surface, as shown, or secreted into the 

extracellular environment. Figure 

created with Biorender.com. 
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The CdiA-CdiB sub-family of type Vb two-partner secretion systems mediates contact-dependent 

growth inhibition (CDI), through toxin delivery to a neighbouring bacterium. The CdiA passenger 

protein is displayed on the cell surface, through a conserved β-helix filament that extends through the 

CdiB β-barrel and presents a receptor binding domain the distal end of the filament, which specifically 

binds targets on the surface of neighbouring bacteria (Figure 1.7) (288–290). A tyrosine and proline 

rich region, called the YP domain, then extends back through the CdiB β-barrel to the periplasm where 

the C-terminal toxin domain is sequestered until receptor binding initiates its transport for toxin 

delivery (289). In E. coli it was demonstrated that an FHA2 domain upstream of the toxin domain 

facilitates transport of the C-terminal toxin across the outer membrane of the target cell and into the 

periplasm, where pore forming toxins can destabilise the inner membrane (291). Alternatively, many 

characterised CdiA proteins carry nuclease toxins, which are targeted to the cytoplasm by binding 

inner membrane proteins (292). CdiA proteins are modular with the conserved N-terminal region 

followed by more variable receptor binding and C-terminal toxin domains, as such different strains 

commonly encode distinct CdiA toxin domains (290,293). These anti-bacterial toxins require co-

regulated immunity proteins to prevent self-intoxication and intoxication by sister cells (294).  

To date, cdi loci have been identified in all sequenced P. aeruginosa isolates, with 80 % of genomes 

encoding two loci (295). Five classes of CdiA proteins have been proposed in P. aeruginosa based on 

variable pre-toxin motifs (296). Two such loci are present in the lab strain PAO1, where each was 

Figure 1.7 Schematic of the type Vb two-partner 

secretion system structure. T5SS components are 

transported into the periplasm through the Sec 

export pathway, before folding of CdiB into a β-

barrel structure which is inserted into the outer 

membrane. The CdiA protein is then presented on 

the cell surface through this pore, with a β-helix 

filament presenting a distal receptor binding 

domain. A YP domain extends into the periplasm 

where the C-terminal toxin domain is sequestered 

until contact is made with a target cell and the 

toxin is then delivered into the neighbouring 

bacterial cell. Figure created with Biorender.com. 
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predicted to have a nuclease domain, and identified to contribute to bacterial killing (296). The clinical 

isolate PABL017 was identified to have a CDI system which contributed to bacterial killing as well as 

host virulence in a mouse infection model, through the activity of a CdiA protein with tRNase activity 

(297). While it remains unclear how this toxin domain is transported into eukaryotic cells, transport 

into the cytoplasm of bacterial cells was identified to involve the inner membrane receptors DppB and 

DppC (298). 

 

1.2.6.5 Secretion systems with roles in interbacterial competition 

Like the CDI system, other secretion systems with roles in interbacterial competition have been 

identified, including the type VI secretion system, which will be discussed in more detail in section 1.3. 

While P. aeruginosa does not encode a type IV secretion system (T4SS), those of Xanthomonas citri 

and Stenotrophomonas maltophilia have been identified to deliver toxic effectors into prey bacterial 

cells (299,300). T4SSs can also have roles in pathogenesis in both plant and animal hosts (301,302) and 

horizontal gene transfer including conjugation (303) and transformation (304). Additionally, the type 

VII secretion system (T7SS), produced by gram-positive bacteria, secretes effectors with roles in 

virulence and interbacterial competition (305,306).  
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1.3 Type VI Secretion System 

The type VI secretion system (T6SS) is a contractile nanomachine involved in the delivery of effector 

proteins across the cell envelope of gram-negative bacteria. These effector proteins can be delivered 

directly into neighbouring cells, including both prokaryotes and eukaryotes, as well as into the 

extracellular medium. The T6SS is a key mediator of interbacterial competition through the delivery 

of toxin effectors to kill or inhibit the growth of neighbouring bacteria (307) and can also target fungi 

(308). Anti-bacterial effector genes are encoded with cognate immunity genes to prevent self-

intoxication or intoxication by sister cells. Additionally, effector delivery can be used to manipulate 

host eukaryotic cells (309) and for the uptake of extracellular common goods (310,311).  

The T6SS shares an evolutionary origin with bacteriophage contractile tails, which are similarly 

involved in the transport of cargo across bacterial membranes, though the transport of DNA into 

bacterial cells, rather than export of proteins as is the case for the T6SS (312,313). The bacteriophage 

and the T6SS share similarity in their baseplate and tail complexes, while the T6SS also contains a 

membrane complex (314).  

 

1.3.1 Distribution of the T6SS in gram-negative bacteria 

The T6SS is found in more than 25 % of all gram-negative bacterial genomes (315). Functional T6SSs 

have been demonstrated in members of Proteobacteria (316) and Bacteroidetes (317), while 

bioinformatic data indicates their more widespread presence in other phyla (317). There are four sub-

types of T6SS whose distribution varies across phyla, that are classified based on the presence of the 

13 T6SS core components, sequence homology and distribution. The archetypal T6SSi is present in a 

range of Proteobacteria including Pseudomonas and Vibrio, and is the subject of this study (34,316). 

The T6SSii is encoded the Francisella pathogenicity island and thus limited to Francisella (318,319), 

while the T6SSiii is found exclusively in Bacteroidetes (318,320). The distribution of the newly 

characterised T6SSiv is more diverse (312). Both the T6SSiii and the T6SSiv lack the membrane complex 

components present in the archetypal T6SSi, although the T6SSiv of Amoebophilus asiaticus is observed 

to be connected to the inner membrane via a distinct anchoring platform and a similar functional 

substitution is suggested for the T6SSiii (312,317). The T6SS component TssA, which is the primary 

focus of this work, is found in T6SSi, but absent in T6SSiii and some T6SSii (317,318). 

Bacteria encoding T6SSs are associated with a range of ecosystems, both environmental and host 

associated. Active T6SSs, contributing to interbacterial competition in environmental populations 

through the killing of neighbouring bacteria, have been identified in several aquatic Vibrio species, as 
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well as the soil bacterium Pseudomonas putida (321–324). Host-associated T6SS-encoding bacteria 

include commensal strains, such as the plant commensal bacterium Pseudomonas protegens (325) or 

the squid symbiont Vibrio fischeri (326,327). T6SSs are also encoded in host-associated pathogenic 

bacteria, including each of the gram-negative ESKAPE pathogens, K. pneumoniae (328), A. baumanii 

(329), P. aeruginosa (307) and Enterobacter cloacae (330), which are leading causes of nosocomial 

infections.  

Many T6SS gene clusters are chromosomally encoded within genomic islands, as described for the 

Francisella and Salmonella pathogenicity islands (319,331,332). These T6SS gene clusters are 

suggested to have been horizontally acquired, which is supported by observations of variable GC 

content between T6SS genes and the genome as a whole (333,334). Horizontal gene transfer is also 

involved in the transfer of plasmid-encoded T6SSs, such as pCJDM202 of Campylobacter jejuni (335). 

Integrative and conjugative elements are implicated in the transfer of T6SS genes in Bacteroidetes, 

which is proposed to be a common mechanism of T6SS acquisition in the gut microbiome (336). 

T6SS-positive bacteria may encode a single T6SS gene cluster, as found in Vibrio cholerae (316) or 

Agrobacterium tumefaciens (337), or multiple, such as the three found in P. aeruginosa (34,338) or 

the six found in Burkholderia pseudomallei (339). Within a species there can be strain-specific 

differences, commonly in effector proteins which can drive intraspecies competition. One such 

example is the P. aeruginosa effector Tse7, where diversity in this effector between strains is mirrored 

by immunity protein diversity to provide strain-specific protection (340). Interestingly the presence of 

immunity genes is not always accompanied by the gene encoding the cognate effector, some bacteria 

encode gene clusters containing arrays of immunity genes to protect against T6SS attack (341). In V. 

cholerae there is effector gene diversity between strains, while multiple immunity proteins can also 

be encoded to protect against these diverse effectors encoded by other strains, this is predicted to 

give an advantage in intraspecies competition allowing certain strains to co-exist (334). 

 

1.3.2 Structure and assembly of the T6SS  

The T6SS structural machinery comprises 13 core components, which can be sub-divided into the 

membrane complex, baseplate complex and tail complex (314). The baseplate complex is anchored to 

the membrane complex, providing a platform for the assembly of the tail complex, comprising a 

contractile sheath structure around a rigid inner tube capped at the baseplate with a spike (Figure 

1.8). Sheath contraction propels the inner tube and spike, which carry associated effector proteins, 

out of the cell and either into a neighbouring cell or into the extracellular medium.  
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1.3.2.1 T6SSs of P. aeruginosa 

As previously detailed, three T6SS gene clusters are encoded in the P. aeruginosa genome, termed the 

H1-, H2- and H3-T6SSs (Figure 1.9). Five phylogenetic groups of T6SSi clusters have been described, 

based on charaterising co-evolution of core components and comparing the presence of conserved 

accessory proteins (342). The three clusters of P. aeruginosa fall into separate groups: H1-T6SS in 

phylogenetic group 3, H2-T6SS in phylogenetic group 1 and H3-T6SS in phylogenetic group 4A. Each P. 

aeruginosa T6SS cluster encodes a tssA, the characterisation of which is the aim of this project.  

T6SS clusters encode genes for each of the structural components required to assemble the T6SS as 

well as regulatory genes. Additionally, islands of T6SS-associated genes are present at distinct 

chromosomal loci, often encoding effector and immunity genes (343). The contribution of these 

components to the assembly and dynamics of the T6SS will be discussed in detail.  

Figure 1.8 Schematic of the type VI secretion system structure in extended and contracted 

conformations. The assembled extended T6SS is indicated on the left, and contraction of the 

sheath to propel the inner tube and spike is indicated on the right. Figure created with 

Biorender.com.  
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1.3.2.2 The membrane complex 

A key difference in the structures of the bacteriophage tail and the T6SS, is the presence of a 

membrane complex which anchors the T6SS machinery within the gram-negative cell envelope. The 

membrane complex is formed from the outer membrane lipoprotein TssJ and the inner membrane 

proteins TssM and TssL, where the inner membrane components were initially identified to resemble 

the DotU and IcmF components of the type IVb secretion system (344,345). The assembly of the T6SS 

begins with the insertion of TssJ in the inner leaflet of the outer membrane through an N-terminal acyl 

group (346). The protein region of TssJ extends into the periplasm and, through a loop region, forms 

contacts with the C-terminal periplasmic region of TssM (347,348). Anchoring of TssM in the inner 

membrane is achieved by three transmembrane helices, between which a cytoplasmic domain is 

displayed that has been demonstrated to have NTPase activity in A. tumefaciens, with other putative 

NTPase domains identified in other organisms (349–351). Mutations to disrupt this NTPase activity in 

A. tumefaciens were found to inactivate the T6SS (349,352).  

Figure 1.9 Schematic of the P. aeruginosa strain PAO1 T6SS gene clusters. PAO1 encodes the H1-, 

H2- and H3-T6SS clusters, each containing the genes required to form a membrane complex, 

baseplate complex and tail complex, with associated effector and immunity genes. Genes in white 

encode for non-structural components, for example regulatory components or are yet to be 

characterised. 
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TssL has a single transmembrane region, through which it interacts with TssM (353), and a cytoplasmic 

domain which, along with TssM cytoplasmic regions, interacts with the baseplate (344,354). A lack of 

conservation has been identified in these baseplate-interacting regions, which has been proposed to 

contribute to binding specificity in organisms when multiple T6SSs are present (344). In some cases, 

TssL proteins have an additional periplasmic domain for binding to the peptidoglycan, although this 

can alternatively be achieved by TagL, TagN, TagW or TagP proteins (355). This anchoring to the 

peptidoglycan is proposed to be required to resist the forces generated by contraction of the sheath. 

Structures of the membrane complex of enteroaggregative E. coli identify the formation of a 1.7 mDa 

bell-shaped structure with five-fold symmetry (Figure 1.10) (347,356). The periplasm is bridged by 10 

pillars formed of TssJ and TssM, while five TssL dimers are presented to the cytoplasm. The central 

channel within the membrane complex is constricted within the periplasm by a TssM loop (356). The 

tip of the bell-shaped structure is positioned within, but not crossing the outer membrane. In other 

protein secretion systems, the formation of a channel that spans the outer membrane to facilitate 

protein export is well described (see section 1.2.6) (192). Of course, during T6SS firing, the inner tube 

and associated spike do cross this outer membrane, but the mechanism by which this occurs is not 

entirely clear. Interestingly it has been observed that the TssM C-terminus, that has been identified 

within the periplasm in resolved structures, can cross the outer membrane, with an extracellular cap 

region, presumed to be comprised of this TssM C-terminus also identified in electron cryotomography 

(347,357). It has therefore been proposed that this structure represents a closed conformation of the 

membrane complex, with secretion suggested to be accompanied by a conformational change to 

release constriction of the lumen and allow release of the spiked inner tube, which could expose 

membrane complex components to the extracellular medium. This opening of the membrane complex 

has been proposed to be triggered either by a conformational change in the baseplate, or the physical 

force of the expulsion of the spiked inner tube (347,356).  

Figure 1.10 Structure of the enteroaggregative E. coli membrane 

complex. Cryo-electron microscopy density of the membrane complex 

(EMD-0265). Figure reproduced from Rapisarda et al. (2019) under the 

terms of the Creative Commons CC BY license, 

https://creativecommons.org/licenses/by/4.0/legalcode. 
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The insertion of the T6SS membrane complex into the cell envelope is proposed to require localised 

rearrangement of the peptidoglycan. This peptidoglycan rearrangement can be carried out by a T6SS-

associated peptidoglycan hydrolase encoded in Acinetobacter species (358), while E. coli can utilise 

the housekeeping transglycosylase, MltE (358,359). 

The five-fold symmetry observed for the membrane complex contrasts with the six-fold symmetry 

described for the baseplate complex, that will be discussed in the proceeding section. It is suggested 

that a high degree of flexibility in TssM and TssL cytoplasmic regions could allow this symmetry 

mismatch to be overcome (347,356). Alternatively, it has been suggested that a chaperone protein 

might facilitate the formation of a six-fold symmetry membrane complex structure, where one such 

proposed chaperone is TssA, which has been identified to bind the cytoplasmic face of the 

enteroaggregative E. coli membrane complex (356,360–362). 

 

1.3.2.3 The baseplate complex 

The baseplate complex is recruited to the membrane complex and provides a platform for the 

assembly of the tail complex. The T6SS baseplate complex resembles that of the bacteriophage, with 

a central hub surrounded by six wedges (Figure 1.11) (363). In the T6SS, the central hub comprises the 

trimeric VgrG spike complex which is found at the proximal end of the tail complex inner tube 

(364,365). The tip of this VgrG trimer is crowned with a small protein containing a characteristic 

proline-alanine-alanine-arginine sequence, known as a PAAR protein, to sharpen this puncturing 

device (Figure 1.11B) (366). Several different VgrG proteins can be associated with a single T6SS, such 

as VgrG1a, VgrG1b and VgrG1c of the H1-T6SS (Figure 1.9) (367). Effector proteins can be associated 

with both VgrG and PAAR components to target their delivery into neighbouring cells. There can be 

additional effector domains as part of these components, such as the actin cross-linking domain of V. 

cholerae VgrG-1 (309), or effectors can be bound to them by protein-protein interaction such as P. 

aeruginosa PldA which is delivered by VgrG4b (368).  

Around this central hub, baseplate wedges formed of TssE, TssF, TssG and TssK are bound. Within a 

wedge, these components assemble with a TssE1-TssF2-TssG1-TssK6 stoichiometry (365,369). A single 

TssG is bound by two TssF monomers forming a triangular trifurcation unit, with TssG loop regions 

forming contacts with two TssK trimers which are more flexibly associated with the wedge (Figure 

1.11A) (365,369).  

The polymerisation of six wedge units around the VgrG central hub forms a 2.7 mDa ring structure, 

with contacts between wedges facilitated by interactions between TssF monomers (Figure 1.11B) 
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(365,370). A cavity is present between the central hub and the polymerised wedges, which has been 

proposed to accommodate effector proteins associated with either VgrG or PAAR proteins (364). 

The baseplate complex serves as an adaptor between the membrane complex and the tail complex. 

In the V. cholerae baseplate, TssK has been identified to form a connector region at the interface 

between the baseplate and the membrane complex (364). Contacts between TssK and the cytoplasmic 

regions of both TssL and TssM have been described (354,371,372). Flexibility in the C-terminal domain 

of TssK, which contacts the membrane complex, is proposed to be key to facilitating this interaction 

due to the symmetry mismatch at this interface (365). In terms of contacts with the tail complex, the 

N-terminal base of the VgrG trimer shares structural similarity with the tail complex inner tube, which 

is polymerised from this hub (313,373). Additionally, structural similarity has been identified between 

TssE and the sheath, which implicates TssE as the wedge component forming contacts with the sheath 

to initiate sheath polymerisation (374,375). Remarkably, it has been proposed that certain groups of 

TssA protein are additional baseplate components, that are found at the interface with the sheath 

(376,377).  

The signal for sheath contraction is currently unknown, however, by comparison to the mechanism 

for bacteriophage tail contraction it is proposed that a conformational change in the baseplate, from 

dome- to star-shaped, may trigger contraction by altering contacts at the interface with the sheath 

(364,365,369,374). 

Figure 1.11 Structure of the baseplate complex. A) Structure of the enteroaggregative E. coli 

baseplate complex wedge comprising TssF, TssG and TssK. Figure reproduced from Cherrak et al. 

(2018) with permission from Springer Nature. B) Model of the T6SS baseplate, including the 

baseplate wedge components, the VgrG central hub and the first layer of the Hcp inner tube. Figure 

reproduced from Wang et al. (2019) with permission from Annual Reviews, Inc. 

A) B) 
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1.3.2.4 The tail complex  

The tail complex is polymerised from the T6SS assembly initiation site comprised of the membrane 

complex and anchored baseplate complex. This tail complex consists of a contractile sheath structure, 

which surrounds a rigid inner tube. This hollow inner tube is formed from rings of Hcp hexamers 

stacked in a head-to-tail orientation, which polymerises from the base of the trimeric VgrG spike 

complex (313,378,379). This tube has a diameter in the region of 80-90 Å and a lumen of 

approximately 40 Å (34). Effector proteins can be carried in this Hcp ring lumen, where following tube 

expulsion the Hcp tube breaks down into individual Hcp rings (380).  

The Hcp tube is surrounded by a contractile sheath, formed from polymerisation of the sheath 

protomer, a dimer of TssB and TssC (Figure 1.12) (381–383). Each protomer can be subdivided into 

three domains, where domains 1 and 2 resemble the classical fold of sheath proteins associated with 

contractile injection systems (CISs) (see section 1.3.3), while domain 3 contains the TssC N-terminus 

which forms a ClpV-binding site (384,385). Sheath polymerisation forms a helix with six protomers per 

layer, where contacts between neighbouring protomers form a four β-strand handshake domain that 

stabilises a high energy extended sheath conformation (Figure 1.12A) (386). It is suggested that 

initiation of sheath polymerisation at the baseplate involves TssE donating two β-strands to form a 

handshake domain with a sheath protomer (374,375,385). The tail complex polymerises from the 

baseplate to the opposite cell membrane to form a structure in the region of 0.5-1 µm, where length 

is limited by the dimensions of the cell (387). This contrasts with other CISs, such as the bacteriophage 

tails, where tape measure proteins control the length of the sheath (388). Within the extended sheath 

structure, it has been observed that the Hcp tube follows the helical symmetry of the sheath (386). 

TssA proteins are implicated both in the initiation of sheath polymerisation and the coordination of 

sheath and Hcp tube assembly, which will be discussed in more detail in section 1.4.  

Contraction of the sheath structure, which can take less than 2 ms and leads to a halving in sheath 

length (387,389), has been calculated to release energy equivalent to the hydrolysis of 1000 ATP 

molecules (386). In this contraction, rearrangement of sheath subunits, proposed to be propagated 

from the baseplate, generates a contracted sheath structure in which the sheath is both compressed 

towards the baseplate and expanded radially, with additional rotation of the sheath (Figure 1.12) 

(386). Upon radial expansion interactions with the Hcp tube are lost, commencing near the baseplate. 

With the sheath attached to the baseplate at the proximal end and Hcp at the distal end, it is therefore 

suggested that sheath compression beginning at the proximal end propels the Hcp tube and 

associated spike out of the cell in a drill-like mechanism, where the tube is expelled and rotated (386). 

It is projected that the contraction of a 1 µm long sheath would eject the Hcp tube 420 nm forward 
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and rotate it by just over four turns (385–387). This force is predicted to provide the energy for the 

spike to puncture the membrane of a neighbouring cell to deliver associated effector proteins. 

The ClpV-binding site at the N-terminus of TssC, is inaccessible in the extended sheath conformation, 

but can be bound by ClpV upon sheath contraction (Figure 1.12) (386,390,391). ClpV is a hexameric 

AAA+ ATPase, that can bind along the length of a contracted sheath to recycle sheath subunits, 

enabling multiple rounds of firing from the same T6SS assembly initiation site (392,393). The T6SS is 

therefore able to fire in the absence of ClpV, however in the absence of sheath recycling, this is more 

inefficient as each system assembled can fire only once with components unable to be reused 

Figure 1.12 Structure of the tail complex. A) Top view of the Hcp tube (grey) and sheath (blue) in 

the extended conformation with sheath domains highlighted. B) Top view of the Hcp tube and 

sheath in the contracted conformation with ClpV (pink) bound. C) Side view of the sheath in the 

extended conformation, one protofilament is highlighted. D) Side view of the sheath in the 

contracted conformation, one protofilament is highlighted. The ClpV binding site of TssC (purple) 

is bound by ClpV. Figure adapted from Wang et al. (2019) with permission from Annual Reviews, 

Inc. 

A) B) 

C) D) 
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(389,394). ClpV has also been identified to have a role in preventing the formation of aberrant sheath 

structures not associated with a baseplate complex (392).  

It is projected that for a single T6SS contraction event, approximately 1500 TssB and TssC components 

must be recycled, which in addition to the approximately 700 expelled Hcp proteins, makes T6SS firing 

a very energetically costly process (395). Interestingly, it has been identified that V. cholerae cells can 

utilise T6SS components delivered by the firing between sister cells, including Hcp and VgrG proteins 

as well as effectors (396). 

 

1.3.3 Similarity to contractile injection systems  

The T6SS is a well described example of a CIS, which shares similarities with other CISs, such as the 

bacteriophage tail (374), R-type pyocins (397) and anti-feeding prophages (398). The characteristic 

feature of CISs is a contractile sheath surrounding a spiked inner tube that extends from a baseplate 

structure, where sheath contraction is used to propel the inner tube across cell membranes (312).  

As described in detail here, the contraction of the cytoplasmic T6SS is used to deliver effector proteins 

into neighbouring cells as well as the extracellular environment (307–311). Other CISs are produced 

in bacterial cells and released by cell lysis, to act outside of cells (384). Some of these CISs are 

exclusively used for penetrating the membranes of bacterial cells, this includes the bacteriophage tail 

which is used to transport DNA into bacterial cells (374), or R-type pyocins which create a channel in 

this membrane to disrupt the membrane potential (397,399). CISs are also used to penetrate 

eukaryotic cell membranes to deliver effector proteins: the Photorhabdus virulence cassette and anti-

feeding prophages deliver anti-insect effectors (398,400), while metamorphosis-associated 

contractile (MAC) arrays of Pseudoalteromonas luteoviolacea formed of about 100 contractile sheaths 

deliver a metamorphosis-inducing effector into tubeworm larvae (401).  

The most striking difference between the T6SS and other CISs is its cytoplasmic localisation and 

anchoring in the gram-negative bacterial membrane (Figure 1.13A) (347). The bacteriophage tail, for 

example, is found in the extracellular medium, with a contractile tail extending from the 

bacteriophage head to a baseplate (Figure 1.13B) (402). The attachment of this structure to the target 

cell involves irreversible attachment of baseplate-associated tail fibres to LPS on the bacterial cell 

membrane (403). Pyocins similarly use tail fibres to attach to their targets (Figure 1.13C) (404). The 

attachment of these fibres to their targets leads to a structural rearrangement of the baseplate from 

a dome-shaped structure to a six-pointed star structure, altering the contacts to the sheath and thus 

triggering sheath contraction (405). As previously detailed, in the absence of comparable tail fibres, 
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the signals triggering the contraction of the T6SS are currently unknown, but it is suggested to be 

accompanied by a similar rearrangement of the baseplate.  

The structure of the T6SS baseplate has been described in section 1.3.2.3. While the baseplate 

structure can be quite variable between CISs, comparable features have been described between 

them (384). This includes the central hub containing at least two components forming a spike, around 

which the baseplate wedges assemble. For the bacteriophage T4, the spike is formed from two 

proteins, gp27 and gp5, and is capped with a sharpening tip gp5.4 (406). Similar to effector domains 

of T6SS spike components, gp5 has a lysozyme domain (313,407). In comparison, the T6SS spike is 

formed solely from VgrG, but is also sharpened with a PAAR protein (364–366). For R-type pyocin a 

gp27 equivalent, PA0628, is topped with a sharpened spike consisting of PA0616 (397). Some 

equivalence has also been drawn between baseplate components, notably TssE and the 

bacteriophage T4 component gp25, which mediate contact to the sheath structure (313,375). 

Figure 1.13 Structural comparison of contractile injection systems. A) Schematic of the T6SS 

structure. B) Schematic of the bacteriophage T4 contractile tail structure. C) Schematic of the R-

type pyocin structure. Figure adapted from Filloux et al. (2016) with permission from Springer 

Nature. 

A) B) C) 
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Additionally, the wedge components TssF2-TssG are compared to the trifurcation unit of 

bacteriophage T4 of gp62-gp7 (406).  

Compared to the baseplate complexes, the structures of tail complex components are much more 

conserved between CISs. Despite low levels of sequence identity, inner tube proteins have very similar 

folds (Figure 1.14A) and multimerise into hexameric rings which stack in a head-to-tail arrangement 

(34,313,397,408). The core sheath structure comprising Domain 1 and 2, which forms the inner layers 

of the sheath, is also well conserved between CISs (Figure 1.14B) (385,386,398,409). These regions 

drive the polymerisation of the sheath into a helical tube formed of hexameric rings, though the 

parameters of these helices are variable (384). As detailed, the length of the T6SS sheath is dictated 

by the cell dimensions, with sheaths polymerising across the cell (387), however tape measure 

proteins that regulate the length of the tail complex are commonly associated with other CISs 

(388,410). For example, the bacteriophage T4 sheath polymerises 23 sheath rings (411), while the P. 

aeruginosa R-type pyocin polymerises 27 sheath rings (397).  

Figure 1.14 Structural comparison of contractile injection system tail complex components. A) 

Structures of inner tube components of CISs: gp19 of bacteriophage T4 (PDB: 5iv5), R-type pyocin 

(PDB: 3j9q), and T6SS Hcp1 from P. aeruginosa (PDB: 1Y12). B) Structures of sheath components 

of CISs: T4 phage gp18 model (PDB: 3J2 M), Lin1278 of prophage from Listeria innocua (PDB: 3LML), 

R-type pyocin sheath (PDB: 3J9Q), T6SS sheath from V. cholerae (PDB: 3J9G), T6SS sheath from 

Francisella novicida (PDB: 3J9O). Figures adapted from Brackmann et al. (2017) with permission 

from Elsevier. 

A) 

B) 
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A further unique feature of the T6SS in comparison to other CISs is the recycling of sheath subunits 

following contraction by ClpV (392,393). Unlike the T6SS, other CISs contract only once. These CISs are 

released extracellularly and thus any cargo delivered into target cells cannot be replenished, and no 

energy source is available to disassemble the sheath in the extracellular environment. 

 

1.3.4 Function of the T6SS 

Contraction of the T6SS sheath drives the expulsion of a spiked inner tube loaded with effector 

proteins out of the cell. These effectors can have eukaryotic or prokaryotic targets, in some cases both, 

while they may also be involved in uptake of common goods from the extracellular environment. The 

T6SS therefore influences interactions between microorganisms as well as interactions with a host, 

which can affect colonisation and competition.  

 

1.3.4.1 Modes of effector delivery  

Each of the components of the spiked inner tube, the Hcp tube, the VgrG spike and the PAAR tip, can 

be used to carry effector proteins into new environments. Hcp-associated effectors are proposed to 

be found in the Hcp lumen and transported through interaction with Hcp ring units (380). The size of 

effectors transported in this manner is limited, and increasing effector size through the addition of 

domains has been shown to block sheath polymerisation (412). Effectors associated with either VgrG 

or PAAR spike components, are displayed on the outside of the spike complex. The hub of VgrG and 

PAAR is central to the baseplate structure during assembly and a cavity has been identified between 

this hub and the surrounding wedges which is proposed to house these effectors (364). A size limit 

also applies to effectors transported in this manner, with this cavity suggested to accommodate three 

copies of up to a ~150-kDa protein, which could allow for docking of one effector associated with each 

VgrG monomer (364).  

Effector proteins can be non-covalently associated with these components, known as cargo effectors, 

or specialised effectors, that are covalently linked as an additional domain. Generally, Hcp-associated 

effectors are cargo effectors, such as P. aeruginosa Tse2 (380,412). In addition to transporting 

effectors, binding to Hcp has been demonstrated to protect cargo effectors from proteolysis (380). 

Cargo effectors are also associated with both VgrG proteins, i.e. enteroaggregative E. coli Tle1 (413), 

and less frequently with PAAR proteins, i.e. P. aeruginosa TseT (414). PAAR-associated effectors are 

more commonly specialised effectors, such as P. aeruginosa Tse6 and Tse7 which each encode a PAAR 

domain (340,415). Specialised effectors are also well described for VgrG proteins, such as the actin 
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crosslinking domain of V. cholerae VgrG-1 (309). Furthermore, some specialised Hcp effectors have 

been identified in Enterobacteriaceae with C-terminal toxin domains (416). The loading of both cargo 

and specialised effectors into the T6SS can involve adaptor proteins, for example the loading of the P. 

aeruginosa specialised PAAR domain-containing Tse6 onto the tip of the VgrG spike requires the 

adaptor EagT6 (417). The Aeromonas dhakensis specialised effector TseI can self-cleave at two sites 

to separate the effector domain from suspected intramolecular chaperone domains which are 

required for secretion (418). 

A novel mode of effector delivery was recently described for Yersinia pseudotuberculosis Tce1, which 

in addition to being directly injected into neighbouring cells, can also enter prey cells in a contact-

independent manner from the extracellular environment in an uncharacterised mechanism involving 

the outer membrane proteins OmpF and BtuB (419). 

Through a combination of these delivery modes, a diverse effector payload can be delivered in a single 

contraction event. A T6SS can be associated with a variety of Hcp, VgrG and PAAR components, such 

as the six VgrGs associated with the P. aeruginosa H2-T6SS (Figure 1.9), where different combinations 

of these components and their associated effectors further increases this diversity (420,421). 

Interestingly, it has been shown that certain combinations of effectors can function synergistically 

when present together (422). The diverse effector repertoire may also maximise the range of different 

competitors that can be successfully targeted by the T6SS, where certain competitors may be more 

sensitive to certain effectors.  

Unlike the T3SS, where effector proteins are associated with an N-terminal secretion signal which can 

allow prediction of novel effectors (268,423), there is no characteristic feature of T6SS effectors. 

However, conserved motifs have been identified in certain effectors, the MIX motif (424) and the FIX 

motif (425), which can help guide the identification of new effectors. In the absence of a secretion 

signal it is also not entirely clear how effectors are targeted to the T6SS machinery, although 

chaperones are proposed to play a role. As effectors are commonly co-translated with the Hcp, VgrG 

or PAAR responsible for their transport, the formation of protein-protein interactions between 

effectors and these structural components may circumvent the need for targeting. 

 

1.3.4.2 Anti-bacterial effectors 

The T6SS can be used to deliver anti-bacterial effectors targeting essential cellular features into 

neighbouring bacteria. Such effectors are produced in tandem with cognate immunity proteins to 

prevent self-intoxication and intoxication by sister cells, with immunity genes generally encoded 
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adjacent to the effector in the genome (Figure 1.9). Immunity proteins generally function by binding 

to and obstructing the active site of their effector, such as the binding of the P. aeruginosa Tsi3 

immunity to the Tse3 effector and occlusion of the enzymatic pocket (426). Although immunities 

which can actively reverse the catalytic activity of their effector have also been identified, such as the 

Serratia proteamaculans Tri1 which can act both by binding the Tre1 effector but also by cleaving ADP-

ribose groups which are added by Tre1 (427). While the protection conferred by most immunity 

proteins is highly specific to the cognate effector, owing to its ADP-ribosylhydrolase activity, Tri1 can 

also provide non-specific protection against other ADP-ribosylating toxins. To protect against 

intoxication from sister cells immunities are present in the cellular compartment targeted by their 

cognate effector, for example signal peptides can drive translocation of immunity proteins into the 

periplasm (428). Protection against effectors delivered by sister cells requires expression of immunity 

genes, in nutrient limiting conditions bacteria can be vulnerable to T6SS attack despite encoding 

immunity genes due to low levels of expression (429). 

One frequent target of anti-bacterial effectors is the cell envelope. The peptidoglycan can be targeted 

either through the activity of type VI amidase effectors (Tae) or type VI glycoside hydrolase effectors 

(Tge) (430,431). The amidase activity of these effectors is directed towards specific peptide bonds 

either within or between peptide chains crosslinking the peptidoglycan, such as Tse1 (also known as 

Tae1) of P. aeruginosa (428). Glycoside hydrolase activity is directed at the glycosidic bonds between 

sugar units of the glycan backbone, such as VgrG-3 of V. cholerae (432) or P. aeruginosa Tse3 (428). 

Alternatively, phospholipids in the cell membrane can be targeted by type VI lipase effectors (Tle), for 

example the P. aeruginosa phospholipases PldA and PldB (also known as Tle5a and Tle5b) (368). 

Additionally, T6SS effectors with similarities to pore-forming colicins have also been identified, such 

as V. cholerae VasX, which increases membrane permeability causing a loss of membrane potential 

(433), while P. aeruginosa Tse4 is linked to the formation of ion-selective pores to disrupt the 

membrane potential (422). 

A common cytoplasmic target of anti-bacterial effectors is nucleic acids, targeted by nucleases such 

as P. aeruginosa Tse7 (340). Two type VI DNase effectors (Tde), Tde1 and Tde2, have also been 

identified in A. tumefaciens (434). A diverse range of other cytoplasmic targets have also been 

described. One such target is the cofactor NAD, which is degraded by type VI NADase effectors (Tne), 

such as P. aeruginosa Tse6 (also known as Tne1) whose hydrolase activity depletes cellular NAD+ and 

NAD(P)+ (417). In place of tse6 in the PA14 strain, is tas1. Tas1 can deplete cellular ATP by 

pyrophosphorylating adenosine nucleotides to produce (p)ppApp at a very high rate (435). A further 

target is FtsZ, which is required for bacterial cell division, which can be ADP-ribosylated by Tre1 of S. 

proteamaculans (427). P. aeruginosa Tse8 has been identified to target the transamidosome complex, 
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which is required for charging tRNAs with asparagine or glutamine in certain organisms, and thus 

disrupts protein synthesis (436). Effector characterisation can identify novel anti-bacterial targets, 

which may be useful for the design of new antibiotic agents. 

The presence of anti-bacterial effectors is required for T6SS-dependent bacterial killing, indicating that 

T6SS membrane puncturing alone does not cause significant damage to prey cells (437–439). In V. 

cholerae an ‘onboard checking mechanism’ has been identified that ensures effectors are loaded onto 

the T6SS to prevent ineffective firing (439). The presence of several effectors was demonstrated to be 

required for T6SS assembly regardless of their catalytic activity. Similarly, the A. tumefaciens T6SS is 

only assembled when at least one Tde effector is loaded onto their respective VgrG (440). 

 

1.3.4.3 Anti-eukaryotic effectors  

The T6SS can also be used to deliver anti-eukaryotic effectors into neighbouring cells, including host 

and fungal cells. One target of such effectors is actin from the host cytoskeleton, which can be targeted 

by the actin cross-linking domain of V. cholerae VgrG-1 to modify the actin network and inhibit 

cytoskeletal rearrangement (309). Alternatively, the Aeromonas hydrophila VgrG1 has actin ADP-

ribosyl transferase activity causing cell rounding and apoptosis (441).  

Anti-eukaryotic effectors can also facilitate bacterial colonisation. Delivery of the P. aeruginosa 

VgrG2b effector domain into epithelial cells facilitates microtubule-dependent internalisation of the 

bacterium through interaction with microtubule components (442). Cell invasion has been identified 

to be triggered by the fusion of membranes, for example the Burkholderia pseudomallei VgrG5 

mediates membrane fusion to form multi-nucleated giant cells (443). Colonisation can also be aided 

by T6SS effectors subverting host immune responses, such as by Edwardsiella tarda EvpP inhibition of 

the NLRP3 inflammasome, promoting bacterial colonisation (444).  

Two anti-fungal T6SS effectors have been identified in Serratia marcescens, type VI anti-fungal effector 

1 and 2 (Tfe1 and Tfe2) (308). Tfe1 causes a loss of membrane potential, while Tfe2 affects nutrient 

transport and amino acid metabolism (308). K. pneumoniae VgrG4 is also implicated in anti-fungal 

activity via an unknown mechanism (328). 

Some effectors can have both anti-bacterial and anti-eukaryotic activities, termed trans-kingdom 

effectors, including the K. pneumoniae VgrG4, which contributes to both anti-fungal and anti-bacterial 

activities (328). A number of trans-kingdom effectors have been identified associated with the P. 

aeruginosa H2-T6SS. One such example is the metallopeptidase domain-containing VgrG2b, which is 

involved in epithelial cell invasion (442), but also targets the periplasm and has been linked to a 
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bacterial cell division defect (445). Such multi-functional effectors are very useful, allowing a single 

effector to target different competitors, rather than distinct effectors being required. 

 

1.3.4.4 Effectors involved in common goods acquisition  

Firing of the T6SS can lead to delivery of effectors into the extracellular environment, where effectors 

have roles in acquiring extracellular common goods, such as metal ions. In response to low levels of 

copper, the P. aeruginosa H2-T6SS is expressed, and the secreted VgrG2b-associated cargo effector 

Azu can bind copper, which is taken up by the cell using the outer membrane transporter OprC (310). 

Similarly, during oxidative stress Burkholderia thailandensis can take up extracellular manganese or 

zinc using TseM or TseZ and their respective outer membrane transporters MnoT or HmuR (446,447). 

Acquisition of metal ions can also involve slightly more complex pathways, the secreted P. aeruginosa 

H3-T6SS effector TseF is incorporated into OMVs through interaction with the iron-binding 

Pseudomonas quinolone signal (311). TseF recruits these OMVs to the outer membrane receptor FptA 

and the porin OprF to facilitate the import of the associated iron (311). Via a similar mechanism, the 

Cupriavidus necator TeoL interacts with LPS in OMVs from diverse species, recruiting them to outer 

membrane receptors CubA and CstR, to facilitate the delivery of cargo including iron, via an unknown 

mechanism (448). 

 

1.3.4.5 Immunity-independent protection from the T6SS 

In a polymicrobial community, T6SS attack provides a selective pressure on prey cells to acquire 

protective mechanisms. As identified previously, this can include the acquisition of immunity genes 

(341), but some T6SS protection mechanisms independent of immunity proteins have also been 

described. 

It has been identified that peptidoglycan modification by A. baumannii can provide protection against 

peptidoglycan-targeting effectors. The modification of L-lysine to the non-canonical D-lysine, and 

subsequent incorporation into the peptidoglycan confers an advantage in interbacterial competition, 

through the modification of a T6SS amidase effector target (449). The modification of an effector 

target could help provide protection against an effector in a similar way to mutations that confer 

resistance to the activity of antibiotics. Although as with the use of antibiotics in combinations, this 

would not protect against delivery of multiple effectors with distinct targets. 
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Other protection mechanisms can be less specific. In response to damage caused by the V. cholerae 

peptidoglycan hydrolase TseH, E. coli can activate envelope stress responses to induce capsule 

synthesis, which is proposed to provide a physical barrier to incoming T6SS attacks (450). The same 

study also identified that the V. cholerae WigKR two-component system, which is a stress response 

pathway activated by cell wall damage, was required to protect against attack from both the cognate 

and non-cognate T6SSs despite the presence of cognate immunity genes (450). This indicates that 

immunity genes alone may not be sufficient to protect from T6SS attack. Several stress response 

pathways were similarly identified to provide protection to E. coli and P. aeruginosa against the V. 

cholerae effector TseL (451). 

Recipient factors can also increase the vulnerability of a prey cell to T6SS killing. The E. coli ClpP 

protease and its associated ClpA ATPase have been identified as susceptibility factors, responsible for 

an increased prey susceptibility to the A. tumefaciens T6SS (10). Loss of these factors can therefore 

provide protection. 

 

1.3.4.6 The role of the T6SS 

The delivery of T6SS effectors has an important role to play in both interbacterial interactions and 

interactions with a host. The range of effector activities outlined above identify the T6SS as being able 

to either kill or inhibit the growth of bacteria and other microbes which can affect the composition of 

polymicrobial communities. Furthermore, bacteria can use the T6SS to manipulate host cells through 

cell invasion or host immune modulation to further their colonisation. Finally, the uptake of 

extracellular goods using the T6SS allows resources to be scavenged and reduces the nutrient pool 

available to competitors. 

The presence of the T6SS has been identified as a key factor in niche colonisation by various bacteria. 

The T6SS2 of Pseudomonas syringae pv. tomato DC3000 can suppress the growth of competing 

microbes including both bacteria and eukaryotes such as yeast (452). Interestingly, the T6SS can also 

play a role in intraspecies competition. In the colonisation of squid light organ crypts by the symbiont 

V. fischeri T6SS-encoding strains dominate by outcompete strains lacking a T6SS (327). These crypts 

can also be colonised by a pair of T6SS encoding strains, which form spatially segregated populations 

in this niche. As discussed in the previous sections, T6SS effectors can aid colonisation of a eukaryotic 

host by inducing cell invasion by bacteria, including by stimulating cytoskeletal rearrangements to 

drive internalisation or by initiating the fusion of cell membranes (442,443). 
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Numerous human pathogens have been identified to use the T6SS during colonisation to outcompete 

commensal strains. Salmonella enterica Typhimurium was identified to kill specific members of the 

gut microbiota, such as Klebsiella oxytoca, in a T6SS-dependent manner (453). Furthermore, 

colonisation of the mouse gut by Salmonella required anti-bacterial activity of the T6SS encoded in 

Salmonella pathogenicity island 6 (453). Similarly, Shigella sonnei uses its T6SS to outcompete 

commensal strains and establish host colonisation (454). As discussed, P. aeruginosa comes to 

dominate the lungs of in cystic fibrosis patients over time. The identification of Hcp1 in the sputum of 

cystic fibrosis patients and antibodies directed against Hcp1 in their sera, indicates that the H1-T6SS 

is active in this environment and may contribute to the effective colonisation of this niche (34). 

Colonisation can also be aided by manipulation of host physiology. In a zebrafish model, V. cholerae 

can drive the displacement of a symbiotic bacterium in a mechanism dependent on the T6SS, but 

independent of the anti-bacterial activity. In this case, the actin crosslinking domain of VgrG-1 

enhanced host intestinal movements causing the resident bacteria to be expelled and allowing V. 

cholerae colonisation (455). 

The host response to interbacterial competition may also increase pathogenicity. Killing of commensal 

bacteria by the T6SS of V. cholerae in both Drosophila and mouse infection models was linked to a 

stronger host immune response, including intestinal damage and diarrhoea (456,457). This elevated 

pathogenicity induced by T6SS-dependent killing was thus suggested to contribute to increased 

transmission.  

The T6SS can also play a role in protecting a host organism. A key component of the human gut 

microbiota are Bacteroidetes, where more than half of Bacteroidetes in this environment have been 

identified to encode T6SSs (336). The presence of a T6SS allows the commensal Bacteroides fragilis to 

outcompete another commensal, Bacteroides thetaiotaomicron, which does not encode a T6SS (317). 

Further to this, T6SS-dependent pathogen exclusion by a non-toxigenic B. fragilis in a mouse model of 

infection prevented colonisation by a pathogenic enterotoxigenic B. fragilis (458). The use of T6SS-

encoding bacteria as biocontrol agents to protect against plant pathogens also has been proposed. 

The soil bacterium P. putida can outcompete a range of relevant plant pathogens in both in vitro and 

in planta competition settings, protecting the plant from disease (324). Likewise, Pseudomonas 

fluorescens has been shown to have T6SS-dependent anti-bacterial activity to protect potato tubers 

against rot caused by Pectobacterium atrosepticum (459). 

Several T6SS effectors induce lysis of competitor bacteria. Efficient prey lysis has been identified to 

prevent so called corpse barriers, that block the cell-cell contact required to eliminate further prey 

cells using the T6SS (460). Induction of cell lysis has an additional advantage in that it leads to the 
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release of a range of useful resources, including DNA which can be taken up by nearby bacteria. In V. 

cholerae it was identified that the T6SS gene cluster and competence genes were co-regulated by 

quorum sensing pathways, and prey cell lysis led to DNA uptake including the acquisition of new 

effector genes (461,462). Similarly, the activity of Acenitobacter baylii T6SS lytic toxins is correlated 

with the rate of horizontal gene transfer (438). Horizontal gene transfer is implicated in the acquisition 

of gene clusters encoding arrays of immunity genes, which are present on mobile genetic elements, 

by Bacteroidetes (341). T6SS genes clusters of V. cholerae also commonly encode arrays of immunity 

genes without cognate effectors, which are suggested to have been acquired through horizontal gene 

transfer from other strains, providing protection against intraspecies T6SS attack (463). Regulatory 

elements can also be acquired by horizontal gene transfer. It has been observed in A. baumannii that 

a plasmid encoding antibiotic resistance genes also carried repressors for the T6SS, where this plasmid 

could readily be lost to activate T6SS activity but at the cost of the loss of antibiotic resistance genes 

(33). 

 

1.3.5 Regulation of the P. aeruginosa T6SSs 

Regulation of T6SS activity takes place at transcriptional, post-transcriptional and post-translational 

levels. The three T6SSs of P. aeruginosa are suggested to have functional specificity, with activity 

influenced by environmental conditions via regulatory pathways that require further study. 

Additionally, the delivery of effector proteins through the assembly and firing of the T6SS is an 

energetically costly process. While it has been described that some T6SS components can be reused 

for multiple rounds of T6SS firing from the same site (464), contracted sheath protomers must be 

recycled and new secreted components, including spike, inner tube and effectors, must be produced. 

Regulation therefore ensures the targeted and efficient activity of each of these T6SSs. 

 

1.3.5.1 Gac-Rsm pathway 

The Gac-Rsm pathway is a two-component system implicated in regulation of the P. aeruginosa switch 

between motile and sessile lifestyles through the sensor kinase GacS and its response regulator GacA 

(see section 1.1.2) (49,465). The activity of GacS is modulated by other sensor kinases (Figure 1.15): 

RetS inhibits GacS through the formation of a heterodimer (466), while LadS stimulates GacS by direct 

phosphorelay (467). RetS can itself be inhibited by the binding of the sensor kinase PA1611, which 

impairs RetS interaction with GacS (468,469). Some signals regulating this pathway have been 

identified. RetS can be activated by binding of mucins to the sensor domain (470), while retS 
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expression is repressed under magnesium limitation (471). LadS can be activated by the binding of 

calcium to the periplasmic sensor domain (472), while a periplasmic sensor domain of GacS has been 

identified to be key for downstream signal transduction, however the nature of the ligand is yet to be 

determined (473).  

Upon activation, GacS can phosphorylate the response regulator GacA which in turn activates the 

transcription of the small non-coding RNAs, RsmY and RsmZ (Figure 1.15) (49,474). These RNAs can 

sequester the post-transcriptional regulators RsmA and RsmN which positively regulate factors 

associated with an acute infection lifestyle, including the T3SS (see section 1.2.6.3), and negatively 

regulate factors associated with a chronic infection lifestyle, including the T6SS (47–49). RsmA has 

been identified to repress each of the three P. aeruginosa T6SS clusters as well as isolated loci 

associated with genes encoding VgrG proteins or toxin-immunity pairs (338). In the absence of RsmA, 

for example upon GacA activation and sequestration by RsmY and RsmZ or upon deletion of rsmA, the 

expression of each P. aeruginosa T6SS is upregulated.  

Figure 1.15 Schematic of the Gac-Rsm pathway in P. aeruginosa. The sensor kinase GacS is 

activated by the sensor kinase LadS and repressed by the sensor kinase RetS. Active GacS can 

phosphorylate its downstream response regulator GacA, driving the production of the small 

regulatory RNAs RsmY and RsmZ. These small regulatory RNAs can sequester the RNA-binding 

proteins RsmA and RsmN inhibiting their activity and leading to a protein expression profile linked 

to a sessile, biofilm lifestyle associated with chronic infection, including T6SS activity. When GacS 

is repressed, RsmA and RsmN can bind to target RNA sequences leading to a protein expression 

profile linked to a motile, virulent lifestyle associated with acute infection, where T6SS expression 

is repressed.  
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1.3.5.2 Threonine phosphorylation pathway 

The threonine phosphorylation pathway (TPP) is a regulatory pathway involving components encoded 

in the H1-T6SS cluster, which controls the activity of the H1-T6SS at a post-translational level. This 

pathway is linked to the phosphorylation status of the regulatory protein Fha1, which is reciprocally 

controlled by the inner membrane anchored protein kinase PpkA and the cytoplasmic phosphatase 

PppA (475). Homodimerization leads to autophosphorylation and activation of PpkA, possibly through 

the interaction with a periplasmic protein such as TagR (476), and the recruitment and subsequent 

phosphorylation of Fha1, which is required for T6SS firing. The activation of PpkA is controlled 

upstream by TagQRST, where a phosphorelay is proposed to transmit a signal from the outer 

membrane lipoprotein TagQ, associated with the periplasmic TagR, to an ABC transporter-like 

complex, TagTS, in the inner membrane, where TagT has ATPase activity (476,477). The role of the 

TPP in T6SS activity has been linked both to activation of the assembly of the T6SS, with the assembly 

of TssK structures in response to contact with competing bacteria dependent on TagQ and TagR (478), 

and to disassembly of the sheath with co-localisation experiments indicating a link to the activity of 

ClpV1 (475). Dephosphorylation of Fha1 by PppA is linked to a deactivation of T6SS activity. As 

expected, deletion of pppA therefore results in increased T6SS-dependent secretion, however this 

elevated firing rate occurs with repeated firing from the same T6SS assembly initiation site, indicating 

a role for PppA in T6SS disassembly, allowing spatial reorientation of the T6SS, which would allow 

firing in response to a specific stimulus or contact at a distinct position in the cell (479,480). 

Components of the TPP can also be regulated independently, such as the sequestration of Fha1 by 

TagF, which represses T6SS activity (481). The signalling and regulation behind this repression is not 

well understood. 

TagQRST has been described as a sensor module, as it is linked to coordinating T6SS responses to a 

range of envelope disrupting stimuli, including incoming T6SS attacks in what is termed the tit-for-tat 

response (391,479). Incoming T6SS attacks can be from sister cells, in what is termed duelling (389), 

or from neighbouring competitor bacteria (479). The tit-for-tat response allows for multiple targeted 

counter-strikes in response to detected T6SS attack, which generates an effective retaliation whereby 

the initial aggressor is often outcompeted (479,482). Fha1 is phosphorylated at a greater rate upon 

incubation on solid surfaces, indicating that cell-cell interactions, which take place at a higher rate on 

solid surfaces, contribute to activation of the TPP (477). Similarly, cell envelope disruption caused 

either by the conjugative T4SS of plasmid RP4 or polymyxins are also proposed to be sensed by 

TagQRST which induces a T6SS attack in response (483). Interestingly, the P. aeruginosa tit-for-tat 

response involving the H1-T6SS can be initiated specifically by the V. cholerae lipase TseL, independent 

of puncturing by an aggressor T6SS, indicating that the lipase activity and localised membrane damage 
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may be sufficient to induce activation of TagQRST (451). Using a CRISPR interference approach it was 

subsequently identified that knock down of essential genes involved in outer membrane biogenesis, 

such as bamA and tolB, triggered T6SS activation, which was dependent on the TagQRST sensor 

module (484). 

The H1-T6SS can also be activated in response to extracellular DNA and chelation of ions through 

TagQRST (485). This activation led to a more indiscriminate T6SS-mediated attack on neighbouring 

cells.  

 

1.3.5.3 Quorum sensing 

Quorum sensing is a communication system utilised by bacteria to sense population density through 

the release and detection of auto-inducer molecules, whose environmental abundance is linked to cell 

density. Once the auto-inducer concentration exceeds a threshold for detection, appropriate 

transcriptional responses are coordinated, which may relate to virulence (486), bioluminescence (487) 

and the development and maturation of biofilm (488).  

Four quorum sensing pathways have been described in P. aeruginosa, the Las and Rhl pathways which 

use homoserine lactone (HSL) auto-inducers (489), the Pseudomonas quinolone signal (PQS) used by 

the PQS pathway (490) and the integrated quorum sensing system (IQS) (491). There is a lot of 

interplay between these pathways, for example with the Las pathway positively regulating each of the 

other pathways (491,492). This quorum sensing network is also linked to the post-transcriptional 

regulator RsmA (section 1.3.5.1), which negatively regulates the production of HSL autoinducers 

associated with Las and Rhl pathways, as well as PqsR which regulates autoinducer PQS production 

(492,493). 

In P. aeruginosa it has been identified that quorum sensing pathways have a role in regulating 

expression of each of the three T6SSs. Expression of the H1-T6SS is repressed by both Las and PQS 

pathways (494). Conversely, expression of the H2- and H3-T6SSs are positively regulated by these 

pathways (494) as well as the Rhl pathway (495). A further link between the T6SS and quorum sensing 

has been identified in the association of the H3-T6SS effector TseF with the auto-inducer PQS in OMVs 

which is involved in iron uptake as previously described (see section 1.3.4.4) (311).  
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1.3.5.4 Sigma factor 54: RpoN 

RpoN is a sigma factor 54 (σ54) protein, required for the recruitment of RNA polymerase to 

characteristic -24/-12 promoter sequences to direct specific transcriptomic responses (496,497). RpoN 

also requires the ATPase activity of sigma factor activator (Sfa) proteins, to remodel the RNA 

polymerase and activate transcription (498). Typically associated with nitrogen assimilation, RpoN has 

recently been described to regulate numerous components expressed on the cell surface, thereby 

influencing the interaction with the environment (499).  

In P. aeruginosa the H2- and H3-T6SS clusters each encode a Sfa protein, Sfa2 and Sfa3 respectively, 

and RpoN has been identified to regulate T6SS cluster expression (495,500,501). In a Sfa2-dependent 

manner, RpoN activates transcription of components of the H2-T6SS, both those found within the 

primary H2-T6SS gene cluster but also components encoded at isolated chromosomal loci that are 

associated with genes for VgrG, PAAR and effector-immunity pairs (501). Conversely, RpoN was found 

to repress transcription of components of the H1- and H3-T6SSs (501). No role has to date been 

identified for Sfa3.  

 

1.3.5.5 Environmental conditions 

Differential expression and activity of the P. aeruginosa T6SSs has been linked to temperature 

(338,502). Specifically, the H3-T6SS is only expressed at lower temperatures, e.g. 25 °C vs 37 °C, while 

the H1- and H2-T6SS are expressed at both temperatures, although with H2-T6SS better expressed at 

lower temperatures (338). Interestingly, RsmA-associated repression was overcome for both H1- and 

H2-T6SSs at lower temperatures. Furthermore, T6SS expression is also influenced by growth phases, 

expression of the H2- and H3-T6SSs has been found to be induced at the transition between 

exponential and stationary phases (495). In contrast, H1-T6SS activity can be detected at earlier phases 

(503). Under laboratory conditions, specific incubation temperatures and times are therefore used to 

optimise the detection of T6SS activity.  

Nutrient availability is a further factor that influences T6SS expression. As previously identified, the 

H2-T6SS effector Azu is involved in the acquisition of copper from the environment (310). Under 

copper rich conditions, the cytoplasmic copper ion-sensing transcriptional regulator CueR represses 

the expression from the H2-T6SS locus and of the effector azu. This repression was relieved in 

response to low levels of copper, allowing H2-T6SS-dependent Azu secretion and copper scavenging 

from the environment. The expression of the H2-T6SS has also been shown to be negatively regulated 

in the presence of iron by the ferric uptake regulator (Fur) (504). The only described H3-T6SS effector 
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to date is involved in iron uptake, and H3-T6SS promoters, including that regulating effector tseF 

expression, have been identified to be negatively regulated by Fur (311). Components associated with 

all three P. aeruginosa T6SSs have additionally been identified to be upregulated under low phosphate 

conditions (505).  

T6SS expression can further be affected by host-associated environmental conditions. Bile in the form 

of gastro-oesophageal reflux is common in cystic fibrosis patients, and exposure to bile was found to 

promote expression of both the H1- and H2-T6SSs (506,507). Bile exposure was additionally linked to 

a range of phenotypes associated with chronic bacterial lifestyles, such as biofilm formation and 

antibiotic resistance.  
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1.4 T6SS component TssA 

As previously described, the position of most T6SS core components in specific sub-assemblies, and 

the contribution of these sub-assemblies to the assembly and activity of the T6SS are generally well 

understood. Only in recent years have roles of TssA been described and many key questions remain 

about the contribution of TssA to T6SS activity, its positioning within the T6SS and how TssA associates 

with other T6SS components. TssA proteins have been described as regulators of sheath 

polymerisation (360,377,508). However, different sub-groups of TssA proteins vary substantially 

raising questions about whether functionality is conserved, and how similar functions might be 

achieved by relatively distinct TssA variants (360,376,377,509).  

 

1.4.1 TssA structure and organisation 

TssA proteins are the most poorly conserved of the 13 core T6SS components, exhibiting variability in 

their length, domain organisation, symmetry and structure (360,376,377,509). The differences 

between TssA proteins have been classified previously into two groups, which are most simply defined 

by a difference in TssA length (Figure 1.16) (377,508,509). Short TssA proteins (TssAS), previously also 

known as TssA1 or TsaB, are 340-380 aa or ~40 kDa in length (377,508,509). While long TssA proteins 

(TssAL), previously also known as TssA2 or TsaC, are 470-540 aa or 55-60 kDa in length (377,508,509). 

A final group which has been described within the TssA family, also known as TsmA, comprises the 

accessory protein, TagA, which will be discussed in section 1.4.3.1 (377,510). 

We have recently identified that the grouping of TssA proteins by length corresponds with the 

phylogenetic grouping of T6SS clusters, with phylogenetic groups 1 and 2 encoding T6SS clusters 

associated with a TssAL, while phylogenetic groups 3-5 encode T6SS clusters associated with a TssAS 

(508). Furthermore, TssA length corresponds with domain organisation, TssAS contain two domains, 

while TssAL contain three domains (Figure 1.16) (360,509). All TssA proteins contain a Nt1 domain with 

the characteristic ImpA_N region, but vary in subsequent domains, with TssAL proteins containing an 

Nt2 domain. Long and short TssA proteins encode distinct C-terminal domains, which despite 

variations in sequence and structure, are each responsible for self-interaction, driving oligomerisation 

into ring-shaped structures (360,376,377,509). 
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1.4.1.1 TssA Nt1 domain 

The characteristic feature of all TssA proteins is the presence of a ~120 aa ImpA_N (PF06812) region 

of unknown function within the Nt1 domain (509,511). The ImpA_N region contains 3 blocks of high 

sequence conservation, referred to previously as ImpA_N1-3, which are expected to give rise to a 

similar fold in the N-terminus of all TssA proteins (509). Variation between TssA proteins arises 

downstream of this ImpA_N region, including in the size of the Nt1 domain. The Nt1 domain of TssAS 

proteins is slightly longer than that of TssAL proteins, at ~250 aa compared to ~190 aa, the functional 

significance of which is unclear (509).  

The only available Nt1 domain structure, that of the TssAS of Burkholderia cenocepacia (I35_RS01755) 

(TssABC), forms an 11 α-helix monomer, where the sequences comprising the ImpA_N region are found 

from α1 to the N-terminus of α6 (Figure 1.17) (509). High-resolution structures of full length TssA 

proteins have not been solved due to the flexibility between domains, however Nt1 domains are 

predicted to be present at the periphery of TssA ring-shaped structures with significant flexibility 

relative to the inner ring (360,376,377,509). 

Figure 1.17 Structure of TssABC Nt1 domain. The 

TssABC Nt1 domain (PDB: 6HS5) with conserved 

ImpA_N region highlighted in light blue.  

Figure 1.16 Schematic of TssA classification. The ImpA_N region (light yellow) is conserved in all 

TssA proteins within the Nt1 domain (yellow). In TssAS proteins, a flexible linker connects the Nt1 

domain to the C-terminal domain (CTD) (red). In TssAL proteins, a flexible linker connects the Nt1 

domain to the Nt2 domain (purple). The Nt2 domain is then connected by a flexible linker to a 

distinct TssAL CTD (blue). 

 Nt1 ImpA_N CTD 

                        Nt1 ImpA_N CTD Nt2 

TssAS 

TssAL 
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1.4.1.2 Structural features of short TssA proteins (TssAS) 

The TssAS Nt1 domain is connected via a 40-60 aa flexible linker to a 60-75 aa C-terminal domain, 

which is required for oligomerisation (376,509). Negative stain electron microscopy (EM) analysis of 

TssABC and TssA1 of P. aeruginosa (PA0082) (TssA1PA) identified the formation of rings with lumenal 

diameters of 110 Å and 100 Å respectively (Figure 1.18) (376,509). Based on an estimated ~30 subunit 

oligomer, a double-layered TssABC C-terminal domain ring of 32 monomers with D16 symmetry was 

assembled, with a 110 Å lumenal diameter, 200 Å external diameter and a thickness of 25 Å (Figure 

1.19) (509). The oligomeric state of TssA1PA is less clear, forming both dodecameric and double-

dodecameric oligomers (376).  

Figure 1.18 Negative stain electron microscopy images of TssAS proteins. A) Representative 

micrograph of full length TssA1PA (left), scale bar is 500 Å. The rotationally symmetrised average of 

the dataset, identifying two layers to the ring (inset), 1 and 2, scale bar is 130 Å. Representative 

class averages of the TssA1PA ring (right), scale bar is 100 Å. The rings have an average lumenal 

diameter of ~100 Å, with a ~260 Å diameter of the two layers. Figure reproduced from Planamente 

et al. (2016) under the terms of the Creative Commons CC BY license, 

https://creativecommons.org/licenses/by/4.0/legalcode. B) Representative micrograph of the 

TssA1BC C-terminal domain, scale bar is 50 nm. C) The rotationally symmetrised average of full 

length TssA1BC, with a lumenal diameter of 110 Å, a C-terminal domain outer diameter of 180 Å 

and whole particle diameter of 450 Å. Figure reproduced from Dix et al. (2018) under the terms of 

the Creative Commons CC BY license, https://creativecommons.org/licenses/by/4.0/legalcode. 

A) 

B) 
C) 
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The TssABC C-terminal domain contains four α-helices (α12-α15) arranged as two anti-parallel pairs 

(Figure 1.19C) (509). In the ring structure, each monomer contacts two other monomers in the 

alternate layer of the ring, where α12 and α13 contribute to a stacking interaction to form dimers, 

while α15 is required for oligomerisation of these dimers into a ring structure (Figure 1.19) A 

conserved motif in TssAS C-terminal domains, the EPxxP motif, is found in the loop connecting α12 

and α13 and is predicted to contribute to the stacking interaction (509).  

 

1.4.1.3 Structural features of long TssA proteins (TssAL) 

The TssAL Nt1 domain is connected via a flexible linker to a ~150 aa Nt2 domain, which is connected 

further by a flexible linker to a distinct C-terminal domain, whose length can vary with the presence 

of a C-terminal extension (509). The Nt2 domain is formed of seven α-helices (α1-α7), which dimerise 

(Figure 1.20) (360,377,509). Despite limited sequence similarity, structural similarity has been 

Figure 1.19 Structure of TssABC C-terminal domain ring. A) Top view of the TssABC C-terminal 

domain ring (PDB: 6HS6), with three monomers highlighted in light blue, blue and green. The ring 

has a lumenal diameter of 110 Å and an outer diameter of 200 Å. B) Side view of the TssABC C-

terminal domain ring, which is 25 Å thick. C) Interactions between three TssABC C-terminal domain 

monomers. The α-helices of the light blue monomer are labelled. Helices α12 and α13 contribute 

to a stacking interaction with the blue monomer, while α15 contributes to an interaction with the 

green monomer that oligomerises these stacked dimers into rings.  

200 Å 110 Å 

A) 

25 Å 

B) 

C) 
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reported between the N-terminal five helices of TssABC Nt1 domain and the Nt2 domains of TssA from 

enteroaggregative E. coli (EC042_4540) (TssAEC) and A. hydrophila (AHA1844) (TssAAH) (509). As such, 

it is proposed that a duplication event may have given rise to Nt2 domains.  

The length of the TssAL C-terminal domains can vary based on the presence or absence of a 20-40 aa 

extension onto the minimal and conserved ~85 aa C-terminal domain, which introduces variation into 

TssAL proteins (509). In the absence of the C-terminal extension, the TssAAH and V. cholerae TssA 

(VCA0119) (TssAVC) C-terminal domains consist of five α-helices (α8-α12), while in the presence of the 

C-terminal extension, the TssAEC C-terminal domain contains two additional α-helices (α8-α14) 

(360,377,509). The monomeric units of these C-terminal domains have similar folds, and in both cases 

one of the interaction interfaces of the C-terminal domain involves dimerisation via a conserved WEP 

motif in the loop connecting α11 and α12 (Figure 1.21) (377,509).  

Figure 1.20 Structure of TssAAH Nt2 domain 

dimers (PDB: 6G7C). Each monomer is 

comprised of seven α-helices. 

Figure 1.21 Dimer interfaces of TssAL 

proteins. The WEP residues (bold) of one 

monomer (green) interact with a 

hydrophobic pocket formed by another 

monomer (light blue). A) TssA
AH

 C-terminal 

domain (PDB: 6G7C) WEP-mediated dimer. 

W461 is found within a hydrophobic pocket 

formed by L456, L458 and L465, with E462 

forming a salt bridge with R420. B) TssAEC C-

terminal domain (PDB: 4YO5) WEP-

mediated dimer. W474 is found within a 

hydrophobic pocket formed by L469, L471 

and L478, with E475 forming a salt bridge 

with R433. 

A) 

B) 
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The way in which these dimers assemble into a ring is influenced by the presence or absence of the C-

terminal extension. In the absence of the C-terminal extension, interaction between the surfaces of 

α9, α10 and α11 of neighbouring subunits stabilises the formation of a thin (30-40 Å) star-shaped 

structure formed of two interpenetrating rings (Figure 1.22) (377,509). The monomeric units of the 

WEP-mediated dimers in this structure are almost adjacent to each other. The symmetry of this 

structure can vary, the decameric TssAAH forming a five-pointed star and the dodecameric TssAVC, 

forming a six-pointed star (377,509).  

In the presence of the C-terminal extension, the two additional α-helices are found at the dimerisation 

interface with α9, α10 and α11, altering the angle of the WEP-mediated dimer relative to the plane of 

the ring and causing the monomers of the dimers to stack on top of each other (Figure 1.23) (509). As 

such, TssAEC forms a thick (~80 Å) dodecamer made of a double-layered ring (360).  

The C-terminal extension which is present in some TssAL C-terminal domains therefore influences 

whether C-terminal domain rings are formed by two thin interpenetrating rings in the absence of the 

extension, as seen for TssAAH and TssAVC, or a thick double-layered ring in the presence of the 

extension, as seen for TssAEC (360,377,509). In both cases, the position of Nt2 dimers at the outer edge 

of the ring is highly flexible and does not follow the symmetry of the respective C-terminal domain 

ring (377,509).  

110 Å 

A) 

30 Å 

B) 

Figure 1.22 Structure of TssAAH C-terminal domain ring. A) Top view of TssAAH C-terminal domain 

ring (PDB: 6G7C) with monomers of a WEP-mediated dimer highlighted in light blue and green. The 

ring has a diameter of 110 Å. B) Side view of TssAAH C-terminal domain ring. The ring has a thickness 

of 30 Å.  
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Despite variation in symmetry and thickness of TssAL C-terminal domain rings, their lumenal (25-53 Å) 

and outer diameters (100-132 Å) have similar dimensions (Table 1.1) (360,377,509). These contrast 

with the dimensions of TssAS C-terminal domain ring lumenal (100-110 Å) and outer diameters (200 

Å) (376,509). Despite this variation, it has been proposed that the position of the peripheral Nt1 

domains relative to the centre of the ring may be approximately equivalent in all TssA proteins (Figure 

1.24) (509). 

 

Table 1.1 TssA structural variation 

 

Organism 
Length 

(aa) 

Ring 

symmetry 

Lumenal 

diameter 

(Å) 

C-terminal 

domain ring 

diameter (Å) 

Reference 

TssAL 

TssAEC 532 6 30 100 (360) 

TssAVC 469 6 53 132 (377) 

TssAAH 478 5 25 110 (509) 

TssAS 
TssA1PA 344 - 100 - (376) 

TssABC 373 16 110 200 (509) 

- data inconclusive 

 

 

Figure 1.23 Structure of TssAEC C-terminal domain ring. A) Top view of TssAEC C-terminal domain 

ring (PDB: 4YO5) with monomer highlighted in light blue. The ring has a diameter of 100 Å. B) Side 

view of TssAEC C-terminal domain ring with monomers of a WEP-mediated dimer highlighted in 

light blue and green. The ring has a thickness of 80 Å.  

 

100 Å 

A) B) 

80 Å 
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1.4.2 TssA within the T6SS 

The T6SS is a complex multi-protein nanomachine, whose activity requires the coordinated assembly 

and interactions of many structural and accessory components (see section 1.3.2). The details of how 

the diversity of TssA proteins might be accommodated within this framework remain unknown. 

Indeed, it is unclear whether such diversity might introduce subtle differences in the molecular 

mechanisms underlying assembly and firing, and whether these might result in functional diversity or 

specificity in various biological contexts. 

 

1.4.2.1 Interactions of TssA with T6SS components 

Despite their differences, both long and short TssA proteins interact with components of each of the 

T6SS sub-complexes: membrane complex, baseplate complex and tail complex (Table 1.2). TssAEC has 

been co-purified with the membrane complex (360), while TssABC and TssAAH interactions with 

membrane complex components have also been demonstrated (509). Interactions with baseplate 

components including TssK and VrgG, tail components including Hcp and sheath proteins, as well as 

the ATPase ClpV have been observed for both TssA groups (360,371,376,377,509).  

 

 

Figure 1.24 Model of long and short TssA complex domain architecture. Representation of a TssAL 

ring complex (left) and a TssAS ring complex at the distal end of the tail complex. Nt1 domains are 

positioned at a similar distance relative to the centre of each of these rings. Figure adapted from 

Dix et al. (2018) under the terms of the Creative Commons CC BY license, 

https://creativecommons.org/licenses/by/4.0/legalcode. 
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Table 1.2 TssA interactions in the T6SS 

  TssAS TssAL 

T6SS sub-complex T6SS protein TssA1PA TssABC TssAEC TssAVC 

Membrane 

complex 

TssJ   

(360) 

 

TssL  (509) (512) 

TssM  (509) (512) 

Baseplate complex 

TssE   (509) (360) (512) 

TssF (376) (509)  (512) 

TssG     

TssK (376) (509) (360,371) (512) 

VgrG (376) (509) (360) (512) 

Tail complex 

Hcp (376) (509) (360) (512) 

TssB (376)   (512) 

TssC  (509) (360) (377,512) 

ATPase ClpV (376)   (377) 

 

The interaction with the sheath has been further characterised for TssAEC, where an N-terminal region 

comprising Nt1+Nt2 domains has been demonstrated to interact with the sheath (360). Based on this, 

Nt2 domains of TssAEC and TssAVC have been modelled to interdigitate with the distal end of the sheath 

(360,377).  

Overall TssA appears as a very ubiquitous T6SS component in terms of positioning within the T6SS 

machinery, which may relate to a dynamic localisation as the T6SS assembles and fires, as will be 

discussed later. 

 

1.4.2.2 Role of TssA within the T6SS 

The deletion of tssA leads to a complete loss or large reduction in the abundance of extending and 

contracting sheath structures, as well as loss of Hcp secretion and reduced T6SS-dependent prey killing 

(324,360,376,377,394,508,509,512). This indicates a role for TssA proteins in the assembly of the tail 

complex and thus T6SS activity. 
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Interaction of TssA proteins with components of each of the T6SS sub-complexes suggests a dynamic 

role for TssA during T6SS activity. The positioning of TssA within the T6SS has been studied through 

fluorescence microscopy experiments, with T6SS components, such as sheath proteins, linked to 

fluorophores to allowing visualisation of T6SS dynamics over time. TssA interactions with sub-

complexes have been shown to be sequential, with TssA successively interacting with components of 

the membrane complex, baseplate complex and then tail complex (510). Static TssA, associated with 

the site of the membrane complex and baseplate complex, becomes dynamic upon polymerisation of 

the tail complex, where it is bound at the growing distal end of the sheath as it extends across the cell 

to the opposite membrane (360,377,508,513). From this position, TssA is suggested to coordinate the 

polymerisation of the growing tail complex (360,361). The same TssA complex is suggested to remain 

associated with the distal end of the sheath, from which the sheath polymerises (360,377,387). The 

mechanism by which the tail complex polymerises at its distal end with TssA attached remains unclear.  

Both long and short TssA proteins have been observed to localise with the distal end of the sheath, 

however distinct mechanisms for the different TssA groups have also been suggested to explain their 

structural differences (376,377). The short TssA1PA has been suggested to be a static baseplate 

component, mediating attachment to the sheath, but this is yet to be conclusively demonstrated 

(376,377). That both long and short TssA proteins show a similar network of interaction partners and 

have been shown to be associated with the distal end of the sheath suggests functional conservation, 

though it cannot be excluded that some TssAs may have distinct roles.  

 

1.4.3 TssA-associated sheath regulators 

In addition to core T6SS components, T6SS clusters can encode accessory proteins with roles including 

aiding T6SS assembly (345) and regulation (479), whose distribution varies between clusters (342). 

Our recent analysis has identified that not only is there an association between the length of TssA 

protein and T6SS phylogenetic group, but certain accessory proteins are also associated with these 

groups (Figure 1.25) (342,508). In general, TssAL proteins found in groups 1 and 2 co-occur with the 

TssA-family accessory protein, TagA, while TssAS proteins found in groups 3-5 co-occur with either a 

TagJ or a TagB accessory protein (508). An exception to this is the TssAS-encoding group 4A, where no 

TssA-associated accessory protein has been identified.  
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1.4.3.1 TssAL and TagA 

TagA proteins, including those of E. coli (EC042_4550) (TagAEC) and V. cholerae (VCA0121) (TagAVC), 

contain the conserved N-terminal ImpA_N region characteristic of TssA proteins and a variable C-

terminal region (377,510). TagA proteins interact with their cognate TssAL and peripherally associate 

with the membrane at the site where the sheath distal end completes its extension (377,510). Deletion 

of tagA results in both sheaths that contract immediately after extension, without a stable residence 

stage, and sheaths which continue polymerising after reaching the opposite side of the cell, causing 

sheaths to bend, and even become detached in some way from the membrane complex at the 

proximal end (377,510). As these detached sheaths remain in an extended conformation, it is 

suggested that they are still in contact with the baseplate complex (377). T6SS-dependent killing of 

prey is still possible in the absence of TagA, though with much reduced effectiveness (377,510). TagA 

is proposed to capture the extended sheath and anchor it to the membrane at the opposite side of 

the cell, terminating sheath extension and regulating residence of elongated sheaths before firing 

(377,510). 

 

1.4.3.2 TssAS and TagB 

We have recently demonstrated that the TagB accessory protein associated with TssAS-encoding T6SS 

clusters of group 4B also regulates sheath extension, though by a distinct mechanism (508). The P. 

putida TagB1 protein interacts with its cognate TssA (PP3088) (TssA1PP), which recruits TagB1 to the 

baseplate complex (508). However, while TssA1PP subsequently migrates at the distal end of the 

5 TssAS + TagJ 

3  TssAS + TagJ 

1  TssAL + TagA 

2 TssAL + TagA 

4A TssAS  
4B TssAS + TagB 

Figure 1.25 Association between T6SS phylogenetic groups, TssA and accessory proteins. T6SS 

clusters belonging to phylogenetic groups 1 and 2 encode TssAL proteins, while clusters of groups 

3-5 encode TssAS proteins. Groups encoding TssAL proteins also generally encode a TagA protein, 

while groups encoding TssAS proteins generally also encode a TagJ or TagB protein. Group 4A 

clusters do not encode an associated accessory protein.  
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sheath, TagB1 accumulates at the baseplate complex after sheath initiation with TagB1 dissociation 

coinciding with sheath contraction (508). Deletion of tagB1 does not affect TssA1PP localisation or 

sheath abundance, but results in shorter sheaths with less efficient T6SS activity (508). It is proposed 

that the baseplate complex is stabilised through interaction with TagB1, allowing sheath 

polymerisation to be completed before contraction is triggered by TagB1 dissociation and a 

conformational change in the baseplate complex (see section 1.3.2.3) (508).  

 

1.4.3.3 TssAS and TagJ 

It has been suggested that TagJ accessory proteins associated with TssAS-encoding T6SS clusters of 

groups 3 and 5, may act in a similar way due to similar dynamics being observed in T6SS assembly and 

their interaction with their respective TssA, but this is yet to be conclusively demonstrated (508). 

However, TagJ and TagB proteins share no sequence similarity, and thus may have distinct roles. In 

contrast to tagB1, deletion of the P. aeruginosa tagJ1 (PA0086) caused no detectable effect on T6SS 

activity (514). Due to interaction with TssB and ClpV, TagJ1 has alternatively been suggested to be 

involved in coordinating the disassembly of the contracted sheath (514,515). 

 

1.4.3.4 Link between T6SS kinetics and TssA  

The diversity in TssA proteins and their associated accessory proteins, and the implications this has on 

T6SS activity is yet to be understood. One way in which TssA variation has been suggested to influence 

T6SS activity is in T6SS firing kinetics. Following polymerisation of the sheath, T6SSs associated with a 

TssAS contract immediately, while T6SSs associated with a TssAL can maintain an extended sheath in 

a resident state for more than 5 minutes (508). The functional significance of these differences in T6SS 

kinetics is yet to be fully elucidated but could represent a diversity in firing strategies required to 

optimise T6SS activity in specific environments or in response to particular stimuli. For example, tit-

for-tat retaliation by P. aeruginosa requires a rapid and spatially oriented counterstrike and is carried 

out by the TssAS-associated H1-T6SS (see section 1.3.5.2). 
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1.4.3.5 T6SS clusters lacking TssA-associated accessory proteins 

The TssA-associated accessory proteins TagA and TagB are both involved in regulating the extension 

of the T6SS sheath, for TssAL and TssAS proteins respectively (377,508,510). However, for both long 

and short TssA proteins there are examples of T6SS clusters lacking genes encoding a TssA-associated 

accessory protein. The TssAL-encoding H2-T6SS cluster of P. aeruginosa forms a functional T6SS, but 

no associated TagA protein has been identified (377,508). In addition, T6SS clusters in group 4A, 

including the H3-T6SS cluster of P. aeruginosa, encode a TssAS but no associated accessory protein has 

been identified (508). No differences were identified when comparing the C-terminal domain 

sequences of TssAS proteins with and without an associated accessory protein, although those with 

accessory proteins clustered together in phylogenetic analysis (508). It is not clear how, if at all, T6SSs 

lacking a TssA-associated accessory protein compensate for this absence. 
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1.5 Aims of this project 

This project involved the characterisation of the three TssA proteins of P. aeruginosa. These TssA 

proteins are representative of the diversity of TssA proteins that have been characterised to date: 

encoding both long (TssA2) and short (TssA1 and TssA3) TssA proteins. The presence of three 

independent T6SS machineries in the P. aeruginosa genome allowed for the first time the 

functionality, positioning and specificity of long and short TssA proteins to be characterised in a single 

organism. To elucidate the role of these TssA proteins relative to their respective T6SSs, functional 

assays to assess T6SS-dependent secretion and prey killing, as well as fluorescence microscopy to 

visualise T6SS components, were used. Additionally, this project aimed to characterise the interactions 

of these TssA proteins, to understand their positioning within their respective T6SSs and to unpick 

some of the molecular details behind these interactions. To identify interaction partners of each TssA 

protein, comprehensive bacterial two-hybrid screens were carried out, and the relevance of these was 

assessed with functional assays. In an organism encoding multiple T6SS machineries, the specificity of 

these TssA proteins was also investigated. To identify the determinants of TssA functional specificity, 

the interactions of TssA domains were characterised and the functionality of chimeric TssA proteins 

assessed. 
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2. Experimental procedures 

 

2.1 Bacterial strains and growth conditions 

This study primarily involved the analysis of P. aeruginosa strain PAO1, some additional strains 

including various E. coli strains were also used. A complete list of all bacterial strains used in this study 

is presented in Table 2.1.  

When grown in liquid culture, Pseudomonas strains were cultivated either in lysogeny broth (LB) 

(Miller, Millipore) or tryptic soy broth (TSB) (Sigma) in Erlenmeyer flasks with 150 rpm orbital shaking. 

E. coli strains were cultivated in LB, primarily in universal containers (Starlab) or falcon tubes (VWR). 

For culture on solid media, bacteria were typically grown on LB agar (Miller), but Vogel-Bonner 

medium (VBM) agar (100 ml 10x stock: 200 mM magnesium sulfate heptahydrate, 2 g anhydrous citric 

acid, 10 g potassium phosphate dibasic and 3.5 g ammonium sodium phosphate dibasic tetrahydrate) 

and Pseudomonas isolation agar (PIA) (Millipore) were also occasionally used to grow P. aeruginosa.  

For routine culture, P. aeruginosa and E. coli strains were grown at 37 °C. However, they were also 

grown at other temperatures, such as 20, 25 and 30 °C, for certain experiments including interbacterial 

competition assays, protein secretion assays and protein purification. Where used, P. putida strains 

were grown at 30 °C. For long term storage, strains were stored in 40 % (v/v) glycerol at -80 °C. 

 

Table 2.1 Bacterial strains used in this study 

Strain Features Source 

P. aeruginosa strains 

PAO1 Wild-type P. aeruginosa strain, Lausanne subline 
Laboratory 
collection. 

PAO1 ΔrsmA PAO1 with deletion in rsmA (PA0905). 
Laboratory 
collection, 
Luke Allsopp. 

PAO1 ΔrsmN PAO1 with deletion in rsmN (PA5183.1). This study. 

PAO1 ΔretS PAO1 with deletion in retS (PA4856). This study. 

PAO1 ΔrsmA 
ΔrsmN 

PAO1 with deletion in rsmA (PA0905) and rsmN (PA5183.1). This study. 

PAO1 ΔrsmA 
ΔtssA1 

PAO1 with deletion in rsmA (PA0905) and tssA1 (PA0082). This study. 

PAO1 ΔretS 
ΔtssA1 

PAO1 with deletion in retS (PA4856) and tssA1 (PA0082). This study. 

PAO1 ΔrsmA 
ΔrsmN ΔtssA1 

PAO1 with deletion in rsmA (PA0905), rsmN (PA5183.1) and 
tssA1 (PA0082). 

This study. 
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PAO1 ΔrsmA 
ΔtssB1 

PAO1 with deletion in rsmA (PA0905) and tssB1 (PA0083). This study. 

PAO1 ΔretS 
ΔtssB1 

PAO1 with deletion in retS (PA4856) and tssB1 (PA0083). This study. 

PAO1 ΔrsmA 
ΔrsmN ΔtssB1 

PAO1 with deletion in rsmA (PA0905), rsmN (PA5183.1) and 
tssB1 (PA0083). 

This study. 

PAO1 ΔrsmA 
ΔtssA2 

PAO1 with deletion in rsmA (PA0905) and tssA2 (PA1656). This study. 

PAO1 ΔrsmA 
ΔtssB2 

PAO1 with deletion in rsmA (PA0905) and tssB2 (PA1657). 

Laboratory 
collection, 
Sophie 
Howard. 

PAO1 ΔrsmA 
ΔtssA3 

PAO1 with deletion in rsmA (PA0905) and tssA3 (PA2360). This study. 

PAO1 ΔrsmA 
ΔtssB3 

PAO1 with deletion in rsmA (PA0905) and tssB3 (PA2365). 

Laboratory 
collection, 
Sophie 
Howard. 

PAO1 ΔrsmA 
tssB1-GFP 

PAO1 with deletion in rsmA (PA0905) with chromosomal 
fusion of sfGFP at the C-terminus of tssB1 (PA0083). 

(508) 

PAO1 ΔrsmA 
ΔtssA1 tssB1-GFP 

PAO1 with deletion in rsmA (PA0905) and tssA1 (PA0082), 
with chromosomal fusion of sfGFP at the C-terminus of tssB1 
(PA0083). 

This study. 

PAO1 ΔretS tssB1-
mScarlet-I 

PAO1 with deletion in retS (PA4856) with chromosomal fusion 
of mScarlet-I at the C-terminus of tssB1 (PA0083). 

This study. 

PAO1 ΔretS 
ΔtssA1 tssB1-
mScarlet-I 

PAO1 with deletion in retS (PA4856) and tssA1 (PA0082), with 
chromosomal fusion of mScarlet-I at the C-terminus of tssB1 
(PA0083). 

This study. 

PAO1 ΔrsmA 
ΔrsmN tssB1-
mScarlet-I 

PAO1 with deletion in rsmA (PA0905) and rsmN (PA5183.1) 
with chromosomal fusion of mScarlet-I at the C-terminus of 
tssB1 (PA0083). 

This study. 

PAO1 ΔrsmA 
ΔrsmN ΔtssA1 
tssB1-mScarlet-I 

PAO1 with deletion in in rsmA (PA0905), rsmN (PA5183.1) and 
tssA1 (PA0082), with chromosomal fusion of mScarlet-I at the 
C-terminus of tssB1 (PA0083). 

This study. 

PAO1 ΔrsmA 
tssB2-GFP 

PAO1 with deletion in rsmA (PA0905) with chromosomal 
fusion of sfGFP at the C-terminus of tssB2 (PA1657). 

(508) 

PAO1 ΔrsmA 
ΔtssA2 tssB2-GFP 

PAO1 with deletion in rsmA (PA0905) and tssA2 (PA1656) with 
chromosomal fusion of sfGFP at the C-terminus of tssB2 
(PA1657). 

This study. 

PAO1 ΔrsmA 
tssB2-mScarlet-I 

PAO1 with deletion in rsmA (PA0905) with chromosomal 
fusion of mScarlet-I at the C-terminus of tssB2 (PA1657). 

This study. 

PAO1 ΔrsmA 
ΔtssA2 tssB2-
mScarlet-I 

PAO1 with deletion in rsmA (PA0905) and tssA2 (PA1656) with 
chromosomal fusion of mScarlet-I at the C-terminus of tssB2 
(PA1657). 

This study. 

PAO1 ΔrsmA 
tssB3-mScarlet-I 

PAO1 with deletion in rsmA (PA0905) with chromosomal 
fusion of mScarlet-I at the C-terminus of tssB3 (PA2365). 

This study. 

PAO1 ΔrsmA 
ΔtssA3 tssB3-
mScarlet-I 

PAO1 with deletion in rsmA (PA0905) and tssA3 (PA2360) with 
chromosomal fusion of mScarlet-I at the C-terminus of tssB3 
(PA2365). 

This study. 
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PAO1 ΔrsmA 
tssB1-GFP 
mScarlet-I-tssA1 

PAO1 with deletion in rsmA (PA0905) with chromosomal 
fusion of sfGFP at the C-terminus of tssB1 (PA0083) and 
mScarlet-I at the N-terminus of tssA1 (PA0082). 

This study. 

PAO1 ΔrsmA 
tssB1-mScarlet-I 
GFP-tssA1 

PAO1 with deletion in rsmA (PA0905) with chromosomal 
fusion of mScarlet-I at the C-terminus of tssB1 (PA0083) and 
sfGFP at the N-terminus of tssA1 (PA0082). 

This study. 

PAO1 ΔtssB1 
ΔtssB2 

PAO1 with deletion in tssB1 (PA0083) and tssB2 (PA1657). This study. 

PAO1 ΔtssB1 
ΔtssB2 ΔtssB3 

PAO1 with deletion in tssB1 (PA0083), tssB2 (PA1657) and 
tssB3 (PA2365). 

This study. 

PAO1 ΔrsmA 
ΔtssB1 ΔtssB2 

PAO1 with deletion in rsmA (PA0905), tssB1 (PA0083) and 
tssB2 (PA1657). 

Laboratory 
collection, 
Sophie 
Howard. 

PAO1 ΔrsmA 
ΔtssB1 ΔtssB2 
ΔtssB3 

PAO1 with deletion in rsmA (PA0905), tssB1 (PA0083), tssB2 
(PA1657) and tssB3 (PA2365). 

Laboratory 
collection, 
Sophie 
Howard. 

PAO1 ΔretS 
ΔtssB1 ΔtssB2 
ΔtssB3 

PAO1 with deletion in retS (PA4856), tssB1 (PA0083), tssB2 
(PA1657) and tssB3 (PA2365). 

Laboratory 
collection, 
Marta Rudzite. 

PAO1 ΔrsmA 
tssA21-391 

PAO1 with deletion of rsmA (PA0905) and chromosomal 
truncation of tssA2 (PA1656) to leave residues 1-391. 

This study. 

PAO1 ΔrsmA 
ΔH1-T6SS ΔH3-
T6SS 

PAO1 with deletion in rsmA (PA0905), H1-T6SS cluster 
between tagQ1 and vgrG1b (PA0070-PA0095) and H3-T6SS 
cluster between tssB3 and clpV3 (PA2365-PA2371) 

This study. 

PAO1 ΔrsmA 
ΔH1-T6SS ΔtssB2 
ΔH3-T6SS 

PAO1 with deletion in rsmA (PA0905), H1-T6SS cluster 
between tagQ1 and vgrG1b (PA0070-PA0095), tssB2 (PA1657) 
and H3-T6SS cluster between tssB3 and clpV3 (PA2365-
PA2371). 

This study. 

PAK ΔretS P. aeruginosa PAK strain with deletion in retS (PA4856). 

Laboratory 
collection, 
Abdou 
Hachani. 

PAK ΔretS ΔtssA1 
P. aeruginosa PAK strain with deletion in retS (PA4856) and 
tssA1 (PA0082). 

Laboratory 
collection, 
Nadine Lossi. 

PAK ΔretS ΔtssB1 
P. aeruginosa PAK strain with deletion in retS (PA4856) and 
tssB1 (PA0083). 

Laboratory 
collection, 
Nadine Lossi. 

PA14 ΔrsmA 
P. aeruginosa PA14 strain with deletion in rsmA 
(PA14_52570). 

(338) 

PA14 ΔrsmA 
hcp3-V5 

P. aeruginosa PA14 strain with deletion in rsmA (PA14_52570) 
and C-terminal V5 tag attached to hcp3 (PA14_34030). 

(338) 

PA14 ΔrsmA 
tssB3tl hcp3-V5 

P. aeruginosa PA14 strain with deletion in rsmA 
(PA14_52570), tssB3-lacZ translational fusion (PA14_34070) 
and C-terminal V5 tag attached to hcp3 (PA14_34030). 

(338) 

E. coli strains 

DH5α omnimax 
Strain used for cloning, F´ {proAB lacIq lacZΔM15 Tn10 (TetR) 
Δ(ccdAB)} mcrA Δ(mrr hsdRMS-mcrBC) Φ 80(lacZ)ΔM15 

Invitrogen 
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Δ(lacZYA-argF)U169 endA1 recA1 supE44 thi-1 gryA96 relA1 
tonA panD. 

DHM1 
Strain used for bacterial two-hybrid, F-, cya-854, recA1, endA1, 
gyrA96 (NalR), thi1, hsdR17, spoT1, rfbD1, glnV44(AS). 

(516) 

CC118λpir 
Host strain for pKNG101, Δ(ara-leu) araDΔlacX74 galE galK-
phoA20 thi-1 rpsE rpoB argE (AmpR) recA1 Rfrλpir. 

(517) 

BL21 (λDE3) 
Strain used for protein expression, F– dcm lon ompT hsdS(rB – 
mB – ) gal λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 nin5]). 

Stratagene 

1047 
Helper strain for three-partner conjugation, oriColE1 RK2-

Mob+RK2-Tra+, KmR, 
(518) 

P. putida strains 

KT2440R Wildtype P. putida strain, RifR. 
Laboratory 
collection. 

 

 

Antibiotics and other supplements added to media and their working concentrations are outlined in 

Table 2.2. All supplements dissolved in sterile double distilled water (ddH2O) were sterile filtered and 

all except 20 % (w/v) sucrose were stored at -20 °C long term, or 4 °C while in use. The 20 % (w/v) 

sucrose was stored at room temperature. Supplements dissolved in ethanol, methanol or 

dimethylformamide (DMF) were stored at -20 °C.  

 

Table 2.2 Media supplements used in this work 

Supplement Solvent 
Final concentration 

P. aeruginosa E. coli P. putida 

Ampicillin (Amp) ddH2O  100 µg/ml  

Carbenicillin (Carb) ddH2O 250 µg/ml   

Gentamicin (Gm) ddH2O  50 µg/ml  

IPTG ddH2O 250 µM Various, as stated  

Kanamycin (Km) ddH2O  50 µg/ml  

Rifampicin (Rif) Methanol   40 µg/ml 

Streptomycin (Sm) ddH2O 1000 -2000 µg/ml 100 µg/ml  

Sucrose ddH2O 20 % (w/v)   

Tetracyclin (Tet) Ethanol 150 µg/ml 15 µg/ml  

X-Gal DMF  100 µg/ml  
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2.2 Molecular biology techniques 

 

2.2.1 Genomic DNA and plasmid extraction 

All the plasmid vectors generated in this work were generated using genes from P. aeruginosa strain 

PAO1. This PAO1 genomic DNA was extracted using the PurelinkTM Genomic DNA Mini Kit (Thermo 

Fisher Scientific) following the manufacturer’s instructions. Plasmid DNA was extracted from cells 

using the QIAprep Spin Miniprep Kit (Qiagen). Following purification, all DNA was eluted with ddH2O, 

DNA concentration was measured with the NanodropTM spectrophotometer and solubilised DNA was 

stored at -20 °C. Genomic and plasmid DNA were used for the construction of novel plasmids for this 

work, see Table 2.3.  

 

Table 2.3 Plasmid vectors used in this study 

Plasmid  Characteristics Source 

Cloning vector 

pCR®-Blunt II-TOPO® Sub-cloning vector for blunt end ligation, KmR. Invitrogen 

P. aeruginosa chromosomal mutagenesis vectors 

pRK2013 
Self-transmissible helper plasmid for mobilisation of 
non-self-transmissible plasmids, KmR. 

(518) 

pKNG101 
Non-replicative suicide vector to alter P. aeruginosa 
chromosome, ori6K, mobRK2, sacB, SmR. 

(519) 

pKNG101-ΔtssA1 
pKNG101 suicide plasmid to delete tssA1 (PA0082), 
SmR. 

This study. 

pKNG101-ΔtssA2 
pKNG101 suicide plasmid to delete tssA2 (PA1656), 
SmR. 

This study. 

pKNG101-ΔtssA3 
pKNG101 suicide plasmid to delete tssA3 (PA2360), 
SmR. 

This study. 

pKNG101-ΔtssB1 
pKNG101 suicide plasmid to delete tssB1 (PA0083), 
SmR. 

(514) 

pKNG101-ΔtssB2 
pKNG101 suicide plasmid to delete tssB2 (PA1657), 
SmR. 

(338) 

pKNG101-ΔtssB3 
pKNG101 suicide plasmid to delete tssB3 (PA2365), 
SmR. 

Laboratory 
collection, 
Thomas Wood. 

pKNG101-GFP-tssA1  
pKNG101 suicide plasmid to introduce sfGFP at the N-
terminus of the tssA1 gene (PA0082), SmR. 

This study. 

pKNG101-tagJ1-GFP  
pKNG101 suicide plasmid to introduce sfGFP at the C-
terminus of the tagJ1 gene (PA0086), SmR. 

This study. 

pKNG101-tssA21-391 
pKNG101 suicide plasmid to C-terminally truncate 
tssA2 (PA1656), leaving residues 1-391, SmR. 

This study. 

pKNG101-tssB1-
mScarlet-I 

pKNG101 suicide plasmid to introduce mScarlet-I at 
the C-terminus of the tssB1 gene (PA0083), SmR. 

This study. 
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pKNG101-tssB2-
mScarlet-I 

pKNG101 suicide plasmid to introduce mScarlet-I at 
the C-terminus of the tssB2 gene (PA1657), SmR. 

This study. 

pKNG101-tssB3-
mScarlet-I 

pKNG101 suicide plasmid to introduce mScarlet-I at 
the C-terminus of the tssB3 gene (PA2365), SmR. 

This study. 

pKNG101-ΔH1-T6SS 
pKNG101 suicide plasmid to delete the H1-T6SS cluster 
between tagQ1 and vgrG1b (PA0070-PA0095), SmR. 

This study. 

pKNG101-ΔH3-T6SS 
pKNG101 suicide plasmid to delete the H3-T6SS cluster 
between tssB3 and clpV3 (PA2365-PA2371), SmR. 

(338) 

pKNG101-ΔretS pKNG101 suicide plasmid to delete retS (PA4856), SmR. 
Laboratory 
collection, Luke 
Allsopp. 

pKNG101-ΔtagJ150-230 
pKNG101 suicide plasmid to delete the central region, 
residues 50-230, of tagJ1 (PA0086), SmR. 

This study. 

pKNG101-ΔrsmN 
pKNG101 suicide plasmid to delete rsmN (PA5183.1) 
made in PAO1, SmR. 

This study, with 
Marta Rudzite. 

Bacterial two-hybrid vectors 

pKT25 
Bacterial two-hybrid vector, encoding the T25 
fragment of B. pertussis cyaA, with the MCS at the C-
terminal end of T25, KmR. 

(516) 

pKNT25 
Bacterial two-hybrid vector, encoding the T25 
fragment of B. pertussis cyaA, with the MCS at the N-
terminal end of T25, KmR. 

(516) 

pUT18 
Bacterial two-hybrid vector, encoding T18 fragment of 
B. pertussis cyaA, with the MCS at the N-terminal end 
of T18, AmpR. 

(516) 

pUT18C 
Bacterial two-hybrid vector, encoding T18 fragment of 
B. pertussis cyaA, with the MCS at the C-terminal end 
of T18, AmpR. 

(516) 

pKT25-zip 
pKT25 encoding the leucine zipper region of yeast 
protein GCN4, KmR. 

(516) 

pUT18C-zip 
pUT18C encoding the leucine zipper region of yeast 
protein GCN4, AmpR. 

(516) 

pKT25-tssA1 pKT25 encoding tssA1 (PA0082), KmR. (376) 

pKT25-tssA1 K69A 
pKT25 encoding tssA1 (PA0082) with K69A 
substitution, KmR. 

This study, with 
Genevieve Butt. 

pKT25-tssA1 G86A 
pKT25 encoding tssA1 (PA0082) with G86A 
substitution, KmR. 

This study, with 
Genevieve Butt. 

pKT25-tssA1 L94A 
pKT25 encoding tssA1 (PA0082) with L94A substitution, 
KmR. 

This study, with 
Genevieve Butt. 

pKT25-tssA1 R282A 
pKT25 encoding tssA1 (PA0082) with R282A 
substitution, KmR. 

This study, with 
Genevieve Butt. 

pKT25-tssA1 L286A 
pKT25 encoding tssA1 (PA0082) with L286A 
substitution, KmR. 

This study. 

pKT25-tssA1 L289A 
pKT25 encoding tssA1 (PA0082) with L289A 
substitution, KmR. 

This study. 

pKT25-tssA1 E300A 
pKT25 encoding tssA1 (PA0082) with E300A 
substitution, KmR. 

This study, with 
Genevieve Butt. 

pKT25-tssA1 L309A 
pKT25 encoding tssA1 (PA0082) with L309A 
substitution, KmR. 

This study. 
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pKT25-tssA1 D14A 
pKT25 encoding tssA1 (PA0082) with D14A 
substitution, KmR. 

This study. 

pKT25-tssA1 Q41A 
pKT25 encoding tssA1 (PA0082) with Q41A 
substitution, KmR. 

This study. 

pKT25-tssA1 D44A 
pKT25 encoding tssA1 (PA0082) with D44A 
substitution, KmR. 

This study. 

pKT25-tssA1 D116A 
pKT25 encoding tssA1 (PA0082) with D116A 
substitution, KmR. 

This study. 

pKT25-tssA1 R146A 
pKT25 encoding tssA1 (PA0082) with R146A 
substitution, KmR. 

This study. 

pKT25-tssA1 R148A 
pKT25 encoding tssA1 (PA0082) with R148A 
substitution, KmR. 

This study. 

pKT25-tssA1 S169A 
pKT25 encoding tssA1 (PA0082) with S169A 
substitution, KmR. 

This study. 

pKT25-tssA1 E170A 
pKT25 encoding tssA1 (PA0082) with E170A 
substitution, KmR. 

This study. 

pKT25-tssA1 L238A 
pKT25 encoding tssA1 (PA0082) with L238A 
substitution, KmR. 

This study. 

pKT25-tssA1Nt1 
pKT25 encoding tssA1 (PA0082) Nt1 domain residues 
1-240, KmR. 

This study. 

pKT25-tssA1CTD 
pKT25 encoding tssA1 (PA0082) CTD residues 275-344, 
KmR. 

This study. 

pKT25-tssB1 pKT25 encoding tssB1 (PA0083), KmR. 
Laboratory 
collection, 
Heather Coombe. 

pKT25-tssC1 pKT25 encoding tssC1 (PA0084), KmR. 
Laboratory 
collection, Nadine 
Lossi. 

pKT25-tssB1tssC1 pKT25 encoding tssB1 and tssC1 (PA0083-84), KmR. This study. 

pKT25-tssE1 pKT25 encoding tssE1 (PA0087), KmR. 
Laboratory 
collection, Nadine 
Lossi. 

pKT25-tssF1 pKT25 encoding tssF1 (PA0088), KmR. 
Laboratory 
collection, Nadine 
Lossi. 

pKT25-tssG1 pKT25 encoding tssG1 (PA0089), KmR. 
Laboratory 
collection, Nadine 
Lossi. 

pKT25-tssK1 pKT25 encoding tssK1 (PA0079), KmR. 
Laboratory 
collection, Sara 
Planamente. 

pKT25-hcp1 pKT25 encoding hcp1 (PA0085), KmR. 
Laboratory 
collection, Sara 
Planamente. 

pKT25-tagJ1 pKT25 encoding tagJ1 (PA0086), KmR 
Laboratory 
collection, Nadine 
Lossi. 

pKT25-clpV1 pKT25 encoding clpV1 (PA0090), KmR. 
Laboratory 
collection, Nadine 
Lossi. 
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pKT25-vgrG1a pKT25 encoding vgrG1a (PA0091), KmR. 
Laboratory 
collection, Luke 
Allsopp. 

pKT25-vgrG1b pKT25 encoding vgrG1b (PA0095), KmR. 

Laboratory 
collection, 
Panayiota 
Pissaridou. 

pKT25-vgrG1c pKT25 encoding vgrG1c (PA2685), KmR. 
Laboratory 
collection, Luke 
Allsopp. 

pKT25-tssA2 pKT25 encoding tssA2 (PA1656), KmR. This study. 

pKT25-tssA2Nt1 
pKT25 encoding tssA2 (PA2360) Nt1 domain residues 
1-190, KmR. 

This study. 

pKT25-tssA2Nt2+CTD 
pKT25 encoding tssA2 (PA1656) Nt2+CTD residues 222-
528, KmR. 

This study. 

pKT25-tssA3 pKT25 encoding tssA3 (PA2360), KmR. This study. 

pKT25-tssA3Nt1 
pKT25 encoding tssA3 (PA2360) Nt1 domain residues 
1- 260, KmR. 

This study. 

pKT25-tssA3CTD 
pKT25 encoding tssA3 (PA2360) CTD residues 296-366, 
KmR. 

This study. 

pKT25-PA2372  pKT25 encoding PA2372, KmR. This study. 

pKT25-tssA1Nt1-
tssA2CTD  

pKT25 encoding tssA1Nt1 (PA0082) (residues 1-275) 
tssA2CTD (PA1656) (residues 388-518) chimera, KmR.  

This study. 

pKT25-tssA1Nt1-
tssA2Nt2+CTD  

pKT25 encoding tssA1Nt1 (PA0082) (residues 1-275) 
tssA2Nt2+CTD (PA1656) (residues 222-518) chimera, KmR.  

This study. 

pKT25-tssA1Nt1-
tssA3CTD  

pKT25 encoding tssA1Nt1 (PA0082) (residues 1-275) 
tssA3CTD (PA2360) (residues 296-366) chimera, KmR. 

This study. 

pKT25-tssA2Nt1-
tssA1CTD  

pKT25 encoding tssA2Nt1 (PA1656) (residues 1-192) 
tssA1CTD (PA0082) (residues 246-344) chimera, KmR. 

This study. 

pKT25-tssA2Nt1-
tssA3CTD  

pKT25 encoding tssA2Nt1 (PA1656) (residues 1-222) 
tssA3CTD (PA2360) (residues 296-366) chimera, KmR. 

This study. 

pKT25-tssA3Nt1-
tssA1CTD  

pKT25 encoding tssA3Nt1 (PA2360) (residues 1-262) 
tssA1CTD (PA0082) (residues 246-344) chimera, KmR. 

This study. 

pKT25-tssA3Nt1-
tssA2CTD  

pKT25 encoding tssA3Nt1 (PA2360) (residues 1-262) 
tssA2CTD (PA1656) (residues 375-518) chimera, KmR. 

This study. 

pKT25-tssA3Nt1-
tssA2Nt2+CTD  

pKT25 encoding tssA3Nt1 (PA2360) (residues 1-262) 
tssA2Nt2+CTD (PA1656) (residues 192-518) chimera, KmR.  

This study. 

pKT25-tssA1 with 
tssA3 loop  

pKT25 encoding tssA1 (PA0082) with loop region (Q37-
E53) replaced with tssA3 (PA2360) loop region (D46-
D62), KmR. 

This study. 

pKT25-tssA1 with 
tssA3 hairpin  

pKT25 encoding tssA1 (PA0082) with hairpin region 
(F169-L172) replaced with tssA3 (PA2360) hairpin 
region (A174-Q191), KmR. 

This study. 

pKT25-tssA1 with 
tssA3 hairpin and 
loop  

pKT25 encoding tssA1 (PA0082) with hairpin (F169-
L172) and loop (Q37-E53) regions replaced with tssA3 
(PA2360) hairpin (A174-Q191) and loop (D46-D62) 
regions, KmR.  

This study. 

pKT25-tssA3 with 
tssA1 loop 

pKT25 encoding tssA3 (PA2360) with loop region (D46-
D62) replaced with tssA1 (PA0082) loop region (Q37-
E53), KmR. 

This study. 
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pKT25-tssA3 with 
tssA1 hairpin 

pKT25 encoding tssA3 (PA2360) with hairpin region 
(A174-Q191) replaced with tssA1 (PA0082) hairpin 
region (F169-L172), KmR. 

This study. 

pKT25-tssA3 with 
tssA1 hairpin and 
loop 

pKT25 encoding tssA3 (PA2360) with hairpin (A174-
Q191) and loop (D46-D62) regions replaced with tssA1 
(PA0082) hairpin (F169-L172) and loop (Q37-E53) 
regions, KmR. 

This study. 

pKNT25-tssA1 pKNT25 encoding tssA1 (PA0082), KmR. This study. 

pKNT25-tssB1 pKNT25 encoding tssB1 (PA0083), KmR. This study. 

pKNT25-tssC1 pKNT25 encoding tssC1 (PA0084), KmR. This study. 

pKNT25-tssB1tssC1 pKNT25 encoding tssB1 and tssC1 (PA0083-84), KmR.  This study. 

pKNT25-tssE1 pKNT25 encoding tssE1 (PA0087), KmR. This study. 

pKNT25-tssF1 pKNT25 encoding tssF1 (PA0088), KmR. This study. 

pKNT25-tssG1 pKNT25 encoding tssG1 (PA0089), KmR. This study. 

pKNT25-tssK1 pKNT25 encoding tssK1 (PA0079), KmR. This study. 

pKNT25-hcp1 pKNT25 encoding hcp1 (PA0085), KmR. 
Laboratory 
collection, Sarah 
Wettstadt. 

pKNT25-tagJ1 pKNT25 encoding tagJ1 (PA0086), KmR. 
Laboratory 
collection, Diane 
Letourneur. 

pKNT25-clpV1 pKNT25 encoding clpV1 (PA0090), KmR. 
Laboratory 
collection, 
Thomas Clamens. 

pKNT25-vgrG1a pKNT25 encoding vgrG1a (PA0091), KmR. 
Laboratory 
collection, Sarah 
Wettstadt. 

pKNT25-PA2372 pKNT25 encoding PA2372, KmR. This study. 

pUT18-tssA1 pUT18 encoding tssA1 (PA0082), AmpR. This study. 

pUT18-tssB1 pUT18 encoding tssB1 (PA0083), AmpR. This study. 

pUT18-tssC1 pUT18 encoding tssC1 (PA0084), AmpR. This study. 

pUT18-tssB1tssC1 pUT18 encoding tssB1 and tssC1 (PA0083-84), AmpR. This study. 

pUT18-tssE1 pUT18 encoding tssE1 (PA0087), AmpR. This study. 

pUT18-tssF1 pUT18 encoding tssF1 (PA0088), AmpR. This study. 

pUT18-tssG1 pUT18 encoding tssG1 (PA0089), AmpR. This study. 

pUT18-tssK1 pUT18 encoding tssK1 (PA0079), AmpR. This study. 

pUT18-hcp1 pUT18 encoding hcp1 (PA0085), AmpR. 
Laboratory 
collection, Sarah 
Wettstadt. 

pUT18-tagJ1 pUT18 encoding tagJ1 (PA0086), AmpR. 
Laboratory 
collection, Diane 
Letourneur. 

pUT18-clpV1 pUT18 encoding clpV1 (PA0090), AmpR. 
Laboratory 
collection, 
Thomas Clamens. 

pUT18-vgrG1a pUT18 encoding vgrG1a (PA0091), AmpR. 
Laboratory 
collection, Sarah 
Wettstadt. 

pUT18-PA2372 pUT18 encoding PA2372, AmpR. This study. 
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pUT18C-tssA1 pUT18C encoding tssA1 (PA0082), AmpR. (376) 

pUT18C-tssA1 K69A 
pUT18C encoding tssA1 (PA0082) with K69A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 G86A 
pUT18C encoding tssA1 (PA0082) with G86A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 L94A 
pUT18C encoding tssA1 (PA0082) with L94A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 R282A 
pUT18C encoding tssA1 (PA0082) with R282A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 L286A 
pUT18C encoding tssA1 (PA0082) with L286A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 L289A 
pUT18C encoding tssA1 (PA0082) with L289A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 E300A 
pUT18C encoding tssA1 (PA0082) with E300A 
substitution, AmpR. 

This study. 

pUT18C-tssA1 L309A 
pUT18C encoding tssA1 (PA0082) with L309A 
substitution, AmpR. 

This study. 

pUT18C-tssA1Nt1 
pUT18C encoding tssA1Nt1 (PA0082) residues 1-240, 
AmpR. 

This study. 

pUT18C-tssA1CTD 
pUT18C encoding tssA1CTD (PA0082) residues 275-344, 
AmpR. 

This study. 

pUT18C-tssB1 pUT18C encoding tssB1 (PA0083), AmpR. 
Laboratory 
collection, 
Heather Coombe. 

pUT18C-tssC1 pUT18C encoding tssC1 (PA0084), AmpR. 
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-tssB1tssC1 pUT18C encoding tssB1 and tssC1 (PA0083-84), AmpR.  This study. 

pUT18C-tssE1 pUT18C encoding tssE1 (PA0087), AmpR. 
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-tssF1 pUT18C encoding tssF1 (PA0088), AmpR. 
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-tssG1 pUT18C encoding tssG1 (PA0089), AmpR. 
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-tssK1 pUT18C encoding tssK1 (PA0079), AmpR. 
Laboratory 
collection, Sara 
Planamente. 

pUT18C-hcp1 pUT18C encoding hcp1 (PA0085), AmpR. 
Laboratory 
collection, Sara 
Planamente. 

pUT18C-tagJ1 pUT18C encoding tagJ1 (PA0086), AmpR. 
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-clpV1 pUT18C encoding clpV1 (PA0090), AmpR. 
Laboratory 
collection, Nadine 
Lossi. 
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pUT18C-vgrG1a pUT18C encoding vgrG1a (PA0091), AmpR. 
Laboratory 
collection, Laura 
Nolan. 

pUT18C-vgrG1b pUT18C encoding vgrG1b (PA0095), AmpR. 
Laboratory 
collection, Laura 
Nolan. 

pUT18C-vgrG1c pUT18C encoding vgrG1c (PA2685), AmpR. 
Laboratory 
collection, Laura 
Nolan. 

pUT18C-tssL1 pUT18C encoding tssL1 (PA0078), AmpR. This study. 

pUT18C-tssM1cyt 
pUT18C encoding tssM1 (PA0077) cytoplasmic region 
residues 1-369, AmpR. 

This study. 

pUT18C-tssA2 pUT18C encoding tssA2 (PA1656), AmpR. This study. 

pUT18C-tssA2Nt1 
pUT18C encoding tssA2Nt1 (PA1656) residues 1- 190, 
AmpR. 

This study. 

pUT18C-tssA2Nt2+CTD 
pUT18C encoding tssA2Nt2+CTD (PA1656) residues 222-
528, AmpR. 

This study. 

pUT18C-tssB2 pUT18C encoding tssB2 (PA1657), AmpR.  
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-tssC2 pUT18C encoding tssC2 (PA1658), AmpR.  
Laboratory 
collection, Nadine 
Lossi. 

pUT18C-tssB2tssC2 
pUT18C encoding tssB2 and tssC2 (PA1657-1658), 
AmpR.  

This study. 

pUT18C-tssE2 pUT18C encoding tssE2 (PA1659), AmpR. This study. 

pUT18C-tssF2 pUT18C encoding tssF2 (PA1660), AmpR. This study. 

pUT18C-tssG2 pUT18C encoding tssG2 (PA1661), AmpR. This study. 

pUT18C-tssK2 pUT18C encoding tssK2 (PA1667), AmpR. This study. 

pUT18C-hcp2 
pUT18C encoding hcp2 (PA1512/PA5267/PA0263), 
AmpR. 

Laboratory 
collection, 
Abderrahman 
Hachani. 

pUT18C-clpV2 pUT18C encoding clpV2 (PA1662), AmpR. 
Laboratory 
collection, Sara 
Planamente. 

pUT18C-vgrG2a pUT18C encoding vgrG2a (PA1511), AmpR. This study. 

pUT18C-vgrG2b pUT18C encoding vgrG2b (PA0264), AmpR. This study. 

pUT18C-vgrG4a pUT18C encoding vgrG4a (PA3294), AmpR. This study. 

pUT18C-vgrG4b pUT18C encoding vgrG4b (PA3486), AmpR. This study. 

pUT18C-vgrG5 pUT18C encoding vgrG5 (PA5090), AmpR. 
Laboratory 
collection, Laura 
Nolan. 

pUT18C-vgrG6 pUT18C encoding vgrG6 (PA5266), AmpR. 
Laboratory 
collection, Laura 
Nolan. 

pUT18C-tssL2 pUT18C encoding tssL2 (PA1668), AmpR. This study. 

pUT18C-tssM2cyt 
pUT18C encoding tssM2 (PA1669) cytoplasmic region 
residues 1-447, AmpR. 

This study. 
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pUT18C-tssA3 pUT18C encoding tssA3 (PA2360), AmpR. This study. 

pUT18C-tssA3Nt1 
pUT18C encoding tssA3Nt1 (PA2360) residues 1-260, 
AmpR. 

This study. 

pUT18C-tssA3CTD 
pUT18C encoding tssA3CTD (PA2360) residues 296-366, 
AmpR. 

This study. 

pUT18C-tssB3 pUT18C encoding tssB3 (PA2365), AmpR. This study. 

pUT18C-tssC3 pUT18C encoding tssC3 (PA2366), AmpR. This study. 

pUT18C-tssB3tssC3 
pUT18C encoding tssB3 and tssC3 (PA2365-2366), 
AmpR.  

This study. 

pUT18C-tssE3 pUT18C encoding tssE3 (PA2668), AmpR. This study. 

pUT18C-tssF3 pUT18C encoding tssF3 (PA2369), AmpR. This study. 

pUT18C-tssG3 pUT18C encoding tssG3 (PA2670), AmpR. This study. 

pUT18C-tssK3 pUT18C encoding tssK3 (PA2363), AmpR. This study. 

pUT18C-hcp3 pUT18C encoding hcp3 (PA2367), AmpR. 
Laboratory 
collection, Sophie 
Howard. 

pUT18C-clpV3 pUT18C encoding clpV3 (PA2371), AmpR. 
Laboratory 
collection, 
Thomas Clamens. 

pUT18C-vgrG3 pUT18C encoding vgrG3 (PA2373), AmpR. 
Laboratory 
collection, Laura 
Nolan. 

pUT18C-tssL3 pUT18C encoding tssL3 (PA2362), AmpR. This study. 

pUT18C-tssM3cyt 
pUT18C encoding tssM3 (PA2361) cytoplasmic region 
residues 1-348, AmpR. 

This study. 

pUT18C-PA2372 pUT18C encoding PA2372, AmpR. This study. 

Pseudomonas expression vectors 

pBBR1MCS4 
Broad host range vector, with constitutive PLAC 
promoter, AmpR/CarbR. 

(520) 

pBBR1MCS4-tssA1 pBBR1MCS4 encoding tssA1 (PA0082), AmpR/CarbR. This study. 

pBBR1MCS4-tssA2 pBBR1MCS4 encoding tssA2 (PA1656), AmpR/CarbR. This study. 

pBBR1MCS4-tssA3 pBBR1MCS4 encoding tssA3 (PA2360), AmpR/CarbR. This study. 

pBBR1MCS4-tssA1Nt1-
tssA2CTD  

pBBR1MCS4 encoding tssA1Nt1 (PA0082) (residues 1-
275) tssA2CTD (PA1656) (residues 388-518) chimera, 
AmpR/CarbR.  

This study. 

pBBR1MCS4-tssA1Nt1-
tssA2Nt2+CTD  

pBBR1MCS4 encoding tssA1Nt1 (PA0082) (residues 1-
275) tssA2Nt2+CTD (PA1656) (residues 222-518) chimera, 
AmpR/CarbR.  

This study. 

pBBR1MCS4-tssA1Nt1-
tssA3CTD 

pBBR1MCS4 encoding tssA1Nt1 (PA0082) (residues 1-
275) tssA3CTD (PA2360) (residues 296-366) chimera, 
AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA2Nt1-
tssA1CTD  

pBBR1MCS4 encoding tssA2Nt1 (PA1656) (residues 1-
192) tssA1CTD (PA0082) (residues 246-344) chimera, 
AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA2Nt1-
tssA3CTD  

pBBR1MCS4 encoding tssA2Nt1 (PA1656) (residues 1-
222) tssA3CTD (PA2360) (residues 296-366) chimera, 
AmpR/CarbR. 

This study. 
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pBBR1MCS4-tssA3Nt1-
tssA1CTD  

pBBR1MCS4 encoding tssA3Nt1 (residues 1-262) 
tssA1CTD (PA0082) (residues 246-344) chimera, 
AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA3Nt1-
tssA2CTD  

pBBR1MCS4 encoding tssA3Nt1 (PA2360) (residues 1-
262) tssA2CTD (PA1656) (residues 375-518) chimera, 
AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA3Nt1-
tssA2Nt2+CTD  

pBBR1MCS4 encoding tssA3Nt1 (PA2360) (residues 1-
262) tssA2Nt2+CTD (PA1656) (residues 192-518) chimera, 
AmpR/CarbR.  

This study. 

pBBR1MCS4-tssA1Nt1 
pBBR1MCS4 encoding tssA1Nt1 (PA0082) residues 1-
240, AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA2Nt1 
pBBR1MCS4 encoding tssA2Nt1 (PA1656) residues 1-
190, AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA1 
with tssA3 hairpin  

pBBR1MCS4 encoding tssA1 (PA0082) with hairpin 
region (F169-L172) replaced with tssA3 (PA2360) 
hairpin region (A174-Q191), AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA1 
with tssA3 hairpin 
and loop  

pBBR1MCS4 encoding tssA1 (PA0082) with hairpin 
(F169-L172) and loop (Q37-E53) regions replaced with 
tssA3 (PA2360) hairpin (A174-Q191) and loop (D46-
D62) regions, AmpR/CarbR.  

This study. 

pBBR1MCS4-tssA1 
with tssA3 loop  

pBBR1MCS4 encoding tssA1 (PA0082) with loop region 
(Q37-E53) replaced with tssA3 (PA2360) loop region 
(D46-D62), AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA3 
with tssA1 hairpin 

pBBR1MCS4 encoding tssA3 (PA2360) with hairpin 
region (A174-Q191) replaced with tssA1 (PA0082) 
hairpin region (F169-L172), AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA3 
with tssA1 hairpin 
and loop 

pBBR1MCS4 encoding tssA3 (PA2360) with hairpin 
(A174-Q191) and loop (D46-D62) regions replaced with 
tssA1 (PA0082) hairpin (F169-L172) and loop (Q37-E53) 
regions, AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA3 
with tssA1 loop 

pBBR1MCS4 encoding tssA3 (PA2360) with loop region 
(D46-D62) replaced with tssA1 (PA0082) loop region 
(Q37-E53), AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA2PP  
pBBR1MCS4 encoding tssA2 (PP4072) of P. putida, 
AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA3PP  
pBBR1MCS4 encoding tssA3 (PP2626) of P. putida, 
AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA2Nt1-
tssA2PP

Nt2+CTD  

pBBR1MCS4 encoding tssA2Nt1 (PA1656) (residues 1-
222) tssA2Nt2+CTD of P. putida (PP4072) (residues 220-
488) chimera, AmpR/CarbR. 

This study. 

pBBR1MCS4-tssA2Nt1-
tssA3PP

Nt2+CTD  

pBBR1MCS4 encoding tssA2Nt1 (PA1656) (residues 1-
222) tssA3Nt2+CTD of P. putida (PP2626) (residues 220-
487) chimera, AmpR/CarbR. 

This study. 

pMMB67HE 
Broad host range vector, with IPTG inducible PTAC 
promoter, RSF1010 ori, AmpR/CarbR. 

(521) 

pMMB67HE-tagJ1 pMMB67HE encoding tagJ1 (PA0086), AmpR/CarbR. This study. 

pMMB67HE-amrZ-V5 
pMMB67HE encoding amrZ (PA3385) with a C-terminal 
V5 tag, AmpR/CarbR. 

(338) 

pME6032 
Broad host range vector with IPTG inducible PTAC 
promoter, P15A ori, TetR. 

(522) 
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pME6032-tssA2  pME6032 encoding tssA2 (PA1656), TetR. This study. 

pME6032-FLAG-tssA2  
pME6032 encoding tssA2 (PA1656) with N-terminal 
FLAG tag, TetR. 

This study. 

pME6032-tssA3  pME6032 encoding tssA3 (PA2360), TetR. This study. 

pME6032-FLAG-tssA3  
pME6032 encoding tssA3 (PA2360) with N-terminal 
FLAG tag, TetR. 

This study. 

pME6032-PA2372 pME6032 encoding PA2372, TetR. This study. 

pME6032-FLAG-
PA2372 

pME6032 encoding PA2372 with N-terminal FLAG tag, 
TetR. 

This study. 

pRL662-GFP 
Broad host range vector producing GFP under a 
constitutive PLAC promoter, pBBR1 ori, GmR. 

Laboratory 
collection, 
Thomas Wood.  

pUCP22-
tssA1promoter-
GFPmut3b 

Broad host range vector producing GFPmut3b under 
the tssA1 promoter, GmR.  

Laboratory 
collection, Marta 
Rudzite. 

E. coli expression vectors 

pET28a 
High expression vector with IPTG inducible T7 
promoter, pBR322 ori, KmR. 

Novagen 

pET28a-his6-tssA2 pET28a encoding his6 tagged tssA2 (PA1656), KmR. This study. 

pET28a-his6-tssA21-391 
Overexpression of his6 tagged truncated tssA2 
(PA1656) residues 1-391, KmR. 

This study. 

pETDuet-1 
High expression vector with two multiple cloning sites, 
both with IPTG inducible T7 promoter, pBR322 ori, 
AmpR. 

EMD Biosciences 

pETDuet-1-his6-tssA1 
pETDuet-1 encoding full length, N-terminal his6 tagged 
tssA1 (PA0082), AmpR. 

This study. 

pETDuet-1-his6-tssA2 
pETDuet-1 encoding full length, N-terminal his6 tagged 
tssA2 (PA1656), AmpR. 

This study. 

pETDuet-1-his6-tssA3 
pETDuet-1 encoding full length, N-terminal his6 tagged 
tssA3 (PA2360), AmpR. 

This study. 

pETDuet-Strep-tssA1 
pETDuet-1 encoding N-terminal Strep tagged tssA1 
(PA0082), AmpR. 

This study. 

pETDuet-Strep-tssA2 
pETDuet-1 encoding N-terminal Strep tagged tssA2 
(PA1656), AmpR. 

This study. 

pETDuet-Strep-tssA3 
pETDuet-1 encoding N-terminal Strep tagged tssA3 
(PA2360), AmpR. 

This study. 

pETDuet-1-Strep-
tssA1CTD 

pETDuet-1 encoding N-terminal Strep tagged tssA1CTD 
(PA0082) residues 275-344, AmpR. 

This study. 

pETDuet-1-Strep-
tssA2Nt2+CTD 

pETDuet-1 encoding N-terminal Strep tagged 
tssA2Nt2+CTD (PA1656) residues 223-518, AmpR. 

This study. 

pETDuet-1-Strep-
tssA2CTD  

pETDuet-1 encoding N-terminal Strep tagged tssA2CTD 
(PA1656) residues 386-518, AmpR. 

This study. 

pETDuet-1-Strep-
tssA3CTD 

pETDuet-1 encoding N-terminal Strep tagged tssA3CTD 
(PA2360) residues 296-366, AmpR. 

This study. 
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2.2.2 KOD PCR 

For the construction of plasmids, PAO1 genomic DNA was amplified by PCR using the KOD Hot Start 

polymerase (Merck). The 50 µl reaction mix contained 60 ng of genomic DNA as the template with 1 

µl KOD polymerase, 5 µl 10x KOD Hot Start buffer (Merck), 2 µl of each primer, 10 µl betaine solution 

(Sigma Aldrich), 100 µM of dNTP mix (Merck), 1.5 mM magnesium sulfate and ddH2O. The primers 

used for this work were manufactured by Sigma Aldrich and are presented in Table 2.4. Primers 

typically contained restriction enzyme recognition sites at the 5’ end, to allow for subsequent 

restriction enzyme digestion and ligation of purified PCR products. The annealing temperature of 

primers was typically designed to be between 55-64 °C, and the PCR cycling conditions followed the 

manufacturers specifications for optimal KOD polymerase activity. 

Following the PCR, the reaction mix was analysed by electrophoresis on 1% (w/v) Tris-acetate-EDTA 

(TAE) agarose gel with the Quick-Load® Purple 1 kb Plus DNA Ladder (NEB) as a molecular weight 

marker. 2 % (w/v) TAE agarose gels were occasionally used for the resolution of DNA fragments smaller 

than 500 bp. The gel was imaged using the Bio-Rad ChemiDoc XRS+.  

DNA fragments of the correct size were purified either directly from the reaction mix using the 

QIAquick® PCR Purification Kit (QIAgen) or via a band excised from a TAE agarose gel using the 

QIAquick® Gel Extraction Kit (QIAgen). Purified DNA fragments were either used for blunt-end ligation 

into the pCR®-Blunt II-TOPO® (Invitrogen) cloning vector following the manufacturers protocol, or 

subject to restriction enzyme digestion and sticky-end ligation.  

 

Table 2.4 Primers used in this study 

Construct Code Primer name  Sequence 

Vector screening primers 

pBBR1MCS4 
and pCR®-
Blunt II-TOPO® 

OAL684 M13F TGTAAAACGACGGCCAGT 

OAL685 M13R CAGGAAACAGCTATGACC 

pKT25 
OAL193 T25F GTGACCAGCGGCGATTCGGTGACCGATTAC 

OAL192 T25R TGGCGAAAGGGGGATGTGCTGCAAGGCGAT 

pKNT25 
OAL1567 NT25F TGTGGAATTGTGAGCGGATA 

OAL1568 NT25R GTAACCAGCCTGATGCGATT 

pUT18 
OAL1876 T18F ATGCTTCCGGCTCGTATGTTGTG 

OAL1877 T18R TTTCCACAACAAGTCGATGCGTT 

pUT18C 
OAL190 T18CF GAAGTTCTCGCCGGATGTACTGGAAACGGT 

OAL191 T18CR TTGGCGGGTGTCGGGGCTGGCTTAACTATG 

pMMB67HE 
OAL2452 MMB67F TGGTATGGCTGTGCAGGTCGTAA 

OAL2453 MMB67R TCAGACCGCTTCTGCGTTCTGAT  

pKNG101 OAL682 Rpkn CATATCACAACGTGCGTGGA 
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OAL683 Upkn CCCTGGATTTCACTGATGAG 

pET28a 
OAL517 T7 promoter TAATACGACTCACTATAGGG 

OAL518 T7 terminator GCTAGTTATTGCTCAGCGG 

pETDuet-1 
(MCS1) 

OAL1279 DuetUP1 GGATCTCGACGCTCTCCCT 

OAL1280 DuetDOWN1 GATTATGCGGCCGTGTACAA 

pME6032 
OAL4786 pME6032F GCGCACTCCCGTTCTGGATAATG 

OAL4787 pME6032R GCTCTCGGGTAACATCAAGGCC 

P. aeruginosa mutator construction primers 

pKNG101-
ΔtssA1 

OAL4929 ΔtssA1 P1 
ATATTTCTAGAGTTGGTGCTGGTGTCGGTGAGGTA
GTAC 

OAL4930 ΔtssA1 P2 TTACTCGCTATCCAGCACGGTGACGATCTCCC 

OAL4931 ΔtssA1 P3 GTGCTGGAAAGCGAGTAACGCCTAGCGG 

OAL4932 ΔtssA1 P4 AATAAGGATCCTTGCCGTCCATGTAGGTCAGCAGG 

pKNG101-
ΔtssA2 

OAL5442 ΔtssA2 P1 
TGCCTTCTAGAAACAAGTGAATTGAGCAAGAAGTT
GCGCA 

OAL5443 ΔtssA2 P2 
CTATTCGAGATAGGTCATCCTAACCCTTCAATGCAC
ACC 

OAL5444 ΔtssA2 P3 ATGACCTATCTCGAATAGGGCTTCGCGCCC 

OAL5198 
tssA2 truncation 
P4 

ATATAGGATCCCCCAGCTCGCCCAGCACACG 

pKNG101-
ΔtssA3 

OAL5445 ΔtssA3 P1 ATATGTCTAGAAGCCGCACCACCTCGCGTTCCTGC 

OAL5446 ΔtssA3 P2 
ATGACCCTGCTGCCCTAGGAGGCGTGGCTATATCTT
T 

OAL5447 ΔtssA3 P3 CTAGGGCAGCAGGGTCATGGGGTACCTCCGGTGC 

OAL5448 ΔtssA3 P4 TATTAGGATCCCTGCTCGGCGTCGCCCTGGACATCG 

pKNG101-GFP-
tssA1  

OAL4896 GFP-tssA1 P1 TATATTCTAGATGGCGGCTGGAGACCAGG 

OAL4897 GFP-tssA1 P2 TTTACGCATGGTGACGATCTCCCTATCATC 

OAL4898 GFP-tssA1 P3 
ATCGTCACCATGCGTAAAGGCGAAGAACTGTTCAC
GG 

OAL4767 GFP-tssA1 P4 TCCTCCTCCTGCTGCTGCCTTATACAGCTCGTCCAT 

OAL4899 GFP-tssA1 P5 
GCAGCAGCAGGAGGAGGACTGGATGTACCCGTTTT
GCTGGC 

OAL4900 GFP-tssA1 P6 TTATAGGATCCATCTGCTCGGGACTCAGGGTC 

pKNG101-
tagJ1-GFP  

OAL4921 tagJ1-GFP P1 
AAAAATCTAGAGCCGATGGTACAGACCTACTCCAC
CG 

OAL4922 tagJ1-GFP P2 TGCTGCTGCGGCGTCCGTCGGCTCGAAGTCC 

OAL4923 tagJ1-GFP P3 CCGACGGACGCCGCAGCAGCAGGAGGAGGA 

OAL4924 tagJ1-GFP P4 
CGCAGGTCGAACTTACTTATACAGCTCGTCCATACC
G 

OAL4925 tagJ1-GFP P5 
TATAAGTAAGTTCGACCTGCGTGAACTGGACTTCG
AGC 

OAL4926 tagJ1-GFP P6 TATAAGGATCCGCCGGTCTCCAGGTCCAGGTTG 

pKNG101-
tssA21-391 

OAL5195 
tssA2 truncation 
P1 

ATAAATCTAGACCATCGACAACGAGCGCGACGCC 

OAL5196 
tssA2 truncation 
P2 

GAAGCCCTACACGGTCTCGACCTTGCGCGGC 

OAL5197 
tssA2 truncation 
P3 

GAGACCGTGTAGGGCTTCGCGCCCTCAATTCTC 
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OAL5198 
tssA2 truncation 
P4 

ATATAGGATCCCCCAGCTCGCCCAGCACACG 

pKNG101-
tssB1-
mScarlet-I 

OAL5339 
tssB1-mScarlet-I 
P1 

TAATAAGGATCCAGGGAGAAACAAGATGGGAAGC
A 

OAL5340 
tssB1-mScarlet-I 
P2 

TGCTGCTGCCGCCTGCGGCTCGTCGTCTTT 

OAL5341 
tssB1-mScarlet-I 
P3 

CCGCAGGCGGCAGCAGCAGGAGGAGGA 

OAL5342 
tssB1-mScarlet-I 
P4 

GGAATCCTCTTACGAACCCTTATACAGTTCGTCCAT 

OAL5343 
tssB1-mScarlet-I 
P5 

GGTTCGTAAGAGGATTCCAGCATGGCCGA 

OAL5344 
tssB1-mScarlet-I 
P6 

TAATAAGGGCCCGCCGAACTGGCCGTATTCCTCTTC 

pKNG101-
tssB2-
mScarlet-I 

OAL5197 
tssA2 truncation 
P3 

GAGACCGTGTAGGGCTTCGCGCCCTCAATTCTC 

OAL6424 
tssB2-mScarlet-I 
P2 

TGCTGCTGCGGCGTCCTGGGAGGGGGCGGC 

OAL6425 
tssB2-mScarlet-I 
P3 

CAGGACGCCGCAGCAGCAGGAGGAGGA 

OAL6426 
tssB2-mScarlet-I 
P4 

GGGGGTGGCTCACGAACCCTTATACAGTTCGTCCA
TGCCGC 

OAL6427 
tssB2-mScarlet-I 
P5 

GGTTCGTGAGCCACCCCCTAGCCAAGGAAG 

OAL6428 
tssB2-mScarlet-I 
P6 

TAATTCGATGATGGCGCCGACCGGCTG 

pKNG101-
tssB3-
mScarlet-I 

OAL6429 
tssB3-mScarlet-I 
P1 

ATATTCATTGCATCGGAGTCAGCCGCCATGGCCGA
G 

OAL6430 
tssB3-mScarlet-I 
P2 

TGCTGCTGCGGCCGGCTGGTCGGCCGGGGG 

OAL5273 
tssB3-mScarlet-I 
P3 

CAGCCGGCCGCAGCAGCAGGAGGAGGA 

OAL6431 
tssB3-mScarlet-I 
P4 

GAAGAGGGTCACGAACCCTTATACAGTTCGTCCAT
GCCGCC 

OAL6432 
tssB3-mScarlet-I 
P5 

GGTTCGTGACCCTCTTCCCGGAGAAGCCG 

OAL6433 
tssB3-mScarlet-I 
P6 

TATATAGGCCGATGTCCTGCGGATGGCGACCG 

pKNG101-
tssB1-GFP 

OAL4283 tssB1-GFP P1 GGGAAGCACTACCAGCAGTCAGAAGTTCAT  

OAL4296 tssB1-GFP P2 CCTGCTGCTGCCGCCTGCGG 

OAL1686 tssB1-GFP P3 
GCAGCAGCAGGAGGAGGAATGCGTAAAGGCGAA
GAA 

OAL4294 tssB1-GFP P4 ATCCTCTCATTACTTATACAGCTCGTCCAT  

OAL4293 tssB1-GFP P5 TAATGAGAGGATTCCAGCATGGCCGAATTGAG  

OAL4288 tssB1-GFP P6 GTAGTAGTCGCCGACCAGGCAGCC 

pKNG101-
mScarlet-I-
tssA1 

OAL4896 GFP-tssA1 P1 TATATTCTAGATGGCGGCTGGAGACCAGG 

OAL6731 
mScarlet-I-tssA1 
P2 

GCTAACCATGGCAGCCAGCAAAACGGGTAC 

OAL6732 
mScarlet-I-tssA1 
P3 

CTGGCTGCCATGGTTAGCAAAGGCGAGGCG 
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OAL6733 
mScarlet-I-tssA1 
P4 

ATCCAGCACTCCTCCTCCTGCTGCTGCGGATCCCTT
ATACAGTTCGTCCATGCC 

OAL6734 
mScarlet-I-tssA1 
P5 

GGAGGAGGAGTGCTGGATGTACCCGTTTTGCTG 

OAL4900 GFP-tssA1 P6 TTATAGGATCCATCTGCTCGGGACTCAGGGTC 

pKNG101-GFP-
tssA1 

OAL4896 GFP-tssA1 P1 TATATTCTAGATGGCGGCTGGAGACCAGG 

OAL4897 GFP-tssA1 P2 TTTACGCATGGTGACGATCTCCCTATCATC 

OAL4898 GFP-tssA1 P3 
ATCGTCACCATGCGTAAAGGCGAAGAACTGTTCAC
GG 

OAL4767 GFP-tssA1 P4 TCCTCCTCCTGCTGCTGCCTTATACAGCTCGTCCAT 

OAL4899 GFP-tssA1 P5 
GCAGCAGCAGGAGGAGGACTGGATGTACCCGTTTT
GCTGGC 

OAL4900 GFP-tssA1 P6 TTATAGGATCCATCTGCTCGGGACTCAGGGTC 

pKNG101-
ΔtagJ150-230 

OAL6289 
tagJ1 Δ51-229 
P1 

ACTGTGGATCCGAGTACCTGATCATCACCCTGAAG
GAAGTCC 

OAL6290 
tagJ1 Δ51-229 
P2 

GACGGTTTCAGCGTTCGACGGCTGGCTGCGCACC 

OAL6291 
tagJ1 Δ51-229 
P3 

CGAACGCTGAAACCGTCGAGCACGGCGACGAC 

OAL6292 
tagJ1 Δ51-229 
P4 

GCGGTTCTAGAGTCTCCAGGTCCAGGTTGGTGGTC
AGC 

pKNG101-
ΔH1-T6SS 

OAL862 ΔH1-T6SS P1 ATGGTCAACGACATGGAGCTGGAG 

OAL863 ΔH1-T6SS P2 TCAGTTCTGAAGGCCTGATCGGCCTCG 

OAL864 ΔH1-T6SS P3 TCAGGCCTTCAGAACTGAAGCGGCGCA 

OAL865 ΔH1-T6SS P4 GGTGGCGTTCAACAGTTCCATGTC  

pKNG101-
ΔrsmN 

OAL3239 ΔrsmN P1 ATGATGGGCCCGCTCCAGGTTGAGCTGATTGAGGC 

OAL3240 ΔrsmN P2 CAACTCGTCGAAACCCATGTTCCGCGT 

OAL3241 ΔrsmN P3 ATGGGTTTCGACGAGTTGAAGACGGCACCG 

OAL3242 ΔrsmN P4 ATCATGGATCCTAATCGCGTTCGGCCTGCTG 

P. aeruginosa chromosomal mutagenesis screening primers 

tssA1 
OAL872 tssA1 exF AAGTCGAACAGGTCGGGCTTGGTGT 

OAL873 tssA1 exR ATCGACTTGATCGCGTCGTTGGAGAT 

tssA2 
OAL3437 tssA2 exF TCTCTGTCGTCGCCGTACGC 

OAL3438 tssA2 exR AGCGCCTGGAAATCGGGATG 

tssA3 
OAL5514 tssA3 exF GGCTCGCGCTGGTGTAGC 

OAL5515 tssA3 exR CCAGGACAGTGCCGAGCTG 

tssB1 
OAL4289 tssB1 exF CGCCAACCGCGAAGACGTCCT  

OAL4290 tssB1 exR CTTCCTTCAGGGTGATGATCAGGTACT 

tssB2 
OAL1594 tssB2 exF CAGGCGATGCGGGAAGTCGAAA 

OAL1595 tssB2 exR TCTGCCACTTGGCGAACTGC 

tssB3 
OAL5277 tssB3 exF TCCGTGCTTCATGGGAGTCC 

OAL5278 tssB3 exR TCGAACAGGCGTGGGCTG 

tagJ1 
242 tagJ1 exF CCTGAGGCATTCAACGACAG 

243 tagJ1 exR  ACAGGTTGTGGGTGAAGGTC 

H1-T6SS 
OAL866 H1-T6SS exF ATCAGCCTGACCACCCTCGACGAC 

OAL867 H1-T6SS exR AGAACGGCTTGAAGGGAACGAACT 

rsmN OAL3243 rsmN exF CGGCCCAGTGACAGAGATCG 
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OAL3244 rsmN exR TGATGGTCCGGCCTTTGTGC 

retS 
OAL1897 retS exF GAGGAGGCCAGCTTCATCGTCATG 

OAL1898 retS exR TGCTGCACGTTGTCGCTCTG 

H3-T6SS 
OAL1006 H3-T6SS exF AACTGCTGCCGGTAGTCGCGGCGGTAC 

OAL1007 H3-T6SS exR CTGACAGTTCCCCTGCCGTTAACGCCG 

Bacterial two-hybrid primers 

pKT25 and 
pUT18C-
tssA1Nt1 

OAL839 PA0082 BTH F GCTCTAGAGGTGCTGGATGTACCCGTT 

OAL6544 tssA1 Nt1 BTH R ATATAGGATCCTTAGCCGTACAGGTCGAACAC 

pKT25 and 
pUT18C-
tssA1CTD 

OAL6545 tssA1 CTD BTH F TATTATCTAGAGATCGCCAACCGCGAAG 

OAL840 PA0082 BTH R GGGGTACCTTACTCGCTTTCCGGGCC 

pKT25 and 
pUT18C-
tssB1tssC1 

194 BTH tssB1 F GCTCTAGAGATGGGAAGCACTACCAGCAGTCAG 

197 BTH tssC1 R GGGGTACCGCTGTCGTTGAATGCCTCAGGCCTC 

pKT25 and 
pUT18C-tssA2 

OAL5524 BTH tssA2 F TAAATTCTAGAGATGACCTATTCGAGCAAGCTCTCC 

OAL5525 BTH tssA2 R TATAAGGATCCCCCTATTCGAGCACCACCTCG 

pKT25 and 
pUT18C-
tssA2Nt1 

OAL5524 BTH tssA2 F TAAATTCTAGAGATGACCTATTCGAGCAAGCTCTCC 

OAL6537 BTH tssA2 Nt1 R TATATGGATCCTTACTGGTTGTCGGCGGCGCG 

pKT25 and 
pUT18C-
tssA2Nt2+CTD 

OAL6538 
BTH tssA2 
Nt2+CTD F 

TTAATTCTAGACGCCCACAAGGCCATG 

OAL5525 BTH tssA2 R TATAAGGATCCCCCTATTCGAGCACCACCTCG 

pKT25 and 
pUT18C-tssA3 

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 

OAL5527 BTH tssA3 R TATAAGGATCCTCCTAGGGCAGTACGCC 

pKT25 and 
pUT18C-
tssA3Nt1 

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 

OAL6539 BTH tssA3 Nt1 R TTATAGGATCCTTAGTGCATGGCGATGAACTCCTTG 

pKT25 and 
pUT18C-
tssA3CTD 

OAL6540 BTH tssA3 CTD F ATATATCTAGAGCCGGCTGGCGCGCCGAC 

OAL5527 BTH tssA3 R TATAAGGATCCTCCTAGGGCAGTACGCC 

pKT25 and 
pUT18C-
PA2372  

OAL6191 BTH PA2372 F 
GGGCCTCTAGAGAACTATTTATTCGTGCCATTCACA
AG 

OAL6192 BTH PA2372 R ACTAAGAATTCTAAGGTACTCTCTGTCTTGCTTCC 

pKT25-
tssA1Nt1-
tssA2CTD  

OAL839 PA0082 BTH F GCTCTAGAGGTGCTGGATGTACCCGTT 

OAL6703 
A1 Nt1 - A2 CTD 
A1 R 

GGTCTCGACGGCTCGCGGTGCCGGCGC 

OAL6704 
A1 Nt1 - A2 CTD 
A2 F 

CCGCGAGCCGTCGAGACCGTGGCCCTG 

OAL5525 BTH tssA2 R TATAAGGATCCCCCTATTCGAGCACCACCTCG 

pKT25-
tssA1Nt1-
tssA2Nt2+CTD  

OAL839 PA0082 BTH F GCTCTAGAGGTGCTGGATGTACCCGTT 

OAL6807 
A1 Nt1 - A2 
Nt2+CTD A1 R 2 

CATGGCCTTGTGGGCGTCGGCTCGCGGTGCCGGCG
C 

OAL6808 
A1 Nt1 - A2 
Nt2+CTD A2 F 2 

GCGCCGGCACCGCGAGCCGACGCCCACAAGGCCAT
G 

OAL5525 BTH tssA2 R TATAAGGATCCCCCTATTCGAGCACCACCTCG 

pKT25-
tssA1Nt1-
tssA3CTD  

OAL839 PA0082 BTH F GCTCTAGAGGTGCTGGATGTACCCGTT 

OAL6648 
A1 Nt1 - A3 CTD 
A1 R 

GCCAGCCGGGGCTCGCGGTGCCGGCGC 
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OAL6649 
A1 Nt1 - A3 CTD 
A3 F 

CCGCGAGCCCCGGCTGGCGCGCCGACC 

OAL5527 BTH tssA3 R TATAAGGATCCTCCTAGGGCAGTACGCC 

pKT25-
tssA2Nt1-
tssA1CTD  

OAL5524 BTH tssA2 F TAAATTCTAGAGATGACCTATTCGAGCAAGCTCTCC 

OAL6652 
A2 Nt1 - A1 CTD 
A2 R 

CAAGGACTCTTCGGGCTGGTTGTCGGC 

OAL6653 
A2 Nt1 - A1 CTD 
A1 F 

CAGCCCGAAGAGTCCTTGGCGCCGGGTGCC 

OAL840 PA0082 BTH R GGGGTACCTTACTCGCTTTCCGGGCC 

pKT25-
tssA2Nt1-
tssA3CTD  

OAL5524 BTH tssA2 F TAAATTCTAGAGATGACCTATTCGAGCAAGCTCTCC 

OAL6707 
A2 Nt1 - A3 CTD 
A2 R 

GCCAGCCGGGTCGCGCTCGTTGTCGAT 

OAL6708 
A2 Nt1 - A3 CTD 
A3 F 

GAGCGCGACCCGGCTGGCGCGCCGACC 

OAL5527 BTH tssA3 R TATAAGGATCCTCCTAGGGCAGTACGCC 

pKT25-
tssA3Nt1-
tssA1CTD  

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 

OAL6849 
A3 Nt1 - A1 CTD 
A3 R 2 

GCTGGCTCGCCCGCTCGGCGCGCTCG 

OAL6850 
A3 Nt1 - A1 CTD 
A1 F 2 

GCCGAGCGGGCGAGCCAGCGGCGAGATCGCC 

OAL840 PA0082 BTH R GGGGTACCTTACTCGCTTTCCGGGCC 

pKT25-
tssA3Nt1-
tssA2CTD  

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 

OAL6709 
A3 Nt1 - A2 CTD 
A3 R 

GGGCATGACTTGCGGGTGCATGGCGAT 

OAL6710 
A3 Nt1 - A2 CTD 
A2 F 

CACCCGCAAGTCATGCCCCATCTCCAG 

OAL5525 BTH tssA2 R TATAAGGATCCCCCTATTCGAGCACCACCTCG 

pKT25-
tssA3Nt1-
tssA2Nt2+CTD  

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 

OAL6711 
A3 Nt1 - A2 
Nt2+CTD A3 R 

GCCAGGTTCTTGCGGGTGCATGGCGAT 

OAL6712 
A3 Nt1 - A2 
Nt2+CTD A2 F 

CACCCGCAAGAACCTGGCGTGGTCGGC 

OAL5525 BTH tssA2 R TATAAGGATCCCCCTATTCGAGCACCACCTCG 

pKT25-tssA1 
with tssA3 
loop  

OAL839 PA0082 BTH F GCTCTAGAGGTGCTGGATGTACCCGTT 

OAL6819 
A1 with A3 
hairpin R 

GGGACTCTGAAGTTGCGCCGCTTCCAGCGCCGCCT
TGGCGCTCTTGCTGTCGCCGCTGGCGCGTTGCAGC
CCGGCGGCGTTC 

OAL6823 
A1 with A3 
hairpin F 2 

GAAGCGGCGCAACTTCAGAGTCCCGAGCAGATCGC
CGGCG 

OAL840 PA0082 BTH R GGGGTACCTTACTCGCTTTCCGGGCC 

pKT25-tssA1 
with tssA3 
hairpin  

OAL839 PA0082 BTH F GCTCTAGAGGTGCTGGATGTACCCGTT 

OAL6821 
A1 with A3 loop 
R 

CGGCCAGTCGGCGCGCTTGGCCTCCGCTTGCCAGA
CGCCGGTCGGCAGGCTGCTGTCGCCCTGGGCGATG
CGTTCGAGTTCGAG 

OAL6822 
A1 with A3 loop 
F 

AAGCGCGCCGACTGGCCGCGCGTACGCGCGCTG 

OAL840 PA0082 BTH R GGGGTACCTTACTCGCTTTCCGGGCC 

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 
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pKT25-tssA3 
with tssA1 
loop  

OAL6847 
A3 with A1 loop 
R 

GCAGCACGGCATCGCCCATCTGGCGCTCGGGTTGG
TCCTCCCGGCGCAACTCGCG 

OAL6848 
A3 with A1 loop 
F 

CAGATGGGCGATGCCGTGCTGCCCGCCGAGCCGCC
GGAGTGGGCCGCGGTGGAGCAGTTG 

OAL5527 BTH tssA3 R TATAAGGATCCTCCTAGGGCAGTACGCC 

pKT25-tssA3 
with tssA1 
hairpin  

OAL5526 BTH tssA3 F ATTTATCTAGAGATGACCCTGCCTCTTTCCGG 

OAL6845 
A3 with A1 
hairpin R 

CAGGGTCTCGCTGGCGAAGACCTGCTGGCGCTGCA
ACCTCTG 

OAL6846 
A3 with A1 
hairpin F 

CAGGTCTTCGCCAGCGAGACCCTGCAGAAGAAGCT
AGACGAAGCGTTGCGCG 

OAL5527 BTH tssA3 R TATAAGGATCCTCCTAGGGCAGTACGCC 

pKNT25 and 
pUT18-tssA1 

OAL6337 
BTH tssA1 C-tag 
F 

ATATATCTAGAGCGTGCTGGATGTACCCGTT 

OAL6338 
BTH tssA1 C-tag 
R 

AATTAGGATCCTCCTCGCTTTCCGGGC 

pKNT25 and 
pUT18-tssB1 

OAL6339 
BTH tssB1 C-tag 
F 

TATATTCTAGAAGATGGGAAGCACTACCAGCAGTC
AG 

OAL6340 
BTH tssB1 C-tag 
R 

ATTAAGGATCCTCCGCCTGCGGCTCGTCG 

pKNT25 and 
pUT18-tssC1 

OAL6341 
BTH tssC1 C-tag 
F 

ATATTTCTAGAAGGCGTAAGAGGATTCCAGCATGG
CC 

OAL6342 
BTH tssC1 C-tag 
R 

TAATTGGTACCCGGGCCTCTTTGGCCGAAGGCAG 

pKNT25 and 
pUT18-
tssB1tssC1 

OAL6339 
BTH tssB1 C-tag 
F 

TATATTCTAGAAGATGGGAAGCACTACCAGCAGTC
AG 

OAL6342 
BTH tssC1 C-tag 
R  

TAATTGGTACCCGGGCCTCTTTGGCCGAAGGCAG 

pKNT25 and 
pUT18-tssE1 

OAL6343 
BTH tssE1 C-tag 
F 

ATATATCTAGAACATGGCCGAACTGACCCTCCAG 

OAL6344 
BTH tssE1 C-tag 
R 

ATATAGGATCCTCTGTACGCCTCCGCTCGCC 

pKNT25 and 
pUT18-tssF1 

OAL6345 
BTH tssF1 C-tag 
F 

TTATATCTAGAACATGAACCCGCGCCTGCTC 

OAL6346 
BTH tssF1 C-tag 
R 

ATATAGGATCCTCGAGGTTCGGACGGCTGCCC 

pKNT25 and 
pUT18-tssG1 

OAL6347 
BTH tssG1 C-tag 
F 

ATATATCTAGAAGATGGCAGGCGAAGCCGGG 

OAL6348 
BTH tssG1 C-tag 
R 

ATATAGGATCCTCCTCATGTTCCTTCTCCTTGTGCTC
GTGCG 

pKNT25 and 
pUT18-tssK1 

OAL6349 
BTH tssK1 C-tag 
F 

TAATATCTAGACTATGTCCTGGAATAACCGCG 

OAL6350 
BTH tssK1 C-tag 
R 

ATTAAGGATCCTCTCCTCGAATGGCCCAGAAG 

pKNT25 and 
pUT18-
PA2372 

OAL6623 
BTH PA2372 C-
tag F 

ATATTTCTAGAATGAACTATTTATTCGTGCCATTCAC
A 

OAL6624 
BTH PA2372 C-
tag R 

ATTTAGAATTCGAAGGTACTCTCTGTCTTGCTTCC 

pUT18C-tssL1 
OAL6353 BTH tssL1 F ATTTATCTAGAGCCTCCCATCGACGATCCCTT 

OAL6355 BTH tssL1 R TAATTGGATCCTCTTGCGCGCCCTCCGCGAAT 

OAL6356 BTH tssM1 F ATATTTCTAGAGCAGAGTCTCGCCGAGGTCAG 



103 
 

pUT18C-
tssM1cyt 

OAL6554 BTH tssM1cyt R ATATAGGATCCTCACTTGCGGCGGCGCTCG 

pUT18C-
tssB2tssC2 

OAL655 PKT25 B2 F GCTCTAGAGATGGCCAAAGAAGGCTCG 

OAL658 PKT25 C2 R CGGAATTCTTACTCTTTGTCCAGCTT 

pUT18C-tssE2 
OAL6469 BTH tssE2 F TTAAATCTAGAGACTGGATACGGCAGCCTGTTC 

OAL6470 BTH tssE2 R AATTTGGATCCCCTCCTTAGCTGACCTTCACCTG 

pUT18C-tssF2 
OAL6471 BTH tssF2 F TTATTTCTAGAGATGCACCTGCTGTGGCC 

OAL6472 BTH tssF2 R ATATAGGATCCGCGCTTACAGCAGGGGC 

pUT18C-tssG2 
OAL6473 BTH tssG2 F ATATATCTAGAGGAAACCGCGCATGGGTTTG 

OAL6474 BTH tssG2 R ATAAAGGATCCCCTTAATGAATCTTGCTGCCCAGC 

pUT18C-tssK2 
OAL6069 BTH tssK2 F 

AGAGATCTAGAGATGAACGTGCACAAGATCGTCTG
G 

OAL6070 BTH tssK2 R GAGAGGAATTCGTTCAGTTCCTGATGGCCCAG 

pUT18C-
vgrG2a 

OAL6475 BTH vgrG2a F ATATAGGATCCTCGCTGCTCATGTGTTGGAC 

OAL6476 BTH vgrG2a R TATTTATCTAGAGCGTCAAAGGGACCTGAAATTC 

pUT18C-
vgrG2b 

OAL6477 BTH vgrG2b F TATATTCTAGACGTGAGCAGCGGGTCTACC 

OAL6478 BTH vgrG2b R ATAAAGGATCCGGTGGCCCTAGGATTCGTTTGAG 

pUT18C-
vgrG4a 

OAL6479 BTH vgrG4a F ATTATTCTAGAGTTCAACCCGGCCAACCAG 

OAL6480 BTH vgrG4a R ATATAGGATCCGCGGTTCCTCAGCGCTC 

pUT18C-
vgrG4b 

OAL6481 BTH vgrG4b F ATTTTTCTAGAGTTCAACCCGGCCAACCAG 

OAL6482 BTH vgrG4b R ATTAAGGATCCCAACATGGATCAGTCCTTGGCC 

pUT18C-tssL2 
OAL6559 BTH tssL2 F 

ATTTATCTAGAGATCAAGGAAAGGGAATACCACGA
G 

OAL6560 BTH tssL2 R ATATAGGATCCTTACGAACCGGGCTGTCCTG 

pUT18C-
tssM2cyt 

OAL6555 BTH tssM2 F 
ATTTATCTAGAGAAAAACTTCTTCAAGAAAGTCGGC
G 

OAL6556 BTH tssM2cyt R ATATAGGATCCTCAGCGCTGGCCCCAGTGGATG 

pUT18C-tssB3 
OAL6295 BTH tssB3 F ATTATTCTAGACATGGCCGAGAGTACGCAG 

OAL6296 BTH tssB3 R ATTAAGGATCCGAAGAGGGTCAGGCCGGC 

pUT18C-tssC3 
OAL6483 BTH tssC3 F ATTTATCTAGAGCCCAAGTCATCCGCCGC 

OAL6484 BTH tssC3 R ATAATGGATCCCGGACTCACGCCGCTACC 

pUT18C-
tssB3tssC3 

OAL6295 BTH tssB3 F ATTATTCTAGACATGGCCGAGAGTACGCAG 

OAL6484 BTH tssC3 R ATAATGGATCCCGGACTCACGCCGCTACC 

pUT18C-tssE3 
OAL6485 BTH tssE3 F ATATATCTAGAGTCCGGAGCCCTGCCGCC 

OAL6486 BTH tssE3 R ATTTAGGATCCAGGTCGGCATCAATCGAATCGCTC 

pUT18C-tssF3 
OAL6487 BTH tssF3 F TTAAATCTAGAGAGCGATTCGATTGATGCCGAC 

OAL6488 BTH tssF3 R AAATAGGATCCCCGCTGACTCAGAGGGAGAG 

pUT18C-tssG3 
OAL6489 BTH tssG3 F ATATTTCTAGAGGCAACCCCAGGCCGGCTC 

OAL6490 BTH tssG3 R ATATAGGATCCTCCATTTCAGGCTACCTCCGGCTG 

pUT18C-tssK3 
OAL6297 BTH tssK3 F TTATATCTAGATATGAGTGTTCTGCCTGACGCG 

OAL6298 BTH tssK3 R ATATAGGATCCTGTCTAGGTGTTGTCGCTG 

pUT18C-tssL3 
OAL6561 BTH tssL3 F ATATATCTAGAGCCCGAAGGGAGTGCAGGG 

OAL6562 BTH tssL3 R ATATAGGATCCTCATGGCGCCTGCTCCGC 

pUT18C-
tssM3cyt 

OAL6557 BTH tssM3 F ATTTATCTAGAGAGCGGCGCGACGCTGTTC 

OAL6558 BTH tssM3cyt R ATATACCCGGGTCACCCGCGCTGCCAGCGCTG 
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P. aeruginosa expression construct primers 

pBBR1MCS4-
tssA1 

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL5548 pBBR-tssA1 R ATAATGGATCCTTACTCGCTTTCCGGGCCTCGCAG 

pBBR1MCS4-
tssA2 

OAL5549 pBBR-tssA2 F 
ATTAAGTCGACGTTAAGATATTCATTGGCGCACATG
GTG 

OAL5551 pBBR-tssA2 R ATATAGGATCCCTATTCGAGCACCACCTCGAGATC 

pBBR1MCS4-
tssA3 

OAL5552 pBBR-tssA3 F ATTATGTCGACCGCGACGCTGTTGCCGGCCAC 

OAL5554 pBBR-tssA3 R TTAATGGATCCCTAGGGCAGTACGCCAAGCAGCGA 

pBBR1MCS4-
tssA1Nt1-
tssA2CTD  

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL6703 
A1 Nt1 - A2 CTD 
A1 R 

GGTCTCGACGGCTCGCGGTGCCGGCGC 

OAL6704 
A1 Nt1 - A2 CTD 
A2 F 

CCGCGAGCCGTCGAGACCGTGGCCCTG 

OAL5551 pBBR-tssA2 R ATATAGGATCCCTATTCGAGCACCACCTCGAGATC 

pBBR1MCS4-
tssA1Nt1-
tssA2Nt2+CTD  

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL6807 
A1 Nt1 - A2 
Nt2+CTD A1 R 2 

CATGGCCTTGTGGGCGTCGGCTCGCGGTGCCGGCG
C 

OAL6808 
A1 Nt1 - A2 
Nt2+CTD A2 F 2 

GCGCCGGCACCGCGAGCCGACGCCCACAAGGCCAT
G 

OAL5551 pBBR-tssA2 R ATATAGGATCCCTATTCGAGCACCACCTCGAGATC 

pBBR1MCS4-
tssA1Nt1-
tssA3CTD 

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL6648 
A1 Nt1 - A3 CTD 
A1 R 

GCCAGCCGGGGCTCGCGGTGCCGGCGC 

OAL6649 
A1 Nt1 - A3 CTD 
A3 F 

CCGCGAGCCCCGGCTGGCGCGCCGACC 

OAL5554 pBBR-tssA3 R TTAATGGATCCCTAGGGCAGTACGCCAAGCAGCGA 

pBBR1MCS4-
tssA2Nt1-
tssA1CTD  

OAL5549 pBBR-tssA2 F 
ATTAAGTCGACGTTAAGATATTCATTGGCGCACATG
GTG 

OAL6652 
A2 Nt1 - A1 CTD 
A2 R 

CAAGGACTCTTCGGGCTGGTTGTCGGC 

OAL6653 
A2 Nt1 - A1 CTD 
A1 F 

CAGCCCGAAGAGTCCTTGGCGCCGGGTGCC 

OAL5548 pBBR-tssA1 R ATAATGGATCCTTACTCGCTTTCCGGGCCTCGCAG 

pBBR1MCS4-
tssA2Nt1-
tssA3CTD  

OAL5549 pBBR-tssA2 F 
ATTAAGTCGACGTTAAGATATTCATTGGCGCACATG
GTG 

OAL6707 
A2 Nt1 - A3 CTD 
A2 R 

GCCAGCCGGGTCGCGCTCGTTGTCGAT 

OAL6708 
A2 Nt1 - A3 CTD 
A3 F 

GAGCGCGACCCGGCTGGCGCGCCGACC 

OAL5554 pBBR-tssA3 R TTAATGGATCCCTAGGGCAGTACGCCAAGCAGCGA 

pBBR1MCS4-
tssA3Nt1-
tssA1CTD  

OAL5552 pBBR-tssA3 F ATTATGTCGACCGCGACGCTGTTGCCGGCCAC 

OAL6849 
A3 Nt1 - A1 CTD 
A3 R 2 

GCTGGCTCGCCCGCTCGGCGCGCTCG 

OAL6850 
A3 Nt1 - A1 CTD 
A1 F 2 

GCCGAGCGGGCGAGCCAGCGGCGAGATCGCC 

OAL5548 pBBR-tssA1 R ATAATGGATCCTTACTCGCTTTCCGGGCCTCGCAG 

pBBR1MCS4-
tssA3Nt1-
tssA2CTD  

OAL5552 pBBR-tssA3 F ATTATGTCGACCGCGACGCTGTTGCCGGCCAC 

OAL6709 
A3 Nt1 - A2 CTD 
A3 R 

GGGCATGACTTGCGGGTGCATGGCGAT 



105 
 

OAL6710 
A3 Nt1 - A2 CTD 
A2 F 

CACCCGCAAGTCATGCCCCATCTCCAG 

OAL5551 pBBR-tssA2 R ATATAGGATCCCTATTCGAGCACCACCTCGAGATC 

pBBR1MCS4-
tssA3Nt1-
tssA2Nt2+CTD  

OAL5552 pBBR-tssA3 F ATTATGTCGACCGCGACGCTGTTGCCGGCCAC 

OAL6711 
A3 Nt1 - A2 
Nt2+CTD A3 R 

GCCAGGTTCTTGCGGGTGCATGGCGAT 

OAL6712 
A3 Nt1 - A2 
Nt2+CTD A2 F 

CACCCGCAAGAACCTGGCGTGGTCGGC 

OAL5551 pBBR-tssA2 R ATATAGGATCCCTATTCGAGCACCACCTCGAGATC 

pBBR1MCS4-
tssA1Nt1 

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL6544 BTH tssA1 Nt1 R ATATAGGATCCTTAGCCGTACAGGTCGAACAC 

pBBR1MCS4-
tssA2Nt1 

OAL5549 pBBR-tssA2 F 
ATTAAGTCGACGTTAAGATATTCATTGGCGCACATG
GTG 

OAL6537 BTH tssA2 Nt1 R TATATGGATCCTTACTGGTTGTCGGCGGCGCG 

pBBR1MCS4-
tssA1 with 
tssA3 hairpin 

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL6819 
A1 with A3 
hairpin R 

GGGACTCTGAAGTTGCGCCGCTTCCAGCGCCGCCT
TGGCGCTCTTGCTGTCGCCGCTGGCGCGTTGCAGC
CCGGCGGCGTTC 

OAL6823 
A1 with A3 
hairpin F 2 

GAAGCGGCGCAACTTCAGAGTCCCGAGCAGATCGC
CGGCG 

OAL5548 pBBR-tssA1 R ATAATGGATCCTTACTCGCTTTCCGGGCCTCGCAG 

pBBR1MCS4-
tssA1 with 
tssA3 loop 

OAL5546 pBBR-tssA1 F TAATAGTCGACAGGTGAGGGCCGCGCAGCGG 

OAL6821 
A1 with A3 loop 
R 

CGGCCAGTCGGCGCGCTTGGCCTCCGCTTGCCAGA
CGCCGGTCGGCAGGCTGCTGTCGCCCTGGGCGATG
CGTTCGAGTTCGAG 

OAL6822 
A1 with A3 loop 
F 

AAGCGCGCCGACTGGCCGCGCGTACGCGCGCTG 

OAL5548 pBBR-tssA1 R ATAATGGATCCTTACTCGCTTTCCGGGCCTCGCAG 

pBBR1MCS4-
tssA3 with 
tssA1 hairpin 

OAL5552 pBBR-tssA3 F ATTATGTCGACCGCGACGCTGTTGCCGGCCAC 

OAL6845 
A3 with A1 
hairpin R 

CAGGGTCTCGCTGGCGAAGACCTGCTGGCGCTGCA
ACCTCTG 

OAL6846 
A3 with A1 
hairpin F 

CAGGTCTTCGCCAGCGAGACCCTGCAGAAGAAGCT
AGACGAAGCGTTGCGCG 

OAL5554 pBBR-tssA3 R TTAATGGATCCCTAGGGCAGTACGCCAAGCAGCGA 

pBBR1MCS4-
tssA3 with 
tssA1 loop 

OAL5552 pBBR-tssA3 F ATTATGTCGACCGCGACGCTGTTGCCGGCCAC 

OAL6847 
A3 with A1 loop 
R 

GCAGCACGGCATCGCCCATCTGGCGCTCGGGTTGG
TCCTCCCGGCGCAACTCGCG 

OAL6848 
A3 with A1 loop 
F 

CAGATGGGCGATGCCGTGCTGCCCGCCGAGCCGCC
GGAGTGGGCCGCGGTGGAGCAGTTG 

OAL5554 pBBR-tssA3 R TTAATGGATCCCTAGGGCAGTACGCCAAGCAGCGA 

pBBR1MCS4-
tssA2PP  

OAL6834 tssA2PP F ATATAGAATTCTTTTGACGCTCAGGGGCTGGACC 

OAL6835 tssA2PP R AATTTGGATCCTCATCGAGGCTCCTGCTCCTTGTTCC 

pBBR1MCS4-
tssA3PP  

OAL6836 tssA3PP F ATAATGAATTCGATGCGCAAGGCCTGGC 

OAL6837 tssA3PP R 
ATTATGGATCCTCATCGAGGCTCCTGATCCTTGTCTT
GAAC 

pBBR1MCS4-
tssA2Nt1-
tssA2PP

Nt2+CTD  

OAL6838 
tssA2 F with 
EcoRI 

AATTAGAATTCTGTTAAGATATTCATTGGCGCACAT
GGTG 

OAL6839 tssA2-A2PP R GTTACCGCCCGACAAGTCGCGCTCGTTGTCGATGG 
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OAL6840 tssA2-A2PP F AGCGCGACTTGTCGGGCGGTAACGAGCG 

OAL6835 tssA2PP R AATTTGGATCCTCATCGAGGCTCCTGCTCCTTGTTCC 

pBBR1MCS4-
tssA2Nt1-
tssA3PP

Nt2+CTD  

OAL6838 
tssA2 F with 
EcoRI 

AATTAGAATTCTGTTAAGATATTCATTGGCGCACAT
GGTG 

OAL6841 tssA2-A3PP R CATTGCCCATCGAGTCGCGCTCGTTGTCGATGG 

OAL6842 tssA2-A3PP F GAGCGCGACTCGATGGGCAATGAGCGTGAGACAC 

OAL6837 tssA3PP R 
ATTATGGATCCTCATCGAGGCTCCTGATCCTTGTCTT
GAAC 

pMMB67HE-
tagJ1 

OAL6748 
pMMB67HE-
tagJ F 

ATATAGGTACCCGCCATGGCCGACCCTTC 

OAL6749 
pMMB67HE-
tagJ R 

ATATAGAATTCTCAGGCGTCCGTCGGCTCGAA 

pME6032-
tssA2  

OAL6359 
tssA2 pull-down 
F 

ATTTAGAATTCATGACCTATTCGAGCAAGCTCTCC 

OAL6361 
tssA2 pull-down 
R 

ATATTGGTACCGCCCTATTCGAGCACCACC 

pME6032-
FLAG-tssA2  

OAL6360 
tssA2 FLAG pull-
down F 

ATTAAGAATTCATGGACTACAAAGATGACGACGAT
AAAACCTATTCGAGCAAGCTCTCCTC 

OAL6361 
tssA2 pull-down 
R 

ATATTGGTACCGCCCTATTCGAGCACCACC 

pME6032-
tssA3  

OAL6362 
tssA3 pull-down 
F 

AATTTGAATTCATGACCCTGCCTCTTTCCGG 

OAL6364 
tssA3 pull-down 
R 

TTAATGGTACCCTAGGGCAGTACGCCAAGC 

pME6032-
FLAG-tssA3  

OAL6363 
tssA3 FLAG pull-
down F 

AATTAGAATTCATGGACTACAAAGATGACGACGAT
AAAACCCTGCCTCTTTCCGGC 

OAL6364 
tssA3 pull-down 
R 

TTAATGGTACCCTAGGGCAGTACGCCAAGC 

pME6032-
PA2372 

OAL6193 
PA2372 pull-
down F 

GGCGCGAATTCATGAACTATTTATTCGTGCCATTCA
CAAG 

OAL6195 
PA2372 pull-
down R 

TGACCCTCGAGTTAAGGTACTCTCTGTCTTGCTTCC
G 

pME6032-
FLAG-PA2372 

OAL6194 
PA2372 pull-
down FLAG R 

ATGCTCTCGAGCTATTTATCGTCGTCATCTTTGTAGT
CAGGTACTCTCTGTCTTGCTTCCG 

OAL6195 
PA2372 pull-
down R 

TGACCCTCGAGTTAAGGTACTCTCTGTCTTGCTTCC
G 

E. coli expression construct primers 

pET28a-his6-
tssA2 

OAL4870 pET28a-tssA2 F ATTGGCATATGACCTATTCGAGCAAGCTCTCCTC 

OAL4871 pET28a-tssA2 R CCTGAGAATTCAAGCCCTATTCGAGCACC 

pET28a-his6-
tssA21-391 

OAL4870 pET28a-tssA2 F ATTGGCATATGACCTATTCGAGCAAGCTCTCCTC 

OAL4872 
pET28a-
tssA2_1-391 R 

ATCAGGAATTCTCACACGGTCTCGACCTTGCG 

pETDuet-1-
his6-tssA1 

OAL4866 Duet-tssA1 F ATCGAGAATTCCGTGCTGGATGTACCCG 

OAL4867 Duet-tssA1 R TGGCCAAGCTTCCGCTAGGCGTTACTCG 

pETDuet-1-
his6-tssA2 

OAL5520 Duet-tssA2 F ATTTAGAATTCGATGACCTATTCGAGCAAGCTCTC 

OAL5521 Duet-tssA2 R ATATTAAGCTTGCGCGAAGCCCTATTCGAG 

pETDuet-1-
his6-tssA3 

OAL5522 Duet-tssA3 F ATTTAGAATTCCATGACCCTGCCTCTTTCCGG 

OAL5523 Duet-tssA3 R ATTTTAAGCTTGCCACGCCTCCTAGGGC 
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pETDuet-
Strep-tssA1 

OAL6286 
New Strep-tssA1 
F 

TAATACCATGGGCAGCAGCTGGAGCCACCCGCAGT
TCGAAAAGAGCCAGGATCCGAATTCCGTGCTGGAT
GTACCCG 

OAL4867 Duet-tssA1 R TGGCCAAGCTTCCGCTAGGCGTTACTCG 

pETDuet-
Strep-tssA2 

OAL5520 Duet-tssA2 F ATTTAGAATTCGATGACCTATTCGAGCAAGCTCTC 

OAL5521 Duet-tssA2 R ATATTAAGCTTGCGCGAAGCCCTATTCGAG 

pETDuet-
Strep-tssA3 

OAL5522 Duet-tssA3 F ATTTAGAATTCCATGACCCTGCCTCTTTCCGG 

OAL5523 Duet-tssA3 R ATTTTAAGCTTGCCACGCCTCCTAGGGC 

pETDuet-1-
Strep-tssA1 
CTD 

OAL6421 tssA1 CTD F ATATTGAATTCAGCCAGCGGCGAGATC 

OAL4867 Duet-tssA1 R TGGCCAAGCTTCCGCTAGGCGTTACTCG 

pETDuet-1-
Strep-tssA2 
Nt2+CTD 

OAL6422 tssA2 Nt2+CTD F ATTATGAATTCCGCCCACAAGGCCATGC 

OAL5521 Duet-tssA2 R ATATTAAGCTTGCGCGAAGCCCTATTCGAG 

pETDuet-1-
Strep-tssA2CTD  

OAL6543 
Duet tssA2 CTD 
F 

TAATTGAATTCGCGCAAGGTCGAGACCGT 

OAL5521 Duet-tssA2 R ATATTAAGCTTGCGCGAAGCCCTATTCGAG 

pETDuet-1-
Strep-tssA3 
CTD 

OAL6423 tssA3 CTD F ATTTAGAATTCGCCGGCTGGCGCGCCGA 

OAL5523 Duet-tssA3 R ATTTTAAGCTTGCCACGCCTCCTAGGGC 

Site-directed mutagenesis primers 

tssA1 K69A 
OAL6087 tssA1 K69A F 

CGAACTGTTCGGCCGTAGCGCCGACCTGCGGGTAG
CCAACCTGC 

OAL6088 tssA1 K69A R 
GCAGGTTGGCTACCCGCAGGTCGGCGCTACGGCCG
AACAGTTCG 

tssA1 G86A 
OAL6089 tssA1 G86A F CAACGTCGCCCTCGACGCCCTGGACGGGCTCGC 

OAL6090 tssA1 G86A R GCGAGCCCGTCCAGGGCGTCGAGGGCGACGTTG 

tssA1 L94A 
OAL6091 tssA1 L94A GCTCGCCGACGGCGCCCTGCTGGTCCGCGAGC 

OAL6092 tssA1 L94A GCTCGCGGACCAGCAGGGCGCCGTCGGCGAGC 

tssA1 R282A 
OAL6093 tssA1 R282A F 

GCGGCGAGATCGCCAACGCCGAAGACGTCCTGCGC
C 

OAL6094 tssA1 R282A R 
GGCGCAGGACGTCTTCGGCGTTGGCGATCTCGCCG
C 

tssA1 L286A 
OAL5925 tssA1 L286A F AACCGCGAAGACGTCGCCCGCCAGCTCGATCGC 

OAL5926 tssA1 L286A R GCGATCGAGCTGGCGGGCGACGTCTTCGCGGTT 

tssA1 L289A 
OAL6006 tssA1 L289A F 

CCGCGAAGACGTCCTGCGCCAGGCCGATCGCCTGC
TCGAG 

OAL6007 tssA1 L289A R 
CTCGAGCAGGCGATCGGCCTGGCGCAGGACGTCTT
CGCGG 

tssA1 E300A 
OAL6097 tssA1 E300A F 

CGAGTATTACGTTCGCCACGCCCCGTCGAGTCCGGT
GCCGG 

OAL6098 tssA1 E300A R 
CCGGCACCGGACTCGACGGGGCGTGGCGAACGTA
ATACTCG 

tssA1 L309A 
OAL6293 tssA1 L309A F 

CCGGTGCCGGTGCTGGCCAAGCGCGCCAAGACACT
GG 

OAL6294 tssA1 L309A R 
CCAGTGTCTTGGCGCGCTTGGCCAGCACCGGCACC
GG 

tssA1 D14A 
OAL6713 tssA1 D14A F GCTGCCGTATCCCCGGCTTCGCCCTGTGGCGACG 

OAL6714 tssA1 D14A R CGTCGCCACAGGGCGAAGCCGGGGATACGGCAGC 
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tssA1 Q41A 
OAL6715 tssA1 Q41A F CCAACCCGAGCGCGCTATGGGCGATGCCGTGC 

OAL6716 tssA1 Q41A R GCACGGCATCGCCCATAGCGCGCTCGGGTTGG 

tssA1 D44A 
OAL6717 tssA1 D44A F CGCCAGATGGGCGCTGCCGTGCTGCCCGCC 

OAL6718 tssA1 D44A R GGCGGGCAGCACGGCAGCGCCCATCTGGCG 

tssA1 D116A 
OAL6719 tssA1 D116A F 

CTATCCGTTGCTCGACGCCGATGCTGACAACGACCC
CACCTTCCG 

OAL6720 tssA1 D116A R 
CGGAAGGTGGGGTCGTTGTCAGCATCGGCGTCGA
GCAACGGATAG 

tssA1 R146A 
OAL6721 tssA1 R146A F GATCCCGCTGGTGGCTTCGCGGGCGTTCGG 

OAL6722 tssA1 R146A R CCGAACGCCCGCGAAGCCACCAGCGGGATC 

tssA1 R148A 
OAL6723 tssA1 R148A F CTGGTGCGCTCGGCTGCGTTCGGCCCG 

OAL6724 tssA1 R148A R CGGGCCGAACGCAGCCGAGCGCACCAG 

tssA1 S169A 
OAL6725 tssA1 S169A F 

GGCTGCAACGCTTCGCCGCTGAGACCCTGAGTCCC
G 

OAL6726 tssA1 S169A R 
CGGGACTCAGGGTCTCAGCGGCGAAGCGTTGCAG
CC 

tssA1 E170A 
OAL6727 tssA1 E170A F 

CTGCAACGCTTCGCCAGCGCTACCCTGAGTCCCGA
GCAG 

OAL6728 tssA1 E170A R 
CTGCTCGGGACTCAGGGTAGCGCTGGCGAAGCGTT
GCAG 

tssA1 L238A 
OAL6729 tssA1 L238A F CCTCCAGGTGTTCGACGCTTACGGCCCGCAGGGCG 

OAL6730 tssA1 L238A R CGCCCTGCGGGCCGTAAGCGTCGAACACCTGGAGG 

 

 

2.2.3 Restriction enzyme digestion and ligation 

To ligate desired DNA fragments into target plasmids, both fragment and plasmid were digested with 

restriction enzymes to generate compatible sticky ends. Plasmids were digested in a 50 µl reaction 

mix containing 2500 ng of DNA, 2 µl of each restriction enzyme (NEB) and 5 µl of 10x digest buffer 

(NEB), while purified DNA fragments were digested in a 25 µl reaction mix containing 21.5 µl of purified 

DNA, 1 µl of each restriction enzyme (NEB) and 2.5 µl of 10x digest buffer (NEB). Restriction digests 

were incubated at 37 °C for upwards of 2 hours before purification. Digested plasmids were purified 

via a band excised from a TAE agarose gel using the QIAquick® Gel Extraction Kit, while digested DNA 

fragments were purified using the QIAquick® PCR Purification Kit.  

Purified digested plasmid and DNA fragment were mixed at a 3:1 insert to vector ratio and ligated 

using 1 µl T4 DNA ligase (NEB) and 1 µl T4 DNA ligase buffer (NEB) for either 30 minutes at room 

temperature or at 16 °C overnight.  
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2.2.4 Production of chemically competent cells 

Following either blunt- or sticky-end ligation, plasmids were transformed into chemically competent 

E. coli cells. Briefly, to generate chemically competent cells, the desired E. coli strain was grown in LB 

broth overnight at 37 °C, before being sub-cultured to OD600 0.1 in 50 ml LB broth. This culture was 

grown at 37 °C to an OD600 between 0.4-0.6, when cells were harvested by centrifugation at 4 °C at 

4000 rpm for 10 minutes. The pellet was resuspended in 25 ml cold and sterile 50 mM CaCl2 with 15 

% glycerol, before being incubated on ice for 30 minutes and then centrifuged again. The pellet was 

then resuspended in 2.5 ml of cold and sterile 50 mM CaCl2 with 15 % glycerol, aliquoted into 

appropriate volumes and stored at -80°C. 

 

2.2.5 Transformation of plasmids into competent cells 

Transformation protocols differed slightly depending on the E. coli strain used. In general, 50-100 µl 

of thawed competent cells was mixed with up to 20 µl of the ligation mix or 2 µl of purified plasmid. 

This mixture was incubated on ice for 30 minutes, before heat shock at 42 °C for 30 seconds and then 

being returned to ice for 2 minutes. LB broth was added to the transformation mixture up to 1 ml, 

followed by incubation at 37 °C for 45 minutes. The transformation mix was then plated onto LB agar 

plates supplemented with appropriate antibiotics to select transformants. LB agar plates were 

incubated at 37 °C overnight to isolate single colonies.  

For transformation into DHM1 competent cells, 2 µl of pUT18/pUT18C plasmid and 4 µl of 

pKT25/pKNT25 plasmid were mixed with 30 µl of competent cells. This transformation mix followed 

the general protocol, until the heat shock stage, where the transformation mix was heated to 42 °C 

for 2 minutes and then incubated on ice for 10 minutes. Following the addition of 250 µl of LB broth, 

this mix was incubated at 37 °C for 1 hour before plating on LB agar plates supplemented with both 

50 µg/ml kanamycin and 100 µg/ml ampicillin. DHM1 co-transformant LB agar plates were incubated 

at 30 °C overnight. 

For transformation of pKNG101 plasmids into CC118λpir competent cells, the transformation mixture 

was heat shocked for 2 minutes at 42 °C, before incubation on ice for 1 minute. Following the addition 

of 500 µl of LB broth, this mix was incubated at 37 °C for 1 hour before plating on LB agar plates 

supplemented with 100 µg/ml streptomycin. 
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2.2.6 Colony PCR 

Transformant colonies containing either blunt- or sticky-end ligated plasmids and selected for on 

antibiotic-supplemented LB agar plates, were screened for the presence of the desired plasmid using 

colony PCR. Bacteria recovered from individual colonies were replica plated and then resuspended in 

100 µl ddH2O and vortexed, with 1 µl of this comprising the template DNA in the PCR mix. The 

remaining PCR mix comprised of 2 µl 10x Taq buffer [750 mM Tris pH 9, 200mM (NH4)2SO4, 0.1 % 

Tween® 20 detergent, 15 mM MgCl2], 1 µl of each primer, 1 µl dimethyl sulfoxide (DMSO), 0.4 µl 20 

mM dNTP mix and 0.4 µl Taq polymerase made up to 20 µl with ddH2O. The PCR involved heating to 

95 °C for 10 minutes, followed by 30 cycles of 95 °C for 30 seconds, 55 °C or specific annealing 

temperature for 30 seconds and 72 °C for 1 minute/kb, followed by a final 10 minutes at 72 °C.  

Following the PCR, the reaction mix was analysed by electrophoresis on 1% (w/v) TAE agarose gel and 

imaged using the Bio-Rad ChemiDoc XRS+. Transformants containing plasmids with the correct sized 

insert were grown in LB broth at 37 °C overnight. Subsequently the plasmid was purified using the 

QIAprep Spin Miniprep Kit (QIAgen) and sequenced using GATC at Eurofins Supreme Sanger 

Sequencing.  

DNA fragments blunt-end ligated into the pCR®-Blunt II-TOPO® (Invitrogen) cloning vector could then 

be sub-cloned into the desired vector using restriction enzyme recognition sites within the cloning 

vector multiple cloning site (MCS). This involved restriction enzyme digestion and ligation, 

transformation and colony PCR as described in sections 2.2.3, 2.2.4 and 2.2.5. 

 

2.2.7 Site-directed mutagenesis: alanine substitution 

Site-directed mutagenesis was used to introduce targeted alanine substitutions at specific residues. 

This involved the design of a pair of specialised primers, between 25-45 bases in length and with an 

annealing temperature of at least 75 °C, with the mutated residues found centrally within the primer 

sequences. The PCR mix comprised of 70 ng of template plasmid, 5 µl 10x KOD Hot Start buffer 

(Merck), 1.5 µl of each primer, 10 µl betaine (Sigma Aldrich), 500 mM dNTP mix (Merck), 1.5 mM 

magnesium sulfate and ddH2O to 50 µl. The PCR involved heating to 95 °C for 2 minutes, followed by 

18 cycles of 95 °C for 20 seconds, 55 °C for 10 seconds and 70 °C for 25 seconds/kb, followed by a final 

5 minutes at 70 °C.  

To confirm plasmid amplification, the reaction mix was analysed by electrophoresis on 1% (w/v) TAE 

agarose gel and imaged using the Bio-Rad ChemiDoc XRS+. The reaction mix was then purified using 

the QIAquick® PCR Purification Kit (QIAgen). To remove the methylated template DNA, the purified 
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sample was digested with DpnI (NEB) in a 40 µl reaction overnight at 37 °C. This reaction mix containing 

the intact mutated DNA was then transformed into DH5α competent cells as described in section 

2.2.5. Bacteria from individual colonies were grown in LB broth overnight at 37 °C, plasmid was 

purified using the QIAprep Spin Miniprep Kit (QIAgen) and sequencing was performed using GATC at 

Eurofins Supreme Sanger Sequencing to confirm mutagenesis.  

 

2.2.8 Three-partner conjugation to introduce plasmids into P. aeruginosa 

The introduction of plasmids into P. aeruginosa involved three strains: an E. coli plasmid-encoding 

donor strain, a helper E. coli 1047 strain with the self-transmissible helper plasmid pRK2013 and the 

receiver P. aeruginosa strain. Each of these strains were grown in liquid culture overnight at 37 °C with 

appropriate antibiotics, E. coli in LB broth and P. aeruginosa in TSB. On an LB agar plate, a spot 

containing 20 µl of the donor strain and 20 µl of the helper strain was dried and the plate incubated 

at 37 °C for 2 hours. In parallel, an aliquot of the receiver strain was incubated at 43 °C for 2 hours to 

inactivate the restriction modification system. Following this incubation, 40 µl of the receiver strain 

was spotted on top of the donor and helper strains and once dried, the plate was incubated at 37 °C 

for at least 4 hours. The three mixed strains were then recovered with a 10 µl inoculation loop (VWR) 

and resuspended in 1 ml LB broth. This mix was plated on VBM agar with appropriate antibiotics to 

select for conjugants and incubated overnight at 37 °C. 

 

2.2.9 P. aeruginosa mutagenesis 

Modifications to the P. aeruginosa genome involved using three-partner conjugation as described in 

section 2.2.8 to introduce the suicide vector pKNG101 into P. aeruginosa receiver strains. The non-

replicative pKNG101 containing a mutator fragment was transformed into the replication-permissive 

CC118λpir strain. The mutator fragment could undergo homologous recombination with the P. 

aeruginosa genome, due to the presence of two regions of at least 500 bp of sequence homologous 

to that of the P. aeruginosa genome, found upstream and downstream of the region to be altered in 

the chromosome. Between the sequences of these two homologous regions any desired changes were 

introduced to generate the mutated locus, i.e. the loss of a region of coding sequence or the 

introduction of a fluorophore gene. In general, upon gene deletions three codons at the start and the 

end of the open reading frame remained. 

Chromosomal mutation involved two homologous recombination events. Firstly, upon mobilisation of 

pKNG101 into P. aeruginosa, conjugants were selected by plating on VBM agar supplemented with 
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1000 µg/ml streptomycin, due to the presence of a streptomycin resistance gene encoded on 

pKNG101. With the plasmid unable to replicate in P. aeruginosa, maintenance of this streptomycin 

resistance gene required plasmid integration into the chromosome at one of the homologous regions. 

Following the identification of conjugant colonies, the sacB Bacillus subtilis gene encoded on 

pKNG101, which confers sucrose sensitivity, was used to select for the second recombination event. 

Conjugant colonies were streaked on LB agar plates containing 20 % (w/v) sucrose and grown at room 

temperature until the appearance of isolated colonies. This counterselection produced colonies 

having undergone a second recombination to excise the plasmid, leaving the chromosomal sequence 

either wildtype or mutated. Colonies were replica plated onto LB agar supplemented with 2000 µg/ml 

streptomycin, PIA and LB agar, to confirm that colonies were Pseudomonas that had excised the 

plasmid. Streptomycin sensitive strains able to grow on PIA and LB agar were screened by colony PCR 

using primers external to the homologous regions, to distinguish between wildtype or mutant 

genotypes. Identified mutants were streaked onto LB agar alone and LB agar supplemented with 2000 

µg/ml streptomycin. Single colonies from LB agar were screened by colony PCR to confirm the mutant 

genotype. Bacteria from these single colonies were then inoculated into TSB and grown at 37 °C 

overnight and an aliquot stored in 40 % (v/v) glycerol at -80 °C. 
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2.3 Protein analysis 

 

2.3.1 SDS-PAGE 

Protein samples were analysed by SDS-PAGE, Coomassie staining and western blotting to assess the 

presence and abundance of proteins of interest. Cells grown in liquid culture were pelleted by 

centrifugation at 8000 rpm for 3 minutes before removal of the culture supernatant and resuspension 

in Laemmli buffer [0.0625 M Tris-HCl pH 6.8, 2 % (w/v) SDS, 4 % (v/v) glycerol, 5 % (v/v) β-

mercaptoethanol, 0.002 % (w/v) bromphenol blue]. Samples in Laemmli buffer were denatured by 

boiling at 95 °C for 10 minutes before loading onto polyacrylamide gels for SDS-PAGE. The percentage 

of polyacrylamide in these gels was variable (10, 12 or 15 %) depending on the target protein size, 

with 15 % gels used to resolve small proteins such as Hcp or TssA C-terminal truncations, while 10 % 

gels were used to resolve larger proteins such as RNA polymerase β (RpoB) and 12 % gels used for 

intermediate sized proteins. Polyacrylamide gels were run at 80 V for the samples to pass through the 

stacking gel and then 100 V in Tris-glycine-SDS (TGS) buffer [0.3 % (w/v) Tris, 1.44 % (w/v) glycine, 0.01 

% SDS]. The Precision Plus ProteinTM KaleidoscopeTM Prestained Protein Standards (Bio-Rad) was used 

as a molecular weight marker. Following SDS-PAGE, resolved proteins were visualised using either 

Coomassie staining or western blotting of polyacrylamide gels. 

 

2.3.2 Coomassie stain 

Coomassie stain [0.5 % (w/v) Coomassie Brilliant Blue R250 dye (Sigma Aldrich), 50 % ddH2O, 40 % 

methanol, 10 % acetic acid] was added to polyacrylamide gels for 1 hour on a rocking shaker. Gels 

were then incubated with Coomassie destain [50 % ddH2O, 40 % methanol, 10 % acetic acid] on a 

rocking shaker to remove excess Coomassie stain before imaging. 

 

2.3.3 Western blot 

For western blotting, resolved proteins were transferred from polyacrylamide gels to nitrocellulose 

membranes (Amersham). The acrylamide gel was placed on top of the nitrocellulose membrane and 

this was sandwiched between two stacks of three sheets of damp filter paper (Whatman). The filter 

paper was dampened in transfer buffer [10 % (v/v) TGS buffer, 20 % (v/v) ethanol, 70 % (v/v) ddH2O], 

and the transfer took place using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad).  
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Following transfer, membranes were blocked for 1 hour with either milk in Tris-buffered saline with 

tween (milk in TBS-T) [5 % (w/v) skimmed milk powder (Sigma Aldrich), 50 mM Tris-HCl pH 9.0, 150 

mM NaCl, 0.1 % (v/v) Tween® 20 detergent] or bovine serum albumin (BSA) (Sigma Aldrich) in 

phosphate-buffered saline with tween (BSA in PBS-T) (3% BSA, 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, 0.1 % (v/v) Tween® 20 detergent).  

Primary antibodies were then added to 10 ml of the appropriate blocking buffer at the correct dilution 

and incubated with the membrane for at least 1 hour. All antibodies used in this work are presented 

in Table 2.5. Following three 10-minute washes of the membrane with either TBS-T or PBS-T, the 

secondary antibody conjugated to horse-radish peroxidase (HRP) at the appropriate dilution in 

blocking buffer was incubated with the membrane for 45 minutes. The HRP-conjugated anti-Strep 

antibody required only a single 1-hour incubation as no secondary antibody was required. After a 

further three 10-minute washes, the membrane was developed with the NovexTM ECL 

Chemiluminescent Substrate Reagent Kit (Invitrogen) and imaged with the Bio-Rad ChemiDoc XRS+. 

 

Table 2.5 Antibodies used in this study 

Antibody Host Sera  Dilution Source 

anti-Hcp1 Rabbit Polyclonal 1:500 (523) 

anti-Hcp2 Rabbit Polyclonal 1:500 (524) 

anti-Hcp3 Rabbit Polyclonal 1:500 (338) 

anti-TssB1 Rabbit Polyclonal 1:1000 (514) 

anti-VgrG1a Rabbit Polyclonal 1:1000 (523) 

anti-TagJ Rabbit Polyclonal 1:1000 (514) 

anti-RpoB Mouse Monoclonal 1:1000 Neoclone 

anti-His Mouse Monoclonal 1:1000 Sigma Aldrich 

anti-Strep (HRP conjugate) - Monoclonal 3:1000 IBA 

anti-V5 Mouse Monoclonal 1:5000 Invitrogen 

HRP-conjugated anti-Mouse Rabbit Polyclonal 1:5000 Sigma Aldrich 

HRP-conjugated anti-Rabbit Goat Polyclonal 1:5000 Sigma Aldrich 

 

 

2.3.4 Secretion assays 

Secretion assays were used to assess the presence of proteins in the whole cell extract and 

extracellular fraction. P. aeruginosa strains were grown overnight at 37 °C in TSB supplemented with 

antibiotics where appropriate. Bacteria were then sub-cultured to an OD600 0.1 in 20 ml TSB. Culture 

conditions varied depending on the T6SS studied. For the H1-T6SS, cultures were grown at 37 °C for 
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at least 5 hours, for the H2-T6SS cultures were grown at 25 °C for 18-24 hours, and for the H3-T6SS 

cultures were grown at 25 °C for 24 hours. Following this incubation an OD600 equivalent of 1.0 was 

centrifuged at 8000 rpm for 3 minutes to generate a cellular pellet. The supernatant was removed and 

the pellet resuspended in 100 µl Laemmli buffer, to a concentration of 0.1 OD600 equivalent per 10 µl.  

To isolate an extracellular supernatant fraction, the remaining culture was centrifuged at 4 °C, 4000 

rpm for 10 minutes, the uppermost 15 ml was removed and centrifuged under identical conditions for 

a further 20 minutes. This was repeated with 12 ml, 10 ml and then 7 ml to separate the supernatant 

from any remaining cells. Following the 7 ml spin, the uppermost 1.8 ml were recovered, 200 µl of 

trichloroacetic acid (TCA) (Sigma Aldrich) was added to this and the sample was incubated at 4 °C 

overnight to precipitate proteins.  

Precipitated proteins were pelleted by centrifugation at 4 °C, 16000 g for 30 minutes before being 

washed with 1 ml cold 90 % (v/v) acetone (VWR) followed by centrifugation with identical conditions. 

The supernatant was removed, and the pellet air-dried before addition of Laemmli buffer to resuspend 

the pellet to a concentration of 1.0 OD600 equivalent per 10 µl. Whole cell and supernatant samples 

were then resolved by SDS-PAGE before being visualised by western blot to identify the presence of 

at least RpoB and the relevant Hcp. 

 

2.3.5 Protein purification  

Protein purification was carried out by Patricia Paracuellos. Either pETDuet-1 or pET28a plasmids 

encoding tagged forms of full length or truncated tssA genes were transformed into BL21 (λDE3) 

competent cells as outlined in section 2.2.5. After overnight incubation of agar plates at 37 °C, all 

colonies were harvested by resuspension in LB broth using and L-shaped spreader (VWR), before 

transfer to a flask containing 100 ml of LB supplemented with appropriate antibiotics. This culture was 

grown at 37 °C for 2 hours with agitation, before 20 ml was transferred into four flasks each containing 

1 L of LB broth supplemented with appropriate antibiotics. This flask was grown at 37 °C until reaching 

an OD600 0.6, whereupon 0.5 mM Isopropyl ß-D-1-thiogalactopyranoside (IPTG) (Melford) was added. 

The culture was then incubated at 20 °C with agitation overnight. 

The following day the cultures were centrifuged at 4200 rpm for 20 minutes at 4 °C. The supernatant 

was removed, and the cell pellet was resuspended in 30 ml lysis buffer per 1 L of culture [20 mM N-2-

hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) pH 7.5, 250 mM NaCl, 100 µl/100 ml Triton 

x100, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg/ml lysozyme]. Cells were lysed using the 

FisherbrandTM with Q500 Sonicator probe (Thermo Fisher Scientific) at 60 % amplitude with a process 
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time of 2 minutes and 20 seconds. Lysed cells were then centrifuged at 41000 rpm at 4 °C for 45 

minutes to clarify the cellular lysate. The supernatant was passed through a 0.45 µm syringe filter 

(Sartorious). 

The supernatant was passed through a Strep-trap HP 1 ml column (Sigma Aldrich), which had been 

washed with two column volumes of ddH2O and equilibrated with four column volumes of PBS using 

an ÄKTA purifier (GE Healthcare). After passing the supernatant through the column, the column was 

washed with 20 column volumes of PBS. Bound proteins were then eluted using elution buffer (PBS, 

2.5 mM desthiobiotin). The eluted sample was dialysed overnight at 4 °C in 4 L of dialysis buffer (20 

mM HEPES pH 7.5, 150 mM NaCl).  

 

2.3.6 Size exclusion chromatography 

Size exclusion chromatography, also known as gel filtration, was performed using an ÄKTA purifier (GE 

Healthcare) with Superose 6 10/300 GL column (GE Healthcare), which had been washed with two 

column volumes of ddH2O and equilibrated with two column volumes of dialysis buffer (20 mM HEPES 

pH 7.5, 150 mM NaCl). The dialysed sample was centrifuged to remove any aggregates before 500 µl 

was used for size exclusion chromatography using running buffer (20 mM HEPES pH 7.5, 150 mM 

NaCl). SDS-PAGE was used to assess the purity of eluted fractions.  

 

2.3.7 Transmission electron microscopy: negative stain  

Purified protein samples were diluted to 0.003 mg/ml with dialysis buffer (20 mM HEPES pH 7.5, 150 

mM NaCl). Copper electron microscopy 400 mesh grids were coated with a thin layer of carbon using 

glow discharger Turbo Carbon Coater (Agar Scientific). 10 µl of sample was place onto the grids and 

incubated for 2 minutes. Grids were then held with clamping forceps and washed with water twice for 

10 seconds. Excess water was blotted off onto filter paper (Whatman). Grids were then stained with 

2 % (w/v) uranyl acetate for 20 seconds. The excess uranyl acetate was blotted off and grids were 

allowed to air dry for 2 minutes. Grids were then stored in a grid box prior to visualisation. General 

purpose high-resolution FEI Tecnai G2 Spirit Twin Transmission electron microscope (Field Electron 

and Ion Company) was used to visualise the negative stained grids.  
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2.4 Interbacterial competition assays 

All interbacterial competition assays were carried out on solid media to facilitate contact and thus 

contact-dependent killing by the T6SS. LB agar plates upon which interbacterial competition spots 

were incubated were well dried, for at least 2 hours, prior to plating. 

To assess T6SS-dependent killing by each of the H1- and H2-T6SSs, the ability to kill an E. coli prey 

strain harbouring the pRL662-GFP plasmid was investigated with various P. aeruginosa attacker 

strains. To assess T6SS-dependent killing by the H3-T6SSs, the ability to kill a P. putida prey strain was 

investigated with various P. aeruginosa attacker strains. All strains were grown in LB supplemented 

with appropriate antibiotics overnight before harvesting cells by centrifuging 1.5 ml at 8000 rpm for 3 

minutes. Under the growth conditions specified, the P. aeruginosa strains used produced extracellular 

biofilm. The bacteria and the biofilm were separated by varying densities during centrifugation, and 

the biofilm layer on top of the cellular pellet could therefore be removed before washing the pellet in 

1 ml sterile PBS. The OD600 was then adjusted to 3.0 with PBS, and equal volumes of attacker and prey 

were mixed. In some cases where described the ratio of attacker to prey was altered, in these cases a 

greater volume of attacker was added to the mix. The attacker-prey mix was centrifuged at 8000 rpm 

for 3 minutes, half the supernatant was removed, and the pellet resuspended in the remaining 

volume. In triplicate, 5 µl of each competition mix was spotted onto well dried LB agar plates and spots 

were dried before incubation. The temperature and length of incubation varied depending on the 

T6SS.  

The input attacker-prey mix was serially diluted to 10-7 and plated in duplicate to be grown under 

conditions to select either for growth of the prey or the attacker strain. In P. aeruginosa competitions 

with E. coli, the input was plated on LB agar supplemented with either 50 µg/ml gentamycin to select 

for E. coli or 100 µg/ml ampicillin to select for P. aeruginosa. In P. aeruginosa competitions with P. 

putida, the input was plated on LB agar supplemented with 40 µg/ml rifampicin to select for P. putida 

(grown at 30 °C as is standard for P. putida) and LB agar grown at 42 °C to select for P. aeruginosa. 

This confirmed the ratio of prey and attacker strains within the mix. 

 

2.4.1 Interbacterial competition assay- double incubation 

A H1-T6SS competition assay was carried out with two incubation steps. The competition mixes were 

incubated at 37 °C for 5 hours before being recovered with a 10 µl inoculation loop (VWR) and 

resuspended in 1 ml sterile PBS. These mixes were then serially diluted to 10-2 and 20 µl of each diluted 

competition mix was spotted onto LB agar plates and incubated at 37 °C for 17 hours. It is suggested 
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that this second incubation step re-establishes contact between remaining prey and attacker cells. 

Competition mixes were then similarly recovered into 1 ml sterile PBS. Following 30 minutes of 

agitation in a vortex mixer, 200 µl of each competition mix was transferred into a 96-well microplate 

(Falcon 96 Well Black with Clear Flat Bottom TC-Treated Microplate) (SLS). The GFP fluorescence 

intensity associated with each competition mix was then measured in a microplate reader (BMG 

Labtech), with an excitation filter of 485 nm and emission filter of 250 nm.  

 

2.4.2 Interbacterial competition assay- single incubation 

Both H1- and H2-T6SS interbacterial competition assays were also carried out with a single incubation 

step. For H1-T6SS competitions, competition mixes were incubated at 37 °C for 24 hours before 

recovery into sterile PBS as described in section 2.4.1. For H2-T6SS competitions, competition mixes 

were incubated at 25 °C for 24 hours before recovery. Following recovery into 1 ml sterile PBS, 

competition mixes were agitated for 30 minutes in a vortex mixer before 200 µl was transferred into 

a 96-well microplate (SLS) and GFP fluorescence intensity was assessed as described in section 2.4.1.  

 

 

2.4.3 Interbacterial competition assay- competitive index 

H3-T6SS interbacterial competitions were carried out assessing competition with P. putida prey. A 

range of competition conditions were screened to probe H3-T6SS killing activity: temperatures ranging 

from 20-30 °C and incubation times ranging from 6-30 hours. Following incubation, competition mixes 

were recovered into 1 ml sterile PBS as described in section 2.4.1. Resuspended competition mixes 

were agitated for 30 minutes in a vortex mixer, before being serially diluted to 10-7 and plated in 

duplicate as described for the input: on LB agar for incubation at 42 °C and LB agar supplemented with 

40 µg/ml rifampicin. Selective growth allowed the colony forming units of attacker and prey strains to 

be enumerated in both the input and output. The competitive index was calculated using the following 

formula: 

𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 =  
(𝑜𝑢𝑡𝑝𝑢𝑡 𝑎𝑡𝑡𝑎𝑐𝑘𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑟𝑒𝑦⁄ )

(𝑖𝑛𝑝𝑢𝑡 𝑎𝑡𝑡𝑎𝑐𝑘𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 𝑝𝑟𝑒𝑦⁄ )
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2.5 Protein-protein interaction analysis 

 

2.5.1 Bacterial two-hybrid spotting assay 

To investigate interactions between proteins of interest a bacterial two-hybrid approach was used. To 

expand upon the existing collection of bacterial two-hybrid constructs new constructs were 

generated, briefly, genes of interest were cloned in frame into some or all the bacterial two-hybrid 

vectors (pKT25, pKNT25, pUT18, pUT18C), giving rise to either N- or C-terminal fusions to the T18 or 

T25 subunits of the catalytic domain of Bordetella pertussis adenylate cyclase, CyaA. As described in 

section 2.2.5, one T18 and one T25 encoding plasmid were co-transformed into DHM1 competent 

cells lacking an endogenous adenylate cyclase. Co-transformants were selected on LB agar plates 

supplemented with 50 µg/ml kanamycin and 100 µg/ml ampicillin during incubation at 30 °C until the 

appearance of isolated colonies. 

In triplicate, single colonies were inoculated into LB broth supplemented with 50 µg/ml kanamycin, 

100 µg/ml ampicillin and 0.5 mM IPTG (Melford) and grown at 30 °C overnight. 10 µl of culture was 

spotted onto LB agar supplemented with 50 µg/ml kanamycin, 100 µg/ml ampicillin, 1 mM IPTG 

(Melford) and 100 µg/ml 5-Bromo-4-chloro-3-indolyl beta-D-galactopyranoside (X-Gal) (Melford) and 

incubated at 30 °C for 24 or 40 hours. Hydrolysis of X-Gal in the media to produce a blue colour 

indicated an interaction of the protein fusions and reconstitution of the adenylate cyclase domain. 

The positive control for bacterial two-hybrid interactions was the homodimerisation of the leucine 

zipper region of the yeast protein GCN4 (516). Interactions with empty vector partners were used as 

a negative control. 

 

2.5.2 Bacterial two-hybrid microplate reader β-galactosidase assay 

Bacterial two-hybrid interactions were more quantitatively assessed with a microplate reader β-

galactosidase assay. Co-transformation and overnight growth of single colonies in liquid culture were 

performed as described in section 2.5.1. Following growth at 30 °C, bacteria were sub-cultured to 

OD600 0.1 and incubated under identical conditions overnight.  

In a 96-well microplate (SLS), 80 µl of culture, either neat or diluted 1 in 10 in LB broth for strong 

interactions, was added to each well. The OD600 was then measured against an LB broth blank of 

equivalent volume in a microplate reader (BMG Labtech). To each well, 120 µl aliquots of Z-buffer (60 

mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4) containing additional 35 mM β-
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mercaptoethanol, 166 mg/ml T7 lysozyme, 1.1 mg/ml o-nitrophenyl-β-D-galactopyranoside (ONPG) 

and 6.7 % PopCulture® Reagent (Merck) were added. The microplate was then quickly transferred 

back to the microplate reader (BMG Labtech) set to 30 °C, and the OD420 was measured every minute 

for up to 4 hours depending on the strength of interaction. This captured the colorimetric change upon 

hydrolysis of ONPG by β-galactosidase to produce a yellow colour. 

The OD420 for each well was plotted against time, to give a slope representing β-galactosidase activity 

per minute. The gradient of the slope over time was calculated in sub-sections of 5 timepoints and 

from this the maximum rate of β-galactosidase activity was estimated. This OD420/minute and the 

initial culture OD600, were used to calculate β-galactosidase activity in Miller units using the following 

equation: 

𝑀𝑖𝑙𝑙𝑒𝑟 𝑈𝑛𝑖𝑡𝑠 =
1000 ∗ (OD420/min)

Initial culture OD600 ∗ volume used (ml) 
 

 

2.5.3 Pull-down screen in P. aeruginosa 

Pull-down experiments used pME6032 vectors producing proteins of interest fused to a FLAG tag. For 

each protein of interest, three constructs were required: the FLAG-tagged protein of interest, an 

untagged version of the same protein and an unrelated FLAG-tagged protein. These plasmids were 

conjugated into P. aeruginosa strains as outlined in section 2.2.8. Two different methods of bacterial 

growth were carried out.  

 

2.5.3.1 Pull-down with growth in liquid culture 

For growth in liquid media, strains were grown in TSB at 37 °C overnight before being sub-cultured to 

OD600 0.1 in 50 ml TSB with appropriate antibiotics. Cultures were grown at 37 °C until reaching an 

OD600 0.3 before induction of protein production with 250 µM IPTG (Melford). Cultures were then 

grown for a further 5.5 hours at 37 °C, before an OD600 equivalent of 200 was centrifuged at 4000 rpm 

at 4 °C for 20 minutes and the supernatant discarded. The recovered pellet was resuspended in 50 ml 

sterile-filtered PBS (Dulbecco's Phosphate Buffered Saline with MgCl2 and CaCl2, sterile-filtered) 

(Sigma Aldrich) to a final OD600 4.0. 
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2.5.3.2 Pull-down with growth on solid media  

For growth on solid media, strains were streaked onto LB agar plates and incubated at 37 °C overnight. 

From this plate, a single colony was recovered and resuspended in 300 µl LB broth. On three LB agar 

plates supplemented with appropriate antibiotics and 100 µM IPTG (Melford), 100 µl aliquots of 

resuspended culture were spread and incubated overnight at 25 °C for studying the H2-T6SS or 30 °C 

for studying the H3-T6SS. Bacteria were then harvested using L-shaped spreaders (VWR) and 

resuspended in sterile-filtered PBS (Sigma Aldrich). The resuspended bacteria were normalised to an 

OD600 4.0 in 50 ml PBS, as above.  

 

2.5.3.3 Cross-linking and pull-down 

Bacteria resuspended in PBS were cross-linked with the addition of 5 mM dimethyl 3,3'-

dithiobispropionimidate (DTBP) (Thermo Fisher Scientific). The cross-linking reaction was incubated 

for 45 minutes at room temperature, with agitation every 10 minutes. 20 mM Tris- HCl pH 7.6 was 

then added and incubated for 15 minutes at room temperature to quench the remaining DTBP. Cells 

were then recovered by centrifugation at 4000 rpm at 4 °C for 20 minutes, the supernatant discarded, 

and cells resuspended in 50 ml sterile-filtered PBS (Sigma Aldrich), before being centrifuged again and 

resuspended in 35 ml sterile-filtered PBS (Sigma Aldrich). Cells were lysed using the FisherbrandTM 

with Q500 Sonicator probe (Thermo Fisher Scientific) at 60 % amplitude with a process time of 2 

minutes. Lysed cells were then centrifuged at 18000 g at 4 °C for 45 minutes to isolate the cellular 

lysate.  

To avoid contamination, the sample was transferred to a microbiological safety cabinet to carry out 

the remaining steps. Anti-FLAG® M2 Magnetic Beads (Millipore) were equilibrated by washing three 

times with 1 ml sterile-filtered PBS (Sigma Aldrich). Each lysate was mixed with 40 µl of beads, and 

this was mixed on a tube roller at 4 °C overnight. A magnetic rack was used to recover the beads with 

any bound bait protein and cross-linked partners from the supernatant. The beads were carefully 

washed eight times with 1 ml sterile-filtered PBS (Sigma Aldrich). The beads were finally resuspended 

in 20 µl sterile-filtered PBS (Sigma Aldrich) and flash frozen in liquid nitrogen for mass spectrometry 

analysis.  
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2.5.4 Mass spectrometry analysis 

To identify proteins pulled down on anti-FLAG beads (Millipore), frozen beads with bound bait 

proteins and cross-linked partners were sent for mass spectrometry analysis at the BBSRC Mass 

Spectrometry and Proteomics Facility at the University of St Andrews, UK.  

Protein samples were resuspended to a concentration of 1 μg/ml in 25 µl of 20 mM ammonium 

bicarbonate. Proteins were digested overnight at 30 °C with trypsin at a ratio of 20:1 protein 

mixture:trypsin. The resulting peptide mixture was analysed under trap and elute conditions using an 

AcclaimTM PepmapTM 100 Nano-trap column (Thermo Fischer Scientific) on and Eksigent NanoLC-Ultra 

2D HPLC System (AB Sciex) coupled to a Triple-TOF 5600+ mass spectrometer (AB Sciex) via a 

Nanospray III source (AB Sciex). Peptides were loaded in 98 % (v/v) water, 2 % (v/v) acetonitrile, 0.05 

% (v/v) trifluoroacetic acid and washed on the trap for 20 minutes. Peptides were then injected onto 

the column and eluted over 100 minutes with an increasing gradient of acetonitrile. Mass spectra were 

acquired between 400-1250 m/z and the top 20 peptides with a charge between +2 and +5 were 

selected to proceed to MS/MS.  

 

2.5.4.1 MaxQuant analysis 

Data were processed using MaxQuant version 1.5.8.3 (525). Peptides identified in MS/MS spectra 

were searched against the Uniprot P. aeruginosa PAO1 reference proteome (proteome ID: 

UP000002438) using the Andromeda search engine. Carboamidomethyl was specified as a fixed 

modification, while methionine oxidation and N-terminal acylation were specified as variable 

modifications. In silico digest of the reference proteome was performed using the Trypsin/P setting 

with up to two missed cleavages allowed. The false discovery rate (FDR) was set at 0.01 for peptides, 

proteins and sites. The “match between runs” function was enabled. The sequence decoy mode used 

was “revert”. Protein quantification was performed using the MaxLFQ algorithm within MaxQuant. 

Unique and razor peptides were used for quantification. All other parameters were used as pre-set in 

MaxQuant. 

 

2.5.4.2 Perseus analysis 

Data was analysed using Perseus version 1.5.8.5 (526). Proteins present in the “reverse”, “only 

identified by site” and “potential contaminant” databases were removed, and proteins identified by 

one or more unique peptides were retained for further analysis. LFQ identities were logarithmised 
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(log2) and biological replicates were grouped together. The data was filtered to retain only proteins 

that appeared in two or more biological replicates from at least one sample. Missing log2 LFQ values 

were imputed using a downshifted normal distribution (1.8 downshift, 0.3 width). 

Proteins identified as enriched in the sample corresponding to the FLAG-tagged protein of interest 

were cross-referenced against the untagged control and unrelated FLAG-tagged protein to determine 

binding specificity. Proteins were ranked according to enrichment compared to the untagged control 

with a t-test LFQ intensity difference of ≥ +1.5 log2 as a cut off. 

 

 

  



124 
 

2.6 Fluorescence microscopy 

P. aeruginosa strains with fluorophore fusions to T6SS genes at their native loci were imaged using 

fluorescence microscopy to assess the abundance and dynamics of these components. Samples were 

prepared through either growth in liquid culture or on solid media. 

 

2.6.1 Microscopy analysis of bacterial cells grown in liquid culture 

In some cases, samples were prepared for microscopy imaging by growth in liquid culture as described 

previously (508). Briefly, strains were grown at 37 °C in TSB supplemented with appropriate antibiotics 

before being sub-cultured to an OD600 of 0.1 in 50 ml TSB without antibiotic. Bacteria were grown with 

shaking at 200 rpm to an OD600 between 3.0-5.0. Conditions for growth varied depending on the T6SS 

being assessed: for the H1- and H2-T6SS growth at 37 °C for 6-8 hours, for the H3-T6SS growth at 25 

°C for 13 hours. 

Cells were then imaged using a glass bottomed 35 mm imaging dish (µ-Dish 35 mm, high Glass Bottom) 

(ibidi). 6 µl of bacterial culture was transferred to the glass base of the dish and a VBM agar pad was 

placed on top of the culture to sandwich it between the agar and the glass. Samples were imaged 

using the Axio Observer Z1 (Zeiss) inverted widefield microscope with a 100x/1.4 Oil Ph3 M27 Plan-

Apochromat objective (Zeiss), a SpectraX LED light engine (Lumencore) and an ORCA-Flash 4.0 digital 

CMOS camera (Hamamatsu). An environmental control system was used to regulate the temperature 

of the sample within the microscope chamber.  

Images were captured using phase contrast to assess total bacterial abundance and fluorescence 

channels to capture signal from sfGFP and mScarlet-I fluorophores either independently or in parallel.  

 

2.6.2 Microscopy analysis of bacterial cells grown on solid media 

Alternatively, samples were prepared for microscopy imaging by growth on solid media. Strains were 

grown at 37 °C in TSB supplemented with appropriate antibiotics before harvesting cells by 

centrifuging 1.5 ml at 8000 rpm for 3 minutes. The pellet was washed with sterile PBS and the OD600 

adjusted to 0.05. 6 µl of diluted culture was then spotted onto an LB agar pad and well dried. This agar 

pad was then inverted and transferred to a glass bottomed 35 mm imaging dish (ibidi), where the 

dried spot was sandwiched between the agar and the glass. The dish was then incubated under 

conditions specific to the T6SS being imaged: for the H1-T6SS samples were incubated at 37 °C for 3-
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4 hours, for the H2-T6SS samples were incubated at 25 °C for 5-6 hours. Following incubation, samples 

were imaged as described in section 2.6.1.  
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2.7 Transcriptional reporter fusion 

A transcriptional reporter fusion was used to assess expression from the H1-T6SS tssA1 promoter in 

different genetic backgrounds. This involved the introduction of a plasmid encoding a tssA1 promoter 

fusion with sfGFP. Bacteria were grown overnight at 37 °C in LB supplemented with appropriate 

antibiotics before harvesting cells by centrifuging 1.5 ml at 8000 rpm for 3 minutes. After washing in 

1.5 ml sterile PBS the OD600 was adjusted to 1.0. A 1 in 10 dilution was then made to a total volume of 

200 µl with LB supplemented with the appropriate antibiotic in a 96-well microplate (SLS). The 

microplate was transferred to a microplate reader (BMG-Labtech) and bacteria were grown at 37 °C 

with agitation. sfGFP fluorescence intensity and OD600 were measured every 10 minutes. The GFP 

fluorescence intensity was measured with an excitation filter of 485 nm and emission filter of 250 nm. 
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2.8 In silico methods 

 

2.8.1 Sequence analysis 

The Pseudomonas genome database version 20.2 (https://pseudomonas.com/) (527) was used as a 

source of P. aeruginosa and P. putida DNA and protein sequence information. Pairwise sequence 

alignments were performed using EMBOSS Needle (EMBL) (528), while multiple sequence alignments 

were performed using Clustal Omega (EMBL) (529). The prediction of transmembrane helices was 

performed using the TMHMM server v2.0 (530). 

 

2.8.2 Data presentation and statistical analysis 

All quantitative data presented here were analysed in GraphPad Prism version 9.4.0 for Windows 

(GraphPad Software, San Diego, California USA, www.graphpad.com), including the plotting of graphs 

and statistical analysis. For the statistical analysis of competition assay data, one-way ANOVA was 

performed followed by Dunnett’s multiple comparisons test.   

 

2.8.3 Figure construction 

Figures for qualitative data were assembled in Microsoft PowerPoint. Schematics were created either 

in Microsoft PowerPoint or using Biorender.com. 

 

2.8.4 Microscopy image analysis 

Microscopy images were analysed using ZEISS ZEN 3.4 (blue edition) and FIJI ImageJ version 

2.0.0/1.53c (531). ZEISS ZEN software was used to adjust signal brightness and contrast, merge images 

taken with different channels, crop images, embed scale bars and export image files. FIJI was used to 

determine cell count: the Threshold tool was used to identify cells relative to the background, the 

Watershed tool was then used to distinguish individual cells in highly populated regions, then the 

Analyse Particles tool was used to count the highlighted cells. FIJI was also used to count fluorescent 

foci using the Multi-point tool.  

 

 

http://www.graphpad.com/
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2.8.5 Protein homology molecular modelling and protein structural analysis 

Protein structural models of TssA domains were generated using Robetta protein structure prediction 

service (532) and SWISS MODEL protein structure homology-modelling server (533). GetArea was used 

to calculate the solvent accessible surface area of proteins (534). Molecular docking of proteins was 

performed using the ZDock server (535). Protein structural alignment was carried out using the Dali 

protein structure comparison server (536). Protein structures were visualised and images exported 

using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). 
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3. Results: Functional characterisation of TssA proteins 

 

3.1 Introduction 

There are three T6SS clusters within the P. aeruginosa genome (H1-, H2- and H3-T6SS), each encoding 

all the core structural components required for assembling a functional T6SS (tssA-M). Clusters can 

also encode accessory components whose roles can include T6SS regulation (i.e. tagQRST). The tssA 

genes encode a class of proteins of particular interest due to their variability between different T6SSs. 

TssA proteins vary in size, domain organisation, symmetry and structure (360,376,377,508,509). One 

way this variation has been classified is grouping TssA proteins by size, i.e. long (TssAL) and short 

(TssAS) proteins (see section 1.4.1) (508). P. aeruginosa encodes three TssA proteins: the short TssA1 

and TssA3 and the long TssA2. The distribution of long and short TssA proteins is consistent with the 

phylogenetic group to which the corresponding T6SS gene cluster belongs, specific phylogenetic 

groups are associated with either a TssAL or a TssAS (508). The sizes of TssA proteins also corresponds 

with specific domain organisation and dimensions of quaternary structures formed by these proteins 

(508).  

 

3.1.1 Approaches to study T6SS functionality 

The functionality of the T6SS can be studied through various approaches to assess different aspects of 

its activity. In protein secretion assays, western blots are used to assess the presence of T6SS secretion 

markers, such as the Hcp inner tube, VgrG spike or effector proteins (i.e. P. aeruginosa Tse proteins), 

within the whole cell extract and the supernatant. The antibacterial activity can be studied with 

interbacterial competition assays, where the T6SS-encoding attacker strain is incubated with a T6SS-

sensitive prey strain and killing of the prey is quantified. Finally, fluorescence microscopy can monitor 

the abundance and localisation of T6SS components tagged with a fluorophore such as sfGFP or 

mScarlet. Each approach elucidates distinct information and their use in combination can help paint a 

more complete picture of T6SS function.  

 

3.1.2 Functionality of short TssA proteins 

The TssAS proteins whose functional contribution to T6SS activity have been studied to date are those 

of P. aeruginosa (TssA1), B. cenocepacia (TssABC), P. putida (TssA1PP) and Acinetobacter baylyi (TssAAB) 

(324,358,376,377,508,509,513). Each of these short TssAs has been shown to be required for 
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secretion of T6SS-associated secretion markers (324,358,376,508,509). Additionally, TssA1PP is 

required for T6SS-dependent killing of E. coli and relevant plant pathogens, whilst in its absence sheath 

structures that can be visualised by fluorescence microscopy no longer form (324,508). It is not always 

the case that TssAS proteins are essential for sheath formation. Upon deletion of tssA1, fluorophore-

tagged sheath structures could still be visualised, although at a far reduced abundance and only few 

showing typical sheath dynamics, i.e. extension and contraction (376,377). Using differential tagging 

and fluorescence microscopy the relative position of different T6SS components can also be studied. 

This showed that TssA1 is static at the T6SS assembly initiation site, suggesting it is found at the 

baseplate (377). However, this localisation could only be visualised in the presence of the wildtype 

untagged TssA1, indicating that the tagged version was unable to fully complement wildtype tssA1 

deletion and so the full range of TssA1 activity may not be captured (377). In contrast, fluorophore-

tagged TssA1PP and TssAAB associate with the T6SS assembly initiation site, but are then displaced by 

the polymerisation of the sheath and are present at the distal end of the sheath as it extends across 

the cell before it contracts (508,513). While studies on the contribution of TssAS proteins to T6SS 

functionality showed similar trends overall, it is unclear whether they all associate with the T6SS in 

the exact same way.  

 

3.1.3 Functionality of long TssA proteins 

The TssAL proteins whose functional contribution to T6SS activity have been studied to date are those 

of enteroaggregative E. coli (TssAEC), P. aeruginosa (TssA2) and V. cholerae (TssAVC) 

(360,377,394,512,537). The long TssAEC and TssAVC have been shown to be required for secretion of 

T6SS-associated secretion markers (360,394). Furthermore, T6SS-dependent killing of both E. coli and 

amoeba by V. cholerae is much reduced in the absence of TssAVC (377,394,512). When studying sheath 

formation by fluorescence microscopy, there were no sheath structures formed in the absence of 

TssAEC, while upon deletion of tssAVC or tssA2 sheath structures could still be visualised, although at a 

far reduced abundance and with few showing typical sheath dynamics (360,377). The V. cholerae 

sheath structures formed in the absence of TssAVC were polymerised at a slower rate (377). In another 

study, sheath structures were completely absent upon tssAVC deletion, suggesting that experimental 

set-up may influence the outcome of these approaches (512). Each of the studied TssAL proteins has 

been shown to localise with the T6SS assembly initiation site prior to sheath polymerisation and then 

at the distal end of the polymerising sheath, with dissociation before contraction (360,377). Some 

diversity has been demonstrated in TssA association with the sheath, with TssAVC and TssA2 on 

occasion observed to dissociate from either a fully extended sheath or a polymerising sheath, or 

alternatively remaining associated with the distal end of the sheath following contraction (377).  
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3.1.4 Theories on functionality of long and short TssA proteins 

As said, there is a great variability in TssA proteins, with very different structures containing distinct 

domains being formed from long and short TssA proteins (see section 1.4.1) (360,376,377,509). This 

variability in domain organisation and structure is a key factor in the debate about the functional 

similarities and differences between long and short TssA proteins. There are two prevailing theories 

about the functionality of TssA proteins. On the one hand it is postulated that the differences between 

TssA proteins are associated with a functional difference. Specifically, it is suggested that TssAS 

proteins are static components associated with the baseplate and involved in the initiation of sheath 

polymerisation, while TssAL proteins are dynamic components which act as chaperones at the distal 

end of the sheath and inner tube, coordinating the co-polymerisation of this structure (376,377). On 

the other hand, it is postulated that despite their differences, the functionality of all TssA proteins is 

similar. This theory is based on the similarities in TssA proteins, including similarity in interaction 

partners, despite structural differences. It is suggested that TssA proteins may share a common 

function as dynamic components associated with the distal end of the sheath, where this common 

function is achieved through slightly different mechanisms for long and short TssA proteins (509).  

From the available data both long and short TssA proteins are required for secretion of T6SS-

associated secretion markers (360,376,377,508,509). While, in the absence of TssA both T6SS-

dependent killing and the formation of fluorophore-tagged sheath structures is either completely 

abolished or drastically reduced (360,376,377,508,509). The requirement for TssA proteins for a fully 

functional T6SS therefore does not seem to vary between clusters encoding a long or short TssA. 

Fluorescence microscopy has identified both long and short TssA proteins as dynamic components at 

the distal end of the sheath, however the short TssA1 has also been identified as a static, baseplate-

associated component. Because of this ambiguity, it is therefore not currently clear whether and to 

what degree different groups of TssA proteins may have distinct functionalities despite all the 

evidence showing similarities.  
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3.2 Aims of this study 

The aim of this study was to carry out a comprehensive and systematic analysis of the contribution of 

the P. aeruginosa TssA proteins to the functionality of their respective T6SSs. This would provide the 

basis to compare the role and associated mechanisms of long and short TssA proteins within a single 

organism.  

This analysis involved:  

1) Chromosomal in-frame deletion mutants engineered for each of the three tssA genes; tssA1, 

tssA2 and tssA3. 

2) Phenotypic assays to evaluate T6SS activity, including i) secretion assays, where the presence 

of T6SS-associated secretion markers in the supernatant is examined by western blot, ii) 

interbacterial competition assays, where the ability of a T6SS-encoding attacker strain to kill 

a prey is quantified.  

3) Fluorescence microscopy to visualise the T6SS, using fluorescently tagged T6SS components 

to study the formation and abundance of T6SS structures and their localisation. 

The genetic backgrounds and conditions required for these techniques were initially optimised, 

allowing them to be used to assess the contribution of each TssA protein according to the conditions 

required for functionality of the associated T6SS.  

These techniques measure different outputs so when used together they can provide a 

comprehensive overview of T6SS behaviours, setting the foundation for further studies, including 

complementation of tssA deletions using various non-cognate tssA genes (Chapters 4 and 5).  
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3.3 Functional characterisation of TssA1 

 

3.3.1 H1-T6SS expression and secretion are low in the rsmA background 

It has previously been shown that the post-transcriptional regulator RsmA is a repressor of all three 

of the P. aeruginosa T6SSs (338). It is therefore expected that in a genetic background with deletion 

of rsmA, there will be increased expression and activity of each of these T6SSs, including the H1-T6SS. 

In a PAO1ΔrsmA background, a chromosomal in-frame deletion mutant of tssA1 was engineered, and 

a secretion assay was used to assess the production and secretion of the H1-T6SS secretion markers, 

inner tube protein Hcp1 and spike protein VgrG1a. In the parental rsmA background, expression of 

Hcp1 and VgrG1a was detectable, but faint (Figure 3.1A). However, these secretion markers could not 

be detected in the supernatant fraction, likely due to the low levels of expression detected. In other 

repeats some low levels of secretion could be detected, but this was not consistent. A difference in 

H1-T6SS secretion could therefore not be demonstrated between the rsmA positive control and the 

T6SS-negative control with deletion of the gene encoding the sheath component TssB1.  
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Figure 3.1 Assessment of H1-T6SS activity in a PAO1ΔrsmA background. A) Western blot of a H1-

T6SS secretion assay in the rsmA background, to assess the levels of secretion markers Hcp1 and 

VgrG1a in the supernatant sample. Cell and supernatant samples were harvested after 5-7 hours 

growth at 37 °C. Proteins detected in the western blot are indicated to the right. Molecular weight 

(MW) markers (left) are in kilodaltons (kDa). RpoB was used as a loading and bacterial lysis control. 

B) Quantification of the percent of cells with TssB1-GFP sheath events per minute in the rsmA 

background by fluorescence microscopy. Strains were grown in liquid culture at 37 °C for 6 hours 

before imaging. The percent of cells with sheath events per minute fell from 0.14 % (n=8829) to 0 

% (n=7086) upon deletion of tssA1. Data were taken from three fields of view for one experiment.  

A)  B)  
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To assess the activity and abundance of the H1-T6SS in vivo, fluorescence microscopy was used to 

visualise sheath structures. Strains were engineered to produce TssB1-GFP, expressed from the native 

tssB1 locus. The formation of H1-T6SS sheaths was infrequent, with 0.14 % of cells forming sheath 

structures per minute (Figure 3.1B). Upon deletion of tssA1 this fell to 0 %. Few sheath structures were 

therefore detected in this background, potentially explaining why limited secretion was identified in 

secretion assays.  

In light of these data, it was concluded that the rsmA background was not appropriate for studying 

H1-T6SS activity. Additionally, upon deletion of tssA1, a strong polar effect was observed with the 

production of Hcp1 and VgrG1a proteins encoded by downstream genes being hugely upregulated 

(Figure 3.1A). With this polar phenotype and in the absence of detectable secretion, other genetic 

backgrounds were investigated.  

 

3.3.2 TssA1 is required for H1-T6SS activity in the retS background 

Previous functional characterisation of TssA1 has taken place in the PAKΔretS and PAO1ΔretS 

backgrounds, where RetS is a sensor acting upstream of RsmA (376,377). RetS inhibits the activity of 

the sensor kinase GacS, which acts through its downstream response regulator GacA to control the 

production of the small non-coding RNAs RsmY and RsmZ (see section 1.3.5.1). These RNAs sequester 

RsmA preventing its binding to, and regulation of, mRNA targets. Thus the retS deletion promotes the 

sequestration of RsmA by the overproduced RsmY and RsmZ (466). A retS deletion was shown to 

increase the abundance of H1-T6SS components by 2-6 fold (538). 

In the previously studied PAKΔretS strain, a chromosomal in-frame deletion mutant of tssA1 was 

engineered, identical to the rsmAtssA1 mutant described in section 3.3.1. In this genetic background, 

production of TssB1 and Hcp1 could be detected, and Hcp1 secretion was unambiguously observed in 

the parental strain (Figure 3.2). This secretion was abolished upon deletion of either tssB1 or tssA1, 

corroborating previous data identifying TssA1 as required for the secretion of Hcp1 in this background 

(376). The deletion of tssA1 did not lead to a notable upregulated production of TssB1 and Hcp1 

(Figure 3.2), suggesting that the upregulation observed in the PAO1ΔrsmAΔtssA1 strain is either a 

feature of the PAO1 background or of the rsmA deletion (Figure 3.1A).  

The PAKΔretS background could thus be used to study secretion by the H1-T6SS, however, the PAK 

background was previously identified to have lower levels of expression and activity of the H2- and 

H3-T6SSs. To characterise all three P. aeruginosa TssA proteins in a single strain background, the PAO1 

strain was preferred, as expression of all three T6SS gene clusters has been demonstrated. A 
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chromosomal in-frame deletion of retS was engineered in the PAO1 background, with subsequent in-

frame deletions of tssB1 or tssA1. In contrast to the PAO1ΔrsmA background, a clear Hcp1 secretion 

phenotype could be observed in the parental strain, and secretion was dependent on the presence of 

TssB1 and TssA1 (Figure 3.3). The absence of Hcp1 secretion in the tssA1 background could be 

complemented with a plasmid constitutively expressing tssA1. 

 Upon deletion of tssA1 in the PAO1ΔretS background, there was upregulated expression of Hcp1, 

although far less pronounced than in the PAO1ΔrsmA background (Figures 3.1A and 3.3). This 

downstream overexpression phenotype seen in a tssA1 deletion may be PAO1 specific, as it does not 

seem to be present in the PAKΔretS background (Figure 3.2). However, these observations are purely 

based on interpretation of western blot signal intensity, a technique such as RT-PCR would allow for a 

more quantitative assessment. 

Figure 3.2 Assessment of H1-T6SS secretion in a PAKΔretS 

background. Western blot of a H1-T6SS secretion assay in the 

PAKΔretS background, to assess the levels of secretion marker 

Hcp1 in the supernatant sample. Cell and supernatant samples 

were harvested after 5-7 hours growth at 37 °C. Proteins 

detected in the western blot are indicated to the right. RpoB 

was used as a loading and bacterial lysis control. 

Figure 3.3 Assessment of H1-T6SS secretion in a PAO1ΔretS background. Western blot of a H1-T6SS 

secretion assay in the retS background, to assess the levels of secretion marker Hcp1 in the 

supernatant sample. To assess complementation of the tssA1 deletion, the pBBR1MCS4 vector was 

introduced either as empty vector (EV) or encoding tssA1 (ptssA1). Cell and supernatant samples 

were harvested after 5-7 hours growth at 37 °C. Proteins detected in the western blot are indicated 

to the right. MW markers (left) are in kDa. RpoB was used as a loading and bacterial lysis control.  
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Given that a secretion assay in the retS background produced a clear T6SS-dependent secretion 

phenotype, these strains were also used to optimise an interbacterial competition assay to assess H1-

T6SS-dependent killing of an E. coli prey strain producing GFP. Initially, attacker P. aeruginosa strains 

and prey E. coli were mixed at a 1:1 ratio and incubated at 37 °C for 24 hours before being recovered 

and fluorescence signal intensity quantified. Under these conditions, no significant difference was 

observed in the fluorescence of recovered competition mixes containing the parental strain and the 

tssB1 strain, suggesting no significant prey killing (Figure 3.4A). To increase the amount of T6SS-

dependent prey killing, the competition was modified by altering the ratio of attacker to prey to 3:1 

(Figure 3.4B) or 5:1 (Figure 3.4C). Each of these competitions was carried out only twice, and while 

there appeared to be a difference in killing between the parental strain and mutants lacking either 

tssB1 or tssA1, the fold change was not particularly large, 1.6-fold for the 3:1 competition and 1.4-fold 

for the 5:1 competition. The competition assay was therefore modified according to previously 

described protocols, where attacker and prey strains undergo two incubations (412,503). Attacker and 

prey strains were mixed at a 1:1 ratio at 37 °C for 5 hours, then recovered and serially diluted before 

incubation at 37 °C overnight. The diluted bacteria were then recovered, and fluorescence signal 

intensity quantified. Under these conditions, T6SS-dependent killing of the E. coli prey by the parental 

attacker strain could be monitored and was impaired upon deletion of either tssB1 or tssA1, with a 

3.5-fold change between positive and negative controls (Figure 3.4D). The deletion of tssA1 could be 

complemented by constitutive expression of tssA1 from a broad host range plasmid.  

Some variability was observed in fluorescence signal of the tssB1 and tssA1 mutants using this two-

incubation method when compared to the 3:1 and 5:1 single incubation method, where repeats were 

very consistent (Figure 3.4). A protocol with two incubations may give rise to additional variability as 

bacteria must be plated and recovered twice before signal quantification. In the retS background the 

two-incubation method produced the most conclusive data, however a single incubation method 

would be preferred although it may require a genetic background with a higher level of H1-T6SS 

activity. 
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To visualise the H1-T6SS in vivo by fluorescence microscopy, strains were engineered to produce TssB1 

fused to the red fluorescent protein mScarlet from the native tssB1 locus. In the parental retS strain 

10.7 % of cells formed sheaths or foci, which fell to 0.26 % upon deletion of tssA1 (Figures 3.5A and 
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Figure 3.4 Assessment of H1-T6SS prey killing in a PAO1ΔretS background. H1-T6SS competition 

assays in the retS background, to assess the T6SS-dependent killing of a GFP-producing E. coli prey 

by P. aeruginosa attacker strains carrying the pBBR1MCS4 vector either as empty vector (EV) or 

encoding tssA1 (ptssA1). Values are presented as means and error bars represent the standard 

deviation. A) Attacker P. aeruginosa and prey E. coli were mixed at a 1:1 ratio and incubated at 37 

°C for 24 hours, before GFP signal quantification. (n=4). B) Attacker P. aeruginosa and prey E. coli 

were mixed at a 3:1 ratio and incubated at 37 °C for 24 hours, before GFP signal quantification. 

(n=2). C) Attacker P. aeruginosa and prey E. coli were mixed at a 5:1 ratio and incubated at 37 °C 

for 24 hours, before GFP signal quantification. (n=2). D) Attacker P. aeruginosa and prey E. coli 

were mixed at a 1:1 ratio and incubated at 37 °C for 5 hours, before recovery, dilution, and 

incubation at 37 °C for 17 hours overnight. GFP signal was then quantified. (n=3). Statistical testing 

was conducted by one-way ANOVA with Dunnett’s multiple comparisons test, each strain was 

compared to parental PAO1ΔretS EV (ns = not significant, ** p < 0.001, **** p < 0.0001).  
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3.5B). The loss of sheaths upon tssA1 deletion could be partially complemented upon constitutive 

expression of tssA1 where 5.2 % of cells formed sheaths or foci.  

In conclusion, the PAO1ΔretS background is appropriate to assess the activity of the H1-T6SS, and 

therefore the role of TssA1, through secretion and competition assays, while fluorophore-tagged H1-

T6SS sheath structures could also be visualised by fluorescence microscopy.  

 

3.3.3 TssA1 is required for H1-T6SS activity in the rsmArsmN background 

In the PAO1ΔretS background the activity of the H1-T6SS could be assessed and TssA1 was required 

for this activity (Figures 3.3, 3.4 and 3.5). In contrast, in the PAO1ΔrsmA background the expression of 

H1-T6SS is too low to conclusively assess its functionality (Figure 3.1). Within the Gac-Rsm pathway, 

the activity of RetS in modulating GacS influences the downstream activity of the translational 

repressor RsmA. However, P. aeruginosa also encodes the RsmA homologue RsmN, which is also 

proposed to play a role in the Gac-Rsm pathway. In a retS deletion both RsmA and RsmN would be 

expected to be sequestered by the small non-coding RNAs RsmY and RsmZ, while in an rsmA deletion 

RsmN is still present and may be able to compensate for the absence of RsmA, as they have been 

shown to bind some overlapping targets (539–541). Both RsmA and RsmN have been identified to 

Figure 3.5 Assessment of H1-T6SS sheath formation in a PAO1ΔretS background. A) Quantification 

of the percent of cells with TssB1-mScarlet sheaths or foci in the retS background by fluorescence 

microscopy. Strains were grown on LB agar pads for 3-4 hours at 37 °C before imaging. The percent 

of cells with sheaths or foci fell from 10.7 % (n=19244) in the parental strain to 0.26 % (n=16387) 

with tssA1 deletion, expression of tssA1 from pBBR1MCS4 recovered this to 5.2 % (n=8117). Data 

were taken from 2 fields of view for three experiments. Values are presented as means and error 

bars represent the standard deviation. B) Representative images of TssB1-mScarlet sheath 

formation in the retS background in the presence and absence of tssA1. Scale bar represents 2 µm.  
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bind to sequences in the tssA1 and fha1 promoter regions, so would be expected to affect H1-T6SS 

production (539,541,542). In fact, a double rsmArsmN mutant strain has been shown to have high 

levels of H1-T6SS activity, both in terms of Hcp1 secretion and prey killing (539). Functional H1-T6SS 

assays were therefore carried out in a rsmArsmN background, to identify whether it may be an 

appropriate background for studying the contribution of TssA1 to H1-T6SS activity. 

A secretion assay demonstrated that the parental rsmArsmN strain was able to secrete Hcp1, which 

was dependent on the presence of TssB1 and TssA1 (Figure 3.6A). Absence of Hcp1 secretion in the 

tssA1 background could be complemented with a plasmid constitutively expressing tssA1. These 

strains were also used for an interbacterial competition assay, where attacker P. aeruginosa strains 

and prey E. coli were mixed at a 1:1 ratio and incubated at 37 °C for 24 hours. In the retS background, 

a competition assay under these conditions yielded no significant difference in killing between strains 

with active and inactive T6SS (Figure 3.4A). In contrast, in the rsmArsmN background there was a 3-

fold change in prey fluorescence signal between the T6SS-positive parental strain and a strain with 

tssB1 deletion (Figure 3.6B). A strain with tssA1 deletion killed prey slightly less than the tssB1 deletion 

strain, loss of killing in the tssA1 background could be complemented with a plasmid constitutively 

expressing tssA1. To visualise the formation of H1-T6SS sheaths in vivo using fluorescence microscopy, 

strains were engineered to produce a TssB1-mScarlet chimeric protein expressed from the native 

tssB1 locus. In the parental rsmArsmN strain 11.5 % of cells formed sheaths or foci, which fell to 0.62 

% upon deletion of tssA1 (Figures 3.6C and 3.6D).  

In conclusion, as in the retS background, the rsmArsmN background is appropriate to study the activity 

of the H1-T6SS and the role of TssA1 by secretion assay, interbacterial competition assay and 

fluorescence microscopy. 
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Figure 3.6 Assessment of H1-T6SS activity in a PAO1ΔrsmAΔrsmN background. To assess 

complementation of the tssA1 deletion, the pBBR1MCS4 vector was introduced either as empty 

vector (EV) or encoding tssA1 (ptssA1). Values are presented as means and error bars represent 

the standard deviation. A) Western blot of a H1-T6SS secretion assay in the rsmArsmN background, 

to assess the levels of secretion marker Hcp1 in the supernatant sample. Cell and supernatant 

samples were harvested after 5-7 hours growth at 37 °C. Proteins detected in the western blot are 

indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading and bacterial lysis 

control. B) H1-T6SS competition assays in the rsmArsmN background, to assess the T6SS-

dependent killing of a GFP-encoding E. coli prey by P. aeruginosa attacker strains. Attacker P. 

aeruginosa and prey E. coli were mixed at a 1:1 ratio and incubated at 37 °C for 24 hours before 

GFP signal quantification. Statistical testing was conducted by one-way ANOVA with Dunnett’s 

multiple comparisons test, each strain was compared to parental PAO1ΔrsmAΔrsmN EV (ns = not 

significant, **** p < 0.0001). (n=3). C) Quantification of the percent of cells with TssB1-mScarlet 

sheaths or foci by fluorescence microscopy. Strains were grown on LB agar pads for 3-4 hours at 

37 °C before imaging. The percent of cells with sheaths or foci fell from 11.5 % (n=11523) in the 

parental strain to 0.62 % (n=15717) with tssA1 deletion. Data were taken from 2 fields of view for 

three experiments. D) Representative images of TssB1-mScarlet sheath formation in the rsmArsmN 

background in the presence and absence of tssA1. Scale bar represents 2 µm.  
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3.3.4 H1-T6SS expression is elevated in a rsmArsmN double mutant compared to a retS mutant 

To characterise the activity of the H1-T6SS and the role of TssA1, components of the Gac-Rsm pathway 

were deleted to relieve repression on T6SS expression. The retS and rsmArsmN backgrounds were 

appropriate for characterisation of H1-T6SS activity, compared to the rsmA background. It would be 

expected that the H1-T6SS activity in retS and rsmArsmN backgrounds would be similar as the activity 

of RsmA and RsmN should be lost in both cases, either due to their sequestration or due to their 

absence. However, a single incubation competition assay could be used to assess T6SS-dependent 

prey killing in the rsmArsmN background, but not the retS background, suggesting that the rsmArsmN 

background may have elevated H1-T6SS activity (Figures 3.4A and 3.6B). This could be linked 

incomplete sequestration of RsmA and RsmN upon retS deletion, when compared to their absence 

upon rsmArsmN deletion. To test the relative H1-T6SS expression in these backgrounds, a rsmN 

mutant was added to the panel of Gac-Rsm mutants with additional tssB1 or tssA1 deletion and all 

were screened for production and secretion of Hcp1.  

With single deletions of rsmN or rsmA production of Hcp1 was low and could not be detected without 

saturating the signal from other backgrounds (Figure 3.7). Secretion of Hcp1 could also therefore not 

be detected in these backgrounds. In the retS and rsmArsmN backgrounds, as previously identified, 

there was detectable Hcp1 production, with secretion dependent on the presence of TssA1 and TssB1. 

Upon double deletion of rsmA and rsmN, Hcp1 production appeared elevated when compared to the 

retS background. Despite individual rsmA or rsmN deletions leading to only minimal Hcp1 production, 

in combination their deletion had a synergistic effect, leading to high Hcp1 production and secretion. 

The level of Hcp1 secretion in the rsmArsmN background was far greater than that in the retS 

background. 

Upon tssA1 deletion there was increased production of Hcp1 in both rsmA and retS backgrounds, as 

was seen previously (Figures 3.1A and 3.3), however in the rsmArsmN background there was no 

detectable increase in Hcp1 production. This suggests that the overproduction of Hcp1 may be linked 

to the presence of RsmN. 

Despite a deletion in retS being proposed to lead to the sequestration of RsmA and RsmN, the H1-

T6SS activity of a retS strain and a rsmArsmN strain were different. The production and secretion of 

Hcp1 by the rsmArsmN strain appears higher, and while a tssA1 deletion leads to increased Hcp1 

production in the retS strain, this cannot be detected in the rsmArsmN strain. This difference may be 

explained by RsmA and RsmN not being fully sequestered by RsmY and RsmZ, or other differences 

between these strains may contribute.  
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3.3.5 Elevated H1-T6SS expression in a tssA1 mutant is independent of the loss of TssA1 

In both rsmA and retS strains, upon deletion of tssA1 downstream gene products such as Hcp1 and 

VgrG1a were produced at a higher level (Figures 3.1A and 3.3). One way that the tssA1 deletion could 

influence production of H1-T6SS components, may be through the absence of the TssA1 protein. It 

has previously been suggested that TssA of V. fischeri has a role in regulating expression of its T6SS 

cluster, through an unknown mechanism (543). A repressive effect of TssA1 on H1-T6SS expression, 

likely indirectly as TssA1 is not expected to directly bind DNA, could limit energy expenditure by 

preventing the production of an excess of T6SS machineries. However, this would also likely limit the 

effectiveness of T6SS killing in a competition scenario. 

Alternatively, the increased production of downstream proteins could be due to a change in regulation 

of the H1-T6SS cluster at the DNA or RNA level upon deletion of tssA1. tssA1 is the first gene of a 

polycistronic mRNA transcribed from the H1-T6SS cluster, as such its gene sequence might contain 

additional regulatory sequences required to fine tune the expression and production of this large 

multiprotein assembly (Figure 3.8A) (514). Deletion of tssA1 may also alter the mRNA secondary 

structure, affecting the binding by regulatory elements. Loss of regulatory sequences or altered mRNA 

structural features could lead to deregulation of downstream gene expression, including 

overproduction of T6SS components.  

Figure 3.7 Assessment of H1-T6SS protein expression and secretion in various mutants of the Gac-

Rsm pathway: rsmN, rsmA, retS and rsmArsmN. Western blot of a H1-T6SS secretion assay to assess 

the levels of secretion marker Hcp1 in whole cell extract and supernatant samples. Cell and 

supernatant samples were harvested after 5-7 hours growth at 37 °C. Proteins detected in the 

western blot are indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading 

and bacterial lysis control.  
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To test whether the absence of TssA1 causes upregulation of H1-T6SS expression, a transcriptional 

reporter fusion was used with GFP readout under the control of the native tssA1 promoter. The 

expression of GFP from the native tssA1 promoter was identical in the tssA1 deletion compared to the 

parental strain and the tssB1 deletion (Figure 3.8B). This suggests that upregulation of downstream 

gene expression upon tssA1 deletion is not due to loss of TssA1, but more likely due to a change in 

regulation either at transcriptional or post-transcriptional levels.  

3.3.6 The position of TssA1 within the H1-T6SS could not be conclusively assessed 

Previous time lapse fluorescence microscopy data has been key to characterising the dynamic role of 

TssA proteins in the assembly of the T6SS (360,377,508). In most cases these data have shown the 

association of TssA with the T6SS assembly initiation site before association with the distal end of the 

extending sheath upon its polymerisation to reach the other side of the cell. The outlier to this is TssA1, 

for whom only a static, baseplate-associated form has been visualised, although only in the presence 

of native TssA1 (377).  

To study TssA1 dynamics, strains were engineered producing fluorophore tagged TssA1 and TssB1 

expressed from their chromosomal loci. In a rsmA strain producing TssB1-mScarlet and GFP-TssA1 the 

formation of sheath structures could be identified and some weak TssA1 foci could also be detected 

Figure 3.8 Expression from the tssA1 promoter with a transcriptional reporter fusion. A) Genomic 

organisation of the H1-T6SS cluster. B) Transcriptional reporter fusion assay, assessing the 

production of GFP under the control of the native tssA1 promoter. Strains were grown for 24 hours 

at 37 °C with agitation.  

A)  

B)  
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(Figure 3.9A). The low signal strength of the GFP-TssA1 was hypothesised to be linked to background 

fluorescence due to the production of the green, fluorescent fluorophore pyoverdine by P. 

aeruginosa. A rsmA strain was then engineered to produce TssB1-GFP and mScarlet-TssA1. Similarly, 

in this background the formation of both sheath structures and TssA1 foci could be identified, 

however, the fluorescent signal of mScarlet-TssA1 was also weak (Figure 3.9B).  

Some co-localisation of these proteins could be seen (Figure 3.9, white arrows). However, the weak 

signal of TssA1 with either associated fluorophore did not allow the capture of time lapses, which are 

required to determine the relative positions of components in a dynamic system. No further details 

on the positioning of TssA1 within the H1-T6SS could therefore be elucidated. 

 

  

Figure 3.9 Assessment of TssB1 and TssA1 localisation by fluorescence microscopy. Strains were 

grown on LB agar pads for 3-4 hours at 37 °C before imaging. A) Representative images of mScarlet-

tagged TssB1 and GFP-tagged TssA1 in the rsmA background. Images to visualise each fluorophore 

independently and then merged with the phase. B) Representative images of GFP-tagged TssB1 

and mScarlet-tagged TssA1 in the rsmA background. Images to visualise each fluorophore 

independently and then merged with the phase. White arrows indicate co-localising foci. Scale bar 

represents 2 µm. 

PAO1 ΔrsmA tssB1-mScarlet GFP-tssA1 

TssB1-mScarlet GFP-TssA1 Merge 

PAO1 ΔrsmA tssB1-GFP mScarlet-tssA1 

TssB1-GFP mScarlet-TssA1 Merge 

A)  

B)  
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3.4 Functional characterisation of TssA2 

The H2-T6SS is associated with the long TssA2. To assess the contribution of TssA2 to the functionality 

of the H2-T6SS, functional assays including secretion and competitions assays were carried out as well 

as fluorescent microscopy to visualise sheath structures. However, and in contrast to the H1-T6SS, 

most assays presented were performed at 25 °C, unless otherwise stated, which has previously been 

described to be optimal for expression of the H2-T6SS (338).  

 

3.4.1 TssA2 is required for H2-T6SS secretion and prey killing in the rsmA background 

Characterisation of the contribution of TssA2 to the activity of the H2-T6SS was carried out in the rsmA 

background, where H2-T6SS expression is derepressed (338). In this background a chromosomal in-

frame deletion mutant of tssA2 was engineered. 

The activity of the H2-T6SS was initially assessed by a secretion assay. In the parental rsmA strain the 

production of Hcp2 in the whole cell extract could be identified and the presence of Hcp2 in the 

supernatant indicates secretion (Figure 3.10A). Hcp2 secretion was dependent on the presence of 

TssB2 and TssA2, and the absence of Hcp2 secretion in the tssA2 background could be complemented 

by constitutive expression of tssA2 from a broad host range plasmid.  

As secretion by the H2-T6SS could be demonstrated in the rsmA background, these strains were also 

used for an interbacterial competition assay, where attacker P. aeruginosa strains and GFP-producing 

prey E. coli were mixed at a 1:1 ratio and incubated at 25 °C for 24 hours. The competition assay 

yielded a 3.4-fold difference in prey fluorescence between the parental rsmA strain and the tssB2 

deletion strain, indicating H2-T6SS-dependent prey killing (Figure 3.10B). The level of prey killing was 

indistinguishable between a tssB2 deletion and a tssA2 deletion, suggesting that both are required for 

prey killing. The loss of killing upon deletion of tssA2 could be effectively complemented by 

constitutive expression of tssA2 from a broad host range plasmid.  

 

 

 

 

 

 



146 
 

  

3.4.2 H2-T6SS sheath structures can form in the absence of TssA2 

In the rsmA background, TssA2 was required for both secretion and prey killing by the H2-T6SS (Figure 

3.10). To visualise H2-T6SS sheaths in vivo by fluorescent microscopy, strains were engineered to 

produce TssB2 fused to a fluorophore and expressed from the native tssB2 locus. Two approaches 

were used to prepare cells for imaging: in one approach bacteria were grown in liquid culture and 

then applied to an agar pad immediately before imaging, in another approach bacteria were grown 

on agar pads before imaging.  

Initially, cells were imaged according to a previously described protocol with growth in liquid culture 

at 37 °C (508). When prepared under these conditions, the percent of cells with sheath structures was 

62.4 %, which fell to 24.6 % upon deletion of tssA2 (Figures 3.11A and B). The presence of sheath 
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Figure 3.10 Assessment of H2-T6SS activity in a PAO1ΔrsmA background. To assess 

complementation of the tssA2 deletion, the pBBR1MCS4 vector was introduced either as empty 

vector (EV) or encoding tssA2 (ptssA2). A) Western blot of a H2-T6SS secretion assay in the rsmA 

background, to assess the levels of secretion marker Hcp2 in the supernatant sample. Cell and 

supernatant samples were harvested after 18 hours of growth at 25 °C. Proteins detected in the 

western blot are indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading 

and bacterial lysis control. B) H2-T6SS competition assay in the rsmA background, to assess the 

T6SS-dependent killing of a GFP-producing E. coli prey by P. aeruginosa attacker strains. Attacker 

P. aeruginosa and prey E. coli were mixed at a 1:1 ratio and incubated at 25 °C for 24 hours before 

GFP signal quantification. Values are presented as means and error bars represent the standard 

deviation. Statistical testing was conducted by one-way ANOVA with Dunnett’s multiple 

comparisons test, each strain was compared to parental PAO1ΔrsmA EV (ns = not significant,* p < 

0.05, **** p < 0.0001). (n=4).  
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structures in the absence of a TssA protein has been described previously, including the presence of 

extended sheath structures which could also be detected here (377). Given that the functional assays 

indicated a lack of H2-T6SS functionality in the absence of TssA2 (Figure 3.10), the presence of sheath 

structures upon tssA2 deletion was unexpected. However, the conditions of this experiment were 

quite different to those of the H2-T6SS functional assays, indeed at 37 °C secretion by the H2-T6SS is 

much less effective than at 25 °C (Thomas Clamens, unpublished).  
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Figure 3.11 Assessment of H2-T6SS sheath formation by fluorescence microscopy. Values are 

presented as means and error bars represent standard deviation. A) Quantification of the percent 

of cells with TssB2-GFP sheaths or foci by fluorescence microscopy. Strains were grown in liquid 

culture at 37 °C for 6 hours before imaging. The percent of cells with sheaths or foci fell from 62.4 

% (n=13292) to 24.6 % (n=10627) upon deletion of tssA2.  B) Representative images of TssB2-GFP 

sheath formation in the rsmA background upon growth in liquid media at 37 °C. C) Quantification 

of the percent of cells with TssB2-mScarlet sheaths or foci by fluorescence microscopy. Strains 

were grown on LB agar pads for 5-6 hours at 25 °C before imaging. The percent of cells with sheaths 

or foci fell from 33.1 % (n=9930) in the parental strain to 0.64 % (n=9920) upon tssA2 deletion, 

expression of tssA2 from pBBR1MCS4 recovered this to 6.3 % (n=5412). Data were taken from 3 

fields of view for two experiments. D) Representative images of TssB2-mScarlet sheath formation 

in the rsmA background in the presence and absence of tssA2 upon growth on solid media at 25 

°C. Scale bar represents 2 µm. 
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Therefore, the fluorescence microscopy experiments were repeated under different conditions, 

similar to the approach used here to quantify H1-T6SS sheath structures. Bacteria were grown on agar 

pads at 25 °C for 5-6 hours before imaging. When prepared under these conditions, in the parental 

rsmA strain 33.1 % of cells formed sheaths or foci, which fell to 0.64 % upon deletion of tssA2 (Figures 

3.11C and D). In the tssA2 background, constitutive expression of tssA2 from a plasmid led to an 

increase in sheath and focus formation, present in 6.3 % of cells. These data are more consistent with 

the results of the functional assays (Figure 3.10). Constitutive expression of tssA2 from a plasmid only 

restores about one fifth of H2-T6SS sheaths and foci, which may explain why in the competition assay 

introduction of tssA2 from a plasmid in the tssA2 deletion strain did not restore prey killing to the 

same level as the parental strain (Figure 3.10B). 

It is unexpected that growth at a temperature (37 °C) at which lower levels of H2-T6SS activity have 

previously been noted would lead to higher levels of sheath formation than growth at 25 °C. However, 

sheath formation may not necessarily correlate with T6SS activity, as T6SS structures may assemble 

but not fire. Additionally, a number of factors were altered between these experiments, including the 

fluorophore fused to TssB2, the incubation time and temperature, as well as growth either in liquid or 

on solid media prior to imaging. It is therefore not clear which factors were responsible for the 

variations seen between these experimental set-ups.  

In conclusion, the activity of the H2-T6SS can be studied by secretion assay, interbacterial competition 

assay and fluorescence microscopy in the rsmA background, and the data presented suggest that 

TssA2 is required for secretion of H2-T6SS secretion markers and prey killing. In the absence of TssA2, 

sheath formation can be detected under certain conditions, but the functionality of these structures 

has not been determined. 
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3.5 Functional characterisation of TssA3 

The H3-T6SS is associated with another short TssA protein, TssA3. To assess the contribution of TssA3 

to the functionality of the H3-T6SS, it was first necessary to identify an appropriate background or 

technique for studying the activity of this system, since H3-T6SS activity has not been well 

characterised to date, particularly in the PAO1 background.  

 

3.5.1 Interbacterial killing activity of the H3-T6SS activity could not be demonstrated  

The only previous description of a H3-T6SS interbacterial competition assay was carried out between 

a wildtype PAO1 strain and a prey P. putida KT2440 (544). As this prey P. putida strain encodes the 

constitutively active K1-T6SS (324), and the H1-T6SS is known to retaliate to incoming T6SS attack via 

tit-for-tat (see section 1.3.5.2), it is possible that the H1-T6SS would reduce the P. putida prey pool in 

such a competition. Therefore, to assess H3-T6SS activity in competition between these bacteria, a 

strain was generated where solely the H3-T6SS could be assembled. In the PAO1 background, strains 

were generated with chromosomal in-frame deletion of tssB1 and tssB2 either with or without 

deletion of tssB3. The previously described competition was carried out at 37 °C for 24 hours, however 

in attempting to replicate this competition experiment under these conditions, prey P. putida KT2440R 

could not be recovered. This may reflect the variation in temperatures at which these bacteria are 

most optimally grown, 30 °C for P. putida KT2440R and 37 °C for P. aeruginosa, which may allow P. 

aeruginosa to dominate under these conditions in a T6SS-independent manner. 

A screen of various incubation temperatures (20, 25 and 30 °C) and times (6, 16, 20, 24 and 30 hours) 

was therefore carried out to identify conditions where wildtype PAO1 could kill P. putida KT2440R in 

a H3-T6SS-dependent manner. At 20 °C for incubation times of up to 24 hours, there was limited 

competition between attacker and prey, with log10 competitive index values close to 0 indicating no 

change in the relative abundance of these strains over the course of the incubation (Figure 3.12A). 

Under the remaining conditions, PAO1 strains were able to effectively outcompete P. putida strains, 

with log10 competitive index values above 0 indicating an attacker outcompeting the prey strain during 

incubation. However, when comparing the competitive index values in the presence or absence of the 

H3-T6SS, this competition was independent of the H3-T6SS. This indicates that the P. aeruginosa 

population expanded more than the P. putida population during the incubation, but that this did not 

involve T6SS-dependent prey killing. 

As RsmA has been shown to negatively regulate H3-T6SS expression (338), the screen of competition 

conditions was also carried out in a rsmA background in an attempt to increase H3-T6SS activity. As in 

the wildtype background, in the rsmA background none of the screened conditions showed a 
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difference in competitiveness depending on the presence of the H3-T6SS, so no trend of H3-T6SS-

dependent killing could be observed (Figure 3.12B).  

Under the conditions tested, the H3-T6SS was not effective at killing P. putida. This could be due to 

low levels of H3-T6SS activity in the chosen genetic backgrounds or associated with the experimental 

set up. Alternatively, it could reflect a lack of H3-T6SS effectors that are toxic for P. putida. In any case, 

the impact of TssA3 on H3-T6SS-dependent prey killing could not be assessed. 

Figure 3.12 Screen for H3-T6SS killing of P. putida KT2440R. Attacker P. aeruginosa and prey P. 

putida were mixed at a 1:1 ratio and incubated at 20, 25 or 30 °C for 6, 16, 20, 24 or 30 hours 

before recovery and growth under selective conditions. A log10 competitive index value above 0 

indicates an attacker which outcompetes the prey strain.  Values are presented as means and error 

bars represent the standard deviation. A) H3-T6SS competition assay in the PAO1 background, to 

assess the T6SS-dependent killing of a P. putida prey by P. aeruginosa attacker strains that either 

have H3-T6SS (PAO1ΔtssB1ΔtssB2) or lack H3-T6SS (PAO1ΔtssB1ΔtssB2ΔtssB3). (n=2). B) H3-T6SS 

competition assay in the PAO1ΔrsmA background, to assess the T6SS-dependent killing of a P. 

putida prey by P. aeruginosa attacker strains that that either have H3-T6SS 

(PAO1ΔrsmAΔtssB1ΔtssB2) or lack H3-T6SS (PAO1ΔrsmAΔtssB1ΔtssB2ΔtssB3). (n=2). In cases 

where only one measurement is present, prey could not be recovered following incubation in one 

repeat.  

A)  

B)  
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3.5.2 Secretion by the H3-T6SS could not be demonstrated  

The activity of the H3-T6SS could not be characterised by assessing anti-bacterial activity through 

interbacterial competition assays. The activity of the T6SS is not exclusively involved in the delivery of 

anti-bacterial toxins, effectors can also target eukaryotes (316,545), fungi (308,328) or be involved in 

the capture of extracellular common goods (310,311,342,446,546). For example, the sole H3-T6SS 

associated effector characterised to date, TseF, is involved in the acquisition of iron (see section 

1.3.4.4) (311). Therefore, a more appropriate way to assess H3-T6SS activity may be through studying 

T6SS-dependent secretion.  

Hcp3 secretion dependent on the H3-T6SS of PA14ΔrsmA has previously been observed with growth 

at 25 °C for 24 hours (338), therefore these conditions were used in an attempt to replicate this in the 

PAO1ΔrsmA background. A chromosomal in-frame deletion mutant of tssA3 was engineered in this 

background. In the parental rsmA strain Hcp3 was produced, but secretion was absent (Figure 3.13A). 

Secretion of the H3-T6SS, and the contribution of TssA3 to activity could therefore not be 

characterised under these conditions. 

The transcriptional regulator AmrZ has previously been shown to activate H3-T6SS expression by 

binding to corresponding promoter regions (338). A plasmid carrying an inducible amrZ was therefore 

introduced into the rsmA strains. Induction of amrZ expression did not lead to a very noticeable 

increase in Hcp3 production, nor did it lead to the secretion of Hcp3 (Figure 3.13B).  

When studying the H1-T6SS, deletions of other components of the Gac-Rsm pathway, such as retS, 

gave rise to a notable increase in production and secretion of H1-T6SS secretion markers (Figure 3.3). 

To test whether a similar trend could be seen for the H3-T6SS, a secretion assay was carried out in the 

retS background. Although Hcp3 production could be detected in this background, there was no 

detectable Hcp3 secretion (Figure 3.13C).  

In an attempt to replicate the previous findings, a secretion assay was carried out using identical 

PA14ΔrsmA strains. However, the previous results could not be replicated, Hcp3 was produced but 

not secreted (Figure 3.13D). It is unclear why secretion by the H3-T6SS could not be replicated using 

identical strains, but there may have been some variation in the experimental set up. The H3-T6SS 

secretion assay was also attempted at 30 °C at various times of incubation, but this also failed to yield 

Hcp3 secretion (data not shown). None of the genetic backgrounds or conditions used in this study 

could demonstrate the secretion of Hcp3 by the H3-T6SS. As such the impact of TssA3 on H3-T6SS 

secretion could not be assessed.  
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3.5.3 TssA3 is required for the formation of H3-T6SS sheath structures 

Although production of the inner tube protein Hcp3 could be detected by western blot, the activity of 

the H3-T6SS could not be characterised either through secretion or interbacterial competition assays. 

The identification of Hcp3 production suggested that there might be assembly of the H3-T6SS, despite 

A)  B)  

C)  
D)  

Figure 3.13 Assessment of H3-T6SS secretion in various backgrounds. Cell and supernatant samples 

were harvested after 24 hours of growth at 25 °C. Proteins detected in the western blot are 

indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading and bacterial lysis 

control. A) Western blot of a H3-T6SS secretion assay in the PAO1ΔrsmA background, to assess the 

levels of secretion marker Hcp3 in the supernatant sample. B) Western blot of a H3-T6SS secretion 

assay in the PAO1ΔrsmA background with induced overexpression of the H3-T6SS activator amrZ, 

and deletion of either the H3-T6SS cluster (ΔH3) or tssA3. C) Western blot of a H3-T6SS secretion 

assay in the PAO1ΔretS background, with deletion of either each TssB encoding gene (ΔtssB123) 

or tssA3. D) Western blot of a H3-T6SS secretion assay in the PA14ΔrsmA background with V5-

tagged Hcp3. The introduction of a lacZ translational reporter at the tssB3 promoter (tssB3-tl) 

inactivated the H3-T6SS.  
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no evidence of phenotypic activity. We have previously engineered GFP-tagged H3-T6SS sheaths for 

imaging via fluorescence microscopy, and identified assembly of such sheath structures (508). Further 

strains were engineered producing TssB3 fused to mScarlet and expressed from the native tssB3 locus. 

When prepared as described previously, the presence of H3-T6SS sheath structures could be 

visualised. In the parental rsmA strain, 38.9 % of cells formed sheaths or foci, which fell to 0.062 % 

upon deletion of tssA3 (Figure 3.14). In the tssA3 background, upon constitutive expression of tssA3 

from a plasmid there was effective complementation with 27.2 % of cells forming sheaths or foci.  

The activity of the H3-T6SS cannot be studied by secretion assay or interbacterial competition assay, 

however fluorescence microscopy could be a suitable approach to monitor H3-T6SS functionality via 

assembly of sheath structures in the rsmA background. Using this approach, it was demonstrated that 

assembly of the H3-T6SS sheath was dependent on the presence of TssA3, and this phenotypic defect 

in the tssA3 mutant could be complemented by expressing tssA3 from a broad host range plasmid. 
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Figure 3.14 Assessment of H3-T6SS sheath formation by fluorescence microscopy. A) 

Quantification of the percent of cells with TssB3-mScarlet sheaths or foci in the rsmA background 

by fluorescence microscopy. Strains were grown in liquid culture at 25 °C for 13 hours before 

imaging. The percent of cells with sheaths or foci fell from 38.9 % (n=10582) in the parental strain 

to 0.062 % (n=12882) upon tssA3 deletion, expression of tssA3 from pBBR1MCS4 recovered this to 

27.2 % (n=26253). Data were taken from 2 fields of view for three experiments. Values are 

presented as means and error bars represent the standard deviation. B) Representative images of 

TssB3-mScarlet sheath formation in the presence and absence of tssA3. Scale bar represents 2 µm. 



154 
 

3.6 Discussion 

 

3.6.1 Requirement for TssA proteins for T6SS activity 

Previous characterisation of the contribution of TssA proteins to the functionality of the T6SS has 

generally identified a requirement of TssA proteins for T6SS activity, be that in T6SS-dependent 

secretion or killing of bacterial competitors, or the formation of T6SS sheath structures 

(324,360,376,377,394,508,509,512,537). This requirement is independent of whether the TssA in 

question is a TssAL or TssAS. In this study, assessing the contributions of the TssA proteins of P. 

aeruginosa to the functionality of their respective T6SSs, both the short TssA1 and the long TssA2 were 

required for T6SS-dependent secretion and killing activities, and a requirement for sheath formation 

could also be demonstrated (Figures 3.6 and 3.10). Furthermore, TssA3 was required for the formation 

of H3-T6SS sheath structures as visualised by fluorescence microscopy (Figure 3.14). 

The complete loss of sheath structures has commonly been reported upon deletion of a tssA¸ including 

with loss of the long TssAEC and TssAVC, as well as the short TssA1PP (360,508,512). However, it has also 

been observed that some sheath structures are still able to form, although at a much reduced 

abundance, upon tssA deletion (376,377). This includes the long TssA2 and TssAVC, as well as the short 

TssA1 (376,377). The presence of sheath structures upon deletion of tssA2 was also identified in this 

work, although this was dependent on the method of sample preparation for imaging. Sample growth 

and imaging on agar pads identified a loss of sheath structures upon tssA2 deletion (Figures 3.10C and 

D). However, when the sample was grown in liquid culture prior to imaging, the proportion of cells 

forming sheath structures fell from 62.4 % to 24.6 % upon deletion of tssA2 (Figures 3.10A and B). 

The presence of H1-T6SS sheath structures in the absence of a TssA1 has also been demonstrated 

previously. The percentage of cells with fluorescent TssB1 foci fell from 79 % to 29 % upon deletion of 

tssA1 (376). Notably this experiment only quantified the formation of fluorescent foci, which could 

represent the recruitment of sheath components to the baseplate regardless of whether these were 

subsequently able to polymerise into full sheath structures. It was not clear from the data whether 

extended sheath structures were able to form in the absence of TssA1 (376). In a separate analysis, 

the dynamics of the T6SS structures formed was considered. It was identified that 50 % of cells formed 

fluorescent H1-T6SS structures, where around 75 % of these were extending and contracting 

structures (377). Upon deletion of tssA1, 26 % of cells formed T6SS structures, where only around 15 

% were extending and contracting structures. A similar observation was made upon deletion of tssA2, 

where the proportion of cells with T6SS structures fell from 99.5 % to 7 %, and the proportion of these 

that were extending and contracting fell from around 90 % to closer to 15 % (377).  
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These data identify that sheath structures, including both foci and extending and contracting 

structures, can be formed in the absence of TssA proteins. This suggests that in the absence of TssA 

proteins, sheath components can be recruited to the T6SS assembly initiation site and in some cases 

can even polymerise into what appear to be functional sheaths. For this reason, TssA proteins have 

been described in some reports as not strictly essential for T6SS activity, and instead characterised as 

chaperones involved in co-ordinating sheath and inner tube polymerisation (377). While it is likely that 

a T6SS sheath that is observed to extend and contract in the absence of a TssA protein delivers effector 

proteins, the functionality of these sheaths is difficult to assess conclusively. This is in part due to their 

low abundance, meaning a phenotypic effect on T6SS activity would be difficult to detect in secretion 

and competition assays. Interestingly, it could be identified that prey killing was slightly, but 

significantly, reduced upon tssA1 deletion compared to tssB1 deletion (Figure 3.6B). This was only 

observed in the rsmArsmN strain, which was identified to have a high level of Hcp1 secretion by the 

H1-T6SS (Figure 3.7). Perhaps a genetic background with a high level of T6SS activity, allowed the 

effect of this low proportion of functional sheaths to be detected. However, in this background, almost 

no sheath structures could be visualised in the absence of TssA1 (Figures 3.6C and D), so the difference 

in killing identified between tssB1 and tssA1 strains may not be associated with functional sheath 

structures in the tssA1 background.  

In the absence of TssA proteins, there is either a complete loss of sheath structures, or a drastically 

reduced abundance, with a lower proportion of these structures having typical T6SS extension and 

contraction dynamics. The overall reduced abundance of sheath structures suggests that TssA proteins 

aid in the recruitment of sheath components to the baseplate complex, for the initiation of sheath 

and inner tube polymerisation. The reduction in extending and contracting sheath structures suggests 

that TssA proteins are also involved in co-ordinating the polymerisation of the sheath and inner tube. 

Whether TssA proteins can be described as essential components of the T6SS is up for debate. In T6SS 

functional assays, such as secretion and competition assays, TssA proteins have been found to be 

required for T6SS activity both in the previous literature and in this study. At the level of a single cell, 

TssA proteins may not be essential for the assembly and firing of a T6SS. However, the T6SS is an 

apparatus used in bacterial warfare, manipulating the composition of polymicrobial communities 

(547). Within these communities the influence of isolated T6SS firing events is limited, a more 

coordinated activity is required to influence population dynamics. At the population level therefore, 

the loss of TssA renders the T6SS largely ineffective as an instrument to influence the surrounding 

community. For the purpose of this study, TssA proteins will thus be described as essential for T6SS 

activity. 
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3.6.2 Localisation of TssA proteins in the T6SS 

The loss of both long and short TssA proteins has a similar effect on T6SS activity, both are required 

for a fully functioning T6SS (Figures 3.6, 3.10 and 3.14). This is despite a great deal of variation between 

long and short TssA proteins. All TssA proteins share a similar Nt1 domain, but the downstream 

domain organisation differs: TssAS proteins have a C-terminal domain while TssAL proteins have a Nt2 

domain and a distinct C-terminal domain (360,376,509). The oligomerisation of these distinct C-

terminal domains generates ring-shaped structures of very different dimensions and symmetries: 

TssAS C-terminal domains form large, high symmetry rings with a large internal lumen, while TssAL C-

terminal domains form smaller, lower symmetry rings with Nt2 domains at the periphery (see section 

1.4.1) (360,376,377,509). The variation between the domain organisation and structures formed from 

long and short TssA proteins has contributed to a discussion about whether all TssA proteins have 

similar function and whether they associate with the T6SS in the same way.  

One theory on the localisation of different TssA proteins within the T6SS is that TssAS proteins are 

static baseplate components, while TssAL proteins are more dynamic components associated with the 

distal end of the polymerising sheath (376,377). An alternative theory is that despite their differences, 

all TssA proteins have similar association to the T6SS, equivalent to the association suggested for TssAL 

proteins, at the distal end of the sheath (508,509).  

One way in which the association of TssA proteins with the T6SS has been studied is using fluorescence 

microscopy. The fluorescent tagging of both TssA proteins and other T6SS components, such as sheath 

components, allows the relative position of TssA within the T6SS to be studied. The localisation of TssA 

proteins within the T6SS was found to be similar for the long TssAEC, TssAVC and TssA2 and the short 

TssA1PP and TssAAB, while the localisation of the short TssA1 differed (360,377,508,513). For most of 

the studied TssA proteins, it was identified that TssA proteins are recruited to the T6SS assembly 

initiation site, comprising the membrane complex and baseplate complex. Following TssA recruitment, 

the polymerisation of the sheath is initiated from the baseplate with TssA associated with the distal 

end of the growing sheath as it extends across the cell (360,377,508). In contrast to this, it has been 

identified that TssA1 is found static at the T6SS assembly initiation site, prior to and during the 

extension of the sheath (377).  

In this study an attempt was made to study the localisation of TssA proteins relative to the position of 

their sheath structures. However, in each case the low fluorescence intensity of the TssA-linked 

fluorophore led to signal bleaching before conclusive time lapse data could be collected (Figure 3.9). 

Therefore, while some amount of co-localisation could be identified in single images, the relative 

position of the TssA to the T6SS could not be studied. 
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From the existing data it has been demonstrated that both long and short TssA proteins can be found 

as dynamic T6SS components, which associate with the distal end of the T6SS sheath (360,377,508). 

This contradicts the theory that the different groups of TssA proteins have distinct positioning within 

the T6SS. There is some evidence that the short TssA1 may be statically associated with the baseplate 

(377). However, this is not a conserved feature of all TssAS proteins, as TssA1PP and TssAAB are 

dynamically associated with the distal end of the sheath (508,513). The two main explanations for this 

alternative localisation of TssA1 are either that TssA1 has a distinct positioning within the T6SS to all 

other characterised TssA proteins, or that this experiment was unable to capture the localisation of 

TssA1. It is worth noting that these TssA1 dynamics could only be visualised in the presence of a native 

TssA1, suggesting that native TssA1 may perform additional functions that the fluorophore tagged 

TssA1 cannot. Without additional experimental data, it is difficult to say conclusively whether TssA1 

has distinct T6SS localisation to other TssA proteins. However, the data indicate that both long and 

short TssA proteins can be found at the distal end of the sheath during its polymerisation, which may 

thus be considered as the most likely functional fate of this family of proteins.  

 

3.6.3 Functional relevance of different TssA groups: accessory proteins 

It appears that the variation in TssA proteins does not correlate with a difference in their localisation 

within the T6SS. The requirement for the diversity in TssA proteins and the implications on T6SS 

activity are thus not fully understood. However, links have been demonstrated between different 

groups of TssA proteins and the phylogeny of the T6SS cluster their corresponding genes are encoded 

within, as well as the presence of specific accessory proteins (see section 1.4.3) and T6SS firing 

dynamics (see section 3.6.4) (508). Phylogenetic analysis of the distribution of long and short TssA 

proteins, identified that genes encoding TssAL proteins are found within T6SS clusters belonging to 

phylogenetic groups 1 and 2, while genes encoding TssAS proteins are found within T6SS clusters 

belonging to phylogenetic groups 3, 4A, 4B and 5 (Figure 1.25) (508). The presence of TssAL proteins 

is generally associated with the presence of a TagA accessory protein, which shares the conserved 

ImpA_N region found in TssA proteins (508,510). An exception to this is TssA2, where no associated 

TagA protein has been identified. T6SS clusters of phylogenetic groups 3 and 5 are associated with the 

presence of genes encoding a TssAS and the accessory protein TagJ, while phylogenetic group 4B 

clusters are associated with the presence of genes encoding a TssAS and the accessory protein TagB 

(508). Interestingly, T6SS clusters of phylogenetic group 4A are associated with the presence of genes 

encoding a TssAS but no associated accessory protein has been identified. The H3-T6SS belongs to 

phylogenetic group 4A. 
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It has been suggested that both the TssAL-associated TagA and TssAS-associated TagB accessory 

proteins regulate sheath polymerisation. The membrane-associated TagA accessory protein is 

proposed to capture the extended sheath structure at the opposite membrane through interaction 

with the distal TssAL protein, terminating sheath extension (510). The extended sheath structure is 

therefore attached to the baseplate at the proximal end and to TagA at the distal end, which is 

proposed to lock the sheath to a fixed position and maintain the high energy extended sheath 

structure (510). In contrast, the accessory protein TagB is associated with the baseplate complex (508). 

TagB proteins associate with the baseplate, accumulating during sheath polymerisation, and allow 

sheath polymerisation to be completed before firing (508). The interaction with the baseplate is 

proposed to prevent the dome- to star-shape conformational change in the baseplate which leads to 

sheath contraction (508).  

The role of the accessory protein TagJ is unclear, unlike the other TssA-associated accessory proteins, 

tagJ deletion does not have a detectable effect on T6SS activity (514). It has been proposed that TagJ 

proteins may act similarly to a TagB accessory protein, in associating with the baseplate (508). 

Alternatively, it has been suggested that TagJ proteins are involved in coordinating the disassembly of 

the contracted sheath due to interaction with components of the sheath and the ATPase ClpV 

(514,515).  

Building on our recently published study identifying the role of the TagB accessory protein (508), one 

avenue that this project explored but was ultimately unable to resolve was whether there are 

accessory proteins associated with the long TssA2 or the short TssA3. Unlike many TssAL-associated 

T6SSs, the H2-T6SS does not have an associated TagA accessory, while no similar accessory proteins 

have been identified to date associated with the T6SS phylogenetic group 4A, which includes the H3-

T6SS (Figure 1.25). One candidate that was proposed within the H3-T6SS cluster was the 

uncharacterised PA2372. This PA2372 was previously identified in a pulldown using Hcp3, and had 

thus been proposed to be a H3-T6SS effector protein, although this has not been confirmed (412). To 

identify possible accessory proteins and further characterise PA2372, pulldown experiments were 

carried out using TssA2, TssA3 and PA2372 as baits, where nearby proteins were crosslinked, pulled 

down and identified by mass spectrometry. Unfortunately, among the many proteins identified to be 

pulled down by TssA2 or TssA3, very few T6SS components were present (Appendix I: Table 8.1, 8.2, 

8.3 and 8.4). This was similarly the case for PA2372, where the previously identified interaction partner 

Hcp3 was also not identified (Appendix I: Table 8.5 and 8.6). To identify possible TssA-associated 

accessory proteins, it would be expected that components of the T6SS should also be strongly pulled 

down. In the absence of this, and due to time constraints, no in-depth characterisation was performed 

on these hits. 
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3.6.4 Functional relevance of different TssA groups: T6SS functional diversity 

Multiple T6SS clusters may be encoded within a genome, such as the three T6SS clusters of P. 

aeruginosa or the six T6SS clusters of Burkholderia pseudomallei (548). The three T6SSs clusters of P. 

aeruginosa belong to different phylogenetic groups, H1-T6SS in group 3, H2-T6SS in group 1 and H3-

T6SS in group 4A, and are therefore likely to have been acquired through horizontal gene transfer 

rather than through duplications (315). The maintenance of multiple functional T6SS clusters within a 

genome, suggests these clusters are functionally distinct rather than acting redundantly. There are 

many ways in which distinct function of T6SS can be achieved including the association of specific 

effectors, independent regulation and diverse firing strategies.  

The different types of TssA protein have been proposed to introduce such functional diversity to T6SSs 

through different firing dynamics between T6SSs that are associated with a long or short TssA protein 

(508). TssAS-associated T6SSs, such as the H1-T6SS of P. aeruginosa, the K1-T6SS of P. putida and that 

of A. baylyi, have a short residence time, firing very rapidly after assembling (438,508). For the H1-

T6SS there can be less than 30 seconds between the initiation of T6SS assembly and contraction of 

the sheath (508). In contrast, TssAL-associated T6SSs, such as those associated with TssA2, TssAEC and 

TssAVC, have a much longer residence time, where assembled sheath structures are maintained in the 

extended conformation for a prolonged period of time before firing (377,508,510). For example, the 

T6SSs associated with TssA2 or TssAEC can remain extended for more than 10 minutes before firing 

(508,510). The presence of TagA, anchoring the extended sheath structure, may contribute to this long 

term T6SS stability, while the presence of TagB accessory proteins may aid the rapid firing of T6SSs 

associated with TssAS proteins.  

The different firing dynamics of T6SSs associated with long or short TssA proteins may be linked to 

specific T6SS attack strategies. Upon detection of a T6SS attack by a neighbouring cell, the P. 

aeruginosa H1-T6SS and the T6SS of A. baylyi can swiftly retaliate with a T6SS attack of their own, 

known as the tit-for-tat strategy (see section 1.3.5.2) (479,513). Such a retaliation strategy relies upon 

the ability to assemble a T6SS at a specific site and fire rapidly, which correlates with the rapid firing 

behaviours identified for TssAS-associated T6SSs (508). A highly aggressive T6SS attack strategy, such 

as that employed by the soil bacterium P. putida K1-T6SS, may also benefit from rapid firing dynamics 

to fire indiscriminately at competitors. The K1-T6SS is constitutively active, as such the wildtype strain 

can very effectively outcompete a variety of ecologically relevant competitors in a T6SS-dependent 

manner (324). The long residence times of TssAL-associated T6SSs may be linked to the absence of a 
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stimulus that would be present in the native environment to fire, for example the detection of a 

specific type of cell.  

One outlier to the short residence time and rapid contraction of TssAS-associated T6SSs is the H3-T6SS, 

which is within a phylogenetic group of T6SS clusters not associated with an accessory protein. 

Previous visualisation of the H3-T6SS identified the presence of H3-T6SS extended sheath structures 

but an exceptionally low rate of contraction (508). A similar trend was identified here when 

characterising the activity of the H3-T6SS. T6SS-dependent P. putida prey killing by the H3-T6SS could 

not be demonstrated in a variety of conditions (Figure 3.12). No anti-bacterial effectors have thus far 

been identified associated with the H3-T6SS (PldB was previously reported to be H3-T6SS associated 

but has since been demonstrated as H2-T6SS-associated (368,544)). The only characterised H3-T6SS 

effector to date, TseF, is involved in iron uptake (311). It is therefore possible that the activity of the 

H3-T6SS may not be best characterised by studying interbacterial competition if no antibacterial 

effectors are indeed associated with it.  

While the activity of a T6SS might not necessary always be associated with the killing of bacterial prey, 

it should be associated with the secretion of T6SS-associated secretion markers. However, while 

components of the H3-T6SS were expressed in a range of genetic backgrounds, conditions could not 

be found for T6SS-dependent secretion of H3-T6SS secretion markers (Figure 3.13). Despite this, the 

assembly of H3-T6SS sheath structures could be identified by fluorescence microscopy (Figure 3.14), 

although the infrequent firing raises questions about why under these conditions there would be T6SS 

assembly but not firing. It is likely that a separate, currently unknown signal is required to activate H3-

T6SS firing, identification of this would enable a more comprehensive assessment of H3-T6SS activity. 

 

3.6.5 Regulation of the H1-T6SS by the Gac-Rsm pathway 

This study identified differential expression and secretion of H1-T6SS associated proteins upon 

deletion of components of the Gac-Rsm pathway (Figure 3.7). The Gac-Rsm pathway of P. aeruginosa 

is a key regulator of the switch between bacterial lifestyles associated with acute and chronic infection 

(465,549). The activity of the sensor kinase GacS is inversely modulated by the sensors RetS and LadS, 

to either prevent or enhance activation of GacS respectively (Figure 1.15) (49). Activation of GacS 

allows the phosphorylation of the response regulator GacA, driving expression of the small regulatory 

RNAs RsmY and RsmZ, which can sequester post-transcriptional regulators of the Rsm family, which 

are homologs of Csr proteins of E. coli (48,550). Pseudomonads generally encode an RsmA along with 

either RsmE or RsmN (also known as RsmF) (551). The presence of RsmN is highly conserved in P. 

aeruginosa genomes and also present in other Pseudomonads (551). Rsm proteins negatively regulate 
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factors linked to a chronic infection lifestyle, such as the T6SS and biofilm components including 

exopolysaccharide (47,48). While Rsm proteins positively regulate factors linked with an acute 

infection lifestyle, such as the T3SS, virulence factor regulator (Vfr) and type IV pili (48,49).  

In studying T6SS activity, manipulation of the Gac-Rsm pathway is a common strategy to enhance T6SS 

expression by relieving the repression exerted by Rsm proteins (338,376,377). Previous studies on the 

activity of the H1-T6SS have primarily involved the deletion of retS, however rsmA deletion has also 

been shown to increase H1-T6SS expression (338,376). Data presented here identify that in the PAO1 

background the production and secretion of the inner tube protein Hcp1 is elevated in the retS 

background compared to the rsmA background (Figure 3.7). While deletion of the other P. aeruginosa 

Rsm protein encoding gene, rsmN, in isolation did not lead to detectable levels of Hcp1 production, a 

double deletion of both rsmA and rsmN produced a synergistic effect, giving rise to higher levels of 

Hcp1 production and secretion than the retS background. This elevated H1-T6SS expression in the 

rsmArsmN background compared to the retS background has been confirmed more quantitatively by 

both transcriptional and translational fusion experiments (Marta Rudzite, unpublished). It has 

previously been shown that for phenotypes either activated or repressed by P. aeruginosa Rsm 

proteins, such as biofilm formation or expression of T3SS or T6SS, deletion of rsmN or rsmA individually 

has a smaller effect than deletion of both, supporting the synergistic effect seen here (539,541). This 

is also the case in Pseudomonas fluorescens, which encodes a RsmA and RsmE, each Rsm contributes 

similarly to target gene expression, and loss of both similarly gives a greater effect (552). There is a 

discrepancy in the effect of deleting a single rsm from the wildtype background, where a minimal 

effect is seen, compared to deleting from a background with a rsm already deleted, where a significant 

effect is seen. The effect of RsmN is likely masked in the presence of RsmA as its transcript has been 

shown to be a target for repression by RsmA (541). Therefore, upon deletion of rsmA, RsmN will be 

derepressed and is likely able to compensate for the deletion, the full effect of this pathway on 

regulation is therefore only seen in the absence of both rsmA and rsmN.  

The trend of a much greater effect in a rsmArsmN deletion than either a single rsmA or rsmN deletion 

is well established (539,541). Expression from a rsmArsmN double deletion has not previously been 

compared to the effect of disrupting the Gac-Rsm pathway further upstream, as investigated here 

with a retS mutation (Figure 3.7). It would be expected that a retS mutation, allowing GacS and GacA 

activation and subsequent Rsm sequestration, would have a similar effect to deleting the genes 

encoding these Rsm proteins. However, the data indicates that a rsmArsmN mutant induces stronger 

Hcp1 production than a retS mutant. Upon retS deletion, the activated RsmY and RsmZ might not be 

able to sequester all RsmA and RsmN when compared to total absence in the rsm deletion, however 

it is also possible that other factors may influence this discrepancy. 
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It has been demonstrated that the downstream signalling induced by the Gac-Rsm pathway is 

mediated exclusively through the Rsm-binding RNAs, RsmY and RsmZ (550). However, RsmY and RsmZ 

are not exclusively regulated by the Gac-Rsm pathway, several pathways modulate the level of these 

RNAs in terms of their expression and stability (553). Expression can be both repressed, for example 

mediated by the global anaerobic response regulator Anr (554), or activated, for example mediated 

by the magnesium transporter MgtE, by other signalling pathways (555). Additionally, the turnover of 

these RNAs can be influenced my multiple pathways, RsmY is suggested to be stabilised by Hfq (556), 

while degradation of RsmZ has been linked to the BfiRS two-component system (557). Other 

regulatory pathways therefore influence the sequestration of RsmA and RsmN independent of the 

Gac-Rsm pathway by modulating the availability of RsmY and RsmZ (Figure 3.15). 

In addition to RsmY and RsmZ, two further Rsm-binding RNAs have been identified whose expression 

is independent of the Gac-Rsm pathway, RsmW and RsmV (558,559). There is evidence of differential 

expression and stabilities of these Rsm-binding RNAs, linked to specific growth phases, nutrient 

availability and temperature (553,557–559). The affinities with which these RNAs bind RsmA and 

RsmN differ, for example RsmV has been identified to bind RsmN with a far greater affinity than RsmA 

(559). The Gac-Rsm pathway-associated RsmY and RsmZ strongly bind RsmA, but binding of RsmN has 

been disputed (48,541). In one study RsmN was shown to have far weaker binding and lower binding 

stoichiometry to RsmY and RsmZ when compared to that of RsmA (541), while in another study only 

RsmY was identified as binding RsmN (539). Furthermore, the additional deletion of rsmY and rsmZ 

from a rsmA background did not lead to a significant difference in Rsm regulated phenotypes by RsmN, 

suggesting that RsmY and RsmZ may not directly regulate RsmN (541). However, a structure has been 

solved for RsmN bound to a hairpin of RsmZ, where the hairpin interacted with RsmA with equivalent 

affinity (551). It has been suggested that the regulation of RsmN by the Gac-Rsm pathway may only 

be indirect, through its repression by RsmA rather than through sequestration by RsmY and RsmZ, 

Figure 3.15 Additional regulation of 

components of the Gac-Rsm pathway in P. 

aeruginosa. The expression and stability of 

RsmY and RsmZ regulatory RNAs can be 

influenced by other pathways. RsmW and 

RsmV are regulated independently of the Gac-

Rsm pathway and can sequester Rsm proteins. 



163 
 

though this is yet to be conclusively demonstrated (541). If this were the case it might explain the 

difference in H1-T6SS expression between retS and rsmArsmN backgrounds: in a retS background only 

RsmA would be sequestered and its repression of RsmN relieved allowing it to act on targets, while 

only in the rsmArsmN background would targets not be repressed. In any case, these variable binding 

affinities between Rsm proteins and the RNAs that sequester them, have been suggested to modulate 

the availability of Rsm proteins, influencing the regulatory network in response to environmental 

signals (560). The presence of Rsm-binding RNAs that are independent of the Gac-Rsm pathway 

further explains how variation may be introduced between retS and rsmArsmN backgrounds (Figure 

3.16).  

One reason for the different binding affinities of RsmA and RsmN to regulatory RNAs that have 

previously been observed may be the structural differences between these proteins. All previously 

characterised structures of Csr and RsmA/RsmE proteins share a highly conserved structure, 

comprising five β-strands with a C-terminal α-helix, which form homodimers with the α-helices as 

‘wings’ at opposite sides of the dimer (Figure 3.16A) (561–564). Similarly, RsmN proteins form 

homodimeric structures comprised of five β-strands and one α-helix, however, the α-helix is 

repositioned between the second and third β-strands and is found central following the β-strand 

dimer, contributing to the interaction interface between monomeric units (Figure 3.16B) (541,551). 

As a result of the altered α-helix position, the dimer interfaces and therefore overall structures differ 

between the domain swapped structures of classical Csr/Rsm and the monomer docked structure of 

Figure 3.16 Structures of P. aeruginosa Csr family members. A) Structure of the RsmA (PDB: 1VPZ) 

homodimer. The C-terminal α-helix of each monomer form wing-like protrusions. Extensive 

contacts are formed between β-strands of each monomer. B) Structure of the RsmN (PDB: 4K59) 

homodimer. The α-helix of each monomer is found between β-strand 2 and 3. Contact between 

monomers primarily involve the α-helix and the third β-strand. 

A)  B)  
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RsmN (541,551). Despite this, the position of key residues required for RNA binding is conserved, 

allowing both homodimers to specifically recognise stem loop structures containing exposed GGA 

motifs (541,551,565,566). The structural differences may confer some specificity to this binding. While 

RsmA and RsmN have been shown to bind to overlapping targets, they have also been identified to 

bind to distinct transcripts or motifs in transcripts (539–541). Overlapping but distinct regulons likely 

contribute to the synergistic effect seen upon rsmArsmN deletion.  

Both RsmA and RsmN have been identified as able to bind and repress the two H1-T6SS transcripts 

starting with fha1 and tssA1, the first genes found in H1-T6SS polycistronic mRNAs (48,539,541). It has 

also been demonstrated, as also shown here (Figure 3.7), that deletion of both rsmA and rsmN gives 

rise to high levels of Hcp1 secretion (539,541). Interestingly, the deletion of tssA1 in the rsmA or retS 

background gave rise to elevated Hcp1 production, this effect in the rsmA background could no longer 

be detected upon the subsequent deletion of rsmN (Figure 3.7). The increased Hcp1 production was 

not directly linked to the presence or absence of TssA1 (Figure 3.8B). Instead, it appears that 

regulation of the H1-T6SS upon tssA1 deletion is influenced by the presence of RsmN. Both RsmA and 

RsmN can specifically bind a GGA-containing stem loop structure which overlaps with the tssA1 Shine-

Dalgarno sequence, although RsmN binds with lower affinity (48,541). The deletion of tssA1 does not 

remove any residues predicted to be involved in the formation of this stem loop structure, however it 

cannot be discounted that removal of downstream residues alters the stability and secondary 

structures formed by the transcript, impairing binding and repression by RsmN. Alternatively, as 

several stem loop structures containing GGA motifs are typically present in a Csr/Rsm regulated 

transcript (48,567,568), including within the coding sequence (569), it is possible that tssA1 deletion 

may remove residues involved in a downstream stem loop structure, impairing binding and repression 

by RsmN. A further distinction between RsmA and RsmN is that RsmN requires the presence of two 

consensus motifs for binding, while RsmA requires only one, which may influence regulation upon 

alteration of the transcript (540,542). It is not clear why this effect is not seen upon tssA1 deletion in 

the PAK strain (Figure 3.2), no sequence difference is present in the upstream GGA stem loop region 

though some SNPs are present in the coding sequence. The regulation of this transcript may differ 

somewhat between PAO1 and PAK strains. 

In this study, the complex regulation of the H1-T6SS by components of the Gac-Rsm pathway has been 

explored. Less work has been done to characterise the effect of these components on the regulation 

of H2- and H3-T6SSs. RsmA is known to negatively regulate all three P. aeruginosa T6SSs (338), while 

RsmN has been shown to bind transcripts belonging to both H2- and H3-T6SS components, in addition 

to the better characterised binding to H1-T6SS transcripts (539). This suggests that similar regulation 
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may be involved in the expression of each of the three T6SSs. While this has not been characterised 

here, this work is ongoing in a separate study from the laboratory (Marta Rudzite, unpublished). 
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3.7 Summary 

Overall, this chapter presented a characterisation of how the Gac-Rsm pathway influences expression 

of all P. aeruginosa T6SSs, revealing a complex network and a strain-specific variation in the Gac-Rsm 

response. This allowed the selection of conditions and genetic backgrounds which are optimal to 

individually study each T6SS and evaluate the importance of the TssA components associated with 

each system. This led to the conclusion that despite some subtle variation, TssA proteins, long or short, 

are key for the functionality of these systems. Further details on TssA activity and contributions are 

studied in subsequent chapters.  
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4. Results: Positioning and interactions of TssA proteins within the T6SS 

 

4.1 Introduction 

Each of the three P. aeruginosa TssA proteins are required for the activity of their respective T6SS, 

including in the assembly of the contractile sheath required for effector transport across the cell 

envelope (Figures 3.6, 3.10, 3.11 and 3.14) (Chapter 3). This effect is seen for both types of TssA 

proteins referred to as long (TssA2) and short (TssA1 and TssA3). It has been demonstrated that both 

long and short TssA proteins have similar dynamics during T6SS assembly: fluorescently-tagged TssA 

proteins associate with the T6SS assembly initiation site, then upon the initiation of sheath 

polymerisation from this site, TssA proteins are displaced to the distal end of the polymerising sheath 

as it extends across the cell (360,377,508,513). These dynamics suggest association of TssA proteins 

with multiple T6SS sub-assemblies. Due to the positioning of TssA proteins at the distal end of the 

sheath, and a decrease or complete loss in sheath assembly upon tssA gene deletion, it is proposed 

that TssA proteins are primarily involved in the initiation and coordination of the assembly of the 

sheath (360,376,377,508). 

To date, the TssA proteins whose interactions with T6SS components have been studied are the short 

TssA proteins of P. aeruginosa (TssA1) and B. cenocepacia (TssABC) and the long TssA proteins of 

enteroaggregative E. coli (TssAEC) and V. cholerae (TssAVC) (360,376,377,509,512). The data to date do 

not suggest a difference in the interactions of long and short TssA proteins, which have each been 

shown to associate with components of the membrane complex, baseplate complex and tail complex 

(Table 1.2) (360,376,377,509,512). There are some variations in the individual components that 

specific TssA proteins have been observed to bind, which may be due to other differences between 

TssA proteins. 

 

4.1.1 Interactions of TssA proteins with the membrane complex 

The membrane complex is comprised of the outer membrane lipoprotein TssJ and the inner 

membrane proteins TssL and TssM, which assemble to form a large bell-shaped structure that is 

anchored in the outer membrane and spans the periplasm and inner membrane (see section 1.3.2.2) 

(346,347,356). The base of this bell-shaped structure, comprised of TssL and TssM, is exposed to the 

cytoplasm (347,356). The construction of the membrane complex is the first step in the assembly of 

the T6SS, providing a platform on which other components dock (345). Both the long TssAEC and TssAVC 

and the short TssABC have been shown to interact with the inner membrane components of the 
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membrane complex, presumably via regions exposed at the cytoplasmic face (Table 1.2) 

(360,509,512). The most thorough characterisation of this association has taken place using TssAEC 

(360). Using a fluorescently tagged TssAEC, the formation of TssA foci was dependent on the presence 

of the membrane complex protein TssM, but independent of the presence of any baseplate 

components, suggesting the recruitment of TssA to the T6SS assembly initiation site is dependent 

solely on the membrane complex (360). A direct binding was subsequently shown in a co-purification 

of the complete TssJLM membrane complex with TssAEC (360). Imaging of this complex by negative 

stain EM identified the presence of an additional density at the cytoplasmic face of the membrane 

complex, when compared to the membrane complex alone, which was suggested to be TssAEC (360). 

However, in the absence of high-resolution structural data, the details of this interaction are unclear 

including how a symmetry mismatch between the five-fold membrane complex symmetry and the six-

fold TssAEC symmetry might be accommodated. 

 

4.1.2 Interactions of TssA proteins with the baseplate complex 

The baseplate complex components TssE, TssF, TssG and TssK polymerise around a central hub formed 

of the trimeric VgrG spike which is found at the tip of the Hcp inner tube (see section 1.3.2.3) (365). 

The baseplate complex docks to the membrane complex, providing a platform for the assembly of the 

tail complex (365,370). Both the long TssAEC and TssAVC and the short TssA1 and TssABC have been 

shown to interact with components of the baseplate complex (Table 1.2) (360,376,377,509,512). The 

specific interaction partners vary between different TssA proteins, but in all cases, TssK and VgrG have 

been reported (360,371,376,509,512). In a subset of studies, contacts with other baseplate 

components including TssE and TssF have also been reported for both long and short TssA proteins 

(360,376,509,512).  

In functional characterisation of TssAEC, association with baseplate complex components is dependent 

on the presence of the membrane complex, but recruitment of the baseplate complex to the 

membrane complex does not require TssAEC (365,510). The baseplate complex is required for the 

polymerisation of the sheath and the displacement of TssA to the sheath distal end (360). TssA 

therefore associates with components of both the membrane complex and the baseplate complex 

once it is docked at the T6SS assembly initiation site. The details of these interactions are unknown, 

whether TssA binds both sub-complexes simultaneously, or whether there is some sequential binding. 

The presence of TssA is not required for the assembly of either sub-complex but may be required to 

stabilise their docking or for the recruitment of tail components to initiate tail complex assembly.  

 



169 
 

4.1.3 Interactions of TssA proteins with the tail complex 

The tail complex is comprised of the TssB-TssC contractile sheath, which forms around an inner tube 

of stacked Hcp hexameric rings (see section 1.3.2.4) (378,379,570). In most of the studied systems, 

TssA is associated with the distal end of this tail complex as it polymerises from the baseplate complex 

(360,377,508,513). All studied TssA proteins have been shown to interact both with the inner tube 

component Hcp and components of the contractile TssB-TssC sheath (Table 1.2) 

(360,376,377,509,512). The TssAEC contact with the sheath is mediated specifically through the N-

terminal region comprising the Nt1 and Nt2 domains (360). Using available structures for the Nt2 

domain, this region has been modelled to dock to the distal end of the sheath for the long TssA 

proteins TssAEC and TssAVC, whereby the TssA ring aligns to cap the lumen of sheath structure 

(360,377). However, the short TssA1PP and TssAAB, which lack the Nt2 domain found in TssAL proteins, 

have also been found at the distal end of the sheath (508,513). The existing model therefore does not 

explain how, in the absence of a Nt2 domain, a TssAS protein might dock to the distal end of the sheath. 

It has been shown that a single TssA complex that initially associates with the T6SS, remains attached 

to the distal end of the sheath as it polymerises (360,377), however it is unclear how new sheath and 

inner tube subunits might be incorporated at this growing distal end with this complex bound. 

The distinct C-terminal domains of both the long TssAEC and the short TssABC have been shown to 

interact with Hcp (360,509). The Hcp tube assembles in a head-to-tail conformation of stacked 

hexameric rings (379). It has been identified that TssAEC binds the distal tail side of a Hcp ring, while 

the baseplate associated VgrG spike binds the proximal head side of the Hcp ring (373). How new Hcp 

subunits are incorporated into the inner tube when the sheath that surrounds it is capped at its distal 

end is unclear. It has been proposed that the ~100 Å lumen of a TssAS C-terminal domain ring capping 

the distal end of the sheath would be large enough to accommodate the passage of a hexameric Hcp 

ring of ~ 90 Å diameter (see section 1.4.1.2), however, the 25 - 50 Å lumen in the TssAL C-terminal 

domain ring would not allow the passage of a Hcp ring (see section 1.4.1.3) (360,376,377,509). 

In addition to associating with the T6SS sub-complexes, TssA proteins can also interact with other T6SS 

components. Both long and short TssA proteins can bind with the ATPase ClpV, which is involved in 

the disassembly of the contracted sheath (376,377,392,393). Additionally, TssA proteins can interact 

with their cognate accessory proteins, as described in section 1.4.3 (376,377,508,510).  

 

  



170 
 

4.2 Aims of this study  

The aim of this study was to identify and characterise the interactions of the three P. aeruginosa TssA 

proteins with other components of the T6SS, so that the overall architecture of the system, and 

notably the positioning of TssA, could be further clarified.  

This analysis involved: 

1) Protein-protein interaction assays, using the bacterial two-hybrid (BTH) approach, to identify 

binding partners of P. aeruginosa TssA proteins. An existing collection of BTH constructs was 

expanded upon to allow a comprehensive screening for partners of all three P. aeruginosa 

TssA proteins among the three T6SS clusters. 

2) Alignments and structural comparisons to identify and characterise the role of specific 

residues in known interactions. 

3) Truncations of TssA proteins to characterise roles of TssA domains. 

4) Functional characterisation of TssA interactions, applying the techniques previously optimised 

to probe T6SS functionality as described in Chapter 3. 

This aimed to provide insights both into how individual TssA proteins associate with the different T6SS 

sub-complexes, but also how TssA proteins varying in domain organisation, symmetry and structure 

interact with these different T6SS components to contribute to similar functional outcomes. 
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4.3 Positioning TssA within the T6SS: Interactions of TssA proteins with cognate T6SS 

components 

To assess the interactions of TssA proteins with components of their respective T6SSs, the BTH 

approach was used. This involves engineering protein fusion constructs, where proteins of interest are 

tagged with either the T25 or T18 fragments of the Bordetella pertussis adenylate cyclase catalytic 

domain (516). Interaction of TssA with the protein of interest brings the attached fusion proteins into 

proximity to associate and reconstitute their adenylate cyclase activity, leading to the production of 

cAMP in a strain otherwise lacking an adenylate cyclase enzyme (Figure 4.1). The generated cAMP 

binds the catabolite activator protein (CAP), forming a complex which can bind DNA and regulate gene 

expression, including of the lacZ gene (571). Production of cAMP therefore corresponds with the 

expression of lacZ and β-galactosidase activity. Contact between proteins of interest can thus be 

measured by assessing level of the β-galactosidase activity, both quantitatively and qualitatively, by 

monitoring the hydrolysis of lactose analogues, which give rise to a colorimetric output.   

To date, of the P. aeruginosa TssA proteins, only the interactions of TssA1 have been characterised 

using pulldown and subsequent mass spectrometry, BTH experiments with only a subset of H1-T6SS 

proteins and dot blot assays to confirm suspected interactions (376,508). The main outputs of these 

approaches were that TssA1 associates with itself, with the baseplate components TssK1 and TssF1, 

the tail complex components TssB1 and Hcp1, the spike protein VgrG1a, the ATPase ClpV1 and the 

accessory protein TagJ1. The details and functional contributions of many of these interactions are 

not currently understood. 

Although this reveals an already broad network, here the approach was revisited with a more 

comprehensive and systematic methodology. The aim was to assess interactions between each TssA 

protein and all components of their cognate T6SS machinery. The existing collection of BTH constructs 

Figure 4.1 Schematic of the BTH approach. Proteins of interest are fused to T18 and T25 catalytic 

subunits of the B. pertussis adenylate cyclase domain. Interaction reconstitutes the adenylate 

cyclase activity, leading to production of cAMP which can drive production of β-galactosidase. The 

hydrolysis of substrate analogues by β-galactosidase generates a colorimetric output, for example 

blue colonies on a plate or yellow in liquid suspension. 
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was thus dramatically expanded. Identification of TssA partners using this approach provides insight 

into how TssA proteins are incorporated into the T6SS and whether this is influenced by TssA diversity. 

This would provide the foundations for hypotheses based on a consistent and global insight into the 

TssA interaction network and positioning within the T6SS. 

 

4.3.1 Designing appropriate BTH combinations and tag position 

An initial consideration was the position of the BTH tag components, T18 or T25, either at the N- or C- 

terminus. In previous TssAEC BTH data the output was affected depending on whether the T18 or T25 

tag was used and whether the tag was present at the N- or C-terminus (360). Each protein can be 

tagged with each of the two fragments at two different sites: tagging with T25 at the N- (pKT25) or C-

terminus (pKNT25) or tagging with T18 at the N- (pUT18C) or C-terminus (pUT18). To comprehensively 

assess a single interaction, each of the two genes must be cloned into these four vectors, giving rise 

to eight possible combinations of constructs to screen. Here, the interactions of TssA1 with a subset 

of H1-T6SS components were systematically tested in all eight combinations to identify which, if any, 

vector combination/s may be most suitable for further study.  

 

4.3.1.1 C-terminal tagged TssA does not yield productive interactions in the BTH approach 

Previous BTH with TssA1 was carried out exclusively with an N-terminal T25 tag (376). Here, the 

interactions of TssA1 with C-terminal T25 or T18 tags were initially screened, to assess if these or other 

interactions were identified by altering tag position. In both cases with a C-terminal tag, TssA1 could 

not be identified to interact with any H1-T6SS components, including itself (Figure 4.2).  

In a previous BTH screen with TssABC, constructs with a C-terminal tag were also unable to bind any 

components in their respective T6SS (509). The oligomerisation of TssA proteins is driven by C-terminal 

domains (see section 1.4.1) (360,376,377,509), therefore the presence of large C-terminal T25 and 

T18 tags may sterically hinder this oligomerisation. These constructs not binding any other H1-T6SS 

components also suggests that C-terminal tagged TssA1 constructs are not appropriate. These 

interactions may require the formation of a higher order TssA1 complex, which may be blocked by the 

C-terminal tag. It is also possible that these constructs do not form a stable, folded TssA1 protein. 

Alternatively, the tagged TssA1 may be able to interact with these proteins, but the position of the tag 

might not permit reconstitution of the catalytic domain. Yet, in the case of TssAEC, the use of a C-

terminal tagged BTH construct did not affect the partners identified (360). This could be linked to the 

fact that TssAEC is a TssAL, while TssA1 and TssABC are both TssAS proteins. The C-terminal tag position 
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may not prevent the oligomerisation of a TssAL, or this C-terminal tag may have better relative 

positioning to be reconstituted when compared to a TssAS. As such the BTH screen may have to be 

adapted to every individual TssA protein. 

 

4.3.1.2 BTH screen using N-terminal tagged TssA yields productive interactions 

As BTH with C-terminal tagged TssA1 was unsuccessful, N-terminal tagged TssA1 proteins were 

screened. When tagged at the N-terminus TssA1 was able to interact with T6SS components (Figure 

4.3). With an N-terminal T25 tag, TssA1 bound TssK1 independent of the position of its T18 tag, as well 

as N-terminal T18 tagged TssA1, Hcp1, ClpV1 and VgrG1a (Figure 4.3A). With an N-terminal T18 tag, 

TssA1 bound a C-terminal T25 tagged TssK1 and a N-terminal T25 tagged TssA1 (Figure 4.3B). 

Figure 4.2. Interactions of C-terminal tagged TssA1 with H1-T6SS components. BTH with C-terminal 

T25 (pKNT25) or T18 (pUT18) linked TssA1 and either N- terminal T25 (pKT25) or T18 (pUT18C) or 

C-terminal T25 (pKNT25) or T18 (pUT18) linked H1-T6SS proteins produced in DHM1 cells. 

Representative spots after 24 hours growth on 5-bromo-4-chloro-3-indolyl-β-D-galacto-

pyranoside (X-Gal) containing LB agar are shown. Blue spots indicate protein-protein interaction, 

spots are white in the absence of interaction. A) Interactions of C-terminal T25 (pKNT25) tagged 

TssA1 with C- (pUT18) or N-terminal (pUT18C) T18 tagged H1-T6SS proteins. B) Interactions of C-

terminal T18 (pUT18) tagged TssA1 with C- (pKNT25) or N-terminal (pKT25) T25 tagged H1-T6SS 

proteins. 

A) 

B) 
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N-terminal tagged TssA1 proteins were therefore able to self-interact, although only when both TssA1 

components were tagged at the N-terminus, as well as binding other H1-T6SS components (Figure 

4.3). This overall confirmed previously reported data, where TssA1 interacts with itself, components 

of the baseplate component, notably TssK1, the inner tube protein Hcp1, the spike protein VgrG1a 

and the ATPase ClpV1 (376).  

In conclusion, all identified TssA1 partners were identified when both components were tagged at the 

N-terminus. However, there were differences in the interactions identified based on what tag was 

present: more partners were identified with TssA1 tagged with T25 (Figure 4.3A) than with T18 (Figure 

4.3B). All of the TssA1 partners identified were present when screening N-terminal T25 tagged TssA1 

(pKT25) with N-terminal T18 tagged H1-T6SS components (pUT18C), so going forward this 

A) 

B) 

Figure 4.3 Interactions of N-terminal tagged TssA1 with H1-T6SS components. BTH with N-terminal 

T25 (pKT25) or T18 (pUT18C) linked TssA1 and either N- terminal T25 (pKT25) or T18 (pUT18C) or 

C-terminal T25 (pKNT25) or T18 (pUT18) linked H1-T6SS proteins produced in DHM1 cells. 

Representative spots after 24 hours growth on X-Gal LB agar are shown. Blue spots indicate 

protein-protein interaction, spots are white in the absence of interaction. A) Interactions of N-

terminal T25 (pKT25) tagged TssA1 with C- (pUT18) or N-terminal (pUT18C) T18 tagged H1-T6SS 

proteins. B) Interactions of N-terminal T18 (pUT18C) tagged TssA1 C- (pKNT25) or N-terminal 

(pKT25) T25 tagged H1-T6SS proteins. 
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combination of constructs was used to systematically assess interactions of P. aeruginosa TssA 

proteins with all components of their T6SS. 

 

4.3.2 TssA proteins self-interact 

Firstly, the self-association of each of the P. aeruginosa TssA proteins with N-terminal tags was 

assessed. This self-association is well characterised in the literature, with oligomerisation shown to 

give rise to the formation of higher order TssA complexes (360,376,377,509,512). As expected, each 

of the TssA proteins were identified to self-interact using a BTH approach (Figure 4.4).  

These spots were incubated for 40 hours as well as the initial 24 hours to reveal weaker interactions. 

However, in this case, self-interaction could clearly be demonstrated after 24 hours for each TssA. 

 

4.3.3 TssA interacts with sheath components and Hcp 

Contacts between TssA1 and the sheath component TssB1 has previously been identified in pulldown 

data, however this had not previously been demonstrated in BTH experiments (376). The association 

between TssA proteins and their respective sheath is well established, with previous BTH and 

pulldown data for TssAEC, TssAVC and TssABC proteins demonstrating interaction with one or both of 

TssB and TssC (360,376,377,509,512). Additionally, the association of TssA complexes with the distal 

end of the polymerising sheath has been demonstrated by fluorescence microscopy 

Figure 4.4 Self-interactions of N-terminal tagged TssA proteins. BTH with N-terminal T25 (pKT25) 

and T18 (pUT18C) linked TssA proteins produced in DHM1 cells. Representative spots imaged after 

24 and 40 hours growth on X-Gal LB agar are shown. Blue spots indicate protein-protein 

interaction, spots are white in the absence of interaction. A) Self-interaction of TssA1. B) Self-

interaction of TssA2. A) Self-interaction of TssA3. 

A) B) C) 
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(360,377,508,513). To further characterise the details of this key interaction using the BTH approach, 

it was first necessary to identify conditions giving a clear colorimetric output.  

In the initial BTH screen, TssA1 could not be observed to interact with either TssB1 or TssC1 in 

isolation, regardless of tag position (Figures 4.2 and 4.3). There was a similar outcome for TssA2 and 

TssA3 with their respective sheath components (Figure 4.5).  

As such, a three-component BTH approach was designed (23). In this approach, in addition to the two 

T18 and T25 tagged proteins being produced, a third protein is also produced which may either 

promote or interfere with contact between the tagged proteins. Constructs were thus engineered 

where the coding sequence for the sequential tssB and tssC genes was introduced into pUT18C, where 

TssB was tagged at the N-terminus and native TssC was also produced. The theory being that with 

both TssB and TssC present, a higher order sheath structure may form, which may be more likely to 

provide an appropriate interface to bind the respective TssA protein compared to these proteins in 

isolation.  

Figure 4.5 Interactions of TssA proteins with tail complex components. BTH with N-terminal T25 

(pKT25) linked TssA proteins and N-terminal T18 (pUT18C) linked sheath components (TssB and 

TssC) and Hcp proteins produced in DHM1 cells. Representative spots imaged after 24 and 40 hours 

growth on X-Gal LB agar are shown. Blue spots indicate protein-protein interaction, spots are white 

in the absence of interaction. A) Interaction of TssA1 with H1-T6SS sheath and inner tube proteins. 

B) Interaction of TssA2 with H2-T6SS sheath and inner tube proteins A) Interaction of TssA3 with 

H3-T6SS sheath and inner tube proteins. 

A) B) 

C) 
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For each of the P. aeruginosa TssA proteins, interaction with sheath components could be 

demonstrated when both TssB and TssC were present (Figure 4.5). Interestingly, the interactions with 

sheath components appeared strongest for the H1-T6SS, while that for the H3-T6SS only became clear 

after 40 hours of incubation.  

This is the first time a BTH approach has demonstrated interaction between a P. aeruginosa TssA 

protein and sheath components, allowing this technique to be used for future more detailed 

assessment of this interaction. This association of TssA with the sheath is proposed to be key for 

sheath initiation and polymerisation, therefore further characterisation is crucial to understanding the 

role and positioning of TssA in the T6SS.  

Each P. aeruginosa TssA protein was also identified to bind the other component of the tail complex: 

the inner tube protein Hcp (Figure 4.5). This had already been described within the H1-T6SS (376), as 

well as for TssAEC, TssABC and TssAVC (360,509,512), but this is the first description of an interaction 

with Hcp for TssA2 and TssA3. 

Overall, these data suggest that the association of P. aeruginosa TssA proteins with their respective 

tail complexes, including the sheath and the inner tube, is similar between each of the three T6SSs 

and similar to that of other studied TssA proteins. 

 

4.3.4 TssA proteins interact with baseplate components, notably TssK 

TssA proteins, such as TssAEC, TssABC and TssAVC, have previously been identified to interact with 

components of the baseplate complex including TssE, TssF and TssK via a combination of BTH and 

pulldown experiments (360,371,509,512). Likewise, TssA1 binding to TssK1 and TssF1 has been 

identified by BTH and pulldown experiments (376). Here, the interaction of each P. aeruginosa TssA 

protein with their respective baseplate complex components, TssE, TssF, TssG and TssK, was 

systematically screened.  

Each P. aeruginosa TssA protein was shown to bind its respective TssK (Figure 4.6). The previously 

identified interaction between TssA1 and TssF1 could not be conclusively demonstrated, with only a 

very weak blue signal present after 40 hours of incubation. A more conclusive signal was present for 

TssF3, which was the only other baseplate complex component identified to form contacts with a TssA 

protein in this screen (Figure 4.6C). As for tail complex components, signal for TssA3 and other H3-

T6SS components was weaker than the other two T6SSs, only becoming detectable after 40 hours of 

incubation.  
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In light of these results, TssK appears to be a very important partner for TssA proteins, with consistent 

interactions detected for every T6SS studied to date (360,371,376,509,512). Other partners identified 

in the baseplate, TssE and TssF, are more variable, which may reflect subtle differences in TssA 

association with these components. Alternatively, there may be limitations in the BTH approach for 

identifying these interactions. 

 

4.3.5 Interaction between TssA proteins and VgrG proteins 

The interaction of TssA proteins with their associated VgrG spike protein has been demonstrated for 

TssAEC, TssABC, TssAVC and TssA1 (360,376,509,512). Here, TssA1 was identified to bind VgrG1a and 

more weakly VgrG1b, but not the other H1-T6SS-associated VgrG1c (Figure 4.7A). TssA2 was also 

identified to weakly interact with VgrG2a, but not with any other H2-T6SS-associated VgrG proteins 

(Figure 4.7B), while TssA3 was not identified to interact with the single H3-T6SS-associated VgrG3 

(Figure 4.7C).  

Figure 4.6 Interactions of TssA proteins with baseplate complex components. BTH with N-terminal 

T25 (pKT25) linked TssA proteins and N-terminal T18 (pUT18C) linked baseplate complex 

components (TssE, TssF, TssG and TssK) produced in DHM1 cells. Representative spots imaged 

after 24 and 40 hours growth on X-Gal LB agar are shown. Blue spots indicate protein-protein 

interaction, spots are white in the absence of interaction. A) Interaction of TssA1 with H1-T6SS 

baseplate complex components. B) Interaction of TssA2 with H2-T6SS baseplate complex 

components. C) Interaction of TssA3 with H3-T6SS baseplate complex components. 

A) B) 

C) 
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It is unexpected that a TssA protein would form different contacts with their respective VgrG spike 

proteins as seen here (Figure 4.7). Each spike component would be expected to dock in the baseplate 

during T6SS assembly to form a trimer, with both homo- and heterotrimeric assemblies being 

observed for the H1-T6SS (523). It may therefore be that oligomerisation of a VgrG trimer is required 

to associate with TssA proteins. Only VgrG1a was identified to self-interact after 24 hours of 

incubation, mirroring the observed interaction with TssA1 after the same period of incubation (Figures 

4.7A and 4.8). The lack of strong self-interaction of the VgrG1b and VgrG1c BTH constructs could 

reflect an inability of these constructs to form a homo-trimeric VgrG structure. If a trimeric VgrG is 

required to associate with a TssA protein, the lack of self-interaction could then prevent this 

association. This could have functional implications, identifying certain combinations of VgrG proteins 

as required for trimer formation. One way this could be assessed is with a three-component BTH 

approach, assessing these interactions in the presence of different combinations of VgrG proteins.  

Figure 4.7 Interactions of TssA proteins with VgrG spike proteins. BTH with N-terminal T25 (pKT25) 

linked TssA proteins and N-terminal T18 (pUT18C) linked VgrG proteins produced in DHM1 cells. 

Representative spots imaged after 24 and 40 hours growth on X-Gal LB agar are shown. Blue spots 

indicate protein-protein interaction, spots are white in the absence of interaction. A) Interaction 

of TssA1 with H1-T6SS VgrG proteins (VgrG1a, VgrG1b and VgrG1c). B) Interaction of TssA2 with 

H2-T6SS VgrG proteins (VgrG2a, VgrG2b, VgrG4a, VgrG4b, VgrG5 and VgrG6). C) Interaction of 

TssA3 with VgrG3. 

A) B) 

C) 
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Interaction has previously been consistently detected between TssA proteins and an associated VgrG 

whenever tested (360,376,509,512). The absence of detected contacts could be linked to the BTH 

approach or the constructs used, these data should therefore be supplemented with additional 

techniques, such as pulldown or dot blot assays. A more comprehensive BTH screen, varying the tag 

type and location might also provide new insights. Indeed, in previous BTH experiments between TssA 

proteins and VgrG proteins, interactions have not always been apparent depending on the position of 

the tag. While BTH tag position did not affect the association between TssABC and its VgrG protein, for 

TssAEC, interaction was only identified with the VgrG tagged at the C-terminus (360,509). Integrating 

a few approaches may give a clearer picture of the conservation of the interaction between TssA and 

VgrG proteins. 

 

4.3.6 Some TssA proteins interact with ClpV 

The association of TssA proteins and the ATPase ClpV has previously only been described for TssA1 

and TssAVC, although this reflects an absence of testing for other TssA proteins (376,377). To test the 

conservation of this interaction, all three P. aeruginosa TssA proteins were screened for interaction 

with their respective ClpV proteins by BTH.  

Only TssA1 was identified to interact with its associated ClpV, but not TssA2 or TssA3 (Figure 4.9). As 

with the VgrG BTH constructs, some differences have been identified in the self-interaction of ClpV 

constructs, with only ClpV1 able to self-interact. ClpV proteins form hexamers, so self-interaction is 

expected (393,572). If this oligomerisation is required for association with TssA proteins, these BTH 

constructs may not be appropriate.  

However, a phylogenetic grouping of ClpV proteins has been described that corresponds with distinct 

modes of interaction with TssC proteins, where ClpV1 is found in a different phylogenetic group to 

Figure 4.8 Self-interactions of H1-T6SS VgrG proteins. Bacterial two- hybrid with N-terminal T25 

(pKT25) and T18 (pUT18C) linked H1-associated VgrG proteins produced in DHM1 cells. 

Representative spots imaged after 24 hours growth on X-Gal LB agar are shown. Blue spots indicate 

protein-protein interaction, spots are white in the absence of interaction.  
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ClpV2 and ClpV3 (515). These differences between these ClpV proteins may also affect their 

association with their respective TssA proteins. 

Unlike TssA interactions with other components where functional roles have been proposed, i.e. 

contributing to initiation of sheath assembly at the baseplate complex and coordination of tail 

complex polymerisation (360), the role of TssA association with the ATPase involved in disassembling 

the contracted sheath is less clear. It has been suggested that ClpV proteins may have roles in recycling 

the TssA ring (376), although it has not been described that TssA proteins would require active 

recycling, unlike the sheath which undergoes a significant conformational change upon contraction. 

Alternatively, the ClpV1-associated phylogenetic group has been linked to T6SS clusters encoding a 

TssAS protein and their associated TagJ accessory protein, with interactions have been demonstrated 

between each of TssA1, ClpV1 and TagJ1 (376,508,515). The association of ClpV and TssA has therefore 

been suggested to be linked to the, as yet uncharacterised, activity of the accessory protein TagJ.  

The role of interactions between TssA and ClpV proteins is not yet clear, further work is required to 

confirm how widespread these interactions are, and to further characterise them. 

 

4.3.7 TssA interaction with membrane complex components could not be conclusively identified  

Interaction between TssA proteins and the inner membrane proteins of the membrane complex, TssL 

and TssM, has been identified for TssAEC, TssABC and TssAVC (360,509,512), but this has not been 

studied for any P. aeruginosa TssA to date. 

Figure 4.9 Interactions of TssA proteins with ClpV proteins. BTH with N-terminal T25 (pKT25) linked 

TssA proteins and N-terminal T18 (pUT18C) linked ClpV proteins produced in DHM1 cells. 

Representative spots imaged after 24 and 40 hours growth on X-Gal LB agar are shown. Blue spots 

indicate protein-protein interaction, spots are white in the absence of interaction. A) Interaction 

of TssA1 with ClpV1. B) Interaction of TssA2 with ClpV2. C) Interaction of TssA3 with ClpV3. 

A) B) C) 



182 
 

As inner membrane proteins, care was taken in the design of BTH constructs for TssL and TssM to 

ensure tags would be present in the cytoplasm. In previous work, TssL interactions have been 

identified with either the full length protein or truncations leaving N-terminal cytoplasmic regions 

(509,512). BTH constructs were generated with full-length TssL proteins with the tag at the 

cytoplasmic N-terminus. Previously described TssM constructs all involved truncation of TssM and 

tagging of the cytoplasmic N-terminal domain (509,512), therefore constructs were designed based 

on the predicted position of transmembrane helices, using TMHMM (530). 

In BTH analyses, only a weak binding to TssM1 could be identified (Figure 4.10). As previously 

suggested, a more comprehensive BTH screen with membrane complex components, including 

altering the truncation site, coupled with complementary techniques would help give a more 

conclusive characterisation.  

 

4.3.8 Interactions of TssA3 appear weaker than TssA1 and TssA2 interactions 

A trend that emerged in this BTH screen was the relative weakness of TssA3 interactions when 

compared to those of TssA1 or TssA2. After 24 hours of incubation, only TssA3 self-interaction could 

be identified, but no interactions with other H3-T6SS components (Figures 4.4, 4.5, 4.6, 4.7, 4.9 and 

4.10). In comparison, numerous TssA1 and TssA2 interactions could be identified at 24 hours of 

Figure 4.10 Interactions of TssA proteins with membrane complex components. BTH with N-

terminal T25 (pKT25) linked TssA proteins and N-terminal T18 (pUT18C) linked membrane complex 

components (TssL and TssM cytoplasmic region) produced in DHM1 cells. Representative spots 

imaged after 24 and 40 hours growth on X-Gal LB agar are shown. Blue spots indicate protein-

protein interaction, spots are white in the absence of interaction. A) Interaction of TssA1 with H1-

T6SS-associated membrane complex components. B) Interaction of TssA2 with H2-T6SS-associated 

membrane complex components. C) Interaction of TssA3 with ClpV H3-T6SS-associated membrane 

complex components. 

A) B) C) 
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incubation, although more pronounced for TssA1. The varying strength of these contacts is quite 

remarkable and may suggest that the assembly and stability of the H3-T6SS differs from that of the 

H1- and H2-T6SSs. It would be interesting to test whether this relative weakness of interactions is 

present between different H3-T6SS components or reflects solely on the association of TssA3 to the 

H3-T6SS.  

 

Overall, all three P. aeruginosa TssA proteins behave quite similarly: self-interacting as well as 

interacting with components of their respective sheaths, the baseplate protein TssK and the inner 

tube protein Hcp (Figures 4.4, 4.5, 4.6, 4.7, 4.9 and 4.10). These interactions are generally comparable 

to previously reported data for TssA proteins, however there are subtle differences and some 

associations could not be consistently confirmed, such as with membrane complex components and 

VgrG proteins (360,376,377,509,512).  

Ultimately, while the BTH approach allows for systematic screening of interaction partners, it has 

limitations with outcomes affected by tag positioning and the large size of the tag possibly obscuring 

binding. To be done in the most comprehensive way, all vector combinations should be assessed, 

which is quite an undertaking with such a large panel of proteins to screen. This BTH data provides a 

platform from which a more robust understanding of the interactions of P. aeruginosa TssA proteins 

can be built. A range of approaches should be integrated to both validate this data and investigate 

further partners that were absent in this screen.  

It is important to bear in mind that associations between proteins are not binary, particularly in such 

a complex, multiprotein machinery as the T6SS. Interactions may not become entirely apparent in the 

absence of other components of the T6SS, as demonstrated here for interactions with the sheath, 

which could only be observed in the presence of both components (Figure 4.5). The T6SS is also a 

dynamic machinery that undergoes structural changes. It is proposed that both the baseplate and 

sheath complexes are assembled in high energy conformations, where the structures and associations 

of component proteins may differ at various stages of T6SS activity. This diversity in conformations is 

difficult to capture when assessing the interactions of individual proteins in a non-native setting. 

Additionally, the variable strengths of contacts can make it difficult to conclusively assess interactions 

that may be weaker or more transient. Variations in interaction strength between components in 

different T6SSs may reflect subtle mechanistic differences which affect overall T6SS behaviour.  
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4.3.9 Quantification of β-galactosidase activity did not produce consistent data 

While strong interactions could be identified with confidence by spotting BTH cultures on X-Gal 

containing media, weaker interactions were more difficult to conclusively assess. An alternative, and 

more quantitative approach for assessing β-galactosidase activity, involves measuring the rate with 

which O-nitrophenyl-beta-D-galactopyranoside (ONPG) is metabolised by β-galactosidase to produce 

a yellow colorimetric output. For this approach, cells carrying complementary BTH vectors were grown 

in liquid culture and subsequently lysed to release the produced β-galactosidase, with the rate of 

colour change due to ONPG hydrolysis measured in a microplate reader. This protocol was adapted 

based on a previously reported single step β-galactosidase assay (573). 

For very strong interactions, such as that of the leucine zipper positive control or TssA1 self-

interaction, the bacterial suspension was diluted to avoid signal saturation and allow the rate of colour 

change to be accurately assessed (Figure 4.11A). These interactions were far stronger than the 

background level obtained when the vector encoding TssA1 was combined with an empty vector 

negative control. For screening other H1-T6SS components, the bacterial suspension was not diluted, 

and interactions were identified with TssB1 in the presence of TssC1, TssK1, ClpV1 and VgrG1a in 

general agreement with the spotting assay (Figures 4.5, 4.6, 4.7, 4.9 and 4.11B). Somewhat 

surprisingly, the binding of TssA1 to Hcp1 that could be demonstrated in the spotting assay (Figure 

4.5), could not be distinguished from the negative control in the microplate reader assay. In any case, 

this method did not confirm any additional partners as compared to the spotting assay. At most it 

differentiated ClpV1 and VgrG1a as being stronger partners, as compared to TssB1 and TssK1, which 

was unexpected and may require further statistical assessment. 

The microplate reader assay was also used to assess the interactions of TssA2 with H2-T6SS 

components. TssA2 self-interaction, interaction with sheath components and baseplate components 

TssE2 and TssK2 were demonstrated (Figures 4.11C and D). Here again, the Hcp2 binding was not 

detected, as was the case for Hcp1, while the weak interaction with VgrG2a identified in the spotting 

assay was also absent (Figure 4.7). As with TssA1, a clear statement could not be made about the 

quantitative level of interaction between the various hits, although TssK2 appeared to be the strongest 

binding partner. 
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The overall approach is thus not particularly conclusive, and unexpectedly, the data sets produced for 

BTH with TssA1 and TssA2 varied between the qualitative spotting assay and quantitative microplate 

reader approaches (Figures 4.4, 4.5, 4.6, 4.7, 4.9, 4.10 and 4.11). In both cases weaker interactions, 

such as between TssA1 and Hcp1 or VgrG1b which could be identified in the spotting assay, were 

absent in the microplate reader assay. For TssA2 some partners, i.e. TssB2 alone and TssE2, were 

identified that were not present in the spotting assay (Figures 4.5, 4.6 and 4.11D).  

One explanation for the slightly different partners identified with these two approaches may be linked 

to the level of induction. For both approaches, cells were grown in liquid culture with 0.5 mM IPTG 

before either lysis or spotting on agar. However, the agar plate on which the spotting experiment was 

carried out contained 1 mM IPTG, for optimal induction of BTH constructs. It may be that at the lower 
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Figure 4.11 β-galactosidase assay quantification of TssA1 and TssA2 interactions with their cognate 

T6SS components. BTH with N-terminal T25 (pKT25) linked TssA1 and TssA2 and N-terminal T18 

(pUT18C) linked H1-and H2-T6SS components produced in DHM1 cells. The activity of β-

galactosidase is given in Miller units. Interaction with the pUT18C empty vector (EV) provides a 

negative control, self-interaction of the leucine zipper (zip) provides a positive control. All data are 

from 3 biological replicates. Values are presented as means and error bars represent standard 

deviation. A) Self-interaction of TssA1 and the leucine zipper. B) Interaction of TssA1 with H1-T6SS 

components. C) Self-interaction of TssA2 and the leucine zipper. B) Interaction of TssA2 with H2-

T6SS components. 
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IPTG concentration in the liquid culture, BTH constructs were not as strongly produced as on agar in 

the spotting assay and therefore only stronger contacts producing large amounts of β-galactosidase 

could be detected. 

In conclusion, the microplate reader assay did not help in identifying weaker partners. The more 

transient nature of these weaker contacts may introduce a level of variability into the data. The level 

of sensitivity of this approach was thus too low to identify new partners or draw conclusions about 

the relative strength of different interactions.  
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4.4 Site-directed mutagenesis to target interactions of TssA1 

Having comprehensively assessed the interactions of TssA proteins, the molecular details contributing 

to these interfaces could be probed, notably the identification of key residues and regions. To date, 

this is generally poorly characterised, although where TssA structural data is available, key residues 

involved in oligomerisation have been suggested (see section 1.4.1) (360,377,509).  

High-resolution structural data was not available for TssAS proteins at the beginning of this project. To 

screen TssA1 residues for their contribution to interactions with T6SS proteins, candidate residues 

were thus initially selected based on previous studies. This began with a library of tssA1 mutants 

generated using error prone PCR and subsequently screened using the BTH assay for loss of binding 

to the known partners TssA1 and TssK1 (Table 4.1) (Josh McQuail, unpublished). Mutants that lost 

these interactions were sequenced and generally harboured a combination of mutations. Residues 

were thus selected from this panel to be studied in isolation. The selection was based on the frequency 

with which the mutation was identified, the residue position in TssA1 domains and the level of 

conservation in TssA sequences based on previously published multiple sequence alignment data 

(509).  

 

4.4.1 TssA1 Nt1 and C-terminal domain point mutants lose interaction with known partners non-

specifically 

 

4.4.1.1 Analysis of Tss1 Nt1 domain mutants 

TssA1 is comprised of Nt1 and a C-terminal domains connected by a flexible linker (see section 1.4.1) 

(Figure 4.12A). Based on data described in the previous section, residues in the TssA1 Nt1 domain 

were selected for site-directed mutagenesis to alanine and BTH screening with previously identified 

TssA1 H1-T6SS partners; i.e. TssA1, TssB1 in the presence of TssC1, TssK1, Hcp1, ClpV1 and VgrG1a. 

Table 4.1 TssA1 mutants losing interaction by BTH 
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Residues G86, for self-interaction, and L94, for interaction with TssK1, were identified in the BTH 

mutant library screen, and were also identified as highly conserved within TssA sequences (Table 4.1) 

(509). Residue K69 was also selected as a conserved residue with charge, as it was hypothesised that 

the charge may be involved in stabilising contact via ionic interactions. Based on the resolved TssABC 

Nt1 domain structure, a model was generated of the TssA1 Nt1 domain using the Robetta protein 

structure prediction service (532). The position of the candidate residues in the TssA1 Nt1 domain 

primary sequence and predicted tertiary structure is shown in Figures 4.12B and C.  

Upon substitution of each of the above-described residues into alanine, the TssA1 point mutants were 

all able to associate with wildtype TssA1, suggesting that each variant was stable and the C-terminal 

domains folded properly (Figure 4.13). While K69A and L94A mutants were able to self-interact, the 

G86A mutant was not. Self-interaction has previously been shown to involve oligomerisation of the C-

terminal regions for both long and short TssA proteins (see section 1.4.1), so it is unlikely that G86A is 

directly involved in self-interaction. It is surprising that this mutant could interact with wildtype TssA1 

but not self-interact. Otherwise, all TssA1 Nt1 domain mutants were unable to bind other TssA1 

partners. This widespread effect on TssA1 interactions might suggest that these substitutions may 
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Figure 4.12 Position of selected TssA1 Nt1 domain residues. A) Position of TssA1 Nt1 and C-

terminal domains. B) Position of K69, G86 and L94 (light blue) in the TssA1 Nt1 domain sequence. 

C) Position of K69, G86 and L94 (light blue) in a predicted model of the TssA1 Nt1 domain structure. 

C) 
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affect the overall fold of the Nt1 domain rather than specifically contributing to the binding of TssA1 

to a partner. 

 

4.4.1.2 Analysis of TssA1 C-terminal domain point mutants 

The effect of introducing mutations into the TssA1 C-terminal domain was subsequently assessed. 

Residues L286, L289 and L309 were identified in the initial BTH mutant library screen. L289 was also 

identified as highly conserved, with L286 and L309 frequently conserved, within TssA sequences (509). 

The position of these residues in the TssA1 C-terminal domain primary sequence and predicted tertiary 

structure is shown in Figures 4.14A and B. These residues were substituted into alanine and their 

interactions with known TssA1 partners were assessed.  

Upon mutation of each residue to alanine, the TssA1 point mutants were all able to associate with 

wildtype TssA1, suggesting that a folded protein is formed in all cases (Figure 4.14C). Mutation of 

L286A had no effect on binding to any of the known partners, possibly because it is not highly 

conserved. It should be noted that the initial BTH mutant library screen recorded this mutation only 

in combination with another mutation (Table 4.1), and the substitution identified in the screen was 

for a proline residue rather than an alanine substitution, which would be expected to introduce more 

Figure 4.13 Interactions of TssA1 Nt1 domain mutants with known H1-T6SS partners. BTH with N-

terminal T25 (pKT25) linked TssA1 mutants and N-terminal T18 (pUT18C) linked H1-T6SS partners 

produced in DHM1 cells. Representative spots imaged after 24 hours growth on X-Gal LB agar are 

shown. Blue spots indicate protein-protein interaction, spots are white in the absence of 

interaction. Data generated with Yu Zhai. 
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significant structural changes. The functionality of the L286A variant was further tested in an 

interbacterial competition assay, and the outcome was equivalent to a wildtype TssA1 protein, though 

this was only performed with two replicates (Yu Zhai, unpublished).  

For the other two mutants tested here, the results were more pronounced. In particular, the L309A 

mutant was only very weakly able to self-interact, while the L289A mutant was unable to self-interact 

(Figure 4.14C). Furthermore, both L289A and L309A mutants retained a weak association with the 

sheath but were unable to bind the other known TssA1 partners, i.e. TssK1, Hcp1, ClpV1 and VgrG1a. 

Figure 4.14 Interactions of TssA1 C-terminal domain mutants with known H1-T6SS partners. A) 

Position of L286, L289 and L309 (green) in the TssA1 C-terminal domain sequence. B) Position of 

L286, L289 and L309 (green) in a predicted model of the TssA1 C-terminal domain structure. C) BTH 

with N-terminal T25 (pKT25) linked TssA1 mutants and N-terminal T18 (pUT18C) linked H1-T6SS 

partners produced in DHM1 cells. Representative spots imaged after 24 hours growth on X-Gal LB 

agar are shown. Blue spots indicate protein-protein interaction, spots are white in the absence of 

interaction. Data generated with Yu Zhai. 
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It is interesting here that TssA contacts with the sheath were not abrogated with these mutations, 

suggesting that the C-terminus may not be crucial for binding the sheath. This supports previous data 

identifying that N-terminal regions of the long TssAEC interact with the sheath (360). On the other 

hand, interactions with other partners might require an intact C-terminus or the formation of TssA 

oligomers. 

 

4.4.2 Substitution of TssA1 residues predicted to be involved in oligomerisation have variable effects 

on interactions 

To more specifically probe the oligomerisation of TssA1, residues were selected based on their 

suggested role in the oligomerisation of the short TssABC C-terminal domain once this structure was 

reported (509). As outlined in section 1.4.1.2, an oligomerisation interface of TssABC monomers 

involves the α12 and α13 region, where the connecting loop contains the TssAS conserved EPxxP motif 

(509). It is predicted that a salt bridge formed between the glutamic acid residue of this motif and an 

arginine residue of another monomer is involved in stabilising the stacking of two monomers (Figure 

4.15) (509). To probe whether the equivalent TssA1 residues, R282 and E300 (Figures 4.16A and B), 

might stabilise a stacking interaction, these residues were substituted into alanine and their 

interactions with known partners tested.  

Mutation of R282A had no effect on the binding to any of the known partners (Figure 4.16C). Upon 

mutation of E300A, the TssA1 variant was still able to self-interact and interact with wildtype TssA1 

and the sheath, but not with other partners. It was unexpected that self-interaction and interaction 

with wildtype TssA1 were retained. In TssABC, a further region in α15 also separately contributes to 

oligomerisation, therefore mutation of these residues may disrupt a single binding interface but may 

Figure 4.15 Oligomerisation interface of TssABC. The predicted salt bridge between E324 of one 

TssABC C-terminal domain (PDB: 6HS6) monomer (green) and R306 of another monomer (light blue) 

involved in a stacking interaction. 
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not be sufficient to prevent self-interaction (509). It was shown that while deletion of α15 prevented 

ring formation, dimers were still able to form through the α12 and α13 region, the inverse may be 

true in this case (509).  

For the E300A variant, as in the case for L289A and L309A variants, interaction with the sheath was 

maintained while other interactions were lost (Figures 4.14C and 4.16C). Loss of these interactions 

may be due to failure of these variants to oligomerise into higher order structures. While individual 

TssA1 variants may be able to self-interact, this interaction may not lead to formation of native TssA 

complexes if certain interaction interfaces are disrupted.  

 

Figure 4.16 Interactions of proposed TssA1 oligomerisation mutants with known H1-T6SS partners. 

A) Position of R282 and E300 (green) in the TssA1 C-terminal domain sequence. B) Position of R282 

and E300 (green) in a predicted model of the TssA1 C-terminal domain structure. C) BTH with N-

terminal T15 (pKT25) linked TssA1 mutants and N-terminal T18 (pUT18C) linked H1-T6SS partners 

produced in DHM1 cells. Representative spots imaged after 24 hours growth on X-Gal LB agar are 

shown. Blue spots indicate protein-protein interaction, spots are white in the absence of 

interaction. Data generated with Yu Zhai. 
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4.4.3 Analysis of TssA1 point mutant interactions 

Interestingly, when TssA1 point mutants were screened for interactions with known partners, 

interactions of mutants with TssK1, Hcp1, ClpV1 and VgrG1a were all lost concurrently, with all Nt1 

domain mutants and some C-terminal domain mutants (L289A, L309A and E300A). It is not clear why 

this happened and with such a range of diverse mutations.  

The structural models generated for the TssA1 Nt1 and C-terminal domains were analysed to estimate 

solvent accessible surface area (534). The selected residues mutated in the TssA1 Nt1 domain (Figure 

4.17A) and C-terminal domain (Figure 4.17B), highlighted in red, were generally predicted to be buried 

within the structures (solvent exposure <80 %) as opposed to solvent accessible (solvent exposure >80 

%). It may be that these conserved residues are important for protein folding rather than for 

interaction with specific partners. Mutating residues that affect protein folding may explain why in 

many cases mutants were unable to interact with multiple partners.  

 

  

A) B) 

Figure 4.17 Solvent accessibility of TssA1 Nt1 and C-terminal domain residues. Using GetArea, the 

solvent accessible surface area of TssA1 domain structural models were estimated. The solvent 

exposure gives the likelihood of a residue being accessible to the solvent. A) Solvent accessibility 

of TssA1 Nt1 domain residues. The residues mutated here (K69, G86 and L94) are highlighted in 

red. B) Solvent accessibility of TssA1 C-terminal domain residues. The residues mutated here (R282, 

L286, L289, E300 and L309) are highlighted in red. 
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4.5 Splitting TssA proteins into domains to assess interaction with cognate T6SS 

components 

Introducing point mutations to TssA1 conserved residues not provide much insight into the molecular 

details of interactions with identified partners. As an alternative strategy the interactions of individual 

domains of TssA proteins with identified partners was assessed using BTH. Long and short TssA 

proteins share a conserved sequence in their Nt1 domains, but have distinct C-terminal domains, and 

long TssAs have an additional intervening Nt2 domain (see section 1.4.1) (Figure 4.18). It was thus of 

particular interest to understand whether and how the varying domain organisation of long and short 

TssA proteins might influence interactions.  

Some interactions of TssA sub-domains have previously been studied (360,509,512). This has for 

example identified that an N-terminal region of the long TssAEC, comprising both Nt1 and Nt2 domains 

Figure 4.18 Domain organisation of P. aeruginosa TssA proteins. A) Annotation of the Nt1 (light 

blue) and C-terminal domain (green) in the TssA1 primary sequence. B) Annotation of the Nt1 (light 

blue), Nt2 (purple) and C-terminal domain (yellow) in the TssA2 primary sequence. A) Annotation 

of the Nt1 (light blue) and C-terminal domain (green) in the TssA3 primary sequence. 

A) 

B) 

C) 
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binds sheath components and TssE (Figure 4.19A) (360). Furthermore, both the long TssAEC and the 

short TssABC associate with Hcp and VgrG via their C-terminal domains (Figure 4.19), while the long 

TssAVC interacts with VgrG via both N- and C-terminal domains (360,509,512). The TssABC C-terminal 

domain has also been shown to interact with TssF (509). To date, using P. aeruginosa TssA proteins, 

only the C-terminal domain-dependent formation of higher order TssA1 oligomers has been identified 

(376). The role of TssA C-terminal domains in oligomerisation is also supported with structural data 

(360,377,509). 

As the interactions and roles of P. aeruginosa TssA protein domains had not been previously studied, 

a comprehensive screen of TssA domain interactions with known partners was carried out.  

 

4.5.1 TssA Nt1 domains interact with their respective sheath components  

Interaction of each TssA Nt1 domain was assessed with partners identified in section 4.3. Each Nt1 

domain was identified as interacting with their respective sheath components (Figure 4.20). The Nt1 

domains of the short TssA1 and TssA3 were able to interact with the cognate full length TssA but the 

Nt1 domains in isolation did not self-interact (Figures 4.20A and C). The TssA2 Nt1 domain did not 

interact with full length TssA2 (Figure 4.20B). This difference may be due to TssA2 being a TssAL while 

the other two are TssAS proteins. 

Figure 4.19 Protein-protein interaction network of TssAEC and TssABC domains. A) Protein-protein 

interaction network of TssAEC domains. B) Protein-protein interaction network of TssABC domains. 

A) 

B) 
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Other weaker interactions could be detected with the Nt1 domains, but these were also not conserved 

across the different TssA proteins. For example, specific to TssA1 Nt1 domain, additional weak 

interactions with TssM1 and VgrG1a were detected, while the TssA3 Nt1 domain interacted with TssF3 

after 40 hours of incubation (Figures 4.20A and C). The significance of these non-conserved 

interactions cannot conclusively be determined at this stage.  

A) 

B) 

C) 

Figure 4.20 Interactions of P. aeruginosa TssA Nt1 domains with known T6SS partners and TssA 

domains. BTH with N-terminal T25 (pKT25) linked TssA Nt1 domains and N-terminal T18 (pUT18C) 

linked T6SS partners and TssA domains produced in DHM1 cells. Representative spots imaged after 

24 and 40 hours growth on X-Gal LB agar are shown. Blue spots indicate protein-protein 

interaction, spots are white in the absence of interaction. A) Interactions of TssA1 Nt1 domain with 

TssA1 partners. B) Interactions of TssA2 Nt1 domain with TssA2 partners. C) Interactions of TssA3 

Nt1 domain with TssA3 partners. 
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The characterisation of the association between these Nt1 domains and their respective sheath 

components is a key finding (Figure 4.20). It has previously been identified for the long TssAEC that the 

N-terminal region comprising Nt1 and Nt2 domains interacts with the sheath (Figure 4.19) (360). This 

has been modelled as the docking of Nt2 domains to the distal end of the sheath (360,377), but this 

has not been experimentally demonstrated, and would not explain how TssAS proteins lacking an Nt2 

would interact with the sheath as demonstrated here (Figure 4.5). In constrast, the data presented 

here suggest that the conserved Nt1 domain is responsible for interaction with the sheath, which for 

the first time demonstrates how both long and short TssA proteins interact with the sheath through a 

similar mechanism.  

 

4.5.2 TssA C-terminal domains self-interact  

In contrast to the conserved Nt1 domains, the C-terminal regions of TssA proteins are much more 

variable (509). Slightly different constructs were therefore engineered for the long TssA2 and the short 

TssA1 and TssA3. The C-terminal domains of the short TssA proteins, TssA1 and TssA3, were 

engineered with N-terminal T25 tags. In previous structural work on the long TssAEC, TssAAH and TssAVC, 

fragments comprising Nt2 and C-terminal domains could be stably purified and structures solved, 

while the flexibility of the Nt1 domain relative to this structure always prevented the relative position 

of this domain being determined (360,377,509). This suggested that the Nt2 domain is more closely 

associated with the C-terminal domain, therefore a TssA2 C-terminal region of the combined Nt2 and 

C-terminal domains was engineered with a N-terminal T25 tag. 

Using the bacterial two hybrid spotting assay, interaction of each TssA C-terminal region was assessed 

with partners identified in section 4.3. In brief, each C-terminal region was able to self-interact and 

interact with the cognate full length TssA (Figure 4.21). Weaker interaction of the TssA1 C-terminal 

domain with ClpV1 and VgrG1a could be identified after 40 hours of incubation (Figure 4.21A). Weak 

interaction of the TssA2 C-terminal region with TssK2 could be identified after 40 hours of incubation 

(Figure 4.21B). The significance of these weaker interactions is yet to be confirmed. 

As anticipated, the self-interaction of the TssA C-terminal regions observed here is consistent with 

previously reported literature on the role of these C-terminal domains in oligomerisation (see section 

1.4.1) (360,376,377,509).  
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In conclusion, for all three P. aeruginosa TssA proteins the Nt1 domain is involved in interaction with 

the respective sheath proteins, while the C-terminal region contributes to oligomerisation. This is true 

for both long and short TssA proteins, suggesting that despite their differences these core interactions 

are similar. Some other weaker interactions were identified for specific TssA domains but would need 

to be confirmed. Components of the T6SS that can interact with the full-length TssA protein but not 

with sub-domains may interact with multiple regions of TssA proteins or require oligomerisation to 

form multiple stabilising contacts. Alternatively, the positioning of the BTH tags at the N-terminus of 

Figure 4.21 Interactions of P. aeruginosa TssA C-terminal domains with known T6SS partners and 

TssA domains. BTH with N-terminal T25 (pKT25) linked TssA C-terminal domains (CTDs) and N-

terminal T18 (pUT18C) linked T6SS partners and TssA domains produced in DHM1 cells. 

Representative spots imaged after 24 and 40 hours growth on X-Gal LB agar are shown. Blue spots 

indicate protein-protein interaction, spots are white in the absence of interaction. A) Interactions 

of TssA1 C-terminal domain with TssA1 partners. B) Interactions of TssA2 C-terminal domain with 

TssA2 partners. C) Interactions of TssA3 C-terminal domain with TssA3 partners. 

 

A) 

B) 

C) 
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individual domains may not be optimal for identifying all interactions, for example a tag at the N-

terminus of the TssA2 Nt2 domain may not be optimally positioned to reconstitute with a protein 

interacting with the C-terminal domain.  

 

4.5.3 A TssA2 protein lacking the C-terminal domain is not functional 

TssA C-terminal domains have been identified here (Figure 4.21), and previously in the literature 

(360,376,377,509), as required for TssA oligomerisation, thus, it would be expected that this domain 

is essential for TssA function. However, it has previously been reported that a long TssAEC lacking the 

C-terminal domain is able to complement the deletion of the full-length protein and restore sheath 

formation in this background (537). This is remarkable given that TssA rings would not be expected to 

properly oligomerise in the absence of these C-terminal domains. Regardless, the sheaths formed in 

this background did not resemble wildtype sheaths, with sheath extension either not terminating 

upon reaching the opposite side of the cell and extending sheaths sliding along the membrane, or 

sheaths contracting rapidly after assembly rather than remaining assembled for a long period of time, 

as is characteristic of systems encoding a TssAL (508,537). To assess the functionality of the long TssA2 

in the absence of its C-terminal domain, a chromosomal truncation was engineered to remove the C-

terminal domain.  

The secretion of the inner tube protein Hcp2 was lost upon chromosomal truncation removing the 

corresponding TssA2 C-terminal domain, although Hcp2 was still produced (Figure 4.22A). Similarly, in 

an interbacterial competition assay, the killing of the prey E. coli was significantly reduced upon 

deletion of tssA2 or, and at a comparable level, upon truncation to remove the corresponding TssA2 

C-terminal domain (Figure 4.22B). This data indicates that the TssA2 C-terminal domain is required for 

TssA2 functionality. Remarkably, introduction of full length TssA2 on a plasmid in this background did 

not restore either secretion or prey killing, suggesting that the remaining N-terminal regions of the 

truncated protein may interact with the H2-T6SS in a way that interferes with the activity of the 

wildtype protein, for example by competing for binding partners.  
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These data differ somewhat from what was found upon removal of the TssAEC C-terminal domain, 

although different assays were used (537). Firstly, the previous work with TssAEC involved the 

complementation of a tssA deletion with a truncated TssAEC, while this work involved chromosomal 

truncation which may have had some downstream effects on T6SS expression. Furthermore, previous 

work assessed the assembly and dynamics of sheath structures, while this assay assessed the 

functionality of the H2-T6SS in secretion and competition assays. Contraction of assembled sheaths 

could be observed in the previous work, which indicates that the sheaths formed should be capable 

of delivering effectors into prey. However, sheaths did not behave entirely like wildtype sheaths and 

their degree of functionality is unknown. It is unclear why there seems to be a difference between the 

results obtained with TssAEC C-terminal domain and TssA2 C-terminal domains. One difference 

between these two T6SSs is the presence of a TagA accessory protein encoded in the E. coli T6SS 

Figure 4.22 Functionality of TssA2 lacking the C-terminal domain. To assess complementation of 

the TssA2 truncation, the pBBR1MCS4 vector was introduced either as empty vector (EV) or 

encoding tssA2 (ptssA2). A) Western blot of a H2-T6SS secretion assay, to assess the levels of 

secretion marker Hcp2 in the supernatant sample. Cell and supernatant samples were harvested 

after 18 hours growth at 25 °C. Proteins detected in the western blot are indicated to the right. 

MW markers (left) are in kDa. RpoB was used as a loading and bacterial lysis control. B) H2-T6SS 

competition assay to assess the T6SS-dependent killing of a GFP-encoding E. coli prey by P. 

aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli were mixed and incubated at 

25 °C for 24 hours before GFP signal quantification. Values are presented as means and error bars 

represent the standard deviation. Statistical testing was conducted by one-way ANOVA with 

Dunnett’s multiple comparisons test, each strain was compared to parental PAO1ΔrsmAΔrsmN EV 

(ns = not significant, **** p < 0.0001). (n=4). 
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cluster, that is absent from the H2-T6SS cluster. Genes encoding TagA proteins are often found in T6SS 

clusters which are associated with genes encoding TssAL proteins (see section 1.4.3.1). TagA proteins 

share N-terminal sequence similarity with TssA proteins and associate through C-terminal regions with 

the cytoplasmic membrane where they bind the distal end of the polymerising sheath (377,510). It 

has been proposed that TagA may have roles not only in the termination of sheath extension, but also 

in initiation, which may support the formation of these structures in the presence of a truncated TssAEC 

(512). 

Introduction of the full length TssA2 protein was unable to restore the secretion and killing activities 

of the H2-T6SS in the presence of a chromosomally encoded C-terminally truncated TssA2 (Figure 

4.15). This may be due to a competition for binding partners between these two forms of TssA2. The 

chromosomally encoded truncated form could benefit from co-translation with the other H2-T6SS 

components and therefore interact with these nearby proteins before the plasmid encoded wildtype 

protein. Binding of this truncated TssA2 to sheath subunits via its Nt1 domain, or to the T6SS assembly 

initiation site, could block the binding of wildtype TssA2 and therefore disrupt H2-T6SS activity. 

Alternatively, the chromosomal truncation could cause downstream effects that disrupt H2-T6SS 

expression or assembly in a way that prevents activity, even in the presence of the wildtype TssA2. 

This would be simple to assess with a western blot monitoring the production of downstream 

components such as TssB2 for which antibodies are available. 
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4.6 Interactions of TssA proteins with non-cognate T6SS components 

The diversity in TssA proteins has raised questions about variations in TssA function and interactions 

(see section 1.4.2.2). The variations in TssA size and domain organisation contribute to structural 

differences including in the symmetries and dimensions of the ring-shaped oligomers formed (see 

section 1.4.1). The oligomerisation of TssAS C-terminal domains forms a large ring predicted to be 

made of up to 32 monomers, with an internal 100 Å lumen (Figure 1.19), while the oligomerisation of 

TssAL C-terminal domains forms a smaller ring of 10-12 monomers and an external diameter in the 

region of 100 Å (Figures 1.22 and 1.23) (360,376,377,509).  

It might be expected that these differences would have a large impact on the way that different TssA 

proteins interact with their respective T6SS. However, when assessing their interactions by BTH, each 

P. aeruginosa TssA associated with a similar subset of T6SS components, including self-interaction, 

interaction with components of the sheath, the inner tube protein Hcp and the baseplate component 

TssK (see section 4.3) (Figures 4.4, 4.5, 4.6, 4.7, 4.9 and 4.10). By splitting TssA proteins into their 

domains, it was possible to identify regions contributing to distinct interactions, the most variable 

region, the C-terminal regions, responsible for self-interaction (Figure 4.21), while the most conserved 

region, the Nt1 domain, was responsible for interaction with components of the sheath (Figure 4.20).  

It would also be expected that these interactions are specific within each T6SS and not promiscuous, 

for example it has been shown that E. coli Hcp and TssB proteins interact specifically with proteins 

encoded from their cognate T6SS and not across systems (379). Given the observed similarities in the 

interaction networks of TssA proteins, it was assessed whether any cross-functionality could be 

observed in P. aeruginosa T6SSs. 

Owing to the library of P. aeruginosa T6SS component BTH constructs generated here, the specificity 

of the interactions of TssA proteins could be tested, and interactions between non-cognate T6SS 

components was investigated.  

 

4.6.1 TssA proteins from different P. aeruginosa T6SSs cross-interact  

The BTH screen with TssA proteins consistently and strongly identified self-interaction (Figure 4.5). 

Cross-interaction between TssA proteins encoded by each of the three T6SS clusters was therefore 

tested. In the data reported in previous sections it was confirmed that C-terminal regions, which are 

distinct between long and short TssA proteins, are responsible for self-interaction (Figure 4.14) and 

therefore it might not be expected that cross-interactions be observed between these.  
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However, following 24 hours of incubation, all TssA proteins could be identified as both self- and cross-

interacting with each other (Figure 4.23). Intriguingly there also does not seem to be any large 

differences in the strength of these interactions. 

The cross interaction of all three TssA proteins was somewhat unexpected, particularly interactions 

between long and short TssA proteins whose C-terminal regions, are clearly distinct. It is possible that 

these heterologous interactions might not ultimately result in the formation of higher order mixed 

ring structures, and whether such a mixed ring structure would have any functionality is also unclear. 

While a low number of non-cognate subunits could potentially be tolerated within an oligomeric ring 

structure, it seems more likely that these interactions represent smaller oligomeric units or monomers 

associating in a way that less closely represents the native ring structure. 

The functional significance of these TssA cross interactions is thus unclear. It may be that these 

interactions are an artefact of the experimental technique, identifying interactions that may not take 

place under native conditions. It seems unlikely in an optimally functioning T6SS that a heteromeric 

TssA would be required or beneficial. It has previously been observed that P. aeruginosa Hcp proteins 

encoded in different clusters can also cross-interact in BTH experiments (Tom Snelling, unpublished). 

However, these heterologous interactions were not subsequently identified in pulldown assays 

performed under native conditions in P. aeruginosa, although conditions were used to optimally 

express each T6SS independently which may limit co-expression of different T6SSs (412). To study 

these systems under laboratory conditions, growth at specific temperatures and incubation times is 

required for optimal expression and activity of each T6SS (see section 1.3.5.5), the expression of the 

Figure 4.23 Cross-interaction of P. aeruginosa TssA proteins. BTH with N-terminal T25 (pKT25) and 

T18 (pUT18C) linked TssA1, TssA2 and TssA3 produced in DHM1 cells. Representative spots imaged 

after 24 hours growth on X-Gal LB agar are shown. Blue spots indicate protein-protein interaction, 

spots are white in the absence of interaction. 
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different T6SS clusters is therefore independently regulated, which may minimise the simultaneous 

expression of components from different clusters. Despite this it cannot be ruled out that there could 

be some crosstalk between T6SSs, and the concurrent presence of multiple different T6SSs has been 

observed in fluorescence microscopy experiments (Marta Rudzite, unpublished).  

One thing these heterologous interactions indicate is a slightly higher level of interaction promiscuity 

than might have been expected between such different components. This raises questions about the 

specificity of TssA proteins within their T6SSs, and whether they can influence activity of non-cognate 

T6SSs. These will be addressed at a later point. 

 

4.6.2 TssA proteins interact with components from non-cognate P. aeruginosa T6SSs  

To test whether non-cognate interactions extended beyond just interactions between different TssA 

proteins (Figure 4.23), interactions between the TssA proteins and components of other, non-cognate 

T6SSs were studied.  

The interactions of the three distinct TssA proteins with H1-T6SS partners were probed. Following 24 

hours of incubation, some weak signal involving non-cognate interactions between TssK1 and TssA3, 

or ClpV1 with TssA2 and TssA3 was identified (Figure 4.24Ai). Non-cognate interactions were also 

detectable for components of the H2-T6SS, and surprisingly TssA1 appeared to interact more strongly 

with some H2-T6SS components than TssA2, including the sheath components, the baseplate 

component TssK2 and the inner tube protein Hcp2, while TssA3 was also able to interact with TssK2 

(Figure 4.24Aii). For interactions with H3-T6SS components, as previously observed, cognate 

interactions with TssA3 were not present at 24 hours, but again TssA1 could interact with TssK3 and 

Hcp3, which represented a stronger interaction than that with the cognate TssA3 (Figure 4.17Aiii). 

Overall, for various components of each T6SS there were non-cognate interactions involving TssA 

proteins after 24 hours of incubation. It is worth noting the promiscuity of TssA1, interacting with most 

components independent of their T6SS origin. By 40 hours of incubation, there were non-cognate 

interactions with almost all the partners screened (Figure 4.17B).  

The identification of these non-cognate interactions between components from different T6SSs 

challenges the current understanding of specificity within each T6SS. The extent of these non-cognate 

interactions was unexpected, particularly given the diversity of TssA proteins. Furthermore, some 

components were able to interact more strongly with a non-cognate TssA than their cognate protein. 

As with the heterologous interactions between TssA proteins (Figure 4.23), it is unclear the extent to 

which these interactions may play a role in a native environment, whether they are due to the non-
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native conditions involved, and whether they would result in the assembly of a functional T6SS 

machinery.  

 

4.6.3 Heterologous complementation of tssA deletion is not observed  

The identification of non-cognate interactions between TssA proteins and components encoded in 

different T6SS clusters raised questions about whether a TssA protein could be functionally inserted 

into a non-cognate T6SS. To assess the functional specificity of TssA proteins, the assays optimised in 

Chapter 3 were used to probe T6SS activity. 

Figure 4.24 Interaction of TssA proteins with previously identified TssA partners. BTH with N-

terminal T25 (pKT25) linked TssA1, TssA2 and TssA3 and N-terminalT18 (pUT18C) linked H1-, H2- 

and H3-T6SS interaction produced in DHM1 cells. Representative spots imaged after 24 (A) and 40 

(B) hours growth on X-Gal LB agar are shown. Blue spots indicate protein-protein interaction, spots 

are white in the absence of interaction. A) i) Interactions of TssA proteins with TssA1 partners after 

24 hours of incubation. ii) Interactions of TssA proteins with TssA2 partners after 24 hours of 

incubation. iii) Interactions of TssA proteins with TssA3 partners after 24 hours of incubation. B) i) 

Interactions of TssA proteins with TssA1 partners after 40 hours of incubation. ii) Interactions of 

TssA proteins with TssA2 partners after 40 hours of incubation. iii) Interactions of TssA proteins 

with TssA3 partners after 40 hours of incubation.  

A) i) ii) iii) 

B) i) ii) iii) 
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The activity of the H1-T6SS secretion system was found to be exclusively dependent on the presence 

of tssA1. Hcp1 secretion or prey killing were only possible in the presence either of chromosomal tssA1 

or with a tssA1 mutant complemented by tssA1 expressed from a plasmid in trans (Figure 4.25). 

Neither tssA2 nor tssA3 expression from a plasmid could restore these H1-T6SS secretion or killing 

phenotypes.  

The non-cognate interactions of TssA proteins with H1-T6SS components did not translate into a 

functional heterologous complementation of tssA1 deletion (Figure 4.25). This may be because only a 

subset of H1-T6SS components, i.e. TssK1 and ClpV1, were able to efficiently interact with TssA2 and 

TssA3 (Figures 4.24Ai and Bi). However, all H2-T6SS components that interact with TssA2 were also 

able to interact with TssA1 and TssA3, with some interactions even stronger with a non-cognate TssA 

than TssA2 (Figures 4.24Aii and Bii). The ability of TssA1 and TssA3 to complement the deletion of 

tssA2 was therefore studied by assessing the activity of the H2-T6SS.  

A) B) 

Figure 4.25 Assessment of heterologous complementation of H1-T6SS activity by TssA2 and TssA3. 

To assess complementation of the tssA1 deletion, the pBBR1MCS4 vector was introduced either 

as empty vector (EV) or encoding tssA1, tssA2 or tssA3 (ptssA1/2/3). A) Western blot of a H1-T6SS 

secretion assay to assess the levels of the secretion marker Hcp1 in the supernatant sample. Cell 

and supernatant samples were harvested after 5-7 hours growth at 37 °C. Proteins detected in the 

western blot are indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading 

and bacterial lysis control. B) H1-T6SS competition assay to assess the T6SS-dependent killing of a 

GFP-encoding E. coli prey by P. aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli 

were mixed and incubated at 37 °C for 24 hours, before quantification of GFP signal. Values are 

presented as means and error bars represent the standard deviation. Statistical testing was 

conducted by one-way ANOVA with Dunnett’s multiple comparisons test, each strain was 

compared to parental EV strains (ns = not significant, **** p < 0.0001). (n=3). 
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The H2-T6SS-dependent secretion of Hcp2 was abrogated in the tssA2 background but could be 

specifically complemented by the constitutive expression of tssA2 from a plasmid, while neither the 

expression of tssA1 or tssA3 could complement the tssA2 deletion (Figure 4.26A). Similar was observed 

in the interbacterial competition assay, where killing of the prey strain was exclusively dependent on 

the presence of tssA2, and not restored in trans by the expression of tssA1 or tssA3 (Figure 4.26B). 

There was therefore no heterologous complementation of tssA2 deletion despite TssA1 and TssA3 

interacting with all previously identified H2-T6SS partners (Figures 4.24Aii and 4.26).  

Finally, the possibility of heterologous complementation was studied using the H3-T6SS. Since there 

are no functional assays in place to assess H3-T6SS activity, the ability of tssA1 and tssA2 to 

complement the deletion of tssA3 was studied by assessing sheath and focus formation by a 

fluorophore tagged TssB3 using fluorescence microscopy. When wildtype tssA3 was present on the 

chromosome, 38.9 % of cells formed sheaths or foci, which fell to 0.036 % upon tssA3 deletion and in 

the presence of an empty cloning vector (Figure 4.27). The constitutive expression of tssA1 or tssA2 
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Figure 4.26 Assessment of heterologous complementation of H2-T6SS activity by TssA1 and TssA3. 

To assess complementation of the tssA2 deletion, the pBBR1MCS4 vector was introduced either 

as empty vector (EV) or encoding tssA1, tssA2 or tssA3 (ptssA1/2/3). A) Western blot of a H2-T6SS 

secretion assay to assess the levels of the secretion marker Hcp2 in the supernatant sample. Cell 

and supernatant samples were harvested after 18 hours growth at 25 °C. Proteins detected in the 

western blot are indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading 

and bacterial lysis control. B) H2-T6SS competition assay to assess the T6SS-dependent killing of a 

GFP-encoding E. coli prey by P. aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli 

were mixed and incubated at 25 °C for 24 hours, before quantification of GFP signal. Values are 

presented as means and error bars represent the standard deviation. Statistical testing was 

conducted by one-way ANOVA with Dunnett’s multiple comparisons test, each strain was 

compared to parental EV strains (ns = not significant, * p < 0.05, **** p < 0.0001). (n=3). 
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from this vector did not lead to an increase in the abundance of H3-T6SS sheath structures, while 

expression of tssA3 restored sheath and focus formation to 27.2 % of cells.  
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Figure 4.27 Assessment of heterologous complementation of H3-T6SS activity by TssA1 and TssA2. 

To assess complementation of the tssA3 deletion, the pBBR1MCS4 vector was introduced either 

as empty vector (EV) or encoding tssA1, tssA2 or tssA3 (ptssA1/2/3). A) Quantification of the 

percent of cells with TssB3-mScarlet sheaths or foci by fluorescence microscopy. Strains were 

grown in liquid culture at 25 °C for 13 hours before imaging. In the parental strain, sheaths or foci 

were formed in 38.9 % of cells (n=10582), upon deletion of tssA3 with the empty vector present 

this fell to 0.036 % (n=16822), upon introduction of TssA1 0.14 % of cells formed sheaths or foci 

(n=11205) and with TssA2 this was 0.082 % (n=8500). Upon introduction of TssA3 27.2 % of cells 

formed sheaths or foci (n=16253). Data were taken from 2 fields of view for three experiments 

(n=3). Values are presented as means and error bars represent the standard deviation. B) 

Representative images of TssB3-mScarlet sheath formation in cells expressing either wildtype 

tssA3, or with tssA3 deletion and either EV or tssA1, tssA2 or tssA3 expressed from pBBR1MCS4. 

Scale bar represents 2 µm. 
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Therefore, the non-cognate interactions identified for P. aeruginosa TssA proteins with components 

of different T6SSs are insufficient to reconstitute the function of a missing endogenous TssA (Figures 

4.24, 4.25, 4.26 and 4.27). This may be because these interactions do not take place under native 

conditions. Cognate interactions are likely facilitated within the cell by the localised translation of T6SS 

components from polycistronic mRNAs. However, as tssA deletion can be complemented in trans by 

a cognate tssA, this is likely not the sole explanation. Alternatively, if interactions between TssA 

proteins and non-cognate T6SS components do take place under native conditions they may not result 

in a properly assembled complex and may have regulatory roles, that cannot be captured in these 

assays. 

 

4.6.4 Non-cognate TssA proteins do not interfere with T6SS activity in the absence of their cognate 

T6SS cluster 

The non-cognate interactions of TssA proteins with T6SS components encoded in different T6SS 

clusters (Figure 4.24) did not translate into functional heterologous complementation (Figures 4.25, 

4.26 and 4.27). However, if these interactions are non-productive, the overproduction of a given TssA 

may interfere with the functionality of a heterologous T6SS by competing with the cognate TssA.  

Therefore a P. aeruginosa strain was engineered with chromosomal deletions of both H1- and H3-

T6SS clusters in a rsmA background where the remaining H2-T6SS was active. In this background, 

TssA2 is still present and the activity of the H2-T6SS was assessed with the non-cognate tssA1 or tssA3 

genes overexpressed in trans from a plasmid. The overproduction of non-cognate TssA proteins in the 

absence of their respective partners from the H1- and H3-T6SS might disrupt H2-T6SS activity if non-

productive interactions were to occur. In a secretion assay, Hcp2 secretion was unaffected by the 

overproduction of any of the TssA proteins (Figure 4.28A). Likewise, in an interbacterial competition 

assay, the level of prey killing by the parental strain was unaffected by overproduction of non-cognate 

TssA proteins (Figure 4.28B).  

In conclusion, the overexpression of tssA1 and tssA3 in the absence of H1- and H3-T6SS clusters did 

not interfere with H2-T6SS function (Figure 4.28). As stated, it might be that the non-cognate 

interactions are minimal in the cellular context, or that they have a subtle role that cannot be 

monitored in these functional assays.  
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Figure 4.28 Assessment of H2-T6SS activity and TssA interference in the absence of H1- and H3-

T6SS clusters. To assess interference in H2-T6SS activity, the pBBR1MCS4 vector was introduced 

either as empty vector (EV) or encoding tssA1, tssA2 or tssA3 (ptssA1/2/3). A) Western blot of a 

H2-T6SS secretion assay to assess the levels of the secretion marker Hcp2 in the supernatant 

sample. Cell and supernatant samples were harvested after 18 hours growth at 25 °C. Proteins 

detected in the western blot are indicated to the right. MW markers (left) are in kDa. RpoB was 

used as a loading and bacterial lysis control. B) H2-T6SS competition assay to assess the T6SS-

dependent killing of a GFP-encoding E. coli prey by P. aeruginosa attacker strains. Attacker P. 

aeruginosa and prey E. coli were mixed and incubated at 25 °C for 24 hours, before quantification 

of GFP signal. Values are presented as means and error bars represent the standard deviation. 

Statistical testing was conducted by one-way ANOVA with Dunnett’s multiple comparisons test, 

each strain was compared to parental EV strains (ns = not significant, **** p < 0.0001). (n=3). 

A) B) 
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4.7 Discussion 

 

4.7.1 Interactions involving P. aeruginosa long and short TssA proteins 

Previous characterisation of the interactions of P. aeruginosa TssA proteins has solely focussed on 

TssA1 interactions with H1-T6SS components (376). However, the interactions of TssA proteins from 

other organisms, such as TssABC, TssAEC and TssAVC, have been more extensively studied 

(360,377,509,512). The specific partners can vary between each TssA, but generally TssA proteins have 

been described to self-interact as well as interacting with components of the sheath, the inner tube, 

the spike, the baseplate complex and the membrane complex (360,376,377,509,512). This broad 

range of interactions indicates a central role for TssA proteins in T6SS assembly and activity. This 

correlates with the dynamics observed for TssA proteins in T6SS assembly and firing: the TssA complex 

associates with the T6SS assembly initiation site comprising the membrane complex and baseplate, 

once the extension of the sheath begins from this site, TssA is present at the distal end of the 

polymerising sheath structure as it extends across the cell to the opposite membrane 

(360,377,508,513).  

The interactions of all three P. aeruginosa TssA proteins were studied with components of their 

respective T6SSs. The TssA partners identified here follow some trends of previously reported data, 

with interactions identified between each TssA and respective sheath components, baseplate 

components and inner tube components (Figures 4.4, 4.5, 4.6, 4.7, 4.9 and 4.10). One main outcome 

of this study is thus that despite differences in domain organisation, symmetry and structure of long 

and short TssA proteins, the interaction networks they are involved in are similar, raising questions 

about what kind of specificity or variation in function these quite distinct protein structures are 

contributing to (Figure 4.29). 

Figure 4.29 Protein-protein interaction networks of P. aeruginosa TssA proteins. Interactions of 

TssA proteins (blue) with their respective tail complex components (green), baseplate complex 

components (yellow) and ClpV (grey). A) Protein-protein interaction network for TssA1. A) Protein-

protein interaction network for TssA2. A) Protein-protein interaction network for TssA3. 

A) B) C) 
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4.7.2 Accommodation of TssA symmetry variations and symmetry mismatches in the T6SSs 

The different TssA sub-groups share a common Nt1 domain, which is followed by distinct C-terminal 

domains, which share no similarity in either the amino acid sequences or in structural features, with 

the addition of an Nt2 domain in TssAL proteins (see section 1.4.1) (360,376,377,509). Functionally, 

however, there is similarity in these C-terminal domains, which are required for the oligomerisation 

of their respective proteins into ring-shaped structures (360,376,377,509). This role was confirmed 

here, with self-interaction for the C-terminal domains of the short TssA1 and TssA3, and the Nt2 and 

C-terminal domains of the long TssA2, which is likely driven by the C-terminal domain (Figure 4.21). 

Using their distinct C-terminal domains, these different TssA subgroups achieve a similar outcome in 

oligomerisation into a ring-shaped structure.  

However, this oligomerisation also introduces variation into TssA proteins. With distinct folds, the way 

in which these C-terminal domains oligomerise generates quite different ring-shaped structures which 

vary in their symmetries and dimensions (see section 1.4.1) (360,376,377,509). The oligomerisation of 

the C-terminal domain of the short TssABC is expected to involve 32 monomers, forming a large ring 

with 16-fold symmetry and an internal lumen of ~100 Å (509). In contrast, the oligomerisation of the 

C-terminal domain of TssAL proteins involves 10 or 12 subunits forming a much smaller ring with five- 

or six-fold symmetry and an external diameter in the region of 100-130 Å, with dimeric Nt2 domains 

flexibly associated with the periphery (Table 1.1) (360,377,509). While no high-resolution structures 

of any full-length TssA protein has been determined, in all cases the Nt1 domains are predicted to be 

peripherally associated relative to the oligomeric ring structure through flexible linkers 

(360,376,377,509).  

The conservation of TssA interaction partners, despite little sequence or structural conservation, 

suggests that these interactions are very important for TssA activity. One way in which such different 

TssA structures might interact with a similar subset of components could be that the structures of 

these components vary in conjunction with the TssA variation. However, the general structure of T6SS 

components is very similar across systems and organisms. The structures of numerous Hcp complexes 

associated with both long and short TssA proteins have been solved to date, and while amino acid 

sequence identity between Hcp proteins can vary, there is structural similarity in both the symmetry 

and dimensions of the rings formed: conserved Hcp hexameric ring structures with an outer diameter 

of 80-90 Å and a lumenal diameter of 40 Å (34,574–578). Most of the variability in Hcp sequence 

involves residues found lining the inner lumen, which likely reflects a variation and specificity relating 

to effectors carried within the lumen of a Hcp ring, while residues exposed on external regions that 

are more likely to contact other T6SS proteins have higher conservation (380,574). Similarly, the 

available structures of contracted T6SS sheaths each form a helical tube with six-fold symmetry, which 
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have similar dimensions: an outer diameter of 240-290 Å and an inner diameter of 110-120 Å 

(385,579,580). Less structural data exists on the sheath in the extended conformation, as this is a high 

energy state that does not form in vitro, but the six-fold symmetry is conserved in a narrower helical 

tube with an internal lumen of closer to 80 Å (357,386). It is therefore clear that while T6SS clusters 

encode TssA proteins that vary in their symmetry and dimensions, components of the T6SS that these 

varied TssA proteins interact with, have conserved structural features. Interestingly, some differences 

have been observed between ClpV proteins, as previously described (see section 4.3.6). The current 

BTH data indicate that differences between ClpV1 compared to ClpV2 and ClpV3 may contribute to 

variable interactions with TssA (Figure 4.9), however further work is required to validate these 

interactions. 

Generally, it therefore seems that for TssA proteins of very variable symmetries to form similar 

interactions with quite conserved T6SS components, some symmetry mismatches would have to be 

tolerated. As described above, the Hcp tube and both extended and contracted sheath structures have 

six-fold symmetry, while the membrane complex has five-fold symmetry and the baseplate six-fold 

symmetry (34,347,357,364,385,574–580). The six-fold symmetries reported for TssAEC and TssAVC 

matches the symmetries of many of the T6SS sub-complexes (360,377). In contrast, five-fold and 16-

fold symmetries reported for TssAAH and TssABC respectively, clash with the symmetries of other sub-

complexes, raising questions about how these interactions may be mediated (509). However, 

mismatches in the symmetries of complexes at the site of their interaction are well described (581). 

In tailed DNA bacteriophages, a mismatch exists at the interface between the five-fold symmetry of 

the capsid vertex and the 12-fold symmetry of the portal complex (582–584). Symmetry mismatches 

are also well described in T4SSs. This includes symmetry mismatches between different sub-

complexes of the Legionella pneumophila T4SS, where the outer membrane cap displays 13-fold 

symmetry while the periplasmic ring displays 18-fold symmetry (585). A symmetry mismatch has even 

been reported between the two concentric rings comprising the outer membrane core complex of the 

F-plasmid T4SS, with an inner ring of 17-fold symmetry and an outer ring of 13-fold symmetry (586).  

The FliD protein that caps the bacterial flagellum bears similarity to TssA proteins in terms of both 

accommodating a symmetry mismatch and variation in oligomeric states (132,509). Oligomerisation 

of FliD D2 and D3 domains generates a hexameric structure in E. coli and P. aeruginosa while forming 

a pentameric structure in Salmonella typhimurium, tetrameric arrangements have also been described 

(131,132,587–589). These FliD complexes cap the distal, growing end of the flagellar filament which 

has 11-fold symmetry (see section 1.2.3.1) (590–592). In this cap structure, the oligomerised D2 and 

D3 domains form a cap plate structure on top of the flagellar filament, while the D1 domains extend 

vertically down from this plate as legs (132). Both FliD and TssA proteins are found as capping 
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structures at the growing distal end of a helical structure. Additionally, the symmetries of these 

capping structures are not conserved between different organisms and can vary from that of the 

structure they are capping. Interestingly, it was observed that FliD cap proteins could be functionally 

exchanged between flagella from different families (593). This varies from the functional specificity 

that was identified here for TssA proteins (Figures 4.25, 4.26 and 4.27), which may relate to additional 

TssA roles, for example linked to interactions with other T6SS sub-complexes. Alternatively, this 

functional specificity may also relate to the presence of distinct T6SS machineries within an organism, 

where this type of variation is not present for flagella. 

The mismatch in symmetries between TssA proteins and sub-complexes of the T6SS that they have 

been shown to interact with somewhat complicates the understanding of these interactions, as they 

cannot intuitively be pieced together. However, symmetry mismatches in interacting complexes are 

not uncommon, and high-resolution structural data and targeted biochemistry can be used to 

elucidate and then refine these molecular details.  

 

4.7.3 Positioning of TssA at the distal end of the sheath 

The existing hypothesis for the interaction between TssA proteins and the sheath is based on previous 

BTH data identifying that a Nt1 and Nt2 domain region of TssAEC was able to interact with components 

of the sheath (360). With the available Nt2 structure, modelling allowed the docking of the Nt2 

domains to the distal end of the sheath, interdigitating with sheath subunits in the extended but not 

contracted conformation (Figures 4.30A and B) (360). The dodecameric TssAEC and TssAVC each have 

six Nt2 domain dimers, which could each be modelled to bind in one of six grooves on the distal end 

of the extended sheath (Figure 4.30) (360,377). These tight contacts were suggested to stabilise the 

extended, high-energy conformation of the sheath during its polymerisation (360). Based on this 

model, the decameric TssAAH with only five Nt2 domain dimers might only fill five of the six sites. While 

this symmetry mismatch could possibly be tolerated with the flexibility of the Nt2 domain dimers 

relative to the C-terminal domain ring, it is unclear whether the proposed effect on sheath stability 

would be comparable to the six-fold symmetry TssAL proteins.  
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This model only accounts for interactions of TssAL proteins containing an Nt2 domain with the sheath. 

As demonstrated here and elsewhere, TssAS proteins also interact with sheath components despite 

lacking an Nt2 domain (Figure 4.5) (376,509). These interactions may be distinct, with TssAL proteins 

interacting with the sheath via their Nt2 domains, and TssAS proteins forming a similar interaction with 

a separate component. When point mutations were introduced at conserved TssA1 Nt1 domain 

residues (K69, G86 and L94), interactions with the sheath were abolished, while interaction with the 

sheath were maintained upon introduction of point mutations at conserved TssA1 C-terminal domain 

residues (L286, L289, L309, R282 and E300), suggesting the Nt1 domain may be involved in the sheath 

interaction (Figures 4.13, 4.14 and 4.16). In separating TssA proteins into component domains, it was 

identified that the Nt1 domains of both long and short TssA proteins were involved in interaction with 

Figure 4.30 Models of TssA complexes docked to sheath structures. A) TssAEC docked to the distal 

end of the associated extended sheath structure. B) TssAEC docked to the distal end of the 

associated contracted sheath structure. Figures A and B reproduced from Zoued et al. (2016) with 

permission from Springer Nature. C) Side view of TssAVC docked to the distal end of the associated 

extended sheath structure. C) Top view of TssAVC docked to the distal end of the associated 

extended sheath structure. Figure reproduced from Schneider et al. (2019) under the terms of the 

Creative Commons CC BY license, https://creativecommons.org/licenses/by/4.0/legalcode. 

A) 

C) 

B) 

D) 



216 
 

their respective sheath proteins (Figure 4.20). Sheath binding through the conserved Nt1 domains, 

suggests that the interaction between TssA proteins and their respective sheath occurs by similar 

mechanisms in both long and short TssA proteins. Remarkably, it has been identified that despite a 

lack of sequence similarity, the structure of the first seven α-helices of the Nt1 domain resembles that 

of the Nt2 domain (Figure 4.31) (509). These first seven α-helices of the Nt1 domain represent the 

majority of the highly conserved and characteristic TssA feature, the ImpA_N region (509). It has been 

suggested that a duplication event may have been involved in the evolution of Nt1 and Nt2 domains 

in TssAL proteins (509). This structural similarity may explain why the Nt2 domain could be docked to 

the sheath structure when it appears that Nt1 domains are involved in this interaction.  

No full length TssA structure has been solved at a high resolution to date. At most, the region 

corresponding to TssAL Nt2 and C-terminal domains have been resolved together, but the structure of 

an Nt1 domain connected to another domain has been elusive (377,509). The structures of the Nt2 

and C-terminal domains of TssAAH and TssAVC have identified that the Nt2 domain dimers formed at 

the outer edge of the C-terminal domain ring do not follow the symmetry of the ring (Figure 4.32A) 

(377,509). Instead, the linker region between these domains confers flexibility to these Nt2 domains 

which can be found up to 60° either above or below the plane of the ring as well as being able to rotate 

around horizontal and torsional axes (Figure 4.32) (377,509).  

A high degree of flexibility in the linker connecting the Nt1 domain to the ring structure, either Nt2 

and C-terminal domain for TssAL or just C-terminal domain for TssAS, is expected to account for the 

absence of an Nt1 domain density when studying either full length or Nt1 and Nt2 structures by EM 

(360,376,377). Nt1 domains are therefore predicted to be flexibly associated at the periphery of TssA 

ring-shaped structures. As with Nt2 domains, these highly flexible Nt1 domains are not constrained by 

the symmetries of their associated ring-shaped C-terminal domains. In theory this allows Nt1 domains 

to interact with their respective sheaths of six-fold symmetry independent of the variable symmetries 

of their C-terminal domain rings. In this manner, the interaction of TssA proteins that have variable 

Figure 4.31 Superimposition of TssABC Nt1 and Nt2 

domains. The first 7 α-helices of the TssABC Nt1 domain 

(PDB: 6HS5) superimposed with the TssABC Nt2 domain 

(PDB: 6G7B) Figure reproduced from Dix et al. (2018) 

under the terms of the Creative Commons CC BY license, 

https://creativecommons.org/licenses/by/4.0/legalcode. 
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domain organisation, symmetries and structures with their respective sheaths seems to be maintained 

through the conserved Nt1 domains which are flexibly associated with oligomerised ring structures. 

This model is further expanded upon in Chapter 5. 

 

4.7.4 Insights into TssA functionality: sheath interactions 

It has been suggested that the variation in the size, domain organisation and structure of TssA proteins 

may be linked to a functional difference, with TssAS proteins as static, baseplate-associated 

components, while TssAL proteins are dynamic, associated first with the baseplate and then at the 

distal end of the polymerising sheath (376,377). As previously described, this hypothesis arises from 

Figure 4.32 Flexibility of TssAAH Nt2 domains. A) Positioning of TssAAH Nt2 domain dimers (various 

colours) around the C-terminal domain ring (grey), as viewed from the top (left) and the side (right). 

B) Displacement of TssAAH Nt2 domains (green) by up to 60° above and below the plane (orange 

line) of the C-terminal domain ring (grey and light blue monomer). Figure reproduced from Dix et 

al. (2018) under the terms of the Creative Commons CC BY license, 

https://creativecommons.org/licenses/by/4.0/legalcode. 

A) 

B) 
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observations of static TssA1 foci at the base of the sheath structure in fluorescence microscopy 

experiments, while TssAL proteins form dynamic foci that localise at the distal end of the sheath 

(360,377). However, the short TssA1PP and TssAAB have also been identified as having similar dynamics 

to those previously described for TssAL proteins, suggesting that both long and short TssA proteins can 

associate with the distal end of the sheath structure (see section 3.6.2) (508,513). Nevertheless, a 

question therefore remains about the localisation of TssA1, and whether it has different position in 

the T6SS compared to all other studied TssA proteins.  

In the model of TssA1 as a static, baseplate-associated component, TssA1 has been compared to the 

bacteriophage T4 baseplate component gp6 (376). A ring formed of the gp6 C-terminal region is found 

around the central hub of the baseplate and is required for the assembly of baseplate wedges into the 

final baseplate complex (363,594). This gp6 protein contributes to contacts between the baseplate 

complex and the sheath, and this structure helps maintain the stability of the baseplate complex 

during the structural rearrangement that triggers sheath contraction (594). The gp6 C-terminal region 

forms a dodecameric ring-shaped structure with external diameter of 240 Å, internal lumen of ~100 Å 

and width of ~80 Å, which is comparable to the identified dimensions of the TssA1 ring, with external 

diameter of 260 Å, internal lumen of ~100 Å and width of ~95 Å (376,594). Sequence similarity was 

also identified between the C-terminal regions of gp6 and TssA1, including in regions identified to be 

involved in the oligomerisation of the gp6 ring (376,594).  

However, these comparisons between gp6 and TssA1 were made in the absence of high-resolution 

structural data for a TssAS protein. Now, with a better understanding of TssA domain organisation and 

structure, differences between these proteins are more apparent. Firstly, the C-terminal region of gp6 

involved in ring formation comprises the terminal 326 aa, while TssAS C-terminal domains are far 

smaller, in the region of 70 aa (509,594). Therefore unsurprisingly, the structure formed by the gp6 C-

terminal region is very different to that of the TssABC C-terminal domain (Figure 4.33).  

A) B) 

Figure 4.33 Structures of gp6 C-terminal region and TssABC C-terminal domain. A) Structure of the 

gp6 C-terminal region monomer (PDB: 3H2T). This structure is formed of 3 domains. B) Structure 

of TssABC C-terminal domain monomer (PDB: 6HS6). This structure is comprised of 4 α-helices. 
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The C-terminal domains of TssA1 and TssABC share 24 % sequence identity and based on this are 

predicted to share structural similarity. TssA1 is therefore likely to have a similar fold and oligomerise 

similarly to TssABC. However, having a distinct fold from gp6 does not exclude TssA1 from being 

localised with the baseplate complex during sheath polymerisation.  

There are several ways in which the static localisation of TssA1 at the baseplate during sheath 

polymerisation, as was identified by fluorescence microscopy (377), could come about. TssA1 could 

associate, as previously suggested, at the interface between the baseplate and the sheath, with the 

lumen of the C-terminal ring aligning with that of the sheath at its proximal end. Alternatively, TssA1 

could interact with the surface of the baseplate complex, exposed to the cytoplasm. It has been 

identified here that all P. aeruginosa TssA proteins interact with sheath components through their Nt1 

domains (Figure 4.20). At the interface between the baseplate and the sheath a TssA protein would 

therefore interact with the sheath through these Nt1 domains at one face and then with the baseplate 

at the other face either through Nt1 domains at the other face of the double-layered ring, or directly 

through the C-terminal domain.  

Imaging of an extended V. cholerae sheath structure by cryo-EM provided some low-resolution 

structural data of the interface between the baseplate complex and the sheath (364). In this structure, 

no TssA-like density was present at the interface between the baseplate complex and the sheath, 

however a density was present at the distal end of the sheath which was proposed to be TssA. Of 

course, the V. cholerae T6SS is associated with a TssAL, which has been shown to associate with the 

distal end of the sheath by fluorescence microscopy, but this data indicates a direct interaction 

between components of the baseplate complex and the sheath (364,377). It is unexpected that such 

a key interaction interface would vary between T6SSs, though this theory cannot be totally 

disregarded at this stage.  

The short TssA1PP of the P. putida K1-T6SS localises first with the baseplate and then at the distal end 

of the sheath during its polymerisation (508), in contrast to the static localisation observed for TssA1 

of the P. aeruginosa H1-T6SS (376). For TssA1 to localise at the interface between the baseplate and 

sheath, structural differences might be expected between H1-T6SS and K1-T6SS baseplate 

components. However, pairwise sequence comparisons of baseplate components from the H1- and 

K1-T6SS clusters identified a high level of sequence identity between proteins encoded in these 

clusters (Table 4.2). It is therefore unlikely that very different baseplate structures are formed 

between these T6SSs that would necessitate the presence of TssA1 as a static baseplate component 

in the H1-T6SS.  
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Alternatively, TssA1 could be identified as a static baseplate component through association with the 

external surface of the baseplate complex exposed to the cytoplasm. This may mirror the association 

of TssA proteins with the T6SS assembly initiation site comprising the membrane and baseplate 

complexes, that has been identified prior to sheath polymerisation (360,377,508,513). In fluorescence 

microscopy experiments identifying TssA1 as a static baseplate-associated component, TssA1 

fluorescent foci could only be visualised with an active sheath structure in the presence of the wildtype 

TssA1 protein (377). This indicates that the fluorophore tagged TssA1 is not entirely functional. 

Authors hypothesised that mixed wildtype and fluorophore tagged TssA1 structures form and so the 

fluorescent foci visualised represent all TssA1 structures. However, this may not necessarily be the 

case, wildtype TssA1 may function independently from the fluorophore tagged form, and for example 

be present at the distal end of the sheath, though undetectable in this assay.  

Given that all three P. aeruginosa TssA proteins interact with their respective sheath components via 

their Nt1 domains, the interactions of these domains with the sheath are likely similar. This suggests 

that each of these TssA proteins have a similar position in the T6SS relative to the sheath. There is an 

abundance of evidence identifying TssA proteins, including TssA2 and TssA1PP, as dynamic T6SS 

components present at the distal end of the polymerising sheath (360,377,508,513). For the purpose 

of this work, it will therefore be assumed that all TssA proteins localise at the distal end of the sheath. 

 

4.7.5 Interaction of TssA proteins with T6SS components 

It is tempting to propose that all interactions of TssA proteins with T6SS components are mediated 

through the Nt1 domains, both because these domains are highly conserved across TssA proteins and 

because their flexibility relieves them of the symmetry constraints associated with the ring structure. 

Additionally, if these interactions involve the Nt1 domain, but require proper positioning/orientation 

by the C-terminal domain ring, this could explain why they were not identified as interacting in the 

BTH experiments with Nt1 domains alone. This theory would involve the spider-like positioning of TssA 

proteins at the site of interaction, Nt1 domains interacting with components of the membrane and 

baseplate complexes, with the associated ring-shaped structure holding these flexible ‘legs’ together. 

Table 4.2 Pairwise sequence comparison of baseplate components  

 TssE TssF TssG TssK 

(%) sequence identity 
H1-T6SS vs K1-T6SS 

31.8 34.1 30.1 30.9 
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However, the data suggests that this is not necessarily the case and there is likely to be more 

complexity.  

While the data presented here identified for each TssA the interaction of Nt1 domains with the sheath 

and self-interaction via C-terminal domains, specific interactions of TssA domains with other 

components were less clear (Figures 4.20 and 4.21). There were weak interactions of some TssA 

domains, which are summarised, along with the previous domain interaction data in Figure 4.34. There 

is evidence of both long, TssAEC and TssAVC, and short, TssA1 and TssABC, TssA proteins interacting with 

VgrG proteins through C-terminal domains (360,509,512). It is interesting that such distinct C-terminal 

domains should interact with the conserved, trimeric VgrG spike structure. Similar has been reported 

for interaction with Hcp proteins, which interact with the C-terminal domains of both long TssAEC and 

short TssABC (360,509). It seems therefore that while interaction with the sheath occurs via a both 

highly conserved and flexibly associated Nt1 domain, interactions with some other T6SS components 

occur through the very distinct and structurally rigid C-terminal domains.  

Figure 4.34 Identified domain interactions of TssA proteins. Summary of previously reported TssA 

domain interactions, combined with those identified here. Interactions of TssA N-terminal domains 

represent Nt1 domain interactions except in the case of TssAEC which represents Nt1 and Nt2 

domains. Interactions of C-terminal regions represent interactions of TssAS C-terminal domains, 

TssAEC C-terminal domain and TssA2 and TssAVC Nt2 and C-terminal domains. Identified 

interactions are highlighted in green. 



222 
 

The interaction of both VgrG and Hcp proteins with a similar region of TssA proteins is not surprising. 

The N-terminal gp27-like domain of VgrG which is found at the base of the trimeric spike has a similar 

fold to the Hcp hexamer that binds to it forming the inner tube (313). The head side of a Hcp ring 

interacts with this gp27-like domain akin to the head-to-tail stacking of Hcp hexamers, leaving the tail 

side to polymerise further Hcp hexamers (373). Therefore, the gp27-like base of VgrG resembles the 

tail side of the Hcp ring, which has been shown to be the side of the Hcp ring that interacts with TssA 

(373). This identifies TssA as binding to Hcp at the distal end of the Hcp tube, as would be expected 

given the association of TssA with the distal end of the polymerising tail complex. While the C-terminal 

domains of long and short TssA proteins are distinct and will interact differently with VgrG and Hcp 

proteins, each C-terminal domain is likely to interact via a similar mechanism with both VgrG and Hcp.  

The TssA domains contributing to interactions with other T6SS components could not be determined 

here. Both the N-terminal (Nt1 and Nt2) region of the long TssAEC and the C-terminal domain of the 

short TssABC have been previously identified to interact with components of the baseplate complex 

(Figure 4.34) (360,509). This suggests that interactions with baseplate components are either achieved 

by different domains in long and short TssA proteins, or that both N- and C-terminal domains may 

contribute to interactions with baseplate components. 
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4.8 Summary 

This chapter presented a comprehensive and systematic characterisation of the interactions of P. 

aeruginosa TssA proteins, uncovering interaction networks. This allowed further details to be 

elucidated, including the discovery of key conserved interactions that may facilitate functional 

similarities despite structural diversity. This led to the conclusion that TssA proteins, long and short, 

are positioned similarly in their respective T6SS. Further details on the association of TssA proteins 

with T6SS components, and the specificity of these interactions are studied in Chapter 5. 

 

  



224 
 

5. Results: Characterisation of TssA domains and role in TssA specificity 

 

5.1 Introduction  

TssA proteins are formed of discrete domains connected by flexible linkers, where the domains 

present differ between long and short TssA proteins (360,376,509). All TssA proteins have an N-

terminal ImpA_N containing Nt1 domain. In TssAS proteins this is linked to a C-terminal domain, while 

in TssAL proteins this is linked to a Nt2 domain connected to a distinct C-terminal domain (Figure 1.16) 

(360,376,509). These domains have distinct contributions to TssA interactions as outlined in Chapter 

4. 

 

5.1.1 The TssA Nt1 domain 

The Nt1 domains of TssA proteins share the conserved ImpA_N region at the N-terminus, which is 

suggested to introduce structural homology in this region between all TssA proteins (509). There is 

some variation in the size of Nt1 domains, with those of TssAS proteins being larger than those of TssAL 

proteins, i.e. ~250 aa compared to ~190 aa respectively (509). The only resolved Nt1 domain structure 

is that of the short TssABC, which is comprised of 11 α-helices (see section 1.4.1.1) (509). The Nt1 

domains of both long and short TssA proteins are predicted to be flexibly associated at the periphery 

of ring-shaped structures whose dimensions and symmetries vary hugely between long and short TssA 

proteins (360,376,377,509). These ring-shaped structures are formed through the oligomerisation of 

distinct C-terminal domains (360,376,377,509). A functional role of the Nt1 domain has not previously 

been described. 

The association of TssA proteins with components of their respective sheath is well described, both 

through direct interaction data and visualisation of this association through fluorescence microscopy 

(360,376,377,508). In this study it has been identified that the TssA domain responsible for the 

interaction with the sheath is the Nt1 domain for both long and short TssA proteins (Figure 4.20).  

 

5.1.2 TssA C-terminal regions 

The C-terminal regions of TssA proteins are variable, particularly between long and short TssA 

proteins, but variations in symmetry and structure are also apparent between members of these 

groups (360,377,509). Despite this variation, it has been suggested that the distinct C-terminal regions 
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of long and short TssA proteins have a common function: in mediating the oligomerisation of a ring-

shaped structure where a similar positioning of Nt1 domains is maintained at the periphery (Figure 

1.24) (509). TssA C-terminal domains have also been identified to interact with T6SS components, such 

as VgrG and Hcp (360,509,512). The contribution of the distinct C-terminal domains in the 

oligomerisation of both long and short TssA proteins is clear from previous structural work 

(360,377,509), and was also demonstrated here through consistent self-interaction in BTH 

experiments (Figure 4.21).  

The ring structures formed through this oligomerisation are very different between long and short 

TssA proteins. The rings formed from the C-terminal domains of long TssA proteins result from 10-12 

monomers assembling into a double layered ring of five- or six-fold symmetry with an external 

diameter in the region of 100-130 Å (Figures 1.22 and 1.23) (360,377,509). At the outer edge of this 

ring, flexible linkers connect to dimeric Nt2 domains that are flexibly associated with the inner ring 

(360,377,509). The diameter of the ring structure is increased by the presence of these Nt2 domains; 

the TssAVC C-terminal ring diameter of 130 Å is increased to 190 Å with the addition of the Nt2 domains 

(Figure 5.1), similarly the 100 Å C-terminal ring diameter of the TssAEC is increased to 200 Å with the 

outer Nt2 domains (360,377). These outer ring dimensions for the Nt2 and C-terminal domain 

structures closely resemble the outer ring dimensions of the C-terminal domain ring of the short 

TssABC. The TssABC C-terminal domain ring is predicted to be formed from 32 monomers assembling 

into a double layered ring of 16-fold symmetry with an external diameter of 200 Å and an internal 

lumen of 110 Å (Figure 1.19) (509). Therefore, both the thick ring formed by TssAL proteins comprised 

of the C-terminal and Nt2 domains and the thinner ring formed by TssAS proteins comprised of just 

Figure 5.1 Structure of the TssAVC C-terminal domain and Nt2 domain position. Top and side view 

of the TssAVC C-terminal domain ring, with additional white densities corresponding to the Nt2 

domains. The flexibly associated Nt2 domains increase the external diameter of the ring structure 

to 190 Å. Figure reproduced from Schneider et al. (2019) under the terms of the Creative Commons 

CC BY license, https://creativecommons.org/licenses/by/4.0/legalcode. 
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the C-terminal domain, have an external diameter in the region of 200 Å from which the flexible linkers 

connecting to Nt1 domains extend. In contrast, the internal lumens of these structures do differ (Table 

1.1). 

 

5.1.3 TssA proteins are functionally specific 

TssA proteins interact with a similar subset of components of their respective T6SSs (Figures 4.4, 4.5, 

and 4.6) (360,376,377,509,512), and the TssA proteins of P. aeruginosa were identified to interact 

promiscuously with T6SS components encoded in different T6SS gene clusters in BTH experiments 

(Figure 4.24). However, these non-cognate interactions did not translate to either heterologous 

complementation of tssA mutants or a dominant negative effect on the activity of a different T6SS 

(Figures 4.25, 4.26, 4.27 and 4.28).  

The TssA proteins of P. aeruginosa therefore seem to be functionally specific to their associated T6SS 

machinery. This is not necessarily surprising given the structural differences identified between 

different TssA proteins, despite their conserved features in forming ring shaped structures with similar 

positioning of Nt1 domains. However, it does raise questions about what the determinants of 

specificity are in TssA activity, including whether and which of the different domains contribute both 

to the specificity and activity of TssA proteins. 
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5.2 Aims of this study 

The aim of this study was to investigate the specificity and activity of TssA domains relative to their 

respective T6SSs. This would provide novel insights into the determinants of functionality and 

specificity of TssA proteins in a context where three T6SSs are at play in P. aeruginosa. 

This analysis involved: 

1) Chimeric TssA proteins engineered, with domains of both long and short TssA proteins 

exchanged, and functionality assessed in the associated T6SSs, to determine if these domains 

confer any specificity.  

2) Protein-protein interaction assays to assess domain interaction specificity. 

3) Structural analysis of TssA domains, to determine the dimensions and symmetries of TssA C-

terminal domains. 

4) Modelling and alignments to predict determinants of TssA specificity, which were tested by 

functional and protein-protein interaction assays.  

This study expands upon the insights previously gained on the functionality, interactions and 

specificity of P. aeruginosa TssA proteins (Chapters 3 and 4) and investigates more thoroughly the 

contributions of TssA domains. 
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5.3 Functional characterisation of chimeric TssA proteins 

To better characterise the contribution of the TssA domains to T6SS activity, chimeric TssA proteins 

were engineered with mixed domains originating from distinct TssA proteins. In total eight chimeric 

TssA constructs were generated (Figure 5.2). The Nt1 domain of each TssA was combined with the C-

terminal regions of each of the other two TssA proteins. In the case of TssA2, both the C-terminal 

domain alone and in combination with the Nt2 domain were combined with TssA1 and TssA3 Nt1 

domains. It is proposed that exchanging the Nt2 and C-terminal domains of TssA2 with the C-terminal 

domains of the short TssA1 and TssA3 may lead to similar positioning of the Nt1 domains in the ring 

shaped-structures generated. 

 

5.3.1 Chimeric TssA proteins are stable in BTH experiments 

To ascertain if the engineered chimeric TssA proteins were stable and able to fold correctly, they were 

introduced into BTH vectors. Interactions were then screened with various TssA proteins or sheath 

components. Each chimeric protein was able to interact with each TssA protein (Figure 5.3), similar to 

the cross-interactions between TssA proteins identified previously (Figure 4.23). This indicated that 

each chimera was forming a stable, folded protein. TssA1 could interact most strongly with chimeric 

proteins possessing the TssA1 C-terminal domain, however such a trend was not apparent for the 

other TssA proteins.  

Figure 5.2 Schematic of chimeric TssA proteins engineered. The Nt1, Nt2 and C-terminal domains 

(CTDs) of the P. aeruginosa TssA1 (blue), TssA2 (yellow) and TssA3 (red) were exchanged to 

generate eight chimeric TssA proteins with mixed domains. The TssA2 C-terminal regions used in 

generating these chimeric proteins were both the C-terminal domain alone and the Nt2 and C-

terminal domains jointly. Residues taken from each component protein are given.  
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Chimeric proteins with TssA1 domains were able to interact to some degree with the H1-T6SS sheath 

components, most clearly seen for TssA1Nt1TssA3CTD (Figure 5.3A). For TssA2 domain-containing 

chimeras, TssA2Nt1TssA1CTD and TssA2Nt1TssA3CTD were able to interact with the H2-T6SS sheath 

components, in addition to TssA3Nt1TssA2Nt2+CTD which interacted more weakly (Figure 5.3B). The 

TssA3Nt1TssA1CTD chimeric protein was the only TssA3 domain containing chimera to interact with the 

H3-T6SS sheath components (Figure 5.3C).  

Interestingly, this BTH data indicated a preference for sheath interaction linked to the presence of the 

Nt1 domain from the cognate TssA (Figure 5.3), confirming what was previously shown that the Nt1 

domain is the domain responsible for interaction with the cognate sheath (Figure 4.20). This suggests 

the possibility of chimeric TssA proteins being incorporated into a functional T6SS. 

A) B) C) 

Figure 5.3 Interactions of chimeric TssA proteins with their component TssA proteins and sheath 

components. BTH with N-terminal T25 (pKT25) linked chimeric proteins and N-terminal T18 

(pUT18C) associated TssA proteins and sheath components produced in DHM1 cells. 

Representative spots grown for 40 hours on X-Gal LB agar are shown. Blue spots indicate protein-

protein interaction, spots are white in the absence of interaction. A) Interactions of chimeric 

proteins containing TssA1 domains with TssA1 and H1-T6SS sheath components. B) Interactions of 

chimeric proteins containing TssA2 domains with TssA2 and H2-T6SS sheath components. C) 

Interactions of chimeric proteins containing TssA3 domains with TssA3 and H3-T6SS sheath 

components. 
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5.3.2 The chimeric TssA1Nt1TssA3CTD is functional in the H1-T6SS 

To assess the functionality of chimeric TssA proteins, beginning with assessing the contribution to H1-

T6SS activity, each of the five chimeric proteins containing TssA1 domains were introduced into a 

background with deletion of tssA1. H1-T6SS activity was then assessed to identify whether function 

could be restored by chimeric proteins.  

In a secretion assay, the loss of Hcp1 secretion in the absence of tssA1 was restored with the 

constitutive expression of either wildtype tssA1 or tssA1Nt1tssA3CTD on a plasmid (Figure 5.4A). It is 

remarkable that a chimeric TssA protein with the C-terminal region exchanged for a non-cognate 

domain had similar function compared to the native TssA. Similar was demonstrated in an 

interbacterial competition assay, where prey killing was increased to a similar level with constitutive 

expression of either wildtype tssA1 or tssA1Nt1tssA3CTD (Figure 5.4B). Production of mScarlet-TssB1 

expressed from the tssB1 chromosomal locus allowed the visualisation of H1-T6SS sheaths in vivo. In 

the absence of tssA1 0.37 % of cells formed sheaths or foci, which rose to 4.95 % and 5.26 % 

respectively upon introduction of tssA1 or tssA1Nt1tssA3CTD (Figure 5.4C and D). 

The C-terminal domain of the short TssA1 could therefore be exchanged for that of the short TssA3 

without a significant difference in H1-T6SS activity in terms of secretion, prey killing or sheath 

assembly (Figure 5.4). Such an outcome is novel, as a chimeric protein being functional in a T6SS has 

never been described to date, let alone one that is functionally equivalent. This suggests that the TssA1 

Nt1 domain confers the specificity of TssA1 to the H1-T6SS, potentially through its interaction with 

the sheath as described previously (Figure 4.20). Chimeric proteins where the TssA1 Nt1 domain was 

fused to C-terminal regions from the long TssA2 were not functional in the H1-T6SS, potentially due 

to differences in C-terminal regions which are proposed to form very different ring-shaped structures 

between long and short TssA proteins.  
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Figure 5.4 Assessment of H1-T6SS activity with chimeric TssA proteins. To assess complementation 

of the tssA1 deletion, the pBBR1MCS4 vector was introduced either as empty vector (EV), encoding 

tssA1 (ptssA1) or chimeric tssAs. Values are presented as means and error bars represent the 

standard deviation. A) Western blot of a H1-T6SS secretion assay, to assess the levels of secretion 

marker Hcp1 in the supernatant sample. Cell and supernatant samples were harvested after 5-7 

hours growth at 37 °C. Proteins detected in the western blot are indicated to the right. MW 

markers (left) are in kDa. RpoB was used as a loading and bacterial lysis control. B) H1-T6SS 

competition assay to assess the T6SS-dependent killing of a GFP-encoding E. coli prey by P. 

aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli were incubated at 37 °C for 24 

hours before GFP signal quantification. Statistical testing was conducted by one-way ANOVA with 

Dunnett’s multiple comparisons test, each strain was compared to parental tssA1 strain (**** p < 

0.0001). (n=3). C) Quantification of the percent of cells with TssB1-mScarlet sheaths or foci by 

fluorescence microscopy. Strains were grown on LB agar pads for 3-4 hours at 37 °C before imaging. 

The percent of cells with sheaths or foci was 0.37 % (n=10017) with tssA1 deletion, upon 

introduction of tssA1 or tssA1Nt1tssA3CTD on a plasmid this rose to 4.95 % (n=8117) and 5.26 % 

(n=10553) respectively. Data were taken from 2 fields of view for three experiments. D) 

Representative images of TssB1-mScarlet sheath formation. Scale bar represents 2 µm.  
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5.3.3 The chimeric TssA3Nt1TssA1CTD is functional in the H3-T6SS 

A chimeric TssA protein formed from the two TssAS proteins was functional in the H1-T6SS when the 

TssA1 Nt1 domain was present. To establish whether any of the three chimeric TssA proteins with the 

TssA3 Nt1 domain were functional in the H3-T6SS, fluorescence microscopy was used to visualise the 

formation of fluorophore tagged H3-T6SS sheath structures. 

The formation of sheath structures was barely detectable in the absence of tssA3. Upon introduction 

of a constitutively expressed tssA3 sheath formation was restored to 27.2 % of cells, and a comparable 

28.1 % of cells formed sheaths upon the introduction of the chimeric tssA3Nt1tssA1CTD (Figure 5.5). 

Sheath structures were barely detectable upon introduction of either of the two chimeric proteins 

with TssA2 C-terminal regions.  

The C-terminal domain of TssA3 could therefore be switched with that of TssA1 without altering the 

abundance of H3-T6SS sheath structures formed. For both the H1- and H3-T6SS, a chimeric TssA 

protein formed of domains of the two short TssA proteins was functional with the T6SS associated 

with the Nt1 domain, while chimeric proteins formed with the C-terminal regions from the long TssA2 

were not functional. The BTH data do not indicate any issue with the stability of chimeric TssA proteins 

with TssA2 C-terminal regions (Figure 5.3), indicating that other factors, such as fusing domains from 

long and short TssA proteins, may influence T6SS functionality. 
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Figure 5.5 Assessment of H3-T6SS sheath formation with chimeric TssA proteins. A) Quantification of 

the percent of cells with TssB3-mScarlet sheaths or foci by fluorescence microscopy. Strains were 

grown in liquid culture at 25 °C for 13 hours before imaging. To assess complementation of the tssA3 

deletion, the pBBR1MCS4 vector was introduced either as empty vector (EV), encoding tssA3 (ptssA3) 

or chimeric tssAs. The percent of cells with sheaths or foci was 0.036 % (n=16822) in the absence of 

tssA3, this rose to 27.2 % (n=16253) with expression of tssA3 on a plasmid and 28.1 % (n=10456) with 

tssA3Nt1tssA1CTD on a plasmid. With expression of tssA3Nt1tssA2CTD or tssA3Nt1tssA2Nt2+CTD from a 

plasmid, 0.076 % (n=8751) and 0.41 % (n=9472) of cells had sheaths or foci respectively. Data were 

taken from 2 fields of view for three experiments. Values are presented as means and error bars 

represent the standard deviation. B) Representative images of TssB3-mScarlet sheath formation. 

Scale bar represents 2 µm. 

A) 

B) 
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5.3.4 Chimeric TssA proteins with the TssA2 Nt1 domain restore some function to the H2-T6SS 

In assessing the functionality of chimeric TssA proteins with the TssAS-associated H1- and H3-T6SSs, 

only chimeric proteins comprised solely of the domains of TssAS proteins were functional. In no case 

was a chimeric protein containing a TssA2 domain functional within the H1- or H3-T6SS. It might 

therefore be expected that domains can only be functionally switched between TssA proteins of the 

same long or short subgroup. To test whether any of the chimeric TssA proteins were functional within 

the H2-T6SS, each of the six chimeric proteins containing TssA2 domains were introduced into a tssA2 

background and H2-T6SS activity was assessed. 

The lack of Hcp2 secretion in the absence of tssA2 was restored with the constitutive expression of 

wildtype tssA2 (Figure 5.6A). Hcp2 was also secreted, although at a lower level, with the constitutive 

expression of the two fusion constructs encoding the TssA2 Nt1 domain, tssA2Nt1tssA1CTD or 

tssA2Nt1tssA3CTD. Similar was demonstrated in the interbacterial competition assay, where prey killing 

was restored with constitutive expression of wildtype tssA2, and partially restored with expression of 

tssA2Nt1tssA1CTD or tssA2Nt1tssA3CTD (Figure 5.6B). The visualisation of TssB2 sheaths through 

chromosomal fusion to mScarlet identified a barely detectable number of sheath structures in the 

absence of tssA2, this rose to 6.3 % upon introduction of tssA2 and 4.4 % and 7.7 % upon introduction 

of tssA2Nt1tssA1CTD and tssA2Nt1tssA3CTD respectively (Figures 5.6C and D). 

The H1- and H3-T6SS functional assays with chimeric TssA proteins identified that functionality with a 

specific T6SS required the Nt1 domain of the cognate TssA, but chimeric proteins were only functional 

with the exchange of domains between TssAS proteins (Figures 5.4 and 5.5). However, chimeric TssA 

proteins with the TssA2 Nt1 domain and C-terminal regions of TssAS proteins could restore some 

function in the H2-T6SS (Figure 5.6). This data suggests that the TssA2 Nt1 domains have a similar 

position when connected to a ring formed by the C-terminal domain of a TssAS protein compared to a 

ring formed by the Nt2 and C-terminal domains of a TssAL protein, which allows H2-T6SS activity to be 

maintained.  

The functionality of chimeric TssA proteins indicates that TssA functionality depends on the 

oligomerisation of a ring structure, with Nt1 domains conferring specificity to the T6SS. 
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Figure 5.6 Assessment of H2-T6SS activity with chimeric TssA proteins. To assess complementation 

of the tssA2 deletion, the pBBR1MCS4 vector was introduced either as empty vector (EV), encoding 

tssA2 (ptssA2) or chimeric tssAs. Values are presented as means and error bars represent the 

standard deviation. A) Western blot of a H2-T6SS secretion assay to assess the levels of secretion 

marker Hcp2 in the supernatant sample. Cell and supernatant samples were harvested after 18 

hours growth at 25 °C. Proteins detected in the western blot are indicated to the right. MW 

markers (left) are in kDa. RpoB was used as a loading and bacterial lysis control. B) H2-T6SS 

competition assay to assess the T6SS-dependent killing of a GFP-encoding E. coli prey by P. 

aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli were incubated at 25 °C for 24 

hours before GFP signal quantification. Statistical testing was conducted by one-way ANOVA with 

Dunnett’s multiple comparisons test, each strain was compared to parental tssA2 strain (** p < 

0.01, **** p < 0.0001). (n=4). C) Quantification of the percent of cells with TssB2-mScarlet sheaths 

or foci seen by fluorescence microscopy. Strains were grown on LB agar pads for 5-6 hours at 25 

°C before imaging. The percent of cells with sheaths or foci was 0.64 % (n=9920) in the absence of 

tssA2, upon introduction of tssA2 on a plasmid this rose to 6.3 % (n=5412). Upon introduction of 

chimeric tssA2Nt1tssA1CTD or tssA2Nt1tssA3CTD, 4.4 % (n=4687) and 7.7 % (n=5387) of cells had 

sheaths or foci respectively. Data were taken from 3 fields of view for two experiments. D) 

Representative images of TssB2-mScarlet sheath formation. Scale bar represents 2 µm.  

A) B) 

C) 
D) 
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5.3.5 Chimeric TssA proteins with P. putida TssA domains are not functional in the H2-T6SS 

The activity of the H1- and H3-T6SSs could be fully restored with chimeric TssA proteins where the C-

terminal domain was exchanged for that of another TssAS protein (Figures 5.4 and 5.5). In comparison 

the H2-T6SS was functional, although only partially, with chimeric TssA proteins, however these 

chimeric proteins involved the exchange of the long TssA2 Nt2 and C-terminal domains for the C-

terminal domains of TssAS proteins (Figure 5.6).  

To assess whether exchange of domains with another TssAL protein would allow full restoration of H2-

T6SS activity, TssAL proteins from P. putida were used to generate chimeras. P. putida contains three 

T6SS gene clusters (K1- to K3-T6SS), where only the K1-T6SS machinery has been demonstrated to be 

active (324). This K1-T6SS machinery is associated with a TssAS, while the K2- and K3-T6SS are 

associated with TssAL proteins. These P. putida TssA2 (TssA2PP) and TssA3 (TssA3PP) proteins have 77 

% sequence identity and were both used to generate chimeric TssA proteins with TssA2 (324). To 

generate these cross-species chimeric TssA proteins, the TssA2 Nt1 domain was linked to the Nt2 and 

C-terminal domains of either TssA2PP or TssA3PP, producing chimeric TssA proteins with exclusively 

TssAL domains (Figure 5.7). 

It was then tested whether these cross-species chimeric TssA proteins were functional in the H2-T6SS. 

The functionality of the full-length P. putida proteins was also tested. In a secretion assay, only the 

constitutive expression of tssA2 could restore the secretion of Hcp2 (Figure 5.8A). Neither the native 

P. putida TssAL proteins, or the chimeric TssA proteins with the TssA2 Nt1 domain were functional in 

the H2-T6SS. Similar was demonstrated in the interbacterial competition assay where prey killing was 

restored with constitutive expression of tssA2, but not with expression of either P. putida TssAL 

proteins or the chimeric TssA proteins (Figure 5.8B).  

 

Figure 5.7 Schematic of chimeric P. putida TssA proteins engineered. The Nt2 and C-terminal 

domains (CTDs) of the long P. putida TssA proteins, TssA2PP and TssA3PP, were exchanged with 

those of TssA2 to generate two chimeric TssA proteins comprised of solely TssAL domains. 
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Chimeric TssA proteins formed solely from TssAL sub-domains with exchanged C-terminal regions 

taken from P. putida TssA proteins were not functional in the H2-T6SS (Figure 5.8). The T6SS gene 

clusters that these TssA proteins are encoded in have not been demonstrated to have any T6SS 

activity. Indeed, two genes in the K2-T6SS cluster encoding essential structural proteins, TssC2 and 

VgrG2, have premature stop codons, suggesting that this T6SS is not functional (324). It is possible 

that neither of these gene clusters encode a functional T6SS and therefore the tssA genes used to 

generate these chimeric proteins may not be functional or even form properly folded proteins. The 

fold and stability of these proteins could be validated in the future by using a BTH approach. If TssA2PP 

and TssA3PP are indeed non-functional, this could explain why these cross-species chimeric TssA 

proteins failed to contribute to H2-T6SS activity. A long TssA protein from an organism where T6SS 

activity has been demonstrated, i.e. TssAEC or TssAVC, may be more appropriate to conclusively answer 
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Figure 5.8 Assessment of H2-T6SS activity with chimeric TssA proteins with P. putida domains. To 

assess complementation of the tssA2 deletion, the pBBR1MCS4 vector was introduced either as 

empty vector (EV), encoding tssA2 (ptssA2) or chimeric tssAs. A) Western blot of a H2-T6SS 

secretion assay to assess the levels of secretion marker Hcp2 in the supernatant sample. Cell and 

supernatant samples were harvested after 18 hours growth at 25 °C. Proteins detected in the 

western blot are indicated to the right. MW markers (left) are in kDa. RpoB was used as a loading 

and bacterial lysis control. B) H2-T6SS competition assay to assess the T6SS-dependent killing of a 

GFP-encoding E. coli prey by P. aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli 

were incubated at 25 °C for 24 hours before recovery and GFP signal quantification. Values are 

presented as means and error bars represent the standard deviation. Statistical testing was 

conducted by one-way ANOVA with Dunnett’s multiple comparisons test, each strain was 

compared to parental tssA2 strain (**** p < 0.0001). (n=3). 

A) B) 
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this question. Alternatively, these chimeric proteins may not be functional because they are taken 

from another organism. If the non-cognate interactions of TssA proteins previously identified (Figure 

4.24) do play a role in the functionality of these chimeric TssA proteins, domains from another 

organism may not interact with the P. aeruginosa T6SSs.  
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5.4 Characterising interaction specificity of TssA protein domains 

Specific contributions of TssA domains to interactions were previously identified: the C-terminal 

domains are involved in self-interaction, driving oligomerisation into ring-shaped structures, while Nt1 

domains interact with sheath components (Figures 4.20 and 4.21). Interactions between the different 

TssA proteins, and with components associated to different T6SSs have also been demonstrated 

(Figures 4.23 and 4.24), however, the activity of each TssA protein is specific to the cognate T6SS 

(Figures 4.25, 4.26, 4.27). Remarkably, in switching the Nt1 domain, the T6SS specificity of a TssA 

protein can be altered (Figures 5.4, 5.5 and 5.6). To better understand how the specificity of TssA 

proteins is achieved, the interactions of TssA domains with components from different T6SSs were 

characterised in more detail. 

 

5.4.1 Nt1 domains interact specifically with their respective sheath components 

A BTH approach was used to investigate the specificity of the interactions between TssA Nt1 domains 

and sheath components encoded in different T6SS clusters. This identified that despite full length TssA 

proteins being able to interact with non-cognate sheath components (Figure 4.24), the interactions of 

the Nt1 domains in isolation was very specific. Each Nt1 domain interacted exclusively with its 

respective sheath components, while TssA C-terminal regions did not interact with sheath 

components (Figure 5.9).  

Figure 5.9 Interactions of TssA domains with sheath components. BTH with N-terminal T25 (pKT25) 

linked TssA domains and N-terminal T18 (pUT18C) linked sheath components produced in DHM1 

cells. Representative spots grown for 40 hours on X-Gal LB agar are shown. Blue spots indicate 

protein-protein interaction, spots are white in the absence of interaction.  
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This supports functional characterisation of chimeric proteins, in implicating Nt1 domains in the 

specific interaction with the sheath.  

 

5.4.2 C-terminal domains specifically self-interact 

The other TssA interaction that was previously linked to a specific domain was self-interaction, which 

was shown to be mediated by C-terminal regions (Figure 4.21). Interactions between full length TssA 

proteins belonging to different T6SSs were also demonstrated (Figure 4.23).  

The interactions between different TssA domains were investigated using BTH. This identified that 

despite cross-interactions being identified between full length TssA proteins (Figure 4.23), interactions 

of individual C-terminal regions were very specific. There was self-interaction of TssA C-terminal 

regions, but no other interactions between TssA domains (Figure 5.10). 

For both interactions between TssA proteins and interactions with sheath components, specific 

cognate interactions were demonstrated for TssA domains (Figures 5.9 and 5.10). However, this 

Figure 5.10 Interactions between TssA domains. BTH with N-terminal T25 (pKT25) and T18 

(pUT18C) linked TssA domains produced in DHM1 cells. Representative spots grown for 40 hours 

on X-Gal LB agar are shown. Blue spots indicate protein-protein interaction, spots are white in the 

absence of interaction. 
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contrasted with a lack of specificity previously identified in the interactions of the full-length TssA 

proteins (Figure 4.23 and 5.24). While full length TssA proteins were able to interact with components 

encoded in different T6SS clusters, TssA domains interacted very specifically with components from 

their own T6SS cluster. This suggests that the interactions of TssA proteins with components encoded 

in different T6SS clusters are not analogous to the interactions with cognate T6SS components, which 

may explain why there is no functional heterologous complementation between TssA proteins 

(Figures 4.25, 4.26, 4.27). The interaction specificity observed in these BTH experiments appears to 

have functional significance, given that exchanging the Nt1 domain of a short TssA protein alters the 

functional specificity of the chimeric TssA to the T6SS associated with the Nt1 domain. It is unclear 

why full length TssA proteins could be identified to interact with non-cognate TssA and sheath 

components when interactions of the domains in isolation are very specific.  

 

5.4.3 T6SS activity is unaffected by the expression of Nt1 domains  

The TssA Nt1 domains interact very specifically with their respective sheath components (Figure 5.9). 

To test whether the interactions of Nt1 domains in isolation might impair the activity of the T6SS 

through competitive binding to the sheath, interbacterial competition experiments were carried out 

with the overexpression of Nt1 domains on plasmids. For both the H1- and H2-T6SS, the 

overexpression of the respective TssA Nt1 domain did not have any effect on the ability to kill prey 

(Figure 5.11). This suggests that these domains were not outcompeting full length, chromosomally 

encoded TssA proteins for binding to the sheath. However, chromosomally encoded proteins may 

preferentially interact with other components of their T6SS due to their co-translation from 

polycistronic mRNAs. Alternatively, in the absence of a C-terminal domain ring to coordinate the 

position of multiple Nt1 domains, a functionally significant interaction of the Nt1 domains with other 

T6SS components may not be detected.  
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Figure 5.11 Assessment of T6SS activity with overproduction of Nt1 domains. Competition assays 

to assess the T6SS-dependent killing of a GFP-encoding E. coli prey by P. aeruginosa attacker 

strains. To assess T6SS activity in the presence of Nt1 domains, the pBBR1MCS4 vector was 

introduced either as empty vector (EV) or encoding the respective Nt1 domain. Values are 

presented as means and error bars represent the standard deviation. A) H1-T6SS competition 

assay, attacker P. aeruginosa and prey E. coli were mixed and incubated at 37 °C for 24 hours 

before GFP signal quantification. (n=2). B) H2-T6SS competition assay, attacker P. aeruginosa and 

prey E. coli were incubated at 25 °C for 24 hours before GFP signal quantification. (n=2). 

A) B) 
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5.5 Structural characterisation of TssA protein C-terminal domains 

A key difference in long and short TssA proteins is in the ring-shaped structures that are formed 

through the oligomerisation of the C-terminal domains (see section 1.4.1). Several high-resolution 

structures are available for the C-terminal domains of TssAL proteins (360,377,509), while a single 

high-resolution structure is available for the C-terminal domain of a TssAS protein (509). Some 

structural characterisation was previously carried out on TssA1, allowing the visualisation of the ring 

structure and estimation of ring dimensions, but no high-resolution data was obtained (Figure 1.18) 

(376).  

It has been demonstrated that these C-terminal domains can be exchanged between P. aeruginosa 

TssA proteins, with chimeric proteins formed retaining functionality (Figures 5.4, 5.5 and 5.6). To 

understand the variation introduced in chimeric proteins, attempts were made to elucidate the ring 

structure, dimensions and symmetries generated by each of the TssA C-terminal domains. 

Overexpression constructs were therefore engineered for protein purification and subsequent 

structural analysis. 

 

5.5.1 TssA C-terminal domains can be stably produced 

Initially full length tssA genes were introduced into expression constructs, and while proteins were 

well produced, there was also degradation into constituent domains. Therefore, subsequent protein 

production experiments focussed on TssA C-terminal domains, as the main contributor to structural 

variation between TssA proteins. The production of each of the TssA C-terminal domains with an N-

terminal Strep-tag could be induced in E. coli (Figure 5.12). Production of the TssA3 C-terminal domain 

was less abundant than that of the other two constructs, possibly reflecting a reduced stability. 

Figure 5.12 Production of TssA C-terminal domains. The production of TssA1 (~10 kDa), TssA2 (~17 

kDa) and TssA3 (~10 kDa) C-terminal domains (CTDs) from the pETDuet-1 expression vector and 

induced with 0.5 mM IPTG. Desired protein bands indicated with black arrows. 
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5.5.2 TssAS C-terminal domains form rings with large internal lumens 

The C-terminal domain constructs of the two TssAS proteins, TssA1 and TssA3 were produced and 

purified with a view to generating high-resolution structural data of oligomeric ring-shaped structures. 

Strep-tagged TssAS C-terminal domains were purified by affinity chromatography through specific 

binding to a Strep-Tactin resin, and then subject to gel filtration chromatography to separate from any 

impurities based on their size. Gel filtration of each of TssA1 and TssA3 C-terminal domains produced 

elution of a single peak, which was confirmed to contain high purity protein of the correct size (10 

kDa) (Figure 5.13). 

 

Figure 5.13 Gel filtration of TssA1 and TssA3 C-terminal domains. A) Gel filtration elution profile 

for TssA1 C-terminal domain. B) SDS-PAGE and Coomassie stain of TssA1 C-terminal domain 

purification samples, before gel filtration (Pre-GF) and samples from gel filtration elution fractions 

12-19. C) Gel filtration elution profile for TssA3 C-terminal domain. D) SDS-PAGE and Coomassie 

stain of TssA3 C-terminal domain purification samples, from the pellet, the affinity 

chromatography flow through (FT), before gel filtration (Pre-GF) and samples from gel filtration 

elution fractions 14-20. Protein purification carried out by Patricia Paracuellos. 

A) B) 

C) D) 

TssA1 C-terminal domain 

TssA3 C-terminal domain 
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The high purity TssA1 and TssA3 C-terminal domain protein samples were then prepared on EM grids 

for negative stain EM. Both the TssA1 and TssA3 C-terminal domain complexes formed ring-shaped 

structures with a large internal lumen (Figure 5.14). These structures resemble rings formed by TssABC 

that were collected by negative stain EM (Figure 1.18) (509). For TssA1 C-terminal domain rings in 

particular, a variety of particle orientations were present, including top views and side views, which is 

promising for future structural analysis.  

 

The TssA1 C-terminal domain was imaged via cryogenic EM (cryo-EM), single particles of were picked 

and used to generate 2D class averages. From the 2D class averages it can be determined that the 

TssA1 C-terminal domain forms a very consistent ring structure (Figure 5.15A). At this stage it is not 

possible to determine the dimensions of this ring, but in previous structural characterisation the 

lumenal diameter was calculated to be 100 Å (376). From these class averages it is also difficult to 

estimate the symmetry of the ring, further high-resolution data will be required to resolve this.  

To date only negative stain EM has been carried out with the TssA3 C-terminal domain. From this 

dataset, single particles were picked to generate 2D class averages (Figure 5.15B). Interestingly, these 

TssA3 C-terminal domain rings display quite a bit of flexibility and are less consistent in their 

dimensions when compared to the TssA1 C-terminal domain (Figure 5.15A). This maybe an inherent 

200 nm 200 nm 

Figure 5.14 Negative stain EM grids of TssA1 and TssA3 C-terminal domains. A) Representative 

negative stain EM images of TssA1 C-terminal domain single particles. B) Representative negative 

stain EM images of TssA3 C-terminal domain single particles. Scale bars represent 200 nm. Sample 

preparation and imaging by Patricia Paracuellos and Tiago Costa. 

A) B) 
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feature of the TssA3 C-terminal domain ring or it may be linked to the absence of the Nt1 domain, 

although the Nt1 domain is also absent for the TssA1 C-terminal domain. The TssA3 C-terminal domain 

2D class averages allow for an initial estimation of 12-fold symmetry for this ring, which requires future 

validation. As with the TssA1 C-terminal domain, the dimensions of this ring could not be accurately 

calculated at this time. 

Further structural characterisation is ongoing by cryo-EM to generate high-resolution structural data 

on these C-terminal domain complexes, including conclusive characterisation of ring dimensions and 

oligomeric state.  

These preliminary structural insights suggest that the ring-shaped structures formed by TssA1 and 

TssA3 C-terminal domain complexes follow the trends previously outlined for the structures of TssAS 

proteins, forming rings with a large internal lumen (509). Further high-resolution data is required to 

determine the degree of similarity between these C-terminal domain complexes, but the fact that they 

are functionally interchangeable in chimeric TssA proteins suggests there is some structural similarity.  

Figure 5.15 2D class averages of TssA1 and TssA3 C-terminal domains. A) Representative 2D class 

averages of TssA1 C-terminal domain particles picked from cryo-EM images. Class average 1 is 

enlarged (below). B) Representative 2D class averages of TssA3 C-terminal domain particles picked 

from negative stain EM images. Class average 1 is enlarged with proposed symmetric units 

annotated (below). Scale is not comparable between A) and B). Data analysis by Tiago Costa. 

A) B) 
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5.5.3 The TssA2 C-terminal domain could not be purified with confidence 

The C-terminal domain construct of the TssAL protein, TssA2 was also produced and purified with a 

view to generate high-resolution structural data. The purification was carried out as for the TssAS 

proteins described above. Affinity chromatography led to the elution of a protein with the correct size 

of ~17 kDa. Gel filtration of a sample containing this protein produced an elution profile with multiple 

peaks (Figure 5.16A). Samples of elution fractions representing different peaks were separated by SDS-

PAGE, but the protein of interest could not be identified following Coomassie staining (Figure 5.16B).  

It was suspected that the TssA2 C-terminal domain may be present in the gel filtration fractions at a 

low concentration that could not be visualised by Coomassie staining. Samples were therefore 

prepared on EM grids for negative stain EM. Some spherical densities were identified in the resultant 

images, however these varied in size (Figure 5.17). Defined ring-shaped structures similar to those 

previously identified for TssAL proteins could not be identified (360,377,509).  

 

 

Figure 5.16 Gel filtration of TssA2 C-terminal domain. A) Gel filtration elution profile for TssA2 C-

terminal domain. B) SDS-PAGE with Coomassie staining of TssA2 C-terminal domain purification 

samples, from the pellet, the affinity chromatography flow through (FT), samples from affinity 

fractions 28-31 before gel filtration (Pre-GF) and samples from gel filtration elution fractions 21, 

23, 30 and 33. Protein purification carried out by Patricia Paracuellos. 

A) B) 
TssA2 C-terminal domain 
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It is unclear whether the densities identified in the EM data correspond with TssA2 C-terminal domain, 

as this protein could not be conclusively identified in sample fractions eluted by gel filtration. 

Alternatively, they could be negative stain artefacts or non-specific aggregates. The TssA2 C-terminal 

domain could be produced and purified by affinity chromatography with some contaminants, however 

in attempting to isolate this from contaminants by gel filtration, the TssA2 C-terminal domain could 

not be specifically eluted. To generate high-resolution structural data, further optimisation of the 

purification protocol is thus required.  

 

 

  

100 nm 

Figure 5.17 Negative stain EM grid of TssA2 C-

terminal domain. Representative negative 

stain EM images. Scale bar represents 100 nm. 

Sample preparation and imaging by Patricia 

Paracuellos and Tiago Costa. 
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5.6 Identifying specificity determinants for the interaction between the Nt1 domain 

and the sheath 

It has been identified that the three TssA proteins of P. aeruginosa are functionally specific to their 

cognate T6SS (Figures 4.25, 4.26 and 4.27). Investigating the functionality of chimeric TssA proteins, 

demonstrated that this specificity is conferred by the Nt1 domain (Figures 5.4, 5.5 and 5.6). 

Specifically, exchange of the TssAS Nt1 domains of TssA1 and TssA3 generated chimeric proteins that 

were fully functional with the T6SS associated with the Nt1 domain. The specificity of TssA proteins 

through their Nt1 domains was therefore investigated through direct comparison between TssA1 and 

TssA3 Nt1 domains. 

 

5.6.1 Point mutants in the TssA1 Nt1 domain do not disrupt interaction with the sheath 

To identify the differences in the Nt1 domains of TssA1 and TssA3 which may contribute to the 

specificity of sheath interactions, several approaches were used. It was hypothesised that specificity 

may be linked to non-conserved residues exposed on the surface.  

To identify non-conserved residues, the sequences of the Nt1 domains were aligned using Clustal 

Omega (Figure 5.18A) (595). Using the model of the TssA1 Nt1 domain structure previously generated 

(Figure 4.12), the solvent accessible surface area was estimated, using GETAREA, residues assigned a 

value of over 80 % were considered to be solvent accessible (Figure 5.18B) (534). By cross-referencing 

these two datasets, 16 residues were identified that were both non-conserved between TssA1 and 

TssA3 Nt1 domains, and predicted to be surface exposed in the TssA1 Nt1 domain (D14, D19, M42, 

D44, D113, D116, R146, F167, S169, E170, D185, D187, R194, S216, Q218 and L238) (Figure 5.18C). 

An initial seven of these residues were mutated to alanine, and interactions with wildtype TssA1 and 

the H1-T6SS sheath were assessed by BTH. Each of these TssA1 point mutants were able to interact 

with both wildtype TssA1 and the sheath components (Figure 5.18D). The interaction of TssA1 D116A 

with the sheath was possibly weaker than that of the other mutants, but this was not conclusive and 

lacks a control to compare to the wildtype interaction. This suggests that these mutations did not 

disrupt the overall fold of the protein, but also that none of these individual residues were essential 

for interaction with the sheath. It was therefore hypothesised that point mutations might not be 

sufficient, and that multiple residues may need to be altered to affect this interaction. 
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5.6.2 The structural differences between TssA1 and TssA3 Nt1 domain models arise in two regions 

When comparing the structural models generated for the TssA1 and TssA3 Nt1 domains using the Dali 

structural alignment server, the overall fold is predicted to be very similar with an RMSD of 1.7 Å (536). 

A) B) 

D) 

 

Figure 5.18 Identification and screening of candidate TssA1 Nt1 domain residues for sheath 

interaction. A) Pairwise sequence alignment between the Nt1 domains of TssA1 and TssA3, 

generated using Clustal Omega. Non-conserved, surface exposed residues highlighted in light blue. 

B) Predicted solvent accessibility of TssA1 Nt1 domain residues based on the structural model using 

GETAREA. A solvent exposure value over 80 %, blue box, was considered surface exposed. Non-

conserved, surface exposed residues highlighted in light blue. C) Position of non-conserved, surface 

exposed residues (light blue) in a predicted model of the TssA1 Nt1 domain structure. D) BTH with 

N-terminal T25 (pKT25) linked TssA1 point mutants and N-terminal T18 (pUT18C) linked TssA1, and 

sheath components produced in DHM1 cells. Representative spots grown for 24 hours on X-Gal LB 

agar are shown. Blue spots indicate protein-protein interaction, spots are white in the absence of 

interaction.  

C) 
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This is not particularly surprising, given the high level of sequence identity and that both structural 

models were generated based on the structure of the TssABC Nt1 domain (509). The high degree of 

similarity in the models could be demonstrated in a structural alignment between these two models 

(Figure 5.19A). However, the alignment also identified two regions of varied structure between the 

two Nt1 domain models, named the hairpin and the loop (Figure 5.19B).  

 

5.6.3 Introducing the TssA3 hairpin or loop regions into TssA1 impairs sheath interaction and 

secretion 

The hairpin and loop regions were therefore predicted to be responsible for introducing structural 

variation between the TssA1 and TssA3 Nt1 domains, which was hypothesised to account for the 

specificity in sheath interaction. To assess if these regions in TssA1 were conferring any specificity to 

the H1-T6SS, the hairpin and loop sequences of TssA1 were exchanged for those of TssA3 individually 

and in combination.  

Figure 5.19 TssA1 and TssA3 Nt1 domain models. A) Structural models for the TssA1 Nt1 domain 

(blue) and TssA3 Nt1 domain (orange) generated using the Robetta protein structural prediction 

service were aligned based on structural similarity. Structural differences were identified in two 

regions named the hairpin and the loop region. B) The sequences of TssA1 and TssA3 Nt1 domains 

were aligned based on structural similarity using the Dali structural alignment server. The loop and 

hairpin regions that were identified as differing between the structures were highlighted in blue 

for TssA1 and orange for TssA3. 

A) B) 
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Upon the introduction of both hairpin and loop sequences from tssA3 into tssA1, the resultant protein 

was unable to interact with either TssA1 or the H1-T6SS sheath by BTH, suggesting it did not form a 

folded protein (Figure 5.20). Individually, the introduction of TssA3 hairpin or loop regions into the 

TssA1 Nt1 domain disrupted interaction with the H1-T6SS sheath but interaction with TssA1 was 

unaffected.  

These TssA1 proteins with TssA3 hairpin or loop regions were then introduced into a P. aeruginosa 

strain to assess their functional contribution to H1-T6SS activity. In a secretion assay, the secretion of 

Hcp1 was similar when a tssA1 deletion was complemented with either tssA1 or tssA1-tssA3hairpin, but 

secretion was much lower with introduction of tssA1-tssA3loop (Figure 5.21A). However, in an 

interbacterial competition assay, the killing of an E. coli prey was not significantly different with 

introduction of either wildtype tssA1 or tssA1 with tssA3 sequences, suggesting that each of these 

TssA proteins was able to interact functionally with the T6SS leading to T6SS-dependent prey killing 

(Figure 5.21B). Visualisation of H1-T6SS sheaths with a fluorophore tagged sheath component 

identified that a similar proportion of cells formed sheath structures when a tssA1 deletion was 

complemented with either tssA1 or tssA1-tssA3hairpin, but this proportion was lower with introduction 

of tssA1-tssA3loop (Figures 5.21C and D). 

Figure 5.20 Interactions of TssA1 proteins with TssA3 hairpin or loop regions introduced. BTH with 

N-terminal T25 (pKT25) linked TssA1 with TssA3 hairpin and/or loop regions and N-terminal T18 

(pUT18C) linked TssA1 and sheath components produced in DHM1 cells. Representative spots 

grown for 40 hours on X-Gal LB agar are shown. Blue spots indicate protein-protein interaction, 

spots are white in the absence of interaction.  
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Both the introduction of TssA3 hairpin and loop regions into the TssA1 Nt1 domain led to a weaker 

interaction with H1-T6SS components, but this did not necessary correlate with a reduction in H1-T6SS 

activity (Figure 5.20). While the introduction of the TssA3 loop region reduced the abundance of H1-

T6SS sheath structures and the level of secretion, this did not affect the efficiency of E. coli prey killing 

by the H1-T6SS (Figures 5.21). It is curious that a reduced sheath abundance and level of secretion did 

not correlate with a reduced killing efficiency. With fewer H1-T6SS sheath structures formed, it would 

be expected that a reduced effector payload would be delivered to prey cells. However, even with 

reduced sheath formation and secretion, the effector payload delivered may still be sufficient to kill 

prey cells, due to the sensitivity of this assay.  

The exchange of the loop region of TssA1 for that of TssA3 did therefore lead to a reduced H1-T6SS 

activity, suggesting that this region may confer some specificity. The hairpin region on the other hand 

seemed to have less of an effect, although sheath interaction was affected.  
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A) 
B) 

C) 
D) 

Figure 5.21 Assessment of H1-T6SS activity with TssA1 with TssA3 hairpin or loop regions introduced. 

To assess complementation of the tssA1 deletion, the pBBR1MCS4 vector was introduced either as 

empty vector (EV), encoding tssA1 (ptssA1) or tssA1 with tssA3 sequences. Values are presented as 

means and error bars represent the standard deviation. A) Western blot of a H1-T6SS secretion assay, 

to assess the levels of secretion marker Hcp1 in the supernatant sample. Cell and supernatant samples 

were harvested after 5-7 hours growth at 37 °C. Proteins detected in the western blot are indicated to 

the right. MW markers (left) are in kDa. RpoB was used as a loading and bacterial lysis control. B) H1-

T6SS competition assay to assess the T6SS-dependent killing of a GFP-encoding E. coli prey by P. 

aeruginosa attacker strains. Attacker P. aeruginosa and prey E. coli were mixed and incubated at 37 °C 

for 24 hours before GFP signal quantification. Statistical testing was conducted by one-way ANOVA 

with Dunnett’s multiple comparisons test, each strain was compared to complemented ptssA1 strain 

(ns=not statistically significant, **** p < 0.0001). (n=5). C) Quantification of the percent of cells with 

TssB1-mScarlet sheaths or foci by fluorescence microscopy. Strains were grown on LB agar pads for 3-

4 hours at 37 °C before imaging. The percent of cells with sheaths or foci was 0.37 % (n=10017) with 

tssA1 deletion, upon introduction of tssA1 on a plasmid this rose to 4.95 % (n=8117). Upon 

introduction of tssA1-tssA3hairpin 5.02 % (n=10683) of cells formed sheaths or foci, this was 1.87 % 

(n=9471) for introduction of tssA1-tssA3loop. Data were taken from 3 fields of view for two experiments. 

D) Representative images of TssB1-mScarlet sheath formation. Scale bar represents 2 µm.  
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5.6.4 Introducing the TssA1 hairpin or loop regions into TssA3 impairs sheath interaction and 

polymerisation 

It was also assessed whether H3-T6SS activity was affected by these hairpin and loop sequences. The 

hairpin and loop sequences of tssA3 were exchanged for those of tssA1 both individually and in 

combination. Upon the introduction of the TssA1 hairpin regions into TssA3, there was weaker 

interaction with H3-T6SS sheath components, while this interaction was completely lost with 

introduction of the TssA1 loop region either alone or in combination with the hairpin region (Figure 

5.22).  

These TssA3 proteins with TssA1 hairpin and/or loop regions were then introduced into a P. 

aeruginosa strain to assess their functional contribution to H3-T6SS activity. The formation of H3-T6SS 

sheaths was visualised in the absence of tssA3 with a fluorophore tagged sheath component. While 

almost a third of cells formed sheath structures when tssA3 was introduced, this abundance was much 

reduced upon introduction of tssA3 with tssA1 hairpin or loop sequences and fell to almost no sheath 

structures when both sequences were replaced (Figure 5.23). Both hairpin and loop regions therefore 

seem to be required for the activity of TssA3. 

Figure 5.22 Interactions of TssA3 proteins with TssA1 hairpin or loop regions introduced. BTH with 

N-terminal T25 (pKT25) linked TssA3 with TssA1 hairpin or loop regions and N-terminal T18 

(pUT18C) linked TssA3 and H3-T6SS sheath components produced in DHM1 cells. Representative 

spots grown for 40 hours on X-Gal LB agar are shown. Blue spots indicate protein-protein 

interaction, spots are white in the absence of interaction.  
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5.6.5 Exchange of hairpin and loop regions does not lead to gain of function 

Exchange of TssA3 hairpin and loop regions with those from TssA1 generated TssA proteins that lost 

interaction with H3-T6SS sheath components and were not functional within the H3-T6SS (Figures 5.22 

and 5.23). In theory, the introduction of these regions made the TssA3 Nt1 domain more similar to 

the TssA1 Nt1 domain. To test whether this TssA might therefore associate with the H1-T6SS rather 

ptssA3 EV ptssA3-tssA1hairpin 

PAO1 ΔrsmA ΔtssA3 tssB3-mScarlet 

ptssA3-tssA1loop ptssA3-tssA1hairpin and loop 

Figure 5.23 Assessment of H3-T6SS sheath formation with TssA3 with TssA1 hairpin or loop regions 

introduced. To assess complementation of the tssA3 deletion, the pBBR1MCS4 vector was 

introduced either as empty vector (EV), encoding tssA3 or tssA3 with tssA1 sequences. A) 

Quantification of the percent of cells with TssB3-mScarlet sheaths or foci by fluorescence 

microscopy. Strains were grown in liquid culture at 25 °C for 13 hours before imaging. The percent 

of cells with sheaths or foci was 0.036 % (n=16822) in the absence of tssA3, this rose to 27.2 % 

(n=16253) with expression of tssA3 on a plasmid. Upon introduction of tssA3-tssA1hairpin, tssA3-

tssA1loop and tssA3-tssA1hairpin and loop sheath structures were detectable in 2.3 % (n=10760), 1.6 % 

(n=13968) and 0.078 % (n=11530) of cells respectively. Data were taken from 3 fields of view for 

two experiments. Values are presented as means and error bars represent the standard deviation. 

B) Representative images of TssB3-mScarlet sheath formation. Scale bar represents 2 µm. 
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than the H3-T6SS, interactions with H1-T6SS components and H1-T6SS functional assays were carried 

out. 

Introduction of tssA1 hairpin and loop sequences into tssA3 did not lead to interaction of the 

generated protein with H1-T6SS sheath components (Figure 5.24A). Interaction was identified with 

TssA1, which was not surprising given the cross-interaction of TssA proteins previously identified 

(Figure 4.23). These TssA3 proteins with TssA1 regions were also unable to complement the deletion 

of tssA1 in the activity of the H1-T6SS (Figure 5.24B), indicating that introducing TssA1 regions into the 

TssA3 Nt1 domain was not sufficient for a switch in the specificity of TssA3 to the H1-T6SS. 
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Figure 5.24 Assessment of the H1-T6SS association of TssA3 with TssA1 hairpin or loop regions 

introduced. A) BTH with N-terminal T25 (pKT25) linked TssA3 with TssA1 hairpin and/or loop 

regions and N-terminal T18 (pUT18C) linked TssA1 and sheath components produced in DHM1 

cells. Representative spots grown for 40 hours on X-Gal LB agar are shown. Blue spots indicate 

protein-protein interaction, spots are white in the absence of interaction. B) H1-T6SS competition 

assay to assess the T6SS-dependent killing of a GFP-encoding E. coli prey by P. aeruginosa attacker 

strains carrying the pBBR1MCS4 vector, either as empty vector (EV), encoding tssA3 (ptssA3) or 

tssA3 with tssA1 sequences. Attacker P. aeruginosa and prey E. coli were mixed and incubated at 

37 °C for 24 hours before GFP signal quantification. Values are presented as means and error bars 

represent the standard deviation. Statistical testing was conducted by one-way ANOVA with 

Dunnett’s multiple comparisons test, each strain was compared to the parental EV strain (ns=not 

statistically significant, ** p < 0.01). (n=3). 
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5.6.6 The TssA1 Nt1 domain model can be docked to the sheath 

In the assembly of the T6SS, TssA proteins have generally been found to be associated with the distal 

end of the sheath as it polymerises (360,377,508,513). BTH experiments identified that P. aeruginosa 

TssA proteins interact with their respective sheath components specifically via the Nt1 domain 

(Figures 4.20 and 5.9). The exchange of these Nt1 domains between different TssA proteins generated 

chimeric TssA proteins that were functional with the T6SS corresponding to the Nt1 domain (Figures 

5.4, 5.5 and 5.6). The specificity of TssA proteins to the T6SS therefore appears to be associated with 

the Nt1 domain, likely through the interaction with the sheath.  

To understand how these Nt1 domains may interact with their respective sheaths, models of H1-T6SS 

components were docked using the ZDock server (535). To date the only P. aeruginosa sheath 

structure that has been resolved is that of the H1-T6SS sheath in the contracted conformation (579). 

During sheath polymerisation, it would be anticipated that TssA1 would be in contact with the sheath 

in the extended conformation. Most reported sheath structures are in the contracted conformation 

due to this representing a lower energy state than the extended conformation in which the sheath is 

initially assembled. A small number of structures are available of sheaths in the extended 

conformation, notably in V. cholerae (357,386). By comparison to this sheath structure, a model was 

generated of the H1-T6SS sheath in the extended conformation (Figure 5.25). 

A) B) 

Figure 5.25 P. aeruginosa TssB-TssC sheath in extended and contracted conformations. The Hcp 

inner tube (orange) is positioned within the sheath. A) Model of the P. aeruginosa TssB-TssC sheath 

in the extended conformation with the Hcp inner tube. B) Resolved structure of the P. aeruginosa 

TssB-TssC sheath in the contracted conformation (PDB: 5N8N) with the Hcp inner tube. Extended 

conformation model generated by Patricia Paracuellos. 
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Previous attempts to model the interaction between TssA proteins and sheath components has 

involved the docking of the Nt2 domains of TssAL proteins to the distal end of the sheath (360,377). 

These Nt2 domains were modelled to interdigitate with grooves at the distal end of the sheath. With 

the subsequent characterisation of the Nt1 domain structure of TssABC, some structural similarity was 

identified between the first 7 α-helices of this Nt1 domain and the structure of Nt2 domains of TssAEC 

and TssAAH (509). This suggests that the interaction of TssA Nt1 domains to the sheath may resemble 

the previous model involving Nt2 domains, with Nt1 domains fitting in similar grooves at the sheath 

distal end to stabilise the higher energy extended conformation.  

The TssA1 Nt1 domain structural model was docked to the model of the H1-T6SS extended sheath 

using the ZDock server (Figures 5.26A and B) (535). The docking of two structural models is not a 

reliable predictor for the interaction of two proteins, therefore this model is highly speculative of how 

interaction between the sheath and the Nt1 domain could take place. However, it has also been 

identified upon co-purification of TssA1 with the H1-T6SS sheath, that TssA1 binds at one end of the 

sheath in its contracted form (376). Docking of the TssA1 Nt1 domain model to the known structure 

of the sheath in the contracted conformation yielded a very similar positioning of the Nt1 domain at 

the distal end of the sheath (Figure 5.26C).  

The docking model generated suggests that the binding of the Nt1 domains into grooves on the distal 

end of the sheath resembles the model previously proposed for Nt2 domains (360,377). However, 

unlike Nt2 domains, all TssA proteins have an Nt1 domain, and for both long and short TssA proteins 

interactions with the sheath were shown to be mediated exclusively through the Nt1 domain (Figures 

4.20 and 5.9). Unlike the previous model, this new model therefore hypothesises a conserved 

mechanism by which all TssA proteins interact with their cognate sheath components.  
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An alignment of structural models of TssA1 and TssA3 Nt1 domains suggested that structural 

differences primarily arose in regions termed the hairpin and loop. Exchange of these sequences 

affected both interaction with cognate sheath components and T6SS functionality. In the docking of 

the TssA1 Nt1 domain model to the extended sheath model, the position of these residues can be 

identified (Figure 5.27). In this docking these residues are found at the interaction interface, which 

A) B) 

Figure 5.26 TssA1 Nt1 domain models docked at the distal end of the sheath. A) Side view of the 

docking of the TssA1 Nt1 domain models (blue) to the distal end of the extended sheath model. B) 

Top view of the docking of the TssA1 Nt1 domain models to the distal end of the extended sheath 

model. The Hcp inner tube (orange) is positioned within the sheath. C) Docking of the TssA1 Nt1 

domain model to the distal end of the contracted sheath structure (PDB:5N8N). Docking carried 

out with Patricia Paracuellos. 

 

C) 
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would explain why the exchange of sequences between tssA1 and tssA3 may affect interaction with 

the sheath.  

 

 

  

Figure 5.27 TssA1 Nt1 domain hairpin and loop regions at the interface with the extended sheath 

model. The position of TssA1 Nt1 domain hairpin (yellow) and loop (green) sequences in the 

docking of a single Nt1 domain model (blue) to the extended sheath model. 
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5.7 Discussion 

 

5.7.1 Significance of chimeric TssA protein functionality 

To account for the variability of TssA proteins, it has been suggested that long and short TssA proteins 

are functionally distinct within their respective T6SSs (376,377). However, the positioning of both long 

and short TssA proteins within the T6SS has been observed to be similar: associating with the T6SS 

assembly initiation site before being displaced to the distal end of the sheath during its polymerisation 

(360,377,508,513). The exception to this is TssA1, which has only been observed as a static component 

associated with the baseplate complex (377). A competing hypothesis is that the variability of TssA 

proteins is not related to distinct functions, but instead a different means to achieve a common 

function. This proposes that the varying C-terminal regions of TssA proteins achieve the 

oligomerisation into ring-shaped structures, which are suggested to form a platform that facilitates 

the proper positioning of the more conserved Nt1 domains at an equivalent radial position from the 

centre of the ring (Figure 1.24). BTH data and structural work on the C-terminal domains of TssAS 

proteins generated here, support a role for TssA C-terminal regions in oligomerisation into ring-shaped 

structures (Figures 4.21, 5.10, 5.14 and 5.15). Furthermore, Nt1 domains of both long and short TssA 

proteins have been demonstrated to interact with sheath components (Figure 4.20). 

To test the hypothesis that TssA proteins function similarly and that their distinct C-terminal regions 

are functionally similar, chimeric TssA proteins were generated by the exchange of domains between 

both long and short TssA proteins. For each P. aeruginosa T6SS, at least one chimeric TssA protein 

could be identified that restored T6SS functionality in the absence of the native TssA (Figures 5.4, 5.5 

and 5.6). H1-T6SS activity was fully restored in the presence of tssA1Nt1tssA3CTD and H3-T6SS was fully 

restored in the presence of tssA3Nt1tssA1CTD, while H2-T6SS function was partially restored by either 

tssA2Nt1tssA1CTD or tssA2Nt1tssA3CTD. Each functional chimeric protein contained the Nt1 domain 

natively associated with the T6SS that it functions with. This suggests that the Nt1 domain is essential 

for TssA activity and thus activity of the T6SS, while C-terminal regions have likely no specificity and 

can be switched while maintaining the proper functioning of the T6SS. Given the interaction of TssA 

Nt1 domains with sheath components, which was shown to be highly specific for the cognate sheath 

components (Figure 5.9), it is likely that this specific interaction is required for T6SS activity.  

A key role of TssA proteins is in coordinating sheath initiation at the baseplate and polymerisation at 

the distal end of the sheath (360) (see section 3.6.1). The TssA Nt1 domain is therefore implicated in 

each of these activities, while the C-terminal regions are dispensable. TssA proteins are recruited to 
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the assembly initiation site comprised of the membrane complex and baseplate complex, and are 

generally required for efficient sheath initiation (360,377,508). The data indicates that functional 

chimeric TssA proteins containing the cognate Nt1 domain can be recruited to this assembly initiation 

site to facilitate sheath initiation, suggesting that Nt1 domains are involved in the recruitment of TssA 

proteins to the T6SS. The cognate Nt1 domain is then likely essential for the initiation and coordination 

of sheath polymerisation through interaction with sheath components.  

Upon the exchange of very similar C-terminal regions, such as those of the short TssA1 and TssA3, full 

H1- and H3-T6SS functionality was maintained (Figures 5.4 and 5.5). These C-terminal domains share 

34 % sequence identity and are expected to have a similar fold and oligomerise into similar ring-

shaped structures (Figure 5.28) (509). Preliminary structural data also indicates that this is the case 

(Figures 5.14 and 5.15). Therefore, the exchange of these C-terminal domains would not be expected 

to have a large effect on the overall architecture of the TssA protein. Like the wildtype proteins, each 

of the functional chimeric proteins would be expected to be a ring-shaped structure of high symmetry 

and a large internal lumen with peripherally associated Nt1 domains (Figure 5.28). The positioning of 

the Nt1 domains would be expected to be very conserved upon exchange of TssAS C-terminal domains. 

Equivalent T6SS functionality upon exchange of TssAS C-terminal domains suggests that a crucial role 

of these C-terminal domains is as a platform to facilitate proper positioning of Nt1 domains. 

Exchange of distinct C-terminal domains from long and short TssA proteins did not lead to function 

with the TssAS-associated H1- and H3-T6SSs, however, there was functionality associated with these 

chimeric proteins in the TssAL-associated H2-T6SS. Interaction with the H2-T6SS sheath and partial H2-

T6SS function were restored by tssA2Nt1tssA1CTD and tssA2Nt1tssA3CTD (Figures 5.3 and 5.6). TssA2 C-

terminal regions, including the Nt2 domain that was previously suggested to be responsible for sheath 

interaction, are therefore not required for interaction of TssA2 Nt1 domains with sheath components 

and functionality within the H2-T6SS. Instead, it seems that introduction of TssAS C-terminal domains 

facilitates a similar positioning of the TssA2 Nt1 domains compared to the native protein (Figure 5.28). 

The fact that the introduction of a distinct C-terminal domain structure can be tolerated within a 

functioning T6SS supports the hypothesis that the distinct C-terminal regions of long and short TssA 

proteins achieve a common function, the proper positioning of Nt1 domains, through distinct means.  

The presence of the Nt1 domain alone was not always sufficient for the functionality of a chimeric 

protein, suggesting that while specific C-terminal regions are not required for T6SS activity, they do 

have some contribution. Chimeric TssA proteins formed from a mix of domains from long and short 

TssA proteins were non-functional in the H1- and H3-T6SSs, while only partial functionality was 

restored with these proteins in the H2-T6SS. The C-terminal regions of long and short TssA proteins 
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are structurally distinct (Figure 5.28) (see section 1.4.1) (360,377,509). Therefore, exchange of these 

C-terminal regions would be expected to introduce changes in ring dimensions and symmetry of the 

complex, which may influence functionality. Exchange of C-terminal regions would involve either loss 

or gain of the large internal lumen associated with TssAS proteins (Figure 5.28). It has been suggested 

that the variation in lumen size may be linked to the varying firing modes of TssAS- and TssAL- 

associated T6SSs (see section 3.6.4) (508). A TssAL-associated T6SS is linked to slow firing dynamics, 

remaining extended for longer periods of time after sheath polymerisation before firing (508). Stable 

residence of the extended sheath may require the distal end of the tail complex to be capped with the 

narrower TssAL lumen to prevent the loss of the inner tube. The presence of a wider lumen might be 

tolerated in a TssAS-associated T6SS, linked to rapid firing dynamics after sheath polymerisation, as 

stability of the tail complex need not be maintained for a long period of time before firing. 

Alternatively, it has been suggested that with a TssAS C-terminal domain, in polymerisation of the inner 

tube, Hcp hexameric rings would be able to pass through the internal lumen of TssAS rings to be added 

to the growing structure, while a distinct mechanism has been suggested for TssAL C-terminal regions 

(360). Altered TssA lumenal diameter through C-terminal region exchange may therefore affect T6SS 

activity through sheath stability or coordination of inner tube polymerisation. 

Figure 5.28 Schematic of predicted structures of chimeric TssA protein complexes. Domains of 

TssA1 (blue), TssA2 (yellow) and TssA3 (red) were exchanged to generate eight chimeric TssA 

proteins with mixed domains. Chimeric TssA proteins are grouped according to the presence of a 

specific Nt1 domain. Fully functional chimeric proteins are indicated with a black star, partially 

functional chimeric proteins are indicated with a grey star. 



265 
 

Exchange of C-terminal regions would also alter the symmetry of the chimeric protein relative to the 

native TssA. With TssAS C-terminal domains forming rings with ~16-fold symmetry and TssAL C-

terminal domains forming rings with five- or six-fold symmetry (360,377,509), exchange of these 

regions would quite dramatically increase or decrease the number of monomeric units in the oligomer 

and with this the abundance of peripheral Nt1 domains. The abundance of peripheral Nt1 domains 

may be important for the activity of distinct TssA groups, thus an altered abundance could explain loss 

of T6SS activity. Further to just providing a platform for the proper positioning of Nt1 domains, TssA 

C-terminal regions may also be important for determining the oligomeric state of the protein and 

through this the abundance of Nt1 domains. 

A further change in TssA structure resulting from the introduction of the TssAS C-terminal domain is 

the absence of the TssA2 Nt2 domain. It has been hypothesised that the Nt2 domain acts as a spacer 

to ensure proper positioning of Nt1 domains (509), but no other direct function has been linked to 

this domain. However, these chimeric proteins were not fully functional despite positioning of their 

Nt1 domains permitting interaction with the sheath (Figures 5.3 and 5.6). This suggests that Nt2 

domains may have other contributions to TssAL functionality. 

 

5.7.2 Interaction of TssA Nt1 domains at the distal end of the sheath 

Based on interactions with the sheath being mediated by Nt1 domains (Figures 4.20 and 5.9), and TssA 

proteins being identified to localise at the distal end of the polymerising sheath (360,377,508,513), it 

appears that TssA proteins interact specifically via their Nt1 domains with the distal end of the sheath. 

In previous models it has been suggested that the rings of the sheath and the TssA complex align, with 

Nt1 domains at the periphery of these rings possibly positioned around the external surface of the 

sheath (360,509). Given the identification of interaction between Nt1 domains and the sheath, a 

model of the TssA1 Nt1 domain was docked to the H1-T6SS sheath structure (Figure 5.26). In both 

extended and contracted sheath conformations, the Nt1 domain was similarly positioned at the tip of 

the distal end of the sheath within grooves that would be occupied by subsequent sheath subunits 

upon polymerisation (Figure 5.26). Evidently, as the TssA1 Nt1 domain docked to the sheath structures 

is just a model based on the TssABC Nt1 domain structure, such organisation remains speculative. 

However, this provides a solid hypothesis for the interaction of Nt1 domains within grooves at the tip 

of the sheath distal end that can be further investigated.  

Sequence comparison between different TssA proteins has identified that the Nt1 domains of long 

and short TssA proteins vary in size, with those of TssAS proteins being ~250 aa while those of TssAL 
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proteins being ~190 aa (509). The conserved feature of these Nt1 domains is the N-terminal ImpA_N 

region of ~120 aa. Given the conservation of both the ImpA_N regions and sheath binding ability for 

all TssA proteins, it may be that the ImpA_N region confers general sheath binding properties, while 

specificity for different T6SSs may be introduced in other Nt1 domain regions. The ImpA_N region 

comprises the first 5 α-helices and the N-terminal portion of the sixth helix of the TssABC Nt1 domain 

(509). Within this ImpA_N region of TssABC, most of the conserved residues were involved in packing 

interactions, suggesting that they likely contribute to a similar fold between different TssA proteins 

(509).  

While overall Nt1 domain sequence and length does vary between long and short TssA proteins, the 

sequence of the core ImpA_N region is quite conserved between long and short TssA proteins. Based 

on the known structure of the TssABC Nt1 domain, structural models were generated for each of the 

P. aeruginosa TssA Nt1 domains. The ImpA_N regions of each of the P. aeruginosa TssA proteins are 

predicted to be formed of five antiparallel α-helices whose arrangement is similar between TssA 

proteins (Figure 5.29A). In an alignment of these predicted structures, the five helices can be identified 

in each of the ImpA_N regions, but variations are also present (Figure 5.29B). The TssA1 and TssA3 

ImpA_N regions are similar, sharing a RMSD of 1.8 Å, while the TssA2 ImpA_N region is more different 

sharing an RMSD of 4.0 Å with the TssA1 ImpA_N region (536). This variation may arise from 

differences in the orientation or length of the ImpA_N helices (Figure 5.29). As previously stated, these 

are structural models based on a single known Nt1 domain structure, without additional structural 

data on these ImpA_N regions, is it difficult to ascertain the degree of similarity between different 

ImpA_N regions. 
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There are currently no T6SSs where structures for both the sheath and the TssA Nt1 domain are 

known, which limits the reliability of models docking TssA proteins onto the sheath. For P. aeruginosa, 

the structure of the H1-T6SS sheath is resolved in its contracted conformation, where TssA1 has been 

observed to bind to one end of this structure (376,596). A model for the TssA1 Nt1 domain has been 

docked to the distal end of this sheath structure (Figure 5.26). In this docking, the TssA1 ImpA_N region 

fits within a groove at the sheath distal end (Figure 5.30). It is possible that such a groove at the distal 

end of the sheath could be filled by ImpA_N regions in all T6SSs. 

 

 

 

Figure 5.29 Structural similarities between P. aeruginosa TssA ImpA_N regions. A) Structural 

models of the P. aeruginosa TssA ImpA_N regions. The TssA1 (blue), TssA2 (yellow) and TssA3 (red) 

ImpA_N regions. Each ImpA_N region is comprised of five antiparallel α-helices with a similar 

orientation. B) Sequence and secondary structure alignments of the P. aeruginosa TssA ImpA_N 

regions. Combined pairwise alignments of TssA3 and TssA2 ImpA_N regions to the TssA1 ImpA_N 

region. Uppercase represents structurally equivalent positions with TssA1 ImpA_N. Lowercase 

represents insertions relative to TssA1 ImpA_N. H/h: helix, L/l: coil. The consensus regions for the 

five α-helices are annotated.  

TssA1 ImpA_N TssA2 ImpA_N TssA3 ImpA_N 

A) 

B) 



268 
 

P. aeruginosa Nt1 domains interact specifically with their cognate sheath components (Figures 4.20 

and 5.9), which likely drives the functional specificity of TssA proteins (Figures 4.25, 4.26 and 4.27). 

However, this functional specificity can be altered by the exchange of Nt1 domains (Figures 5.4, 5.5 

and 5.6). The specific interaction between Nt1 domains and sheath components is therefore crucial 

for T6SS specificity linked to TssA proteins. It is thus hypothesised that subtle variations in TssA Nt1 

domain and sheath tip structures may contribute to TssA system specificity.  

Structural models were generated for each of the P. aeruginosa TssA Nt1 domains. In each case, the 

Nt1 domain is formed of a bundle of α-helices (Figure 5.31A). The TssA1 and TssA3 Nt1 domains are 

predicted to have a core α-helical bundle, containing the ImpA_N region, and an additional extension 

below this. Alignment of the Nt1 domain regions downstream of the ImpA_N region identifies both 

sequence and secondary structure variation between the short TssA1 and TssA3 compared to the long 

TssA2 (Figure 5.31B). The structures of the TssA1 and TssA3 Nt1 domains are predicted to be quite 

similar: structural alignment of these models yields an RMSD of 1.7 Å (536). The TssA1 and TssA3 Nt1 

domains were aligned to reveal two primary regions of variable structure, termed the hairpin and the 

loop (Figure 5.19).  

Figure 5.30 TssA1 ImpA_N region model docked at the distal end of the sheath in the contracted 

conformation. A) Top view of the docking of the TssA1 ImpA_N region model (blue) to the distal 

end of the contracted sheath structure (PDB: 5N8N). B) Side view of the docking of the TssA1 

ImpA_N region model to the distal end of the contracted sheath structure. Docking carried out 

with Patricia Paracuellos. 

A) B) 
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Meanwhile, structural alignment of TssA1 and TssA3 Nt1 domains models to that of TssA2 yields RMSD 

values of 4.2 Å and 3.9 Å respectively (536). This indicates that the two Nt1 domains belonging to TssAS 

proteins, TssA1 and TssA3, are quite similar but differ to the Nt1 domain of the long TssA2. The 

variation can be demonstrated in a secondary structure alignment between TssA1 and TssA2 Nt1 

domains (Figure 5.32). While some helices do align in the core helical bundle, there are variations in 

the positioning of helices between the structures, and the TssA1 Nt1 domain has an additional helical 

extension below the aligned region, which is absent in the TssA2 Nt1 domain. The predicted structural 

differences between these Nt1 domains may be linked to the difference in size between the Nt1 

domains of long and short TssA proteins, with the Nt1 domain of TssAS proteins being longer. Of 

course, these structural comparisons are based on structural models, and the structures used may 

therefore not be entirely accurate. 

Figure 5.31 Structural differences between P. aeruginosa TssA Nt1 domains. A) Structural models 

of the P. aeruginosa TssA1 (blue), TssA2 (yellow) and TssA3 (red) Nt1 domains. B) Sequence and 

secondary structure alignments of the P. aeruginosa TssA Nt1 domains excluding ImpA_N regions. 

Combined pairwise alignments of TssA3 and TssA2 Nt1 domains excluding ImpA_N regions to that 

of TssA1. Uppercase represents structurally equivalent positions with TssA1. Lowercase represents 

insertions relative to TssA1. H/h: helix, L/l: coil. 

 

TssA1 Nt1 

TssA2 Nt1 

TssA3 Nt1 

A) 

B) 
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The structures of the short TssA1 and TssA3 Nt1 domains are predicted to be more similar when 

compared to the long TssA2 Nt1 domain structure (Figure 5.31). It is hypothesised that differences in 

Nt1 domain structure may contribute to the specificity of interaction with sheath components and 

functional specificity. It would therefore be expected that variation between sheath components of 

different T6SSs would also contribute to this specificity. In a pairwise comparison of T6SS component 

sequences encoded in different P. aeruginosa T6SS clusters, it was identified that both TssB and TssC 

proteins were more similar between the TssAS-associated H1- and H3-T6SSs than when compared to 

the TssAL-associated H2-T6SS (Table 5.1). This association was more pronounced with TssB proteins, 

perhaps implicating TssB in contributing to the specificity of interactions with TssA proteins.  

 

Table 5.1 Pairwise comparison of sheath components 
between P. aeruginosa T6SS clusters 

  TssA TssB TssC 

% 
sequence 
identity 

H1-T6SS vs H2-T6SS 14.7 25.1 38.4 

H1-T6SS vs H3-T6SS 28.1 35.3 44.3 

H2-T6SS vs H3-T6SS 17.9 27.6 41.1 
 

Interestingly, the additional extension present below the core helical bundle in TssAS proteins contains 

the hairpin region that was identified to be variable between TssA1 and TssA3 Nt1 domains (Figure 

5.19). The exchange of the hairpin regions between TssA1 and TssA3 resulted in a reduced interaction 

strength with the cognate sheath components for both proteins (Figures 5.21 and 5.22), implicating 

these sequences in the specificity of interaction between these TssAS proteins and their respective 

sheath components. In the docking of the TssA1 Nt1 domain to the sheath structure, the hairpin region 

Figure 5.32 Comparison of TssA1 and TssA2 Nt1 domain 

models. Structural alignment TssA1(blue) and TssA2 

(yellow) Nt1 domain models.  
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is identified to fit within a groove (Figure 5.33A). The TssA3 Nt1 domain has an additional sequence 

present in the hairpin region, and when aligned with the docked TssA1 Nt1 domain, this additional 

sequence clashes with the sheath (Figure 5.33B). This clash may explain why neither the TssA3 Nt1 

domain or TssA1 with TssA3 hairpin regions interact with H1-T6SS sheath components (Figures 5.9 

and 5.20).  

The other area that was identified to be variable between TssA1 and TssA3 Nt1 domain models was 

the loop region, which is found between α1 and α2 of the ImpA_N region (Figure 5.19). The exchange 

of the loop regions between TssA1 and TssA3 also resulted in a reduced interaction with the cognate 

sheath components for both proteins, as well as a reduced abundance of sheath structures (Figures 

5.21, 5.22 and 5.23). The TssA1 Nt1 domain loop region can be identified in the model docked to the 

Figure 5.33 Structural models of TssA1 and TssA3 Nt1 domains docked to the H1-T6SS contracted 

sheath structure. A) Top view of the TssA1 Nt1 domain model (blue) docked to the H1-T6SS 

contracted sheath structure (PDB: 5N8N). The hairpin region (light blue) fits within a groove. B) 

Top view of the TssA3 Nt1 domain model (red) with equivalent docking to the H1-T6SS contracted 

sheath structure. The extension to the hairpin region (magenta) in the TssA3 Nt1 domain clashes 

with the sheath structure. C) Side view of the TssA1 Nt1 domain model docked to the H1-T6SS 

contracted sheath structure, with the loop region (light blue) highlighted. B) Side view of the TssA3 

Nt1 domain model with equivalent docking to the H1-T6SS contracted sheath structure with the 

loop region (magenta) highlighted. 

A) B) 

C) D) 
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H1-T6SS sheath structure (Figure 5.33C). When the TssA3 Nt1 domain is aligned to this structure, there 

is no steric clash with the sheath structure as there was in the case of the hairpin region (Figure 5.33D). 

It is therefore less clear why exchange of loop regions affected sheath interaction, particularly as 

introduction of the loop region generally had a greater effect; residues within this region may 

specifically contribute to interaction with H1-T6SS sheath components.  

 

5.7.3 Implications of Nt1 domain-sheath interactions on TagA accessory protein interactions 

This work has identified that TssA Nt1 domains are responsible for binding to the sheath (Figure 4.20). 

These Nt1 domains contain the conserved feature of TssA proteins, the ImpA_N region. Interestingly, 

in addition to being present in TssA proteins, this ImpA_N region is also present in the TssA-associated 

accessory protein TagA (377,510). These TagA proteins are typically associated with T6SSs which have 

a TssAL protein and have been implicated in the stabilisation of extended sheath structures by 

anchoring the distal end of the sheath through association with the membrane (see section 1.4.3.1) 

(377,508,510). At the distal end of fully extended E. coli T6SS sheaths both TssAEC and TagAEC foci have 

independently been observed to be present up to contraction, suggesting that these proteins form a 

complex at the distal end of the sheath to stabilise the extended structure (510). In V. cholerae TssAVC 

was generally only present at the distal end of the T6SS sheath during the polymerisation, following 

the formation of a fully extended structure there was loss of TssAVC association and either sudden 

contraction or a prolonged stable state in the absence of TssAVC before contraction (377). It was 

suggested that these outcomes were influenced by TagAVC, where upon dissociation of TssAVC, sheaths 

were either stabilised by TagAVC and if not, immediately contracted. TagAVC has been identified to bind 

several T6SS components, including TssA, ClpV, sheath components, Hcp and baseplate components 

(512). Given that the interaction of TssA proteins with sheath components involves the ImpA_N-

containing Nt1 domains, it is tempting to speculate that TagA proteins may form similar interactions 

with sheath components through their ImpA_N regions. The ImpA_N regions of TssAEC and TagAEC 

share 24 % sequence identity, while the ImpA_N region of TssAVC shares 5 % sequence identity with 

that of TagAVC. It may be that TagA proteins completely replace TssA proteins at the distal end of the 

sheath, as suggested for V. cholerae, or that TagA and TssA proteins simultaneously bind the distal 

end of the sheath, as suggested for E. coli. 

It has been suggested that the interaction of TssA proteins with their TagA accessory proteins may be 

mediated through interaction of ImpA_N regions, as previous work identified self-interactions of 

TssAEC N-terminal regions comprising of Nt1 and Nt2 domains (360,377). However, studying the 

interactions between the domains of TssA proteins identified that there is no interaction between Nt1 
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domains (Figures 4.20 and 5.10). The previously reported self-interaction of TssAEC N-terminal regions 

was likely because of interaction between Nt2 domains, which have been identified to dimerise 

(377,509). The interaction between TssA and TagA proteins is therefore unlikely to be mediated 

through interactions between the different ImpA_N regions. 

 

5.7.4 Proposed mechanism for tail polymerisation with TssA bound to the distal end  

A single TssA complex is present at the distal end of the sheath as it polymerises across the cell 

(360,377,508). The mechanism by which new sheath and inner tube subunits are incorporated at the 

distal end of the tail complex with TssA bound is currently unclear (387). The binding of Nt1 domains 

to the distal end of the sheath may introduce a physical barrier to the incorporation of new sheath 

and Hcp subunits. The mechanism by which the Hcp inner tube is extended has been suggested to 

vary between long and short TssA proteins. With a TssAS bound at the distal end of the sheath, the 

approximately 100 Å lumen of the C-terminal domain ring shaped structure could accommodate the 

passage of a 90 Å diameter Hcp hexameric ring to extend the inner tube (376,509). In contrast, with a 

TssAL bound, the lumenal diameter of this C-terminal domain ring shaped structure is around 25-50 Å, 

which could not accommodate the passage of a Hcp ring (360,377,509). It has been suggested that a 

conformational change in the TssAL C-terminal region might open a sufficient lumen for the passage 

of a Hcp ring (360). In this model it is suggested that the “closed” form of the ring which has been 

observed would prevent the release of the inner tube through the TssA lumen, however, an “open” 

form has not been observed and thus far remains an untested hypothesis. It is currently unclear, with 

the positioning of the TssA complex at the distal end of this tail structure, the mechanism by which 

both sheath and inner tube undergo polymerisation. 

Several hypotheses have been proposed for the mechanism by which both sheath and Hcp subunits 

might be incorporated with TssA bound at the distal end of the sheath. These hypotheses were 

suggested based on the previous model where interaction between the sheath and associated TssA 

proteins was suggested to involve the Nt2 domain (361). Given that it now appears that this 

interaction instead involves the more flexibly associated Nt1 domain (Figure 4.20), these hypotheses 

may require re-examination.  

In the exchange model, the existing TssA complex is replaced by a new TssA complex carrying sheath 

subunits and Hcp. However, this contradicts previous data identifying that the same TssA remains 

associated to the distal end of the sheath (360,377). Furthermore, if as previously suggested, the 

binding of TssA to the distal end of the sheath is involved in the maintenance of the sheath in the high 
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energy extended conformation (360), it seems unlikely that this energy would be maintained if the 

TssA were to dissociate to allow new subunits to be added. Regardless of the role of TssA in 

maintaining the sheath in an extended conformation, it would appear to be energetically unfavourable 

to lose the interaction between a TssA complex and the distal end of the sheath, which has been 

suggested to be one of the strongest interactions formed by TssA (360). The exchange model therefore 

does not appear to best fit the available data.  

The flip model is based on observations that TssA complexes form double-layered ring structures. In 

this model it is suggested that while one face of the TssA complex associates with the extended sheath 

structure, the other face can bind free sheath subunits and Hcp (361). The flipping of the TssA complex 

is proposed to incorporate these new components into the sheath and inner tube. While this model 

is consistent with a single TssA complex associating with the distal end of the sheath during 

polymerisation, it again proposes that all contacts between the TssA complex and the extended sheath 

are lost for polymerisation to occur, which seems unlikely. Furthermore, there are many gaps in the 

understanding of how this manoeuvre might be coordinated, i.e. the requirement of chaperones to 

guide such a rearrangement, since no such TssA interaction partners have been identified to date.  

Finally in the cap model, it is proposed that contact between the TssA complex and the sheath is 

maintained during polymerisation of the inner tube and sheath (132). It was suggested in this model 

that Hcp hexamers could enter either directly through the TssAS ring lumen or through structural 

rearrangement of the TssAL C-terminal domain ring to allow their passage, while sheath subunits 

would be incorporated like flagellins at the flagellar tip (132).  

A model akin to the cap model seems most likely given the data. An update to the cap model should 

consider that the interaction with the sheath, likely at the distal end as identified in previous 

fluorescence microscopy data (360,377,508,513), has now been identified to involve TssA Nt1 

domains (Figure 4.20). Molecular docking with sheath structures and Nt1 domain models has 

proposed that this interaction involves Nt1 domains docking into grooves at the surface of the distal 

end (Figure 5.26). Six such grooves are found at the distal end of the sheath. All TssA complexes 

described to date are comprised of at least 10 monomers, so a maximum of six Nt1 domains would be 

expected to form contacts with these grooves, with remaining Nt1 domains being flexible (Figure 

5.34). It is predicted that in this spider-like arrangement, the C-terminal domain ring structures will 

orientate above the distal end of the sheath with Nt1 domains extending below.  

In the cap model it is proposed that TssA behaves like the FliD flagellar cap. Some similarities between 

TssA proteins and FliD proteins have already been highlighted (see section 4.7.2). Both proteins are 
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found at the distal end of a helical structure at a site where further polymerisation takes place, these 

complexes can vary in their symmetries, which also vary compared to that of the structure that they 

cap (131,587–589,597). For both FliD and TssA proteins, oligomerisation involves a subset of domains, 

FliD D2 and D3 domains oligomerise into a star-shaped plate structure while TssA C-terminal domains 

oligomerise into a ring-shaped structure (132,360,377,509). A further comparison that can be drawn 

is the association of a more peripherally positioned domain relative to this oligomeric structure, FliD 

D1 domain and TssA Nt1 domain, where the D1 domain contacts the flagellar filament below the plate 

structure while the Nt1 domain has been shown to interact with the sheath (Figure 4.20) 

(132,360,377,509). It has been noted that while the ring-shaped structures formed by the C-terminal 

domains of TssAS or the Nt2 and C-terminal domains of TssAL proteins are very different, the position 

at which Nt1 domains are found relative to the centre of the rings is similar (Figure 1.24) (509). This 

comparable positioning is achieved for TssAS proteins through a large C-terminal domain ring with a 

large internal lumen and linkers to the peripheral Nt1 domains, while for TssAL proteins this is achieved 

Figure 5.34 Schematics for the association with TssA complexes at the distal end of the sheath. A) 

Side view of the suggested positioning of the TssA complex (blue) at the distal end of the sheath 

(light grey) with both schematic and structural models. Nt1 domains are represented by blue 

circles in the schematic. B) Top view of Nt1 domains within the grooves (dark grey) at the distal 

end of the sheath with both schematic and structural models. Six grooves would be able to 

accommodate Nt1 domains.  

A) B) 
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through a smaller C-terminal domain ring that has the addition of dimeric Nt2 domains, which may 

act as spacers at the outer edge to ensure the proper positioning of Nt1 domains (509). The Nt1 

domains contacting the sheath from an oligomeric platform at the distal end of the sheath resembles 

the oligomeric FliD plate structure that sits atop the flagellar filament with D1 domains extending 

down and embedding in the filament.  

The exact mechanism by which the flagellar filament is extended with FliD at its distal end is not 

entirely clear. It is known that the legs which extend from the oligomeric plate structure have 

structural similarities with flagellin and so embed within the growing flagellar filament filling gaps that 

will sequentially be occupied by new flagellin molecules (132). Unlike in sheath polymerisation, 

flagellin subunits are transported through the flagellar filament to the capped end, where it is 

suggested that subunits exit through a cavity (597). Exposure to hydrophobic residues at the filament 

end is suggested to promote correct folding and thus polymerisation into the filament (597). The 

incorporation of this new flagellin subunit is suggested to introduce conformational changes which 

dislodge the FliD leg from an adjacent binding pocket causing the cap complex to rotate and facilitating 

the incorporation of a further flagellin subunit (132,597).  

Drawing from this, an updated cap model is proposed, where Nt1 domains bind to the grooves at the 

distal end of the sheath. In order to polymerise the sheath, new sheath TssB-TssC protomers must 

either displace a bound Nt1 domain or bind to an unoccupied groove. It is possible that, as in the 

proposed model for flagellar polymerisation, the addition of a new sheath subunit introduces a 

conformational change that displaces a neighbouring Nt1 domain from its groove (Figure 5.35). Such 

a mechanism with sequential Nt1 domain displacement and polymerisation of sheath subunits, would 

lead to sheath polymerisation while maintaining Nt1 domain contact with the sheath. 
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Alternatively, free Nt1 domains could bind TssB-TssC protomers and recruit them to the polymerising 

sheath, replacing existing contacts between a single Nt1 domain and the sheath with the addition of 

a new subunit with an already bound Nt1 domain (Figure 5.36). 

These updated hypotheses for the cap model are based on advances in our understanding on the 

interaction between TssA proteins and the sheath. Unfortunately, equivalent developments that 

would provide insights into how the inner tube is polymerised have not been made to date. It has 

been identified that a hexameric Hcp ring would be able to pass through the central lumen of TssAS 

proteins but not of TssAL proteins as discussed above. Spaces sufficient for the passage of hexameric 

Hcp rings could be achieved though the flexibility conferred by the linkers between Nt1 domains and 

the TssA ring platform. Alternatively, if only a portion of sheath grooves were filled by Nt1 domains, 

perhaps only on one side of the sheath, this might also allow a Hcp ring to enter and be incorporated. 

Previous models have generally suggested the polymerisation of the Hcp tube by the incorporation of 

assembled hexameric Hcp rings onto the existing structure (361). Polymerisation by the addition of 

single monomers may alternatively be possible to overcome the spatial restrictions imposed by the 

presence of TssA at the distal end of the tail complex. 

A) 

B) 

Figure 5.35 Schematics for an updated cap model for sheath polymerisation with TssA at the distal 

end of the sheath. A) Top view of sheath polymerisation model. B) Side view of sheath 

polymerisation model. A new sheath subunit (black) is recruited to the distal end of the sheath 

(light grey). Incorporation of this sheath subunit displaces a neighbouring TssA Nt1 domain subunit 

(blue circle). A Nt1 domain subunit can bind to the newly incorporated sheath subunit. This cycle 

would maintain contact between TssA and the distal end of the sheath during polymerisation.  
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Interactions have previously been identified between the distal end of the Hcp tube with the C-

terminal regions of both long and short TssA proteins (360,509). It has been suggested that the Hcp 

tube may act as a framework for the polymerisation of the surrounding sheath, similar to what was 

suggested for the bacteriophage T4 tail (379,598). If the Hcp tube were to extend beyond the distal 

end of the sheath, interactions with TssA C-terminal regions may have a role in orientating the TssA 

ring above the sheath (Figure 5.37). A distal TssA complex may therefore be in contact with the sheath 

through Nt1 domains and the Hcp inner tube through the C-terminal ring. Polymerisation of the Hcp 

tube could push the TssA complex further towards the distal end and provide some tension to 

maintain the polymerisation of the sheath. 

Figure 5.36 Schematics for sheath subunit recruitment by the TssA Nt1 domain. A) Top view of 

proposed sheath subunit recruitment by the TssA Nt1 domain. B) Side view of proposed sheath 

subunit recruitment by the TssA Nt1 domain. A free TssA Nt1 domain (blue circle) could bind a 

sheath subunit and displace an existing Nt1 domain to polymerise the sheath.  

A) 

B) 
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A) B) 

Figure 5.37 Schematics for a TssA complex bound at the distal end of the tail complex including 

Hcp. A) Side view of the proposed positioning of the TssA complex (blue) at the distal end of the 

sheath (light grey) with the Hcp tube (orange). Nt1 domains are represented by blue circles. B) Top 

view of Nt1 domains docked at the distal end of the tail complex containing Hcp. 
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5.8 Summary 

Overall, this chapter presented a novel investigation into the contribution of TssA domains to the 

functionality of the T6SS, revealing the functionality of chimeric TssA proteins. These data contributed 

to the development of new hypotheses about the positioning of TssA proteins and their role in the 

assembly of the T6SS. This work led to the conclusion that functional specificity of TssA proteins is 

dependent on Nt1 domains, whose positioning is facilitated by C-terminal regions.  
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6. Discussion 

The T6SS is one of many protein secretion systems that assemble complex proteinaceous 

nanomachines embedded within the bacterial cell envelope of gram-negative bacteria. These systems 

are highly specific and have very distinct mechanisms to transport proteins across the cell envelope. 

These secretion systems are assembled from very different proteins, although some elements are 

conserved between systems, such as the outer membrane secretin associated with the T2SS and T3SS. 

Despite the conservation of individual components within each of these systems, the level of 

conservation varies, and some components have quite a low level of similarity. This weaker 

conservation may reflect specificity towards certain substrates or could indicate subtle mechanistic 

variation between systems. Here, the most variable component of the T6SS, the TssA protein, notably 

of the P. aeruginosa T6SSs, has been studied. Structural and functional aspects of TssA proteins have 

been assessed to evaluate possible commonality and differences. 
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6.1 TssA proteins are required for T6SS activity 

The contribution of numerous TssA proteins from different organisms to the activity of their respective 

T6SSs has been studied to date, including the long TssAEC and TssAVC and the short TssA1PP and TssABC 

(360,377,508,509). This work expanded on this characterisation to assess the contribution of each of 

the TssA proteins of P. aeruginosa to the activity of their respective T6SS. In line with previous work, 

the H1- and H2-T6SSs were non-functional and assembled almost no T6SS sheath structures in the 

absence of their respective TssA proteins (Figures 3.6, 3.10 and 3.11). Studying the contribution of 

TssA3 was complicated by the absence of functional assays to assess H3-T6SS activity. While assembly 

of H3-T6SS sheath structures could be observed by fluorescence microscopy, T6SS firing was not 

observed, and as such secretion and interbacterial competition assays could not be used to 

characterise H3-T6SS activity (Figures 3.12, 3.13 and 3.14). However, fluorescence microscopy data 

did indicate a requirement for TssA3 for the assembly of H3-T6SS sheath structures. 

Curiously, it has been demonstrated here and elsewhere that the assembly of the T6SS sheath could 

still be observed in some cases even in the absence of TssA (Figure 3.11) (376,377,512). Given the 

overall reduced sheath abundance and the reduced proportion of extending and contracting sheaths 

in the absence of TssA proteins, it appears that key contributions of TssA proteins are in promoting 

the initiation and coordination of sheath assembly, without being entirely essential. Potential roles for 

TssA proteins in the assembly of the T6SS will be discussed in section 6.2, but it is likely that these 

roles enhance processes that are inefficient in its absence. For example, if TssA has a role in stabilising 

the membrane and baseplate complexes to allow initiation of sheath assembly, the threshold level of 

stability may occasionally be met by chance in the absence of TssA allowing sheath initiation. 

Considering all the available data, it was determined that TssA proteins are required for the activity of 

the T6SS. This conclusion was drawn by considering T6SS activity as a population level trait, where 

despite a low number of sheath structures being assembled in the absence of their cognate TssA 

protein, functional assays indicate that the bacterial population is unable to effectively use its T6SS.  

A notable observation in fluorescent microscopy experiments to visualise T6SS sheath structures was 

the variation in the localisation, abundance and dynamics of the P. aeruginosa T6SSs. While H1- and 

H2-T6SS sheath structures were randomly assembled throughout the cell, H3-T6SS sheath structures 

were found to localise at the cell poles (Figures 3.6, 3.11 and 3.14). The abundance of these structures 

also varied: in a rsmA background, when cells were grown in liquid culture prior to imaging H2- and 

H3-T6SS sheath structures were identified in 62 % and 39 % of cells respectively, while H1-T6SS sheath 

structures were identified in just 0.14 % of cells per minute (Figures 3.1, 3.11 and 3.14). For the H1-

T6SS more sheath structures were observed upon growth on solid media prior to imaging, while for 
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the H2-T6SS this led to fewer sheaths being present. Additionally, cells grown in liquid culture 

assembled multiple H2-T6SS sheath structures per cell, sometimes as many as six, while cells generally 

assembled single H2-T6SS sheaths when grown on solid media. Cells generally produced single H1- 

and H3-T6SS sheaths regardless of the method of sample preparation. As previously noted, these 

T6SSs also have varied firing dynamics, with H1-T6SSs firing quickly after sheath assembly, H2-T6SSs 

remaining stable for a long period of time after assembly and with firing rarely being observed for 

assembled H3-T6SS sheaths (see section 3.6.4). 

 

6.1.1 Future perspectives: TssA functionality and T6SS regulation 

It does remain of interest to better characterise the sheath structures that are formed in the absence 

of TssA proteins. For example, while a small number of these structures are observed to extend and 

contract, it has not been conclusively demonstrated that this contraction is functional and paired with 

the expulsion of T6SS components, including effectors. It could be that these are non-canonical 

contraction events that do not cause effective secretion, explaining why their effects cannot be 

demonstrated in functional assays. Alternatively, it may purely be due to a low frequency of T6SS 

contraction events within the population. 

Interestingly, it appears that sample preparation for fluorescent microscopy can influence the 

abundance of these sheath structures (Figure 3.11) (see section 3.6.1). In optimising these assays, it 

was observed that H1-T6SS sheath abundance was elevated when cells were grown on solid media 

prior to imaging as compared to growth in liquid media. This could be explained by increased contact 

between bacteria on solid media, where the firing of a H1-T6SS at a neighbouring cell would activate 

T6SS duelling by a tit-for-tat response (479). The opposite was true for the H2-T6SS, where tit-for-tat 

behaviour is not seen, with sheath abundance elevated with cells grown in liquid culture when 

compared to solid media. Remarkably, sheath abundance in the absence of tssA2 also differed 

between the two approaches, from almost no sheaths on solid media to 23 % in liquid media (Figure 

3.11). The reason for this varied sheath abundance is not clear as several factors were altered between 

these approaches. The production of these T6SSs likely varies depending on the environmental 

conditions, and this work provides some evidence that certain conditions could potentially also alter 

the requirement for the TssA protein. Investigating how T6SS abundance and activity are regulated 

under different conditions could therefore offer new insights into TssA function.  

In the absence of functional assays to assess H3-T6SS activity, there are limits to the characterisation 

of TssA3. Future work should therefore also attempt to better characterise the regulation of the H3-
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T6SS, including the conditions or stimuli required to activate firing. One candidate that stands out for 

future study is the sigma factor activator, sfa3, which is encoded in the H3-T6SS cluster. While the H2-

T6SS-associated Sfa2 was demonstrated to activate expression of the H2-T6SS, and repress the H1- 

and H3-T6SS, the activity of Sfa3 remains elusive (501). To date just a single H3-T6SS effector has been 

identified, TseF involved in iron acquisition, where iron-limiting conditions were demonstrated to 

induce H3-T6SS expression (311). Identification and characterisation of other effectors associated with 

this T6SS could provide further clues about the conditions required to activate H3-T6SS firing. 

Candidates for this have been identified in pulldown experiments using Hcp3 (412). 

An interesting feature of H3-T6SS sheath structures was their polar positioning within the cell, as 

compared to non-polar positioning for H1- and H2-T6SS structures (Figures 3.6, 3.11 and 3.14). Polar 

localisation of a T6SS apparatus has been identified previously in F. novicida and the T6SS-5 of B. 

thailandensis (599,600). Polarly localised H3-T6SS sheaths had two distinct orientations: either 

extending along the long axis of the cell but terminating before reaching the opposite pole, or 

extending diagonally from the pole until reaching a membrane (508). In contrast, polar F. novicida 

sheaths were found to span the length of the cell (599). It has been suggested that this longer sheath 

assembled between the cell poles could allow a greater force to be delivered through sheath 

contraction, perhaps allowing delivery of effectors over a greater distance. While this would not be 

the case for the H3-T6SS it does demonstrate how differences in T6SS positioning could contribute to 

functional diversity. It is also worth noting that the polar B. thailandensis sheaths were observed, like 

H3-T6SS sheaths, to fire quite infrequently (600). 

Confining T6SS localisation to the poles may limit the efficiency of T6SS activity if the intended target 

does not align with this localisation, for example, an antibacterial T6SS would only be able to fire at 

competitors at cell poles. Likewise, it seems unlikely that the H3-T6SS would be able to effectively 

respond to T6SS attack by a competitor via tit-for-tat, as spatial re-orientation of the T6SS would not 

be possible. Both the F. novicida T6SS and the B. thailandensis T6SS-5 are important in eukaryotic cell 

manipulation following bacterial internalisation. The F. novicida T6SS is important in phagosomal 

escape, while the B. thailandensis T6SS-5 is involved in the formation of multinucleated giant cells 

(599,600). It has been suggested that within this intracellular environment, polar localisation may be 

beneficial as the cell poles are likely to be closer to the membranes surrounding the bacteria (599). 

While commonly considered an extracellular pathogen, P. aeruginosa can be taken up by non-

phagocytic cells, notably the H2-T6SS evolved effector VgrG2b promotes microtubule-dependent 

internalisation into epithelial cells (442). It could be that following internalisation the polar H3-T6SS 

has a role to play in host cell manipulation. As previously outlined, identification and characterisation 

of H3-T6SS effectors is important to better understanding its functional role.   
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6.2 TssA proteins are sequentially positioned at the membrane complex, baseplate 

complex and tail complex distal end  

TssA proteins have been identified to interact with components of the T6SS membrane complex, 

baseplate complex and tail complex (360,376,377,509,512). This indicates a dynamic localisation 

during T6SS activity, which has been further characterised through fluorescence microscopy 

experiments, identifying the positioning of TssA proteins over time relative to other T6SS components 

(360,377,508,513). Interactions with baseplate complex and tail complex components were also 

identified in this study (Figures 4.5 and 4.6). The current model for the assembly and firing of the T6SS 

is outlined below, including proposed contributions of TssA proteins. 

The assembly of the T6SS begins with the insertion of the lipoprotein TssJ in the inner leaflet of the 

outer membrane via an N-terminal acyl group (346). The inner membrane proteins TssM and TssL are 

then sequentially recruited, and these three components polymerise to form the bell-shaped 

membrane complex, which in enteroaggregative E. coli has five-fold symmetry (see section 1.3.2.2) 

(344,345,347,356). This membrane complex extends into the cytoplasm, with cytoplasmic domains of 

TssL and TssM forming interactions to dock the baseplate complex to the membrane complex 

(344,354). A symmetry mismatch, however, exists between the five-fold symmetry of the membrane 

complex and the six-fold symmetry of the baseplate complex (347,356,365). One suggestion for how 

this symmetry mismatch is overcome is in flexibility of cytoplasmic domains. Alternatively, as this 

structural data was generated by overproduction of solely membrane complex components, it has 

been suggested that in the native context some other protein/s may be involved in generating a six-

fold symmetry membrane complex.  

Given the interaction that has been demonstrated between TssA proteins and the inner membrane 

proteins of the T6SS (360,509,512), TssA has been suggested to act as a chaperone to guide the 

symmetry of the membrane complex (361). The recruitment of TssA to the membrane complex is 

dependent on TssM, suggesting that TssA could be recruited before TssL (360,537). While TssA is not 

required for TssL binding, TssA could be recruited during membrane complex assembly and influence 

polymerisation of the membrane complex (347). Upon co-purification and EM analysis of TssAEC with 

its respective membrane complex, TssAEC was implicated as binding at the cytoplasmic face of the 

complex (360). It was proposed that association of the six-fold symmetry TssAEC C-terminal region with 

the cytoplasmic face during membrane complex assembly may guide the membrane complex into a 

six-fold symmetric state (361). While this makes sense with the six-fold TssAEC symmetry, the 

symmetries of TssA proteins are very variable and it is less likely that the 16-fold symmetry TssABC 

would similarly guide the formation of a six-fold symmetry membrane complex (509). It therefore 
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seems more likely that a symmetry mismatch between the T6SS membrane complex and baseplate 

complex exists but is overcome by the flexibility in interacting regions, although it cannot be ruled out 

that some other component modifies membrane complex symmetry. The functional contribution of 

the interaction of TssA proteins with membrane complex components remains unclear. Interestingly, 

the T6SSiv of A. asiaticus lacks the archetypal membrane complex components, but has an apparently 

functionally similar anchoring platform linked to the inner membrane, which, like its baseplate has six-

fold symmetry (312). While this may not have any relevance to the phylogenetically distinct archetypal 

T6SSi and its associated membrane complex, it is noteworthy that this apparent symmetry mismatch 

is not present in this machinery. 

Following the assembly of the membrane complex, the baseplate complex is recruited. The baseplate 

complex comprises a central hub formed of the trimeric spike protein VgrG, surrounded by six wedges 

of TssE1-TssF2-TssG1-TssK6 (see section 1.3.2.3) (365,369). The tip of this VgrG hub is capped with a 

protein of the PAAR repeat family, which sharpens the tip to contribute to membrane piercing (601). 

Effector proteins can be associated with both VgrG and PAAR proteins, either as evolved effectors 

encoded as an extension to the spike component or as cargo effectors that interact with spike 

components (414,415,434,602,603). The two TssK trimers associated with each wedge are more 

flexibly associated with the baseplate structure and form the contacts with the membrane complex 

through cytoplasmic domains of TssL and TssM (371). The trigger for baseplate assembly is unclear, it 

has been suggested that it may be triggered by contact with the membrane complex or through 

contact with other proteins such as TssA.  

TssAEC associates with the membrane complex prior to the recruitment of the baseplate complex 

(360). Based on the interaction of TssA proteins with components of both the membrane complex and 

baseplate complex (360,509,512), it was suggested that TssA may be required for the docking of these 

complexes (360). However, the recruitment of fluorophore tagged baseplate proteins to the 

membrane complex was identified independent of TssAEC, suggesting that neither the assembly of the 

baseplate complex, nor recruitment to the membrane complex requires TssA (365). As outlined 

previously (see section 3.6.2), it has been suggested that some TssA proteins are static components 

of the baseplate complex (376,377). While there is some evidence that TssA1 associates statically with 

the baseplate complex during T6SS assembly and activity, this does not seem to be a general trend as 

other TssA proteins only transiently associate with the T6SS assembly initiation site prior to the 

polymerisation of the tail complex (360,377,508,513). The functional contribution of the interaction 

of TssA proteins with baseplate complex components is therefore also unclear. It may be that TssA 

stabilises the association of membrane and baseplate complexes or facilitates a particular mode of 

interaction which is more conducive to assembly of the tail complex. Alternatively, interactions with 
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the membrane and baseplate complexes may simply serve to recruit TssA proteins to the T6SS 

assembly initiation site to facilitate downstream activity.  

While the role of TssA proteins in their interaction with both membrane and baseplate complexes 

components is yet to be elucidated, the picture is slightly clearer for the association of TssA proteins 

with the tail complex.  

The baseplate provides a platform for the polymerisation of the tail complex comprising the Hcp inner 

tube and the surrounding sheath, which assembles in a high energy extended conformation 

(364,365,369,374). The polymerisation of the Hcp tube is nucleated from the base of the VgrG spike, 

and Hcp rings can interact with effector proteins to transport them out of the cell (313,373,380). Each 

sheath subunit is formed of a protomer comprising TssB and TssC which polymerise to form a helical 

tube around the Hcp inner tube (385,386). Based on comparisons to the phage contractile tail, it is 

suggested that contraction of the T6SS sheath is initiated by conformational changes in the baseplate 

(405,411,604). Sequential contraction of sheath rings from the baseplate to the distal end of the 

sheath involves a radial expansion of the sheath to release contacts with the Hcp inner tube, which is 

rotated as it is expelled out of the cell (385–387). Roles have been suggested for TssA proteins in the 

initiation and coordination of sheath polymerisation (360,377). 

The interaction of TssA proteins with components of the tail complex, both sheath components and 

Hcp, has been widely described (360,376,509,512). In general, TssA proteins localise at the T6SS 

assembly initiation site before being displaced to the distal end of the tail complex where they are 

pushed towards the opposite side of the cell by tail complex polymerisation (360,377,508,513). In 

T6SSs containing a TssAS protein and an associated TagB accessory protein, the TssA recruits TagB to 

the baseplate complex where it accumulates, stabilising the baseplate to prevent the conformational 

change associated with T6SS firing until the sheath is fully extended (508). In T6SSs containing a TssAL 

and an associated TagA accessory protein, the TagA protein anchors the distal end of the sheath at 

the opposite membrane following polymerisation (377,510). 

This work has identified that the interaction of TssA proteins with the sheath involves TssA Nt1 

domains (Figure 4.20). In the absence of TssA proteins, it has been observed that the formation of 

sheath structures is either completely lost or much reduced, so TssA proteins are likely involved in the 

initiation and coordination of tail complex polymerisation (see section 3.6.1) (360,376,377,508). This 

work also demonstrated that T6SS sheath assembly is dependent on the presence of the cognate TssA 

Nt1 domain positioned at the periphery of a ring-shaped structure, which can remain functional if the 

C-terminal region is exchanged (Figure 5.4, 5.5 and 5.6). It is therefore clear that TssA proteins 

contribute to proper assembly of the tail complex. A model for the contribution of TssA proteins to 
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the polymerisation of the T6SS has therefore been proposed (see section 5.7.4). This involves the 

positioning of the TssA C-terminal domain ring at the distal end of the tail complex, with Nt1 domains 

extending below and docking in grooves on the tip of the sheath complex. It is hypothesised that as 

new sheath protomers are incorporated at this distal end, repositioning of Nt1 domains allows 

contacts with the sheath to be maintained.  

Following sheath contraction, the ClpV binding site at the N-terminus of TssC is exposed, which allows 

the recycling of contracted sheath components by the ClpV ATPase (385,391). Interactions have been 

demonstrated between TssA and ClpV proteins (376,377). It has been suggested that this interaction 

may be associated with the recycling of the TssA complex, although there is no direct evidence that 

such a process exists or would even be required for TssA (376). Alternatively, TssA proteins could 

contribute to the recruitment of ClpV proteins. 

 

6.2.1 Future perspectives: TssA positioning and role  

While this work was able to build on the existing data surrounding the interaction of TssA proteins 

with the tail complex, specifically the interaction with the sheath, the nature and role of interactions 

with other T6SS components, such as the membrane complex and baseplate complex remain elusive. 

As outlined above, it has been proposed that TssA may promote the stability and interaction of 

membrane and baseplate complexes, or alternatively, these interactions may serve purely to recruit 

TssA to the T6SS. The main questions to answer in the characterisation of these interactions are: How 

does TssA interact with these components? What is the functional contribution of these interactions 

to T6SS activity? 

Identification and characterisation of TssA interactions with other T6SS components commonly 

involves biochemical approaches. Interaction partners of TssA proteins have been identified using a 

variety of approaches, however, a more detailed characterisation of these interactions could offer 

further insight into functional contributions. This could be gained from an understanding of which 

domains of TssA participate in these interactions. Such characterisation was attempted in this study, 

using a BTH approach, but should be supplemented in future with additional techniques including 

pulldowns. In silico methods can build on biochemical data to model interactions, however these rely 

on structural data which should be expanded upon, for example resolving the structure of the TssA1 

Nt1 domain would improve the reliability of a model for the docking to the H1-T6SS sheath structure. 

Previous insights into the dynamics and role of TssA interactions have been gained through 

fluorescence microscopy (360). This approach could further be used to answer questions about the 
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role of the association between TssA and the membrane and baseplate complexes. For example, the 

fluorophore tagging of components, i.e. TssM and TssK, could allow the abundance and co-localisation 

of these complexes to be assessed in the presence and absence of TssA, to validate whether this 

protein promotes their association or stability. Furthermore, such an approach could help elucidate 

whether proteins that have been identified to interact, such as TssA and ClpV, can be shown to co-

localise during the activity of the T6SS, which could provide clues to a functional role. Within this 

project, studying the co-localisation of T6SS proteins, such as TssA and TssB, proved challenging 

(Figure 3.9). It may be that future optimisation can improve this, as P. aeruginosa PAO1 has been 

successfully used for such experiments by other groups (377). However, we have previously had more 

success in studying co-localisation using the P. putida K1-T6SS (508), which may be a more promising 

model organism for studying the T6SS by fluorescence microscopy.  

Characterisation of the interactions of TssA proteins, both at the biochemical and functional level, is 

key to revealing the full role that this protein plays in the assembly and dynamics of the T6SS. Previous 

work has enabled us to propose a model of TssA as a crucial component in the polymerisation of the 

tail complex, but whether TssA also contributes at other stages during T6SS activity remains a key 

question.  

 

6.2.2 Future perspectives: Validation of TssA-sheath docking hypothesis 

This work has identified the specific interaction between TssA Nt1 domains and cognate sheath 

components, from which a model for the docking of the TssA1 Nt1 domain to the H1-T6SS sheath was 

proposed (see section 5.7.4). Further work is required to validate whether this model is accurate.  

The reliability of the current docking model is affected by using a structural model for the TssA Nt1 

domain generated from the only available Nt1 domain structure to date, TssABC (509). Thus, resolving 

the structure of the TssA1 Nt1 domain would allow a more accurate docking to be predicted. From a 

reliable docking model, it is possible to identify residues which are proposed to stabilise such an 

interaction, whose contribution to the interaction could be tested by mutagenesis. Given the 

specificity identified for the interactions of the Nt1 domains (Figure 5.9), if the structures of multiple 

Nt1 domains were available, such as those of TssA2 and TssA3, structural comparisons could help in 

identifying the determinants of specificity in interactions with cognate sheath components. Given the 

time-consuming nature of resolving protein structures, an alternative or parallel strategy could be the 

use of the AlphaFold system to generate structural models, which may be more reliable (605).  
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A hypothesis suggested in this work was that the ImpA_N region may be responsible for sheath 

binding. Structural characterisation of Nt1 domains would also allow ImpA_N region structures to be 

compared. This hypothesis could further be tested by assessing the interaction of ImpA_N regions 

alone with their respective sheath components.  

To date, no high-resolution structure of a full length TssA protein has been resolved, only structures 

of individual domains or pairs of domains, such as C-terminal and Nt2 domains (see section 1.4.1) 

(360,376,377,509). The absence of such full-length structures is likely due to the flexibility of the linker 

regions connecting C-terminal regions to Nt1 domains. Despite this, it is widely accepted that the Nt1 

domains are peripherally associated with the C-terminal ring structure (360,376,377,509). The 

proposed model for TssA-sheath docking involves the C-terminal ring structure positioned above the 

tip of the distal end of the sheath, with some Nt1 domains extending below to contact the sheath (see 

section 5.7.4). Data that could further inform this model would be understanding the relative position 

of Nt1 domains relative to the C-terminal ring structure, both in terms of the relative distance between 

them and the degree of flexibility. It would be interesting to compare this positioning for long and 

short TssA proteins, where it has been suggested that the Nt1 domains are positioned at a similar 

distance from the centre of the ring structure via distinct C-terminal regions (Figure 1.24) (509). In 

TssAS proteins, the Nt1 domain is connected to the C-terminal domain ring, while in TssAL proteins, 

the Nt1 domain in connected to the Nt2 domain which is already flexibly associated with the C-

terminal domain ring (Figure 4.32). The relative position and flexibility of these Nt1 domains may 

therefore vary, which may affect the relative position of the C-terminal region at the distal end of the 

sheath.  

Based on the available evidence a model has been proposed for the interaction between the TssA Nt1 

domains and the cognate sheath. Further work is required to firstly validate this model, and then build 

on the foundations to unpick how TssA influences sheath assembly at the distal end of this structure. 
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6.3 TssA proteins remain functional with exchange of C-terminal regions  

The functional implications of the variation in TssA proteins are poorly understood. It has been 

identified that the variation in TssA size corresponds with the presence of accessory proteins that 

influence sheath stability (see section 3.6.3) and with the dynamics of sheath contraction (see section 

3.6.4). However, the details of how these functional differences arise are unclear. Despite variation in 

size, structure, domain organisation and symmetry, TssA proteins are generally similar in their 

requirement and positioning in the T6SS (see sections 3.6.1 and 4.7.3). It has been proposed that this 

similarity arises through distinct mechanisms of positioning the conserved Nt1 domains at the 

periphery of ring structures (509). Here, chimeric TssA proteins were generated, by the exchange of 

domains and their functionality assessed in each of the P. aeruginosa T6SSs to investigate the activity 

and specificity of TssA domains.  

It was identified that functional chimeric TssA proteins could be generated that contained the cognate 

Nt1 domain but with exchanged C-terminal regions (Figures 5.4, 5.5 and 5.6). For TssAS proteins, the 

exchange of, what would be expected to be very similar C-terminal domains, generated chimeric 

proteins that were indistinguishable functionally from the wildtype. More surprisingly, introduction of 

these TssAS C-terminal domains in place of the TssAL Nt2 and C-terminal domains generated chimeric 

TssA proteins that were functional in the H2-T6SS. While the generation of functional chimeric TssA 

proteins from domain exchange between TssAS proteins was alone incredibly novel, it was even more 

interesting to find that exchange of domains between long and short TssA proteins generated 

functional chimeric proteins.  

The functionality of certain chimeric TssA proteins suggests that Nt1 domains are the key determinant 

of the activity and specificity of TssA proteins, while C-terminal regions are not specifically required 

for that purpose. Instead, it appears that C-terminal regions are important for oligomerisation into a 

ring-shaped structure that orientates Nt1 domains.  

 

6.3.1 Future perspectives: Functionality of chimeric TssA proteins 

Chimeric TssA proteins involving exchange of the TssAS C-terminal domains showed complete 

functionality when compared to the wildtype (Figures 5.4 and 5.5). Our understanding of the 

structures formed by these C-terminal domains is currently incomplete. While the rings they form 

appear similar (Figures 5.14 and 5.15), it is not known whether these exchanges introduced altered 

ring dimensions or symmetries. It would therefore be informative to conclusively determine the 

dimensions and symmetries of these C-terminal domain rings to understand the extent of variation 
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that is introduced with this exchange. Additionally, generating further chimeric proteins, for example 

introducing C-terminal domains from previously studied TssAS proteins TssABC and TssA1PP, could help 

define whether there are limits to such an exchange. Similar approaches could also be carried out with 

the TssAL proteins of TssAEC and TssAVC to determine whether a chimeric TssA protein formed solely of 

TssAL domains would also be indistinguishable from the wildtype. An additional level of complexity 

when considering TssAL proteins is the structural variation between different TssAL C-terminal 

domains introduced by the presence of a C-terminal extension (see section 1.4.1.3). This C-terminal 

extension alters the relative position of stacked monomers and therefore the thickness of the C-

terminal domain ring (509). Given that chimeric TssA proteins with the TssA2 Nt1 domain and the C-

terminal domains of TssAS proteins were functional in the H2-T6SS, it seems likely that exchange of 

these distinct types of TssAL C-terminal domains would also generate a functional chimeric protein, 

but this should be tested.  

Some structural characterisations of chimeric TssA proteins could also be informative, for example in 

validating their oligomerisation into ring-shaped structures. If chimeric TssA proteins were not able to 

form these structures, it would explain their lack of function.  

Given that C-terminal domains are not specifically required for the activity of their TssA, it could be 

informative to assess sequence and structural conservation. Highly conserved features have been 

identified in the C-terminal domains of both long and short TssA proteins, the WEP and EPxxP motifs 

respectively, which are both suggested to be involved in oligomerisation (see section 1.4.1) (509). As 

outlined previously, some variation has already been identified in the C-terminal domains of TssAL 

proteins in the form of a C-terminal extension, which alters the thickness of the C-terminal domain 

ring (see section 1.4.1.3). However, the oligomeric state of C-terminal domain rings of TssAL proteins 

can vary irrespective of this C-terminal extension, both TssAVC and TssAAH lack the C-terminal extension 

but have respective six- and five-fold symmetries (377,509). Structural comparison identified that 

these C-terminal domains were very similar with an RMSD of 1.0 Å, while sequence identity was 

calculated to be 33 %. The ring structures formed from each of these domains fit the trends associated 

with TssAL proteins, but the additional subunit introduced in each layer of the TssAVC C-terminal 

domain ring, increases the lumen from 25 to 53 Å and the ring diameter from 110 to 153 Å. Attempting 

to understand the variation in both the sequence and structure of C-terminal domain groups is 

therefore an interesting avenue for further research.  

This work has shed new light on the interaction of TssA proteins with the sheath and identified a 

previously uncharacterised level of specificity. The TssA C-terminal region may not be specifically 
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required for T6SS activity but probing the limits of domain exchange in chimeric TssA proteins may 

shed light on the requirements of these regions, which remain important to TssA activity. 
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6.4 Conclusion 

Overall, this project has provided a comprehensive characterisation of the TssA proteins of P. 

aeruginosa in their contribution to T6SS activity and in the positioning within this machinery. Novel 

features of TssA proteins have been identified, such as the interaction of Nt1 domains with the sheath, 

the functionality of chimeric TssA proteins and the requirement of Nt1 domains for TssA activity and 

specificity. With this work an existing hypothesis for how TssA proteins coordinate the polymerisation 

of the tail complex has been refreshed with new data, elements of which can now be validated or 

challenged to further our understanding of how TssA proteins influence the assembly and dynamics 

of the T6SS. 
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8. Appendices 

 

Appendix I: Pulldown data 

Data from pulldown experiments using the following bait proteins: TssA2, TssA3 and PA2373. Two 

pulldown experiments were carried out for each bait using different conditions for sample growth, 

either growth in liquid culture at 37 °C or growth on solid media at either 25 °C for TssA2 or 30 °C for 

TssA3 or PA2372. Hits are ordered by the fold change between the FLAG-tagged protein of interest 

and the untagged protein of interest. Significance is -log(p-value), where a value greater than 1.3 

equals a p-value of < 0.05. Description is based on the Pseudomonas genome database description for 

each protein. Data presented are those with a fold change above 1.5 and a significance of above 1.3.  

 

Table 8.1 TssA2 pulldown 1: 37 °C liquid culture 

Gene Gene ID 
Fold 
change 

Significance Description 

purU1 PA4314 5.97 4.55 formyltetrahydrofolate deformylase 

tssA2 PA1656 4.85 3.21 TssA2 

fabF1 PA2965 3.96 1.64 
beta-ketoacyl-acyl carrier protein 
synthase II 

glpE PA0589 3.63 2.26 Conserved hypothetical protein 
 PA5250 3.59 3.37 Conserved hypothetical protein 

pheT PA2739 3.48 1.51 
phenylalanyl-tRNA synthetase, beta 
subunit 

nfuA PA1847 3.42 2.65 Fe/S biogenesis protein NfuA 

pilR PA4547 3.29 1.45 two-component response regulator PilR 

fadD1 PA3299 3.27 3.93 Long-chain-fatty-acid--CoA ligase 

atoB PA2001 3.09 1.63 acetyl-CoS acetyletransferase 

yvaG PA1344 3.06 1.95 probable short-chain dehydrogenase 

oxyR PA5344 2.65 2.70 OxyR 

dctD PA5166 2.63 2.58 DctD 

pauD2 PA1742 2.60 1.33 glutamine amidotransferase class I 

hcpABC 
PA1512 PA0263 
PA5267 

2.53 1.80 Hcp2 

hxrA PA5210 2.46 1.80 probable secretion pathway ATPase 

ydfG PA4907 2.33 1.82 probable short-chain dehydrogenase 

hslV PA5053 2.31 1.40 heat shock protein HslV 
 PA0284 2.28 1.34 hypothetical protein 
 PA3727 2.26 1.61 hypothetical protein 

phzM PA4209 2.17 1.42 
probable phenazine-specific 
methyltransferase 

 PA4338 2.17 1.42 hypothetical protein 
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 PA1203 2.14 3.03 hypothetical protein 

tssB2 PA1657 2.09 1.89 TssB2 
 PA0126 2.04 1.63 hypothetical protein 

tagQ1 PA0070 2.04 1.40 TagQ1 

gntK PA2321 2.03 1.78 GntK 

tssC2 PA1658 1.96 4.68 TssC2 

prpB PA0796 1.88 2.49 
carboxyphosphoenolpyruvate 
phoshponomutase 

lpd PA1587 1.85 2.19 dihydrolipoamide dehydrogenase Lpd 

pqsD PA0999 1.82 2.49 
3-oxoacyl-[acyl-carrier-protein] synthase 
III 

 

Table 8.2 TssA2 pulldown 2: 25 °C solid media 

Gene  Gene ID 
Fold 
change 

Significance Description 

tolB PA0972 6.54 4.48 TolB 

fhp PA2664 4.95 4.38 flavohemoprotein 

dnaK PA4761 1.93 4.09 DnaK 

tssA2 PA1656 6.36 3.89 TssA2 

tpx PA2532 1.83 3.05 Thiol peroxidase 

algR PA5261 3.10 2.49 alginate biosynthesis regulatory protein AlgR 

soxA PA5418 1.70 2.14 sarcosine oxidase alpha subunit 

ftsA PA4408 1.67 1.99 cell division protein FtsA 
 PA3440 1.81 1.89 conserved hypothetical protein 
 PA1036 2.80 1.78 hypothetical protein 

rpoD PA0576 1.73 1.50 sigma factor RpoD 
 PA2915 1.88 1.48 hypothetical protein 

uup PA3019 3.53 1.47 
probable ATP-binding component of ABC 
transporter 

hcpABC 
PA1512, 
PA0263, 
PA5267 

2.44 1.42 Hcp2 (HcpA/B/C) 

nfuA PA1847 2.35 1.37 NfuA 

obg PA4566 2.18 1.34 GTP-binding protein Obg 

folP PA4750 3.08 1.31 dihydropteroate synthase 

 

Table 8.3 TssA3 pulldown 1: 37 °C liquid culture 

Gene  
Gene 
ID 

Fold 
change 

Significance Description 

tssA3 PA2360 8.87 2.44 TssA3 
 PA3716 5.61 2.87 hypothetical protein 

 PA3262 5.38 3.36 
probable peptidyl-prolyl cis-trans isomerase 
FkbP-type 

atpF PA5588 4.68 1.88 ATP synthase B chain 
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 PA0126 4.23 4.04 hypothetical protein 

dadA PA5304 4.21 1.52 D-amino acid dehydrogenase, small subunit 

tagQ1 PA0070 4.20 2.96 TagQ1 

clpV2 PA1662 3.75 2.61 ClpV2 

 PA3800 3.63 3.15 conserved hypothetical protein 

 PA2823 3.22 5.04 conserved hypothetical protein 

grpE PA4762 3.22 4.73 heat shock protein GrpE 

fad1 PA3299 3.22 1.39 long-chain-fatty-acid--CoS ligase 

ppiD PA1805 3.18 1.79 peptidyl-prolyl cis-trans isomerase D 

psfA PA0473 2.99 2.12 probable glutathione S-transferase 

dnaK PA4761 2.99 5.01 DnaK 
 PA4636 2.94 3.70 hypothetical protein 

mqoA PA3452 2.87 2.23 malate:quinone oxidoreductase 

 PA1011 2.85 2.64 hypothetical protein 

clpV1 PA0090 2.84 2.52 ClpV1 
 PA3710 2.79 2.42 probable GMC-type oxidoreductase 

lsfA PA3450 2.77 1.34 1-Cys peroxiredoxin LsfA 

mltA PA1222 2.66 2.54 
probable membrane-bound lytic murein 
transglycosylase 

asrA PA0779 2.66 4.11 AsrA 
 PA1324 2.64 1.55 hypothetical protein 
 PA5113 2.55 1.88 hypothetical protein 

ibpA PA3126 2.48 1.91 heat-shock protein ibpA 

oprI PA2853 2.44 2.12 outer membrane lipoprotein OprI precursor 

dnaJ PA4760 2.27 4.47 DnaJ 
 PA2793 2.19 3.49 hypothetical protein 
 PA3804 2.19 2.18 hypothetical protein 
 PA1064 2.10 2.69 hypothetical protein 

magD PA4489 2.10 2.80 MagD 
 PA3691 2.08 2.93 hypothetical protein 
 PA5414 2.05 3.18 hypothetical protein 

htpG PA1596 2.01 3.68 Heat shock protein HtpG 

triB PA0157 1.99 2.75 
Resistance-Nodulation-Cell Division (RND) 
triclosan efflux membrane fusion protein, TriB 

yfgM PA3801 1.78 1.35 conserved hypothetical protein 
 PA4131 1.76 2.19 probable iron-sulfur protein 

mrp PA3481 1.75 2.21 conserved hypothetical protein 

clpB PA4542 1.73 2.50 ClpB 

pgk PA0552 1.69 1.53 phosphoglycerate kinase 
 PA5502 1.63 1.32 hypothetical protein 
 PA4441 1.62 3.31 hypothetical protein 
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 PA3729 1.60 1.88 conserved hypothetical protein 

tolB PA0972 1.54 1.71 TolB 

 

Table 8.4 TssA3 pulldown 2: 30 °C solid media 

Gene Gene ID 
Fold 
change 

Significance Description 

tssA3 PA2360 15.93 3.04 TssA3 
 PA5441 5.28 1.64 hypothetical protein 

 PA3262 3.21 1.73 
probable peptidyl-prolyl cis-trans isomerase, 
FkbP-type 

 PA2953 3.10 2.83 
electron transfer flavoprotein-ubiquinone 
oxidoreductase 

 PA3674 3.03 1.34 hypothetical protein 
 PA2920 2.83 1.75 probable chemotaxis transducer 
 PA4441 2.62 2.32 hypothetical protein 

ppiD PA1805 2.61 1.71 peptidyl-prolyl cis-trans isomerase D 

icmP PA4370 2.34 2.33 
Insulin-cleaving metalloproteinase outer 
membrane protein precursor 

 PA0126 2.33 1.46 hypothetical protein 

oprI PA2853 2.29 3.46 Outer membrane lipoprotein OprI precursor 

mexA PA0425 2.22 1.62 
Resistance-Nodulation-Cell Division (RND) 
multidrug efflux membrane fusion protein 
MexA precursor 

dadA PA5304 2.19 2.39 D-amino acid dehydrogenase, small subunit 
 PA3710 2.17 2.99 probable GMC-type oxidoreductase 

clpV2 PA1662 2.08 2.00 ClpV2 

gcp PA0580 2.03 1.38 O-sialoglycoprotein endopeptidase 

mexX PA2019 2.01 1.96 
Resistance-Nodulation-Cell Division (RND) 
multidrug efflux membrane fusion protein 
MexX precursor 

synonym: 
yqjD 

PA3040 1.94 1.69 conserved hypothetical protein 

nuoD PA2639 1.88 3.71 NADH dehydrogenase I chain C,D 

atpF PA5558 1.82 2.07 ATP synthase B chain 
 PA3691 1.78 1.64 hypothetical protein 

 PA3031 1.74 1.32 hypothetical protein 

recA PA3617 1.68 3.91 RecA 

tagQ1 PA0070 1.65 1.60 TagQ1 

dnaK PA4761 1.61 3.13 DnaK 

yraM PA4423 1.55 2.37 conserved hypothetical protein 

phoU PA5365 1.52 1.36 phosphate uptake regulatory protein PhoU 
 PA2725 1.52 1.46 probable chaperone 
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Table 8.5 PA2372 pull down 1: 37 °C liquid culture 

Gene 
Gene 
ID 

Fold change Significance Description 

 PA2372 10.59 2.07 hypothetical protein 

glyA3 PA4602 9.60 4.33 serine hydroxymethyltransferase 
 PA0739 7.96 4.24 probable transcriptional regulator 

lis/lipA PA3996 7.87 3.65 lipoate synthase 

thiC PA4973 6.57 3.88 thiamin biosynthesis protein ThiC 

 PA0178 5.42 3.59 probable two-component sensor 
 PA0290 5.39 3.34 putative diguanylate cyclase 

algQ PA5255 5.05 2.37 alginate regulatory protein, AlgQ 

glmS PA5549 4.80 3.80 
glucosamine--fructose-6-phosphatase 
aminotransferase 

cgrC PA2126 4.66 2.56 cupA gene regulator C, cgrC 

phnA PA1001 4.46 1.50 anthranilate synthase component I 

tsi7 PA0100 4.25 3.48 hypothetical protein 

 PA3243 4.24 3.44 cell division inhibitor MinC 

clpV2 PA1662 4.06 2.70 ClpV2 

pqsA PA0996 3.92 2.63 PqsA 

fruI PA3562 3.91 5.40 
phosphotransferase system transporter 
enzyme I, FruI 

bkdA2 PA2248 3.85 2.26 
2-oxoisovalerate dehydrogense (beta 
subunit) 

 PA4803 3.85 3.70 hypothetical protein 

glpE PA0589 3.83 1.36 conserved hypothetical protein 

nuoB PA2638 3.81 2.65 NADH dehydrogenase I chain B 

 PA5294 3.33 3.12 putative multidrug efflux pump 

 PA2823 3.30 3.15 conserved hypothetical protein 

hisH2 PA3152 3.18 3.71 glutamine amidotransferase 

ibpA PA3126 3.17 2.54 heat-shock protein IbpA 

nuoD PA2639 2.97 1.60 NADH dehydrogenase I chain C,D 

yhbL PA5245 2.97 2.36 conserved hypothetical protein 

vgrG2b PA0262 2.93 1.53 VgrG2b 

fdnH PA4811 2.91 2.93 
nitrate-inducible formate dehydrogenase, 
beta subunit 
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wbpD PA3156 2.91 2.83 
UDP-2-acetoamido3-amino-2,3-dideoxy-d-
glucuronic acid N-acetyltransferase, WbpD 

ylaK PA3919 2.80 2.22 conserved hypothetical protein 

ahpB PA0848 2.75 1.59 alkyl hydroperoxide reducatse, AhpB 

lytB PA4557 2.73 2.56 LytB protein 

gltR PA3192 2.65 1.46 two-component response regulator GltR 

kynA PA2579 2.62 1.84 
L-tryptophan:oxygen 2,3-oxidoreducatse 
(decyclizing) KynA 

purF PA3108 2.55 1.79 amidophosphoribosyltransferase 

pyrG PA3637 2.51 2.67 CTP synthase 

nfuA PA1847 2.45 1.37 NfuA 
 PA1880 2.45 1.42 probable oxidoreductase 

truB PA4742 2.38 1.41 tRNA pseudouridine 55 synthase 

dnaB PA4931 2.37 1.48 replicative DNA helicase 

yegQ PA5440 2.33 1.35 probable peptidase 

glmM PA4749 2.29 1.57 phosphoglucosamine mutase 

yqjM PA3723 2.27 3.97 probable FMN oxidoreductase 

def PA0019 2.26 2.87 polypeptide deformylase 

nrdJa PA5497 2.22 2.36 
class II (cobalamin-dependent) 
ribonucleotide-diphosphate reducatse 
subunit, NrdJa 

 PA1752 2.20 2.96 hypothetical protein 

nrdJb PA5496 2.17 1.88 
class II (cobalamin-dependent) 
ribonucleotide-diphosphate reducatse 
subunit, NrdJb 

 PA1372 2.15 4.81 hypothetical protein 

hisF PA5140 2.11 2.18 
imidazoleglycerol-phosphate synthase, 
cyclase subunit 

hsiB3 PA2365 2.08 1.58 TssB3 

murA PA4450 2.07 2.97 
UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 

 PA3091 2.07 2.12 hypothetical protein 

trmU PA2626 2.07 1.51 tRNA methyltransferase 

hemN PA1546 1.98 2.94 
oxygen-independentco-proporphyrinogen 
III oxidase 

 PA3613 1.94 2.61 hypothetical protein 

phzM PA4209 1.91 1.98 
probable phenazine-specific 
methyltransferase 

pprB PA4296 1.85 3.23 two-component response regulator, PprB 

yadR PA0665 1.85 1.88 conserved hypothetical protein 

lasR PA1430 1.83 2.23 transcriptional regulator LasR 

iscS PA3814 1.82 2.42 
L-cysterin desulfurase (pyridoxal 
phosphate-dependent) 

pchF PA4225 1.79 2.89 pyochelin synthetase 
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nuoG PA2642 1.78 1.68 NADH dehydrogenase I chain G 

rhlB PA3478 1.76 1.70 rhamnosyltransferase chain B 
 PA2111 1.72 1.46 hypothetical protein 
 PA4130 1.64 3.42 probable sulfite or nitrite reductase 

pqsB PA0997 1.64 3.09 PqsB 

tsaA PA3529 1.62 2.81 alkylhydorperoxide reductase C 

ambE PA2302 1.60 1.89 AmbE 

dnaN PA0002 1.58 1.61 DNA polyermase III, beta chain 

minE PA3245 1.50 2.00 
cell division topological specificity factor 
MinE 

 

Table 8.6 PA2372 pulldown 2: 30 °C solid media 

Gene Gene ID Fold change Significance Description  
PA2373 15.86 4.80 hypothetical protein 

glyA3 PA4602 10.95 4.48 serine hydroxymethyltransferase 

vgrG2b PA0262 2.58 3.96 VgrG2b 

tsaA PA3529 1.54 3.72 alkylhydroperoxide reductase C 

wrbA PA0949 1.69 3.23 Trp repressor binding protein WrbA 

 
PA2823 2.99 3.15 conserved hyothetical protein 

atoB PA2001 1.59 3.14 acetyl-CoA acetyltransferase 

metK PA0546 1.52 3.00 methionine adenosyltransferase 

fruI PA3562 2.61 3.00 phosphotransferase system transporter 
enzyme I, FruI 

 
PA0739 8.38 2.99 probable transcriptional regulator 

lis PA3996 4.16 2.76 lipoate synthase 

dapB PA4759 1.94 2.45 dihydrodipicolinate reductase 

bkdA2 PA2248 3.71 2.29 2-oxoisovalerate dehydrogenase (beta 
subunit) 

dspI PA0745 1.59 2.16 DspI 

ibpA PA3126 2.32 1.87 IbpA 

sodB PA4366 2.11 1.78 superoxide dismutase 

 
PA3417 1.72 1.72 probable pyruvate dehydrogenase E1 

component, alpha subunit 

ubiG PA3171 1.61 1.54 3-demethylubiquinone-9 3-
methyltransferase 

 
PA5220 1.67 1.54 hypothetical protein 

amiE PA3366 1.71 1.46 aliphatic amidase 

glmS PA5549 1.63 1.36 glucosamine--fructose-6-phosphate 
aminotransferase 
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antC PA2514 1.96 1.33 anthranilate dioxygenase reductase 

metE PA1927 1.60 1.33 5-methyltetrahydropteroyltriglutamate-
homocysteine S-methyltransferase 
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