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Abstract  

Pseudomonas aeruginosa is a dreadful opportunistic pathogen that can cause both 

acute and chronic infections in humans. This bacterium exhibits great abundance of virulence 

factors and has the ability to flourish in a wide range of environmental niches, partly due to its 

remarkable arsenal of protein secretion systems. The type VI secretion system (T6SS), is a 

contractile injection apparatus that translocates a spike loaded with various effectors directly 

into eukaryotic and prokaryotic target cells. P. aeruginosa can load either one of its three 

T6SSs with a variety of bullets by specific but different modes. This dissertation reveals work 

focussed on the molecular details of how effector delivery relies on the appropriate attachment 

onto the T6SS apparatus and spike. 

Our work provides details on how the spike components of the T6SS can be 

manipulated to deliver effector proteins, which highlights an exceptional modularity for loading 

the T6SS nanoweapon. The spike, which punctures the bacterial cell envelope allowing 

effector transport, consists of a torch-like VgrG trimer on which sits a PAAR sharpening the 

VgrG tip. We show how various effectors can be fused directly to either of the two spike 

components and reach the supernatant or are delivered into target prey cells. Further, we 

reveal that effectors specifically bind to different parts of VgrG proteins and that these 

interactions not only lead to effector stabilisation, but also to their secretion. In summary, this 

work will give sound evidence that an effector delivered by the T6SS requires a chaperone 

module for stabilisation and an adaptor module for its connection to the T6SS spike.  

Results from this thesis highlight the various modes that are at P. aeruginosa’ s 

disposal to deliver its many T6SS effectors, which confer a significant advantage during 

bacterial competition. Overall, this work advances our understanding on the delivery 

mechanisms of T6SS effectors and thus, in general, of this fantastic nanomachine. 
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1.1.1. The opportunistic pathogen P. aeruginosa 

As an opportunistic human pathogen, P. aeruginosa can cause multiple infections in 

humans. Interestingly, P. aeruginosa can switch between a planktonic and sessile lifestyle, 

with the former correlating with high motility and the latter with biofilm formation. These two 

lifestyles are regulated by a complex regulatory network, which will be focussed on in 1.3.3.  

A planktonic motile lifestyle of P. aeruginosa goes along with a high cytotoxicity leading 

to acute infections like pneumonia occurring mainly in immune-compromised patients. These 

infections are initiated by binding of bacterial cells onto the mucosal barrier. Subsequently, 

cytotoxic virulence factors are translocated directly into eukaryotic cells or are released into 

the extracellular environment. These factors cause significant tissue damage allowing the 

pathogen to invade the host and spread rapidly [4].  

On the contrary, chronic infections are common in the lungs of cystic fibrosis (CF) 

patients. CF results from a genetic defect in a gene encoding for a chloride channel regulating 

the hydration of the mucosal surface. This defect leads to a dehydrated environment within 

the CF lungs together with an overproduction of mucus and hampered pathogen clearance 

providing optimal growth conditions for P. aeruginosa and other airborne pathogens [6]. In this 

environment, P. aeruginosa is able to form mucoid biofilms that are accompanied by a low 

rate of cell motility and cytotoxicity [3]. These infections are most difficult to clear and because 

of the rising number of resistance mechanisms to antimicrobials, treatment becomes harder 

as well [2]. 
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1.1.2. Antibiotic resistance 

The WHO just published its first ever list of antibiotic-resistant “priority pathogens” with 

P. aeruginosa placed number 2. This critical status highlights the threat of P. aeruginosa being 

resistant to multiple antibiotics thus posing a great threat to human health. This list is further 

meant to focus the attention of governments and research towards the development of new 

antibiotics (WHO global priority pathogen list from 27th February 2017). 

P. aeruginosa infections are highly resistant to a range of antibiotics by possessing 

multifactorial mechanisms of responses to various antimicrobials [7]. The low permeability of 

the outer membrane as well as the presence of multidrug efflux transporters inhibit the 

chances of a drug reaching its cellular target. The uptake rate of small molecules by 

specialised transporters, so-called porins, is comparably low and non-specific for antibiotics. 

Currently, only two porin transporters, OprF and OprD, are believed to allow the limited non-

specific uptake of small substrates. On the other hand, P. aeruginosa encodes for a range of 

efflux pumps with overlapping specificities for antibiotics from different classes [8]. Thus, the 

slow uptake of antibiotics results in low concentrations within the cell so that efflux pumps can 

work efficiently since they are not overwhelmed with large antibiotic concentrations, ultimately 

resulting in effective resistance [9]. 

On another note, P. aeruginosa readily acquires resistance to antimicrobials by lateral 

gene transfer or chromosomal mutations [10]. This can lead to a constitutive expression of the 

chromosomal β-lactamase or the acquisition of plasmid-borne antibiotic-modifying 

enzymes [11]. These enzymes can alter the chemical structure of an antibiotic by transferring 

acetyl, phosphate or adenylyl groups and thus inactivating it. Alternatively, mutations in key 

residues within antibiotic targets change the conformation of the active site and thus inhibit 

antibiotic binding [7]. 
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The long-term treatment with antibiotics ultimately resulted in the emergence of multi-

drug resistant P. aeruginosa as well as other Gram-negative bacterial strains. The spread of 

antibiotic resistance between bacterial strains might render all currently used antibiotic 

ineffective even against trivial P. aeruginosa infections. At the moment, infections are 

efficiently treated by combination therapies using amino glycosides and polymyxin [12].  

1.1.3. The diversity of P. aeruginosa strains 

As the major reference strain, P. aeruginosa PAO1 has been maintained and studied 

in laboratories around the world. This led to an ongoing microevolution of genotypes and thus 

to the emergence of PAO1 sublines that was found to challenge reproducibility of research 

studies. Different PAO1 sublines from laboratories around the world were shown to carry 

additional mobile elements or deletions, thus showing different phenotypes in nutrient 

acquisition and virulence [3].  

Other widely studied strains are PAK and the cytotoxic PA14, whose genome is slightly 

larger than the one from PAO1. PA14 carries additional pathogenicity islands encoding for 

example the virulence factor ExoU (see 1.2.4) that renders this strain more cytotoxic [13]. A 

taxonomic outlier is the P. aeruginosa strain PA7, which only shares 95 % of its genome with 

PAO1, containing 18 unique genomic islands while being deficient in various virulence factors 

as well as the whole type III secretion system locus (see 1.2.4).  

More and more clinical isolates are obtained from lungs of CF patients and these 

variants are being sequenced and their phenotypes characterised. These studies attempt to 

pinpoint hot spots of mutations, such as genes related to transport and lipopolysaccharide 

modification to comprehend the ability of P. aeruginosa to cause infections [13]. Furthermore, 

a recent proteomic study of eleven clinical isolates from different P. aeruginosa infections 
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specificity and the involvement of chaperones in their delivery. The type VI secretion system 

will be described in more detail in 1.3.  

1.2.1. Translocation across the inner membrane  

Some proteins are targeted to the periplasm because they contain an essential function 

in an extra-cytoplasmic compartment of the bacterial cell. To reach their destination they use 

one of the two pathways that specifically transport proteins from the bacterial cytoplasm into 

the periplasm. Once reached the periplasm, proteins can remain soluble in the periplasm or 

can be anchored to either of the two lipid membranes or they become substrates of a further 

secretion system as discussed below. Two pathways are known to facilitate translocation 

across the inner membrane, the Sec- and the Tat-pathway [16]. 

The Sec machinery consists of a cytoplasmic secretion-specific chaperone SecB, an 

ATPase SecA and an integral membrane complex, the SecYEG translocon [17]. Substrates 

recruited to the Sec machinery are unfolded and carry a N-terminal signal peptide that contain 

one or more positively charged residues followed by 8-12 hydrophobic residues. Proteins can 

be targeted to the Sec translocon in a co-translational or post-translational fashion (Figure 

1-1). The ribonucleoprotein signal-recognition particle SRP recognises Sec targeted proteins 

co-translationally, as they are being produced from the ribosome. In contrast, the chaperone 

SecB recognises and binds to proteins post-translationally and maintains them in a secretion 

competent fold. In both pathways, the substrate is efficiently recruited to the cytoplasmic 

ATPase SecA that then associates with the translocation machinery and threads the unfolded 

protein through the SecYEG channel in a proton-motive force (PMF) dependent manner. 

Afterwards, substrates are converted into mature proteins by cleavage of the signal peptide 

after the Ala-X-Ala consensus sequence by signal peptidases [17, 18].  
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close to TatC which is the prerequisite for substrate translocation (Figure 1-2). Once the 

substrate reaches the periplasm, its signal sequence is cleaved by the same signal peptidase 

as for Sec substrates and the mature protein is released into the periplasm [19].  

 

Figure 1-2. Model for protein export through the Tat translocase. 

The Tat translocase consist of TatA (orange) multimers as well as TatB (blue) and TatC (cyan). 

TatB and TatC assemble and bind the signal peptide of a substrate protein (yellow) thus recruiting TatA 

and triggering its multimer formation. Translocation of the passenger domain of the substrate occurs in 

a PMF-dependent manner. The signal peptide is proteolytically cleaved releasing the substrate into the 

periplasm and TatABC dissociate. This figure was adapted from [19] with permission from Springer 

Nature. 

1.2.2. Type I secretion system 

The type I secretion system (T1SS) delivers unfolded proteins through the bacterial cell 

envelope in a single step. This simplest translocation mechanism is exemplified by the T1SS 

in Escherichia coli that exports the toxin HlyA and that has been studied in great detail [20]. 

The T1SS constitutes of an outer membrane protein TolC, an inner-membrane (IM) bound 

ATP-binding cassette (ABC)-transporter HlyB and a membrane fusion protein HlyD 

connecting the two components (Figure 1-3A). The trimeric TolC is embedded as a 

transmembrane β-barrel similar to porins thus forming a channel through the outer membrane. 
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Effector delivery and specificity in the T1SS 

The T1SS machinery delivers its substrates directly from the bacterial cytosol into the 

extracellular medium [16]. Unfolded T1SS effectors are targeted to the secretion machinery 

via a non-cleavable C-terminal secretion signal comprising 40 – 60 aa (Figure 1-3B) [27]. The 

C-terminal secretion signal containing a negatively charged amino acid followed by several 

hydrophobic ones is specifically recognised by the ABC transporter protein [24]. The secretion 

signal from HlyA was fused to a range of heterologous proteins, originally from 

Corynebacterium diphtheria, Salmonella typhimurium and P. aeruginosa. These fusion 

proteins were then shown to be recognised and exported by the TolC system in E. coli [28]. 

Interactions between substrate and transporter are thought to induce the assembly of a trans-

periplasmic channel bridging the two complexes from the inner and outer membrane. 

Concomitant ATP binding and hydrolysis by the traffic ATPase then leads to substrate 

channelling through the T1SS and release into the extracellular medium (Figure 1-3C) [26, 

29]. 

1.2.3. Type II secretion system  

The type II secretion system (T2SS) exports proteins to the external environment in a 

two-step process after Sec- or Tat-dependent translocation into the periplasm. The T2SS 

comprises of four sub-complexes, together termed the secreton, spanning outer membrane, 

periplasm and inner membrane. Embedded in the outer membrane, the secretin sub-complex, 

of which a structure from enteropathogenic E. coli has just been published (Figure 1-4A) [30], 

forms a pore through which substrates are channelled. Its structure is unique among proteins 

found in the outer membrane due to its double β-architecture containing gates to regulate 

substrate secretion [30]. By reaching into the periplasm, the secretin forms a channel with the 
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were associated with the Xcp system. These exoproteins have a broad diversity in enzymatic 

activities including the major extracellular protease LasB as well as many other proteases and 

lipases [35]. Interestingly, Exotoxin A (ToxA) is the only substrate released by P. aeruginosa 

T2SS into the extracellular medium, that is subsequently taken up by eukaryotic target cells. 

Once reached the host cytosol, ToxA modifies elongation factor 2, thus inhibiting protein 

synthesis and leading to host cell death [36].  

Effector delivery and specificity of the T2SS 

All T2SS substrates contain a signal peptide that direct them to either the Sec- or Tat-

pathway, thus delivering them into the periplasm [32]. Once in the periplasm, the folded 

substrate is specifically recognised and recruited by the recruiter protein XcpP (Figure 1-5B). 

The substrate then moves into the periplasmic vestibule of the secretin where it interacts with 

the pseudopilus [31]. A growing pseudopilus expels the substrate through the secretin pore 

out of the cell (Figure 1-5C) [37]. The pilus is then retracted via a yet unknown mechanism 

and ready to be loaded with a new substrate [37].  

The specific recognition of T2SS substrates is achieved by the recruiter protein XcpP. 

Interestingly, XcpP was shown not to interact with T2SS substrates from other T2SS systems 

even when originated from the same organism [37]. It is generally thought that up to three 

regions of 30-80 aa within the N-terminus of a T2SS substrate are needed for recognition by 

the cognate T2SS machinery [38]. A recent study into the delivery mechanism of PulA from 

Klebsiella oxytoca showed that two regions A and B, each of about 80 aa, are required for 

PulA translocation. In the same study, when the authors used a reporter enzyme and fused 

the two N-terminal regions A and B to it, they could detect secretion of the hybrid protein [38]. 

However, these two regions are not common in T2SS substrates, even though it is widely 

thought that the recognition principle by all T2SS might be similar. As substrates are 
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Chaperones required by certain T2SS effectors 

In some organisms, secretion of several T2SS substrates were shown to be dependent 

on specific periplasmic chaperones (Table 1-1) [41-43]. The overall concept is that in absence 

of the cognate chaperones, substrates are not properly folded and prone to degradation by 

periplasmic proteases [42-44].  

In Burkholderia glumae, the T2SS lipase LipA was shown to be correctly folded in the 

periplasm only upon interactions with its cognate chaperone lipase-foldase Lif. Interestingly, 

Lif contains a transmembrane domain anchoring it to the inner membrane while its C-terminal 

domain resides within the periplasm [43]. The structure of the Lif-LipA complex revealed an 

unusually extended folding platform for Lif (Figure 1-6A), which allows it to cover most of the 

protein surface of LipA as well as its active site (Figure 1-6B) [45]. Furthermore, in 

Acinetobacter nosocomialis, the metallo-peptidase CpaA was demonstrated to require the 

chaperone CpaB for its delivery via the T2SS [41]. Similarly to Lif, CpaB is membrane bound, 

although its N-terminal transmembrane domain was shown to be dispensable for CpaA 

secretion. This suggests that the N-terminal transmembrane domain likely functions to retain 

CpaB within the cell [44]. In contrast to proteins that function as chaperones for their cognate 

substrates, an intramolecular chaperone for the elastase LasB in P. aeruginosa has been 

described. The propeptide of LasB is involved in proper folding of the active enzyme, which is 

a prerequisite for secretion of LasB, as well as enzyme inhibition within the cell [46].  

This highlights the dual and essential function of T2SS chaperones: by covering the 

active site, a chaperone inhibits the substrate’s enzymatic activity, while also ensuring 

stabilisation of the protein and proper folding. Furthermore, it is thought that chaperones 

specifically channel their cognate substrates towards the secretin vestibule via a yet unknown 

mechanism [32]. 
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sequential addition of single subunits into the needle structure, the tip grows towards the 

environment, until an accessory protein, a so-called molecular ruler, that measures the length 

of the needle in a yet undefined mechanism, triggers a substrate switch. Upon this switch and 

in contact with a host cell plasma membrane, two pore-forming proteins are translocated and 

inserted into the host cell plasma membrane, where they form the so-called translocon [47]. 

 

Figure 1-7. Model of the P. aeruginosa T3SS.  

The T3SS is formed of a needle complex and a translocation apparatus as well as effector 

proteins that are delivered into the host cell cytosol. This figure was adapted from [48] with permission 

from the Copyright Clearance Centre. 

P. aeruginosa utilises its T3SS to form a pore in the eukaryotic cell membrane and 

deliver its effector proteins (ExoS/T/U/Y) involved in cytotoxicity [16]. Just recently, in an in 

silico study, two new T3SS effectors of unknown function were proposed in P. aeruginosa 

PA14, however, further experimental work needs to prove their affiliation with the T3SS [49]. 

The fact, that only a few effector proteins are delivered via the T3SS is astounding considering 
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its importance for P. aeruginosa virulence and in comparison with the amount other pathogens 

deliver via their T3SS. While ExoS and ExoU are exclusive in different P. aeruginosa strains, 

they are both cytotoxic in eukaryotic cells and have major impacts on lung infections [50, 51]. 

Both ExoS and ExoT contain similar enzymatic activity, which is an N-terminal GTPase-

activating and a C-terminal adenosine diphosphate ribosyl-transferase activity [52]. ExoU, 

which is the major T3SS effector, is a phospholipase while ExoY exhibits adenylyl cyclase 

activity [48]. Furthermore, the translocon was recently considered a T3SS effector itself. By 

inserting the two translocon proteins PopB and PopD into the host cell membrane, 

P. aeruginosa induces an ion exchange through this pore (Figure 1-8) thus inducing early 

T3SS-dependent dephosphorylation and deacetylation of histone H3 [53].  

 

Figure 1-8. Model of T3SS translocon formation and substrate delivery. 

The T3SS contacts host cell membranes and inserts the translocon proteins PopB and PopD 

into its membrane. This allows the delivery of substrates or effectors into the target cytosol. The T3SS 

needle rejects and leaves behind the translocon allowing K+ efflux. This figure was adapted from [53] 

with permission from Springer Nature. 
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Effector delivery and specificity of the T3SS 

T3SS substrates are thought to be delivered in a partially unfolded state. The unfolding 

is facilitated by a cytosolic ATPase that specifically recognises T3SS effectors. Effector 

recognition is mediated by a 20-25 aa long variable secretion motif at the N-terminus of the 

effector protein [47]. This secretion motif is enriched in serine and threonine residues, while 

no charged or hydrophobic residues are to be found within this region [54]. An interesting 

study also suggested that the secretion motif of the T3SS effector YopE from Yersinia 

enterocolitica lies within its mRNA [55]. This would suggest a co-translational delivery 

mechanism similar to the SRP-mediated Sec-pathway (1.2.1). 

A couple of studies were able to demonstrate how the secretion motif mediates 

specificity for a certain T3SS machinery. P. aeruginosa was shown to secrete fusion proteins 

between the N-terminal 129, 96 and 54 aa of its T3SS substrate ExoS and heterologous 

passenger domains of various nature [56]. In another study, it was shown how S. typhimurium 

secreted chimeric proteins between the N-terminal 104 aa of its T3SS substrate SopE fused 

to reporter proteins or tumour antigens in a T3SS-dependent manner [57]. Interestingly, the 

T3SS machineries between Yersinia pestis and S. typhimurium are similarly enough that they 

could recognise and deliver substrates from the other organism [58]. On the basis of this 

finding, Salmonella strains were designed that recognised and delivered chimeric substrates 

between the N-terminal 138 aa from the Y. pestis T3SS substrate YopE and synthetic multi-

domain proteins in a T3SS-dependent fashion [59]. 

Effector chaperones within the T3SS 

Followed by a common N-terminal secretion motif, some T3SS effectors contain 

binding motifs or domains for cognate T3SS chaperones (Table 1-1) [60, 61]. These 
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specific effector, class IB chaperones can bind several effectors [68]. Thus, class IA 

chaperones are considered more specialised, while class IB chaperones might represent a 

more generic and probably ancient form of T3SS chaperones [66]. Considering that not all 

effector chaperones are essential for effector recognition, it was hypothesised that chaperones 

might introduce a form of hierarchy into the effector delivery process. Thus, recognition of a 

chaperone-effector complex might impose a priority for chaperone-bound effectors, however, 

this hierarchical concept has not been fully proven yet [66].  

Three of the four P. aeruginosa T3SS effectors are delivered in a chaperone-mediated 

fashion. While ExoS and ExoT share the same cytoplasmic chaperone SpcS [69], ExoU 

requires presence of SpcU for its delivery [70]. It was shown that SpcS binds to 45 specific 

amino acids within the N-terminal region of ExoS and ExoT [69], while ExoU contains a 

chaperone binding domain of about 120 aa for SpcU [71]. Interestingly, SpcS and SpcU are 

small acidic proteins that facilitate secretion of their cognate effectors, while also inhibiting 

their enzymatic activities. However, it remains prospect of future work to identify how the 

specific and also promiscuous binding to their cognate substrates is mediated.  

1.2.5. Type IV secretion system 

While many pathogens use the type IV secretion system (T4SS) in infection processes, 

P. aeruginosa lacks this machinery. Yet, for the purpose of completeness, the T4SS will be 

discussed here briefly. T4SS machineries are highly versatile, multi-functional and found in 

both Gram-positive and Gram-negative bacteria. They are involved in the uptake or export of 

DNA as well as protein substrates into a variety of bacterial, fungal, plant and human cell types 

or the extracellular medium [72]. Since the focus of this study is on the delivery of effector 

proteins, this section will cover the (protein) effector translocator group of T4SSs.  
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The best characterised T4SS is the VirB/D4 system in Agrobacterium tumefaciens, 

which delivers a fragment of oncogenic T-DNA as well as effector proteins directly into plant 

cells (Figure 1-10C). Integration of the bacterial DNA into the plant DNA leads to the 

tumorigenic Crown Gall disease [73]. Interestingly, a recent study just identified a T4SS in 

Xanthomonas citri that mediates contact-dependent killing of other Gram-negative 

bacteria [74]. This novel antibacterial machinery might form a special class of T4SS, whose 

detailed function has not been revealed yet.  

T4SS are composed of an extracellular pilus, a core complex forming a channel from 

the outer to the inner membrane and three cytosolic ATPases (Figure 1-10). The core 

complex, formed of VirB7, 9, 10 (Figure 1-10C), builds a large 1 MDa complex spanning both 

the inner and the outer membrane (Figure 1-10A). Closed towards the outer membrane, the 

core complex encompasses two chambers forming a central channel that is open towards the 

cytoplasmic side [75] (Figure 1-10B). There it engages with the hexameric membrane-bound 

ATPase VirD4, termed type 4 coupling protein (T4CP) [73]. VirD4 is composed of three distinct 

domains: an N-terminal transmembrane domain connects it to the inner membrane complex; 

a nucleotide-binding domain provides energy for substrate translocation and the C-terminal 

substrate binding domain that specifically recognises T4SS substrates. Thus, the T4CP fulfils 

major roles in substrate recognition and binding, energising substrate transfer and connecting 

them to translocation channels [76].  





43 
 

of T4SS substrates [73]. This signal sequence consists of clusters of positively charged 

arginine residues for the A. tumefaciens VirB/D4 substrates, or hydrophobic amino acids for 

Legionella pneumophila Dot/Icm substrates. For translocation of the CagA substrate from 

Helicobacter pylori through the Cag T4SS, a positively charged C-terminal tail as well as the 

N-terminal region was demonstrated to be crucial [79]. After binding to the T4CP, the T4SS 

substrate is handed over into the translocation channel in a process requiring ATP 

hydrolysis [73]. 

Specificity for T4SS substrates was shown on two different levels so far. In 

A. tumefaciens, fusion proteins were shown to be delivered that consisted of full-length VirE2 

or VirF with N-terminal fused Cre recombinase as a reporter protein. The authors could then 

show how a fusion between Cre and the C-terminal 37 aa of VirE2 is specifically recognised 

and delivered by the T4SS [80]. Similarly, in Bartonella henselae it was demonstrated that its 

T4SS substrate BebD contains a C-terminal region of 183 aa that, when fused to Cre, 

mediates efficient substrate delivery in a T4SS-dependent manner [81]. Using a different 

concept, Whitaker and colleagues constructed chimeric T4CPs consisting of a N-terminal 

domain originated from E. coli and the core and C-terminal domains originated from 

A. tumefaciens, Anaplasma phagocytophilum or Wolbachia pipientis. The chimeric T4CPs 

were then shown to support the translocation of known T4SS substrates derived from 

A. tumefaciens, A. phagocytophilum and W. pipientis, respectively [76].  

Effector chaperones within the T4SS 

Recent evidence suggests, that some T4SS substrates are required to bind a 

chaperone in the cytosol prior to docking to the T4CP (Table 1-1) [82, 83]. In A. tumefaciens, 

delivery of the substrate VirE2 requires the presence of its downstream encoded chaperone 

VirE1, which, interestingly, exhibits several properties similar to the above described T3SS 
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effector chaperones (1.2.4) [73]. A translational coupling mechanism was described for this 

chaperone-effector pair to ensure the immediate binding of VirE1 to VirE2. The immediate 

stabilisation of VirE2 prevents formation of protein aggregates and maintains a translocation-

competent state of VirE2 [84]. VirE1 binds to the N-terminus of VirE2, while the C-terminal 

domain of VirE2 is kept unoccupied for interactions with the T4CP VirD4 [82].  

Furthermore, for the H. pylori substrate CagA it was demonstrated that it contains five 

internal motifs that specifically interact with its cognate chaperone CagF. Hence, it was 

suggested that multiple copies of CagF bind to CagA with high affinity. These interactions are 

further thought to maintain the labile CagA in a delivery-competent state while also recruiting 

it to the Cag-T4SS and thus facilitating substrate delivery [85]. 

After a substrate plugged into the T4CP, the chaperone is released and recycled to 

bind a new substrate protein [84]. This concept is similar to the role played by T2SS and T3SS 

chaperones; while they mainly function to stabilise their cognate substrates and channel them 

to the secretion apparatus, chaperones themselves are not delivered, but rather retained 

within the cell. However, it is not clear, whether all T4SS protein substrates require chaperones 

for their recognition and subsequent translocation or not. 
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Table 1-1. Chaperones involved in delivering protein secretion system substrates. 

List of described T2SS, T3SS, T4SS and T7SS substrates that require interactions with a 

cognate chaperone for their delivery. When described, the interaction site within the substrate or the 

chaperon is listed. This table is however not an exhaustive list, but should rather exemplify the 

abundance of substrate chaperones within protein secretion systems.  

organism substrate chaperone interaction site reference 

T2SS     

B. glumae LipA Lif  [45] 

A. nosocomialis CpaA CpaB  [41] 

P. aeruginosa LasB LasB-propeptide  [46] 

P. aeruginosa LasA LasA-propeptide  [86] 

T3SS     

Y. pseudotuberculosis YopE SycE 60 N-term aa of YopE [61] 

Y. pseudotuberculosis YopN SycN  [66] 

Y. pseudotuberculosis YopH SycH  [67] 

Y. pseudotuberculosis YopT SycT  [66] 

Shigella spp. IpgD IpgE  [66] 

P. aeruginosa ExoS SpcS 45 N-term aa of ExoS [69] 

P. aeruginosa ExoT SpcS 45 N-term aa of ExoT [69] 

P. aeruginosa ExoU SpcU 120 N-term aa of ExoU [70] 

Salmonella spp. SipA InvB  [63] 

Salmonella spp. SptP SicP  [63] 

Salmonella spp. SigD SigE  [87] 

EPEC Tir CesT  [87] 

EPEC EspF CesF  [66] 

T4SS     

A. tumefaciens VirE2 VirE1 N-term of VirE2 [82, 84] 

H. pylori CagA CagF Five interfaces in CagA [85] 

L. pneumophila SidA IcmSW  [88] 

L. pneumophila SidB IcmSW  [88] 

L. pneumophila SidC IcmSW  [88] 

L. pneumophila SidD IcmSW  [88] 

L. pneumophila SidE IcmSW  [88] 

L. pneumophila SidG IcmSW C-term of SidG [88] 

L. pneumophila SidH IcmSW  [88] 

T7SS     

S. aureus EsaD EsaE N-term of EsaE [89, 90] 
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1.2.6. Type V secretion system 

The type V secretion system (T5SS) consists of two components that can be part of 

one polypeptide or exist as two different proteins (Figure 1-11). In any case, proteins of the 

T5SS reach the periplasm via a Sec-dependent translocation. For proteins, called 

autotransporters, since they carry all the information needed for the whole secretion process, 

the β-domain, which is called translocator domain, inserts into the outer membrane by forming 

a β-barrel channel. The second domain, the passenger domain, is then translocated through 

the channel into the extracellular medium [91]. Depending on the sub-type of T5SS, the two 

components can be two different proteins (T5bSS), hence also called two-partner secretion 

pathway (TPS), or one single polypeptide. These contain either a C-terminal (T5eSS) or N-

terminal passenger domain that can remain attached to the barrel-pore (T5aSS, T5cSS), thus 

called autotransporters, or cleaved and released into the supernatant (T5dSS) (Figure 1-11). 

The passenger domains are in most cases long and fibrous polymorphic structures, while their 

C-terminal enzymatic domains vary depending on the sub-type and their function [91, 92].  

P. aeruginosa does not employ all sub-types of T5SS [16], with EstA being the only 

characterised autotransporter. EstA, which is not cleaved from the bacterial surface, is an 

esterase. Its surface attachment allows the enzymatic domain to come in close contact to its 

substrate which is rhamnolipid [93]. This implies that EstA plays a role in motility and swarming 

as well as biofilm production. Additionally, the founding member of the T5dSS, that contains 

a C-terminal patatin-like domain, was recently described in P. aeruginosa [94]. Furthermore, 

two of the six T5bSS of P. aeruginosa are currently characterised, with LepA being a protease 

triggering host inflammatory responses, and CupB5 involved in the formation of CupB 

fimbriae [95]. Due to its involvement in inter-bacterial competitions, the T5bSS will be 

discussed here in detail. 



47 
 

 

Figure 1-11. Types of the T5SS and their modularity. 

The protein domains are sketched as in their final form after the secretion/integration process. 

T5aSSs and T5cSSs are produced as a single polypeptide with C-terminal β-barrel domains (blue) that 

integrate into the outer membrane. The T5bSSs are two proteins forming the transporter, being the 

TpsA for the passenger protein (blue), and TpsB as the transporter domain (red). T5dSSs are formed 

of single polypeptides with C-terminal β-barrel domains. T5eSSs are also formed of single polypeptides, 

but contain N-terminal β-barrel domains, thus called reverse autotransporters. This figure was adapted 

from [91] under the terms of the Creative Commons Attribution License. 

T5bSS & two-partner secretion 

Many bacteria employ the T5bSS, also termed two-partner secretion (TPS) system, to 

export toxins or adhesins. In most cases, the two genes involved in the TPS pathway form 

one operon [91]. Their gene products are TpsB, which forms a β-barrel channel in the outer 

membrane, and the passenger protein TpsA. TpsA contains an N-terminal TPS-domain that 

specifically recognises the POTRA (polypeptide transport-associated) domain of TpsB at the 

periplasmic side of the membrane. This ultimately leads to translocation of TpsA across the 
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outer membrane followed by additional cleavage. The mature TpsA then either remains 

anchored to the bacterial cell surface, or it is released into the extracellular medium [91].  

Over the last years, several T5bSSs were identified in many pathogenic bacteria 

including Serratia marcescens, Bordetella pertussis and Proteus mirabilis where they export 

a range of cytolysins and adhesins. Interestingly, TPS operons in Y. enterocolitica, Pasteurella 

multocida and P. aeruginosa were shown to be upregulated upon host cell entry [91]. 

Additionally, in a range of bacteria T5bSSs were recently found to mediate inter-bacterial 

interactions leading to growth-inhibition as discussed below.  

1.2.7. Polymorphic toxins 

In the T5bSS as well as other protein secretion systems, different families of secreted 

multidomain toxins, termed polymorphic toxins, were identified. Generally, polymorphic toxins 

consist of a N-terminus that is related to a certain secretion system (Figure 1-12A, purple), 

and a C-terminal domain that harbours a toxin domain (red), which is delivered into 

neighbouring bacteria. A striking feature of polymorphic toxins is their modularity; any given 

N-terminal secretion domain can be found fused to distinct toxic domains (Figure 1-12B) and 

any given C-terminal toxic domain can be found fused to distinct secretion domains (Figure 

1-12C). Also, the presence of orphan toxin-immunity modules (Figure 1-12A) allows the 

recombination with the 3’ extremity of the full-length toxin to generate a new toxin using the 

same N-terminal domain. This allows the integration of novel toxin domains into the repertoire 

of a bacterium which can confer a competitive advantage against bugs that did not acquire 

the novel toxin module [96].  

The typical locus of polymorphic toxin systems further includes an immunity gene 

(Figure 1-12A, cyan), located directly downstream of the toxin gene. The immunity gene 
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1.2.8. Contact-dependent growth inhibition  

The contact-dependent growth inhibition (CDI) system is a specific type of T5bSS and 

involves two proteins. CdiB, the corresponding TpsB, forms a β-barrel channel in the outer 

membrane, while CdiA, the TpsA, is translocated through the outer membrane and attached 

to the bacterial surface (Figure 1-13) [97]. The polymorphic CdiA proteins contain toxic 

domains of various enzymatic activities within their C-termini that are delivered into 

neighbouring target cells. For the producing cell to also be protected from this toxic effect, 

corresponding immunity proteins, CdiI, are required that neutralise the toxic CdiA. These CdiI 

proteins are generally encoded downstream of the cdiA gene and in an operon with cdiB, 

similar to the operon sketched in Figure 1-12A. If the target cell does not express the cognate 

immunity protein for the incoming toxin, growth inhibition occurs in an extent depending on the 

enzymatic effect of the toxin (Figure 1-13).  

The first CDI system described was in E. coli EC93 strain that inhibited the growth of 

other E. coli strains that did not produce the CDI system [98]. Different toxin domains were 

described and are usually strain specific; for example, the CdiA from Enterobacter cloacae 

was shown to cleave 16S ribosomal RNA to disrupt protein synthesis in the target cell [99]. 

Interestingly, CdiA from E. coli UPEC 536 contains tRNase activity while CdiA from E. coli 

EC93 forms pores in the inner membrane [100]. Thus, closely related bacterial species can 

outcompete each other to ensure their own survival (Figure 1-13). 

Furthermore, the adhesive properties of CdiA were shown to promote collaborative 

behaviour between sibling cells. This aggregative behaviour was shown to be associated with 

biofilm formation in several species, such as P. aeruginosa, in which several CDI systems 

were identified but not fully characterised yet [101]. It is noteworthy, that cooperative behaviour 

mediated by the CDI is only provided when a cell contains the corresponding immunity for the 



51 
 

incoming CdiA toxin. Thus, biofilms only embrace bacterial cells from the same species, while 

susceptible and thus non-isogenic bacteria are excluded [97].  

 

Figure 1-13. CDI-mediated toxin delivery. 

Components of the CDI system are exported via the Sec-pathway. CdiB is inserted in the outer 

membrane and CdiA contacts its periplasmic POTRA domain following CdiA translocation. CdiA 

protrudes from the bacterial cell surface and contacts a neighbouring cell by binding a receptor. CdiA-

CT is cleaved and enters the target cell, where it encounters its cellular target and exerts a toxic effect. 

This figure was adapted from [97] with granted permission from Portland Press Limited.  
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Effector delivery via the CDI 

Polymorphic CdiA toxins are large rigid multi-domain proteins on the bacterial surface, 

that carry C-terminal toxin domains [102]. Generally, a CdiA protein consists of a cleavable 

signal sequence for Sec-mediated delivery across the inner membrane, a TPS transport 

domain for TpsB recognition and a core of rigid FHA repeats (Figure 1-14A). Recent work has 

identified a variable receptor binding domain between the highly conserved FHA-1 and FHA-

2 domains within CdiA proteins from different species. The core domain is differentiated by a 

4-aa long VENN motif, whose function in toxin maturation is still unclear. The C-terminal 

domain of CdiA (CdiA-CT) further contains two domains [103]: The N-terminal translocation 

domain and the toxic C-terminal domain (Figure 1-14A). 

Recent research tried to outline the delivery of the toxin domain into target cells, while 

not all molecular steps are well understood yet. It was shown in E. coli EC93 that CdiA binds 

to a key subunit of the outer-membrane β-barrel assembly machine (BAM) complex, while this 

receptor seems to vary between species [104]. Furthermore, it was shown that in absence of 

the receptor protein on the target cell surface, inhibition occurs at a lower level [104]. Binding 

of CdiA to the target cell surface is mediated by its receptor binding domain (Figure 1-13), 

however, the actual translocation step remains elusive while it seems clear that cleavage of 

CdiA-CT occurs. Once in the periplasm, the strain-specific N-terminal translocation domain of 

CdiA-CT is thought to interact with a membrane protein governing its translocation across the 

inner membrane of target cells [103]. In a recent study, Hayes and co-workers designed a 

chimeric CdiA based on the two CdiA-CTs from E. coli EC869 and E. coli EC3006 (Figure 

1-14A). While CdiA-CTEC3006 contains an N-terminal PtsG domain, that mediates translocation 

across the inner membrane dependent on the protein PtsG, and a C-terminal tRNase domain, 

CdiA-CTEC869 contains an N-terminal YciB domain, an unknown inner membrane protein, and 

a C-terminal DNase domain. They then swapped the C-terminal toxic domains from E. coli 

EC3006 with the one from E. coli EC869 (Figure 1-14C) and proved that this chimera was 
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1.2.9. The type VII secretion system 

The type VII secretion system (T7SS) has only been identified in Mycobacteria, 

Actinobacteria and Firmicutes and shown to play a role in virulence [107]. However, due to 

recent findings of its impact on bacterial warfare in Staphylococcus aureus and its modularity 

of effector delivery mechanisms [90], the T7SS will be briefly introduced here.  

Six core components were shown to assemble the T7SS/Ess complex in S. aureus 

[108, 109]. Three membrane-bound components, EsaA, EssA and EssB are essential for 

T7SS activity as well as a secreted protein EsxA and a predicted cytoplasmic protein EsaB 

(Figure 1-15A). A membrane-bound hexameric ATPase EssC was shown to provide energy 

and is also involved in effector delivery [108], even though, the detailed effector delivery 

mechanism is still unclear. The T7SS substrate EsaD, that varies between different S. aureus 

strains, is a polymorphic toxin with a C-terminal nuclease domain [90]. Downstream of esaD, 

the corresponding immunity esaG is encoded that protects the producing cell from EsaD 

toxicity [90]. In the mycobacterial T7SS, substrates contain a YxxxD/E signal sequence 

needed for recognition by the ATPase [110]. Binding of the effector to the C-terminus of the 

ATPase leads to an increase of ATPase activity which ultimately results in effector 

delivery [90, 111]. However, it is currently not clear, how well conserved this signal sequence 

is between the T7SS of Mycobacteria and S. aureus. Furthermore, in S. aureus it was recently 

revealed that secretion of the substrate EsaD requires binding to a cognate chaperone EsaE 

(Figure 1-15B) [89]. EsaE binds EsaD at its the N-terminus, thus stabilising the protein and 

mediating its secretion by recruiting it to the T7SS apparatus [89, 90]. In contrast to other 

protein secretion systems, the chaperone was here shown to be delivered together with the 

substrate [90]. 
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bacteriophage T4 facilitated research into this fascinating machine and progress in 

understanding its function and assembly. However, while bacteriophage T4 injects DNA from 

the extracellular medium into a target bacterium, bacteria use the T6SS to drive effectors 

directly into target cells that can be of bacterial and eukaryotic nature [113]. This allows the 

bacterium to inhibit growth of competing bacteria in a contact-dependent manner or modulate 

host cell metabolism to facilitate its own survival. P. aeruginosa encodes three T6SS clusters 

(H1-, H2-, H3-T6SS), each of them able to assemble a unique machinery and deliver its own 

effector proteins [114]. This section aims to describe the architecture, function and payload of 

this protein secretion system. 

1.3.1. The overall structure of the T6SS and mechanism of action 

The membrane complex 

Of the 13 essential T6SS components, three have been shown to reside in the cell 

envelope. Tss (type VI secretion system) L and TssM form the membrane complex anchored 

in the inner membrane, while TssJ connects the whole complex to the outer membrane (Figure 

1-16) [115]. TssL contains a large cytoplasmic domain anchored to the inner membrane via 

one transmembrane helix [116]. The large TssM protein is formed of four structural segments: 

a cytoplasmic domain is inserted in the inner membrane through three transmembrane 

helices, followed by a periplasmic domain and a C-terminal beta domain [117]. Interestingly, 

in S. marcescens the periplasmic domain was shown to contain a disulphide bond for efficient 

functionality [118]. The TssM beta domain interacts with TssJ which is a lipoprotein attached 

to the outer membrane [117], thus connecting the membrane complex to the outer membrane. 

The negative stain EM structure of the TssJ-TssL-TssM-complex was determined and showed 

that ten copies of TssJ-TssM pillars span the periplasm contacting the inner membrane via 
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T4 [121]. The trimeric TssK was shown to interact with TssL from the membrane 

complex [122] but also to recruit TssF and TssG towards the baseplate while the function of 

TssE is still unclear [119]. Recent work from our lab showed that the dodecameric TssA1 from 

the H1-T6SS from P. aeruginosa interacts with TssK1, TssF1 and TssB1 and TssC1 from the 

sheath complex [120]. Different classes of TssA proteins were proposed to have different 

functions, with the TssA1-like proteins being part of the baseplate, while TssA2-like proteins 

contain C-terminal extensions. This extension might confer a TssA protein the function to 

prime and polymerise the T6SS contractile sheath as described by Zoued et.al. for the TssA 

in E. coli [123]. Hence, current evidence assigns TssA to be a genuine T6SS baseplate 

component. 

The T6SS sheath 

The T6SS sheath is a helical contractile tube composed of TssB and TssC subunits 

that are the homologues of the gene product (gp) 18 from bacteriophage T4 [124]. TssB and 

TssC interact via their so-called “handshake” domains to form long tubular and highly dynamic 

cogwheel-like structures (Figure 1-18) [125, 126]. The TssBC sheath further envelops the Hcp 

tube, which consists of head-to-tail stacked hexamers of Hcp (haemolysin co-regulated 

protein) [127]. The Hcp tube is topped by the so-called T6SS spike, which is discussed in more 

detail in 1.3.2 (Figure 1-17A) [128]. The T6SS sheath was shown to extend throughout the 

whole length of a bacterial cell [125], with the cell length being the limiting factor for sheath 

elongation [129]. The elongated sheath is in a meta-stable, high-energy state so that 

thermodynamically the contracted sheath represents the favoured low-energy state [130]. This 

energy collapse is predicted to release sufficient amount of energy to propel out the T6SS 

spike together with the Hcp tube (Figure 1-17B). Hence, Hcp is considered the landmark 

protein of the T6SS, since its presence in the supernatant fraction is the direct result of a 

functional T6SS machinery [131]. 
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trimer of gp5 (blue, red, green) is attached. In the bacteriophage, gp5 consists of an N-terminal 

lysozyme domain and a C-terminal needle-like spike formed of 18 intertwined β-sheets with 

conserved VXGXXXX motifs [137]. These β-sheets are hydrophobic and conserved, with a 

dominant glycine at position a (Figure 1-19B, highlighted in bold), asparagine or aspartic acid 

at position b and valine at position g [137]. The glycine at position a is thought to kink the 

polypeptide chain [137], allowing the β-sheets to form a cylindrical elongated structure. 

Intertwining of three gp5 monomers is facilitated by hydrogen bond formations between β-

sheets from different monomers. This assembly results in the unique and sturdy spike 

structure [124, 138], highly stable and resistant to 10 % SDS as well as boiling [139, 140]. 

The C-terminal domain of a VgrG protein is exceptionally similarly structured to the C-

terminal domain of gp5 from bacteriophage T4, hence called gp5-like, but it lacks the N-

terminal lysozyme domain (Figure 1-20A). The organisation of the β-sheet forming 

octapeptides is highly similar (compare Figure 1-19B and C) [137] and, similarly to the 

bacteriophage T4, most VgrG proteins contain VXGXXXX or VGXXXXX motifs [139]. In any 

case, the conserved glycine at position a is prevalent in VgrG proteins, as exemplified by the 

C-terminal residues from P. aeruginosa VgrG1a (Figure 1-19C, highlighted in bold) [140]. It is 

worth mentioning at this point, that the last β-sheets in both bacteriophage T4 and VgrG1a are 

formed by similar sequences containing two hydrophobic amino acid residues, isoleucine or 

leucine (Figure 1-20B, C, bottom row). 
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In addition to the complete T6SS clusters, there are many remote gene islands, likely 

acquired via horizontal gene transfer, scattered around the genome, functionally linked to the 

T6SS and upregulated under the same conditions as the T6SS clusters [146, 147]. In most of 

these satellite islands, vgrG genes are located (Figure 1-22, green) and dependent on the 

strain, P. aeruginosa contains up to eleven different vgrG genes [140]. Encoded together with 

vgrGs are effector-immunity modules (red-cyan) as well as paar (purple) and accessory genes 

(magenta). In P. aeruginosa but also in many other organisms, it was shown that these gene 

products interact and facilitate delivery of the effector protein via one of the T6SS machineries, 

as will be discussed in 1.3.7.  

In addition to various vgrG genes, also numerous paar genes are located within the 

P. aeruginosa genome. As discussed in detail in 1.3.2, a VgrG trimer topped with a PAAR 

forms the rigid puncturing spike of a T6SS, whose presence was shown to be a requirement 

for the formation of a functional T6SS [141, 148]. With the presence of that many different 

vgrG and paar genes, it becomes clear that P. aeruginosa can form various T6SS spikes 

consisting of diverse VgrG and PAAR proteins. On another note, it was established that one 

VgrG trimer requires the specific interaction with one cognate PAAR protein to form a 

functional T6SS spike and no non-cognate PAAR protein is able to substitute [141, 148]. This 

was shown not only in P. aeruginosa, as will be further discussed in 4.3, but also for the 

specific VgrG-PAAR pairs in S. marcescens [148] and A. tumefaciens [149]. Hence, a concept 

of specificity at the level of the VgrG-PAAR interface was proposed and will be subject of 

further discussion in 4.4.  
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activation in different organisms are numerous and highly complex. Since in our study we will 

employ the T6SS of P. aeruginosa, at this point we will solely cover the regulatory circuits of 

its T6SS activation essential for this study.  

Post-translational regulation of the H1-T6SS 

The regulation and the functionality of the H1-T6SS cluster from P. aeruginosa has 

been studied in great details. Within the H1-T6SS cluster, a set of regulatory genes is located, 

that are shown in red in Figure 1-21 and that encode for TagQRST, PpkA, PppA, TagF and 

Fha1, that are all required for post-translational regulation of the H1-T6SS. Activation of the 

H1-T6SS cluster is conditional on the phosphorylation status of Fha1, which can either reside 

in a complex with ClpV1 or TagF. Interaction with TagF1 sequesters Fha1 and thus represses 

T6SS activity [155]. Upon phosphorylation of Fha1, the ClpV1-Fha1 complex is recruited to 

the membrane and triggers H1-T6SS activity [156]. Phosphorylation of Fha1 is mediated by 

the serine/threonine protein kinase PpkA, whose activity is counteracted by the phosphatase 

PppA [156]. Activity of PpkA is further potentiated by the cell-envelope-associated TagQRST 

regulatory system, although the exact details of this signal transduction system are 

uncertain [157, 158]. It was shown by Casabona et.al. though that this phosphorelay system 

is stimulated by growth on the surface [157].  

Tit-for-Tat 

P. aeruginosa is further able to respond to the T6SS activity of adjacent competing 

cells with an increase in its own T6SS activity. This phenomenon was termed as “T6SS 

duelling” and is understood as a mechanism occurring in mixed populations within the same 

ecological niche [113]. With this mechanism P. aeruginosa is able to attack and kill V. cholerae 
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when the latter expresses a T6SS, while killing was shown to be a lot less efficient when 

V. cholerae did not produce a T6SS. This tit-for-tat killing was proposed to be a counter attack 

mechanism that is only employed once P. aeruginosa senses danger from a competing 

bacterium [113].  

Since Basler and colleagues showed that this duelling behaviour of P. aeruginosa is 

abolished upon deletion of pppA, the tit-for-tat mechanism was linked to the TagQRST 

regulation circuit as discussed above. Basler and colleagues hypothesised that sensing of an 

incoming T6SS attack, likely via membrane stress, activates the TagQRST regulatory system 

[113] which could then result in recruitment of the ClpV1-Fha complex to where the incoming 

attack was sensed [156]. This would lead to a quick counterattack with T6SS firing precisely 

at the point of the initial attack thus immediately outcompeting the predatory neighbouring 

cell [113].  

The Gac/Rsm-cascade and global T6SS regulation 

One pathway to control all three T6SS clusters in P. aeruginosa is the Gac/Rsm 

network (Figure 1-23) [146]. RsmA (Figure 1-23, bright red) is a translational repressor of a 

myriad of messenger RNAs [159] and when sequestered by two small non-coding RNAs, 

RsmY and RsmZ, de-repression of T6SS genes occurs [160]. Transcription of RsmY and 

RsmZ is activated by phosphorylated GacA (dark green), the response regulator of the 

GacS/GacA two-component system [160]. Homodimerisation of GacS (green) maintains the 

auto-phosphorylated and activated state of GacS [161], which is inhibited upon hetero-

dimerisation with RetS (Figure 1-23, red), a membrane-bound hybrid-sensor responding to an 

unknown environmental signal [160]. In addition to T6SS components, RetS regulates the 

switch between the planktonic and sessile lifestyle. RetS positively controls expression of 

genes required for cytotoxicity and acute infections and negatively controls genes essential 
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which they termed PARA for P. aeruginosa response to antagonism, that is supposedly 

sensed by the Gac/Rsm pathway and then leads to elevated T6SS activity. Again, the authors 

could not pinpoint the molecular details of this signalling mechanism, but suggested that 

released components of lysed cells might serve as a signal to activate the Gac/Rsm 

pathway [164]. Additionally, a recent study from our lab showed a drastic impact of 

temperature on T6SS component production. Using western blot analysis, we followed 

production of Hcp proteins associated with each of the three T6SS cluster and detected 

elevated levels of Hcp1, HcpABC and Hcp3 when P. aeruginosa was grown at 25 °C in 

comparison to growth at 37 °C [146]. These regulatory mechanisms allow bacteria appropriate 

responses to the changing environments or competitors. 

1.3.5. Impact of the T6SS during interbacterial warfare 

In polymicrobial environments within human or plant hosts, bacteria are constantly at 

war with competitors for resources. Thus, the T6SS represents an important molecular device 

in the interbacterial warfare to acquire nutrients, new territory or foreign DNA. Recent research 

by the Blokesch group proved, that in V. cholerae upon T6SS-mediated killing, its competence 

regulon is highly induced. This strategy allows V. cholerae to take up released DNA from killed 

prey cells thereby enhancing horizontal gene transfer and bacterial evolution [165]. On 

another note, bacteria use the T6SS to acquire public goods, as in P. aeruginosa it was 

recently shown that the T6SS effector TseF is involved in iron scavenging. The underlying 

mechanism for this is the integration of TseF into outer membrane vesicles, where TseF binds 

to iron-chelated PQS molecules and then mediates binding to a specific cell receptor on the 

bacterial surface. This somehow facilitates import of iron however the exact mechanism is yet 

unclear [166].  
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The most important aspect of the T6SS was shown to be involved in inter-bacterial 

killing and competition [167]. Commensal members of the human gut or plant microbiota 

encode T6SS machineries, that might provide the host with a protection against intruding 

pathogens and thus are beneficial for the host’s health [136, 168]. For example, P. putida, a 

biocontrol strain, was shown to outcompete the plant pathogen Xanthomonas campestris in 

order to protect the plant from the pathogen’s virulence (Figure 1-24) [136]. Specifically, 

X. campestris on its own was shown to establish necrosis on plant leaves (Figure 1-24B), 

while in a co-infiltration with P. putida strains, this phenotype was decreased (Figure 1-24D) 

and X. campestris survival lower (Figure 1-24C). A T6SS-defective P. putida strain, however, 

was not able to protect the plant in the same extent as monitored with an established necrosis 

(Figure 1-24F) and higher X. campestris survival (Figure 1-24E), thus suggesting that 

P. putida’s biocontrol ability is provoked by its T6SSs.  

Much research has further been conducted demonstrating that the T6SS has a high 

impact on the human gut microbiome. The commensal Bacteroides fragilis possesses three 

T6SS architectures that are used to mediate potent inter-strain competition to an extent where 

its role in shaping the human gut microbiota is widely accepted [169, 170]. For example, a 

commensal B. fragilis strain can antagonise various Bacteroidales species [171] and was also 

shown to protect the mouse gut from acquisition of enterotoxigenic B. fragilis strains [172]. In 

contrast, it was also shown that Gram-negative enteric pathogens, like V. cholerae and 

Citrobacter rodentium, can outcompete other bacteria in vitro. However, it is not well 

understood yet, whether in the gut environment, the bacterium would have the same 

outcompeting ability [168]. Remarkably, Salmonella enterica serovar Typhimurium was shown 

to effectively kill the commensal Klebsiella oxytoca both in vitro and in the mouse gut using its 

T6SS [173]. Furthermore, in another study it was suggested that the T6SS of the enteric 

pathogen Shigella sonnei confers an advantage over the commensals E. coli and Shigella 

flexneri [174]. Hence, the authors reasoned that the global prevalence of S. sonnei is due to 

the presence of a T6SS, while it is absent in S. flexneri, conferring a competitive advantage.  
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henceforth a T6SS effector is considered any T6SS substrate with an enzymatic activity. Anti-

eukaryotic effector proteins will not be focus of this thesis, but for the matter of completeness, 

they will be briefly introduced here, before discussing antibacterial T6SS substrates and 

effector delivery mechanisms (1.3.7) in greater detail. 

Anti-eukaryotic effectors 

Anti-eukaryotic T6SS effectors were shown to impede host cell functions and promote 

immune evasion to successfully establish infections, which is similarly described for the T3SS 

and the T4SS [180]. Initially, the T6SS was identified due to the virulence of V. cholerae 

against the amoeba Dictyostelium discoideum, which involved the anti-eukaryotic effector 

VgrG-1 [131]. VgrG-1 was shown to cross-link actin cytoskeleton of both amoebae and 

macrophages after internalisation of the pathogen facilitating its own replication before 

resulting in host cell death [131, 181]. Furthermore, VgrG5 from B. pseudomallei was 

demonstrated to induce cell membrane fusion and thus intracellular spread of the bacterium, 

however its enzymatic activity has not been elucidated yet [182]. Another example of an anti-

eukaryotic effector is VgrG1 from Aeromonas hydrophila, that was shown to induce cell 

apoptosis by ADP ribosylation of actin [183]. Additionally, TecA from Burkholderia 

cenocepacia was shown to deamidate Rho GTPases to modify the actin cytoskeleton of 

macrophages and thus reduce phagocytosis to trigger lung infection [184].  

Additionally, P. aeruginosa contains one effector that was directly shown to modulate 

eukaryotic host cells. VgrG2b, which will be focussed on in 3.4, contains a C-terminal 

extension domain that is proposed to contain metallopeptidase activity. A recent study 

demonstrated that P. aeruginosa delivers VgrG2b into eukaryotic HeLa cells, where it interacts 

with components of the tubulin ring complex thus facilitating bacterial uptake in a microtubule-

dependent manner [185]. Remarkably, recent data from our lab also demonstrated anti-
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bacterial activity of VgrG2b with a periplasmic immunity protein encoded downstream 

(Thomas Wood, personal communication). 

Membrane-targeting effectors 

Many bacteria use the T6SS to deliver lipase effectors into both eukaryotic and 

bacterial target cells. These so called trans-kingdom effectors were shown to degrade both 

eukaryotic and bacterial membrane lipids thus compromising cell integrity [186, 187]. Tle 

effectors are likely to mediate membrane degradation from the periplasm, hence their cognate 

immunity proteins generally contain signal peptides sending them to the periplasm [186].  

Currently, five distinct lipase families are described, of which four families exhibit the 

GXSXG motif, common for many lipases, while the fifth family contains dual HXKXXXXD 

motifs [186]. These are usually found in phospholipase D (Pld) enzymes, of which 

P. aeruginosa produces two, PldA and PldB [188], which will be focussed on in chapter 5. 

Additionally, P. aeruginosa encodes Tle4/TplE, as well as Tle1 and Tle3, all of them with 

phospholipase A activities [189, 190]. In V. cholerae [186], Klebsiella pneumoniae as well 

Burkholderia thailandensis [191], lipases were identified and shown to be delivered via their 

T6SS machineries.  

Pore-forming toxins without any enzymatic activity have also been described to be 

delivered by a T6SS. For example, VasX from V. cholerae was proposed to insert itself into 

the inner membrane of a target prey cell, thus dissipating its membrane potential and resulting 

in cell death [192]. Pore-forming activity was also implied for Tse4 in P. aeruginosa as it 

efficiently induces permeability of the inner membrane [193], however a molecular mechanism 

for its toxicity has not been elucidated yet.  



76 
 

Cell wall targeting effectors 

A very important target for antibacterial strategies is peptidoglycan. T6SS effectors 

targeting peptidoglycan are potent T6SS toxins implemented by many bacteria, as for example 

Tae2 from B. thailandensis [189], and Ssp1 and Ssp2 from S. marcescens [194, 195]. 

P. aeruginosa expresses at least two peptidoglycan-hydrolases, namely Tse1 and Tse3 that 

were both shown to be efficiently delivered into target bacteria resulting in cell death [163, 

176]. Interestingly, a recent study by the Coulthurst lab revealed that upon delivery of the 

amidase effectors Ssp2 and Ssp4, the periplasmic DsbA from the target cell introduces 

disulphide bonds to activate the effectors. This strategy allows S. marcescens and probably 

other organisms to hijack the target cell’s resources for toxicity [118]. Intoxication of amidases 

and peptidoglycan hydrolases from sibling cells is prevented by the production of immunity 

proteins that reside in the periplasm [196, 197]. As known for periplasmic proteins, some 

immunity proteins, for example Rap1a and Rap2a as the cognate immunities to the 

S. marcescens amidases Ssp1 and Ssp2, were shown to contain disulphide bonds [118]. 

Considering that T6SS substrates most likely do not face the periplasm during the secretion 

process (1.3.1), their presence is mainly required to protect the cell from injected toxins [198].  

DNA-targeting effectors 

Due to the omnipresence of DNA in all living species, it represents a potent target for 

antibacterial strategies. This is exemplified by the fact that many CdiA toxins contain nuclease 

domains within their C-termini (1.2.8). Also in T6SS-active organisms, several DNA-targeting 

toxins were identified and characterised. For instance, P. aeruginosa was recently confirmed 

by our lab to deliver its nuclease Tse7 into neighbouring bacteria (P. Pissaridou, under 

review). A. tumefaciens was shown to produce and deliver the DNase Tde1 into E. coli or 

P. aeruginosa to gain a competitive advantage [153]. Tde1 as well as its delivery mode will be 
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subject of further discussion in 0. Interestingly, nuclease domains were also demonstrated to 

be present in the ubiquitous Rhs toxins that are connected to the T6SS. Dickeya dadantii 

produces and delivers the two Rhs effectors, RhsA and RhsB, that contain C-terminal NS_2 

and HNH-endonuclease domains, respectively. Expression of both toxic domains in E. coli 

was associated with a loss of DNA staining, while co-expressing the downstream encoded 

immunity proteins rescued E. coli survival [199]. Rhs2 from S. marcescens also exhibits 

DNase activity based on its C-terminal HNH endonuclease domain, with RhsI2 being the 

cognate immunity protein [200].  

Bacterial cell-function inhibiting effectors 

A new toxin family, delivered by bacteria using both T6SS and T7SS (1.2.9), was 

recently proposed by Whitney’s group, the NADase effector family, or termed Tne for type VI 

NADase effector [201]. These enzymes were shown to degrade NAD(P)+ thus depleting prey 

cells of this essential cofactor resulting in cell stasis. The founding member of this family, 

Tne2, was shown to be delivered by P. protegens to inhibit the growth of bacterial 

competitors [201]. Another well characterised example is Tse6 from P. aeruginosa which was 

demonstrated to be delivered into target cells where it hydrolyses NAD+ and NADP+ leading 

to cell stasis [202]. Additionally, the structure of Tse2 from P. aeruginosa in complex with its 

immunity Tsi2 was solved (Figure 1-26) with Tse2 displaying intriguing resemblance to mono-

ADP-ribosyltransferase toxins like the cholera or diphtheria toxin [203] and being toxic in both 

prokaryotic and eukaryotic cells [163].  
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Figure 1-26. Structure of Tse2-Tsi2 complex. 

A dimer of Tsi2 (grey, green) interacts with two monomers of Tse2 (purple). This figure was 

adapted from [203] with permission from Elsevier and the Copyright Clearance Centre.  

1.3.7. Effector delivery modes 

As indicated in 1.3.3, in many cases, effector genes are encoded together with vgrG, 

paar or hcp genes. In some cases, the effector is part of a gene encoding for a structural 

component and thus production leads to an evolved VgrG-, PAAR-, or Hcp-effector. If 

separated, a genetic link between an effector gene and a gene encoding for a T6SS 

component suggests a functional link. Indeed, the delivery of many effectors was shown to be 

dependent on the nearby encoded T6SS component, be it VgrG, PAAR or Hcp protein. This 

concept was coined “á la carte” effector delivery and suggests that a cargo effector is 

connected to a specific, or rather cognate, VgrG tip via non-covalent interactions [175]. In 

some cases, the presence of so called adaptor or chaperone proteins are required to connect 

effectors to the T6SS spike. Here, we will introduce the currently known players that facilitate 

effector delivery via the T6SS in a structured manner. However, one needs to take into account 

that for some effectors overlap between different delivery concepts occurs and the T6SS tip 
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Evolved Hcp effectors 

In different Salmonella and E. coli strains, hcp genes were identified with an unusual 

length. While the N-termini of these gene products harbour the Hcp domains, thus likely 

forming Hcp hexamers, the C-terminal domains contain toxic functions [205, 206]. 

Remarkably, E. coli STEC004 encodes five of these so called evolved Hcps, designated Hcp-

ET1 to Hcp-ET5, with the C-terminal domains being DNase, lipase, as well as pore-forming 

colicin or pyocin domains. The authors verified that E. coli is able to deliver these toxic 

domains into target prey cells [206], however the molecular details remain prospect of future 

work. One could envisage that smaller domains like a DNase domain might be accommodated 

within the Hcp lumen in a similar fashion as the cargo effectors shown in Figure 1-28A. 

However, this is rather unlikely for the larger lipase domains, suggesting that these C-terminal 

extensions are accommodated around the Hcp tube and somehow within the TssBC sheath 

(Figure 1-28B).  

Evolved VgrG effectors 

 All VgrG proteins contain gp5- and gp27-like domains and thus form the torch light 

structure required for a functional T6SS spike as introduced in 1.3.2. If a VgrG protein solely 

exhibits these two domains, it is called a canonical VgrG [207]. Some VgrG proteins, however, 

contain C-terminal extension domains, which usually comprise effector functions. As the 

founding example of evolved VgrGs, VgrG-1 from V. cholerae contains an actin-crosslinking 

domain within its C-terminus, that was shown to be dispensable for VgrG-1 secretion 

itself [181]. This supports the model that the torchlight structure of the VgrG is crucial for 

formation of a functional T6SS spike and that the C-terminal extension domain is delivered 

upon spike expulsion resulting in an effector-mediated phenotype (Figure 1-29A) [181]. This 

delivery mode will be focus of chapter 3.  
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Evolved PAAR effectors 

Some polymorphous T6SS effectors carry PAAR- or PAAR-like domains within their N-

termini and are thus called evolved PAAR effectors. Delivery of evolved PAARs was shown to 

be dependent on cognate VgrGs, with which the evolved PAAR is usually encoded [141, 149, 

175, 208]. Evolved PAARs are plenty within T6SS active strains and the C-terminal toxin 

domains are of various nature. For instance, Tse6 from P. aeruginosa was shown to contain 

an N-terminal PAAR domain which assembles on top of the cognate VgrG1a tip as described 

in 1.3.2 and sketched in Figure 1-29B [202]. Its C-terminal NAD(P)+ hydrolase domain is 

thought to float around the T6SS tip and was shown to be delivered in an “á la carte” piggy 

back ride together with the spike complex [141, 175, 202]. Additionally in A. tumefaciens, Tde2 

contains a PAAR-like domain within its N-terminus which is thought to assemble on top of the 

cognate VgrG2 and thus connects the C-terminal nuclease to the T6SS tip [149].  

Evolved PAAR-Rhs-effectors 

Some T6SS effectors were identified that contain a huge core of Rhs/YD repeats that 

are ubiquitous among bacteria [175, 199, 200, 208, 209]. These polymorphic proteins of the 

Rhs/YD-protein family (1.2.7) consist of clade-specific N-terminal domains, huge core 

domains with numbers of YD repeats and enzymatic C-terminal domains of various lengths 

and activities [210, 211]. The YD-repeat domain has been demonstrated to fold into a massive 

shell-like form [212]. The C-terminal effector domain is separated from the core domain by 61 

highly conserved amino acids that are involved in auto proteolysis releasing the effector 

domain [210, 213]. One might suggest that only the C-terminal effector domain is translocated 

into target prey cells, in a similar fashion as CdiA. Upon contact with the target cell, the C-

terminal toxin domain of CdiA is cleaved and then translocated into the target cell (1.2.8). 
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DUF1795/Eag-dependent effectors 

Proteins of the Eag/DUF1795 family were shown to be essential for the delivery of 

several evolved PAAR and Rhs effectors. For example, delivery of P. aeruginosa Tse6 into 

target cells requires the accessory protein EagT6, which connects it somehow to the VgrG1a 

tip as shown with the structure of the VgrG1a-Tse6-EagT6 complex in Figure 1-29C [202]. 

Also in S. marcescens, delivery of the two Rhs effectors Rhs1 and Rhs2 was demonstrated to 

depend on their interactions with the cognate Eag proteins, EagR1 and EagR2, 

respectively [200]. Furthermore, the Coulthurst group could demonstrate that EagR1 and 

EagR2 specifically interact with hydrophobic fragments within the N-terminal domains of Rhs1 

and Rhs2, respectively, suggesting this to be a common delivery mechanism of Eag-

dependent effectors [148].  

Interestingly, the structure of a dimer of EagT6, the chaperone for Tse6 in 

P. aeruginosa, exhibits a horse-shoe form (Figure 1-30, blue). The immunity proteins Tsi3 

(Figure 1-30, green) as well as Tli4 from P. aeruginosa were shown to fold into a similar 

structure as EagT6. Since immunity proteins generally function to protect a cell from toxicity 

of the cognate effector proteins, one might suggest a similar role for Eag proteins. We will 

attempt to shed light on the importance of Eag proteins and their contribution to delivering their 

cognate effectors in 4.6.2. 
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Figure 1-30. Eag proteins exhibit structural similarities to some immunity proteins. 

The structure of the dimer of EagT6 is shown in blue (PDB: 1TU1). The structure of Tsi3 in 

green (PDB: 4N7S) displays structural homology with EagT6.  

DUF2169-dependent effectors 

DUF2169 proteins are prevalent in a few organisms and are genetically linked with 

vgrG and effector genes encoding for evolved PAAR effectors, like Tse7 in P. aeruginosa 

(Figure 1-22). Nevertheless, DUF2169 proteins have only been shown to be involved in 

effector delivery in A. tumefaciens so far [149]. Bondage and colleagues reported that a 

DUF2169 protein is needed for delivery of the downstream encoded evolved PAAR effector 

Tde2, while no molecular detail of the exact function of DUF2169 is known yet. 

Effectors containing a MIX motif 

One putative T6SS-recognition motif was identified and termed MIX for marker for type 

six secretion system by Salomon and colleagues. The authors identified the MIX motif in a 

range of T6SS effectors in various organisms and described them as three hydrophobic 

conserved sequences, which will be further discussed in 6.5.2. Different clades of MIX 
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effectors were identified and the genetic prevalence of MIX-containing effectors was shown 

not to depend on any specific T6SS component [214]. Remarkably, the authors could 

demonstrate that presence of the MIX motifs somehow allows for heterologous delivery of 

T6SS effectors. They showed that both Vibrio alginolyticus and Vibrio parahaemolyticus 

produce and deliver MIX effectors from the same clade. When they expressed the MIX effector 

Va02265 from V. alginolyticus in V. parahaemolyticus, delivery of the effector from the 

heterologous host into kin cells was monitored. However, the attempt of heterologous delivery 

from V. cholerae, that does not produce a MIX effector from that same clade, was 

unsuccessful [215]. This suggests that the MIX motif could be understood as a specific effector 

recognition motif, as not every organism seems to be able to recognise and incorporate MIX 

effectors into their T6SS machineries.  

Effectors interacting with the C-termini of VgrG proteins 

T6SS effectors were identified that solely contain an enzymatic activity without a MIX 

motif, an adaptor domain like a PAAR or an accessory gene encoded nearby. One of such, 

Tle1 from E. coli was shown to be delivered dependent on its upstream encoded VgrG1. 

Interestingly, VgrG1 contains a C-terminal transthyretin-like domain that was demonstrated to 

be crucial for Tle1 delivery [216]. Hence, the current working model states that an effector 

interacts with the C-terminus of its cognate VgrG, which recruits it towards the T6SS tip. 

Delivering the VgrG spike into target cells thus goes along with delivery of the effector in a 

piggy back ride (Figure 1-31A). P. aeruginosa encodes several effector proteins that are 

thought to be delivered in a similar fashion which will be focus of chapter 5. 
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The delivery mechanisms of three Tap-dependent effectors were investigated in detail 

so far. TseL from V. cholerae was shown to be delivered in a Tap-1 (Tap-1Vcho) dependent 

mechanism [217, 218], while delivery of Tde1 from A. tumefaciens was demonstrated to be 

dependent on its upstream encoded Tap1 (Tap1Atu) [149] and TseT from P. aeruginosa is 

likely to be delivered via a complex of TecT and Co-TecT [220]. Both Tap-1Vcho and Tap1Atu 

were shown to interact with their cognate effectors resulting in stabilisation of the effector 

proteins. Furthermore, the Tap-effector complexes were shown to interact with C-terminal 

residues of their cognate VgrG proteins and these interactions are required to recruit the 

effectors to the T6SS tips (Figure 1-31B) [149, 217]. As for TseT, it was revealed that it does 

not interact with the C-terminus of a VgrG (Figure 1-31C), but of its nearby encoded PAAR 

protein PAAR4 (Figure 1-22) and that this interaction is required for TseT delivery [220]. The 

Tap is then thought to be released and retained within the cell as it was shown not be 

secreted [217]. The molecular details of Tap-dependent effector delivery will be discussed in 

more detail in chapter 6. 
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Table 2-1. Bacterial strains used in this study. 

Strain Characteristics Source  

P. aeruginosa 

PAKΔretS 
Wild type P. aeruginosa PAK strain with a deletion in retS 
(PA4856) 

Lab collection 

PAKΔretSΔtse6tsi6 
PAKΔretS with a deletion in tse6 (PA0093) and tsi6 
(PA0092) 

This study 

PAKΔretSΔtse6tsi6 
::lacZ 

PAKΔretS with a deletion in tse6-tsi6 (PA0093- PA0092), 
chromosomal insertion of lacZ at att site 

This study 

PAKΔretSΔvgrG1a PAKΔretS with a deletion in vgrG1a (PA0091) [140] 

PAKΔretSΔvgrG1a 
Δtse6tsi6 

PAKΔretS with deletions in vgrG1a (PA0091), tse6-tsi6 
(PA0093- PA0092), 

This study 

PAKΔretSΔvgrG1a 
ΔvgrG1bΔvgrG1c 

PAKΔretS with deletions in vgrG1a (PA0091), vgrG1b 
(PA0095) and vgrG1c (PA2685) 

[140] 

PAKΔretS      
::vgrG1a-vgrG1Atu31  

PAKΔretS with an insertion of gene portion corresponding 
vgrG1A31 before vgrG1a STOP codon 

This study 

PAKΔretS   
::vgrG1a605-vgrG1Atu31 

PAKΔretS with a substitution of gene portion corresponding 
to vgrG1aP39 with gene portion for vgrG1A31 

This study 

PAKΔretS  
::vgrG1a614-vgrG1Atu21 

PAKΔretS with a substitution of gene portion corresponding 
to vgrG1aP28 with gene portion for vgrG1A21 

This study 

PAKΔretSΔvgrG1b PAKΔretS with a deletion in vgrG1b (PA0095) [140] 

PAKΔretSΔvgrG1b 
ΔPA0096-PA0101 
ΔvgrG1c 

PAKΔretS with deletions of the vgrG1b-cluster (PA0095-
PA0101) and vgrG1c (PA2695) 

This study 

PAKΔretSΔvgrG1b 
ΔPA0096-PA0101 
ΔvgrG1c           
::tse6N-tse7C-tsi7 

PAKΔretS with deletions of the vgrG1b-cluster (PA0095-
PA0101) and vgrG1c (PA2695), final 642 bp of tse6-tsi6 
(PA0093- PA0092), substituted with 393 bp of tse7 (PA0100) 
and tsi7 (PA0099) 

This study 

PAKΔretSΔvgrG1b 
ΔPA0096-PA0101 
ΔvgrG1cΔtssB1 
::tse6N-tse7C-tsi7 

PAKΔretS with deletions of the vgrG1b-cluster (PA0095-
PA0101) and vgrG1c (PA2695) and tssB1 (PA0083) final 
642 bp of tse6-tsi6 (PA0093- PA0092), substituted with 
393 bp of tse7 (PA0100) and tsi7 (PA0099) 

This study 

PAKΔretSΔvgrG1b 
Δtsei2 

PAKΔretS with deletions in vgrG1b (PA0095) and tse2- tsi2 
(PA2702-PA2703), 

This study 

PAKΔretSΔvgrG1b 
Δtsei2::lacZ 

PAKΔretS with deletions in vgrG1b (PA0095) and tse2-tsi2 
(PA2702-PA2703), chromosomal insertion of lacZ at att site 

This study 

PAKΔretSΔvgrG1b 
Δtsei2ΔtssB1 

PAKΔretS with deletions in vgrG1b (PA0095), tssB1 
(PA0083), tse2-tsi2 (PA2702-PA2703) 

This study 

PAKΔretSΔvgrG1b 
Δtsei2            
::vgrG1a-tse2tsi2 

PAKΔretS with deletions in vgrG1b (PA0095) and tse2-tsi2 
(PA2702-PA2703), insertion of gene portion for tse2 and tsi2 
before vgrG1a (PA0091) STOP codon 

This study 

PAKΔretSΔvgrG1b 
Δtsei2ΔtssB1 
::vgrG1a-tse2tsi2 

PAKΔretS with deletions in vgrG1b (PA0095), tssB1 
(PA0083), tse2-tsi2 (PA2702-PA2703), insertion of gene 

This study 
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Strain Characteristics Source  

portion for tse2 and tsi2 before vgrG1a (PA0091) STOP 
codon 

PAKΔretSΔvgrG1b 
Δtsei2::hcp1S31Q 

PAKΔretS with deletions in vgrG1b (PA0095) and tse2-tsi2 
(PA2702-PA2703), point mutation (S31Q) in hcp1 (PA0085)  

This study 

PAKΔretSΔvgrG1b 
Δtsei2            
::vgrG1a-tse2tsi2 
::hcp1S31Q 

PAKΔretS with deletions in vgrG1b (PA0095) and tse2-tsi2 
(PA2702-PA2703), insertion of gene portion for tse2 and tsi2 
before vgrG1a (PA0091) STOP codon, point mutation 
(S31Q) in hcp1 (PA0085) 

This study 

PAKΔretSΔvgrG1b 
Δtsei2ΔtssB1 
::vgrG1a-tse2tsi2 
::hcp1S31Q 

PAKΔretS with deletions in vgrG1b (PA0095), tssB1 
(PA0083), tse2-tsi2 (PA2702-PA2703), insertion of gene 
portion for tse2 and tsi2 before vgrG1a (PA0091) STOP 
codon, point mutation (S31Q) in hcp1 (PA0085) 

This study 

PAKΔretSΔvgrG1b 
Δtse6tsi6 

PAKΔretS with deletions in vgrG1b (PA0095) and tse6-tsi6 
(PA0093- PA0092) 

This study 

PAKΔretSΔvgrG1b 
ΔvgrG1c 

PAKΔretS with a deletion in vgrG1b (PA0095) and vgrG1c 
(PA2685) 

[140] 

PAKΔretSΔvgrG1b 
ΔvgrG1cΔtse6tsi6 

PAKΔretS with deletions in vgrG1a (PA0091), vgrG1c 
(PA2685), tse6-tsi6 (PA0093- PA0092) 

This study 

PAKΔretSΔvgrG1b 
ΔvgrG1cΔtse6tsi6 
::lacZ 

PAKΔretS with deletions in vgrG1a (PA0091), vgrG1c 
(PA2685), tse6-tsi6 (PA0093- PA0092), chromosomal 
insertion of lacZ at att site 

This study 

PAKΔretSΔvgrG1b 
ΔvgrG1c        
::vgrG1a-vgrG1Atu31 

PAKΔretS with deletions in vgrG1b (PA0095) and vgrG1c 
(PA2685), with an insertion of gene portion corresponding 
vgrG1A31 before vgrG1a STOP codon 

This study 

PAKΔretSΔvgrG1b 
ΔvgrG1c    
::vgrG1a605-vgrG1Atu31 

PAKΔretS with deletions in vgrG1b (PA0095) and vgrG1c 
(PA2685), with a substitution of gene portion corresponding 
to vgrG1aP39 with gene portion for vgrG1A31 

This study 

PAKΔretSΔvgrG1b 
ΔvgrG1c    
::vgrG1a614-vgrG1Atu21 

PAKΔretS with deletions in vgrG1b (PA0095) and vgrG1c 
(PA2685), with a substitution of gene portion corresponding 
to vgrG1aP28 with gene portion for vgrG1A21 

This study 

PAKΔretSΔvgrG1c PAKΔretS with a deletion in vgrG1c (PA2685) [140] 

PAKΔretSΔvgrG1c 
Δtse6tsi6 

PAKΔretS with deletions in vgrG1c (PA2685), tse6-tsi6 
(PA0093- PA0092) 

This study 

PAKΔretS      
::vgrG1a-blaTEM-1 

PAKΔretS with an insertion of blaTEM-1 before vgrG1a 
(PA0091) STOP codon 

This study 

PAKΔretS      
::vgrG1a-vgrG2b-CT 

PAKΔretS with an insertion of gene 821 bp of vgrG2b-CT 
before vgrG1a (PA0091) STOP codon 

This study 

PAKΔretSΔtse6tsi6 PAKΔretS with a deletion in tse6-tsi6 (PA0093- PA0092) This study 

PAKΔretSΔtssB1 PAKΔretS with deletion in tssB1 (PA0083) [221] 

PAKΔretSΔtssB1 
::vgrG1a- blaTEM-1 

PAKΔretS with deletion in tssB1 (PA0083) and an insertion 
of blaTEM-1 before vgrG1a (PA0091) STOP codon 

This study 

PAKΔretSΔtssB1 
::vgrG1a-vgrG2b-CT 

PAKΔretS with deletions in tssB1 (PA0083) and an insertion 
of gene 821 bp of vgrG2b-CT before vgrG1a (PA0091) 
STOP codon 

This study 



93 
 

Strain Characteristics Source  

PAO1 PAO1 wild type strain Lab collection 

PAO1::pldA-blaTEM-1 
PAO1 with an insertion of blaTEM-1 before pldA (PA3487) 
STOP codon 

[146] 

PAO1::pldB-blaTEM-1 
PAO1 with an insertion of blaTEM-1 before pldB (PA5089) 
STOP codon 

[146] 

PAO1ΔrsmA PAO1 wild type strain with deletion in rsmA (PA0905) [146] 

PAO1ΔrsmA      
::pldA-blaTEM-1 

PAO1 with deletion in rsmA (PA0905) and an insertion of 
blaTEM-1 before pldA (PA3487) STOP codon 

[146] 

PAO1ΔrsmA      
::pldB-blaTEM-1 

PAO1 with deletion in rsmA (PA0905) and an insertion of 
blaTEM-1 before pldB (PA5089) STOP codon 

[146] 

PAO1ΔrsmA 
ΔpldAtli5a 

PAO1 with deletion in rsmA (PA0905), pldA-tli5a (PA3487-
PA3488) 

Thomas 
Wood 

PAO1ΔrsmA 
ΔpldAtli5a::lacZ 

PAO1 with deletion in rsmA (PA0905), pldA-tli5a (PA3487-
PA3488), chromosomal insertion of lacZ at att site 

Thomas 
Wood 

PAO1ΔrsmA 
Δtlei5b123::lacZ 

PAO1 with deletion in rsmA (PA0905), pldB-tli5b123 (PA5089-
PA5086), chromosomal insertion of lacZ at att site 

Thomas 
Wood 

PAO1ΔrsmAΔtssB2 PAO1 with deletion in rsmA (PA0905) and tssB2 (PA1657) This study 

PAO1ΔrsmAΔtssB2 
::vgrG4b-blaTEM-1 

PAO1 with deletion in rsmA (PA0905), tssB2 (PA1657) and 
an insertion of blaTEM-1 before vgrG4b (PA3486) STOP codon 

This study 

PAO1ΔrsmA 
ΔTAAvgrG4b-ATGpldA 

PAO1 with deletions in rsmA (PA0905), STOP codon of 
vgrG4b (PA3486) to START codon of pldA (PA3487) 

This study 

PAO1ΔrsmAΔtssE2 PAO1 with deletions in rsmA (PA0905) and tssE2 (PA1657) 
Thomas 
Wood 

PAO1ΔrsmAΔtssE2 
ΔTAAvgrG4b-ATGpldA 

PAO1 with deletions in rsmA (PA0905), STOP codon of 
vgrG4b (PA3486) to START codon of pldA (PA3487) 

This study 

PAO1ΔrsmAΔtssK3 PAO1 with deletions in rsmA (PA0905) and tssK3 (PA2363) 
Thomas 
Wood 

PAO1ΔrsmAΔtssE2 
::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), tssE2 (PA1657) and 
an insertion of blaTEM-1 before pldA (PA3487) STOP codon 

[146] 

PAO1ΔrsmAΔtssE2 
::pldB-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), tssE2 (PA1657) and 
an insertion of blaTEM-1 before pldB (PA5089) STOP codon 

[146] 

PAO1ΔrsmAΔtssK3 
::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), tssK3 (PA2363) and 
an insertion of blaTEM-1 before pldA (PA3487) STOP codon 

This study 

PAO1ΔrsmAΔvgrG4b 
PAO1 with deletions in rsmA (PA0905) and vgrG4b 
(PA3486) 

[146] 

PAO1ΔrsmAΔvgrG4b 
::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), vgrG4b (PA3486) 
and an insertion of blaTEM-1 before pldA (PA3487) STOP 
codon 

[146] 

PAO1ΔrsmAΔvgrG4b 
::pldB-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), vgrG4b (PA3486) 
and an insertion of blaTEM-1 before pldB (PA5089) STOP 
codon 

This study 
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Strain Characteristics Source  

PAO1ΔrsmA  
::vgrG4b-blaTEM-1 

PAO1 with deletion in rsmA (PA0905) and an insertion of 
blaTEM-1 before vgrG4b (PA3486) STOP codon 

This study 

PAO1ΔrsmAΔvgrG4b 
::vgrG1a606-vgrG4b187 

::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), an insertion of 
blaTEM-1 before pldA (PA3487) STOP codon and a 
substitution of gene portion corresponding to vgrG1a39 

(PA0091) with gene portion for vgrG4b187 (PA3486)  

This study 

PAO1ΔrsmA 
::vgrG4b618-vgrG5169 

PAO1 with a deletion in rsmA (PA0905) and a substitution of 
gene portion corresponding to vgrG4b187 (PA3486) with gene 
portion for vgrG5169 (PA5090) 

This study 

PAO1ΔrsmA 
::vgrG4b618-vgrG5169 

::pldA-blaTEM-1 

PAO1 with a deletion in rsmA (PA0905), an insertion of 
blaTEM-1 before pldA (PA3487) STOP codon and a 
substitution of gene portion corresponding to vgrG4b187 

(PA3486) with gene portion for vgrG5169 (PA5090) 

This study 

PAO1ΔrsmAΔvgrG4b 
::vgrG5623-vgrG4b187 

PAO1 with deletions in rsmA (PA0905), vgrG4b (PA3486), 
and a substitution of gene portion corresponding to vgrG4b187 

(PA3486) with gene portion for vgrG5169 (PA5090) 
This study 

PAO1ΔrsmAΔvgrG4b 
::vgrG5623-vgrG4b187 

::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905) and vgrG4b 
(PA3486), an insertion of blaTEM-1 before pldA (PA3487) 
STOP codon and a substitution of gene portion 
corresponding to vgrG4b187 (PA3486) with gene portion for 
vgrG5169 (PA5090) 

This study 

PAO1ΔrsmAΔvgrG4b
ΔtssE2       
::vgrG4b618-vgrG5169 

::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), vgrG4b (PA3486), 
tssE2 (PA1657) and an insertion of blaTEM-1 before pldA 
(PA3487) STOP codon and a substitution of gene portion 
corresponding to vgrG4b187 (PA3486) with gene portion for 
vgrG5169 (PA5090) 

This study 

PAO1ΔrsmAΔvgrG4b
ΔtssK3       
::vgrG4b618-vgrG5169 

::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905), vgrG4b (PA3486), 
tssK3 (PA2363) and an insertion of blaTEM-1 before pldA 
(PA3487) STOP codon and a substitution of gene portion 
corresponding to vgrG4b187 (PA3486) with gene portion for 
vgrG5169 (PA5090) 

This study 

PAO1ΔrsmAΔvgrG4b
ΔvgrG5 

PAO1 with deletions in rsmA (PA0905), vgrG4b (PA3486) 
and vgrG5 (PA5090) 

This study 

PAO1ΔrsmAΔvgrG5 PAO1 with deletions in rsmA (PA0905) and vgrG5 (PA5090) This study 

PAO1ΔrsmAΔvgrG5 
::pldA-blaTEM-1 

PAO1 with deletions in rsmA (PA0905) and vgrG5 (PA5090) 
and an insertion of blaTEM-1 before pldA (PA3487) STOP 
codon 

This study 

PAO1ΔrsmAΔvgrG5 
::pldB-blaTEM-1 

PAO1 with deletions in rsmA (PA0905) and vgrG5 (PA5090) 
and an insertion of blaTEM-1 before pldB (PA5089) STOP 
codon 

This study 

PAO1ΔrsmAΔvgrG5 
::vgrG4b618-vgrG5169 

PAO1 with deletions in rsmA (PA0905) and vgrG5 (PA5090) 
and a substitution of gene portion corresponding to vgrG4b187 

(PA3486) with gene portion for vgrG5169 (PA5090) 
This study 

PAO1ΔrsmAΔvgrG5 
::vgrG4b618-vgrG5169 

::pldB-blaTEM-1 

PAO1 with deletions in rsmA (PA0905) and vgrG5 (PA5090), 
a substitution of gene portion corresponding to vgrG4b187 

(PA3486) with gene portion for vgrG5169 (PA5090) and an 
insertion of blaTEM-1 before pldB (PA5089) STOP codon 

This study 
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Strain Characteristics Source  

PA14ΔrsmA PA14 wild type strain with deletion in rsmA (PA0905) [147] 

PA14ΔrsmA::rhsP2-V5 
PA14 with deletion in rsmA (PA0905) and insertion of gene 
sequence for V5-tag before STOP codon of rhsP2 
(PA14_43100) 

[147] 

PA14ΔrsmA   
::vgrG14-V5 

PA14 with deletion in rsmA (PA0905) and insertion of gene 
sequence for V5-tag before STOP codon of vgrG14 
(PA14_43100) 

[147] 

A. tumefaciens 

A. tumefaciens C58 C58 Wild type strain 
Gift from Erh-
Min Lai  

E. coli 

DH5α  
F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 
purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK–
mK+), Ȝ– 

ThermoFisher  

Sm10Ȝpir  Host strain for Mini-CTX1 replication: thi thr leu tonA lacY 
supE recA::RP4-2-Tc::Mu (KmR) Ȝpir [222] 

CC118Ȝpir 
Host strain for pKNG101 replicationμ Δ(ara-leu) araD 
ΔlacX74 galE galK-phoA20 thi-1 rpsE rpoB argE (SmR) 
recA1 Rfr λpir 

[223] 

DHM1  
cya-854 recA1 gyrA96 (NaIR) thi1 hsdR17 spoT1 rfbD1 
glnV44(AS)  

[224]  

1047  
Helper strain for conjugation: (KmR), oriColE1 RK2- Mob+ 
RK2-Tra+  

[225] 

 

Media were supplemented with antibiotics and other supplements when required at the 

concentrations listed in Table 2-2 unless otherwise stated. Supplements were dissolved in 

double-distilled water (ddH2O), sterile filtered and kept at 4 °C in the short term or -20 °C in 

the long term, while those dissolved in ethanol or dimethylformamide (DMF) were always 

stored at -20 °C. Stock solutions of sterile 500 mM isopropyl-β-D-thiogalactopyranoside (IPTG) 

and 100 mg/ml 5-bromo-4-chloro-3-indolyl-D-galactopyranoside (X-gal) we stored at -20 °C. 
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Table 2-3. Plasmids used in this study. 

Plasmid Characteristics Source  

Vectors for chromosomal mutagenesis 

pRK2013 
Self-transmissible helper plasmid for three-partner 
conjugations, KmR  

[225] 

pKNG101  
Non-replicative suicide vector to alter P. aeruginosa 
chromosome. ori6K, mobRK2, sacB, SmR  

Lab collection 

pKNG101::hcp1S31Q 
pKNG101 suicide plasmid to point mutate serine31 to 
aspartate of hcp1, SmR 

This study 

pKNG101::pldA-blaTEM-1 
pKNG101 suicide plasmid to integrate blaTEM-1 to pldA gene, 
SmR 

[146] 

pKNG101::pldB-blaTEM-1 
pKNG101 suicide plasmid to integrate blaTEM-1 to pldB gene, 
SmR 

[146] 

pKNG101        
::vgrG1a-blaTEM-1 

pKNG101 suicide plasmid to integrate blaTEM-1 to vgrG1a 
gene, SmR 

This study 

pKNG101        
::vgrG1a-tse2tsi2 

pKNG101 suicide plasmid to integrate tse2-tsi2 to vgrG1a 
gene, SmR 

This study 

pKNG101    
::vgrG1a606-vgrG4b187 

pKNG101 suicide plasmid to substitute final 120 bp of 
vgrG1a with 561 bp from vgrG4b, SmR 

This study 

pKNG101        
::vgrG1a-vgrG2b-CT 

pKNG101 suicide plasmid to integrate vgrG2b-CT to vgrG1a 
gene, SmR 

This study 

pKNG101        
::vgrG1a-vgrG1Atu31 

pKNG101 suicide plasmid to integrate 93 bp of vgrG1Atu 
before STOP codon of vgrG1a, SmR 

This study 

pKNG101    
::vgrG1a605-vgrG1Atu31 

pKNG101 suicide plasmid to substitute final 114 bp of 
vgrG1a with 93 bp from vgrG1Atu, SmR 

This study 

pKNG101    
::vgrG1a614-vgrG1Atu31 

pKNG101 suicide plasmid to substitute final 95 bp of vgrG1a 
with 66 bp from vgrG1Atu, SmR 

This study 

pKNG101        
::vgrG4b-blaTEM-1 

pKNG101 suicide plasmid to integrate blaTEM-1 to vgrG4b 
gene, SmR 

This study 

pKNG101      
::vgrG5623-vgrG4b187 

pKNG101 suicide plasmid to substitute final 493 bp of vgrG5 
with 564 bp from vgrG4b, SmR 

This study 

pKNG101     
::vgrG4b621-vgrG5169 

pKNG101 suicide plasmid to substitute final 564 bp of 
vgrG4b with 493 bp from vgrG5, SmR 

This study 

pKNG101           
::tse6N-tse7C-tsi7 

pKNG101 suicide plasmid to substitute 641 bp of tse6 and 
tsi6 with 393 bp of tse7 and tsi7, SmR 

This study 

pKNG101       
ΔPA0096-PA0101 

pKNG101 suicide plasmid to delete genes downstream of 
vgrG1b, SmR 

Panayiota 
Pissaridou 

pKNG101ΔrsmA 
pKNG101 suicide plasmid to delete rsmA, a master 
regulator, SmR 

[146] 

pKNG101Δtse2tsi2 
pKNG101 suicide plasmid to tse2-tsi2, an effector-immunity 
module, SmR 

[175] 
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Plasmid Characteristics Source  

pKNG101Δtse6tsi6 
pKNG101 suicide plasmid to tse6-tsi6, an effector-immunity 
module, SmR 

This study 

pKNG101ΔtssB1 
pKNG101 suicide plasmid to delete tssB1, an essential 
sheath component of the H1-T6SS, SmR 

[221] 

pKNG101ΔtssB2 
pKNG101 suicide plasmid to delete tssB2, an essential 
sheath component of the H2-T6SS, SmR 

[146] 

pKNG101ΔtssE2 
pKNG101 suicide plasmid to delete tssE2, an essential 
sheath component of the H2-T6SS, SmR 

[146] 

pKNG101ΔtssK3 
pKNG101 suicide plasmid to delete tssK3, an essential 
sheath component of the H3-T6SS, SmR 

[146] 

pKNG101ΔvgrG1b 
pKNG101 suicide plasmid to delete vgrG1b, encoding one 
of the H1-T6SS-associated VgrGs, SmR 

[140] 

pKNG101ΔvgrG4b 
pKNG101 suicide plasmid to delete vgrG4b, encoding one 
of the H2-T6SS-associated VgrGs, SmR 

[146] 

pKNG101     
ΔTAAvgrG4b-ATGpldA 

pKNG101 suicide plasmid to delete the STOP codon of 
vgrG4b, the intergenic region and the START codon of pldA, 
SmR 

This study 

pKNG101ΔvgrG5 
pKNG101 suicide plasmid to delete vgrG5, encoding one of 
the H2-T6SS-associated VgrGs, SmR 

This study 

Cloning vectors 

pCR®-Blunt II-TOPO®  Subcloning vector for blunt-ended inserts, KmR  ThermoFisher 

Bacterial-two-hybrid vectors 

pKT25 
BTH vector for C-terminal fusions with the T25 fragment of 
Bordetella pertussis adenylyl cyclase (CyaA), KmR  

[224]  

pUT18C 
BTH vector for C-terminal fusions with the T18 fragment of 
B. pertussis CyaA, ApR  

[224]  

pKT25-zip 
BTH vector producing a C-terminal leucine zipper fusion 
with the T25 fragment of B. pertussis CyaA, KmR  

[224]  

pUT18C-zip 
BTH vector producing a C-terminal leucine zipper fusion 
with the T18 fragment of B. pertussis CyaA, ApR  

[224]  

pKT25 vgrG1a 
BTH vector producing a C-terminal fusion of VgrG1a to T25-
fragment of B. pertussis CyaA, KmR 

Lab collection 

pUT18C vgrG1a 
BTH vector producing a C-terminal fusion of VgrG1a to T18-
fragment of B. pertussis CyaA, AmR 

Lab collection 

pKT25 vgrG1b 
BTH vector producing a C-terminal fusion of VgrG1b to T25-
fragment of B. pertussis CyaA, KmR 

This study 

pUT18C vgrG1b 
BTH vector producing a C-terminal fusion of VgrG1b to T18-
fragment of B. pertussis CyaA, AmR 

This study 

pKT25 vgrG1c 
BTH vector producing a C-terminal fusion of VgrG1c to T25-
fragment of B. pertussis CyaA, KmR 

Lab collection 

pUT18C vgrG1c 
BTH vector producing a C-terminal fusion of VgrG1c to T18-
fragment of B. pertussis CyaA, AmR 

Lab collection 
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Plasmid Characteristics Source  

pKT25               
vgrG1a-vgrG1Atu31 

BTH vector producing a C-terminal fusion of VgrG1a-
vgrG1A31 to T25-fragment of B. pertussis CyaA, KmR 

This study 

pUT18C            
vgrG1a-vgrG1Atu31 

BTH vector producing a C-terminal fusion of VgrG1a-
vgrG1A31 to T18-fragment of B. pertussis CyaA, AmR 

This study 

pKT25           
vgrG1a605-vgrG1Atu31 

BTH vector producing a C-terminal fusion of VgrG1a605-
vgrG1A31 to T25-fragment of B. pertussis CyaA, KmR 

This study 

pUT18C         
vgrG1a605-vgrG1Atu31 

BTH vector producing a C-terminal fusion of VgrG1a605-
vgrG1A31 to T18-fragment of B. pertussis CyaA, AmR 

This study 

pKT25           
vgrG1a614-vgrG1Atu31 

BTH vector producing a C-terminal fusion of VgrG1a614-
vgrG1A31 to T25-fragment of B. pertussis CyaA, KmR 

This study 

pUT18C        
vgrG1a614-vgrG1Atu31 

BTH vector producing a C-terminal fusion of VgrG1a614-
vgrG1A31 to T18-fragment of B. pertussis CyaA, AmR 

This study 

pKT25 vgrG1Atu 
BTH vector producing a C-terminal fusion of VgrG1A to T25-
fragment of B. pertussis CyaA, KmR 

This study 

pUT18C vgrG1Atu 
BTH vector producing a C-terminal fusion of VgrG1aA to 
T18-fragment of B. pertussis CyaA, AmR 

This study 

pKT25                    
tap1-tde1(HADA) 

BTH vector producing Tap1 and a C-terminal fusion of Tde1 
to T25-fragment of B. pertussis CyaA, KmR 

This study 

pUT18C                 
tap1-tde1(HADA) 

BTH vector producing Tap1 and a C-terminal fusion of Tde1 
to T18-fragment of B. pertussis CyaA, AmR 

This study 

pKT25 tde1(HADA) 
BTH vector producing and a C-terminal fusion of Tde1 to 
T25-fragment of B. pertussis CyaA, KmR 

This study 

pUT18C tde1(HADA) 
BTH vector producing and a C-terminal fusion of Tde1 to 
T18-fragment of B. pertussis CyaA, AmR 

This study 

Expression vectors 

pTrc200 
Broad host range pVS1 derivative plasmid, lacIq, pTrc 
promoter, SmR/SpR  

[226]; Gift 
from Erh-Min 
Lai  

p vgrG4b pTrc200 producing full length VgrG4b, SmR/SpR This study 

p tap1-tde1-tdi1-paar 
pTrc200 producing Tap1-Tde1-Tdi1-PAAR from 
A. tumefaciens, SmR/SpR 

[153] 

p tap1-tde1(HADA)-
tdi1-paar 

pTrc200 producing Tap1-Tde1 (HADA)-Tdi1-PAAR from 
A. tumefaciens, SmR/SpR 

[153] 

pRL662 
Broad host range pBBR1-derivative vector with a 
constitutive PLAC promoter, GmR  

[153] 

p vgrG1Atu pRL662 producing full-length VgrG1Atu, GmR [153] 

pBBR1-mcs4 
Broad host range vector, with constitutive PLAC promoter, 
ApR/CbR  

[227] 

p vgrG5628-HA 
pBBR1-MCS-4 encoding vgrG5628 with a C-terminal 
quadruple HA-tag, ApR, CbR 

This study 

miniCTX::lacZ 
Mini-CTX1 harbouring the lacZ with a constitutive promoter, 
TcR  

[228] 
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2.2.2. Cloning PCRs 

Using 1 ȝl genomic DNA as a template, nucleotide sequences of interest were amplified 

by polymerase chain reaction (PCR) using 1 ȝl KOD Hot-Start DNA polymerase (Millipore) in 

a 50 ȝl reaction volume in thin-walled PCR tubes. Primers were designed using Primer3 [229] 

with an annealing temperature of 60 °C for amplifying P. aeruginosa or A. tumefaciens 

templates and 2 ȝl of each primer, synthesised by Sigma Aldrich, were added to the mixture. 

The reaction volume was completed with nuclease-free ddH2O (AppliChem), 1 M betaine 

(Sigma Aldrich), 100 ȝM each dATP/dCTP/dTTP/dGTP (dNTP mix; Eurogentec), 1x KOD Hot-

Start buffer (Millipore) and 1.5 mM magnesium sulfate. The PCR cycling conditions used were 

determined by the KOD Hot-Start instructions. 

Splicing by overlap extension (SOEing) PCRs were undertaken to produce plasmids 

involved in chromosomal alteration of P. aeruginosa. As sketched in Figure 2-1, approximately 

500 bp upstream and downstream of the locus of interest was amplified, using primers exF 

and upR and dnF and exR (Figure 2-1A, green). Primers upF and dnR (red) were designed to 

contain complementary sequences to the opposing side of the splice junction. Thus, two 

subsequent overlap extension PCR steps were undertaken, employing an equimolar ratio of 

the upstream and downstream fragments as the DNA template. This produces the altered 

locus to be introduced onto the chromosomal by allelic exchange (Figure 2-1B), described in 

section 2.2.5. Strains were screened with the relevant external primer pairs (not sketched). All 

primers used in this study were ordered from Sigma Aldrich and are listed in Table 2-4. PCR 

amplification products were confirmed by electrophoresis on 1 % (w/v) agarose gel (or 2 % if 

fragment was < 300 bp) alongside a Quick-Load Purple 2-log DNA ladder (NEB), stained with 

SafeView (NBS Biologicals) and visualised under ultraviolet light (Quantum; Vilber Lourmat). 
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2.2.4. Restriction digestion and ligation 

After amplification of the desired nucleotide sequences, they were cloned into 

plasmids. The sub-cloning vector pCR®-Blunt II-TOPO (ThermoFisher) was generally used to 

introduce restriction sites either site of the construct following the manufacturer’s protocol. In 

some cases, sequences were restricted directly and ligated into the vector of interest. For 

digestions, 2 ȝg of purified DNA was incubated with 1 ȝl of each the required restriction 

enzyme (Roche) and 2 ȝl 10x associated buffer (Roche) plus other necessary supplements 

as stated by the manufacturer’s instructions. Reaction mixes were incubated for 2 h at 37 °C, 

unless a different temperature was required. Digested DNA was purified by gel extraction 

using spin column purification (QIAgen) and the digested DNA fragments were ligated at a 3:1 

insert/vector ratio in a 20 ȝl volume with 1 ȝl T4 DNA ligase (NEB) and 2 ȝl 10x T4 DNA ligase 

buffer (NEB) overnight at 16 °C. 

Chemically competent E. coli cells, produced using a standard calcium chloride 

method, were transformed with ligation mixtures. Briefly, 50 ȝl competent cells were incubated 

on ice with the ligation mixture or plasmid for 30 min before a brief heat shock at 42 °C for 2 

min. Cells were immediately removed to ice for 1 min before adding 500 ȝl TSB. Then, cells 

were incubated for phenotypic expression and outgrowth at 37 °C for 1 h before plating to LB 

agar containing the appropriate supplements to select for transformants during overnight 

incubation at 37 °C. Appearing colonies were screened by colony PCR as described above, 

positive colonies grown and their plasmids purified, using a MiniPrep kit (QIAgen), and 

confirmed by sequencing at GATC Biotech. 
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2.2.5. Mutagenesis and allelic exchange 

Site-directed mutagenesis was conducted using SOEing PCR as in Figure 2-1. 

Alterations to the P. aeruginosa chromosome were conducted using the pKNG101 suicide 

vector as previously described [230]. Briefly, the mutated locus of interest was produced by 

SOEing PCR as described in 2.2.2 and ligated into the non-replicative pKNG101 plasmid and 

propagated in the CC118λpir strain of E. coli. The plasmid was mobilised into the 

P. aeruginosa recipient by three-partner conjugation, using 1047 pRK2013 as the helper 

strain. P. aeruginosa conjugants were selected on Vogel-Bonner medium containing 

streptomycin due to the ability of the recipient to metabolise citrate as its sole carbon source. 

Conjugants were transferred to LB agar containing streptomycin to screen the resulting 

merodiploids by colony PCR. Two upstream and two downstream co-integrands were 

inoculated into flasks of 10 ml LB and grown at 30 °C for 2 h and 100 ȝl culture was plated 

onto an LB agar plate containing 20% (w/v) sucrose. The integrated pKNG101 vector 

backbone contains the sacB gene, conferring sucrose sensitivity. Hence, this counterselection 

step results in growth of those strains that successfully excised the vector. The mutants were 

incubated on the sucrose-containing media at room temperature for 72 h or until single 

colonies appeared. Colonies were replica-plated onto LB agar containing streptomycin, 

Pseudomonas isolation agar, and LB agar alone. Strains that have excised the plasmid would 

not grow on the streptomycin-supplemented media, but do on the other two. Strains displaying 

streptomycin-sensitivity were screened by colony PCR to assess mutant generation or 

reversion to the wild type genotype. Desired mutant colonies were streaked onto LB agar with 

and without streptomycin as well as Pseudomonas isolation agar and screened once more by 

colony PCR using an external primer pair to confirm construction of the mutant strain before 

stocking (Figure 2-1B). 

Table 2-4. Primers used in this study. 
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Construct Primer name Code Sequence  

Cloning primers 

p vgrG4b 
vgrG4b up OAL3431 GCATACTCTAGAGTTGATCTGGTTGAGTTCCTTTTC 

vgrG4b down OAL3432 GCATACGAGCTCTTTTCGAGAAACAGGGGACAG 

p vgrG5628-HA 
vgrG5628 up OAL4370 atgGTCGACGAATACGCCAGGAACGCAC 

vgrG5628 down OAL4371 tagGCTAGCGCCGCCGCTGTTGATCATCA 

Vector-screening primers 

pBBR1-mcs4 
pBBR1-mcs4-F OAL684 TGTAAAACGACGGCCAGT  

pBBR1-mcs4-R OAL685 CAGGAAACAGCTATGACC  

pKNG101 
pKNG101_F OAL682 CCCTGGATTTCACTGATGAG  

pKNG101_R OAL683 CATATCACAACGTGCGTGGA  

pTrc200 
pTrc200_F OAL2848 tttgcgccgacatcataacg 

pTrc200_R OAL2849 gccaggcaaattctgttttatca 

pUT18C 
pUT18C_F OAL190 GAAGTTCTCGCCGGATGTACTGGAAACGGT 

pUT18C_R OAL191 TTGGCGGGTGTCGGGGCTGGCTTAACTATG  

pKT25 
pKT25_F OAL192 TGGCGAAAGGGGGATGTGCTGCAAGGCGAT  

pKT25_R OAL193 GTGACCAGCGGCGATTCGGTGACCGATTAC  

Mutagenesis primers 

pKNG101 
::hcp1S31Q 

hcp1 S31Q F OAL3072 GCTGGCATGGCAATGGGGCATGTCCC 

hcp1 S31Q R OAL3073 GGGACATGCCCCATTGCCATGCCAGCACG 

hcp1 exF OAL3076 CAACATCAACCGCTCCTTCAAG 

hcp1 exR OAL3077 GCGGTGGAGTAGGTCTGTAC 

pKNG101          
::pldA-blaTEM-1 

pldA-       
blaTEM-1_exF 

OAL2618 ACCGAACAGATCTACGTGCA  

pldA-       
blaTEM-1_exR 

OAL2900 CAGGATAAAGCCGATGGTGC 

pldA-       
blaTEM-1_upF 

OAL2613 AAGCATCGCACAGCGGCCAGCCT 

pldA-       
blaTEM-1_upR 

OAL2614 AGGCTGGCCGCTGTGCGATG 

pldA-       
blaTEM-1_dnF 

OAL2761 ATCGCACATGAAAAGGGTTTTGAT 

pldA-       
blaTEM-1_dnR 

OAL2899 TACCTTCGCAGTTTGGCATG 
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pKNG101          
::pldB-blaTEM-1 

pldB-       
blaTEM-1_exF 

OAL3210 ATGACTTGCGGGAAAAGCGG 

pldB-       
blaTEM-1_exR 

OAL3211 ACGGCGGCAGATGGTCTTTT 

pldB-       
blaTEM-1_upF 

OAL3206 CAAGATCGAGGCGCTCGAAG 

pldB-       
blaTEM-1_upR 

OAL3212 GTCAAAATCTTACGGTGGACGCGGCCAGCCTGGAAG 

pldB-       
blaTEM-1_dnF 

OAL3213 GCATCGCTCAGTCCACCGTTACCAATGCTTAATCAG 

pldB-       
blaTEM-1_dnR 

OAL3209 ACAGAGCACGGCCCAAAGTC 

pKNG101        
::vgrG1a-shuttles 

vgrG1a_F OAL3735 CGAGGAGATCTGGACCGAC 

vgrG1a_R OAL3736 AAGGACATCGATCCTGCCG 

pKNG101        
::vgrG1a-blaTEM-1 

vgrG1a-  
blaTEM-1_upF 

OAL1347 GCTAGCcacccagaaacgctggtg 

vgrG1a-  
blaTEM-1_dnR 

OAL1348 GCTAGCttaccaatgcttaatcagtgag 

pKNG101        
::vgrG1a-tse2tsi2 

vgrG1a-
tse2tsi2_upF 

OAL1351 GCTAGCATGTCCTACGACTACGAGAA 

vgrG1a-
tse2tsi2_dnR 

OAL1352 GCTAGCCCGAAGACCATCTGTCGTTT 

pKNG101    
::vgrG1a606-
vgrG4b187 

::vgrG1a606-
vgrG4b187_upF 

OAL4194 GGCCTGGCACGGATCAATG 

::vgrG1a606-
vgrG4b187_upR 

OAL4195 GTGCCAGGCCGCCGGTGTC 

::vgrG1a606-
vgrG4b187_dnF 

OAL4196 CAAGGACTGAGGCGGCGG 

::vgrG1a606-
vgrG4b187_dnR 

OAL4197 CCTCAGTCCTTGGCCAGTAG 

pKNG101        
::vgrG1a-
vgrG2b-CT 

vgrG1a-
vgrG2b-
CT_upF 

OAL2731 AAGGGCACGCAGCGGCGGTT 

vgrG1a-
vgrG2b-
CT_upR 

OAL2732 AACCGCCGCTGCGTGCCCTTCGCCG 

vgrG1a-
vgrG2b-
CT_dnF 

OAL2733 GGGATACTGAGGCGGCGGCAT 

vgrG1a-
vgrG2b-
CT_dnR 

OAL2734 ATGCCGCCGCCTCAGTATCCCGT 
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pKNG101        
::vgrG1a-
vgrG1Atu31 

vgrG1a-
vgrG1Atu31_upF 

OAL3125 CGGCGAAGGGCAACCAGATCAACTTC 

vgrG1a-
vgrG1Atu31_upR 

OAL3124 GAAGTTGATCTGGTTGCCCTTCGCC 

vgrG1a-
vgrG1Atu31_dnF 

OAL3119 CATCGACACCGGCAACCAGATCAA 

vgrG1a-
vgrG1Atu31_dnR 

OAL3118 TTGATCTGGTTGCCGGTGTCGAT 

pKNG101    
::vgrG1a605-
vgrG1Atu31 

vgrG1a605-
vgrG1Atu31_upF 

OAL3121 TCAGGATTTGATGAGGCGGC 

vgrG1a605-
vgrG1Atu31_upR 

OAL3120 CGCCGCCTCATCAAATCCTGAC 

pKNG101    
::vgrG1a614-
vgrG1Atu31 

vgrG1a614-
vgrG1Atu21_upF 

OAL3699 CCGGCGGCCCAGGTGAAAG 

vgrG1a614-
vgrG1Atu21_upR 

OAL3698 CTGGGCCGCCGGAATTGAG 

pKNG101        
::vgrG4b-blaTEM-1 

vgrG4b-  
blaTEM-1_upF 

OAL2603 CTGGCCAAGGACGCGGCCAGCCTG 

vgrG4b-  
blaTEM-1_upR 

OAL2604 CAGGCTGGCCGCGTCCTTGGCCAG 

vgrG4b-  
blaTEM-1_dnF 

OAL2608 GCATTGGTAATCCATGTTGCAGAA 

vgrG4b-  
blaTEM-1_dnR 

OAL2607 CAACATGGATTACCAATGCTTAATCAG 

vgrG4b-  
blaTEM-1_exF 

OAL2610 ATGACCAGAAGATCCGCGTC 

vgrG4b-  
blaTEM-1_exF 

OAL2611 CCGGGATTATAGGCGTCGTT 

pKNG101      
::vgrG5623-
vgrG4b187 

vgrG5623-
vgrG4b187_upF 

OAL3679 GGCGCCCTGGCACGGATCAAT 

vgrG5623-
vgrG4b187_upR 

OAL3680 GTGCCAGGGCGCCGTCGAGGGTG 

vgrG5623-
vgrG4b187_dnF 

OAL3574 GCCAAGGACTGACAAGGATGAGC 

vgrG5623-
vgrG4b187_dnR 

OAL3575 TCCTTGTCAGTCCTTGGCCAGT 

vgrG5623-
vgrG4b187_exF 

OAL3569 CGAATGGAACGATCTCTGGC 

vgrG5623-
vgrG4b187_exR 

OAL3570 CTGTCGAGAGTGCGCTGG 

vgrG4b621-
vgrG5169_upF 

OAL3677 CGGCCCGCAGGTGATGATCAAC 
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pKNG101     
::vgrG4b621-
vgrG5169 

vgrG4b621-
vgrG5169_upR 

OAL3678 TCATCACCTGCGGGCCGCTGATGGC 

vgrG4b621-
vgrG5169_dnF 

OAL3567 CGCCATGAGCCAAGGACTGAT 

vgrG4b621-
vgrG5169_dnR 

OAL3568 CTCATGGCGTGGGCTCAT 

vgrG4b621-
vgrG5169_exF 

OAL3563 AGCGTCTTCAAGAGCCTCAG 

vgrG4b621-
vgrG5169_exR 

OAL3564 CTGGAAAGGTCGAACAGGGT 

pKNG101           
::tse6N-tse7C-tsi7 

tse6N-tse7C-
tsi7_upF 

OAL3992 CCGGAGAACTGAGCGCAACACCAT 

tse6N-tse7C-
tsi7_upR 

OAL3993 GGTGTTGCGCTCAGTTCTCCGG 

tse6N-tse7C-
tsi7_dnF 

OAL3994 GATGATGGGCCCTGGTCGCTGTAT 

tse6N-tse7C-
tsi7_dnR 

OAL3995 CGACCAGGGCCCATCATCAGG 

pKNG101ΔrsmA 

ΔrsmA_upF OAL2276 ATATAGGGCCCCTTCAAGATCCTCGGGCCGATC  

ΔrsmA_upR OAL2277 TGACGCCGAAATCAGCATTCCTTTCTC  

ΔrsmA_dnF OAL2278 ATGCTGATTTCGGCGTCAACGCGCCGA  

ΔrsmA_dnR OAL2279 ATATACCCGGGGCAACTGTCGATCCTTCGTCCG  

ΔrsmA_exF OAL2280 GTCGAGTTCGCCGGCAAGTACAAC  

ΔrsmA_exR OAL2281 CTTTCGGTATGGCGCACTCAGG  

pKNG101 
Δtse2tsi2 

Δtse2tsi2_upF OAL934 ACCACTGGTCGACGAAGAGGTGGAC 

Δtse2tsi2_upR OAL935 TCAGGATGCGTAGGACATGCGTGGACT 

Δtse2tsi2_dnF OAL936 ATGTCCTACGCATCCTGACGGCCCGTG 

Δtse2tsi2_dnR OAL937 CTTCAGCAGCAGCGCACCAGCTAC 

Δtse2tsi2_exF OAL1283 GCTGCTGCTCGGCCTGTTC 

Δtse2tsi2_exR OAL1284 AGGCGCCTGAACTGTTCGT 

pKNG101 
Δtse6tsi6 

Δtse6tsi6_upF OAL3348 TGAGGCGGCGGCATCCTGGCT 

Δtse6tsi6_upR OAL3349 AGCTGACCCGAGTACCACTGCAC 

Δtse6tsi6_dnF OAL3350 CGGTGCAGTGGTACTCGGGTC 

Δtse6tsi6_dnR OAL3351 ACATTCCGTAAAGCTTTTGTCCAG 

Δtse6tsi6_exF OAL3352 AGTTATACATCCACGCCGAGC 
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Δtse6tsi6_exR OAL3353 GAAAGGGGAGATGCGTGACA 

pKNG101 
ΔtssB1 

ΔtssB1_upF OAL300 ATGCCCTGGCCATCGAGAG  

ΔtssB1_upR OAL301 TTACGCCTGGCTTCCCATCTTGTTTCTCCC  

ΔtssB1_dnF OAL302 ATGGGAAGCCAGGCGTAAGAGGATTCC  

ΔtssB1_dnR OAL303 GGCGACTGGTCGAAGTAGTAGT  

ΔtssB1_exF OAL304 ACCCCACCTTCCGTATCAAC  

ΔtssB1_exR OAL305 CGATGTAGCGGGAGTCCT  

pKNG101 
ΔtssB2 

ΔtssB2_upF OAL1596 GCGCGGGATCCGGATCAGCGTCCATGTCATG  

ΔtssB2_upR OAL1597 TCAGGCGTCTTTGGCCATGGCTTTTTC  

ΔtssB2_dnF OAL1598 ATGGCCAAAGACGCCTGAGCCACCCCT  

ΔtssB2_dnR OAL1599 CGCGCCCCGGGTGGAGACGTATTGCATCAGC  

ΔtssB2_exF OAL1600 CAGGCGATGCGGGAAGTCGAAA  

ΔtssB2_exR OAL1601 TCTGCCACTTGGCGAACTGC  

pKNG101 
ΔtssE2 

ΔtssE2_upF OAL3360 TGATCTAGAATCGAGACCAAGATCCCCAC  

ΔtssE2_upR OAL3361 ACCTTCACCCTGCCGTATCCAGTCATG  

ΔtssE2_dnF OAL3362 ATACGGCAGGGTGAAGGTCAGCTAAGGA  

ΔtssE2_dnR OAL3363 TCAACTAGTAACTCGTCGTCCAGCTTCTG  

ΔtssE2_exF OAL3364 CTTCGCCAAGTATCGCTGGT  

ΔtssE2_exR OAL3365 TCAACTAGTCAGCAGGCACAGGTAGAGC  

pKNG101 
ΔtssK3 

ΔtssK3_upF OAL4076 AAAGGATCCAGGTGTCCGATACCGCTCATC  

ΔtssK3_upR OAL4077 CTGCCTGACGGCAGCGACAACACCTAGAC  

ΔtssK3_dnF OAL4078 GTCGCTGCCGTCAGGCAGAACACTCATACGAC  

ΔtssK3_dnR OAL4079 TATACTAGTGAACCTGTCCTTGGCGATCC  

ΔtssK3_exF OAL4080 AACCAGCATGAACAGGGTCG  

ΔtssK3_exR OAL4081 CTTGTGCTGCGTACTCTCGG  

pKNG101 
ΔvgrG1b 

ΔvgrG1b_upF OAL2768 AATACCTGGCGCAGCATC 

ΔvgrG1b_upR OAL2769 TCAGTTCTGAAGTGCCATGAAATCAT 

ΔvgrG1b_dnF OAL2770 ATGGCACTTCAGAACTGAAGCGGC 

ΔvgrG1b_dnR OAL2771 GTCGAGCCCCTGGTTGTAG 

ΔvgrG1b_exF OAL2772 TTCTCGGCGTTTTCCAGTTG 
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ΔvgrG1b_exR OAL2773 GGCGTTCAACAGTTCCATGT 

pKNG101 
ΔvgrG1b-cluster 

ΔvgrG1b-
cluster_upF 

OAL1997 CACTGGTAGTCGAGGAGCAC 

ΔvgrG1b-
cluster_upR 

OAL1998 TTCGTCGAATCCTTGATCCACGTCCATCA 

ΔvgrG1b-
cluster_dnF 

OAL1999 GATCAAGGATTCGACGAATTTCCCTGCAC 

ΔvgrG1b-
cluster_dnR 

OAL2000 GGGGAACTCTGGGTGATCA 

ΔvgrG1b-
cluster_exF 

OAL2001 CAGGGTCTGCATCGCCTG 

ΔvgrG1b-
cluster_exR 

OAL2002 ACCGTTCATCTGCCCGTAG 

pKNG101 
ΔvgrG4b 

ΔvgrG4b_upF OAL800 CCACGCCAACTGGAGGTC  

ΔvgrG4b_upR OAL801 CGCAGCAACGTTGAACATCCGCTGTCC  

ΔvgrG4b_dnF OAL802 ATGTTCAACGTTGCTGCGAAGGCGACC  

ΔvgrG4b_dnR OAL803 ATAGCCGATGCGGTTGTC  

ΔvgrG4b_exF OAL804 GCCTACGCCACCTTCCTCGA  

ΔvgrG4b_exR OAL805 GCGCATGCAGCGTCAGGCTG  

pKNG101     
ΔTAAvgrG4b-
ATGpldA 

ΔTAAvgrG4b-
ATGpldA_upF 

OAL4111 CAAGGACCAGAAGAAGCCCTACAA 

ΔTAAvgrG4b-
ATGpldA_upR 

OAL4110 GGCTTCTTCTGGTCCTTGGCC 

pKNG101 
ΔvgrG5 

ΔvgrG5_upF OAL794 ACAGCCATGTGCTCAACG  

ΔvgrG5_upR OAL795 GGTAGGCGTGGCGAACATTCACTGTCC  

ΔvgrG5_dnF OAL796 ATGTTCGCCACGCCTACCGGCGCGACG  

ΔvgrG5_dnR OAL797 CGCGATGAGGTTGAGGTT  

ΔvgrG5_exF OAL798 CATGCGCTACCTGGCCGAAG  

ΔvgrG5_exR OAL799 AGTCGCGGGTGAATATCTGC  

pKNG101 
ΔpldAtli5a 

ΔpldAtli5a_upF OAL3227 GCGATCAAGATGCCGTTGAC  

ΔpldAtli5a_upR OAL3228 TACTTCTTCCTTCTTCTGCAACATGGATCAGTC  

ΔpldAtli5a_dnF OAL3229 CAGAAGAAGGAAGAAGTACTGCCCCGCC  

ΔpldAtli5a_dnR OAL3230 TTCTTCACCAGCATCTCGGT  

ΔpldAtli5a_exF OAL3231 CCGGGCAGAAGATGGTGATC  

ΔpldAtli5a_exR OAL3232 AGGACGATGCAATTGGTGGT  
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2.2.6.  Plasmid introduction into P. aeruginosa  

Integration of the Mini-CTX vectors was attained using three-partner conjugation from 

a Sm10λpir donor strain as described above. P. aeruginosa conjugants were selected using 

Vogel-Bonner medium containing tetracycline before screening by colony PCR.  

Replicative plasmids were electroporated into P. aeruginosa. For this, 1 ml 

P. aeruginosa overnight culture was extensively washed with a sterile 300 mM sucrose 

pKNG101 
ΔpldBtli5b123 

ΔpldBtli5b123_ 
upF 

OAL3233 CCTGAAGCAGCCGGAACA  

ΔpldBtli5b123_ 
upR  

OAL3234 CCGCAAACCTATCCTCTGCCTCCTCATCC  

ΔpldBtli5b123_ 
dnF 

OAL3235 CAGAGGATAGGTTTGCGGTTTGTACAGGT  

ΔpldBtli5b123_ 
dnR 

OAL3236 TAGTGATCGAGGCAGGCATG  

ΔpldBtli5b123_ 
exF 

OAL3237 GAACTGGCCACCTTGCATTC  

ΔpldBtli5b123_ 
exR 

OAL3238 GGGCGACGAGATCCATTTCA  

Bacterial-two-hybrid primers 

vgrG1a 
vgrG1a_F OAL3973 CCGGTCTAGAGCAACTGACCCGCCTGGTC 

vgrG1a_R OAL1741 GCGCGGAATTCTCAGCCCTTCGCCGGCGG 

vgrG1b 
vgrG1b_F OAL3825 gcgcTCTAGAATGGCACTTGCGCAACAG 

vgrG1b_R OAL3826 tatacccgggtGTTCTGGAGGATCTTGCGTC 

vgrG1c 
vgrG1c_F OAL1857 GCGCGTCTAGAGGTGGCTATTGGCCAGCCTTTC 

vgrG1c_R OAL1858 GCGCGGAATTCtcaacagttgatatcgacattg 

vgrG1Atu 
vgrG1Atu_F OAL3975 CCGGTCTAGAGAACGACCAGCCTTCGGTT 

vgrG1Atu_R OAL3974 ATATGGATCCTCAAATCCTGACAAACGGTG 

tap1-tde1(HADA) 
tap1-tde1_F OAL3722 gcgcTCTAGAATGAACGACACACCCATAATTGATC 

tap1-tde1_R OAL3723 ccggggatccAAAGACACCGGGACGTCAGG 

tde1(HADA) tap1-tde1_F OAL3743 gcgcTCTAGAATGAGTGCGACGACAACTG 
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2.3.2. SDS-PAGE and western blot 

Bacterial cultures equivalents of an OD600 of 1 were harvested to serve as whole cell 

samples. Cells were pelleted by centrifugated at 8 000 g for 3 min before the culture 

supernatant was removed and 100 ȝl Laemmli buffer (4% (v/v) glycerol, 2% (w/v) sodium 

dodecyl sulfate (SDS), 60 mM Tris-HCl pH 6.8, 5 % (v/v) β-mercapto-ethanol and 0.002% 

(w/v) bromophenol blue) added. Samples were denatured by incubation at 95 °C for 15 min 

prior to electrophoresis in Tris-glycine-SDS (TGS) buffer (0.3% (w/v) Tris, 1.44% (w/v) glycine 

and 0.01% (w/v) SDS). Protein samples were separated by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) at 160 V on 6%, 8%, 10%, 12% or 15% polyacrylamide gels, 

depending on the protein size resolution desired. Gels were prepared using Mini-PROTEAN 

Tetra handcast systems (Bio-Rad) with 10- or 15-well combs. A Precision Plus Protein 

Kaleidoscope Prestained Protein Standards marker (Bio-Rad) was used as a molecular weight 

marker for the loaded protein samples. Separated protein samples were analysed either by 

Coomassie staining (0.5% (w/v) Coomassie Brilliant Blue R250 (Sigma), 40% (v/v) methanol, 

10% (v/v) acetic acid, 49.5% (v/v) ddH2O) or western blot analysis. 

For western blots, protein samples were transferred onto nitrocellulose membranes for 

probing with antibodies. Filter papers (Whatman), 0.2 ȝm nitrocellulose membrane 

(Amersham) and the electrophoresed gel were incubated in ice-cold transfer buffer (10% (v/v) 

TGS buffer, 20% (v/v) ethanol, 70% (v/v) ddH2O), and the gel positioned on top of the 

membrane, sandwiched between six sheets of filter paper. Protein was transferred to the 

90 x 110 mm membrane using a TransBlot SD semi-dry transfer cell (Bio-Rad) at 24 V and 

0.18 A for 40-50 min depending on the size of the protein of interest. 

Afterwards, the membrane was blocked in Tris-buffered saline solution with milk and 

tween (milk-TBST: 5% (w/v) skimmed milk powder (Sigma), 50 mM Tris-HCl pH 8.0, 150 mM 

NaCl, 0.1% (v/v) Tween-20) for 1 h. Then, the membrane was incubated with the antibodies 
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server [235] and protein structures were visualised using PyMOL [236]. The statistical 

analyses described in this work were conducted using Prism 7.0 software (GraphPad). 
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of ten found on the genome was identified to encode an evolved VgrG, VgrG2b. VgrG2b 

carries a DUF2345 domain as well as a C-terminal extension domain (VgrG2b-CT) and was 

shown to be secreted into the supernatant by the H2-T6SS (Thomas Wood, unpublished data) 

and translocated into HeLa cells [185]. It was further suggested by Bleves and colleagues, 

that once reached the eukaryotic cytosol, VgrG2b-CT binds its cellular target, microtubules, 

which ultimately facilitates actin-dependent internalisation of P. aeruginosa [185].  

VgrG2b-CT comprises about 260 aa (Figure 3-3A, red underlined) whose structure was 

also recently solved by lab members (not published). The known extension domain comprises 

of a transthyretin- (TTR-) like domain (Figure 3-3A, bright green) and an enzymatic Zn-

dependent metallopeptidase domain (red) [185].  

This section aims at unravelling whether a canonical VgrG could be used to secrete 

VgrG2b-CT or whether secretion of VgrG2b-CT solely depends on VgrG2b as a vehicle. For 

this, we chose the canonical VgrG1a (Figure 3-3A), because an earlier study showed that 

secretion of VgrG1a is highly elevated in P. aeruginosa PAK carrying a deletion for retS [140]. 

Hence, we decided to fuse VgrG2b-CT covalently to VgrG1a by allelic exchange (Figure 3-3B). 

Mutants were constructed as follows: 500 bp upstream and downstream of the STOP codon 

of vgrG1a were amplified. The gene sequence for vgrG2b-CT was amplified with an overlap 

of 9 bp with both the upstream and downstream region. Two-step overlapping PCRs of each 

two gene fragments resulted in the amplification of the tri-partite gene sequence, which was 

cloned into the suicide vector pKNG101. This vector was conjugated into P. aeruginosa 

PAK∆retS, where after two homologous recombination events, the gene sequence for vgrG2b-

CT would substitute the STOP codon of vgrG1a, which would ultimately result in the vgrG1a-

vgrG2b-CT fusion (Figure 3-3C). 
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immunity gene for VgrG2b (Figure 3-3C) and surprisingly, the constructed mutants did not 

show any growth defects. This is rather unexpected, as the injection of T6SS effectors into 

sensitive sibling cells would result in killing and ultimately eradicating its own species [135, 

241]. It could be that the delivery of VgrG2b-CT is not efficient enough in our experimental 

setup, however, we hypothesised three further possible scenarios. 

The most obvious one being the idea that even though we observed secretion of the 

VgrG1a-VgrG2b-CT-chimera into the supernatant, it is not delivered into nearby sibling cells 

thus not having a detrimental effect on competing bacteria. This, however, would contradict 

recent work showing that VgrG1a delivers its cognate effector Tse6 into nearby prey bacteria 

and would raise the question why the C-terminal domain of VgrG1a cannot be delivered into 

nearby prey cells [175].  

An alternative explanation might be, that VgrG1a-VgrG2b-CT is delivered into sibling 

cells, but even after delivery it does not face the periplasm. This might be due to immediate 

recruitment into the T6SS membrane complex thus firing the same chimera immediately 

again [239]. Alternatively, a recent study proposed the existence of a linker region between 

the gp5-/gp27-like domains and the C-terminal effector domain. This linker supposedly allows 

trafficking of the effector domain into the periplasm [238]. In VgrG2b, we were unable to 

identify this specific linker region, from which one might suggest that in our chimera we did not 

include this linker region, thus abrogating the trafficking of the effector domain into the 

periplasm. 

Alternatively, even though P. aeruginosa PAK does not encode vgrG2b, it might be 

possible that it encodes its immunity or a heterologous immunity somewhere on the genome. 

It was shown in a few instances that some organisms carry immunity genes for effectors that 

they do not encode [219, 241, 242]. These could be remnants from lost effector-immunity 

modules or they were randomly acquired via horizontal gene transfer [219]. Thus, if 
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3.5.3. VgrG proteins cannot deliver BlaTEM-1 into eukaryotic cells 

Since both VgrG1a-BlaTEM-1 and VgrG4b-BlaTEM-1 were shown to be secreted into the 

supernatant in a T6SS-dependent fashion, we asked whether such fusion could be delivered 

into a target cell. Since BlaTEM-1 is a common reporter enzyme to monitor translocation into 

eukaryotic cells [188, 243], it was assessed whether VgrG1a or VgrG4b could fulfil a role that 

will drive BlaTEM-1 all the way into the cytosol of HeLa cells.  

The enzymatic activity of BlaTEM-1 is the readout for a cell-based translocation assay as 

sketched in Figure 3-9 [231]. HeLa cells are infected with bacteria with an MOI of 100 and 

incubated at 37 °C for 3 h. Supernatant is aspirated and fresh PBS added together with the 

substrate CCF2/AM. The substrate enters the cells, where cleavage by the translocated 

BlaTEM-1 occurs. After incubation at room temperature for 90 min, cells are extensively washed 

with PBS and fluorescence is measured using a Fluostar Optima plate reader. Uncleaved 

CCF2/AM has an excitation wavelength at 520 nm, while the cleaved form excites fluorescent 

light at 447 nm. Background fluorescence of no-cell control wells is subtracted and data are 

normalised on fluorescence of no-infection control wells and plotted.  

As a positive control for this translocation assay, a fusion between BlaTEM-1 and the 

T6SS effector PldA was engineered. In a previous study by Jiang and colleagues it was shown 

that a PldA-BlaTEM-1 fusion is translocated into infected HeLa cells in a T6SS-dependent 

manner [188]. This could here be confirmed with an elevated translocation rate (Figure 3-10, 

lane 1). Our negative controls are either a mutant not encoding a BlaTEM-1 (lane 5) or a non-

deliverable VgrG1a-BlaTEM-1 (lane 4). The test strains that express either VgrG4b-BlaTEM-1 

(lane 2) or VgrG1a-BlaTEM-1 (lane 3) do not display any significant differences as compared to 

the negative controls, suggesting that no translocation of BlaTEM-1 occurred. Results obtained 

here reflect that the fusion proteins were unable to puncture the eukaryotic cell membrane. 

This could be a reasonable hypothesis for VgrG1a-BlaTEM-1. However, in the case of VgrG4b-
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Secretion and stability of the VgrG1a-Tse2 chimera is thus far less clear and convincing 

as compared to VgrG1a-BlaTEM-1 (Figure 3-6) and VgrG1a-VgrG2b-CT (Figure 3-4). One 

possible issue here might be that the VgrG1a-Tse2 chimera is still able to interact with Hcp1 

via its C-terminal extension Tse2. If this was the case, it would be possible that Hcp1 is 

recruited at the tip complex, which is then too bulky and secretion might get hampered.  

3.6.2. Disrupting the interactions between Tse2 and Hcp1 in an attempt to 

increase secretion of the fusion VgrG1a-Tse2 

To increase secretion of the VgrG1a-Tse2 chimera, we took advantage of a recent 

study about the interactions between Hcp1 and its cognate effectors [204]. Silverman et. al 

showed how stability and delivery of Tse2 is highly dependent on Hcp1 and pinpointed key 

interaction residues on the inside of the Hcp1 lumen. They showed that a range of highly 

conserved residues within the Hcp1 lumen are essential for interactions with Tse2 and by 

mutating each of these residues they confirmed that stability and secretion of Tse2 were 

drastically impaired. One of the strongest phenotypes had the mutant encoding 

Hcp1S31Q [204], which was thus selected for the current study. Strains were engineered that 

carried the S31Q substituted version in Hcp1. All above secretion assays were repeated but 

this time including mutants expressing Hcp1S31Q (Figure 3-13).  

Secretion of VgrG1a, VgrG1c, Hcp or Tse3 is not affected when cells contain the 

hcpS31Q variant (lanes 1 and 5). This is in good agreement with the previous study, in which it 

was shown that Tse3 secretion was not affected by the hcp1S31Q variant mutation [204]. In a 

context where vgrG1a was replaced by vgrG1a-tse2 (lane 2), the band corresponding to 

VgrG1a-Tse2 (red asterisk) is more intense than the band corresponding to WT VgrG1a (blue 

asterisk) suggesting that the chimera is reasonably stable. However, upon introduction of the 

hcp1S31Q mutation (lane 3), stability of the chimera was decreased (red asterisk) with higher 
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3.6.3. Tse2 is likely delivered into prey cells when fused to VgrG1a 

We have shown that Tse2 can be secreted in minor amounts when fused to VgrG1a, 

however, we also aimed at assessing whether Tse2 can be transported into target cells. Since 

Tse2 has antibacterial activity [176], we suspected that a more sensitive read-out than protein 

secretion would be to perform bacterial competition assays for which a protocol was 

established in our lab [247]. The concept of an interbacterial killing assay is sketched in Figure 

3-14 and described below. 

For effective interbacterial killing assays, prey cells were constructed that were 

sensitive to Tse2 by lacking the effector gene tse2 and its cognate immunity gene tsi2. Prey 

cells then carried the gene encoding β-galactosidase at the att site under a constitutive 

promotor yielding blue colonies on LB-plates containing X-Gal. Prey strains were incubated 

with the attacking strain that encoded the fusion VgrG1a-Tse2. In the case of VgrG1a-Tse2 

delivery into prey cells, Tse2 finds its cellular target within the prey cell and exerts its 

toxicity [176]. Prey cells lose cell integrity and die, which results in a decrease of blue cfu 

(Figure 3-14B).  

Interbacterial competition assays were conducted by incubating prey cells and 

attacking cells in a 1:5 ratio for 5 h at 37 °C as a dried spot on an LB-agar plate. Afterwards, 

spots were harvested and resuspended in PBS and diluted to 10-7. All dilutions were spotted 

on LBX-Gal in technical triplicates and incubated overnight at 37 °C. In the next days, blue 

appearing colonies were counted and plotted as can be seen in Figure 3-15.  
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Hcp1 (brown rings) via tight interactions mediated by highly conserved key residues [204]. 

This leads to recruitment of Tse2 into the Hcp1 tube, docking of the VgrG trimer (green) and 

subsequent Tse2 delivery [140]. Preliminary data suggest that Tse2 in complex with Hcp1 is 

folded due to its overall size that might fit into the lumen of a Hcp hexamer [203]. However, 

there is no data yet that shows a physiological state of this complex. When interactions 

between Tse2 and Hcp1 are abrogated due to the residual change within the Hcp lumen 

(Figure 3-16B), Tse2 is not incorporated into the Hcp1 tube and prone for degradation by 

proteases [204]. 

Fusing Tse2 covalently to the canonical VgrG1a (Figure 3-16C), does not alter its 

affinity for Hcp1. Thus, it most likely recruits Hcp hexamers to the T6SS tip. This might result 

in a large tip complex consisting of three VgrG1a-Tse2 monomers each binding at least one 

Hcp1 hexamer. Subsequently, VgrG1a-Tse2 is blocked inside the cells and can reach the 

supernatant or target cells only in minor amounts.  

When we then disrupt the interactions between Tse2 and Hcp1 (Figure 3-16D), 

Hcp1S31Q no longer binds to Tse2 at the tip. This lack of protection by Hcp1 might result in 

Tse2 being completely exposed to cellular proteases [204], so that Tse2 is probably cleaved 

from the VgrG1a tip and degraded. This results in accumulation of WT VgrG1a followed by 

secretion of this species as seen in Figure 3-13.  

Considering the here shown data are not conclusive, it can be simply suggested that 

rerouting T6SS effectors associated with Hcp proteins is not an applicable strategy. If the 

effector domain relies on its interactions with Hcp, it will either result in sterical hindrance or 

instability of the effector. Hence, an effector domain independent of a chaperone would be the 

optimal choice for further protein shuttles. 
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20-30 kDa, which correspond to the sizes of known effector domains in evolved VgrGs (see 

Table 3-1) [181-183, 185]. However, since the membrane complex around the VgrG tip 

supposedly harbours limited space for effectors [115], there might be sterical limitations as to 

the fused effector domain.  

A literature research highlighted the presence of an antibacterial lipase, PldA, which is 

present in P. aeruginosa PAO1. PldA, which is about 120 kDa, was shown to be delivered into 

bacterial prey cells and eukaryotic HeLa cells [186, 188]. Hence, the aim of this project was to 

fuse PldA to VgrG1a in P. aeruginosa PAK, which naturally does not encode pldA. However, 

due to the size of the required gene fragment of the effector-immunity gene pair, cloning 

proved difficult and unsuccessful.  

Encoded upstream of pldA is vgrG4b (Figure 3-17A), whose gene product, the 

canonical VgrG4b, was proven to be a useful vehicle to deliver BlaTEM-1 (see 3.5.2). Here, we 

reasoned that delivering PldA in a similar manner would be a challenging but likely task. Thus, 

we took advantage of the genetic link between vgrG4b and pldA to create a fusion that will 

encode a VgrG4b-PldA-shuttle. The vgrG4b-pldA-chimera was constructed by allelic 

exchange and by deleting the STOP codon of vgrG4b, the 9-bp intergenic region and the 

START codon of pldA, which would ultimately lead to the expression of a large fusion protein 

consisting of VgrG4b and PldA (Figure 3-17B). All mutants were confirmed by sequencing.  

It is noteworthy that, in a later chapter of this thesis, we will show that delivery of PldA 

depends on VgrG4b, suggesting that these two proteins interact tightly with each other 

(see 5.7.2). Hence, it will be informative to analyse whether this state can be locked in a 

covalent interaction and still be functional. This will also give valuable clues about whether the 

covalent VgrG4b-PldA fusion has a comparable spatial arrangement as the secretion complex 

formed by non-covalent interactions. 
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As a positive control for PldA-mediated killing, the parental strain (PAO1ΔrsmA) was 

used as an attacker (lane 2). This led to a significant decrease in recovered prey as compared 

to the initial number counted in the absence of any attacker (lane 1). When the attacker lacked 

the pldAtli5a (lane 3) or vgrG4b (lane 4) locus, recovered prey count was significantly higher. 

This suggests that a prey can be outcompeted due to PldA delivery and that PldA delivery is 

VgrG4b-dependent, which will be the focus of a later chapter (see 5.7.2). If the attacking strain 

expresses the VgrG4b-PldA fusion protein, prey survival shows an intermediate phenotype 

(lane 5), but significant killing. This result suggests that VgrG4b-PldA is not only secreted, but 

can also be injected into bacterial target cells.  

3.7.3. Summary: Upgrading a cargo effector to an extension domain leads to an 

unstable but deliverable complex 

This is the first example showing how an anti-bacterial toxin could be connected to a 

T6SS tip as a C-terminal extension domain of a previously canonical VgrG (Figure 3-20). In 

the parental strain it is considered and will be proven in detail in chapter 5, that PldA tightly 

interacts with the C-terminal domain of VgrG4b (Figure 3-20A). This interaction, which is 

considered to be non-covalent [216], is the prerequisite for PldA delivery.  

In our chimera fusion, we introduced a covalent bond between VgrG4b and PldA. In 

such fusion protein, PldA likely still interacts with the C-terminus of VgrG4b, as sketched in 

Figure 3-20B. However, one might reason that PldA and VgrG4b attempt to reach a 

configuration based on the WT-like non-covalent interaction and that this attempt might be 

sterically clogged by the covalent bond. Such a complex might not be highly stable resulting 

in degradation products as observed in the whole cell fractions of VgrG4b-PldA producing 

strains (Figure 3-18). One approach to surmount this issue could be to introduce a few 
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Table 3-1. Overview of known evolved VgrGs from the literature and from the current 

study.  

Names of the VgrGs are adapted from the literature with superscripted abbreviations 

corresponding to the organism the VgrG is derived from (Paer - P. aeruginosa; Vcho – V. cholerae; 

Ahyd – A. hydrophila; Bpse – B. pseudomallei; Ftul – Francisella tularensis). If no organism is 

mentioned, its source is P. aeruginosa. Artificially chimeric VgrGs with fused effector domains are 

highlighted with a grey background. The table lists the enzymatic activities of the extension domains 

and their size. It further highlights whether the evolved VgrG was found secreted in the supernatant and 

whether translocation in either eukaryotic or prokaryotic cells was shown. 

evolved VgrG effector domain size secreted? delivered? ref. 

VgrG2bPaer metallo-peptidase 27 kDa yes HeLa cells [185] 

VgrG-1Vcho actin cross-linking 42 kDa yes 
J774 cells, 
CHO cells 

[207, 
248, 249] 

VgrG-1715Vcho-Bla β-lactamase 30 kDa yes J774 cells [181] 

VgrG-1Vcho-Bla 
actin cross-linking       

β-lactamase 
42 kDa 
30 kDa 

yes 
J774 cells, 
CHO cells 

[181] 

VgrG-3Vcho 
peptidoglycan 

degrading 
33 kDa yes prey cells 

[237, 
238] 

VgrG3708Vcho-NucSe1 nuclease 52 kDa  prey cells [238] 

VgrG1Ahyd actin ADP-ribosylating 23 kDa yes HeLa cells [183] 

VgrG1Ahyd-Bla 
actin ADP-ribosylating    

β-lactamase 
23 kDa 
30 kDa 

yes HeLa cells [183] 

VgrG5Bpse membrane fusion 37 kDa yes  [182] 

VgrGFtul-Bla β-lactamase 30 kDa yes macrophages [243] 

VgrG1a-VgrG2b-CT metallo-peptidase 27 kDa yes  this study 

VgrG1a-BlaTEM-1 β-lactamase 30 kDa yes not HeLa this study 

VgrG4b-BlaTEM-1 β-lactamase 30 kDa yes not HeLa this study 

VgrG1a-Tse2 
putative ADP-
ribosylating 

18 kDa minor (prey cells) this study 

VgrG4b-PldA lipase 122 kDa yes prey cells this study 
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So far, only one evolved VgrG, VgrG-3Vcho, has been shown to carry an antibacterial 

C-terminal extension domain which can be delivered into bacterial prey cells [237]. When the 

peptidoglycan hydrolase domain of VgrG-3Vcho was substituted with a nuclease domain from 

Salmonella enterica, mutants expressing the resulting chimera VgrG3708Vcho-NucSe1 were 

able to outcompete their parental strains [238]. This suggests that VgrG3Vcho is able to deliver 

any covalently linked effector domain into target prey cells. However, in this current study, we 

showed that VgrG4b, which does not contain an extension domain, can be modified to deliver 

an antibacterial extension domain into target prey cells. So far, this is the first time shown that 

a VgrG can be equipped with an additional function, that is to deliver an effector domain.  

3.8.2. Not every VgrG can puncture eukaryotic cell membranes 

Four of the previously described evolved VgrG proteins were shown to carry effector 

domains targeting eukaryotic components [182, 183, 185, 207, 237, 238, 248, 249]. Three of 

these VgrG proteins were further shown to be translocated into eukaryotic cells themselves 

[181, 183, 185]. Additionally, the trans kingdom effectors PldA and PldB were previously 

demonstrated to be translocated into eukaryotic HeLa cells [188], which we could confirm here 

for PldA. Interestingly, when we also tested translocation of VgrG4b, which is the essential 

component for PldA delivery [146], we did not observe its translocation. Also, we did not 

monitor translocation of VgrG1a-BlaTEM-1 into eukaryotic HeLa cells (3.5.3). 

This led us to the assumption that not all VgrGs can be delivered into eukaryotic cells 

or can deliver associated effectors into eukaryotic cells. We have shown that the canonical 

VgrG1a and VgrG4b from P. aeruginosa are not delivered into eukaryotic cells, while the 

evolved VgrG2b is [185]. While VgrG1a solely constitutes of the gp5-/gp27-like domains 

(Figure 3-3A), VgrG4b additionally contains a transthyretin-like domain (Figure 3-7A) and 

VgrG2b on top of that a DUF2345 and a Zn-metallopeptidase domain (Figure 3-3A). Hence, 
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it would be interesting to unlock the molecular requirements of a VgrG protein that allows its 

translocation into eukaryotic cells. One option is to substitute different parts of the C-terminal 

domains of VgrG2b with BlaTEM-1 to determine which exact part is required for VgrG2b 

translocation into eukaryotic cells. This strategy would be similar to the work done by Ma et.al., 

in which they substituted the ACD-domain from VgrG-1Vcho with BlaTEM-1 and showed that the 

ACD-domain is not required for VgrG-1Vcho-translocation [181]. Another approach could be to 

fuse different sections of the C-terminal domains of VgrG2b to either VgrG1a or VgrG4b 

together with the BlaTEM-1-domain and test these chimerae for translocation into eukaryotic 

cells. This would allow the molecular dissection of VgrG domain determinants for eukaryotic 

cell translocation.  
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comprise Rhs proteins that contain N-terminal PAAR folds and additionally harbour massive 

Rhs repeat core domains prior to the C-terminal toxic domains [212]. Evolved PAAR effectors 

are thought to have dual functions: their N-terminal PAAR domains assemble on top of the 

VgrG trimer (Figure 4-1B) and thus facilitate puncturing of target membranes, while the C-

terminal domains exert toxicity in the target cells.  

Many organisms contain multiple vgrG and paar genes that are often genetically linked. 

In many organisms, functional links between these VgrG-PAAR pairs have been established 

as well [148, 149, 175]. Mutants lacking a PAAR protein or PAAR domain usually display 

phenotypes deficient for secretion of the cognate VgrG protein (Figure 4-1C), which was 

shown for the VgrG2b-PA1508 pair in P. aeruginosa (Thomas Wood, unpublished data). 

Further, it is a well established model that cognate effectors associate with VgrG-PAAR spikes 

(Figure 4-1B) [141, 149]. Thus, lack of VgrG delivery further results in abrogation of cognate 

effector delivery, which was the phenotypic readout for PAAR1 in Agrobacterium 

tumefaciens [149] as well as Rhs1 and Rhs2 in Serratia marcescens [148].  

Table 4-1. List of all PAAR proteins in P. aeruginosa PAO1 and their affiliations with a 

cognate VgrG.  

name gene number  protein size cognate VgrG 

Tse6 PA0093 45 kDa VgrG1a [175] 

Tse7 PA0099 41 kDa VgrG1b [175] 

PAAR2 PA0824 18 kDa ? 

PA1508 PA1508 9 kDa 
VgrG2b (Thomas Wood, 

unpublished) 

PA1659.1 PA1659.1 10 kDa ? 

PA2375 PA2375 13 kDa (VgrG3) 

Tse5 PA2684 146 kDa VgrG1c [175] 

PAAR4 PA3904 13 kDa VgrG4b, VgrG6 [220] 
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Interestingly, P. aeruginosa encodes a range of PAAR proteins as listed in Table 4-1, 

while their distribution on the P. aeruginosa chromosome can be seen in Figure 1-22. In a 

recent study about the “á la carte” effector delivery of the P. aeruginosa H1-T6SS, our group 

demonstrated that each VgrG affiliated with the H1-T6SS delivers a cognate PAAR 

effector [175]. Thus, P. aeruginosa fires its H1-T6SS machinery to deliver three different 

effectors. Specifically, VgrG1a is essential for delivery of the effector Tse6 (Figure 4-2A) which 

was demonstrated to contain NAD(P)+-glycohydrolase activity [175, 202, 208]. Furthermore, it 

was shown that delivery of Tse6 also requires the gene product encoded downstream, EagT6 

of the DUF1795 family, which has been characterised as an effector chaperone [148, 202]. 

Another evolved PAAR, Tse7, was shown to be delivered dependent on VgrG1b (Figure 4-2B) 

[175]. Present in the vgrG1b cluster are a number of additional genes, whose functions in 

Tse7 delivery have not been further characterised yet. Tse5/RhsP1, which is of the Rhs family 

of T6SS effectors, was shown to require presence of VgrG1c for its delivery (Figure 4-2C) 

[175, 208]. RhsP1 was proposed to contain an N-terminal cryptic PAAR fold that is thought to 

assemble on top of the VgrG trimer, while it is unclear how the rest of this massive protein is 

accommodated around the tip complex.  

The ubiquitous presence of paar genes next to or within T6SS clusters or orphan 

operons assigns them an important and probably essential role in T6SS function and effector 

delivery. Some studies defined PAAR proteins as essential for VgrG delivery and thus effector 

delivery [141, 148]. Although the accepted concept is that PAAR proteins sit on top of VgrG 

trimers, and not only contribute to puncturing but possibly associate T6SS effectors to the tip, 

it is unclear what molecular role PAAR proteins play in the assembly of the VgrG spike and 

how interactions between PAAR domains and VgrG trimers are maintained. 
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Here, we further wished to investigate the concept of PAAR essentiality in T6SS 

function and subsequently the delivery of PAAR effectors by providing further experimental 

evidence. It is worth noticing that a read out for proper T6SS function could be the analysis of 

VgrG secretion, which would be found extracellularly only if membrane piercing has 

occurred [141]. Firstly, secretion of VgrG1a in the absence of its cognate PAAR effector Tse6 

was investigated (Figure 4-3A). For this, a P. aeruginosa mutant lacking the tsei6 toxin-

immunity gene pair was engineered in the retS background and a secretion assay was 

performed under H1-T6SS-inducing conditions [140]. Briefly, cells were grown until they 

reached an OD600 of approximately 5 and the supernatant was separated from the whole cells 

by three centrifugation steps. Precipitation of proteins from the supernatant was followed by 

separation on SDS-PAGE gels, subsequent transfer onto nitrocellulose membranes and 

western blot analysis.  

As can be seen in Figure 4-3, the antibody against VgrG1a nicely recognises the three 

proteins VgrG1abc at different sizes (lane 1). All three proteins are highly expressed, however 

in the supernatant only VgrG1a and VgrG1c are detected, not VgrG1b (lane 3), as shown in 

previous studies [140]. Interestingly, the band corresponding to VgrG1a is found in much lower 

amount in the supernatant fraction in the absence of Tse6 (lane 4), which is not the case for 

VgrG1c, thus suggesting that the presence of Tse6 is crucial for VgrG1a delivery. Multiple 

attempts to complement this phenotype by expressing in trans full length Tse6 or truncations 

corresponding to only the PAAR domain were unsuccessful (data not shown). This might be 

due to overexpression and the high hydrophobicity/insolubility of PAAR domains as discussed 

in 4.3. Additionally, in S. marcescens as well as Acinetobacter baylyi it was previously shown 

that a PAAR protein or PAAR effector is essential for secretion of the cognate VgrG [141, 148]. 

From our data shown here we also concluded that VgrG1a secretion efficiency depends on 

the presence of its cognate PAAR effector Tse6. 
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4.3.2. VgrG1a, VgrG1b and VgrG1c form heterotrimers  

The full length genes for vgrG1a, vgrG1b and vgrG1c were cloned into bacterial-two 

hybrid plasmids pUT18C and pKT25 containing the gene sequences for the T18- or T25-

domains of the adenylate cyclase from Bordetella pertussis [224]. This would yield a gene 

product that contained the T18- or T25 domain at the N-terminus of the chimeric protein, while 

the C-terminal part would be the VgrG of interest. An appropriate combination of pUT18C and 

pKT25 plasmids were co-transformed into Escherichia coli and in case of interaction between 

two VgrG proteins of interest, the T18- and T25-domains would heterodimerise to form a 

functional adenylate cyclase. Enzyme activity results in accumulation of cAMP, which binds to 

the catabolite activator protein, which in turn results in the expression of β-galactosidase. The 

enzyme breaks the colorimetric substrate X-Gal, so that colonies appear blue on agar 

plates [224]. Overnight cultures of clones that carried combinations of vgrG plasmids or the 

empty vector control were spotted in duplicates on LB agar containing the appropriate 

antibiotics, IPTG and X-Gal. Plates were incubated at 30°C for 30 h and colonies observed.  

One representative plate showing interactions between all three VgrGs is shown in 

Figure 4-4. All three VgrG proteins show a high degree of self-interaction, as indicated by the 

red boxes, while VgrG1a also interacts with VgrG1b and VgrG1c. However, this interaction 

only seemed to work in one direction of plasmids. Interaction between VgrG1a and VgrG1b is 

stronger than interactions between VgrG1a and VgrG1c, while VgrG1b and VgrG1c do not 

seem to interact. It needs to be stated at this point, that all of these results solely rely on visual 

observation and would need quantification to significantly conclude these findings. 
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As seen in Figure 4-3, VgrG1b, VgrG1c and VgrG1a are readily detectable in the whole 

cell fraction as monomers (Figure 4-5, second panel, lane 1) and as multimers (top panel), 

while VgrG1c and VgrG1a are clearly detected in the supernatant (second panel, lane 10). 

Interestingly, multimer formation inside the cells correlated with presence of both VgrG1a and 

Tse6 (lanes 1, 3, 5 and 7), while in the supernatant fraction multimer detection correlated with 

secretion of VgrG1a or VgrG1c (lanes 10-14, 16, 18). It has been demonstrated before and 

can be confirmed here, that the presence of either VgrG1a or VgrG1c is sufficient to form a 

functional H1-T6SS [140]. The panels showing secretion of Hcp1 and Tse3 confirm the 

functionality of the H1-T6SS. Lanes 2 and 11 show expression and secretion using a vgrG1a 

deletion mutant, so that VgrG1a bands can be distinguished from any unspecific band 

detected by the antibody.  

As seen previously (Figure 4-3), the amount of VgrG1a inside the cells is not affected 

by the absence of Tse6 (lane 9), however, secretion of VgrG1a is massively decreased 

(lane 18). Furthermore, in the presence of Tse6, secretion of VgrG1a is not affected by the 

absence of VgrG1b (lane 12), VgrG1c (lane 14) or both (lane 16). We had hypothesised that 

the residual VgrG1a secretion observed in the absence of Tse6 (lane 18), could be further 

decreased in a background lacking VgrG1b (lane 13), VgrG1c (lane 15) or both (lane 17). Yet, 

no further decrease was observed, indicating that a VgrG1a homotrimer is likely able to pierce 

the membrane without its cognate PAAR, although inefficiently, and therefore be secreted.  
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surface which is thought to bind the C-terminal blunt end of a VgrG trimer (Figure 4-6B). The 

very end of VgrG trimers was shown to be formed of three intertwined β-sheets [141], as 

indicated in Figure 4-1B. However, it is unclear whether these three β-sheets are required and 

sufficient to mediate specific binding to the cognate PAAR, bearing in mind that not all PAARs 

would fit on any VgrGs, and thus a level of specificity is expected.  

For bioinformatical and structural analysis, PAAR proteins and PAAR domains of 

effectors were chosen, that were experimentally demonstrated to be involved in VgrG 

secretion [141, 149, 202] or are encoded in P. aeruginosa and P. putida [136]. A multiple 

sequence alignment shows conservation between those proteins (Figure 4-6A). To further 

pinpoint those amino acids mediating the binding to VgrG proteins we needed to revert to a 

more structural approach. 

The structure of a gp5-PAAR (VgrG-2-VCA0105) complex of V. cholerae (pdb: 4jiv) 

has been solved previously [141], making it a valuable template for all models presented in 

this study. Above mentioned PAAR proteins or PAAR domains were structurally modelled with 

Phyre2 [235] and fitted onto the template from V. cholerae using PyMOL. Since the structure 

of VgrG1a from P. aeruginosa was also recently solved (pdb: 4mtk), we fitted this structure 

onto the gp5-template from V. cholerae. As can be seen in Figure 4-6B, the model of the 

PAAR domain of Tse6 (purple) fits nicely onto the blunt end of the VgrG1a trimer (green). We 

could readily identify the three highly conserved PAAR motifs that form the intertwined core of 

the PAAR fold (highlighted in red in both Figure 4-6A and B). Furthermore, we closely 

examined the interaction surface between the Tse6-model and VgrG1a. We identified three 

amino acid stretches of four residues at the bottom of the PAAR model that are in close 

proximity to VgrG1a (highlighted as blue sticks). When we mapped these amino acid stretches 

onto the multiple sequence alignment in Figure 4-6A, we observed that they clustered with 

similar stretches from other PAAR proteins (highlighted with blue lines). We then identified in 

other structural PAAR models these amino acids at the same location and listed them for each 
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PAAR protein in Table 4-2. Interestingly, these conserved stretches contain mainly 

hydrophobic amino acids and are in good agreement with other works that identified potential 

interactions sites within PAAR proteins [141, 220].  

In the structural model in Figure 4-6B, one can observe that the PAAR domain sits on 

top of the blunt end of the VgrG trimer [141]. This blunt end corresponds to the three last 

intertwined β-sheets from each VgrG monomer (Figure 4-6B, green sticks). Thus, we asked 

whether there is a conserved binding motif within the last VgrG β-strand that would mediate 

specific binding to the cognate PAAR protein.  

We sequence aligned the cognate VgrG proteins of the above analysed PAAR proteins 

as well as additional VgrG proteins that are known to bind PAAR domains. Figure 4-7A 

displays a high conservation throughout the first approximately 600 aa corresponding to the 

gp5-/gp27-like domains. We then mapped the last β-strand of VgrG1a from the structure onto 

the sequence alignment and surprisingly identified that these four amino acids are somewhat 

clustered together within VgrG proteins (Figure 4-7B, highlighted by a green line). 

Interestingly, in VgrG1bPaer, VgrG1cPaer, VgrG1Pput, VgrGADda, VgrG1Eco and VgrG2Atu, this area 

corresponds to the very C-terminus of the protein suggesting that indeed these four amino 

acids form the very last β-strand within these VgrG trimers [141]. Analysing these last β-

strands from the different VgrG proteins, no conserved motif can be recognised, however 

mostly hydrophobic amino acids seem to be involved (Table 4-2). This not only agrees with 

previous studies [141, 149], but also with the fact that the interface from the PAAR protein 

exhibits mainly hydrophobic amino acids (Table 4-2).  
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With the help of multiple sequence alignments and structural analysis, we were able to 

identify amino acids that are potentially involved in the interactions between PAAR and VgrG 

proteins. Since no conserved motifs could be identified in neither VgrG or PAAR proteins, the 

hypothesis would be that specific amino acid residues mediate specific interactions. This 

would underline how the PAAR domain of Tse6 specifically binds to the VgrG1a trimer and 

not to VgrG1b or VgrG1c (4.3.3) supporting the basic idea of the “á la carte” effector delivery 

concept [175]. Further, specific VgrG-PAAR interactions were also suggested in 

A. tumefaciens that expresses the functional VgrG1-PAAR1 and VgrG2-PAAR2-pairs [149]. 

Remarkably, a truncation version of VgrG1 would only interact with its cognate PAAR1 when 

it contained the amino acid sequence QINF of its putative last β-sheet [149]. Furthermore, the 

amino acid residues at the interfaces of VgrG1, VgrG2 and PAAR1, PAAR2 are distinct (Table 

4-2), supporting our hypothesis that these regions mediate specificity.  

Interestingly, PAAR2 and PAAR4 from P. aeruginosa exhibit similar amino acid 

residues in the regions predicted to be accessible for VgrG interactions (Table 4-2). Hence, 

we hypothesised that PAAR2 and PAAR4 might interact with the same cognate VgrG. Notably, 

a recent study showed that PAAR2 can functionally replace PAAR4 indicating that PAAR2 

and PAAR4 bind and deliver the same VgrG trimer [220]. This, however, is not the first 

example in promiscuity of VgrG-PAAR pairs. In S. marcescens, it was shown that VgrG2 can 

bind and deliver two different PAAR-containing effectors, Rhs1Smar and Rhs2Smar, that 

additionally require interactions with two distinct Eag proteins, Eag1 and Eag2, 

respectively [148]. On the basis of these findings, we suggested that the interaction surface of 

the PAAR domains of Rhs1Smar and Rhs2Smar would be similar. Indeed, when analysing both 

PAAR domains, we observed that they contain identical or similar amino acid residues in two 

of the three regions predicted to interact with VgrG2Smar (Table 4-2). The third interaction site 

is rather distinct and might be associated with the recruitment of the specific and cognate Eag 

protein [148].  
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Table 4-2. Interactions sites of characterised VgrG-PAAR pairs  

This table lists amino acid residues that potentially mediate interactions between VgrG (see 

Figure 4-7A, green line) and PAAR proteins (Figure 4-6A, purple line). VgrG-2-VCA0105 from 

V. cholerae is the positive control for specific interactions according to [141] and the identified and 

putative VgrG-PAAR pairs from P. aeruginosa, A. tumefaciens and S. marcescens. Motifs in brackets 

state that the modelling was not very convincing due to variability in the lengths of the VgrG tips.  

VgrG-PAAR pair last VgrG β-strand PAAR interaction sites references 

VgrG-2Vcho-VCA0105 AINL TVRY TVMI SVNI [141] 

VgrG1a-Tse6 RLDL NVYV TVYI NTFI [175] 

VgrG1b-Tse7 (KILQ) 
Not 

modelled TIRI NVFKE [175] 

VgrG1c-RhsP1 (NVDI) TVHV CPLV ALAA [175] 

VgrG2b-PA1508 ? QTDL LLDV GAAE Thomas Wood 

VgrG4b-VgrG6-PAAR4 (LARI)/(NVRV) DVFF NVLI TVLI [220] 

(VgrG4b-VgrG6-)PAAR2 (LARI)/(NVRV) DVVF TVLI TVLI [220] 

VgrG3-PA2375 (LVKV) RTLT TLLL QMLI  

VgrG1Atu-PAAR1Atu QINF FVTV VATI WLTF [149] 

VgrG2Atu-PAAR2Atu PIDL TWTT KAMV VESV [149] 

VgrG2Smar-Rhs1Smar QLDL NVFT VFIN NVQI [148] 

VgrG2Smar-Rhs2Smar QLDL NVFI VSIN VFIG [148] 

4.4.2. Disrupting Tse7-binding to its cognate VgrG1b  

Ideally, the above model should be applied in an experimental context where the 

interactions between a PAAR domain with its cognate VgrG could be functionally assessed. 

The chosen example was VgrG1b of P. aeruginosa, which is proposed to be topped by the 

PAAR domain of its cognate effector Tse7 as discussed in 4.3. The VgrG1b trimer was 

modelled using Phyre 2 with VgrG1a (pdb:4mtk) as a template, however there is a caveat in 

this model. VgrG1a and VgrG1b have different sizes (compare protein bands in Figure 4-3) 

and protein prediction tools identified a weak similarity with a DUF2345 at the C-terminus of 

VgrG1b which might lead to an elongated VgrG1b tip [216]. Hence, the Phyre tool modelled 
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was mutated to a sequence of AIQN to change the properties of those residues. This was 

hypothesised to disrupt the interface between VgrG1b and Tse7. Experiments to assess this 

hypothesis were conducted by another PhD student in the laboratory, Panayiota Pissaridou, 

and have shown that Tse7 carrying these mutations was not delivered into prey strains (data 

not shown) suggesting that the four amino acids T61-I64 are essential for the interaction and 

subsequent Tse7-VgrG1b-delivery (co-authored publication under review at PNAS). This 

result comes in supports of the model presented above and can likely be used as the basis 

for further experiments.  

4.4.3. Designing chimerae to study interactions between VgrG1a and the PAAR 

domain of Tse6 

As discussed in 4.3.1, delivery of the VgrG1a spike in P. aeruginosa is only triggered 

in presence of the cognate PAAR effector Tse6. Here, we further want to confirm our models 

obtained from the bioinformatic analysis (4.4.1) and want to prove which part of VgrG1a is 

essential for PAAR binding. The basis of this study are chimerae in which the interface at the 

tip of the trimer is compromised in a way that it may challenge the fit with the cognate PAAR 

effector.  

Chimerae between two different VgrG proteins originated from two different organisms 

were engineered as described below and visualised in Figure 4-9. The main part, the gp5-

/gp27-like domains, originates from VgrG1a from P. aeruginosa, here now labelled as 

VgrG1aP, while the C-terminal part originates from VgrG1 from A. tumefaciens, from now on 

termed as VgrG1A. On the basis of the recent study by Bondage and collaborators [149], we 

dissected the C-terminal domain of VgrG1A into two parts. Residues 787 (green arrow labelled 

“B”) to 7λ4 (green arrow labelled “C”) encompass the last VgrG1A β-strand containing the 

sequence QINF (see Table 4-2 and Figure 4-9, red arrow labelled “PAAR”). The second part 
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corresponds to the extending amino acids after residue 795, that are thought to interact with 

the cognate effector Tde1, hence labelled “effector binding” in Figure 4-9.  

In 4.4.1, we analysed the interaction surface between VgrG1aP and its cognate Tse6 

PAAR domain and together with the structure of VgrG1aP, we identified the amino acids 

forming the last β-strand responsible for PAAR binding (Table 4-2). Thus, we designed three 

chimerae in which different parts of the C-terminal VgrG1aP extension are substituted (Figure 

4-9). Construct A (VgrG1aP-G1A31) contains the full length VgrG1aP extended by 31 C-terminal 

amino acids from VgrG1A. This extension includes amino acids that are possibly responsible 

for binding the cognate PAAR1A and Tde1 [149]. Construct B (VgrG1aP605-G1A31) covers the 

first 605 amino acids from VgrG1aP and the 31 C-terminal amino acids from VgrG1A, with the 

swapping point indicated by the green arrow labelled “B” in Figure 4-9. Thus, the last β-sheet 

of VgrG1aP is substituted by the putative last β-sheet of VgrG1A Figure 4-7. Construct C 

(VgrG1aP614-G1A21) comprises of the first 614 amino acids from VgrG1aP and the 21 C-terminal 

amino acids from VgrG1A and the swapping point is indicated by the green arrow labelled “C” 

in Figure 4-9. This chimera includes the last β-sheet of VgrG1aP, while the extending amino 

acids of VgrG1aP are substituted by the proposed effector binding amino acids of VgrG1A. 







178 
 

strains that encoded one of the chimerae in absence (Figure 4-11A) or presence (Figure 

4-11B) of the homologues VgrG1b and VgrG1c. This set of experiments will help us 

understand whether the presence of the other two spike proteins, VgrG1b and VgrG1c, has 

any influence on chimera secretion.  

Independent of the presence of VgrG1b and VgrG1c, bands for VgrG1aP (lanes 1 

and 11) and all chimerae are readily detectable in the whole cell samples at approximately 

75 kDa (lanes 3 - 5, 13 - 15). Due to the 31-amino acid extension in construct A (Figure 4-9), 

shifts in the size for construct A are clearly detectable (lanes 3 and 13, asterisks). The detected 

band for construct B is weaker than the one for VgrG1aP (lanes 4 and 14), which could be due 

to instability of the chimera or decreased detection by the antibody after epitope modification. 

As expected and shown previously (see 4.3.1), VgrG1aP forms a functional T6SS in 

absence of VgrG1b and VgrG1c (Figure 4-11A) resulting in its secretion (top panel, lane 6) as 

well as secretion of the landmark protein Hcp1 and the Hcp1-dependent effector Tse3 (third 

and fourth panel). Similarly, construct A is secreted together with Hcp1 and Tse3, which 

suggests it is fully functional despite the C-terminal extension (lanes 8 and 18, asterisks). This 

is in good accordance with results from the previous chapter, which showed that VgrG1aP with 

a C-terminal extension is secreted. Here, the extension is of smaller size, hence less impact 

on chimera secretion would be expected.  

As a control and in the absence of all three VgrG1a, VgrG1b and VgrG1c, no Hcp1 and 

Tse3 are detected in the supernatant (lane 7) suggesting the H1-T6SS is non-functional. In 

contrast to construct A (lane 8), and although the constructs B and C were detected in the 

whole cell lysate samples, no effective secretion could be detected (lanes 9 and 10). Further, 

no Hcp1 and Tse3 were found in the supernatant (third and bottom panel), suggesting that 

chimerae B and C are unable to form functional H1-T6SSs. Neither chimerae B or C were 
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Due to the observed secretion of construct A, one might suggest that this construct can 

bind the PAAR domain of Tse6. To prove this concept and further demonstrate the 

functionality of this chimera we wanted to assess whether it can deliver the Tse6 effector into 

prey cells. To do so, competition assays were performed against PAKΔretS prey cells that lack 

genes for tse6 and the cognate immunity tsi6 (Figure 4-2A). Briefly, prey and attacking strains 

were incubated together for 5 h as a dried spot on a LB agar plate and afterwards the spots 

were recovered and diluted. All dilutions were spotted onto LB agar containing X-Gal. Due to 

the presence of a constitutive active β-galactosidase within the prey strain, surviving attacker 

and prey strains could be distinguished and quantified [247]. If the attacking strain delivers 

Tse6 into the prey cells, recovery of the prey is reduced due to the detrimental effect of 

Tse6 [175, 202]. 

Plots in Figure 4-12 show the cfu of recovered prey cells after grown in contact with 

attacker strains that expressed either of the chimerae in absence (Figure 4-12A) or presence 

(Figure 4-12B) of the homologues VgrG1b and VgrG1c. Again, we wanted to rule out that the 

presence of the other two spike proteins would have an impact on Tse6 delivery. High survival 

of the prey strains was ensured when they were growing on their own (lanes 1 and 7) or in 

contact with the attacking strains lacking vgrG1a (lanes 3 and 9). In the latter case, no Tse6 

was delivered and thus survival of the prey was not compromised, which agrees with previous 

studies [175]. Independent of the presence of VgrG1b and VgrG1c, after contact with the 

parental strain, the number of recovered prey cells was significantly reduced due to delivery 

of Tse6 (lanes 2 and 8). Attacking strains expressing constructs A (lanes 4 and 10) or C 

(lanes 6 and 12) had competitive advantages similar to what was observed with the parental 

strain. When attacking strains expressed construct B (lanes 5 and 11), recovered prey cfu was 

high. This suggests that the two chimerae A and C could deliver Tse6 into prey cells, while 

this phenotype was abrogated in strains that expressed chimera B. 





182 
 

experimental conditions were alike. This problem has not been addressed before and no 

explanation is apparent other than a growth defect of the vgrG1b-, vgrG1c-deficient mutants. 

However, since both experiments show the same result, we decided not to pursue this issue.  

4.4.5. Summary: Full length VgrG1a is required to form a functional T6SS spike 

In conclusion, this study supported previous research by Shneider et.al and 

demonstrated that the last β-sheet of the VgrG needle structure is essential for interactions 

with the cognate PAAR protein [141]. The here demonstrated results led us to propose a 

model about the interface of Tse6 and VgrG1a and how manipulating this region modifies the 

decoration of the tip (Figure 4-13). 

In the parental strain (Figure 4-13A), it is believed that the N-terminal PAAR domain of 

Tse6 (orange) binds the blunt VgrG1a end (blue) via recognition of the three β-strands derived 

from each monomer [141]. Thus, the C-terminal effector domain of Tse6 is recruited towards 

the T6SS spike and can be propelled out of the cell [202]. The effector chaperone EagT6 

(magenta) binds to the transmembrane helices of Tse6 thus stabilising the effector, which will 

be focussed on in 4.6.2. Similarly, chimera A contains full-length VgrG1a and thus its last β-

sheet (Figure 4-9), which is most likely involved in PAAR binding. Hence, due to the same 

PAAR interface as the parental strain (Figure 4-13A), chimera A ought to have the same 

phenotype as WT VgrG1aP. Indeed, we have evidence that chimera A recognises the cognate 

Tse6 and delivers it into target prey cells, which also led to secretion of chimera A.  

As for chimera B, that contains a substituted PAAR interface from A. tumefaciens 

(Figure 4-13B), we expected PAAR binding to be affected. We confirmed this hypothesis with 

competition assays, in which delivery of the cognate Tse6 into prey cells could not be 
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the T6SS. In this section, we want to address how delivery of Rhs effectors using the T6SS 

could be mediated. We selected Rhs effectors, that were experimentally proven to be 

connected with the T6SS or even with a specific VgrG, from various species [136, 148, 175, 

199, 209]. Bioinformatic tools, like a multiple sequence alignment, confirmed the presence of 

the three PAAR motifs within the N-termini of these Rhs proteins (Figure 4-16A, highlighted 

by red lines). We could further identify the three same clusters of hydrophobic amino acids, 

highlighted with blue lines, as in Figure 4-6 that most likely mediate the interactions with the 

cognate VgrG protein. Firstly, this highlights the structural similarity between the N-terminal 

PAAR domains of evolved PAAR effectors and PAAR-containing Rhs effectors. Secondly, this 

finding implies a delivery mechanism very similar to the one of evolved PAAR effectors.  

To confirm the PAAR fold as a general structural feature of Rhs effectors, the amino 

acid sequences prior to the diverging Rhs motif RVVXXXXXXXG [210], highlighted by a green 

line in Figure 4-16A, were modelled using the Phyre web tool [235]. For all tested Rhs proteins, 

structural simlarities with PAAR folds were identified within the N-termini. Chosen models of 

these PAAR domains of tested Rhs effectors were superimposed and can be seen in Figure 

4-16B. We further could corroborate our hypothesis from 4.4.1, in which we stated that amino 

acids at the bottom interface of PAAR domains mediate specific interactions with the cognate 

VgrG. In the PAAR domains of RhsP1Paer, Rhs1Smar and Rhs2Smar, we identified the putative 

VgrG-binding amino acid residues and listed them in Table 4-2. Furthermore, we observed 

that the modelled PAAR domain of RhsP1 (yellow model in Figure 4-16B) was smaller in 

comparison to other models. This is in good agreement with the sequence alignment in Figure 

4-16A, which shows that RhsP1 shares the conserved PAAR motifs (highlighted with red lines) 

and the putatively VgrG-binding residues (highlighted with blue lines) with other PAAR 

domains, while the connecting regions are shortened. This raises the question whether the N-

terminal PAAR domain of RhsP1 could have the same function as other PAAR domains which 

is piercing the membrane. 
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A: Multiple sequence alignment of T6SS-dependent Rhs effectors. All effectors contain three 

PAAR- motifs in their N-termini (red lines), while three stretches of hydrophobic amino acids, highlighted 

with blue lines, correspond to those that are probably interacting with the VgrG trimer (see Figure 4-6). 

The conserved Rhs-motif RVXXXXXXG, that initiates the Rhs-core domain [210], is highlighted with a 

green line. B: Alignment of structural models as calculated by the Phyre web tool [235]. Analysed were 

the N-termini of RhsP1Paer (yellow), Tke2Pput (red), RhsADdan (green) and Rhs1Smar (cyan). All models 

show clear PAAR folds [141]. 

We have proposed a model of how the ubiquitous Rhs effectors might be connected to 

the T6SS tip and now the question is how are the large Rhs effectors delivered using the 

T6SS. The structure of the Rhs core domain of the ABC effector from Yersinia entomophaga 

was previously solved and showed that the Rhs core folds into a massive shell-like structure 

with hollow space in the middle (Figure 4-17A) [212]. When Rhs core domains from T6SS 

associated Rhs effectors were analysed with the Phyre web tool, they were all modelled on 

the template of the Rhs core domain of the ABC effector from Y. entomophaga with high 

confidence (data not shown). Examining these structural models, we also identified hollow 

space within the shell. Since it is assumed that the Rhs core is associated with the VgrG trimer, 

we then asked whether this hollow space could fit a VgrG trimer. Using the VgrG1c-RhsP1 

pair from P. aeruginosa (Figure 4-2), we managed to build a model of a VgrG1c trimer (Figure 

4-17B, green) and fitted the model of the PAAR domain of RhsP1 on top (purple). Further, the 

model of the Rhs core domain of RhsP1 (orange) could be accommodated around the VgrG1c 

trimer. This observation led us to the hypothesis, that Rhs effectors connect to the VgrG end 

via their N-terminal PAAR domains, while the large Rhs core wraps around the VgrG spike. 

This might lead to puncturing of the target cell membranes via the N-terminal PAAR proteins 

as discussed before. With delivery of the VgrG spike, the Rhs could be delivered as well. 

However, what remains elusive is, how the C-terminal toxin domain is accommodated around 

such tip. In the structural study by Busby et.al, it was suggested that the C-terminal domain is 

chaperoned within the hollow space of the Rhs core domain. Since in our model this hollow 

space would be occupied with the VgrG trimer, the C-terminal toxin domain would need to be 
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4.6.2. Some evolved PAAR effectors contain N-terminal transmembrane 

domains and are delivered dependent on Eag proteins 

The modularity of T6SS-mediated effector delivery can further be highlighted with the 

recent identification of effector chaperones [200, 217, 218]. In this section, we will focus on 

effector chaperones of the DUF1795 family, while chapter 6 will further develop on the function 

of effector chaperones derived from the DUF4123 family.  

Proteins of the DUF1795 family, termed Eag for effector-associated gene, are small 

hydrophobic proteins usually encoded next to paar effector genes [200]. They were shown to 

play a crucial role in effector delivery with their absence resulting in abrogated delivery of the 

cognate PAAR effector [200]. A previous study by the Coulthurst lab in S. marcescens 

discovered that EagR1 and EagR2 bind the N-terminal regions of their cognate effectors Rhs1 

and Rhs2, respectively; with this interaction being the prerequisite for effector delivery [148]. 

Interestingly, both Rhs1 and Rhs2 were predicted to contain N-terminal transmembrane 

helices [148] and so does the EagT6-dependent effector Tse6 [202]. Hence, we wanted to 

understand whether transmembrane helices are a common feature of Eag-dependent 

effectors which is why we analysed experimentally proven Eag-dependent effectors as well 

as effectors encoded next to eag genes from various organisms with bioinformatical tools.  

In a multiple sequence alignment of Eag-dependent PAAR effectors, which is shown in 

Figure 4-18A, the three previously described PAAR motifs can be readily identified (highlighted 

with red lines). In this sequence alignment we further highlighted amino acid residues 

according to their chemical properties, with blue representing hydrophobic amino acids, red 

electrically charged and green polar residues. Using this colour scheme, a large hydrophobic 

insertion (highlighted with a blue line) can be identified between the first and the second PAAR 

motif which is only present in effectors encoded next to eag genes (compare with Figure 4-6). 

We further asked, whether this hydrophobic stretch could form transmembrane domains as 
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predicted for Rhs1Smar, Rhs2Smar and Tse6Paer. A web tool for the prediction of transmembrane 

helices (http://www.cbs.dtu.dk/services/TMHMM/) convincingly identified transmembrane 

helices for all tested Eag effectors, as shown in Figure 4-18B. The two Eag-unrelated effectors 

Tse5Paer and Tse7Paer served as negative controls for this analysis and no transmembrane 

domains were identified in these two.  

The identification of transmembrane domains within certain PAAR effectors might thus 

need a strict co-occurrence with Eag proteins. This finding is in good agreement with what has 

been described for Tse6Paer, Rhs1Smar and Rhs2Smar [148, 202], while it was also shown that 

Eag proteins bind the N-terminal regions of their cognate effectors [148]. Because we predict 

that all Eag-dependent PAAR effectors contain N-terminal transmembrane helices, we 

hypothesise that the hydrophobic Eag proteins would specifically bind and chaperone these 

regions. This will probably prevent these hydrophobic regions from aggregation within the cell 

which in turn will stabilise the effector protein. One might also envision a role for Eag proteins 

which guides the effector and its transmembrane domains towards the membrane thus 

facilitating its insertion. This would give Eag proteins a similar role as periplasmic chaperones 

of the T2SS which are thought to guide their cognate effectors towards the membrane and 

thus the secretion vestibule [41]. 
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(Figure 4-1A) [253]. This needle-like structure is formed of intertwined β-sheets that stack on 

top of each other [253]. Secondary structure prediction tools predict β-sheets throughout the 

whole gp5-like domain until the C-termini of both VgrG1b and VgrG1c with low resemblance 

to a DUF2345 domain for VgrG1b [140]. This might mean that the VgrG1b and VgrG1c spikes 

are longer than a VgrG1a spike. This would be in good accordance to other structural studies 

that showed that phage spike proteins can have different lengths while still being 

functional [253]. Thus, heterologous interactions between VgrG1a and either VgrG1b or 

VgrG1c might lead to trimers with overhanging and thus loose or split ends. Such complex is 

unlikely to be recognised by one PAAR protein as most likely binding of three β-sheets 

originating from three VgrG monomers is required [141]. Hence, it can be proposed that 

heterotrimers between VgrG1a, VgrG1b and VgrG1c are formed within the cells, but these 

complexes might have other physiological functions, if any at all, than being T6 secretion 

components.  

4.8.2. Formation of a functional T6SS tip requires a complete VgrG-PAAR 

assembly 

This chapter provides deeper molecular insights into the requirements for a functional 

T6SS. Previous studies in S. marcescens and A. baylyi demonstrated that at least one VgrG 

protein and its cognate PAAR need to assemble to form a functional T6SS tip [141, 148]. In 

the case of S. marcescens, three such assemblies can form: (1) VgrG1 and its cognate 

PAAR1; (2.1) VgrG2 and Rhs1 or (2.2) VgrG2 and Rhs2. Each of the two PAAR domains of 

the Rhs effectors can top VgrG2 and thus form a functional spike complex. In P. aeruginosa, 

it was previously demonstrated, that each VgrG associated with the H1-T6SS, VgrG1a, 

VgrG1b or VgrG1c, can associate with their cognate PAAR effector, Tse6, Tse7 and Tse5, 

respectively [175]. Nevertheless, the authors showed and here we confirmed that presence of 

the VgrG1a-Tse6 complex is sufficient to form a functional H1-T6SS (Figure 4-5, lane 7) [140]. 
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We could further approve that VgrG1c but not VgrG1b on its own is able to form a functional 

H1-T6SS (lanes 13 and 15). This suggests that VgrG1c associates with the PAAR domain of 

its cognate effector RhsP1 for delivery and this complex might get delivered in a fashion 

outlined in 4.6.1. We know from another study from our group that VgrG1b interacts with the 

PAAR domain of Tse7 (under review at PNAS), however it remains elusive why this complex 

on its own would not form a functional tip and what the requirements are for Tse7 delivery.  

This feature also highlights another interesting strategy of the P. aeruginosa H1-T6SS. 

Only in the presence of VgrG1a or VgrG1c P. aeruginosa assembles its H1-T6SS machinery 

and fires a VgrG1a-Tse6 or VgrG1c-RhsP1 spike together with Hcp and thus Hcp-dependent 

effectors [140, 204]. This concomitant load of multiple effectors into prey cells is thought to 

have a highly efficient detrimental effect [175]. One can assume that delivering a VgrG1b-

Tse7 spike together with Hcp-dependent effectors might not have such a lethal effect. Thus, 

Tse7 might not be considered a main weapon causing lots of damage, but rather an efficient 

add-on weapon to support killing of the prey in presence of more effective toxins. This would 

also fit the idea that the T6SS fires an effector cocktail in one shot thus causing as much 

damage as possible on their neighbouring competing bacteria [141, 193]. 

4.8.3. VgrG1abc form stable multimers 

Multimerisation of VgrG complexes in P. aeruginosa has also been investigated before. 

A previous study from our group suggested that using the VgrG1abc antibody, multimers of 

VgrG1a and VgrG1c could be detected in both whole cell and supernatant fractions [140]. 

Here, we could confirm those data and propose that a VgrG trimer preferably forms in 

presence of its cognate PAAR protein under physiological conditions. This also suggests that 

the sample preparation and treatment with SDS is not sufficient to dissociate the spike 

components, which agrees with previous studies investigating the tip complex of other VgrG 
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proteins [139]. The top panel in Figure 4-5 displays multimers using the VgrG1abc antibody. 

In the whole cell fraction, detection of this band correlates with presence of both VgrG1a and 

Tse6 (lanes 1, 3, 5 and 7) suggesting that this band corresponds to an intracellular VgrG1a-

Tse6 complex. In the supernatant fractions, however, multimers are detected in correlation 

with Hcp1 and Tse3 presence, thus correlating with a functional T6SS (lanes 10-14, 16 and 

18). This implies that these bands correspond to trimers of either VgrG1a or VgrG1c or hetero-

trimers of those. It is somewhat surprising why VgrG1c trimers are only detected in the 

supernatant fraction and not inside cells.  

One possible explanation for this could be the model stated in Figure 4-17B. Here, we 

proposed that RhsP1 wraps around the VgrG1c trimer to form a functional spike. In a tight 

VgrG1c-RhsP1 complex, the antibody recognising epitope might be completely covered by 

the Rhs domain which would thus inhibit detection of this complex. This would also imply that 

a VgrG1c-RhsP1 complex is resistant to SDS-treatment. Once delivered into the supernatant, 

VgrG1c and RhsP1 might dissociate, due to changes in the environment for example the pH, 

thus allowing the antibody to specifically recognise VgrG1c trimers. To shed light on this issue, 

RhsP1 or only its Rhs domain could be deleted and western blot analysis performed on whole 

cells to analyse whether VgrG1c could then be detected.  

4.8.4. Molecular details of the interactions between PAAR proteins and VgrG 

trimers 

This study broadened our knowledge on the interaction sites between VgrG and PAAR 

proteins. We could precisely pinpoint at amino acid residues mediating these interactions 

within both PAAR and VgrG proteins and validated these by disrupting the specific 

interactions. We constructed three chimerae between VgrG1aP and VgrG1A as described in 

detail in 4.4.3 and shown in Figure 4-19.  
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Here, we want to highlight contradictions between our findings and a recent study by 

Bondage et.al. [149], which was the basis for this current study. Bondage and colleagues 

engineered an A. tumefaciens mutant deficient for both vgrG1 and vgrG2 thus unable to form 

a functional T6SS. By expressing a range of truncation versions of VgrG1A, the authors wanted 

to elucidate the molecular detail of PAAR- and effector binding by competition and secretion 

assays. On the basis of their findings, we dissected the C-terminal domain of VgrG1A and 

constructed the chimerae for this study (4.4.3). Thus, the here designed chimerae and their 

truncations mutants share the same molecular binding platforms for the cognate PAAR 

domain and should thus display the same phenotypes regarding PAAR binding and spike 

assembly. However, we identified some inconsistencies with our results and listed them in 

Figure 4-19. 

The study by Bondage et.al. used a truncation mutant VgrG1A792, that was shortened 

after its last β-sheet, likely still able to bind its cognate PAAR1A [149]. Thus, this construct 

would correspond to our chimera C, in which we substituted the C-terminal residues of 

VgrG1aP after its last β-sheet (Figure 4-19). The authors showed that their truncation mutant 

did not bind the cognate PAAR1A protein in a Co-IP, while its expression resulted in Hcp 

secretion, suggesting the formation of a functional T6SS tip. In contrast, our chimera C was 

indeed able to bind the cognate PAAR, as we could monitor Tse6-mediated killing (Figure 

4-12). This is somewhat surprising, as both constructs contain the last β-sheet of the VgrG 

thus ought to be able to bind the cognate PAAR. Furthermore, here (see Figure 4-11A) and in 

other studies [141, 148] it was shown that the formation of a functional T6SS tip with 

subsequent Hcp secretion requires the formation of a complete VgrG-PAAR complex. Hence, 

it remains questionable how the truncation mutant VgrG1A792 could assemble a functional 

T6SS tip without binding its cognate PAAR1A protein.  

Bondage et.al used another truncation mutant, VgrG1A785, that solely encompassed the 

gp5-/gp27-like domains of VgrG1A [149]. Due to the lack of the last putative β-sheet in this 
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VgrG1A construct, it could be hypothesised that the cognate PAAR1A would not bind and they 

confirmed this with Co-IP. However, this truncated protein somehow formed a functional T6SS 

tip again resulting in Hcp1 secretion. In contrast, the corresponding chimera from our study, 

chimera B, was unable to deliver the cognate effector Tse6 (see Figure 4-12). This was 

expected as this chimera lacked the cognate β-sheet for PAAR binding (Figure 4-13B). We 

also could not detect any secreted Hcp when cells expressed this chimera (see Figure 4-11), 

suggesting that it was unable to form a functional T6SS tip. However, the fact that the 

VgrG1A785 construct would lead to Hcp secretion without binding its cognate PAAR contradicts 

our results as well as previous studies.  

From these comparisons, it remains questionable how a VgrG mutant deficient for 

PAAR binding can form a functional T6SS spike. The fact that the authors expressed their 

truncation versions from plasmids might lead to altered T6SS activity or regulation, however it 

is unlikely that such basic mechanism as protein interaction could be affected by this condition. 

Another reasonable explanation could be the fact that VgrG1A has an extended spike in 

comparison to other VgrG proteins [149]. This extension could have a facilitating role in 

puncturing the cell membrane to allow delivery of the VgrG-effector complex in absence of the 

cognate PAAR protein. However, this theory requires more profound molecular investigation. 
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For both lipase effectors, anti-bacterial activities based on membrane targeting were 

also observed. Both PldA and PldB were shown to be delivered into susceptible prey strains 

leading to prey killing [186, 188]. When prey strains expressed Tli5a, the corresponding 

immunity to PldA (Figure 5-1A), they acquired immunity to PldA-mediated killing [186]. 

Interestingly, expression of either one of the three immunities downstream of pldB, Tli5b1, 

Tli5b2 or Tli5b3, confers resistance to PldB-mediated killing [188]. PldB and its series of 

immunity genes on the chromosome of P. aeruginosa is just one of many examples of T6SS 

effectors that are encoded together with more than one immunity protein. The physiological 

role of stockpiling immunity proteins is however far from understood. Notably, PldA and PldB 

are the founding members of trans-kingdom effectors due to their dual role in influencing both 

eukaryotic and prokaryotic targets.  

Not much research has been done into the delivery mechanisms of PldA and PldB. To 

facilitate recognition of genes and gene products, we will use the same colour scheme for 

each gene or gene product throughout this chapter (Figure 5-1A). The gene/gene product 

vgrG4b/VgrG4b will be shown in green and pldA/PldA in bright green; vgrG5/VgrG5 will be 

depicted in blue and pldB/PldB in cyan. The pldA and pldB genes are located downstream of 

two vgrGs genes, vgrG4b and vgrG5, respectively, and no adaptor proteins are encoded 

nearby and neither PldA nor PldB contain any adaptor motifs (Figure 5-1A). Hence, it was 

hypothesised that PldA and PldB may directly connect to the VgrG tip, which will be the basis 

of this chapter.  
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the basis of these contradictions, we aimed at finding conditions under which the vgrG4b- and 

vgrG5-clusters are expressed to a level that allow phenotypic characterisation using the us 

available tools of secretion and interbacterial competition assays. 

In a previous transcriptome study using the regulatory mutant P. aeruginosa 

PAO1∆rsmA, it was observed that vgrG4b was upregulated when grown at 25 °C [257]. In our 

laboratory, Allsopp and collaborators [146] were also investigating, using unbiased 

approaches and transposon mutagenesis, regulatory mutants that are highly up-regulated for 

T6SS functions. Remarkably, it was found that a mutation in rsmA was up-regulating all 3 

T6SSs but also all vgrG orphan clusters, including the vgrG4b cluster. In order to reconcile 

expression and protein production, we thus decided to probe the level of VgrG4b production 

in a mutant lacking rsmA by using a specific antibody against VgrG4b. Strikingly, when cells 

were grown at 25 °C, we clearly observed a band at a size corresponding to VgrG4b which is 

only visible in the strain lacking rsmA, but not in the PAO1 parental strain (Figure 5-2A).  

Although expected, we further investigated whether in this very same background 

production of PldA and PldB could be detected. We thus engineered chromosomal chimera of 

these genes, so that they encode a fusion of PldA or PldB with a C-terminal extension being 

the β-lactamase effector domain (BlaTEM-1). In a study conducted by Jiang and collaborators, 

they used similar protein fusions between PldA or PldB and BlaTEM-1 [188]. In that study, 

effector fusions were produced from a plasmid, while here, we introduced the fusions into the 

chromosome of both PAO1 and the isogenic rsmA mutant. Bacteria were grown in the same 

conditions as described above and proteins in whole cell fractions were analysed using 

western blotting and antibodies directed against β-lactamase.  

Bands corresponding to the expected sizes of PldA-BlaTEM-1 (Figure 5-2B) and PldB-

BlaTEM-1 (Figure 5-2C) were clearly detected and only visible in strains lacking rsmA. Specificity 

of the BlaTEM-1-antibody could also be verified by using strains that did not encode for the β-
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more sensitive read-outs to monitor the delivery of a toxic component into a sensitive prey 

strain [247]. Here, we will briefly describe the basics of both experiments and how to interpret 

the results to avoid redundancy when explaining the rationale of experiments. 

For secretion assays, strains of interest are grown at 25 °C due to induction of the H2-

T6SS under these conditions [146] until the cultures reached an OD600 of approximately 4. 

Cells and supernatant are then separated by three centrifugation steps, the supernatant 

protein precipitated and washed and western blot analysis performed on both fractions. These 

experiments were repeated three times and one representative blot is shown for each 

experiment. On representative figures showing western blots, as exemplified in Figure 5-3, 

different panels are shown with blots probed against various proteins as indicated on the right. 

The top panel shows a blot of the protein of interest (here VgrG4b in green), while the panels 

below show further controls. Production of the protein is shown in the whole cell fractions on 

the left, while its secretion is visualised by the same bands in the supernatant fractions on the 

right. The cell lysis reporter RpoB (second panel) is not supposed to be detected in the 

supernatants (lanes 3 and 4) confirming that secretion of the protein of interest is specific and 

not due to leakage. Another protein, LasB (bottom panel), which relies on the T2SS and not 

the T6SS for secretion, is generally found in the supernatant fractions independent of the 

T6SS background. This confirms equal loading of the supernatant fractions. The T6SS readout 

often uses Hcp secretion and here we use Hcp2 (third panel) as the hallmark of H2-T6SS 

functionality. P. aeruginosa encodes three homologues, hcpA, hcpB and hcpC, that are 

grouped together as hcp2. These genes are found in satellite islands associated with the H2-

T6SS (see also Figure 1-22) [146, 147]. Due to the high homology between HcpA, HcpB and 

HcpC, the Hcp2 antibody, which was raised against HcpA (PA1512), recognises all three 

species [147]. As seen in Figure 5-3, Hcp2 is only detected in the supernatant fractions of H2-

T6SS active strains (lane 3), but not of H2-T6SS-inactive strains (lane 4), confirming T6SS 

functionality. 
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We abstained from performing translocation assays due to the encountered drawbacks 

discussed in 3.5.3. Additionally, the mutants they used to show H2-T6SS association were 

deleted in clpV2 which corresponds to the ATPase gene product of the H2-T6SS. Since 

deletion of clpV does not completely abolish functionality of a T6SS machinery [126, 133], we 

here preferred to use mutants that express a completely inactive T6SS machinery. We thus 

engineered an H2-T6SS-mutant lacking the essential sheath component TssB2 in 

PAO1ΔrsmA and performed a secretion assay which is shown in Figure 5-3. VgrG4b is 

detected in the whole cell fractions (lanes 1 and 2) and in the supernatant fraction of H2-T6SS-

active strains (lane 3), but not of H2-T6SS-inactive strains (lane 4) suggesting that VgrG4b 

delivery requires H2-T6SS function. From this experiment, we concluded that the vgrG4b 

cluster is H2-T6SS-affiliated. 

5.6.2. PldA delivery is H2-T6SS dependent 

Since PldA is encoded within the vgrG4b cluster, it is expected that this effector is 

delivered in a H2-T6SS-dependent manner and in a VgrG4b-dependent manner, which will 

be focussed on later. Hence, we engineered a PAO1ΔrsmA strain that has an inactive H2-

T6SS machinery. For reasons of comparability with experiments conducted by other lab 

members on this subject, we decided to inactivate the essential component TssE2 to result in 

an inactive H2-T6SS machinery for further experiments [146]. To visualise PldA in a secretion 

assay, we introduced on its chromosome the blaTEM-1-tagged version of pldA. Secretion assays 

were performed as described in 5.5 and a representative figure is shown in Figure 5-5A. PldA-

BlaTEM-1 is detected in the whole cell fractions (top panel, lanes 3 and 4) and can only be 

detected in the supernatant fraction if the strain has an active H2-T6SS (lane 7). This band is 

missing in the supernatant fraction of a strain with an inactive H2-T6SS (lane 8).  
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We then assessed whether the H2-T6SS machinery could also mediate delivery of 

PldA into bacterial preys. As for attacking strains, we used either the parental strain or mutants 

thereof that additionally lacked an essential component of the H2-T6SS, tssE2, or of the H3-

T6SS, tssK3 (kindly provided by Thomas Wood). We decided to test for H3-T6SS-dependency 

of PldA, because it was suggested before that PldB was indeed delivered by the H3-

T6SS [188]. To confirm that the H3-T6SS, however, has no impact on PldA delivery, we 

included this small aspect into our experiment.  

When the prey strain was challenged against the parental strain, we observed a clear 

drop in cell number (Figure 5-5B, lane 10) as compared to the initial input (lane 9). Instead, 

after contact with an attacking strain that has a non-functional H2-T6SS, a high number of 

prey is recovered (lane 11), not significantly different from the initial input (lane 9) suggesting 

that PldA delivery was abrogated. Furthermore, when the prey was in contact with an attacking 

strain having a non-functional H3-T6SS, less prey cells were recovered (lane 12), just like with 

the parental strain (lane 10), thus indicating PldA delivery is H3-T6SS-independent and relies 

exclusively on the H2-T6SS.  
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responsible for PldB delivery into bacterial cells and eukaryotic cells [188]. Here, we followed 

the procedure we applied for VgrG4b/PldA and interrogated PldB T6SS-dependent secretion 

and PldB-dependent killing. 

Secretion assays were performed using strains encoding a PldB-BlaTEM-1-fusion 

engineered in a H2-T6SS-active and inactive background (Figure 5-6A). Using an antibody 

against BlaTEM-1, we readily detected a band of approximately 120 kDa, which corresponds to 

the size of PldB-BlaTEM-1 in the whole cell fractions (lanes 1 and 2). In the supernatant fraction 

of a H2-T6SS-active strain (lanes 3), a band at around 80 kDa was detected. As our antibody 

is very specific, this suggests that PldB-BlaTEM-1 might be susceptible to proteolytic degradation 

after or during the secretion process. Interestingly, this band was absent in the supernatant 

fraction of H2-T6SS-inactive cells (lane 4). This suggests that PldB secretion is H2-T6SS-

dependent and not H3-T6SS-dependent as previously proposed [188]. 

We then performed bacterial competition assays to confirm that PldB function has not 

been altered and to reassess both H2- and H3-T6SS-dependent delivery. We thus used H2-

T6SS and H3-T6SS inactive mutants as attacking strains. As for the prey, they were 

engineered to lack pldB and all three immunities, rendering those strains susceptible for PldB 

delivery. Competition assays were conducted under the same conditions as described above 

and a plot can be seen in Figure 5-6B.  

Upon challenge with the parental strain, prey survival is significantly decreased 

(lane 6), indicating that PldB has been successfully delivered. Instead, when the prey strain is 

in contact with an attacking strain that has a non-functional H2-T6SS, the number of prey 

recovered does not vary as compared with the initial input (compare lanes 7 and 5), 

suggesting that PldB delivery did not occur. Finally, after grown in contact with an attacking 

strain expressing a non-functional H3-T6SS, prey killing is very effective and comparable to 

the impact of the parental strain (compare lanes 6 and 8), indicating PldB delivery. This 
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encoded VgrG. To support these results, competition assays were performed against prey 

cells that lacked genes for the effector-immunity pair as appropriate. As for the attacking 

strains, we will compare survival of prey after contact with WT or strains deleted for vgrG4b, 

vgrG5 or both genes.  

5.7.1. VgrG5 is essential for PldB delivery 

First, we wanted to investigate the impact of VgrG5 on PldB delivery (Figure 5-7A). A 

representative figure of a secretion assay, as depicted in Figure 5-7B, shows secretion of 

PldB-Bla-TEM-1 into the supernatant fraction from the parental strain (lane 3). Yet, no band for 

PldB-Bla-TEM-1 was identified in the supernatant fraction of vgrG5-deleted cells (lane 4) 

suggesting that secretion of PldB-BlaTEM-1 is abrogated in the absence of VgrG5. Note, that 

the secretion product of PldB-BlaTEM-1 has a smaller size as compared to the band detected in 

the whole cells, which can also be seen in Figure 5-6, lane 3. Interestingly, a band of weaker 

intensity corresponding to PldB-BlaTEM-1 is detected in the whole cell fraction of vgrG5-deleted 

strains (lane 2) while equal loading was confirmed upon analysis of the RpoB band control.  

We have no antibody detecting VgrG5 as an available tool, but out of interest, we also 

monitored fate of VgrG4b in these experiments using a specific antibody. Remarkably, we 

observed that secretion of VgrG4b was abrogated in the absence of VgrG5 (lane 4), while its 

production was not impacted (lane 2). The absence of secreted VgrG4b is directly linked to 

the absence of VgrG5, while the overall H2-T6SS function does not seem to be impacted as 

confirmed with efficient secretion of Hcp2 (bottom panel). This is in good agreement with other 

studies showing that the H2-T6SS machinery recruits multiple VgrGs, such as VgrG2a, 

VgrG2b, VgrG4b and VgrG6, with one of them being sufficient for H2-T6SS activity even in 

absence of VgrG5 (Thomas Wood, unpublished data) [220]. 





221 
 

5.7.2. VgrG4b is essential for delivery of PldA 

Next, we hypothesised that VgrG4b would mediate delivery of the downstream 

encoded gene product PldA (Figure 5-8A). Secretion assays showed the production (Figure 

5-8B, lane 1) and the secretion (lane 4) of PldA-BlaTEM-1 from the parental strain. Remarkably, 

no cleavage product of PldA-BlaTEM-1 in the supernatant fraction was detected. The PldA-

BlaTEM-1 band is detected in the whole cell fraction of vgrG4b-deleted strains (lane 2), but no 

band for PldA-BlaTEM-1 was identified in the supernatant fraction of vgrG4b-deleted cells 

(lane 5) suggesting that secretion of PldA-BlaTEM-1 is abrogated in the absence of VgrG4b. 

Absence of VgrG4b was also confirmed using an antibody against VgrG4b (second panel) 

and introduction of vgrG4b in trans (lane 3 and 6) restored production and secretion of PldA-

BlaTEM-1 (top panel). Again, we could confirm that the H2-T6SS is indeed functional in the 

absence of vgrG4b, confirming data from other studies that further VgrGs are recruited to form 

a functional H2-T6SS machinery and thus result in Hcp2 secretion (lane 5) [220].  

The plot in Figure 5-8C shows a mean of survival of the prey strain, lacking the 

immunity Tli5a and thus being susceptible for PldA delivery. Once challenged with the parental 

strain (lane 8), low amounts of prey cfu are recovered, suggesting effective PldA delivery. Yet, 

if the attacking strain is deleted for vgrG4b (lane 9), no such impact is detected indicating that 

PldA delivery depends on VgrG4b. 
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Table 5-1. Sequence identities between VgrG proteins from P. aeruginosa PAO1. 

Sequence identities between each two VgrG proteins were determined using the SIM alignment 

webtool (https://web.expasy.org/sim/). The VgrG listed in the middle was tested against VgrG5, for 

which the sequence identity in percent is listed on the left, and against VgrG4b, for which the sequence 

identity in percent is listed on the right. Sequence identities between VgrG4a, VgrG4b, VgrG5 and 

VgrG6 are highest suggesting interactions between these proteins. 

Sequence identity 
with VgrG5 

VgrG 
Sequence identity 

with VgrG4b 

37 %  VgrG1a 37 %  

35 %  VgrG1b 34 % 

35 % VgrG1c 34 % 

37 %  VgrG2a 35 % 

37 % VgrG2b 34 % 

36 % VgrG3 36 % 

67 % VgrG4a 97 % 

70 % VgrG6 73 % 

 

We attempted to restore secretion of VgrG4b in a vgrG5 mutant, but the attempt to 

clone the full-length version of VgrG5 was unsuccessful. Since the trimerisation of VgrG spikes 

solely requires the gp5-/gp27-like domains [253], we reasoned that expressing the gp5-/gp27-

like domains of VgrG5 might be sufficient to form functional heterotrimers with VgrG4b and 

lead to its secretion. Hence, we decided to clone only the DNA region corresponding to the 

gp5-/gp27-like domains of VgrG5 resulting in the truncated version vgrG5628. This construct 

would encompass the last β-strand of the VgrG trimer that is required to bind a cognate PAAR 

protein [141]. We also added a HA-tag to follow the protein by western blot and transformed 

the plasmid containing vgrG5628 into strains that lacked the native vgrG5 locus and performed 

secretion assays (Figure 5-9).  

As seen before, VgrG4b is expressed (top panel, lane 1) and secreted (lane 5) from 

the parental strain. In the absence of vgrG5, VgrG4b production is not affected (lane 3), but 
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5.8.3. Absence of VgrG4b does not impact PldB delivery 

We observed an impact of absence of VgrG5 on PldA delivery. Next, we wanted to 

interrogate whether, vice versa, the absence of VgrG4b would have an influence on PldB 

delivery, since it just recently has been shown that absence of VgrG4b has an impact on the 

remotely encoded effector TseT [220]. Hence, we engineered mutants that express PldB-

BlaTEM-1 in a vgrG4b-deleted background and conducted secretion assays (Figure 5-11A). 

These results were then confirmed with bacterial competition assays (Figure 5-11B).  

Despite the poor quality of the blot with this particular experiment we could confirm that 

PldB-BlaTEM-1 requires VgrG5 for secretion (see arrow for truncated forms in lanes 4 and 5). 

The presence of VgrG4b was not needed (lane 5) and VgrG4b on its own cannot support PldB 

secretion (lane 6). It is also noteworthy that in absence of VgrG5, the level of produced PldB-

BlaTEM-1 is slightly decreased (lane 3), which is not the case in the absence of VgrG4b (lane 2). 

Despite the low quality of the blots, all above conclusions were corroborated by the readout of 

the competition assay. Indeed PldB-dependent killing is clearly observable in the absence of 

VgrG4b (lane 10) but inexistent if VgrG5 is lacking (lanes 9 and 11).  
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link impacts delivery of their cognate effectors. While we showed that delivery of PldB solely 

depends on its upstream encoded VgrG5, we observed that delivery of PldA not only depends 

on its upstream encoded VgrG4b but also on the distantly encoded VgrG5. This is in good 

agreement with a recent study showing that delivery of the effector TseT depends on two 

remotely encoded VgrG proteins, namely VgrG4b and VgrG6 [220].  

In our model in Figure 5-12A, a heterotrimer of VgrG4b (green) and VgrG5 (blue) is 

possibly topped by one cognate PAAR (orange). The configuration of a VgrG4b-VgrG5-PAAR 

complex is a functional spike and secretion of VgrG4b, PldA (bright green) and PldB (cyan) 

have been experimentally verified. So far, there is no data on which of the PAAR proteins from 

P. aeruginosa could be the cognate one for this tip. The list of PAAR proteins in P. aeruginosa 

in Table 4-1 shows that we have not identified all functional VgrG-PAAR pairs and there are 

at least three reasonable candidates. Deletion mutants in any of the paar genes ought to be 

tested for their abilities to deliver PldA and PldB, which would give first hints about the PAAR 

dependencies of VgrG4b and VgrG5.  

In the absence of VgrG4b (Figure 5-12B), we observed secretion of PldB (Figure 5-11), 

and could thus assume delivery of VgrG5, but no longer of PldA (Figure 5-8). We thus have 

to acknowledge that there is a functional T6SS tip, which is likely to be a homotrimer of VgrG5 

together with a potential cognate PAAR, although we only have these indirect results that 

support this hypothesis.  

In the absence of VgrG5 (Figure 5-12C), we made the striking observation that delivery 

of both PldA and PldB was abrogated. It was expected to observe an impact on PldB delivery 

due to the genetic link between vgrG5 and pldB. However, the indirect influence of VgrG5 on 

PldA delivery was more unexpected but easily explained by the fact that in absence of VgrG5, 

VgrG4b as a vehicle was also not delivered. The absence of VgrG4b secretion either suggests 

that a VgrG4b homotrimer is unstable, or that a PAAR protein requires at least one β-strand 
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of VgrG5 to bind the trimer. This question should be addressed once the cognate PAAR 

protein for a VgrG5- and a VgrG4b-VgrG5 trimer has been identified. It might as well be the 

case, that one specific PAAR protein recognises a VgrG4b-VgrG5 heterotrimer, while another 

PAAR protein specifically binds VgrG5 homotrimers. 

When we attempted to complement the vgrG5 mutant by expressing the N-terminal 

region of VgrG5 (Figure 5-12D), we were able to restore secretion of VgrG4b (Figure 5-9). 

This would suggest that in this context, a heterotrimer of VgrG4b and VgrG5628 can be formed 

and the cognate PAAR most likely recognises this complex. Interestingly, although we could 

restore VgrG4b secretion, PldA delivery was not restored. This was unexpected, since VgrG4b 

seemed to be intact and therefore should recruit PldA and mediate its delivery. The only 

component missing in this context was the C-terminal region of VgrG5, which seems to have 

an impact on PldA delivery. One could envisage that another T6SS component, such as an 

adaptor or chaperone, binds the C-terminal region of VgrG5 and connects it with both VgrG4b 

and PldA. There is weak evidence suggesting that the chaperone TecT indeed binds a 

VgrG4b-VgrG6 heterotrimer connecting it to the effector TseT [220]. One might assume that 

these interactions are mediated by the C-termini of the VgrG proteins, thus a similar concept 

might be possible for a VgrG4b-VgrG5-PldA complex. On another note, we have not 

investigated PldB delivery using the vgrG5628 construct, as the impact of C-terminal regions of 

VgrG proteins will be the focus of the next section.  
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to form homo-tetramers [254]. However, it seems highly unlikely that C-terminal extension 

domains of VgrG proteins are involved in the transport of eukaryotic proteins or in purine 

metabolism.  

To shed light on the functionality of these transthyretin-like domains within VgrG 

proteins (TLDsVgrG), we aligned their amino acid sequence and structural models with those 

from S. dublin TLP (TLPSdub). Figure 5-14A shows that all TLDsVgrG display similar structural 

folds as TLPSdub, confirming the Phyre results [235]. Furthermore, a multiple sequence 

alignment showed that the amino acid sequences of TLDsVgrG are more similar within the N-

terminus with TLPSdub and less within the C-terminus (Figure 5-14B). More specifically, four 

conserved motifs were previously identified in TLPs [261]. While the two N-terminal motifs 

(LDXXXG, GXTXXXG) are conserved within TLDsVgrG (red lines), the third motif (GXY) is 

barely recognisable (bright red line), while the C-terminal motif (YRGS) is only present in 

TLPSdub (faint red line). According to structural studies, the last two motifs are involved in the 

formation of homo-tetramers [261]. Hence, the lack of these conserved residues might be in 

agreement with the fact that TLDsVgrG are unlikely to form homo-tetramers. This is in 

agreement with the fact that VgrGs form trimers and thus tetramerisation is highly 

unlikely [253]. 

On another note, TLPs were demonstrated to harbour hydrolase activity mediated by 

two conserved histidine and one tyrosine residue, highlighted with red asterisks in Figure 

5-14B [254]. These residues from the catalytic site of TLPs are not present in TLDsVgrG, 

suggesting that TLDsVgrG do not bind and hydrolyse the same substrate as TLPSdub. This allows 

the assumption that TLDsVgrG are not involved in purine metabolism. Since TTR-like domains 

are found at the C-terminus of VgrG, a putative role would be effector recognition and delivery.  
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620 aa corresponding to the needle-shaped VgrG spike [253], which corresponds to the 

region prior to the red line in Figure 5-15A. Throughout these domains, VgrG4b and VgrG5 

share a sequence identity of 69 % (https://web.expasy.org/sim/) with the amino acid identity 

highlighted by blue boxes. Beyond this point (beyond the red line), VgrG4b and VgrG5 start to 

diverge and the sequence identity drops to 25 % confirming that effector specificity likely relies 

on the C-terminus. From secondary structure predictions (data not shown), we speculated that 

the amino acid sequence highlighted by the purple line in Figure 5-15A corresponds to the 

PAAR-binding motifs of both VgrG4b and VgrG5, while the predicted TTR-like domain is 

highlighted with a green line.  

Based on these findings, it was hypothesised that modification of the C-terminus of 

VgrG4b and VgrG5 would abrogate effector recognition and thus delivery of PldA and PldB, 

respectively. From now on, the term C-terminus of VgrG4b or VgrG5 corresponds to the 

protein region beyond the red line in Figure 5-15A. This region includes the putative PAAR-

binding β-strand (highlighted with a purple line) and the TTR-like domain (highlighted with a 

bright green line). It was decided to swap the C-termini between VgrG4b and VgrG5 and 

monitor delivery of the cognate effectors. Specifically, the gene portion corresponding to the 

C-terminal 187 aa of VgrG4b was substituted with the gene portion corresponding to the C-

terminal 169 aa of VgrG5. This would ultimately lead to the expression of a VgrG4b621-

VgrG5169-chimera. To ensure that production of the downstream encoded PldA is not impacted 

by this substitution, the 30 bp upstream of its START codon were unchanged (Figure 5-15B). 

Similarly, to design a VgrG5623-VgrG4b187-chimera, the gene portion corresponding to the C-

terminal 169 aa of VgrG5 was substituted with the gene portion corresponding to the C-

terminal 187 aa of VgrG4b. PldB production was ensured not to be affected by leaving the 

30 bp upstream of its START codon unchanged (Figure 5-15C).  
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5.9.3. Modifying the C-terminus of VgrG5 abrogates delivery of PldB 

We used strains that expressed the VgrG5623-VgrG4b187-chimera to understand 

whether the C-terminal substitution has an impact on PldB delivery (Figure 5-16A). To avoid 

cross-recognition with native VgrG4b, the construct was introduced into a vgrG4b-deficient 

background. Because our antibody against VgrG4b specifically recognises the C-terminal 190 

residues of VgrG4b we first verified expression of the chimera (Figure 5-16B). Western blot 

analysis on whole cell samples expressing the chimera resulted in the detection of a band 

corresponding to the expected size of VgrG5623-VgrG4b187 in a background lacking native 

VgrG4b (lane 3).  

It was thus hypothesised that the lack of the effector-recognising domain of VgrG5, 

containing the TTR-like domain, would prevent PldB delivery. Competition assays were 

performed against PldB-sensitive prey strains (Figure 5-16C). While the positive control, the 

parental strain lacking vgrG4b, outcompeted the prey strain due to delivery of PldB (lane 5), 

the negative control lacking both vgrG4b and vgrG5 did not have the same competitive 

advantage (lane 6). The tested strain expressing VgrG5623-VgrG4b187 (lane 7) showed a 

similar phenotype as the negative control, suggesting that the lack of the C-terminus of VgrG5 

abrogated PldB delivery. 







241 
 

5.9.5. Effectors are stabilised by the C-terminal domains of their cognate VgrGs 

In Figure 5-7 and Figure 5-8, as well as further obtained western blots not shown here 

we observed decreases of effector stability in the absence of the cognate VgrG protein. The 

finding, that an effector seemed to be less stable due to absence of its cognate VgrG, was 

rather puzzling. However, it was shown for another T6SS effector, Tde1 from A. tumefaciens, 

that it is more stable in presence of its cognate chaperone Tap1 [153].  

This led us to introduce various chimerae into our PldA-BlaTEM-1- or PldB-BlaTEM-1-

expressing strains. In a mutant expressing PldB-BlaTEM-1 we substituted the C-terminus of 

VgrG4b with the C-terminus of VgrG5 as described in 5.9.2 in a vgrG5 deficient background 

(Figure 5-18A). We wanted to analyse whether the presence of the C-terminus of VgrG5 has 

a stabilising effect on PldB independent on the VgrG vehicle it is fused to. We also constructed 

a chimera between VgrG1a and substituted its C-terminus with the one from VgrG4b in a 

similar fashion as for the chimera between VgrG5 and VgrG4b (see 5.9.2). We introduced this 

construct into PldA-BlaTEM-1 producing strains to verify that the C-terminus of VgrG4b has a 

stabilising effect on PldA (Figure 5-18B). To ultimately point out that the C-terminus of VgrG4b 

stabilises PldA stability and to rule out any cross-specificity, we introduced both chimerae 

versions of VgrG4b and VgrG5 into PldA-BlaTEM-1 producing strains (Figure 5-18C).  

For all experiments, cells were grown together with the parental strain and the strain 

lacking the cognate vgrG as controls. Whole cell lysates were blotted for the effectors with the 

BlaTEM-1-antibody. In all cases, effector stabilities were highest in the parental strains (each top 

panel, lanes 2, 5 and 8). When the cognate VgrGs are absent, the corresponding bands for 

the effectors decrease in intensity (lanes 3, 6 and 9). Remarkably, whenever the C-terminus 

of the cognate VgrG was then present, but fused to another VgrG vehicle, the band 

corresponding to the effector intensified, suggesting stability of the effector proteins (lanes 4, 7 

and 11). Equal loadings were confirmed with blots against RpoB (bottom panels), while 
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These figures support our hypothesis that the C-terminal regions of VgrG proteins 

specifically bind and stabilise the cognate effectors. On the basis of these results, we then 

wanted to test whether these specific interactions would be sufficient to mediate delivery of 

the cognate effector.  

5.9.6. VgrG4b cannot deliver PldB  

Figure 5-18A allows the assumption that the VgrG5 C-terminus as part of VgrG4b 

somehow interacts and stabilises PldB (top panel). However, we have shown in 5.7.1, that 

secretion of VgrG4b is abrogated in absence of VgrG5. One might assume that secretion of 

the VgrG4b621-VgrG5169-chimera in absence of VgrG5 is also compromised. Hence, we 

attempted to obtain proficient secretion of the VgrG4b621-VgrG5169-chimera by co-expressing 

VgrG5628. This construct successfully facilitated secretion of VgrG4b in Figure 5-9, and we 

suspect it might have the same effect on VgrG4b621-VgrG5169. Since VgrG5628 lacks the C-

terminal cognate domain to interact with PldB, it would solely facilitate secretion of VgrG4b621-

VgrG5169, likely by forming a heterotrimer with the chimera, which in turn would mediate 

delivery of PldB that interacts with the C-terminus of the chimera (Figure 5-19A).   

To follow PldB secretion, we performed secretion assays with strains that expressed 

the PldB-BlaTEM-1-fusion and the VgrG4b621-VgrG5169 and carried the plasmid for VgrG5628 

(Figure 5-19B). Similarly to previous results, we detected PldB-BlaTEM-1 in the whole cell 

fractions and a cleaved version in the supernatant fraction of the parental strain (top panel, 

lane 5). In none of the other supernatant fractions could we observe PldB-BlaTEM-1 suggesting 

that our attempt to secrete the effector was unsuccessful. VgrG4b was secreted from the 

parental strain (second panel), but not in the absence of vgrG5 (lane 6), while the chimera 

was not detected due to the lack of the C-terminal VgG4b domain (lanes 3 and 7).  





245 
 

When strains expressed VgrG5628 we could detect its production due to the presence 

of an HA-tag (third panel, lane 4), however secretion of this construct was massively 

compromised in comparison to previous results obtained in presence of WT VgrG4b (Figure 

5-9). Detection of Hcp2 in the supernatant (bottom panel) suggested that presence of the 

VgrG4b621-VgrG5169 chimera and/or VgrG5628 still resulted in a functional H2-T6SS machinery.  

Competition assays against PldB-sensitive strains support these data (Figure 5-19C). 

Strains expressing VgrG4b621-VgrG5169 in absence (lane 12) or presence of VgrG5628 (lane 13) 

showed a similar phenotype as the negative control (lane 11) suggesting that PldB delivery 

was abrogated.  

5.9.7. Connecting PldA with VgrG5 via the C-terminus of VgrG4b 

We confirmed in Figure 5-18B and C that the presence of the C-terminus of VgrG4b 

has a stabilising effect on PldA independent of the VgrG vehicle it is fused to. Hence, we asked 

whether this interaction would be sufficient to connect PldA to another VgrG tip and we tested 

VgrG1a and VgrG5. When we manipulated VgrG1a to carry the C-terminal domain of VgrG4b, 

we could see production of the chimera as shown in Figure 5-18B. However, due to the 

different inducing conditions of the H1-T6SS and the H2-T6SS in P. aeruginosa (37 °C and 

25 °C, respectively [140, 146]), we did not observe secretion of both the H1-T6SS-dependent 

VgrG1a606-VgrG4b187-chimera and the H2-T6SS-dependent effector PldA-BlaTEM-1 under the 

same conditions (data not shown). Due to this drawback, we focussed on connecting PldA 

with VgrG5, since these two components exhibit the same expression and secretion condition 

profile [146]. 

We tested strains expressing VgrG5623-VgrG4b187 in secretion assays and monitored 

PldA-BlaTEM-1 secretion (Figure 5-20B). As previously shown, when cells lacked vgrG4b, PldA-
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BlaTEM-1 stability was massively compromised (top panel, lane 3) and its secretion abrogated 

(lane 7). When strains expressed the VgrG5623-VgrG4b187-chimera (lane 4), a band 

corresponding to its expected size was detected using the antibody against the C-terminus of 

VgrG4b (second panel). The same band was observed in the supernatant fraction (lane 8) 

confirming that the VgrG5623-VgrG4b187-chimera was secreted. A band corresponding to PldA-

BlaTEM-1 was detected in the supernatant fractions of the same strain (top panel, lane 8) 

suggesting its secretion.  

Competition assays against PldA-sensitive strains confirmed these results (Figure 

5-20C). Strains expressing VgrG5623-VgrG4b187 (lane 12) showed a significant competitive 

advantage towards the prey strain similarly to the positive control (lane 10) suggesting that 

PldA was delivered using the chimera. 
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We further wanted to corroborate these results and ensure that secretion of both the 

chimera and the effector are still mediated by the original T6SS machinery. Note, that since 

the VgrG5623-VgrG4b187-chimera carries the C-terminus of VgrG4b, its secretion can be 

monitored. Hence, strains were engineered that in addition to carrying pldA-BlaTEM-1 and 

vgrG5623-vgrG4b187 also have deletions in tssE2 or tssK3, leading to inactivation of H2- or H3-

T6SS, respectively. Secretion assays were performed and a representative figure can be seen 

in Figure 5-21.  

When cells expressed a non-functional H2-T6SS (lane 8), secretion of Hcp2 (bottom 

panel), PldA-BlaTEM-1 (top panel) and VgrG4b (second panel) was abrogated. This was not the 

case in the parental strain (lane 7) or when cells had a non-functional H3-T6SS (lane 9), even 

though no control for H3-T6SS secretion is included here. Strains producing the VgrG5623-

VgrG4b187-chimera showed bands for PldA-BlaTEM-1 and the chimera both in the whole cells 

(lane 4) and in the supernatant fractions together with cleavage products (lane 10). These 

bands were less intense in the whole cell fractions of cells expressing a non-functional H2-

T6SS (lane 5) and absent in the corresponding supernatant fractions (lane 11). Both bands 

could then be detected in the supernatant fractions of H3-T6SS inactive cells (lane 12), 

suggesting that secretion of VgrG5 is indeed H2-T6SS-dependent and PldA secretion using 

the VgrG5623-VgrG4b187-chimera remains H2-T6SS-dependent. A section of a Coomassie gel 

from the supernatant fractions ensured equal loading of supernatant fractions (bottom panel). 
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5.9.8. Summary: The C-termini of VgrG proteins are essential for effector 

delivery 

In this chapter we have attempted multiple combinations that combined the structure 

of the VgrG shuttle, VgrG4b or VgrG5, with the fate of the respective cognate effectors PldA 

and PldB, including stability and secretion. The integration of all collected data resulted in the 

establishment of a summary model, which is shown in Figure 5-22. In the parental strain, PldA 

(bright green) interacts with the C-terminal TTR-like domain of VgrG4b (green arc) and PldB 

(cyan) interacts with the C-terminal TTR-like domain of VgrG5 (blue arc). VgrG4b and VgrG5 

form functional heterotrimers that deliver their cognate effectors (Figure 5-22A). This model is 

in good agreement with a recent study from Flaugnatti and colleagues that showed that Tle1 

from E. coli requires the interactions with the C-terminal domain of its cognate VgrG for its 

delivery [216].  

We constructed strains that lack the native VgrG4b and produce VgrG5 with a 

substituted C-terminus of VgrG4b containing its TTR-like domain instead of its own (Figure 

5-22B). We showed that this construct can no longer interact with PldB, abrogating its delivery 

(see 5.9.3). We, however, could successfully demonstrate that this chimera has a stabilising 

effect on PldA (Figure 5-18C), which is a sign for tight interactions between PldA and the C-

terminus of VgrG4b. When challenged against PldA-sensitive strains, we monitored killing 

(Figure 5-20C), suggesting that PldA is indeed delivered. This is thus a very elegant 

demonstration of specificity switch through swapping of the VgrG C-termini. 

Next, when VgrG4b carries the C-terminus of VgrG5 containing its TTR-like domain 

instead of its own (Figure 5-22C), we could not detect production of this construct. This 

chimera likely does not interact with PldA anymore, since no PldA delivery was observed 

(5.9.4). We further asked whether this chimera could be employed to deliver PldB, and in a 

vgrG5 deficient background we observed interactions between PldB and the VgrG4b621-
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VgrG5169-chimera (Figure 5-18A). However, no secretion of the effector could be monitored 

which is most likely due to the secretion defect of VgrG4b that we have observed in several 

instances in manipulated genetic backgrounds. To overcome this issue, and since the analysis 

was performed in a vgrG5 mutant background, we attempted to co-express the VgrG5628 

(Figure 5-22C), which did not rescue secretion of the tip complex or PldB (Figure 5-19). This 

was verified by the lack of VgrG5628 and PldB-BlaTEM-1 in the supernatant fraction. This 

secretion defect was explained with the complexity associated with VgrG4b as the backbone 

of the shuttle. 

We have proposed that one cognate PAAR protein specifically recognises the blunt 

VgrG end of a heterotrimer consisting of VgrG4b and VgrG5 (Figure 5-22A). Expressing both 

the VgrG4b621-VgrG5169-chimera and the truncation mutant VgrG5628 supposedly alters the 

recognition interface for the PAAR protein (Figure 5-22C). We propose that the cognate PAAR 

protein cannot bind such hetero-trimer as no efficient secretion of VgrG5628 was detected in 

the supernatant (Figure 5-19). Thus, we concluded that a hetero-trimer of VgrG4b621-VgrG5169 

and VgrG5628 is unlikely to assemble and form a functional T6SS tip.  
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green) interface. This finding that a VgrG protein on its own is not being bound by a cognate 

PAAR protein is a novel concept. Furthermore, VgrG5 on its own can form homotrimers 

(Figure 5-23C), as suggested by the fact that PldB is delivered in the absence of VgrG4b. 

Hence, a PAAR protein exists that specifically recognises a blunt VgrG5 (blue-blue) end. This 

could be the same PAAR as in Figure 5-23A, recognising a VgrG4b-VgrG5 trimer, or a specific 

PAAR protein for VgrG5 homotrimers.  

When swapping the C-termini between VgrG4b and VgrG5, we also modified the 

interface for PAAR recognition. A VgrG4b621-VgrG5169-chimera (Figure 5-23D) supposedly has 

the same blue-blue interface as a VgrG5 homotrimer (Figure 5-23C), which one would expect 

to be recognised by the same PAAR protein. However, we have no evidence that this chimera 

forms a functional trimer, suggesting that the cognate PAAR protein is unable to bind this 

chimera. In the reverse situation, the engineered VgrG5623-VgrG4b187-chimera exhibits a 

green-green VgrG4b-origin interface for the PAAR protein (Figure 5-23E). A green-green 

interface was shown before not to be recognised by a cognate PAAR (Figure 5-23B), however, 

we could observe secretion of the VgrG5623-VgrG4b187-chimera suggesting PAAR binding.  

One possible explanation for this discrepancy is that the prediction of the PAAR binding 

β-strand within VgrG4b and VgrG5, as shown in Figure 5-15A with a purple line, was wrong. 

If by swapping the C-termini between VgrG4b and VgrG5, we indeed did not swap the PAAR 

binding β-strands, the binding interface for the PAAR protein would not be changed in the 

chimerae after all. This would then lead to an interface originally from VgrG4b (green-green) 

in the VgrG4b621-VgrG5169-chimera (Figure 5-23D) not being recognised by a cognate PAAR 

and an interface originally from VgrG5 (blue-blue) in the VgrG5623-VgrG4b187-chimera 

recognisable for the cognate PAAR (Figure 5-23E). This actually agrees with the findings in 

this study suggesting that the PAAR-binding β-strands of VgrG4b and VgrG5 were indeed 

miss-predicted. However, to completely resolve this issue and to identify the correct PAAR-
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5.11.2. P. aeruginosa fires its bullets with different efficiencies 

Throughout this study we observed contradictions in the killing efficiency mediated by 

PldB and PldA, which we want to investigate here further. Delivery of PldB into prey strains 

susceptible for PldB in all cases led to efficient killing based on the recovered prey cfu. As can 

be seen in Figure 5-6B as an example, the parental strain as attacker leads to a massive drop 

of recovered prey due to PldB delivery. For this competition experiment, the competitive index 

was calculated by comparing the output ratio attacker/prey to the input ratio attacker/prey. A 

high competitive index reflects a competitive advantage of the attacker, while competitive 

parity correlates with a competitive index of 1. The competitive index of the parental strain in 

competition with the PldB-susceptible strain from the experiment in Figure 5-6B is 11, while 

the parental strain in competition with a PldA-susceptible strain from the corresponding 

experiment in Figure 5-5B has a competitive index of 3. This highlights that PldB-mediated 

delivery and thus killing is a lot more efficient than PldA-mediated delivery. This contradiction 

in delivery efficiency has not been addressed in previous studies that investigated the delivery 

of these effectors [188].  

Here, we attempted to understand this discrepancy. Due to findings from this study, we 

reason that VgrG5 on its own can form homotrimers and recruit and deliver PldB as depicted 

in Figure 5-12B. VgrG4b and thus PldA can only be delivered together with VgrG5 as depicted 

in Figure 5-12A. Hence, a VgrG4b-VgrG5 heterotrimer always delivers at least one PldA and 

one PldB molecule into prey cells with the third one being either of them. A VgrG5 homotrimer 

is proposed to recruit and deliver three PldB molecules at once. Thus, there is always a higher 

statistical chance that PldB is recruited to a T6SS spike, leading to a higher rate of delivered 

PldB molecules into prey cells. This might ultimately lead to more efficient PldB-mediated 

killing and the observed higher competitive advantage.  
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Another explanation to understand this contradiction could be a hierarchy concept of 

delivered T6SS effectors which was also observed by other members of our lab (unpublished 

data) and was suggested in a recent study [220]. In this concept, which will be the basis of a 

publication, we reason that P. aeruginosa defines its effector repertoire by a hierarchy of 

PAAR proteins that are recruited towards the H2-T6SS machinery.  

Our data suggest that a hierarchy in the recruitment of PAAR proteins exists that 

determines the preferred loading of a VgrG and thus firing of the cognate effector. If the 

preferred PAAR is missing from the cell, the next PAAR in line and its cognate VgrG and 

effector are recruited and fired [220]. This was supported by the finding that if a VgrG2b-

PA1508 spike is not fired, PldA- and PldB- mediated killing are a lot more efficient (Thomas 

Wood, unpublished data) [220]. Considering the findings from this study, one may consider a 

yet unknown but preferably recruited PAAR protein that specifically recruits homotrimers of 

VgrG5 and the cognate PldB. A heterotrimer of VgrG4b and VgrG5 might be recognised by a 

different PAAR protein that is less efficiently recruited towards the H2-T6SS machinery. To 

unravel this mechanism in more detail, it should be the highest aim to identify the cognate 

PAAR protein for the VgrG5 homotrimer. Competition assays conducted in a background 

deleted for the paar gene might then unlock the less preferably recruited PAAR protein specific 

for the VgrG4b-VgrG5 heterotrimer. This would result in a more efficient delivery of PldA 

mirrored in a higher competitive index towards PldA-susceptible preys. 
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V5-tag to detect VgrG14 and RhsP2 production (top panels) and against Hcp2 (bottom panels) 

to visualise expression of the H2-T6SS machinery. Hcp2 levels are drastically elevated in cells 

lacking the repressor RsmA (lanes 4 and 10), independent of the temperature, but not in the 

parental strain (lanes 1 and 7), which agrees with a previous study by our laboratory [146]. 

Furthermore, independent of the temperature, we could detect clear bands corresponding to 

VgrG14-V5 in strains deficient for rsmA (lanes 5 and 11), while these were absent or barely 

detectable in the parental strains (lanes 2 and 8). A band corresponding to the right size of 

RhsP2-V5 became only apparent when rsmA deficient cells were grown at 37 °C (lane 12). 

Interestingly, when we ran whole cell lysates grown at 25 °C on higher percentage gels to 

visualise smaller proteins, we could detect a smaller band in samples derived from RhsP2-V5 

expressing strains (Figure 6-3C, top panel, lane 15). This band has a size of approximately 

22 kDa, which corresponds to the size of the V5-tagged toxic domain of RhsP2 after auto-

cleavage. Auto-cleavage was suggested to be a general feature of Rhs effectors [212], 

however, it has not been shown before under physiological conditions.  

We then performed secretion assays at both 25 °C and 37 °C, while here only a 

representative figure derived from 25 °C grown samples is shown (Figure 6-3C). At neither of 

these temperatures, secretion of VgrG14 was detected (lane 17), and neither was full-length 

RhsP2 (not shown) nor the C-terminal RhsP2 domain (lane 18). Functionality of the H2-T6SS 

was confirmed with detection of Hcp2 in the supernatant fractions (bottom panel, lanes 16 

- 18), thus, a non-functional H2-T6SS would not be the reason for the lack of secreted VgrG14 

and RhsP2. Nevertheless, it needs to be stated at this point, that the Hcp2-antibody 

recognises the four species HcpA, HcpB, HcpC and Hcp2 present in PA14 [147], thus, any of 

the other three proteins might be detected in the supernatant and we have no means of 

distinguishing whether Hcp2 from the hcp-2 operon was indeed secreted.  
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inducing conditions, that is growth at 37 °C until cells reached an OD600 of approximately 

5 [140].  

As can be seen in Figure 6-5, top panel, lane 2, Tde1 (red) is expressed in PAKΔretS. 

In the supernatant fraction of a T6SS-active strain (lane 9), no band corresponding to Tde1 is 

detected, while a faint band for Tde1 is detected in the supernatant fraction of a H1-T6SS-

inactive strain (lane 10). However, this correlates with elevated detection of RpoB (third panel) 

suggesting cell lysis. Since no efficient secretion of Tde1 was observed, we attempted to 

connect Tde1 with the H1-T6SS in P. aeruginosa by co-expressing the cognate vgrG1A [149]. 

We additionally electroporated plasmid pRL662 containing the gene sequence for vgrG1A into 

the above strains and repeated the secretion assays. What becomes immediately apparent is 

the fact that co-expression of VgrG1A increases the intensity of the band corresponding to 

Tde1 (lane 6), which indicates specific interactions with and stabilisation of Tde1. While 

VgrG1A was produced in detectable amounts in P. aeruginosa (second panel, lane 6), its 

secretion could not be observed (lane 13). However, secreted VgrG1A in the supernatant 

fractions of A. tumefaciens is generally also barely detectable (Erh-Min Lai, personal 

communication), as is confirmed in Figure 6-9. Furthermore, even when cells co-express 

VgrG1A and it likely interacts with Tde1, no secretion of Tde1 becomes apparent from H1-

T6SS-active strains (lane 13). In the supernatant fractions of H1-T6SS-inactive strains 

(lane 14), a weak band for Tde1 is detectable, but this again correlates with elevated levels of 

RpoB (third panel) implying cell lysis. These results indicate that P. aeruginosa is not able to 

incorporate VgrG1A into its T6SS and thus to recruit Tde1. This finding was not unexpected, 

as secretion of heterologous effectors is usually not a general feature of bacterial protein 

secretion systems [27, 40, 262]. However, one needs to consider that here we only tested 

growth conditions under which the H1-T6SS of P. aeruginosa PAKΔretS is mainly active [140], 

while there might be a slight possibility that the H2-T6SS or H3-T6SS could mediate secretion 

of Tde1. We did not test these conditions, as we now wanted to understand how we could 

connect Tde1 to the H1-T6SS of P. aeruginosa to attain its delivery. 
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First, we assessed whether Tde1 could bind to the C-terminus of VgrG1A, when the 

latter is fused to a different VgrG vehicle as is the case in these three chimeric constructs. We 

used a bacterial-two-hybrid (BTH) assay, in which all gene products carry the T18- or T25-

domains (T18/25) at their C-termini (Figure 6-7A). Thus, a Tde1-T18/25-fusion protein would 

bind the VgrG-T18/25-fusion near its C-terminus and then brings the two adenylate cyclase 

domains close together for them to interact and to form a functional enzyme. 

To circumvent toxicity of Tde1 on the producing strains, the gene sequence for the 

catalytic mutant of Tde1 (Tde1(M)) was cloned prior to the gene sequence corresponding to 

the T18/25-domains (Figure 6-7A). When we tested the interactions between Tde1(M) and 

any of the VgrG-constructs, no blue colonies appeared indicating that these two proteins did 

not interact (Figure 6-7B, right panel). Since it was proposed that Tde1 only binds VgrG1A in 

presence of Tap1, we then included upstream of tde1(M) the gene sequence for tap1 (Figure 

6-7A) and tested for interactions (Figure 6-7B, left panel).  

Our results show that Tde1 does not bind VgrG1aP (WT). Instead, when Tap1 is present 

and any of the VgrG1aP-G1A-chimerae, dark blue spots could be readily observed suggesting 

strong interactions between Tde1 and more likely with the Tap1-Tde1 complex. The fact that 

construct C efficiently associates with Tap1-Tde1 suggests that as little as the 21 C-terminal 

amino acids of VgrG1A are sufficient to mediate this interaction. Intriguingly, Tap1-Tde1 binds 

only very weakly to VgrG1A, which might be due to the lack of the cognate PAAR1A [149]. 

However, we did not quantify these results to gain statistical significance of these experiments. 
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Whereas no difference in intensity between the VgrG1aP bands in absence (lanes 1) 

or presence (lane 2) of Tde1 was observed, the VgrG1aP-G1A chimerae show variability when 

comparing their stability in presence and absence of Tap1-Tde1. Indeed, a drastic decrease 

of their abundance is observed in absence of Tde1 (lanes 3, 5 and 7) while co-expression of 

Tap1-Tde1-Tdi1-PAAR1 (lanes 4, 6 and 8) led to a significant increase in intensity of the 

corresponding band. This change in intensity suggests a lack of stability of the chimeric VgrG 

in absence of the Tap1-Tde1 complex. This would suggest that the VgrG1a-chimerae are 

more stable upon interactions with Tap1-Tde1, which confirms the results obtained from the 

BTH (Figure 1-10).  

6.4.3. Connecting an effector to the T6SS tip is not sufficient for its secretion 

From the last section, we concluded that Tde1 might be connected to the VgrG1a tip 

in P. aeruginosa. Further, we could validate previous findings by our collaborators that the C-

terminal amino acids of VgrG1A are sufficient to recruit the Tap-Tde1 complex [149]. Next, we 

wanted to investigate whether interactions between Tde1 and the VgrG1a tip would be enough 

to allow proficient secretion in P. aeruginosa of this heterologous effector. Hence, standard 

secretion assays were performed of strains that either lacked vgrG1b and vgrG1c (Figure 

6-9A) or not (Figure 6-9B) and expressed any of the chimerae between VgrG1aP and VgrG1A 

in presence of pTrc200 tap1-tde1(HADA)-tdi1-paar1. By testing two sets of strains in presence 

or absence of VgrG1b and VgrG1c, we wanted to confirm that the presence of the other two 

spike proteins will not have an impact on Tde1 secretion.  

Figure 6-9 shows a representative figure of all Tde1 secretion assays conducted. This 

western blot revealed with an antibody against P. aeruginosa VgrG1a (second panels), that 

VgrG1aP and all VgrG1aP-chimerae are produced in significant amount (lanes 1, 3-5, 13-17). 

Using an antibody specifically against the C-terminal 31 aa of VgrG1A (third panels), constructs 
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A, B as well as VgrG1A were detected in whole cell fractions (lanes 3, 4 ,6, 15, 16 and 18), 

while VgrG1aP was not, as expected (lanes 1 and 13). Construct C (lanes 5 and 17) was not 

detected with this antibody, probably because it only contains the last 21 aa of VgrG1A. Upon 

analysis of the supernatant fractions of vgrG1b- and vgrG1c- deficient strains (Figure 6-9A), 

only VgrG1aP (lane 7) and interestingly construct A (lane 9) could be detected. Hcp1 was also 

monitored as a readout of T6SS functionality (bottom panel) and is only seen in the 

supernatant when VgrG1aP or the construct A is secreted but not with the other chimera which 

are not secreted. This suggests that only construct A is, similarly to WT VgrG1aP, able to form 

a functional T6SS tip. This is in good correlation with results from 0, in which only construct A 

was secreted even in absence of Tap1-Tde1. Thus, even though construct A now binds to 

Tap-Tde1, its ability to form a functional T6SS is not affected.  

We observed faint bands for Tde1 in the supernatant fractions of all tested strains, 

which we believe is unlikely being specific T6SS-dependent secretion. In particular, there is 

no particular increase in the intensity of the Tde1 band in presence of the secreted chimera A 

(lanes 9 and 21) as compared to other not secreted chimera (lanes 10, 11, 22 and 23). As a 

control for Tde1 secretion, A. tumefaciens was grown under T6SS-inducing conditions [144] 

displaying intense bands for Tde1 in the supernatant (lanes 12 and 24).  
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PAKΔretS strains producing any of the VgrG1a-chimerae. Prey cell survival as well as attacker 

strain survival were highly variable and did not allow conclusive results (data not shown). 

When we further expressed the immunity Tdi1 in the prey strains, we could not recover any 

phenotype (data not shown), which did not allow us to draw any conclusions as to whether 

Tde1 delivery was successful or not.  

The drawback of inconclusive competition assays might be explained with the toxicity 

of Tde1 [153]. We have noticed before that when P. aeruginosa cells grew in presence of 

pTrc200 containing tap1-tde1-tdi1-paar1, its growth was significantly affected (data not 

shown). This is likely due to the toxicity of Tde1 [153], even though its immunity was co-

expressed. For all secretion assays conducted in this study, we grew P. aeruginosa cells in 

presence of the catalytic mutant of Tde1 (Tde1(M)), which resulted in growth phenotypes 

similar to the empty-vector controls. Now, to demonstrate Tde1 delivery, we wanted to make 

use of its toxic effect which required us to express WT Tde1. However, due to uncontrolled 

firing of the T6SS, P. aeruginosa not only delivers toxic Tde1 into prey cells, but also into its 

own sibling cells that might also be susceptible to Tde1 delivery. Hence, both attacking and 

prey strains survived in highly variable amounts which ultimately led to inconclusive data and 

prevented us from further experiments using this set up. 

6.4.4. Does the tip get too bulky? 

From the above section, we could anticipate that Tde1 delivery from P. aeruginosa was 

not successful as we have negative secretion assays and inconclusive competition assays. 

However, we could indeed demonstrate that Tde1 interacts with the VgrG1a spike in 

P. aeruginosa which is a major achievement. We further wanted to explore the reasons for 

this controversy. First, and as summarised in Figure 6-10, we noticed an impact on secretion 

efficiency of construct A in presence of Tap1-Tde1. We quantified these data by measuring 
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the intensities of the corresponding bands from the supernatant fractions from three 

independent experiments using ImageJ and plotted them in Figure 6-10C. One key 

observation was that secretion of chimera A in absence of Tap1-Tde1 is as efficient as 

secretion of VgrG1aP and this is reproducible (Figure 6-10A, compare lanes 4 and 6). Around 

60 % of VgrG1aP and construct A are secreted into the supernatant in the absence of Tap1-

Tde1 (Figure 6-10C, lanes 13 and 15). However, when both VgrG1aP and construct A are 

expressed in presence of the Tap1-Tde1 complex, secretion of construct A is hampered in 

comparison to VgrG1aP (Figure 6-10B, compare lanes 10 and 12). This correlates with a drop 

of secreted construct A to 20 % (Figure 6-10C, lane 16), while secretion of VgrG1aP remains 

unaffected by presence of Tap1-Tde1 (lane 14). This is a remarkable finding which suggests 

that Tap1-Tde1 does interfere with construct A secretion but not with VgrG1aP. This could then 

be correlated with the fact that Tap1-Tde1 interacts with construct A but not with VgrG1aP.  

If secretion of construct A is somehow impacted by the presence of Tap1-Tde1, one 

might assume that Tse6 delivery into prey cells is as well. As previously indicated, a bacterial 

competition assay is likely a more sensitive readout than analysing western blots for secreted 

effectors. The idea here is that in absence of the Tap1-Tde1 complex, VgrG1aP and 

construct A are able to drive killing of Tse6-sensitive cells as shown in 4.4.4. Instead, in 

presence of Tap1-Tde1 such killing would be hampered due to the failure to bind and thus 

deliver Tse6 which might be trapped in the attacking cell.  
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comprising of 260 aa, should expand beyond the tip, possibly bending along the side of the 

torch-like structure of the VgrG [202]. It was also shown in recent structural studies that EagT6 

(magenta), which is about 16 kDa, and the Elongation factor 2 (Ef2, cyan), approximately 

50 kDa, also tightly interact with the tip complex resulting in additional 80 kDa that sterically 

occupy space around the tip [202].  

In the case of the chimera A, all of these components would still be interacting on the 

tip, since none of these interaction surfaces were modified (Figure 6-12B). Now, because of 

the addition of 31 aa derived from the C-terminus of VgrG1A (green), one can assume that 

Tap1-Tde1 (purple-red) would bind to this region and would add another three complexes of 

55 kDa surrounding the VgrG tip. All in all, we suggest that the steric hindrance due to a wealth 

of binding partners around the VgrG tip could be a limitation factor.  

In light of these observations, one could envision that decreasing the steric hindrance 

at the tip of the construct A would be to prevent binding of Tse6 and its associated factors. 

Yet, for VgrG being able to act as a puncturing device, a PAAR protein is needed to bind onto 

the blunt end as discussed in 4.4. One genetic background which would allow to achieve this, 

would be to have a tse6 gene truncated for the region encoding the toxic domain but intact for 

the PAAR domain, and this would give more sterical space around the VgrG1a tip to 

accommodate Tap1-Tde1 (Figure 6-12C). Due to time restrictions of this PhD project, these 

mutants could not be constructed, but are prospect of future work in the lab. 
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genetic exchange of effector modules. It was shown that the 3’ end of tap-1 downstream of 

the recombination site generally co-segregates with the effector-encoding gene, which gave 

rise for the hypothesis that the C-terminal Tap domain binds the N-terminus of an effector. 

Accordingly, the N-terminal Tap domain, usually comprising the DUF4123, is proposed to 

specifically interact with the C-terminus of the cognate VgrG or PAAR protein [217]. This would 

bring VgrG or PAAR and effector into close proximity, which might lead to the formation of a 

deliverable VgrG/PAAR-effector-complex. The noticeable hydrophobic nature of Tap proteins 

might be an important asset in this complex formation process. Further, it remains elusive how 

this complex remains stable after the Tap dissociates and how Taps have evolved to 

specifically recognise both effector and VgrG/PAAR [217]. Here, we attempt to identify specific 

sequences within effector and VgrG proteins that would be crucial for Tap recognition as well 

as complex formation and stability.  

With regards to the chimeric nature of Taps, we here want to briefly discuss one aspect 

of recent research. In a study by Burkinshaw and colleagues [220], the delivery mechanism of 

TseT from P. aeruginosa was investigated and the authors claimed that delivery of TseT 

depends on the proteins PAAR4, TecT and Co-TecT, of which all genes are encoded together 

with tseT (Figure 6-13). They showed that Co-TecT has a chaperoning role towards TecT and 

is required for functionality of TecT [220]. When analysing the amino acid sequences of TecT 

and Co-TecT, we noticed that TecT contains the conserved motifs of DUF4123 domains 

(Figure 6-1), while Co-TecT exhibits similar hydrophobic patterns as the C-terminal domains 

of Taps. Hence, we aligned Co-TecT as an extension of TecT, as seen in Figure 6-1, and 

based on the similarity, we claim that TecT and Co-TecT assemble to form one functional Tap 

that recruits TseT towards its cognate PAAR4.  
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Multiple sequence alignment of the N-terminus of effectors whose delivery depend on Tap 

proteins. At the beginning of the N-terminus, all effectors contain a 6-9 aa long sequence containing a 

conserved cysteine (orange line), which from now on will be called cysteine sequence. After that three 

less conserved MIX-like motifs can be identified (blue lines). 

Examination of the N-termini of Tap-dependent effector proteins with protein-domain 

prediction and structural homology building tools did not point towards any common domains 

or structural folds (data not shown). However, a multiple sequence alignment of the N-termini 

of Tap-dependent effectors revealed a conserved aspartate or glutamate residue followed by 

up to 7 predominantly hydrophobic amino acids and a conserved cysteine (highlighted in 

orange in Figure 6-14). We termed this sequence “effector cysteine sequence” due to the 

prevalence of a highly conserved cysteine residue in those effectors as summarised in Table 

6-1. 

Subsequently, the location of the cysteine sequence on the tertiary protein structure 

was analysed. The structure for one Tap-dependent effector, Tle1Paer, is known and shown in 

Figure 6-15 [190]. The cysteine sequence of Tle1Paer contains two cysteine residues (see 

Table 6-1), highlighted in orange in Figure 6-15, that are located at the end of an unstructured 

and likely flexible loop. The rest of the flexible loop comprises the additional amino acid 

residues of the cysteine motif [190]. Thus, the presence of conserved sequences on the 

surface of Tap-dependent effectors hints towards an effector recognition site for a cognate 

interaction partner, which we will go into detail below. 
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Figure 6-15. Tap-dependent effectors contain easily accessible cysteines. 

Close-up on the structure of Tle1 (PDB code: 4O5P) [190]. Two cysteine residues of the N-

terminal cysteine sequence are highlighted in orange and are located just prior an unstructured loop 

that comprises the additional amino acids of the cysteine sequence. The central and the C-terminal 

MIX-like motifs are highlighted in blue. 

6.5.2. Tap-dependent effectors contain hydrophobic MIX-like motifs  

In the sequence alignment in Figure 6-14, we further identified three conserved clusters 

of variable lengths that are highlighted with blue lines. When further analysing these clusters, 

we realised that they not only comprise of mainly hydrophobic amino acids, but they also show 

a remarkable resemblance with the recently described MIX-motifs found in a subset of T6SS 

effectors [214].  

The MIX motif was described in a work by Salomon et.al. as a conserved motif within 

a range of T6SS effectors of various organisms [214]. No genetic dependency or domain 

organisation of these MIX-containing effectors could be identified by the authors; thus, their 

prevalence is highly flexible and independent on any effector-associated genes. The MIX motif 
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was described as three sequences, with one being the conserved central motif hRXGhhYhh, 

with h representing hydrophobic residues, as well as the N-terminal shhPhR and the C-

terminal hhF/YSXXXWS/T motif, with s representing small residues [214]. However, in that 

study, the authors did not demonstrate any functionality of these motifs or showed a specific 

role in effector recognition, function or delivery.  

In the multiple sequence alignment in Figure 6-14, derivates of these three MIX motifs, 

henceforth termed MIX-like, are readily recognisable. The here identified central motif can be 

summarised to the sequence hRXshhYh, which is highly similar to the motif described by 

Salomon and colleagues [214]. The N-terminal motif in our case can be described as a 

sequence of hhPhR and the C-terminal as LhhhYSXXX, with the last two amino acid residues 

WT being present in only a subset of effectors. 

When we mapped these MIX-like motifs onto the structure of Tle1Paer, we observed that 

two of the motifs are located on the surface of the protein (Figure 6-15, highlighted in blue). 

The third one, the N-terminal hhPhR motif, is buried within the core of the protein (not shown) 

which implies an impact on protein folding or stabilisation. However, the fact that the central 

and the C-terminal MIX-like motifs are accessible for interaction partners might support their 

role in effector recognition by another T6SS component. 

6.5.3. VgrGs delivering Tap-dependent effectors contain conserved cysteines  

As some studies suggested already, it is thought that a Tap-effector complex 

specifically binds to the C-terminus of the cognate VgrG protein [149], but no clear details are 

available on how this interaction is facilitated. The identification of a conserved cysteine 

sequence and three conserved MIX-like motifs within the N-termini of Tap-dependent effectors 

led us to speculate that a similar conserved sequence could be identified within the C-termini 
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of VgrG proteins. We here focus our analysis on VgrG proteins that are encoded upstream of 

tap genes and that were shown or predicted to serve as the cognate VgrGs for the above 

analysed effectors (6.5.1, Table 6-1). 

Modelling the C-termini of these VgrG proteins with the Phyre2 web tool or domain 

prediction tools showed that this protein region is predominantly disordered (data not shown). 

This is fitting to its assumed function as it would allow flexibility of the extension arm to interact 

with its target. A multiple sequence alignment of these VgrG proteins is displayed in Figure 

6-16A and a high conservation within their gp5-/gp27-like domains can be observed (identical 

amino acids are highlighted with blue boxes); which correspond to the needle-like part of VgrG 

proteins (see Figure 6-4B). In 4.4, we discussed in detail and showed how the last VgrG β-

strand is crucial for binding of the cognate PAAR protein. These last β-strands of all tested 

VgrG proteins can be identified in the sequence alignment with the help of structural modelling 

(not shown) and published literature [141, 149] and are highlighted with a purple line in Figure 

6-16B. Following the putative last β-strands, all VgrG proteins display extensions of various 

lengths while only VgrG-1Vcho contains an extension domain [181]. In all cases, the putative 

last β-strand is followed by an amino acid stretch rich in prolines and glycines (highlighted with 

a green line) that might give flexibility to the extension arm and positions it away from the VgrG 

spike [141]. Detailed examination of the C-terminal region of these extensions pinpointed a 

conserved sequence starting with a proline that is followed by four to seven primarily 

hydrophobic amino acids and a highly conserved cysteine (highlighted by an orange line, see 

Table 6-1). We then examined the C-terminal regions of various VgrG proteins that are not 

encoded upstream of tap genes and could not identify this sequence (not shown), suggesting 

that this cysteine sequence is a highly unique feature of VgrG proteins delivering Tap-

dependent effectors. 
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within the N-termini of effectors and the C-termini of their cognate VgrG proteins allows for the 

hypothesis that these two proteins could form disulphide bonds as sketched in Figure 6-17.  

Table 6-1. Overview of cysteine motifs within Tap-dependent effectors and their cognate 

VgrGs/PAARs. 

Cysteine sequences were extracted from multiple sequence alignments shown in Figure 6-14 

and Figure 6-16 and the effectors listed with their cognate Taps and VgrG or PAAR according to the 

available literature from [149, 217, 218, 220, 263]. Underlined are the conserved residues within both 

cysteine sequences, proline (P) and cysteine (C) within the C-terminus of the VgrG- or PAAR proteins 

and aspartate (D) or glutamate (E) and cysteine (C) within the N-terminus of the effectors. 

organism adaptor 
cysteine 

sequence 
Tap effector 

cysteine 
sequence 

V. cholerae VgrG-2 PVCEVC Tap2/VasW VasX DAQNPASAC 

A. hydrophila VgrG1 PFCEEC TecC TseC DSKSPAGVC 

V. cholerae VgrG-1 PAVKVC Tap1 TseL DSFNYCVQC 

A. tumefaciens VgrG1 PGESGSC Tap1 Tde1 EQAKPCVDC 

P. aeruginosa VgrG7 PLCEIC Tap7 Tle2PAK ERIHAC 

P. aeruginosa VgrG6PA14 PICAIC Tap6 PA14_69520 DSRSPSGTC 

P. aeruginosa PAAR4 PKLCLQC (co-/)TecT TseT DKCVEC(93) 

P. aeruginosa VgrG4a PVCEEC Tap4a Tle1 DVVGGAPCC 

P. aeruginosa VgrG14 PFCEEC Tap14 RhsP2 EDVASC 

P. mirabilis IdsB PLFAIKKYC IdsC IdsD EDVASC 

P. putida VgrG3 PLERLC Tap3 Tke5 DAPAC 

P. putida VgrG4 PICLSC Tap4 Tke9 ETLELC 

 

We propose that these specific disulphide bonds are required for effector delivery. 

Bond formation could be facilitated in the reducing cytoplasmic environment through 

interactions with the specific and hydrophobic Tap (Figure 6-17C). Protein-protein interactions 

lead to desolvation and increased hydrophobicity, an environment amenable for cysteine 

cross-linking [264]. A covalent bond between the VgrG and the effector might help explain 

how interactions between these two proteins are maintained in the absence of the Tap during 
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the secretion process (Figure 6-17F). After dissociation of the Tap, the VgrG-effector complex 

can be delivered by the T6SS into target prey cells, where it meets the reducing environment 

of the cytosol (Figure 6-17G). This might lead to reduction of the disulphides and thus the 

dissociation of the VgrG-effector complex allowing the effector to find its cellular target and 

exert toxicity.  

This model needs to be supported by solid experimental data, however, due to time 

restrictions of this PhD project, this work could not be performed. The approach was to choose 

one effector, likely Tle1 from P. aeruginosa, that is encoded downstream of vgrG4a and tap4a 

(Figure 6-13 and Table 6-1). It would have been the rationale to first show that Tle1 delivery 

depends on VgrG4a and Tap4a. Further, the idea was to mutate the conserved cysteines 

within both VgrG4a and Tle1 to show their importance for Tle1 delivery, while confirming that 

Tle1 toxicity was not impacted. Further, structural studies into the VgrG4a-Tap4a-Tle1 

complex could support this hypothesis and allow more definite conclusions about the spatial 

arrangement of the Tap4a-Tle1 complex around the VgrG4a tip. 

Interestingly, a study by Unterweger and colleagues showed that delivery of TseL 

depends on its upstream encoded Tap1 as well as VgrG-1 in V. cholerae (Figure 6-13 and 

Table 6-1) [217]. They further adhered to a region of 37 aa after the gp5-/gp27-like domains 

of VgrG-1 and prior to the extension domain (see Figure 6-16). The authors could show that 

absence of this linker region abolished TseL delivery, while lack of solely the C-terminal 

effector domain had no effect [217]. Remarkably, the here identified cysteine sequence can 

be found within those described 37 aa (see Figure 6-16) supporting our idea that this 

sequence is crucial for effector recognition and delivery. 
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C-terminal extension, which is rather unusual for PAAR proteins, in which the cysteine 

sequence can be identified (Table 6-1).  

The authors identified two cysteine residues within the N-terminus of TseT. One of 

these cysteines (cysteine93) corresponds the conserved cysteine identified in the here 

described cysteine sequence (Table 6-1). When the authors mutated cysteine93, they could 

show that TseT-mediated killing of TseT-sensitive prey cells was abolished [220]. They 

reasoned that somehow toxicity of TseT was impacted by the cysteine mutation, while we 

hypothesise that delivery of TseT into prey cells was most likely abolished. However, neither 

of these ideas are proven and thus remain elusive. This delivery mechanism demonstrates 

another remarkable concept for Tap-dependent effector delivery. In this case, the effector 

would not be covalently bound to the cognate VgrG protein, but to a PAAR protein. This would 

allow the additional recruitment of effector proteins by the VgrG protein and thus a highly 

variable decoration of the VgrG-PAAR spike complex.  

Finally, it is important to discuss our attempt to connect Tde1 to VgrG1aP using the C-

terminus of VgrG1A. We designed chimerae that expressed a part of VgrG1aP and the 21 and 

31 C-terminal residues from VgrG1A. The cysteine sequence could also be identified in the C-

terminus of VgrG1A (Table 6-1) and, considering the swapping points of our chimerae (Figure 

6-6), each of the designed chimerae contained the cysteine sequence derived from VgrG1A. 

The presence of this sequence within the VgrG spike protein would be the prerequisite for 

efficient Tde1 recognition. This is in good agreement with the interactions we observed 

between any of our chimerae and Tde1 (Figure 6-7 and Figure 6-8). 
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6.5.5. Discussion: Using the chimeric nature of Taps to investigate Tap-

dependent effector delivery 

Another way to shed light on the delivery mechanism of Tap-dependent effectors is to 

make use of their chimeric nature [217]. Due to time restrictions of this PhD project, this 

strategy could not be pursued.  

As it has been suggested by a couple of studies, the N-terminus of a Tap specifically 

recognises the C-terminus of a VgrG protein and the C-terminus of a Tap specifically 

recognises the N-terminus of the cognate effector (Figure 6-18A, black circles representing 

interactions) [217, 218]. On the basis of this concept, we developed three strategies that could 

broaden our knowledge on the delivery of Tap-dependent effectors as outlined in Figure 6-18.  

All strategies aim at delivering the heterologous effectordelivery (yellow) using VgrGhost 

(green) as a vehicle (Figure 6-18A). One option is similar to the one adopted in this current 

study in which we substituted the C-terminus of VgrGhost with the C-terminus of VgrGdelivery 

(red). The substitution point would need to be determined carefully so that the PAAR-binding 

β-strand is not modified thus the cognate PAARhost would remain the same. An advanced 

strategy could further be to solely substitute the cysteine sequence of VgrGhost with the one 

from VgrGdelivery. This strategy likely leads to specific recognition of the Tapdelivery-effectordelivery-

complex by the C-terminus/cysteine sequence of VgrGdelivery resulting in delivery of 

effectordelivery (Figure 6-18B). However, in our case, this strategy proved unsuccessful probably 

due to the chosen VgrG vehicle. Thus, we propose to attempt the delivery of a Tap-dependent 

effector using a VgrG protein that does not bind and deliver any other large effectors as in our 

case VgrG1a delivering Tse6.  

Another possibility could include the design of a Tapchimera which consists of an N-

terminal Taphost-domain (blue) and a C-terminal Tapdelivery-domain (orange). While VgrGhost 
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would recognise and bind the N-terminal Taphost-domain, the C-terminal Tapdelivery-domain 

would specifically bind the cognate effectordelivery (Figure 6-18C). This might very likely lead to 

delivery of effectordelivery.  

A third option could be based on an effectorchimera that contains an N-terminal effectorhost 

part (cyan) and the main effector domain from effectordelivery. Taphost would probably bind the 

N-terminal effectorhost domain and then recruit effectorchimera to VgrGhost which might lead to its 

delivery. Additionally, the cysteine sequence of effectorhost could be substituted by the cysteine 

sequence of effectordelivery likely resulting in delivery of effectorchimera. This approach would 

further emphasise on the importance of the cysteine sequence in effector recognition.  
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In this section, we will discuss a model that proposes that every T6SS effector requires 

a cognate chaperone and a cognate adaptor. While the chaperone module is essential for 

effector stability, the adaptor module is crucial for effector delivery. It is possible that both 

modules are combined within one protein, a concept that we here coin as a “chadaptor”, while 

in other cases, two different proteins or domains exert these two functions. Remarkably, an 

effector is usually encoded close to both its adaptor and chaperone components and in many 

cases also to the T6SS component to which it is connected to, VgrG, PAAR or Hcp (Figure 

7-1, top panel). The here described model integrates findings from this and previous studies 

which are summarised in Figure 7-1. We have classified the known delivery concepts into 

eight modes (A-H), with one effector and its genetic environment for each mode exemplified 

in the top panel in Figure 7-1 and the decoration of the tip sketched throughout this section.  
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All T6SS delivered effectors require an adaptor module to connect to the T6 tip, while additional 

components can take over the chaperoning function. For each T6SS effector modularity concept (A-H) 

at least one example from the literature is given with their genetic environment in the top panel and the 

assumed adaptor and chaperone functions listed in the bottom table. Superscripted abbreviations 

correspond to the organism the effector is encoded in and secreted from (Paer – Pseudomonas 

aeruginosa; Vcho – Vibrio cholerae; Ahyd – Aeromonas hydrophila; Atu – Agrobacterium tumefaciens; 

Smar – Serratia marcescens; Bcen – Burkholderia cenocepacia; Styp – Salmonella enterica spec. 

Typhimurium; Eco – Escherichia coli; Abau – Acinetobacter baumannii; Dda – Dickeya dadantii; Pmir – 

Proteus mirabilis). Effectors in brackets have not been proven experimentally, but there is empirical 

data or genetical links supporting the concept. 

7.1.1. Concept A - Hcp rings can be adaptor and chaperone modules 

It is a well understood concept that some T6SS effectors depend on Hcp as a 

chaperone. In P. aeruginosa, it has been shown that interactions between Tse1, Tse2 or Tse3 

and conserved residues within the Hcp1 lumen protect the effector proteins from degradation 

[204]. In the current study, we fused Tse2 to another vehicle, VgrG1a, and obtained sound 

evidence that Hcp1 still interacts with the VgrG1a-Tse2 chimera. Moreover, abolishing this 

interaction by mutating a conserved residue within the Hcp lumen resulted in degradation of 

the chimera (Figure 3-13). This corroborates the concept of Hcp1 being a chaperone for Tse2.  

In the study by Silverman and collaborators, Hcp1 was also coined as a receptor for 

Tse2 [204]. The here preferred term is adaptor, while the general concept is similar to that of 

a receptor. By binding within the lumen of the Hcp1 tube, Tse2 is able to dock into the T6SS 

machinery which is a prerequisite for its delivery (Figure 7-4A) [204]. In this current study, we 

attempted to replace Hcp1 as an adaptor module for Tse2 by fusing it covalently to VgrG1a. 

This way, VgrG1a functioned as an adaptor to connect Tse2 to the T6SS tip (see 7.1.2). 

However, the chaperone function of Hcp stabilising Tse2 appears to be still needed thus 

interfering with our rerouting concept. With this example, we could highlight the importance of 

Hcp as both a chaperone and an adaptor for its cognate effector.  
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7.1.2. Concept B - VgrG proteins can function as adaptor modules 

The concept of evolved VgrGs is probably the simplest of all delivery mechanisms. 

Evolved VgrGs contain the gp5-/gp27-like domains working as the tip complex and a C-

terminal extension carrying the effector domain that is delivered into target cells upon VgrG 

secretion [207, 239]. In the here proposed concept, a VgrG protein thus functions as an 

adaptor to connect the C-terminal effector domain to the T6SS tip. In chapter 3, we could show 

how different heterologous effector domains, like BlaTEM-1 or VgrG2b-CT, can be connected to 

the VgrG1a or VgrG4b canonical spike. This way, we used the VgrG proteins as adaptor 

modules and succeeded connecting BlaTEM-1 or VgrG2b-CT to the H1-T6SS or H2-T6SS tips 

of P. aeruginosa. 

The chaperone module within the concept of evolved VgrGs, however, requires careful 

consideration. We designed five different fusions, and all of them, except the chimera VgrG1a-

VgrG2b-CT, were unstable to certain extents, hence suggesting that the chaperone modules 

were somehow missing. For the VgrG1a-Tse2 fusion, we could establish that Hcp1 still works 

as a chaperone for Tse2 which we were unable to modify [204]. However, the VgrG1a-BlaTEM-

1, VgrG4b-BlaTEM-1 and VgrG4b-PldA chimerae are unstable fusion proteins probably lacking 

the chaperone modules (see Figure 3-6, Figure 3-8 and Figure 3-18). In case of the VgrG1a-

VgrG2b-CT chimera, not only did we fuse the effector domain, as for BlaTEM-1, but an additional 

74 aa long region N-terminal to the effector domain VgrG2b-CT (see Figure 3-3). Considering 

the presence of this additional “linker domain” in this particular fusion (Figure 7-2A) and the 

positive impact on the stability of the chimeric protein, one might assume that it might 

contribute a type of chaperone module. This idea is further supported by the fact that all 

evolved VgrG proteins from various organisms contain flexible linker regions between the end 

of the gp5-like domain and the start of the effector domain (Figure 7-2B) [217, 238]. 

Examination of this linker region from evolved VgrG proteins shows that this region is rich in 
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serine and glycine residues allowing for flexibility, however no conserved sequence can be 

readily identified (Figure 7-2C). We speculate that this linker region somehow acts as an 

intramolecular chaperone module for the C-terminal effector domain (Figure 7-4B). Within the 

producing cell, the chaperone module could thus stabilise the C-terminal effector domain and 

upon delivery of the evolved VgrG protein into target prey cells, a change in the environment 

or proteolytic cleavage might occur that leads to dissociation of the effector domain from the 

VgrG spike protein. Interestingly, a recent study by the Mekalanos group proposed a hidden 

signal peptide within the linker region of VgrG-3Vcho. After potential cleavage of the C-terminal 

effector domain, the signal peptide could allow recognition by the Tat complex exporting the 

effector domain into the periplasm where its target lies [238]. The question, however, remains 

what would trigger such release of the effector domain in the prey cell environment and 

whether the release of the chaperone linker then somehow activates the effector function.  
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recent study, Flaugnatti et.al showed that Tle1 in E. coli specifically interacts with the C-

terminal TTR-like domain of the upstream encoded VgrG1Eco [216]. They also demonstrated 

that delivery of Tle1Eco solely depends on the TTR-like domain. Our results showed that by 

swapping TTR-like domains between different VgrG proteins, the specificity of a VgrG for its 

effector could be swapped as well (5.9.7). This allows the assumption that the TTR-like domain 

of a VgrG serves as an adaptor module to connect an effector to its cognate VgrG tip.  

Furthermore, our experiments showed that stability of an effector depends on the C-

terminal TTR-like domain of its cognate VgrG. In other words, presence of the TTR-like 

domain, even though as part of a non-cognate VgrG, restored stability of the cognate effector 

(see 5.9.5). These findings support the hypothesis that TTR-like domains function as 

chaperone modules for T6SS effectors and we showed for the first time that effector stability 

can depend on the C-terminal domain of a VgrG protein.  

We here propose that TTR-like domains of VgrG proteins have dual functions and can 

be thus called “chadaptors”. First, by binding the cognate effector, TTR-like domains adapt 

and connect the effector to the VgrG and thus to the T6SS tip (Figure 7-4C). Second, by 

binding the effector, TTR-like domains stabilise effector proteins and thus guarantee delivery.  

Future studies ought to explore which part of the effector protein is recognised by the 

TTR-like domain, as now it is understood that the TTR-like domain interacts specifically with 

its cognate effector [216]. By swapping or deleting small fractions of the effector protein, one 

could pinpoint exactly at potential recognition motifs. 
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7.1.4. A PAAR domain functions as an adaptor 

Evolved PAAR effectors come in different flavours (Figure 7-3, bottom panel). All 

evolved PAAR effectors contain an N-terminal PAAR domain that likely binds onto the blunt 

end of a VgrG spike [141], while the C-terminal domain carries the effector domain and in 

some cases an additional Rhs core domain. Hence, the N-terminal PAAR domain functions 

as the adaptor module to connect the C-terminal effector domain to the T6SS spike. In this 

study, we employed a PAAR protein shuttle in which we showed how the effector domain of 

Tse7, a DNase, can be connected to the VgrG1a spike using the cognate PAAR domain of 

Tse6 as an adaptor (0).  

Concept D – Rhs domains as chaperone modules 

PAAR effectors were characterised that additionally contain a large Rhs core (Figure 

7-3D) [175]. The structure of such Rhs core domain was solved and showed that it forms a 

shell-like shape enclosing the C-terminal effector domain as described in 4.6.1 [212]. Here, 

the Rhs core domain can be considered as the chaperone module for the effector, while the 

N-terminal PAAR domain is the adaptor module for binding the VgrG tip. In this case, adaptor 

module and chaperone module are uncoupled, even though they are part of the same protein.  
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Concept E - Eag proteins as chaperone modules 

The delivery of a wide range of PAAR effectors was shown to be dependent on Eag 

proteins [199, 200, 202, 209]. The Eag proteins EagR1 and EagR2 from S. marcescens were 

shown to specifically bind the N-terminal regions of their cognate effectors Rhs1 and Rhs2, 

respectively [148]. In our in silico studies in 4.6.1, we could further affirm previous assumptions 

that Eag-dependent effectors contain transmembrane helices (Figure 7-3E). We thus propose 

that transmembrane helices are a common feature of Eag-dependent PAAR effectors and that 

by binding to those transmembrane helices, intracellular aggregation might be prevented. 

Hence, Eag proteins can be considered as chaperone modules for PAAR effectors containing 

transmembrane helices. 

Concept F – Rhs and Eag proteins as chaperones 

Concept F adds up to the modularity and describes PAAR effectors that contain both 

Rhs domains and transmembrane helices (Figure 7-3F). In this case, both the Rhs core and 

the Eag protein would serve as chaperone modules while the PAAR domain at the N-terminus 

remains the adaptor module.  

Concept G - DUF2169 proteins as putative adaptor modules 

Another delivery mechanism of PAAR effectors was recently identified. Some PAAR 

effectors, like Tde2 from A. tumefaciens, require the presence of DUF2169 proteins for their 

delivery [149]. However, the molecular function of a DUF2169 protein and its detailed role in 

mediating effector delivery remains elusive. Furthermore, no molecular determinant within 

PAAR effectors could be identified that would emphasise the requirement for DUF2169 
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proteins (data not shown) as it is the case for Eag proteins and their correlation with 

transmembrane helices within their cognate effectors. Hence, it can only be speculated that 

DUF2169 proteins have stabilising and thus chaperoning functions on their cognate effectors.  

7.1.5. Concept H - Tap proteins function both as adaptor and chaperone  

Several reports have outlined the importance of DUF4123 proteins in effector delivery 

mediated by the T6SS. DUF4123 proteins were considered as chaperones for cognate 

effectors and termed Tec for type VI effector chaperone [218]. In another study, the adaptor 

function of DUF4123 proteins was pointed out resulting in naming them Tap for type VI adaptor 

protein [217]. The current study confirmed both concepts, which is why we propose that 

DUF4123 proteins could be coined as “chadaptor” proteins supporting their dual and chimeric 

function. As for nomenclature, we decided to continue calling DUF4123 proteins Taps. 

Taps function as adaptors to connect effectors to the VgrG spike (Figure 7-4H). 

Previous studies showed that the effectors Tde1Atu and TseLVcho would only bind to their 

cognate VgrG1Atu and VgrG-1Vcho, respectively, in presence of their cognate Taps [149, 217]. 

Furthermore, another study showed that the Tap TecTPaer specifically recruits its cognate 

effector TseTPaer to the C-terminus of PAAR4Paer [220]. Here, we confirmed the concepts by 

demonstrating that Tde1Atu binds the C-terminal end of its cognate VgrG1Atu, even when fused 

to another VgrG vehicle, but this occurs only in presence of the cognate Tap1Atu (see Figure 

6-7). These results underline the adaptor function of Taps. 

The chaperone function of Taps can also be confirmed with results from this and other 

studies. Previous research suggested that effectors are more stable in the presence of their 

cognate Taps indicating their chaperone function [153]. The current study did not directly 

investigate the stability of the effector Tde1Atu dependent on the cognate Tap1Atu. However, 
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7.1.6. Adaptors and chaperones are common features of bacterial secretion 

systems 

In this study, we introduced the concept of chaperone and adapter modules for T6SS-

dependent effectors and supported this concept with results obtained in the current and from 

previous studies. Here, we proposed that an adaptor module can be a VgrG, its C-terminal 

TTR-domain, a PAAR domain, a Tap or an Hcp ring to connect an effector to the T6SS tip 

(see Figure 7-1). In contrast, a chaperone module can be a TTR-like domain, an Hcp ring, a 

Tap or an Eag protein to specifically stabilise the effector protein. We showed that each T6SS 

effector requires at least one adaptor and one chaperone module for its secretion and that in 

some cases both modules are combined in one protein and can thus be called “chadaptor”. 

Here, we will attempt to compare our above outlined concept with effector delivery 

mechanisms described in other bacterial protein secretion systems.  

Adaptors are comparable to secretion signals  

The main difference between T6SS-dependent substrates and substrates delivered by 

other protein secretion systems was long stated to be the absence of secretion signals. It was 

shown in substrates delivered by the T1SS, T2SS, T3SS, T4SS and T7SS, that they contain 

specific stretches of amino acids or structural motifs either within their N-termini or C-termini 

[27, 38, 47, 73]. The length and composition of these secretion signals depend on the cognate 

secretion system. It is understood, that these secretion signals are specifically recognised by 

a component of the cognate machinery which then leads to effector docking into the machinery 

with subsequent delivery.  

For T6SS-dependent effectors, the question of a common secretion signal is still 

debatable even though none has been identified so far. Thus, the presence of adaptor 
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modules could be a specific feature of the T6SS as compared to other bacterial secretion 

systems. While secretion signals of effectors share a common motif dependent on the cognate 

secretion system and are less flexible, T6SS-adaptor modules can be of various nature, as 

discussed above. This allows the attachment of multiple effectors to one T6SS spike via 

different routes and gives higher flexibility for effector delivery as compared to other bacterial 

protein secretion system. 

As mentioned in the introduction of this thesis, various attempts to use bacterial protein 

secretion systems to deliver heterologous effectors have been described. The basis of these 

strategies is similar to the one we used here. The secretion signal of a substrate targeted to a 

particular secretion system was covalently fused to a heterologous effector or effector domain. 

The secretion system then specifically recognised the cognate secretion signal present on the 

chimera, and recruited the unusual passenger domain to mediate its delivery [28, 40, 56, 57, 

59, 73, 265]. In the evolved VgrG and PAAR chapters of this thesis, we similarly used an 

adaptor module, VgrG or PAAR, and fused a heterologous effector domain to it. The adaptor 

module was recognised by the cognate secretion machinery, the T6SS, which then mediated 

the delivery of the clandestine passenger. This highlights the universal principle of specific 

effector recognition within bacterial secretion systems. 

Effector chaperones are essential for protein secretion systems 

Previous studies proposed that chaperones are essential components for substrates 

delivered by the T2SS, T3SS, T4SS and T7SS [41-43, 60, 61, 66]. For the T3SS and the 

T4SS, it was described that effectors as YopE from Y. pseudotuberculosis [61] or VirE2 from 

A. tumefaciens [82, 84] require chaperones to make the connection with the cognate 

machinery (see Table 1-1). In both cases, the chaperone binds the effector towards its N-

terminus and keeps it in a partially unfolded conformation before handing the effector over to 
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the secretion machinery. In the case of T7SS, chaperones are hypothesised to bind their 

cognate effectors near the N-terminus, however not much further data have been presented 

to have a clear and molecular idea of this interaction. T2SS-dependent effectors interact with 

their chaperones after translocation into the periplasm, where they are folded properly, thus 

forming the structural secretion signal which allows recruitment towards the secretin 

vestibule [43, 46]. Effector chaperones from the T2SS, T3SS and T4SS and also the T6SS 

have similar functions in facilitating folding and stabilisation of effector proteins, and thus they 

could be claimed as common features of bacterial effector proteins. 

Another aspect worth discussing is the promiscuity of chaperone modules. Some 

chaperones in the T6SS, like Taps or TTRs, are thought to bind and stabilise one specific 

effector [149, 216, 217]. This was shown for the specific interactions between Tap1Atu and 

Tde1Atu [149], as well as the C-terminal TTR domain of VgrG4bPaer and its cognate effector 

protein PldAPaer (5.9.4). However, it was shown for Hcp1 in P. aeruginosa that it chaperones 

at least three different effectors, Tse1, Tse2 and Tse3 [204]. In the T2SS and the T4SS, 

chaperones also solely bind their cognate effectors [32, 82, 83], while T3SS chaperones can 

have multiple partners that they stabilise, as exemplified by the chaperone SpcSPaer stabilising 

both ExoSPaer and ExoTPaer [60, 61, 69]. 

The specificity of T3SS chaperones was investigated in a recent study on the 

chaperone binding domain in Salmonella enterica T3SS effectors. The chaperone InvB 

mediates the delivery of the effector IpgB2, but not IpgB1. When the N-terminal conserved 

chaperone-binding domains between IpgB1 and IpgB2 were swapped, InvB-dependent 

secretion of IpgB1 could be achieved while secretion of IpgB2 was abolished [60]. This 

approach is similar to our strategy to design a protein shuttle based on the specificity between 

effectors, like PldA or Tde1, and components of the T6SS. Again, this highlights the 

methodology bacteria use to specifically bind and recruit their cognate effectors thus avoiding 

inappropriate transport.  
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probably within the membrane complex (Figure 7-6A, C). Recent studies from the Basler and 

the Cascales groups visualised the baseplate structure [267] and the membrane complex 

[115] of the T6SS, respectively, which are shown in Figure 7-6A and C. Both groups managed 

to map VgrG-PAAR spikes into the cryo-EM densities and identified cavities around the spike 

complexes which were unoccupied (green in Figure 7-6A and unoccupied space close to the 

yellow spike fit in Figure 7-6C). They claimed, that these cavities would allow the 

accommodation of effector proteins. However, the baseplate structure originates from 

V. cholerae while the membrane complex is adapted from E. coli and it is not yet entirely clear 

whether molecular differences in the structure of T6SS machineries from different bacterial 

organisms exist or not and how this would impact the overall structure. 

We attempted to connect Tse2 and the heterologous effector Tde1 to the tip in 

P. aeruginosa by accommodating these effectors around the VgrG spike. In experiments 

monitoring VgrG and effector delivery, we observed a severe impact on delivery of these 

components (see 3.6.1 and 6.4.2). In these cases, we have to consider that in P. aeruginosa 

at least three components bind to the VgrG1a tip (Figure 7-6B), these are Tsi6 (purple), EagT6 

(red) and Ef-Tu (blue) [202]. Hence, the additional recruitment of protein components towards 

the tip, would probably result in sterical hindrance around the tip complex and thus blockage 

of the T6SS secretion. Such concept could be used to completely lock the tip into the 

membrane complex and in a pull-down assay identify all binding partners and thus the entire 

machinery.  
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effectors most likely connect to the VgrG spike via their PAAR domains. Yet, our hypothesis 

that the Rhs core domain wraps around the VgrG spike (Figure 7-3D) could be in good 

agreement with the identified cavity around the VgrG spike from the cryo-EM data. However, 

this remains a model and needs further investigations into the structure and assembly of such 

VgrG-Rhs complexes. 

7.3.2. Heterologous secretion is not a common feature of bacterial protein 

secretion systems 

Another aspect of this PhD thesis meant to address how heterologous effector proteins 

could be connected to the T6SS tip of P. aeruginosa. Our strategy was the design of protein 

shuttles based on our knowledge on the molecular mechanisms of effector recruitment 

towards the T6SS tip. In each of our protein shuttles, we changed different levels of effector 

recognition. In this section and as summarised in Table 7-1, we define the level of effector 

recognition as a parameter of one of these four aspects: the delivery route of an effector (cargo 

or fusion), the T6SS component the delivery depends on (a specific VgrG, PAAR or Hcp), the 

T6SS machinery mediating the delivery (H1-T6SS or H2-T6SS) or the bacterial strain 

delivering the effector (P. aeruginosa PAK or PAO1 or A. tumefaciens). We listed these 

parameters for each designed protein shuttle and distinguished between original and modified 

route (see the two columns in Table 7-1). The column “original route” displays those 

parameters under which the effector is originally delivered from the host strain, while the 

column “modified route” lists those parameters that we employed to deliver the effector in our 

protein shuttle in a heterologous environment. In each cell within these two columns, the first 

line corresponds to the parameter bacterial strain, the second line to the associated T6SS 

machinery, the third line to the delivery-dependent T6SS component and the bottom line to 

the delivery route. We further highlighted those parameters in bold that differed between the 

original and the modified route. According to how many of these parameters were changed 
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between the two routes, we classified our protein shuttles. While in a class 1 shuttle, only one 

recognition level was changed (highlighted in bold), in a class 2 shuttle, two levels were 

changed and similarly for levels 3 and 4 (Table 7-1). The different protein shuttles were further 

labelled A-D to better follow which shuttle is currently described, as exemplified in the first 

column with 1A for the PldA-VgrG4b shuttle. The designed protein shuttles according to the 

modified effector recognition levels and the caveats of each shuttle will be discussed below.  

In the simplest attempt to modify effector delivery, we wanted to deliver PldA as a fusion 

to VgrG4b, instead of having it as a cargo effector that requires specific interactions (1A) [146]. 

Thus, solely changing the delivery mechanism of PldA, while all other parameters, as essential 

T6SS component VgrG4b, the associated machinery H2-T6SS and the delivering strain being 

PAO1, remained the same (class 1 shuttle), was successful (see 3.7.1). This suggested that 

modification of this basic level of effector recognition had no negative influence on effector 

delivery. Next, we changed a different level of effector recognition namely the T6SS 

component that the delivery of the effector depended on. We successfully delivered the 

extension domain of the evolved PAAR effector Tse7 via another PAAR domain (1B, see 0) 

and we also managed to deliver the cargo effector PldA via another VgrG (1C, see 5.9.7). The 

attempt to alter the same parameter for PldB (1D) and thus deliver it via a different VgrG, 

however, highlighted another limitation that we had not anticipated (see 5.9.6). This was a co-

dependency on more than one VgrG protein and we could not resolve this issue to achieve a 

successful shuttle. Nevertheless, it can be put forward that overall the parameter delivery-

dependent T6SS component can be easily modified in order to achieve effector delivery. 

In class 2 protein shuttles, we modified two effector recognition parameters to swap 

effector delivery. In an attempt to manipulate the delivery of Tse2 (2A) we modified the delivery 

mode (from cargo to fusion) and the delivering component (from Hcp1 to VgrG1a) [204] with 

only a limited success rate (3.6.4). In another shuttle, we modified effector recognition for PldA 

(2B) by altering the T6SS machinery (from H2-T6SS to H1-T6SS) and the required VgrG, by 
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designing a chimera between VgrG1a and the C-terminal portion of VgrG4b, and in this 

context delivery could not be monitored (5.9.7). This was probably caused by the inability to 

secrete the VgrG1a-VgrG4b chimera. It could be assumed that under the H1-T6SS inducing 

conditions, the VgrG1a-VgrG4b chimera was produced due to its H1-T6SS affiliation. 

However, the cognate PAAR protein might not be expressed under these conditions and is 

thus not present to bind to the chimera and facilitate its secretion. From these results one can 

propose that changing two effector recognition parameters already limits the chance of 

success for efficient effector delivery.  

Moreover, we changed three parameters, thus resulting in class 3 shuttles, while 

keeping just one level of effector recognition, the delivery route. First, we attempted to deliver 

VgrG2b-CT (3A) from a different P. aeruginosa strain (PAO1 to PAK) with a different T6SS 

machinery (H2-T6SS to H1-T6SS) using a different VgrG vehicle (VgrG2b to VgrG1a) [146] 

and succeeded (see 3.4.1). Second, the attempt to deliver PldA changing the same 

parameters (3B) was not successful (data not shown). In this case, however, delivery might 

have been restricted by absence of the cognate PAAR protein, that is likely to be produced 

under different conditions, to mediate delivery of the VgrG1a-VgrG4b chimera similar as 

described for the 2B shuttle. Third, Tde1 (3C) is originally secreted from a different bacterial 

organism (A. tumefaciens instead of P. aeruginosa) [149] and uses a different T6SS 

machinery and VgrG protein. Even though, we managed to dock the effector into the 

P. aeruginosa T6SS using the same delivery mechanism, secretion could not be achieved 

(see 6.4.3).  

Interestingly, delivery of the T6SS-unrelated BlaTEM-1 effector domain (class 4 shuttles) 

in two occasions, to VgrG1a (3.5.1) and VgrG4b (3.5.2), as covalent fusions proved 

successful. This highlights the power of a C-terminal extension domain as a delivery route 

likely due to the covalent link between the two proteins or domains. Taking these results 

together, one can conclude that the delivery route is the most restricting level of effector 
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recognition and connecting an effector to the T6SS with a covalent fusion is the most 

promising strategy. 

Table 7-1. Overview of results from this thesis.  

Listed are the delivered effector and which chapter the shuttle refers to. The original route and 

the modified route are classified according to the discussed specificity levels; 1.: the here used 

P. aeruginosa strain; 2.: the machinery that mediates delivery of the effector; 3.: the essential T6SS 

component delivering the effector and 4.: whether the delivery mode is by non-covalent interactions 

(cargo) or extension (fusion). Highlighted in bold are the levels of specificity that were changed in the 

protein shuttle attempt. The last column highlights whether delivery or secretion of the protein shuttle 

was successful as referred to in the individual chapters. A (yes) implies that the result was shown 

indirectly or not completely convincing.  

shuttle 
delivered 
effector 

chapter original route modified route success? 

1A PldA 3.7 

PAO1          
H2-T6SS 
VgrG4b     
cargo 

PAO1           
H2-T6SS 
VgrG4b    
fusion 

yes 

1B Tse7-CT 0 

PAK           
H1-T6SS 
VgrG1b    

PAAR fusion 

PAK             
H1-T6SS 
VgrG1a     

PAAR fusion 

(yes) 

1C PldA 5.9.7 

PAO1          
H2-T6SS 
VgrG4b     
cargo 

PAO1           
H2-T6SS  
VgrG5       
cargo 

yes 

1D PldB 5.9.6 

PAO1          
H2-T6SS 

VgrG5       
cargo 

PAO1           
H2-T6SS 
VgrG4b      
cargo 

no 

2A Tse2 0 

PAK           
H1-T6SS   

Hcp1         
cargo 

PAK             
H1-T6SS 
VgrG1a    
fusion 

(yes) 

2B PldA 5.9.7 

PAO1          
H2-T6SS 
VgrG4b     
cargo 

PAO1            
H1-T6SS 
VgrG1a     
cargo 

no 
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shuttle 
delivered 
effector 

chapter original route modified route success? 

3A VgrG2b-CT 3.4 

PAO1          
H2-T6SS 
VgrG2b    
fusion 

PAK            
H1-T6SS 
VgrG1a     
fusion 

yes 

3B PldA 
(not 

shown) 

PAO1          
H2-T6SS 
VgrG4b     
cargo 

PAK            
H1-T6SS 
VgrG1a     
cargo 

no 

3C Tde1 0 

A. tumefaciens 
T6SS      

VgrG1A        

cargo 

PAK            
H1-T6SS 
VgrG1a     
cargo 

no 

4A BlaTEM-1 3.5.1 E. coli 

PAK            
H1-T6SS 
VgrG1a    
fusion 

yes 

4B BlaTEM-1 3.5.2 E. coli 

PAO1           
H2-T6SS 
VgrG4b    
fusion 

yes 

7.3.3. Basis of the “á la carte” effector delivery lies within the VgrG C-terminus 

The concept of the “á la carte” effector delivery has first been put forward in a study by 

our group [175] and was a major pillar of this PhD thesis. This concept is about the fact that a 

VgrG protein specifically mediates delivery of a cognate effector. Results from this current 

study generally support the “á la carte” concept, and recommend that the delivered cognate 

effectors are classified into two groups: PAAR effectors and cargo effectors. While the study 

by Hachani et.al showed the “á la carte” delivery of the evolved PAAR effectors Tse5, Tse6 

and Tse7 [175], we here claim that this concept must be expanded to include cargo effectors 

that directly bind the C-terminus of VgrG proteins.  

This current study showed how a VgrG protein is used as a vehicle to connect and 

subsequently deliver a cognate effector. In all cases we were able to show that the C-terminal 
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region of a VgrG protein plays a crucial role in effector binding and supports subsequent 

delivery. These findings are in good agreement with what has been shown in earlier studies. 

In A. tumefaciens, the “chadaptor”-effector complex Tap1-Tde1 specifically binds to the 31 C-

terminal amino acids of its cognate VgrG1Atu [149], while in E. coli, the lipase Tle1 was shown 

to interact with the C-terminal TTR-like domain of its cognate VgrG1Eco [216]. Here, we could 

expand this concept and show for Tde1, that even 21 of the C-terminal amino acids are 

sufficient to mediate the interactions with the cognate VgrG, while we also demonstrate that 

TTR-like domains are crucial components for effector binding, stabilisation and delivery.  

7.3.4. P. aeruginosa T6SS machineries can fire multiple VgrG-effector spikes 

In this study we investigated the decoration of VgrG-PAAR spikes as a means for 

effector delivery based on the “á la carte” concept. We could prove that due to the versatility 

of adaptor modules connecting an effector to the T6SS (see 7.1), different combinations of 

effector attachment are possible. The study expanded on the P. aeruginosa effector 

recognition mechanisms with a special focus on the H2-T6SS, which we will summarise at this 

point and evaluate its implication for P. aeruginosa virulence. 

A study from our group showed that P. aeruginosa uses its H1-T6SS to deliver at least 

three different VgrG-dependent antibacterial effectors into target prey cells, namely Tse5, 

Tse6 and Tse7 [175]. All of these effectors are evolved PAARs that connect to their cognate 

VgrG, VgrG1c, VgrG1a and VgrG1b, respectively, via their N-terminal PAAR domains (Figure 

7-7A, B and C). Within the H3-T6SS cluster, vgrG3 as well as the effector tseF are encoded 

(Figure 7-7F) [166]. A VgrG3 trimer is possibly topped by PAAR PA2375 considering the 

genetic linkage and delivers TseF, however, this has not been experimentally proven yet.  
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As for the H2-T6SS, delivery of VgrG4b, VgrG5, VgrG2a and VgrG2b and their 

associated effectors were experimentally proven either in this study or in another study 

concomitantly conducted by a lab member (Thomas Wood, unpublished data). Additionally, 

VgrG4a, which is encoded on another remote vgrG island, is also likely affiliated with the H2-

T6SS due to a sequence identity of 97 % with VgrG4b (see Table 5-1) [146]. Downstream of 

vgrG4a, another effector, Tle1, is encoded (Figure 7-7G), and due to the genetic link, most 

likely delivered dependent on VgrG4a. VgrG6, encoded on yet another satellite vgrG island, 

is genetically linked to hcpB (Figure 7-7J), which is a convincing sign for its association with 

the H2-T6SS due to its homology to hcpA and hcpC [147]. However, there is no data yet about 

the toxicity of the downstream encoded effector of VgrG6, but in any case, it can be assumed 

that its delivery likely depends on VgrG6. Furthermore, a paar cluster has been connected to 

the H2-T6SS, whose gene product PAAR4 mediates delivery of TseT in a TecT, Co-TecT-, 

VgrG4b- and VgrG6-dependent fashion (Figure 7-7L) [220]. PAAR2, encoded on yet another 

orphan island (Figure 7-7K), was shown to be able to functionally replace PAAR4 [220], hence 

its affiliation with the H2-T6SS is implied as well.  

Combining these data, it can be assumed that P. aeruginosa uses its H2-T6SS 

machinery to deliver a multitude of different spikes decorated with various effectors as listed 

in Table 7-2. VgrG2a and VgrG2b were shown to be mutually independent delivering their 

cargo effectors Tle4 and Tle3 (Figure 7-7D and E), respectively, while PA1508 as the cognate 

PAAR for a VgrG2b trimer was identified (Thomas Wood, unpublished data). We have shown 

that a VgrG5 homotrimer delivers PldB, although we have no evidence about the cognate 

PAAR protein.  

Additionally, VgrG2b contains a C-terminal extension domain (Figure 7-7E), thus one 

VgrG2b trimer can not only deliver three covalently linked effector domains but also three 

cargo components of Tle3 [185]. This concept is similar to the effector recognition of VgrG-1 

from V. cholerae, for which it was shown that in addition to a C-terminal ACD domain, it also 
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we have shown here, a VgrG4b-VgrG5 heterotrimer delivers PldA (5.8.2) and there is strong 

evidence indicating that the C-termini of both VgrGs are required for PldA delivery, while no 

cognate PAAR protein is currently known. Additionally, a recent study revealed that a VgrG4b-

VgrG6 heterotrimer is capped by PAAR4 and by interacting with the chaperone TecT-Co-TecT 

this complex delivers the effector TseT [220]. Interestingly, we have seen that VgrG4b 

secretion is impacted by the absence of VgrG5, hence VgrG6 on its own can probably not 

mediate delivery of VgrG4b under our tested conditions [220]. This leads to the question 

whether VgrG6 secretion would also be impacted by VgrG5 absence. If this was the case, one 

might speculate about a functional heterotrimer composed of VgrG4b, VgrG5 and VgrG6, 

capped by PAAR4 and delivering PldA, PldB, TseT and probably the VgrG6-affiliated effector 

PA5265. However, this complex and interesting concept and all the molecular details require 

further experiments to prove interactions between those components as well as competition 

assays in backgrounds lacking any of these components.  

With such a broad spike repertoire, P. aeruginosa has a lot of options available to load 

its H2-T6SS weapon that might confer a competitive advantage in a polymicrobial 

environment. This also doubts the presumption of the H1-T6SS being the major antibacterial 

T6SS of P. aeruginosa [175]. In any case, the H2-T6SS gives P. aeruginosa the prospect to 

fire various effectors into competing prey cells. Interestingly, five (PldA, PldB, Tle3, Tle4 and 

Tle1) out of seven H2-T6SS-dependent effectors are lipases either experimentally 

proven [186, 188, 268] or proposed due to the presence of the lipase-specific DUF2235 

domain. The affiliation of at least five lipases, with one T6SS machinery begs the question of 

why there would be such effector redundancy. 
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Table 7-2. VgrG spike compositions in P. aeruginosa PAO1. 

Homotrimers of VgrG1a, VgrG1b and VgrG1c are topped by their cognate PAAR effectors Tse6, 

Tse7 and Tse5, respectively. A VgrG3 spike is most likely capped by PAAR PA2375 delivering TseF. 

The following H2-T6SS delivered spikes can be considered: VgrG4b, VgrG5 and VgrG6 likely form 

heterotrimers topped up by PAAR4 or PAAR2 and mediate delivery of PldA, PldB and TseT (this study 

and [220]. VgrG5 can form homotrimers with an unknown PAAR protein delivering PldB. VgrG2b forms 

homotrimers topped by PA1508 delivering Tle3. VgrG2a forms homotrimers topped by an unknown 

PAAR delivering Tle4. VgrG4a most likely mediate delivery of the downstream encoded Tle1 with the 

help of the nearby encoded Tap4a. VgrG6 is probably required to deliver its downstream encoded 

effector of unknown function. 

VgrG spike  cognate PAAR delivered effector reference 

VgrG1a Tse6 Tse6 [175, 208] 

VgrG1b Tse7 Tse7 [175, 208] 

VgrG1c Tse5 Tse5 [175, 208] 

VgrG2a ? Tle4 
Thomas Wood, 

unpublished 

VgrG2b PA1508 Tle3, VgrG2b-CT 
Thomas Wood, 

unpublished 

VgrG3 (PA2375) TseF [166] 

VgrG4a ? (Tle1)  

VgrG4b/VgrG6/VgrG5 PAAR4, PAAR2 
TseT, PldA, PldB, 

(PA5265) 
This study, [220] 

VgrG5 ? PldB This study 

7.3.5. Specificity between VgrG and Hcp proteins 

Another aspect of having this multitude of available VgrG spikes ready to fire asks for 

the specificity of interactions with Hcp proteins. The current model agrees on Hcp hexamers 

that stack in a head-to-tail fashion resulting in a tube on which the VgrG spike complex 

sits [114, 127] (see Figure 7-4). The P. aeruginosa H1-T6SS machinery was shown to 

specifically deliver Hcp1, which is encoded within the H1-T6SS-cluster [114], while Hcp3, 

encoded within the H3-T6SS-cluster, is delivered by the H3-T6SS-machinery [146]. From this, 
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one can assume that a tip consisting of VgrG1a, VgrG1b or VgrG1c specifically sits on top of 

a Hcp1 tube and the H3-T6SS-dependent VgrG3 on top of a Hcp3 tube.  

Considering in P. aeruginosa strains PAK and PAO1, three Hcp proteins, HcpA, HcpB 

and HcpC (HcpABC), were connected with the H2-T6SS machinery [147]. Hence, an 

interesting question remains whether a Hcp tube affiliated with the H2-T6SS machinery would 

be a mixture of HcpA, HcpB and HcpC proteins, on which any of the H2-T6SS-affiliated VgrG 

trimers can sit. In another scenario, a tube of HcpA proteins might be specifically topped up 

with VgrG2a trimers due to their genetic linkage (Figure 7-7D), a tube of HcpB with VgrG2b 

trimers (Figure 7-7E) and a tube of HcpC with VgrG6 trimers (Figure 7-7J). This model, 

however, would leave out VgrG4b, VgrG5 and VgrG4a and begs the question of how these 

proteins together with their cognate effectors could leave the cell. To shed light on this 

research question, one would need to delete each single hcpA, hcpB and hcpC gene and 

monitor secretion of every H2-T6SS-dependent VgrG protein. This would give hints about the 

affiliation of each VgrG secretion to a specific hcp gene and thus to a specific Hcp tube.  

Furthermore, mutants lacking all of the H2-T6SS affiliated vgrG and/or paar genes 

ought to be tested for their ability to secrete HcpABC. In our study we observed that HcpABC 

secretion was not affected by the absence of neither VgrG4b or VgrG5 (Figure 5-9) and other 

studies from our lab confirmed those results in the absence of VgrG2a or VgrG2b (Thomas 

Wood, unpublished data). However, the HcpABC-antibody recognises all three Hcp species 

and lack of one could be accompanied with higher abundance of another one, which might 

not alter the general HcpABC profile on a western blot. 

Results from this study are thus also in good agreement with studies investigating the 

spike compositions in other T6SS-active organisms. Here, we showed that absence of one 

VgrG protein does not shut down activity of the H2-T6SS machinery. For the P. aeruginosa 

H1-T6SS it was shown that either VgrG1aPaer or VgrG1cPaer are required to form a functional 
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H1-T6SS-machinery [140]. In S. marcescens it was also shown, that at least one functional 

VgrG-PAAR assembly is required for a functional T6SS machinery and thus Hcp 

secretion [200]. V. cholerae encodes three VgrG proteins for its unique T6SS for which 

VgrG2Vcho, the only canonical VgrG of V. cholerae, appears to be the only one essential, while 

VgrG1Vcho and VgrG3Vcho are not [207]. Hence, it could be concluded that VgrG2Vcho is indeed 

the structurally essential component to plug onto the Hcp tube. The authors concluded that 

VgrG1Vcho and VgrG3Vcho form heterotrimers with VgrG2Vcho to reach the supernatant [207]. 

With this mechanism, the bacteria seem to reassure that activity of the machinery does not 

solely rely on one spike but lack of one could be compensated by alternative options. In 

absence of one VgrG, another VgrG and its cognate effector can easily substitute and assure 

functionality of the machinery and thus competitor killing. 

Table 7-3. List of T6SS substrates and their activities and delivery modes. 

Only well described T6SS substrates from the literature are listed here and this list does not 

compose of all identified T6SS substrates. Commonly used names for T6SS substrates are listed as 

well as their immunity proteins and the host organism. For each substrate, its enzymatic activity is listed, 

as well as their delivery mode in terms of their adaptor and chaperone module, as will be discussed in 

detail in 7.1. Statements in brackets imply that there is a functional link due to genetic neighbourhood, 

however no experiments proved this yet. 

effector immunity organism 
enzymatic 

activity 
adaptor chaperone 

delivery 
dependent 

on 

VgrG2b  P. aeruginosa 
Zn-dependent 

metallopeptidase 
[185] 

VgrG   

Tse1 Tsi1 P. aeruginosa 
endopeptidase 

[176, 245] 
Hcp1 Hcp1 Hcp1 [269] 

Tse2 Tsi2 P. aeruginosa 
putative ADP-

ribosylase [203] 
Hcp1 Hcp1 Hcp1 [269] 

Tse3 Tsi3 P. aeruginosa 
muramidase 

[176] 
Hcp1 Hcp1 

Hcp1 [175, 
269] 

Tse4 Tsi4 P. aeruginosa 
pore-forming 

[193, 208] 
Hcp1 Hcp1 Hcp1 [208] 
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effector immunity organism 
enzymatic 

activity 
adaptor chaperone 

delivery 
dependent 

on 

Tse5/RhsP1 
Tsi5, 
RhsI1 

P. aeruginosa 
periplasmic 
toxicity [208] 

PAAR Rhs 
VgrG1c 

[175, 208] 

Tse6/Tne1 Tsi6 P. aeruginosa 
NAD(P)+-

glycohydrolase 
[201, 202] 

PAAR EagT6 
VgrG1a 

[175, 208], 
EagT6 [202] 

Tse7 Tsi7 P. aeruginosa 
putative nuclease 

[175] 
PAAR (DUF2169) 

VgrG1b 
[175] 

Tle1 Tli1 P. aeruginosa lipase [198] (Tap4a) (Tap4a) (VgrG4a) 

Tle3 Tli3 P. aeruginosa lipase [198] (TTR-like) (TTR-like) (VgrG2b) 

PldA/Tle5a Tli5a P. aeruginosa 
phospholipase D 

[186, 255] 
(TTR-like) (TTR-like) 

VgrG4b 
[146] 

Tle4/TplE Tli4 P. aeruginosa 
induces 

autophagy [268] 
(TTR-like) (TTR-like) (VgrG2a) 

PldB/Tle5b Tli5b123 P. aeruginosa 
phospholipase D 

[188] 
(TTR-like) (TTR-like) 

VgrG5 (this 
study) 

TseF na P. aeruginosa 
binds PQS, 

incorporated into 
OMVs [166] 

  
interacts w 
VgrG1b, 

VgrG3 [166] 

TseT TsiT P. aeruginosa TOX-REase-5 
TecT, Co-

TecT 
TecT, Co-

TecT 

(Co-)TecT, 
PAAR4, 
VgrG4b, 

VgrG6 [220] 

RhsP2 RhsI2 
P. aeruginosa 

PA14 
toxic in E coli 

[175] 
PAAR, 
(Tap14) 

Rhs, 
(Tap14) 

 

Tke1 Tki1 P. putida KT2440 
Tox-61 motif 

[136] 
   

Tke2 Tki2 P. putida KT2440 HNH motif [136] PAAR Rhs 
[136] 

(VgrG1) 

Tke3 Tki3 P. putida KT2440     

Tke4 Tki4 P. putida KT2440 SHH motif [136] PAAR Rhs (VgrG2) 

Tke5 Tki5 P. putida KT2440  (Tap3) (Tap3) (VgrG3) 

Tke6 Tki6 P. putida KT2440 colicin-like [136] PAAR   

Tke7 Tki7 P. putida KT2440 colicin-like [136] (Hcp5) (Hcp5) (Hcp5) 

Tke8 Tki8 P. putida KT2440 colicin-like [136] (Hcp6) (Hcp6) (Hcp6) 

Tke9 Tki9 P. putida KT2440  (Tap4) (Tap4) (VgrG4) 

Tke10 Tki9 P. putida KT2440 
REase motif 

[136] 
(TTR-like) (TTR-like) (VgrG5) 

VasX TsiV2 V. cholerae V52 colicin-like [192] VasW/Tap2 VasW/Tap2 
VgrG-2 

[270], VasW 
[192, 217] 

TseL TsiV1 V. cholerae V52 lipase [187] Tap1 Tap1 
Tap1, VgrG1 

[217] 

TseH TsiH V. cholerae V52 
putative 

peptidase [271] 
   

VgrG-3 TsiV3 V. cholerae V52 
peptidoglycan 

binding domain 
VgrG   
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effector immunity organism 
enzymatic 

activity 
adaptor chaperone 

delivery 
dependent 

on 

VgrG-1 na V. cholerae V52 
actin-crosslinking 
[207, 248, 249] 

VgrG   

Tde1 Tdi1 
A. tumefaciens 

C58 
HxxD-nuclease 

[272] 
Tap1 Tap1 

VgrG1, Tap-
1, PAAR 

[149] 

Tde2 Tdi2 
A. tumefaciens 

C58 
nuclease [272] PAAR-like (DUF2169) 

VgrG2, 
DUF2169 

[149] 

Tae Tai 
A. tumefaciens 

C58 
amidase [272] Hcp Hcp Hcp [149] 

RhsA RhsIA D. dadantii nuclease [273] PAAR 
Rhs, 

DUF1795 
VgrGA [199] 

RhsB RhsIB D. dadantii nuclease [273] PAAR 
Rhs, 

DUF1795 
VgrGB [199] 

RhsC  D. dadantii  PAAR Rhs  

Ssp1 Rap1a S. marcescens 
amidase [194, 

195] 
   

Ssp2 Rap2a S. marcescens 
amidase [194, 

195] 
Hcp1 Hcp1 Hcp1 [148] 

Ssp3  S. marcescens     

Ssp4 Sip4 S. marcescens  Hcp1 Hcp1 Hcp1 [148] 

Ssp5  S. marcescens     

Ssp6  S. marcescens     

Slp  S. marcescens lipase   VgrG2 [148] 

Rhs2 RhsI2 S. marcescens DNase [200] PAAR 
Rhs, 

EagR2 
VgrG2, 

EagR2 [148] 

Rhs1 RhsI1 S. marcescens  PAAR 
Rhs, 

EagR1 
EagR1 [200] 
VgrG2 [148] 

VgrG1  A. hydrophila 
actin ADP-

ribosylase [183] 
VgrG   

TseC TseI A. hydrophila  TecC TecC TecC [218] 

Tle1 Tli1 E. coli 
phospholipase 

[216] 
(TTR-like) (TTR-like) VgrG1 [216] 

Rhs-CT1 CTI1 E. coli STEC004 
putative zincin-

like metallo-
peptidase [209] 

PAAR Rhs VgrG2 [209] 

Rhs-CT3 CTI3 E. coli PE027 
putative REase-3  

[209] 
PAAR Rhs 

VgrG1, 
EagR [209] 

Rhs-CT5 CTI5 E. coli O157 
putative RNase 

[209] 
PAAR Rhs VgrG2 [209] 

Hcp-ET1 ETI1 E. coli STEC004 
HNH-DNase 

[206] 
Hcp Hcp  

Hcp-ET2  E. coli PE321 
phospholipase, 

[206] 
Hcp Hcp  

Hcp-ET3 ETI3/4 E. coli PE086 
DNase activity 

[206] 
Hcp Hcp  
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effector immunity organism 
enzymatic 

activity 
adaptor chaperone 

delivery 
dependent 

on 

ET4  E. coli PE086 
colicin-DNase 

toxin [206] 
Hcp Hcp  

KatN  E. coli EDL933 catalase [274]    

Tae4 Tai4 E. cloacae 
hydrolysis of PG 

[275] 
   

RhsA RhsIa E. cloacae  PAAR Rhs VgrG2 [208] 

RhsB RhsIb E. cloacae Tox-GHH [225] PAAR Rhs VgrG1 [208] 

TecA  B. cenocepacia 
inactivation of 
Rho GTPases 

[184] 
Hcp Hcp Hcp [184] 

VgrG5  B. pseudomallei 
membrane fusion 

[182] 
VgrG   

Tge2 Tgi2 P. protegens 
N-acetyl-

glycosaminidase 
[269] 

Hcp Hcp  

Tse4 Tsi4 P. protegens  Hcp Hcp  

Tae3 Tai3 P. protegens  Hcp Hcp  

RhsA RhsI P. protegens REase [201] PAAR Rhs  

Tne2 Tni2 P. protegens NADase [201] PAAR   

IdsD  P. mirabilis  (IdsC) (IdsC) (IdsC) 

Va16922 Va16927 V. alginolyticus 
putative nuclease 

[215] 
   

Va18287 Va18282 V. alginolyticus 
putative nuclease 

[215] 
PAAR Rhs  

Va03175 Va03170 V. alginolyticus 
putative pore-
forming [215] 

   

Va16152 Va16147 V. alginolyticus 
putative pore-
forming [215] 

(MIX IV)   

Va01565 Va01560 V. alginolyticus  (MIX I)   

Va01435 Va01430 V. alginolyticus 
putative PG-

hydrolase[215] 
   

Va1565 Va1560 V. alginolyticus  (MIX)   

VP1390 VP1389 
V. 

parahaemolyticus 
[214] (MIX)   

VPA1263 Vti2 
V. 

parahaemolyticus 
putative colicin 

[214] 
(MIX V)   

VP1415 VP1416 
V. 

parahaemolyticus 
putative AHH-
nuclease [214] 

PAAR   

VgrG2  
V. 

parahaemolyticus 
induces 

autophagy [276] 
VgrG   

VgrG1  
V. 

parahaemolyticus 
haemagglutinin 

repeat 
VgrG   
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