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 Abstract 

The type VI secretion system (T6SS) is a relatively recently discovered nanomachine found in many 

Gram-negative bacterial species which is capable of delivering effector proteins directly into target 

cells. Composed of at least 13 protein subunits, the T6SS is capable of targeting both prokaryotic cells 

and eukaryotic cells. Burkholderia pseudomallei is a soil-dwelling saprophyte found in Southeast Asia 

and Northern Australia. It is of interest because it is an opportunistic human (and animal) pathogen 

which causes the potentially fatal disease melioidosis. One of the histopathological features of 

melioidosis is the appearance of multinucleated giant cells (MNGCs) formed by the fusion of 

neighbouring cells which is believed to facilitate intercellular spread of the bacteria. The fusion of 

neighbouring cells has previously been shown to be induced by T6SS-5, one of six T6SSs encoded in 

the genome of B. pseudomallei.  

The T6SS-5 gene cluster contains four genes which are not found in all T6SS gene clusters, tagA, tagB, 

tagC and tagD. One aim of this study was to elucidate the role of these genes in the function of T6SS-

5 and to identify the proteins which are secreted by T6SS-5. To avoid the complications of working 

with B. pseudomallei, the closely related, but non-virulent species Burkholderia thailandensis was 

employed, which also induces MNGC formation using T6SS-5.  

Each tag gene in the B. thailandensis T6SS-5 gene cluster was deleted and it was determined that all 

four genes were required for B. thailandensis induced MNGC formation in a macrophage-like cell line. 

To determine whether or not the tag genes were required for protein export by T6SS-5, expression of 

the T6SS-5 gene cluster was induced by introducing the regulatory virA and virG genes into the tag 

mutants. Analysis of supernatant samples using a custom antibody prepared against the secreted T6SS 

component, TssD, showed that all four of the tag mutants were T6SS-5 deficient. Mass spectrometry 

was used to identify proteins secreted by T6SS-5. However, apart from the expected secretion of the 

TssD and TssI components of the T6SS, no novel secreted proteins were detected. 

Plasmids expressing FLAG epitope-tagged Tag proteins were constructed and introduced into the B. 

thailandensis tag mutant strains. Although TagCFLAG and TagDFLAG were non-functional as determined 

by MNGC formation assays and TssD-5 secretion assays, TagAFLAG and TagBFLAG demonstrated the same 

behaviour as their WT counterparts and were used in co-immunoprecipitation experiments. Mass 

spectrometric analysis of the co-immunoprecipitations suggested that TagA interacts with the T6SS-5 

baseplate protein TssF-5 and the tail spike protein TssI-5. Although TssI-5 was enriched in the TagBFLAG 

pull down it was not statistically significant. Bacterial adenylate cyclase two-hybrid (BACTH) assays 
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were performed in an attempt to identify specific Tag protein interaction partners. However, none 

were found. An attempt to produce the Tag proteins in E. coli for structural studies was unsuccessful.  

The role of the tssA-5 gene in B. thailandensis was also investigated through generation of a B. 

thailandensis tssA-5 mutant by allelic replacement. Although the B. thailandensis tssA-5 mutant was 

unable to induce the formation of MNGCs, TssD-5 secretion appeared to be reduced, rather than 

abolished entirely. Under the culture conditions used in the TssD-5 secretion assay, another T6SS gene 

cluster, T6SS-1, is expressed. Based on the hypothesis that the tssA gene from this cluster might be 

partially compensating for a loss of tssA-5, a tssA-5 and tssA-1 double mutant was constructed. 

However, tssA-1 had no effect on T6SS-5 function. 
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 Abbreviations 
ATP Adenosine triphosphate  
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DMEM 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ ŜŀƎƭŜ ƳŜŘƛǳƳ 

DMEM-FCS 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ ŜŀƎƭŜ ƳŜŘƛǳƳ ŎƻƴǘŀƛƴƛƴƎ мл҈ C/{ 

DMSO Dimethyl sulfoxide  

DNA Deoxyribonucleic acid 
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DNase Deoxyribonuclease  
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EDTA Ethylenediaminetetraacetic acid 

FCS Foetal calf serum  

g  Grams 
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m Metre 
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MW Molecular weight 
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NTD N-terminal domain 

oC Degrees centigrade  

OD Optical density  

OM Outer membrane 

ORF Open reading frame 

PAGE Polyacrylamide gel electrophoresis  

PAAR Proline alanine alanine arginine repeat protein 

PBS Phosphate buffered saline 

PCS Polymerase chain reaction 

PDB Protein data bank 

PG Peptidoglycan 

PMSF Phenylmethylsulfonyl fluoride 

PVDF  Polyvinylidene fluoride 

rRNA Ribosomal ribonucleic acid 

RNAP RNA polymerase 

S Supernatant 
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T1SS Type I secretion system 

T2SS Type II secretion system 

T3SS Type III secretion system 

T4SS Type IV secretion system 

T5SS Type V secretion system 

T6SS Type VI secretion system 

T7SS Type VII secretion system 
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T8SS Type VIII secretion system 

T9SS Type IX secretion system 

TAE Tris-acetate-EDTA buffer 

TBS Tris-buffered saline 

TBS-T Tris-buffered saline with tween 

TCA Trichloroacetic acid 

TE Tris-EDTA buffer 

Tp Trimethoprim 

Tris  Tri (hydroxymethyl) methylamine 

UV  Ultra violet  

V Volts 

v/v  Volume/volume ratio 

w/v Weight/volume ratio  

x g  Gravitational acceleration 

X-gal  5-Bromo-4-chloro-3-indolyl- -̡D-galactopyranoside 

ɲ Deletion 
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 Chapter 1 Introduction  
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1.1 Melioidosis 

Melioidosis is an important disease of humans and is caused by infection by the environmental 

saprophyte Burkholderia pseudomallei (B.p). The vast majority of cases occur in Southeast Asia in 

people who are exposed to bacteria living in the environment. The intrinsic resistance of the bacterium 

to a variety of antibiotics make it difficult to treat, resulting in a high mortality rate (Wiersinga et al. 

2012). The mortality rate itself varies considerably depending on a number of factors including the 

geographic location, underlying health problems and the site of the body that is affected. Mortality 

rates of between 19 and 68% have been reported (Cheng & Currie 2005).  

It is also possible for animals to suffer from melioidosis, in particular livestock such as sheep, goats 

and pigs (Choy et al. 2000) and while transmission from animal hosts to humans is rare, the infection 

of animals does represent a potential financial impact of the disease. The relatively high mortality rate 

and ability of the causative agent to survive in the environment have led to the classification of B.p as 

a category B bioterror threat (Rotz et al. 2002).  

1.1.1 Route of infection  

Infection with B.p can occur at a number of sites. Inhalation of aerosolized bacteria is believed to be 

the most common route. Infection via broken skin is also commonly observed. It is also thought to be 

possible to be infected by drinking contaminated water (Limmathurotsakul et al. 2014). Determination 

of the site of infection can be difficult as B.p is capable of dissemination to a variety of sites within the 

body in a process predicted to be facilitated by dendritic cells (Williams et al. 2014). 

1.1.2 Symptoms 

As a consequence of the range of sites the bacteria can spread to within the infected host, melioidosis 

can present itself as a wide range of symptoms. Pneumonia is commonly associated with B.p infection 

(Meumann et al. 2012) and in cases of melioidosis-associated chronic pneumonia, is often mistaken 

for tuberculosis due to the similar lung X-rays observed (Wiersinga et al. 2006).  Skin lesions are also 

commonly observed in patients with melioidosis (Gibney et al. 2008). Parotitis (infection of the parotid 

glands) is particularly prevalent children with melioidosis (observed in 38% of cases in children) 

compared to adults (observed in 6.3% of all cases) (Dance et al. 1989).  

One of the fascinating aspects of melioidosis its ability to persist in the body asymptomatically. A case 

of melioidosis in an 82-year-old patient in Texas, USA was speculated to have occurred as a result of 

exposure to B.p during his imprisonment in Japanese labour camps in parts of Southeast Asia, 

including Thailand, during the Second World War. The disease had remained dormant for 62 years, 

ǳƴǘƛƭ ŀ Ŏǳǘ ƻƴ ǘƘŜ ƳŀƴΩǎ ǘƘǳƳō ōŜŎame ulcerated. It was not until initial treatments failed and in depth 
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background questioning was performed that the unlikely (at least in his part of the world) cause was 

identified. The man had not left the United States since returning from the war, suggesting that the 

disease had originated during his ordeal over half a century previously (Ngauy et al. 2005).  

Although a remarkable case due to the large time period involved, it is not unique, with another case 

of the disease from the same conflict re-emerging after 26 years (Mays & Ricketts 1975). The Vietnam 

War has also been the source of infection and subsequent relapse (Mays & Ricketts 1975). This has 

raised concerns that as veterans of this conflict age, more will suffer from melioidosis, hence why 

some have labelled the diǎŜŀǎŜ ǘƘŜ Ψ±ƛŜǘƴŀƳ ǘƛƳŜ ōƻƳōΩΦ  

1.1.3 Diagnosis   

The current gold standard for clinical diagnosis of individuals suspected of having melioidosis is culture 

on Ashdowns agar, a technique which has a low sensitivity and takes a number of days to yield results 

(Limmathurotsakul et al. 2010). Given that early diagnosis is crucial for the successful treatment of 

melioidosis, a great deal of work is underway to develop novel diagnostic techniques. In northeast 

Thailand, an area where melioidosis is endemic, an immunofluorescence assay (IFA) using a 

fluorescently labelled antibody specific to B.p is used to aid diagnosis. The drawbacks of this approach 

are its low sensitivity and the requirement of specialised operators (Tandhavanant et al. 2013).  

Another technique that is sometimes used is the latex agglutination assay, which uses latex beads 

coated in a B.p specific antibody (Ekpo et al. 2007). Although the assay has good sensitivity and 

specificity, it still requires culture of B.p from the patient sample. Recently a lateral flow immunoassay 

(LFI) has been developed. The LFI uses a monoclonal antibody against B.p capsular polysaccharide and 

generates results with good sensitivity and specificity within 15 minutes. The tests can also be carried 

out by individuals with minimal training and the results are easy to interpret (Houghton et al. 2014). 

A study using blood samples found that the LFI offered poor (40%) sensitivity (Robertson et al. 2015). 

A real time PCR assay which targets a type three secretion system (T3SS) is available (Meumann et al. 

2006), although it is not in regular use, possibly due to PCR inhibitors present in patient samples 

(Richardson et al. 2012).  

1.1.4 Risk factors  

Unsurprisingly melioidosis is most prevalent in those who are commonly in contact with B. 

pseudomallei. In North-east Thailand, rice farmers make up almost 85% of patients infected 

(Suputtamongkol et al. 1999). The constant exposure of these workers to soil and water containing B. 

pseudomallei makes them a very high risk group.  
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Like many pathogens that can also exist in soil environments, B.p is opportunistic, and most commonly 

infects patients who have other factors which make infection more likely. In a study performed in 

Northern Australia, 80% of patients who presented with the disease had one or more risk factor. The 

most common risk factors were excessive alcohol consumption, diabetes and chronic lung disease. 

These risk factors also increased the chances of succumbing to the condition, in one study only 1 

patient in 51 who had no associated risk factor died, while 48 out of 201 people who had one or more 

risk factor succumbed (Currie et al. 2000). 

Of all of the risk factors, Type 2 diabetes is particularly associated with the disease. In Thailand, up to 

60% of patients with melioidosis suffer from the condition (Limmathurotsakul et al. 2010). The reason 

for this increased susceptibility may be the impaired phagocytic activity observed in Human 

polymorphonuclear neutrophils (PMN) isolated from diabetic subjects compared with those isolated 

from healthy subjects (Chanchamroen et al. 2009). PMNs from diabetic subjects are also impaired in 

migration in response to interleukin-8 and in their apoptotic response to infection (Chanchamroen et 

al. 2009). Additionally, Woods et al. (1993) found the growth of B. pseudomallei in rat and human 

serum was increased when insulin was depleted artificially, and in experiments where the levels of 

insulin were reduced in infant rats, the LD50 for intraperitoneal infection was reduced. Furthermore, 

the growth of B. pseudomallei in M9 medium was inhibited when insulin was added. However research 

has since indicated that the inhibitory effect was likely to be a result of a preservative present in the 

insulin preparations used (Simpson 2000).  

1.1.5 Treatment and prevention 

The most effective treatment of melioidosis is with ceftazidime which has been shown to reduce 

mortality by 50% compared to other antibiotic treatment methods but mortality rates remain high, 

particularly during the first 48 hours following diagnosis (Wiersinga et al. 2012). Ceftazidime treatment 

is usually followed by a regime of co-trimoxazole to eradicate the bacteria (Limmathurotsakul & 

Peacock 2011)(Dance 2014). 

A range of vaccines have been trialled in animal models. A number of vaccines have attempted to use 

live strains attenuated by the mutation of genes, including those encoding components of biosynthetic 

pathways (Breitbach et al. 2008) and virulence factors (Stevens 2004). Others have used whole, killed 

B.p cells, in inactivated vaccines (Barnes & Ketheesan 2007). Purified B.p proteins including type III 

and type IV secretion system proteins have also been tested as antigens (Druar et al. 2008)(Burtnick 

et al. 2011). Although some of these vaccines have elicited partial protection, to date none have 

offered complete protection from infection and there is currently no vaccine available against (Silva & 

Dow 2013).  
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At present the only method of preventing the disease would be the recommendation that those who 

are most at risk avoid contact with environmental reservoirs of B.p. However, this is impractical given 

how widespread the bacterium is in the environment where melioidosis is endemic (Suputtamongkol 

et al. 1999). Prophylactic antibiotic treatment following exposure to B.p is also not considered a viable 

preventative measure (Dance 2014). 

1.1.6 Global distribution of B. pseudomallei and melioidosis  

Since the first identification of melioidosis in Myanmar in 1912 (Whitmore & Krishnaswami 1912; 

Whitmore 1913) the disease (and bacteria) has been identified throughout parts of Southeast Asia 

and Northern Australia. Historically generally considered endemic to just these areas, the list of 

countries in which melioidosis is considered endemic has been increasing and B.p has since been 

identified in Bangladesh (Jilani et al. 2016), Malawi (Katangwe et al. 2013), Brazil, India and southern 

China (Currie et al. 2008). A map highlighting the current understanding of the global distribution of 

B.p and melioidosis is shown in Figure 1.1. One of the factors which makes determination of the global 

distribution of B. pseudomallei difficult is a lack of awareness of melioidosis and the absence of 

coherent strategies to identify B.p in the soil.  

The perceived increase in global distribution and incidence of B.p can largely be attributed to 

researchers trying to identify endemic areas as well as advances in detection methodology. However, 

it is also likely that human impacts on the environment increase the suitability of areas for B.p 

colonisation. Soil altered by human activities such as farming and waste disposal is classified as 

ΨŀƴǘƘǊƻǎƻƭΩΦ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ B.p is higher in anthrosol (Limmathurotsakul et al. 2016) and as the 

incidence of this type of soil increases with the growth of human populations, a greater area will be 

suitable for B.p habitation. 

Like the distribution of B.p, increases observed in the distribution and incidence of melioidosis are 

likely to be a consequence of increasing awareness and improvements in diagnosis. As the prevalence 

of diabetes and kidney disease (both risk factors for melioidosis) increases across the world, so too 

does the number of humans acutely susceptible to B.p infection. The increase in suitable niches for 

B.p combined with an increase in the number of people at risk from infection means that the impact 

of melioidosis is likely to increase. There is currently a great deal of research directed towards 

identifying the true global distribution of B. pseudomallei, particularly in areas where there is little 

awareness of the bacteria and the ability of diagnostic techniques is limited. It is likely that the 

incidence and distribution of melioidosis is currently underestimated (Limmathurotsakul et al. 2016). 

Identifying the true global burden of melioidosis will be important for the implementation of effective 

strategies to combat the disease.  
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Figure 1.1 Global distribution of Burkholderia pseudomallei  

Countries coloured according to confidence of evidence supporting the presence (red) of absence 

(green) of B.p. Black dots indicate a recorded case of melioidosis or B.p in the environment. 

Reproduced, with permission, from Limmathurotsakul et al. 2016. 
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Although B.p is not generally found environmentally outside of the tropics, there have been a number 

of cases of melioidosis in individuals outside of these areas. These are normally cases where people 

have contracted melioidosis while visiting endemic regions before returning home and developing 

symptoms (Ezzedine et al. 2007; Bodilsen et al. 2015). This was a particular problem in the wake of 

the Vietnam war which saw thousands of US military personnel who had potentially come into contact 

with B.p return from endemic areas (Patterson 1967; Morrison et al. 1988). However, there have been 

a few cases where melioidosis has been contracted outside of an endemic area. The most serious 

incident was an outbreak of the disease in the Paris Zoo in 1975 which spread to other zoos in France; 

at least two people died as well as a number of animals (Sprague & Neubauer 2004). There have also 

been cases where individuals handling B.p in a laboratory have been infected (Green & Tuffnell 1968; 

Schlech et al. 1981) 

1.2 The Burkholderia pseudomallei group  

The Burkholderia genus is comprised of at least 60 species and includes soil, plant and clinical isolates 

which were previously classified as pseudomonads. However, based on a number of physical 

characteristics and 16S rRNA analysis they were classified as a new genus in 1992 (Yabuuchi et al. 

1992). Subsequent analysis has indicated that there are two major clusters of BurkholderiaΤ Ψ!Ω ǿƘƛŎƘ 

contains plant-associateŘ ŀƴŘ ǎŀǇǊƻǇƘȅǘƛŎ ǎǇŜŎƛŜǎ ŀƴŘ Ψ.Ω ǿƘƛŎƘ contains plant pathogens and the 

Burkholderia pseudomallei group. 

The pseudomallei group (Taxonomy ID: 111527) contains a number of species which are closely 

related to B.p. Members of the group include the equine pathogen Burkholderia mallei (B.m), the non-

virulent environmental isolate, B. thailandensis (B.t), and B. oklahomensis (B.o) which was isolated in 

the USA.  

1.2.1 Burkholderia pseudomallei  

B.p was formally identified in 1913 and has been given a variety of names, the most enduring of which 

was Pseudomonas pseudomallei (until the introduction of the Burkholderia genus). The genome of B.p 

has been sequenced and is comprised of two chromosomes made up of 4.07 and 3.17 megabase pairs 

(Holden et al. 2004). The total size of 7.24 Mbp makes it one of the larger bacterial genomes to be 

sequenced so far and perhaps reflects the variety of niches B.p can occupy. B.p is predominantly a soil 

dwelling saprophyte that is also capable of living in standing water, in fact it has been demonstrated 

to survive in distilled water for 16 years (Pumpuang et al. 2011). 

The ability to cause disease in humans and other animals seems likely to have arisen as a result of the 

fiercely hostile niche provided by the soil. The capacity to combat predatory amoebae that would feed 

on B.p could have provided the bacterium with an armoury of genes that are also capable of infection 
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of more complex eukaryotes. Given that the methods phagocytic cells employ to combat infection are 

similar to the methods used by amoebae to feed (German et al. 2013), this would also explain how 

B.p has become so adept at immune evasion. 

1.2.2 Burkholderia mallei  

B.m is a clonal derivative of B.p, thought to have become host adapted during a melioidosis infection, 

and unlike B.p, B.m is incapable of surviving in the environment (Godoy et al. 2003). This is reflected 

in it its genome sequence, which lacks functional versions of a large number of genes which are 

present in B.p, including those involved in nitrate metabolism and amino acid synthesis (Nierman et 

al. 2004).  

B.m is the causative agent of glanders, a disease which primarily affects horses, donkeys and mules, 

but can also be spread to humans who are in close contact with equines. Glanders has been recognised 

since ancient times and was once considered a major disease (Sharrer 1995). Today, glanders has 

largely been eradicated from Western countries where the use of horses as a beast of burden has 

declined, an exception being a laboratory acquired infection in an American military laboratory 

(Deitchman & Sokas 2001). However, in parts of Africa, Asia, Central and South America and the 

middle East it remains endemic in horses (Khan et al. 2013). The disease presentation in humans is 

similar to melioidosis, indeed one of the initial reports of melioidosis reǇƻǊǘŜŘ ŀ άƎlanders-like 

diseaseέ (Whitmore 1913). Depending on the site of infection it can cause ulceration, abscesses and 

pneumonia, dissemination can lead to septicaemia (Van Zandt et al. 2013).  

Cultures of B. mallei were used in the First World War as a clandestine biological weapon by German 

agents who infected horses awaiting shipment in America (Wheelis 1998). More recently, a previous 

employee at a biological defence facility in the former Soviet Union has also indicated that B.m was 

weaponised and used in the 1979-1989 Soviet-Afghan war (Alibek & Handelman 1999). Like B.p, B.m 

it is considered a potential bioterror agent (Rotz et al. 2002). 

1.2.3 Burkholderia thailandensis  

Initially B.t was identified as a B.p strain isolated from the environment which showed a drastic 

increase in LD50 in a hamster infection model in comparison to virulent strains (Brett et al. 1997) and 

an ability to utilize L-arabinose, a property not found in pathogenic B.p (Smith et al. 1997). Latterly, 

16S rRNA sequence analysis determined that it was actually a separate species (Brett et al. 1998).  

Although generally considered non-virulent in humans (Smith et al. 1997), there have been a number 

of cases where B.t has been isolated from a human (Lertpatanasuwan et al. 1999; Glass, Gee, et al. 

2006). However, in one of these cases there were circumstances that had compromised the immune 
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system so that it was unable to fight infection; a car accident which led to the affected 2-year-old 

almost drowning. Although it is presumed that a large inoculum B.t was ingested during the trauma, 

the bacterium could not be isolated from the location of the accident (Glass, Gee, et al. 2006). 

B.t represents a useful tool for the study of B.p as its reduced virulence has resulted in its classification 

as a hazard group 2 pathogen, in comparison to B.p, which belongs to hazard group 3. This makes 

working with B.t far more convenient. The reduction in virulence is most markedly observed in Syrian 

Hamster and mouse models of infection, where the LD50 for infection with B.p is <10 and ~100, 

respectively (Brett et al. 1997; Smith et al. 1997). These numbers contrast with the LD50 of >1 x 106 in 

hamsters (Brett et al. 1997) and >1 x 103 in mice (Smith et al. 1997) for B.t. In addition to this, 

experiments using cultured epithelial cells show that B.t is less capable of adherence and invasion 

(Kespichayawattana et al. 2004). This highlights that there are differences in the two species and 

therefore caution must be taken when making assumptions about one based on the other. 

Despite the differences, B.t still exhibits similar properties and methods of infection, making it an 

attractive model organism for the study of melioidosis. In particular, the induction of the formation of 

multinucleated giant cells (MNGCs) is an obvious feature in in vitro infection assays (French et al. 

2011). While the MNGCs induced by B.p infection express increased levels of osteoclast (a 

multinucleated bone cell) markers, those induced by B.t infection do not (Boddey et al. 2007). This is 

thought to be due to the absence of the lfpA gene in B.t. Genes absent from B.t, but present in B.p 

make good candidates for genes involved in the virulence of the agent that causes melioidosis 

(Reckseidler et al. 2001). An example of such a gene is BPSL1549 which encodes Burkholderia lethal 

factor 1, a helicase inhibitor present in B.p but absent from B.t (Cruz-Migoni et al. 2011). 

1.2.4 Burkholderia oklahomensis  

B.o was initially identified in the wound of a farmer from Oklahoma, USA, who had sustained a serious 

injury which had become contaminated with soil. The bacterium was cultured from the patient and 

demonstrated similar results to B.p in diagnostic tests (which was named Pseudomonas pseudomallei 

at the time of initial identification) that led to it being initially classed as a B.p-like organism. 

Environmental samples taken from where the injury occurred also contained the bacterium 

(McCormick et al. 1977). In another case, a man who had suffered injuries in a car accident in Georgia, 

USA, was infected with a B.p-like organism (Nussbaum et al. 1980). Subsequent analysis of the strains 

isolated from these two cases has resulted in their classification as B.o, distinct from B.p (Glass, 

Steigerwalt, et al. 2006). B.o is non-virulent in mice (DeShazer 2007) and unlike the other pseudomallei 

group members, it does not induce the formation of MNGCs or actin tails in vitro (Wand et al. 2011). 
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1.3 Burkholderia pseudomallei virulence factors  

The large genome of B.p encodes a diverse repertoire of genes which facilitate the infection of a broad 

range of host species.  An outline of the steps involved in cell infection, replication and intercellular 

spread is shown in Figure 1.2. Like some other bacterial diseases, such as tuberculosis, one of the 

major histopathological features associated with melioidosis is the observation of MNGCs in infected 

tissues (Wong et al. 1995). B.p (as well as B.m and B.t) is capable of inducing the formation of MNGCs 

in a range of cell types, both phagocytic and non-phagocytic (Harley et al. 1998). Indeed, MNGC 

formation caused by B.p is not restricted to mammalian hosts; it can also induce the fusion of cells in 

the Madagascar hissing cockroach (Fisher et al. 2012). It is thought that MNGC formation allows the 

bacterium to spread between host cells while evading the immune system. Upon invasion of host cells 

the expression of a range of B.p genes in induced, the global regulatory factor RpoS is believed to be 

involved (Utaisincharoen et al. 2006). 

1.3.1 Intracellular motility  

To propel itself within infected host cells, B.p is capable of polymerising actin, resulting in distinctive 

ΨŎƻƳŜǘ ǘŀƛƭǎΩ ǿƘŜƴ ŎŜƭƭǎ ŀǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ ǇƘŀƭƭƻƛŘƛƴ (Kespichayawattana et al. 2000). The mechanism 

by which B.p induces actin polymerisation to achieve intracellular motility is different to other actin-

motile intracellular pathogens (Breitbach et al. 2003). Instead of utilising host N-WASP or Ena/VASP 

proteins, B.p relies on the BimA protein which can induce polymerisation of actin alone. B.p bimA null 

mutants are unable to form actin tails in vitro (M. P. Stevens et al. 2005) and display a 10 fold reduction 

in median lethal dose compared to the wild type in a BALB/c mouse model of infection (Lazar Adler et 

al. 2015). B.p BimA is a trimeric autotransported (type V secretion system) protein in which each 

subunit contains three WASP homology 2 (WH2) motifs, but only two are required for activity 

(Sitthidet et al. 2011; Benanti et al. 2015). 

Proteins similar to BimA are found in B.m and B.t and have been shown to restore actin based motility 

to B.p mutants lacking BimA (J. M. Stevens et al. 2005). B.m BimA induces actin polymerisation in a 

similar fashion to B.p BimA, directly polymerising host actin, although each subunit of the B.m BimA 

trimer only contains a single WH2 domain (Benanti et al. 2015). 

Although able to restore motility to a B.p BimA mutant, the mechanisms by which B.t induces actin 

filament polymerisation is markedly different; B.t BimA recruits the host Arp2/3 complex which results 

in the formation of shorter, curved tails. Compared with the direct movement of B.p and B.m within 

cells, the movement of B.t is much more erratic. It has been suggested that the variations in actin 

polymerisation mechanisms in pseudomallei group species is a consequence of evolution to suit  
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Figure 1.2 Proposed mechanism of invasion and intercellular spread utilised by Burkholderia 

pseudomallei during infection 

Entry into host cells is either facilitated by phagocytic cells (1a) or induced by factors present in the 

bacteria that facilitate its entry into non-phagocytic cells (1b). Bacteria inside the cell are initially 

sequestered inside endosomes (2) before escape in a process mediated by T3SS-3 (3). Once inside the 

cytoplasm the bacteria replicate and can move by the polymerisation of actin by BimA resulting in the 

formation of actin tails (4). Bacteria spread between cells by inducing membrane fusion, a process 

dependent on T6SS-5 which leads to the formation of distinctive multi-nucleate giant cells (MNGC). 

(5). 
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replication within different hosts (Benanti et al. 2015). Surprisingly, a knockout of bimA in B. mallei 

did not display reduced virulence in hamsters (Schell et al. 2007) despite its apparent importance. 

1.3.2 Flagella 

B.p is motile by means of a tuft of two to four polar flagella (DeShazer et al. 1997). There is currently 

a lack of clarity in the role that the flagella of B.p play during infection. Syrian hamsters and diabetic 

rats showed no attenuation in virulence when injected with transposon mutants that were motility 

deficient as a result of disruption of the gene fliC (DeShazer et al. 1997). However mice infected via 

the nasal route with an aflagellate mutant showed a significant reduction in death and number of 

bacteria recovered from the lungs (Chua et al. 2003). This was in contrast to results from the same 

study which showed no difference in replication of bacteria lacking flagella in human lung cells in vitro. 

Other work in the amoeba Acanthamoeba astronyxis found that flagella aided in invasion in a manner 

that was not just a result of increasing chances of contact, but the relevance of this finding to infection 

of higher eukaryotes is unclear (Inglis et al. 2003). 

Interestingly, B.t encodes another flagellum, fla2, which is predicted to be a lateral system and can 

partially compensate for a lack of actin polymerisation in bimA mutants to drive intracellular 

movement (French et al. 2011). Some B.p strains possess this system, while it is absent in others. It is 

unclear if this system plays a major role in melioidosis (Tuanyok et al. 2007).  

1.3.3 Capsule 

The capsule of B.p plays a key role in infection. Mutations in genes encoding capsule components 

result in drastic attenuation in a mouse model (Atkins et al. 2002). The capsule is composed of -3)-2-

O-acetyl-6-de-oxy- -̡█-manno-heptopyranose-(1- (Perry et al. 1995) and has been shown to prevent 

the binding of a component of the innate immune response, complement factor C3b, to B.p 

(Reckseidler-Zenteno et al. 2005). This could potentially reduce the effect of the innate immune 

response. A capsule mutant was also impaired in its ability to enter and replicate within macrophages 

(Wikraiphat et al. 2009).  

1.3.4 Lipopolysaccharide 

Lipopolysaccharide (LPS) is found in the outer membrane of Gram-negative bacteria and is important 

in recognition by the innate immune response. It is composed of three major components: lipid A, 

which is part of the phospholipid bilayer; core-oligosaccharide and O-antigen. B.p LPS is a type II O-

polysaccharide and is required for virulence in guinea pigs, mice and infant diabetic rats (DeShazer et 

al. 1998)(Wikraiphat et al. 2009). Unlike wild type B.p, LPS mutants are incapable of growth in 10-30% 
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normal human serum (DeShazer et al. 1998). In contrast to other pathogens, B.p LPS is not believed 

to stimulate inducible nitric oxide synthase, an important part of the host cell defence (Utaisincharoen 

et al. 2003). 

1.3.5 Pili 

Another important factor in B.p infection is the ability of the bacteria to adhere to host cells (Brown 

et al. 2002). One of the methods some pathogenic bacteria employ to facilitate this is the use of type 

IV pili (Craig et al. 2004). The Burkholderia pseudomallei genome possesses a number of genes for type 

IV pili. Deletion of the structural gene, pilA, decreased virulence in both a mouse and nematode model 

of infection and also led to an in vitro reduction in adherence to human cells (Essex-Lopresti et al. 

2005).  

1.3.6 Anti-microbial resistance mechanisms  

B.p has an intrinsic resistance to a range of anti-microbials, mediated by a range of mechanisms. The 

drug efflux pump AmrAB-OprA confers resistance to aminoglycoside and macrolides (Moore et al. 

1999). The BpeEF-OprC efflux pump has been found to responsible for resistance to trimethoprim 

(Podnecky et al. 2013), one of the drugs used in the eradication phase of treatment. Although 

resistance to ceftazidime (the drug of choice for the intensive phase of treatment) is low 

(Wuthiekanun et al. 2011)Σ ǎƻƳŜ ǎǘǊŀƛƴǎ ǎƘƻǿ ǊŜǎƛǎǘŀƴŎŜ ōȅ ǳǇǊŜƎǳƭŀǘƛƻƴ ƻǊ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ tŜƴ! ʲ-

lactamase or deletion of BPSS1219, which encodes penicillin binding protein 3 (Schweizer 2012).  

1.3.7 Type III secretion system 

Type III secretion systems (T3SS) are critical to the virulence of a variety of Gram-negative human 

pathogens. The B. pseudomallei genome encodes three T3SSs. One of these systems, T3SS-3 (also 

referred to as the Burkholderia secretion apparatus, or Bsa), is similar to one found to be important 

to the virulence characteristics of Salmonella enterica (Stevens et al. 2002).  

The knockout of the T3SS-3 translocator gene bipD in B.p resulted in a reduced virulence in a mouse 

infection model (Stevens 2004). The effect of T3SS-3 on the non-phagocytic HeLa cell line has also 

been investigated; inactivation of the gene encoding the T3SS secreted effector protein bopE resulted 

in B.p cells that displayed a poor level of invasion but did not lead to a reduction in intracellular 

replication in a mouse macrophage-like cell line. However, deletion of bsaZ, a component of the 

secretion apparatus greatly reduced the number of intracellular bacteria recovered post infection 

(Stevens et al. 2002). 

Delivery of a B.t mutant lacking a functioning T3SS-3 directly to the cytosol of HEK293 cells using a 

ŘŜǾƛŎŜ ƪƴƻǿƴ ŀǎ ŀ ΨǇƘƻǘƻǘƘŜǊƳŀƭ ƴŀƴƻōƭŀŘŜΩ ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ƻŦ abD/ ŦƻǊƳŀǘƛƻƴ ǎƛƳƛƭŀǊ ǘƻ 
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the wild type. However, when the same mutant was used in regular infection assays, no MNGC 

formation occurred (French et al. 2011). This suggests that this secretion system plays a role in the 

initial infection of bacteria, possibly in escape from endosomes. This finding also suggests that the 

bacteria travel between cells in a method other than by the formation of membrane protrusions into 

neighbouring cells resulting in the formation of vacuoles, as a mutant in T3SS-3 would be unable to 

escape from these and would therefore be unable to form MNGCs. 

1.3.8 The type VI secretion system  

The type VI secretion system (T6SS) is a macromolecular machine found in a variety of Gram-negative 

bacteria which is capable of delivering proteins into a target cell (a more in depth description of 

general T6SSs is given in section 1.5). Six T6SSs have been identified in B.p (Schell et al. 2007; Shalom 

et al. 2007). These are labelled T6SS-1 to T6SS-6 using the nomenclature of Shalom et al. (2007). As 

indicated in Table 1.1, some of these systems are also present in B.m and B.t. B.m lacks a functional 

T6SS-1 and T6SS-2, while in B.t, T6SS-3 is absent (Schell et al. 2007). To date, only the activities of T6SS-

1 and T6SS-5 have been determined. Thus, while T6SS-1 is involved in inter-bacterial competition, 

T6SS-5 is a key virulence factor required for virulence in multicellular eukaryotes (Schwarz et al. 2010).   

Using in vivo expression technology (IVET) it is possible to determine how the expression of genes 

within bacteria are affected during infection (Mahan et al. 1993). Using this technique it was 

determined that T6SS-5 a likely virulence factor as expression of a number of genes within this system 

are increased during infection of a macrophage cell line (Shalom et al. 2007). The deletion of the core 

T6SS-5 component, tssD-5, in B.p confirmed the suspicion that T6SS was involved in virulence. Mutants 

lacking this gene had at least a 1,000-fold higher LD50 in a hamster model of infection when compared 

with wild type cells. Deletion of all of the tssD genes present in the other five T6SS gene clusters in B.p 

had no effect (Burtnick et al. 2011).  

The deletion of other genes essential to the function of T6SS-5 in B.m resulted in mutants that were 

unable to induce MNGC formation following infection of the murine macrophage-like RAW 264.7 cell 

line (Burtnick et al. 2010). When T6SS-5 was knocked out in B.t, the resulting mutants showed a 

reduction in virulence in a mouse model (Schwarz et al. 2010). Interestingly, deletion of an apparently 

core component of the T6SS, tssA-5 (referred to as bimE by the authors), in B.m did not have an effect 

on virulence in a hamster model of infection (Schell et al. 2007). This was despite mutants in other 

core components being non-virulent (Schell et al. 2007). 
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Table 1.1 T6SS gene clusters in B.p, B.t and B.m 

 Locus tag 

T6SS gene 

cluster  

B. pseudomallei K96243 B. thailandensis E264 B. mallei ATCC 23344 

1 BPSL3097-BPSL3111 BTH_I294-BTH_I2968 BMA2826-BMA2833a 

2 BPSS0095-BPSS0116 BTH_II0119-BTH_II0140 Absent 

3 BPSS0167-BPSS0185 Absent BMAA1897-BMAA1915 

4 BPSS0515-BPSS0532 BTH_II1885-BTH_II1902 BMAA0438-BMAA0455 

5 BPSS1493-BPSS1511) BTH_II0873-BTH_II0854 BMAA0729-BMAA0744 

6 BPSS2093-BPSS2109 BTH_II0249-BTH_II0265 BMAA0396-BMAA0412 

a The T6SS-1 gene cluster in B.m ATCC 23344 is thought to be non-functional as it lacks tssB, tssC, 

tssD, tssJ, tssK and tssL  
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In contrast to similar experiments using a T3SS-3 mutant, a B.t T6SS-5 mutant is incapable of inducing 

MNGC formation when delivered directly to the cytosol of a mammalian cell line (French et al. 2011). 

By bypassing the internalisation and phagosome escape steps, this demonstrated that MNGC 

formation is mediated specifically by T6SS-5. It also demonstrated that a single intracellular B.t cell 

was capable of inducing the host cell to fuse with its neighbour, supporting the argument for a role of 

MNGC formation in facilitating intercellular spread.  

Currently the precise mechanism by which T6SS-5 facilitates MNGC formation by B.p, B.m and B.t is 

unclear. However, recent investigations have suggested a critical role for the C-terminal domain of 

TssI-5 (Schwarz et al. 2014; Toesca et al. 2014). TssI proteins are components of the T6SS that are 

secreted ŀƭƻƴƎ ǿƛǘƘ ¢ǎǎ5Σ ǘƘŜƛǊ ǇǊŜǎŜƴŎŜ ƛƴ ŎǳƭǘǳǊŜ ǎǳǇŜǊƴŀǘŀƴǘǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀ ΨƘŀƭƭƳŀǊƪΩ ƻŦ ŀ 

ŦǳƴŎǘƛƻƴŀƭ ¢с{{Φ {ƻƳŜ ¢ǎǎL ǇǊƻǘŜƛƴǎ όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŜǾƻƭǾŜŘΩ ¢ǎǎLύ Ŏƻƴǘŀƛƴ /-terminal extensions that 

serve as effectors. The deletion of the C-terminal domain of TssI-5 (retaining the ΨŎƻǊŜΩ TssI region 

conserved amongst all TssI proteins) in B.p and B.t abolished their ability to induce the formation of 

MNGCs (Schwarz et al. 2014; Toesca et al. 2014) and rendered B.t avirulent in a mouse model of 

infection (Schwarz et al. 2014). However, unlike mutations in genes encoding structural subunits of 

the T6SS-5, which affected MNGC formation and secretion of TssD-5 (a marker of T6SS activity), the 

removal of the CTD of TssI-5 did not have a detrimental effect on the secretion of TssD-5 (Toesca et 

al. 2014). Although the CTD of TssI-5 is necessary for the induction of cell fusion, it is unclear if any 

other factors are required. Given that MNGC formation can be induced in a wide range of cells, it is 

likely that cell fusion is mediated either by bacterial proteins alone, or the host factor that is utilised 

by the T6SS-5 is well conserved. Although B.o does not induce the formation of MNGCs in vitro, B.o 

tssI-5 was able to restore MNGC induction to a B.p tssI-5 mutant when it was expressed in trans 

(Toesca et al. 2014). This suggests that either TssI is not secreted in B.o or one or more of the virulence 

factors required for earlier infection steps is absent (Wand et al. 2011).  

An unusual property of the T6SS-5 machinery is its position within the cell. When the B.t T6SS-5 

subunit, TssH-5, was fluorescently labelled with GFP it clearly demonstrated that T6SS-5 localises to 

the poles of the bacterium (Schwarz et al. 2014). This is in contrast to B.t T6SS-1, which is randomly 

distributed around the cell like the Vibrio cholerae and enteroaggregative Escherichia coli T6SSs (Basler 

et al. 2012; Durand et al. 2015). The significance of the specific localisation of T6SS-5 is unclear. 

The regulation of the T6SS-5 gene cluster appears to be fairly complex and co-ordinated with T3SS-3. 

They are both dependent on host signals for their activation, with T3SS-3 being most upregulated 

during the early stages of infection and without internalisation. This suggests that the upregulation of 

T3SS-3 is based on signals received from contact with host cells rather than intracellular triggers.  In 
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contrast, T6SS-5 is not upregulated when internalisation of B.p by a macrophage cell line is inhibited 

by cytochalasin D (Chen et al. 2011) indicating that an intracellular component or property was the 

signal for induction of T6SS-5 expression.  

A two-component regulatory system composed of the histidine kinase sensor VirA and the DNA 

binding response regulator VirG is a critical component of the regulation of T6SS-5 during B.p infection. 

Under standard laboratory growth conditions (i.e. LB media) T6SS-5 is not expressed, as determined 

by the absence of secreted TssD-5, however when the virA and virG genes are introduced in trans and 

overexpressed, T6SS-5 expression is increased (Burtnick et al. 2011). The same result was observed in 

B.m (Schell et al. 2007). The intracellular signals for induction of expression of T6SS-5 are host thiols, 

in particular glutathione. When glutathione is depleted from host cells infected with B.t, the level of 

tssD-5 expression and the ability of the bacterium to form MNGCs are reduced. Glutathione reduces 

the thiol group of a periplasmic cysteine residue of VirA (VirA is embedded in the bacterial inner 

membrane by 9-10 predicted transmembrane helices) which results in its monomerization and the 

induction of T6SS-5, presumably via VirG (Wong et al. 2015). 

As well as results in animal and in vitro models, evidence for the role of T6SS-5 in human infections 

has been found in serum from patients infected with B.p. Western blotting of serum from 10 patients 

with melioidosis gave a positive result for TssD-5, while TssD subunits from the other T6SSs present in 

the organism were absent. Moreover, TssD-5 was absent from uninfected controls (Burtnick et al. 

2011). This is in accordance with other experiments suggesting T6SS-5 is expressed during infection. 

In addition to those conserved across all T6SSs, the T6SS-5 gene cluster also contains four additional 

genes, the type six associated genes (tagA, tagB, tagC and tagD), which are located immediately 

downstream of tssI-5 (which encodes the secreted tail-spike protein) (Figure 1.3). As the effectors of 

other T6SSs are often encoded downstream of tssI genes, the tag genes could encode T6SS-5 secreted 

effector proteins. The locus tag of each ORF of the T6SS-5 gene clusters in B.p, B.t and B.m is shown 

in Table 1.1 and in Figure 1.3. 

1.4 Secretion systems in Gram-negative bacteria 

For many bacteria, the ability to secrete proteins into their environment is crucial for their survival.  

This is true of both Gram-negative and Gram-positive species, although for the former there is an 

added complexity, the presence of an extra membrane. To overcome this challenge, Gram-negative 

bacteria have evolved a diverse repertoire of secretion systems, to date nine have been identified 

(Type I-Type IX Secretion Systems: T1SS-T9SS). To confuse matters, a Gram-negative protein secretion 

system has also been designated as a ΨǘȅǇŜ ±LL ǎŜŎǊŜǘƛƻƴ ǎȅǎǘŜƳΩ (Abdallah et al. 2007). As this 
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mechanism is only present in Gram-positive species its designation as a type VII secretion system 

remains controversial.  

Apart from the chaperone-usher system (T7SS), the Gram-negative secretion systems are classified I 

to IX according to the order in which they were formally identified. They are broadly categorised into 

two groups, the Sec-dependent systems, which secrete their substrates in a two-step process and the 

Sec-independent systems which translocate proteins across both membranes in a single step. A simple 

outline of T1SS to T8SS is given in Figure 1.4. 

1.4.1 Sec-independent protein secretion systems 

As their classification suggests, the Sec-independent systems do not rely on Sec to transport proteins 

across the inner membrane. Instead, they translocate substrates across both membranes in a single 

step. This means that there is no periplasmic intermediate. 

1.4.1.1 Type I Secretion System (T1SS) 

The T1SS is comprised of two inner membrane proteins, the ABC (ATP binding cassette) protein, the 

membrane fusion protein (MFP, which also spans the periplasm) and a porin-like outer membrane 

(OM) protein (Costa et al. 2015). The T1SS ABC protein is a member of the ABC transporter protein 

family. The ABC transporter family facilitates the transport of a wide range of substrates including 

ions, amino acids and antibiotics in a mechanism energised by the hydrolysis of ATP (Higgins 1992). 

The family is widespread, examples of ABC transporters can also be found in eukaryotes and archaea. 

Proteins secreted by the T1SS are predicted to bind to the ABC before the energy provided from the 

hydrolysis of ATP transfers the unfolded protein into the periplasmic cavity of the MFP. The OM 

component then opens to form a pore which allows the release of the substrate into the extracellular 

space where it folds (Costa et al. 2015). The T1SS is capable of secreting a wide range of protein 

substrates (which contain a C-terminal signal sequence) of various molecular weights from 20 to 900 

kDa (Thomas et al. 2014). Some substrates of the T1SS are associated with the acquisition of nutrients 

and include the Serratia marcescens iron scavenging protein HasA (Kanonenberg et al. 2013), while 

others, such as E. coli HlyA are virulence factors (Thomas et al. 2014). 
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Figure 1.4 Gram-negative secretion systems  

Outline of the mechanisms used to secrete proteins in Gram-negative species, the T9SS is not shown. 

OM, outer membrane; PG, peptidoglycan; IM, inner membrane. Image modified and reproduced, with 

permission, from Costa et al. (2015) 
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1.4.1.2 Type III Secretion System (T3SS) 

The T3SS is a nanomachine composed of over 20 protein subunits which is capable of translocating 

proteins across the bacterial envelope and delivering effectors into target eukaryotic cells (Marlovits 

& Stebbins 2010). ²ƘƛƭŜ ǘƘƛǎ ǎŜŎǘƛƻƴ ŘŜŀƭǎ ǿƛǘƘ ǘƘŜ ŜǳƪŀǊȅƻǘƛŎ ǘŀǊƎŜǘƛƴƎ ΨƛƴƧŜŎǘƛǎƻƳŜΩ ¢о{{ǎΣ ŘƛǎǘƛƴŎǘ 

T3SSs are also key components of bacterial flagella where they export extracellular components, the 

two types of T3SS share an evolutionary ancestor (Abby & Rocha 2012). Effectors delivered by the 

T3SS act on a variety of host cell proteins. T3SSs in Salmonella alone deliver effectors that act on the 

host cytoskeleton, the ubiquitin pathway and host signalling (Burkinshaw & Strynadka 2014). 

The T3SS forms a syringe-like structure which is made up of two major sub-structures: a base which 

spans both bacterial membranes and a needle-like structure which extends from the outer membrane 

into the extracellular space (Schraidt & Marlovits 2011). The base contains two inner rings, a neck 

which spans the periplasm, and two outer rings (Galán & Wolf-Watz 2006). The needle is made up of 

multiple copies (over 120) of a single protein which form a 50 nm long filament with an 8 nm external 

diameter and a 2 nm inner diameter (Burkinshaw & Strynadka 2014). T3SS substrates are translocated 

through this needle in an unfolded state (Radics et al. 2013) The tip complex is found at the end of the 

needle which senses contact with host cells and regulates effector secretion. The tip complex interacts 

with the translocon which is believed to form a pore in the target membrane, facilitating translocation 

of effector proteins (Sato & Frank 2011). 

1.4.1.3 Type IV Secretion System (T4SS) 

As well as Gram negative bacteria, the T4SS can also be found in Gram positive species as well as some 

archaea (Alvarez-Martinez & Christie 2009). Uniquely, the T4SSs is capable of secreting DNA, proteins 

or a combination of both DNA and protein. T4SSs are diverse, with few components conserved 

throughout all systems, as such there are a number of classification systems in place. A recent 

άŜǾƻƭǳǘƛƻƴŀǊȅ ōŀǎŜŘέ ǎȅǎǘŜƳ ǇƭŀŎŜǎ ¢п{{ǎ ƛƴǘƻ ŜƛƎƘǘ ƎǊƻǳǇǎ ōŀǎŜŘ ƻƴ ŀƴ !¢tŀǎŜ ό±ƛǊ.пύ ŦƻǳƴŘ ƛƴ ŀƭƭ 

known systems (Guglielmini et al. 2013).  

A number of human pathogens utilise a T4SS. A T4SS known as Dot/Icm in Legionella pneumophila is 

required for trafficking of the bacteria to an ER-derived vacuole in which it replicates (Berger & Isberg 

1993). One of the causative agents of cat scratch disease, Bartonella henselae, uses a T4SS to modify 

host cytoskeletal proteins to facilitate its internalisation (Rhomberg et al. 2009). 

1.4.1.4 Type VI Secretion System (T6SS) 

The T6SS is outlined in detail in section 1.5. 
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1.4.2 Sec-dependent protein secretion systems 

As their name suggests, the Sec-dependent systems are reliant on the Sec-translocase pathway which 

transports unfolded proteins across the inner membrane in an ATP dependent manner. Proteins 

translocated by Sec are either maintained in an unfolded state by chaperones before they are directed 

to the system, or translated directly from the ribosome into the Sec apparatus, although the latter 

technique is primarily utilised by membrane proteins (Natale et al. 2008). Non-membrane proteins 

which are transported across the inner membrane by the Sec system are directed to the motor protein 

SecA, which hydrolyses ATP to translocate the unfolded protein through the SecYEG channel. The 

SecDF complex is thought to liberate the protein and release it into the periplasm (Lycklama a Nijeholt 

& Driessen 2012). An N-terminal signal sequence marks proteins for export by the Sec-translocase 

(Natale et al. 2008).  

1.4.2.1 Type II Secretion System (T2SS) 

Although considered a Sec-dependent system, T2SS substrates can also be delivered to the periplasm 

by the twin-arginine translocation (Tat) protein export pathway which translocates folded proteins 

across the inner membrane (Nivaskumar & Francetic 2014). The T2SS is also unique amongst Sec-

dependent secretion systems in that the delivery apparatus spans both membranes (Nivaskumar & 

Francetic 2014). The folded protein is loaded onto a type VI pilus-like structure within the periplasmic 

chamber of the T2SS which polymerises and pushes the protein out of the cell (Korotkov et al. 2012). 

T2SSs are capable of secreting a wide range of proteins, at least 18 proteins are secreted by the T2SS 

in V. cholerae alone (Sikora et al. 2011), including cholera toxin (Sánchez & Holmgren 2008). While it 

is a virulence factor in many species, including Pseudomonas aeruginosa, and the fish pathogen 

Aeromonas hydrophila, its primary role is in nutrient acquisition (Nivaskumar & Francetic 2014). 

1.4.2.2 Type V Secretion System (T5SS) 

The T5SS can secrete virulence factors as well as mediate intercellular interactions and biofilm 

formation (Leyton et al. 2012). There are five classes of T5SS, labelled T5SSa to T5SSe according to 

their transmembrane domain (Leo et al. 2012). Although the transport and effector domains of most 

T5SS proteins are part of the same polypeptide (prior to processing), in the T5SSb class the two 

domains are separate, they are still considered autotransporters according to the definition of Leo et 

al. (2012) as they do not rely on cytosolic energy sources. Members of the T5SSa class facilitate their 

own movement across the outer membrane by the formation of a pore (Henderson & Nataro 2001). 

Once the unfolded T5SSa protein has been released from the Sec system its C-terminal domain is 

recognised by the outer membrane protein BamA which inserts the C-ǘŜǊƳƛƴŀƭ ʲ-barrel domain into 

the outer membrane which forms a pore. The secreted portion of the protein (the N-terminal domain) 
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ǘƘŜƴ ǇŀǎǎŜǎ ǘƘǊƻǳƎƘ ǘƘƛǎ ǇƻǊŜ ōŜŦƻǊŜ ƛǘ ƛǎ ŎƭŜŀǾŜŘΣ ƭŜŀǾƛƴƎ ōŜƘƛƴŘ ŀƴ ʰ-helix which plugs the pore (Leo 

et al. 2012).  

As mentioned, the T5SSb class utilises a separate protein to cross the outer membrane. The T5SSc 

proteins form trimers but are exported using a similar mechanism to the T5SSa class. However, once 

the N-terminal domain of the subunits passes through the membrane pore, the protein is not cleaved 

and remains attached to the outer membrane (Leo et al. 2012). T5SSd and T5SSe are not as well 

characterised. Proteins of the T5SSd class are predicted to be a fusion of the two domains of T5SSb 

class, while the T5SSe class appears to be inverted, i.e. the C-terminal domain passes through the N-

terminal domain which is embedded in the membrane (Leo et al. 2012). 

1.4.2.3 Type VII Secretion System (T7SS, also known as the chaperone-usher pathway) 

The T7SS is used to assemble pili which are multisubunit appendages that extend from the cell and 

facilitate attachment to host cells and biofilm formation (Wright et al. 2007). To date, the most well 

ǎǘǳŘƛŜŘ ¢т{{ǎ ŀǊŜ ǘƘƻǎŜ ǿƘƛŎƘ ŀǎǎŜƳōƭŜ ǘƘŜ ǘȅǇŜ L ŀƴŘ t ǇƛƭƛΦ tƛƭƛ Ŏŀƴ ōŜ ǳǇ ǘƻ н ˃Ƴ ƭƻƴƎ ŀƴŘ ŀǊŜ 

composed of a rod which contains multiple FimA subunits in the type I pili or PapA subunits in the P 

pili. Once the subunits of the pili have crossed the inner membrane, they are folded and stabilised by 

a chaperone (FimC in type I and PapD in P pili). The subunits pass through an outer membrane pore 

όƪƴƻǿƴ ŀǎ ŀƴ ΨǳǎƘŜǊΩύ ƳŀŘŜ ǳǇ ƻŦ ŜƛǘƘŜǊ CƛƳ5 ƻǊ tŀǇ/ ŀƴŘ ŀǎǎŜƳōƭŜ ƻƴ ǘƘŜ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ cell (Costa 

et al. 2015). The tip of the type I pilus is made up of one subunit each of FimF, FimG and FimH (found 

at the end of the tip), while the P pilus tip contains multiple copies of PapE and one copy of PapF, PapG 

(found at the end of the tip) and PapK (Costa et al. 2015). 

1.4.2.4 Type VIII Secretion System (T8SS, also known as the curli biogenesis system) 

¢ƘŜ ¢у{{ ƛǎ ŎƻƳƳƻƴƭȅ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨŎǳǊƭƛ biogenesis systeƳΩΦ Lǘ ǎŜŎǊŜǘŜǎ ǘƘŜ amyloid-like curli protein 

CsgA, which is found in large quantities in E. coli bio-films. A periplasmic protein, CsgE, directs CsgA to 

an outer membrane pore formed by 8 CsgG subunits. CsgF interacts with CsgG at the outer membrane 

where it stabilises and localises another amyloid-like subunit, CsgB. CsgA travels through the CsgG 

pore and interacts with CsgB (Evans & Chapman 2014). The role of curli in pathogenesis is not entirely 

clear, although they do bind to many host proteins including the extracellular matrix proteins 

fibronectin and laminin as well as the antigen presenting major histocompatibility (MHC) class I 

proteins (Barnhart & Chapman 2006). 

1.4.2.5  Type IX Secretion System (T9SS) 

The T9SS was recently identified in Porphyromonas gingivalis, where it is required for secretion of a 

protease (Saiki & Konishi 2007). P. gingivalis is a member of the Bacteroidetes, a diverse phylum of 

bacteria, many members are motile by gliding motility. As well as secreting effectors, the T9SS also 
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exports outer membrane proteins necessary for gliding motility in Bacteroidetes (Sato et al. 2010). 

Bioinformatic analysis has demonstrated that T9SSs are common amongst the Bacteroidetes, but not 

found in other phyla (McBride & Zhu 2013). 

1.5 Type VI Secretion System 

The T6SS is a macromolecular machine which is capable of delivering proteins into target cells. T6SS 

genes have been found in roughly a quarter of all Gram-negative genomes which have been 

sequenced (Bingle et al. 2008). The bacterial T6SS was first identified in 2006 in the human pathogen 

Vibrio cholerae (Pukatzki et al. 2006). A transposon mutant screen was performed to identify genes 

critical for the bacterium to avoid predation by the phagocytic amoeba Dictyostelium discoideum. A 

number of the mutants were identified as having a reduced protein secretion profile and it was 

determined that the disrupted genes encoded components of a novel secretion system which was 

ŘŜǎƛƎƴŀǘŜŘ ǘƘŜ άǘȅǇŜ ±L ǎŜŎǊŜǘƛƻƴ ǎȅǎǘŜƳέ or T6SS. The system itself is thought to operate by the 

formation of a contractile tubule (sheath) surrounding an inner tube. On contraction of the sheath the 

ƛƴƴŜǊ ǘǳōŜΣ ŎŀǇǇŜŘ ōȅ ΨǎǇƛƪŜΩ ǇǊƻǘŜƛƴǎΣ ƛǎ ŘǊƛǾŜƴ ƻǳǘ ƻŦ ǘƘŜ ōŀŎǘŜǊƛǳƳ ŀƴŘ injected into the target cell 

(Bönemann et al. 2010), the components of the T6SS and the mechanism of secretion is displayed in 

Figure 1.5. This mechanism is not unique; in fact, it is remarkably similar to the way the contractile 

bacteriophage T4 delivers DNA and proteins into target cells (Figure 1.6). Some components of the 

T6SS share sequence and structural homology with a variety of bacteriophage components (Leiman 

et al. 2009). As the T6SS is a fairly recently discovery, inroads into the roles of the components of the 

system are constantly being made.  

Currently there are a variety of different naming conventions in place for components of the T6SS; 

these vary depending on organism being investigated and the groups that are studying them. For 

convenience, the nomenclature proposed by Shalom et al. (2007) is used here, demonstrated in Table 

1.2, this labels the 13 core components as TssA-TssM.  

1.5.1 Membrane complex  

The minimal T6SS membrane complex anchors the injection apparatus to the bacterial cell envelope 

and is made up of three components, TssJ, TssL and TssM. TssJ is an outer membrane lipoprotein. It 

resides in the periplasm and is tethered to the outer membrane lipid bilayer by an acylated cysteine 

that is located at the N-terminus of the protein following removal of the signal peptide (Aschtgen et 

al. 2008). TssJ interacts with the periplasmic domain of TssM with a stoichiometry of 1:1(Felisberto-

Rodrigues et al. 2011). TssM is embedded in the inner membrane by three transmembrane helices in 

its N-terminal domain which also facilitates self-interaction (Zheng & Leung 2007; Ma et al. 2009).  
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Table 1.2 Standardised names of genes encoding core components of the T6SS 

Standardised 

gene name 

Common 

alternative 

gene name 

COG Burkholderia 

mallei 

Vibrio cholerae Pseudomonas 

aeruginosa 

Edwardsiella 

tarda 

HSI-I HSI-II 

tssA  COG3515 bimE vasJ tssA1 hsiA2 evpK 

tssB  COG3516 tssA vipA tssB1 hsiB2 evpA 

tssC  COG3517 tssB vipB tssC1 hsiC2 evpB 

tssD hcp COG3157 hcp1 hcp hcp1 hcpC evpC 

tssE  COG3518 tssC VCA0109  tssE1 hsiF2 evpE 

tssF  COG3519 tssD vasA tssF1 hsiG2 evpF 

tssG  COG3520 tssE vasB tssG1 hsiH2 evpG 

tssH clpV COG0542 clpV1 vasG clpV1 clpV2 evpH 

tssI vgrG COG3501 vgrG1 vgrG vgrg1 vgrG2 evpI 

tssJ  COG3521 tssJ vasD tssJ1 lip2 evpL 

tssK  COG3522 tssK vasE tssK1 hsiJ2 evpM 

tssL  COG3455 tssL vasF tssL1 dotU2 evpN 

tssM  COG3523 icmF1 vasK tssM1 icmF2 evpO 
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A recent study by Durand et al. (2015) demonstrated that the C-terminal region of TssM forms an arch 

which crosses the periplasm. Each membrane complex has ten TssM subunits which form a dynamic 

periplasm-spanning double ring structure. In an active T6SS, TssM is at least partially exposed to the 

extracellular environment, suggesting it may form an outer membrane pore to facilitate the passage 

of TssI and TssD through the outer membrane of the T6SS-containing cell (Durand et al. 2015). Most 

TssM proteins contain a Walker A motif in the cytoplasmic N-terminal domain. Such motifs are 

commonly found in ATPases. The role of the Walker A motif in TssM is unclear; In Edwardsiella tarda 

the Walker A motif of TssM is dispensable for TssD secretion (Zheng & Leung 2007), however in 

Agrobacterium fabrum, modification of this motif abolished TssD secretion (Ma et al. 2009). 

As well as mediating self-interaction, the N-terminal region of TssM also facilitates interaction with 

the other membrane complex protein, TssL (Ma et al. 2009). TssL contains a cytoplasmic N-terminal 

domain that is anchored to the lipid bilayer by a single transmembrane helix (Durand et al. 2012). 

Many TssL proteins carry a periplasmic C-terminal peptidoglycan binding domain which interacts with 

the cell wall to stabilise the T6SS membrane complex (Ma et al. 2009, Aschtgen et al. 2010). When this 

domain is absent, an additional protein compensates, by interacting with both peptidoglycan and 

another T6SS component. For example, TagL interacts with TssL to anchor the T6SS membrane 

complex to the cell wall (Aschtgen et al. 2010).  

The membrane complex is composed of ten subunits each of TssJ, TssL and TssM. Unlike most other 

T6SS components and complexes which demonstrate 3 or 6-fold symmetry, the T6SS membrane 

complex is unusual in that it demonstrates 5-fold symmetry (Figure 1.7). Thus, It is unclear how 

interactions with the tail tube and sheath components are facilitated (Durand et al. 2015).  

1.5.2 Baseplate  

In bacteriophages which share the contractile delivery mechanism of T6SS, one of the essential 

components is the baseplate. The bacteriophage T4 baseplate is a complex structure made up of 6 

wedges each composed of seven proteins which surround a central hub. Each wedge contains gp11, 

gp10, gp7, gp8, gp6, gp52 and gp25 (Leiman & Shneider 2012). The central hub, which penetrates the 

outer membrane of the target bacterium, is made up of a complex of three gp27 and three gp5 

subunits (Kanamaru et al. 2002). In the T6SS, the baseplate is held close to the inner face of the 

cytoplasmic membrane by the TssJLM membrane complex. The baseplate has been proposed to be 

made up of TssE, TssF, TssG TssI and TssK (Brunet et al. 2015). TssE exhibits a remarkable 40% amino 

acid sequence similarity to the bacteriophage T4 base plate protein, gp25 (Leiman et al. 2009); 

although its precise role is unknown, it is required for the correct assembly of the TssD inner tube 

(Brunet et al. 2015) and it interacts with the sheath component, TssC (Zoued et al. 2016). 
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Another baseplate protein critical to the operation of the T6SS is TssK (Zheng & Leung 2007, Schwarz 

et al. 2010) which forms a trimeric structure (Zoued et al. 2013). This protein interacts with the TssF-

TssG heterodimer to form a complex which is recruited to the cytoplasmic side of the inner membrane 

by interaction with the inner membrane proteins TssL and TssM (Zoued et al. 2013; English et al. 2014). 

TssK also interacts with the TssC and TssD proteins, suggesting it may act as a link between the 

membrane complex formed by TssJ-TssL-TssM and the contractile sheath composed of TssB-TssC 

surrounding the TssD inner tube (English et al. 2014). 

TssG is almost always found downstream of TssF in T6SS gene clusters (Boyer et al. 2009) and in the 

Uropathogenic E. coli strain O6:K2:H1 CFT073, they are expressed as a fusion protein from a single 

ORF (Brunet et al. 2015). TssF and TssG are homologues to the baseplate proteins J and I of 

bacteriophage P2, respectively (Brunet et al. 2015). The baseplate of bacteriophage P2 is more 

straightforward than bacteriophage T4 and contains four proteins; protein V which is equivalent to 

the central hub, protein W, a homologue of gp25, I a homologue of gp6 and J, a homologue of gp53 

(Leiman & Shneider 2012). Unsurprisingly, given their genetic co-localisation, TssF and TssG interact 

with each other. TssG interacts with TssE and the sheath component-TssC. Both TssG and TssF interact 

with the inner tube protein, TssD. The TssF-TssG complex interacts with TssI and TssK (Brunet et al. 

2015). 

Also commonly referred to as valine-glycine repeat protein G (VgrG), TssI is a core component of the 

T6SS which is also secreted. Its presence in culture supernatants alongside TssD indicates a functional 

T6SS. Some TssI proteins have an additional region at their C-terminus which serves as an effector. 

Such subunits ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŜǾƻƭǾŜŘΩ TssI proteins (Pukatzki et al. 2007). It forms trimers which 

are similar to the tail spikes used by bacteriophages to puncture target cells (Pukatzki et al. 2007). In 

particular, the N-terminus and C-terminus of non-ŜǾƻƭǾŜŘ όƛΦŜΦ ΨŀƴŎŜǎǘǊŀƭΩύ ¢ǎǎL ǇǊƻǘŜƛƴǎ resemble the 

bacteriophage gp27 and gp5 proteins, respectively (Pukatzki et al. 2007). The TssI trimer sits on the 

top of the inner tube, thereby forming the spike (Figure 1.7). TssI interacts with the inner tube subunit 

TssD (Lin et al. 2013) and is required for the assembly of functional (i.e. stacked in the correct 

orientation) inner tubes (Brunet et al. 2014).  

Recently another component of the T6SS was identified; PAAR (proline-alanine-alanine-arginine) 

superfamily proteins form a sharp conical extension to the TssI trimer (Figure 1.7) and are thought to 

facilitate the transport of some effectors. It is also essential for T6SS activity (Shneider et al. 2013).  
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1.5.3 Inner tube and contractile sheath 

Further evidence of the similarities between the T6SS and bacteriophages can be found in the 

structures that project from the T6SS baseplate into the bacterial cytoplasm prior to secretion (Basler 

et al. 2012). This is made up of an inner tube composed of stacked hexameric rings of TssD which are 

surrounded by a sheath made of TssB and TssC subunits.  

TssD (also referred to as haemolysin co-regulated protein, Hcp) was one of the earliest components 

of the T6SS to be identified. In fact, it was identified as an unusual V. cholerae secreted protein in 1996 

(Williams et al. 1996), years before the identification of the T6SS. The presence of TssD in culture 

supernatants is one of the hallmarks of a functional T6SS (the other being TssI).  

The crystal structures of a number of TssD proteins have been elucidated. All of the structures 

determined so far have demonstrated that TssD forms hexameric rings which stack on top of each 

other (Mougous 2006, Jobichen et al. 2010, Osipiuk et al. 2011). Although in each structure solved, 

TssD rings interacted with one another, the apparent orientation of the stacking varied between 

different TssD proteins studied; P. aeruginosa TssD-1 rings stacked ΨƘŜŀŘ-to-ǘŀƛƭΩ ŦƻǊƳƛƴƎ ƭƻƴƎ ǘǳōŜǎ 

(Figure 1.8) (Mougous 2006), P. aeruginosa TssD-3 formed double rings which adopted a head-to-head 

conformation (Osipiuk et al. 2011) while the rings formed by Edwardsiella tarda TssD adopted a tail-

to-tail conformation (Jobichen et al. 2010). Work by Brunet et al. (2014) subsequently demonstrated 

that the head-to-tail conformation represented the physiological structure of TssD hexamers.  

The hexameric rings formed by TssD typically have an internal and external diameter of ~40 Å and ~85 

Å, respectively and resemble those formed by gp19 which makes up the phage T4 tail tube (Leiman et 

al. 2009). Accordingly, TssD forms a structure which is equivalent to the tail tube of contractile 

bacteriophages, TssD hexamers assemble into long tubes in the cytoplasm which are surrounded by 

the TssB-TssC sheath. The sheath and inner tube extend from the membrane across almost the entire 

diameter of the T6SS-containing cell. On contraction of the sheath, the inner tube is pushed out of the 

cell, delivering the TssI tail spike protein along with the PAAR protein, into the target (Basler et al. 

2012). Although primarily regarded as a structural component of the T6SS, TssD has been proposed 

to perform a number of other roles; In P. aeruginosa, TssD has been shown to act as a chaperone for 

a secreted effector protein, Tse2, preventing its degradation prior to secretion (Silverman et al. 2013). 
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Bioinformatic analysis of genes encoding T6SS components demonstrated that tssB immediately 

precedes tssC in most T6SS gene clusters (Boyer et al. 2009) and TssC is similar to phage sheath 

proteins. It has been found that TssB and TssC interact to form a contracted bacteriophage sheath-

like structure in vitro (Lossi et al. 2013; Kube et al. 2014) with an internal diameter which is sufficient 

to accommodate the TssD inner tube (Figure 1.8) (Lossi et al. 2013). Although TssD was not co-purified 

with the TssB-TssC sheath, it is likely that that the sheath adopts its contracted conformation which 

pushes out the TssD inner tube in the absence of other T6SS components (Basler et al. 2012). 

1.5.4 TssA  

An unusual component of the T6SS is TssA, this protein forms dodecamers that interact with TssD and 

TssC (components of the inner tube and sheath respectively). It also co-purifies with the T6SS 

membrane complex, to form a structure which is visible by electron microscopy (Zoued et al. 2016) 

suggesting it forms a component of the baseplate. However, when fluorescently labelled TssA was 

observed in E. coli alongside fluorescently labelled TssB, it was observed to move away from the 

membrane as the sheath was extended and therefore it was predicted to incorporate inner tube and 

sheath components ƛƴǘƻ ǘƘŜ ƎǊƻǿƛƴƎ άǘŀƛƭ ǘǳōŜέ ŘǳǊƛƴƎ ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ ¢с{{ (Zoued et al. 2016).  

1.5.5 TssH  

Also known as ClpV, TssH is an AAA+ ATPase which facilitates the disassembly of the TssB-TssC tubules 

following contraction (Bönemann et al. 2009). TssH is unable to access the TssC when the tubule is in 

its extended conformation. However, ŦƻƭƭƻǿƛƴƎ ŎƻƴǘǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ǎƘŜŀǘƘ ǿƘŜƴ ǘƘŜ ¢с{{ ƛǎ ΨŦƛǊŜŘΩΣ ǘƘŜ 

N-terminus of TssC is exposed, allowing access to TssH and subsequent disassembly of tubules (Kube 

et al. 2014). Another protein involved in the disassembly of the sheath in some T6SSs is TagJ. TagJ 

recruits the respective TssH of the T6SS to the TssB subunit of the sheath rather than TssC (Förster et 

al. 2014). Thus, TssH allows recycling of sheath subunits in contrast to the contracted phage sheath. 

1.5.6 Mechanism of secretion by the T6SS  

An outline of the mechanism of secretion by the T6SS is shown in Figure 1.5. Based on assays which 

used fluorescently labelled TssL and TssM, the first stage of membrane complex assembly is believed 

to be the anchoring of the lipoprotein TssJ in the outer membrane. In E. coli and other species, the 

localisation of the T6SS machinery is randomly distributed around the cell. However, in B.t it 

specifically localises to the poles of the cell (Schwarz et al. 2014), suggesting another factor is involved 

in the membrane localisation of B.t (and presumably other pseudomallei group members). Insertion 

of TssJ into the outer membrane is followed by the addition of TssM and then TssL to produce the cell 

envelope anchoring complex. TssA is then recruited to the membrane complex which is followed by 

assembly of the baseplate. Rings of TssD surrounded by the TssB-TssC sheath then assemble from this 
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baseplate complex in a structure which eventually stretches across almost the entire width of the cell 

(Basler et al. 2012). As the inner tube/sheath extends, the TssA protein moves away from the 

membrane with the growing end of the tube/sheath (Zoued et al. 2016).  

Once the system is assembled, firing is induced by a mechanism that has not been elucidated to date, 

although it is suspected that a conformational change in the membrane components is involved 

(Durand et al. 2015). Whatever the cause, the sheath contracts which pushes the TssI-tipped TssD 

tube out of the attacker cell and into the target cell. This also delivers the PAAR protein and any other 

proteins associated with TssI and TssD into the target. The TssH ATPase is then recruited to the 

contracted sheath to dismantle it. After the system has fired and disassembled, the membrane 

complex remains, allowing further rounds of secretion. 

1.5.7 T6SS-exported effectors 

One of the most striking observations regarding the effectors secreted by T6SSs is their sheer diversity, 

ōƻǘƘ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜƛǊ ŦǳƴŎǘƛƻƴ ŀƴŘ ƳŜǘƘƻŘ ƻŦ ŘŜƭƛǾŜǊȅΦ hƴŜ ƻŦ ǘƘŜ ŜŀǊƭƛŜǎǘ ΨŜǾƻƭǾŜŘΩ ¢ǎǎL ǇǊƻǘŜƛƴs to 

be identified was V. cholerae TssI-1, which contains an RtxA domain at the C-terminus, which is 

capable of cross-linking actin in its purified monomeric form, in eukaryotic cell lysates and in whole 

J774.2 cells (Pukatzki et al. 2007). This TssI contributes to inflammation and is required for infection 

of the intestine in a mouse model of infection (Ma & Mekalanos 2010). Aeromonas hydrophila TssI-1 

induces the rounding and eventual apoptosis of HeLa cells by the modification of host cell actin in a 

mechanism that is distinct from V. cholerae TssI-1 (Suarez et al. 2010).  

A number of effectors secreted by T6SSs target the peptidoglycan of bacterial cell walls, and they are 

classified according to their specific activities. Type VI secretion amidase effectors (Tae), cleave the 

peptides and cross bridges of peptidoglycan. The Tae group are further divided into four clades based 

on evolutionary history (Tae1-4), each clade has a different specificity (Russell et al. 2012).  

T6SS-exported peptidoglycan glycoside hydrolases which cleave the glycan strands of peptidoglycan 

ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψ¢ƎŜΩ ŀƴŘ ŀǊŜ ŦǳǊǘƘŜǊ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘǊŜŜ ŦŀƳƛƭƛŜǎ ό¢ƎŜм-3) (Whitney et al. 2013). 

Another peptidoglycan targeting effector of V. cholerae, TssI-3, is an evolved TssI with a C-terminal 

domain which binds to and degrades peptidoglycan, increasing the ability of the bacteria to compete 

with E. coli (Brooks et al. 2013). A further set of T6SS effectors are phospholipases which have been 

classified (sticking with a similar naming convention to the Tae and Tge effectors) as Tle1-5 (type VI 

lipase effectors 1-5) based on phylogenetic distribution and sequence comparisons (Russell et al. 

2013). A B.t Tle1, a V. cholerae Tle2 and a P. aeruginosa Tle5 have all been shown to exert lytic effects 

on bacteria (Russell et al. 2013; Dong et al. 2013; Jiang et al. 2014). As the substrates for lipases are 

not confined to bacteria, these effectors are also capable of targeting eukaryotic cells, indeed the P. 
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aeruginosa T6SS secreted phospholipases PldA and PldB have effects on bacterial and eukaryotic cells 

(Jiang et al. 2014). Some Tle effectors appear to be more specific; a Tle5 of Klebsiella pneumoniae is 

essential for virulence in a mouse model of infection but does not appear to exert an effect on E. coli 

(Lery et al. 2014). Type VI DNase effectors (Tde) have recently been identified, in Agrobacterium 

fabrum (tumefaciens) a pair of Tde proteins allow A. fabrum to outcompete P. aeruginosa in a plant 

co-infection model (Ma et al. 2014).  

1.5.7.1 Mechanisms of effector delivery 

The mechanisms utilised by the T6SS to deliver effector proteins are outlined in Figure 1.9. As 

ƳŜƴǘƛƻƴŜŘ ǇǊŜǾƛƻǳǎƭȅΣ ǎƻƳŜ ¢ǎǎL ǇǊƻǘŜƛƴǎΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŜǾƻƭǾŜŘΩ ¢ǎǎL ǇǊƻǘŜƛƴǎ Ŏƻƴǘŀƛƴ ŀŘŘƛǘƛƻƴŀƭ 

domains at the C-terminus which act upon target cells. These domains are dispensable for the activity 

of the T6SS as judged by the ƳŀƛƴǘŜƴŀƴŎŜ ƻŦ ǘƘŜ ǎŜŎǊŜǘƛƻƴ ƻŦ ¢ǎǎ5 ŀƴŘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ΨŎƻǊŜΩ ¢ǎǎL ǿƘŜƴ 

the effector region is removed. Effectors that are fused to structural components of the T6SS are 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǎǇŜŎƛŀƭƛǎŜŘ ŜŦŦŜŎǘƻǊǎΩΦ As these effector domains are covalently linked to the spike 

protein, they are delivered to the recipient cell as part of the puncturing device. Other effectors (so-

called cargo effectors) must associate with the T6SS in order to be secreted. 

It has been speculated that some types of effector proteins interact with TssI proteins and are carried 

across the membrane (Shneider et al. 2013, Durand et al. 2014). This is based on the observation that 

the Tle2 effector of V. cholerae interacts with TssI-3 (Dong et al. 2013). Effectors that interact with 

ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ¢с{{ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŎŀǊƎƻ ŜŦŦŜŎǘƻǊǎΩ. The delivery of some effector proteins is 

believed to be enabled ōȅ ŀƴ ΨŀŎŎŜǎǎƻǊȅ proteinΩ which interacts with both TssI and the effector. For 

example, V. cholerae VasW is dispensable for TssI secretion, but essential for secretion of the effector 

protein VasX (Miyata et al. 2013). 

The recently discovered PAAR proteins may facilitate further methods of transportation for effectors. 

Like evolved TssI proteins, some PAAR proteins possess extended C-terminal regions which contain 

putative specialised effectors, including proteases, lipases and nucleases (Shneider et al. 2013). 

Additionally, some PAAR proteins contain a transthyretin domain. Such domains facilitate interaction 

with other proteins and therefore may act like an adaptor to enable the secretion of additional cargo 

effectors (Shneider et al. 2013).  
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Figure 1.9 Mechanisms of T6SS effector delivery 

Diagram showing the predicted mechanisms employed by the T6SS to 

ǘǊŀƴǎƭƻŎŀǘŜ ŜŦŦŜŎǘƻǊǎ ƛƴǘƻ ǘŀǊƎŜǘ ŎŜƭƭǎΦ DǊŜȅ ǎǘŀǊǎΣ ΨŎŀǊƎƻ ŜŦŦŜŎǘƻǊǎΩ ǿƘƛŎƘ 

interact with TssD, TssI, PAAR proteins or an intermediate accessory 

ǇǊƻǘŜƛƴ όōƭŀŎƪ ŎǊƻǎǎύΤ ǎǘŀǊǎ ƻƴ ǎǘŀƭƪǎΣ ΨǎǇŜŎƛŀƭƛǎŜŘ ŜŦŦŜŎǘƻǊǎΩ ǿƘƛŎƘ ŀǊŜ ŦǳǎŜŘ 

to secreted core components of the T6SS. Black arrows indicate an 

interaction.  
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In addition to its structural role, some small effectors, such as many of the Tae effectors, are thought 

to insert inside the TssD inner-tube. Here, TssD may act as chaperones as described in section 1.5.3, a 

TssD of P. aeruginosa is believed to facilitate the delivery of the Tse2 protein into the target cell. This 

is based on the observation that Tse2 occupies the central pore of TssD hexamers when analysed by 

electron microscopy (Silverman et al. 2013). A putative TssD protein in Salmonella enterica subspecies 

arizonae Ŏƻƴǘŀƛƴǎ ŀ ǇǳǘŀǘƛǾŜ ōŀŎǘŜǊƛƻŎƛƴ ŘƻƳŀƛƴ ŀƴŘ Ƙŀǎ ōŜŜƴ ŘŜǎƛƎƴŀǘŜŘ ŀƴ ΨŜǾƻƭǾŜŘ-IŎǇΩ όǳǎƛƴƎ ǘƘŜ 

alternative nomenclature for TssD), However, it is unclear whether or not it is functional as a TssD 

protein or toxin (Blondel et al. 2009). 

1.5.7.2 Immunity proteins 

As many of the effectors secreted by T6SSs are anti-bacterial, one would expect such effectors (i.e. 

DNases, peptidoglycan hydrolases and lipases) to harm the cell which produces them or its siblings. 

Therefore, to avoid self-toxicity and detrimental effects from accidental targeting by neighbouring 

siblings, many effectors have cognate immunity proteins which bind to and inhibit their function. 

Immunity proteins are almost always encoded immediately upstream or downstream of the effector 

to which they provide immunity.  

Type VI secreted effectors are not thought to be exposed to the periplasm during delivery by the T6SS 

and therefore Tae proteins secreted by the attacker cell will not come into contact with the cell wall. 

However, cells are still at risk of the toxic effects of amidases delivered by siblings. To protect from 

fratricide, Tae proteins have cognate type VI amidase immunity proteins, referred to as Tai1-4 

(corresponding to Tae1-4) which are transported into the periplasm, where they either exist as soluble 

proteins or outer membrane bound lipoproteins (Russell et al. 2011; Russell et al. 2012; English et al. 

2012). Another periplasmic immunity protein class is the type VI secretion lipase immunity (Tle) 

proteins which are labelled Tli1-5 according to the effector protein (Tle1-5) they provide protection 

from (Russell et al. 2013). Unsurprisingly the Tde proteins also have cognate immunity proteins 

referred to as Tdi (Ma et al. 2014). An unusual example of immunity proteins is the Rap1b and Rap2b  

(resistance associated protein) proteins. These Tai4 family members are encoded on the Serratia 

marcescens genome but do not interact with any S. marcescens Tae4 proteins. It has therefore been 

suggested that Rap1b and Rap2b may protect the cell from amidases which are not produced by S. 

marcescens and are expressed purely for defence against proteins secreted by other species or strains 

(English et al. 2012; Srikannathasan et al. 2013).  

1.6 Hypothesis 

Based on the fact that they are not conserved amongst all T6SSs and their genomic location, 

immediately downstream of TssI-5, I predict that the tag genes encode effector proteins secreted by 
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T6SS-5 which are required for B.t to induce the formation of MNGCs in vitro. It is also possible that 

T6SS-5 secretes other effector proteins required for virulence. Although tssA is generally considered 

an essential component of the T6SS, Schell et al. (2007) found that a B.m tssA-5 mutant was still 

virulent in a hamster model of infection, while mutation of other tss genes rendered B.m non-virulent. 

Thus, I intend to determine whether or not a B.t tssA-5 mutant is capable of inducing MNGC formation 

and if the deletion of tssA-5 has an effect on T6SS-5 activity. 

1.7 Aims of this study  

¶ Determine whether the tag genes are required for MNGC formation  

¶ Determine whether the tag genes are required for T6SS-5 activity 

¶ Identify proteins secreted by T6SS-5 

¶ Identify interaction partners of the Tag proteins 

¶ Determine the role of TssA-5 in T6SS-5 
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 Chapter 2 Materials and methods 
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2.1 Bioinformatic analysis  

Bioinformatic tools utilised in this work are shown in Table 2.1. DNA and amino acid sequences were 

obtained from the Burkholderia Genome Database (Winsor et al. 2008).  

2.2 Bacterial Strains and plasmids 

Bacterial strains used in this work are shown in Table 2.2, plasmids are shown in Table 2.3 

 

Table 2.2 Bacterial strains used in this study 

Bacterial Strain Description  Source  

Burkholderia 

thailandensis E264 

Soil isolate obtained from a rice field in central 

Thailand. 

(Brett et al. 1998) 

.Φǘ ɲǘǎǎ!-5 E264 with a markerless in-frame deletion of 

1,671bp of the central portion of tssA-5 

(BTH_II0873) 

This study 

Table 2.1 Tools used in bioinformatics analysis  

Tool  Function Reference(s) 

BoxShade Shading of multiple alignments for display. No publication, tool available at 

http://www.ch.embnet.org/ 

software/BOX_form.html 

Culstal omega Multiple sequence alignment. (Goujon et al. 2010; Sievers et al. 

2014) 

EMBOSS Needle Pairwise sequence alignment. (Li et al. 2015) 

InterProScan Scans sequences against the InterPro 

database to provide functional analysis. 

(Jones et al. 2014) 

Phyre2 Protein 3D structure prediction. (Kelley et al. 2015) 

PSIPRED Protein secondary structure prediction. (Buchan et al. 2013) 

PSORTb Protein subcellular location prediction. (Yu et al. 2010) 

PyMOL v1.8 Manipulation and visualisation of 3D 

protein structures. 

(Schrodinger  LLC 2015) 

ScanProsite Scans a protein for matches against the 

PROSITE motif collection. 

(de Castro et al. 2006) 
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.Φǘ ɲǘǎǎ!-рΣ ɲǘǎǎ!-1 E264 with a markerless in-frame deletion of 1,671 

bp of the central portion of tssA-5 and 963 bp of 

tssA-1 (BTH_I2957) 

This study 

.Φǘ ɲǘǎǎY E264 with a markerless in-frame deletion of 1,194 

bp of the central portion of tssK-5 (BTH_II0857) 

This study 

B.t ɲǘŀƎ!-D E264 with a markerless in-frame deletion of tagA-5 

(BTH_II0862), tagB-5(BTH_II0861), tagC-5 

(BTH_II0860) and tagD-5 (BTH_II0859) 

This study 

.Φǘ ɲǘŀƎ! E264 with a markerless in-frame deletion of 2,493 

bp of the central portion of tagA-5 (BTH_II0862) 

This study 

.Φǘ ɲǘŀƎ. E264 with a markerless in-frame deletion of 927 bp 

of the central portion of tagB-5 (BTH_II0861) 

This study 

.Φǘ ɲǘŀƎ/ E264 with a markerless in-frame deletion of 621 bp 

of the central portion of tagC-5 (BTH_II0860) 

This study 

B.t ɲǘŀƎ5 E264 with a markerless in-frame deletion of 816 bp 

of the central portion of tagD-5 (BTH_II0859) 

This study 

Escherichia coli JM83  F- ara ɲ(lac-proAB) ʊулŘlacZɲaмр ό{ƳR) 

 

(Yanisch-Perron et 

al. 1985) 

Escherichia coli 

{aмл˂ǇƛǊ 

thi-1 thr leu tonA lacY supE recA RP4-2-Tc::Mu (KmR) 

(lpir) 

(Simon et al. 1983) 

Escherichia coli 

.[нм˂59о 

F- ompT hsdSB(rB
-mB

+) dcm gal ˂ ό59оύ (Studier & Moffatt 

1986) 

Escherichia coli BTH101 F-, cya, (SmR) (Karimova et al. 

1998) 

Abbreviations: TpR, trimethoprim resistant; SmR streptomycin resistant; ApR, ampicillin resistant; 

KmR
, Kanamycin resistant. 

 

Table 2.3 Plasmids used in this study 

Plasmid Description Source 

pET14b E. coli specific vector for expression. Introduces N-

terminal hexa-histidine tag. (ApR) 

Novagen  

pET14b-His6.TssD pET14b containing tssD cloned between NdeI and 

BamHI. (ApR) 

This study 
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pETDuet-1 E. coli specific vector for expression. Contains two 

multiple cloning sites (ApR) 

Novagen 

pETDuet-tagA pETDuet containing tagA cloned between NcoI and 

HindIII of MCS1 

This study 

pETDuet-tagB pETDuet containing tagB cloned between NdeI and 

BamHI of MCS2 

This study 

pETDuet-tagA-tagB pETDuet containing tagA cloned between NcoI and 

HindIII of MCS1 and tagB cloned between NdeI and 

BamHI of MCS2 

This study 

pACYCDuet E. coli specific vector for expression. Contains two 

multiple cloning sites (CmR)  

Novagen 

pACYCDuet-tagC pACYCDuet containing tagC cloned between NcoI 

and BamHI of MCS1 

This study 

pACYCDuet-tagD pACYCDuet containing tagD cloned between NdeI 

and BglII of MCS2 

This study 

pACYCDuet-tagC-tagD pACYCDuet containing tagC cloned between NcoI 

and BamHI of MCS1 and tagD cloned between NdeI 

and BglII of MCS2 

This study 

pBBR1MCS Broad host range cloning vector, (CmR)  (Kovach et al. 1995) 

pBBR1MCS-tssA  pBBR1MCS containing tssA cloned between HindIII 

and BamHI, (CmR) 

This study 

pBBR1MCS-tssK pBBR1MCS containing tssK cloned between HindIII 

and BamHI, (CmR) 

This study 

pBBR1MCS-tagA-D pBBR1MCS containing tagA, tagB, tagC and tagD 

cloned between HindIII and BamHI, (CmR) 

This study 

pBBR1MCS-tagA pBBR1MCS containing tagA cloned between HindIII 

and BamHI, (CmR) 

This study 

pBBR1MCS-tagAFLAG pBBR1MCS containing tagA modified to contain a C-

terminal FLAG epitope, cloned between HindIII and 

BamHI, (CmR) 

This study 

pBBR1MCS-tagB pBBR1MCS containing tagB cloned between HindIII 

cloned between HindIII and BamHI, (CmR) 

This study 
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pBBR1MCS-tagBFLAG pBBR1MCS containing tagB modified to contain a C-

terminal FLAG epitope, cloned between HindIII and 

BamHI, (CmR) 

This study 

pBBR1MCS-tagC pBBR1MCS containing tagC cloned between HindIII 

and BamHI, (CmR) 

This study 

pBBR1MCS-tagCFLAG pBBR1MCS containing tagC modified to contain a C-

terminal FLAG epitope, cloned between HindIII and 

BamHI, (CmR) 

This study 

pBBR1MCS-tagD pBBR1MCS containing tagD cloned between HindIII 

and BamHI, (CmR) 

This study 

pBBR1MCS-tagDFLAG pBBR1MCS containing tagD modified to contain a C-

terminal FLAG epitope, cloned between HindIII and 

BamHI, (CmR) 

This study 

pSCrhaB2 Broad-host-range vector, expression inducible by 

rhamnose (TpR) 

(Cardona & Valvano 

2005) 

pSCrhaB2-virAG pSCrhaB2 containing virA and virG cloned between 

NdeI and BamHI (TpR) 

This study 

pSCrhaB2-virAG-tssA pSCrhaB2-virAG containing tssA cloned between 

BamHI and XbaI, taken from digesting LITMUS 28i-

tssA with BglII and XbaI  

This study 

pSCrhaB2-virAG-tssK pSCrhaB2-virAG containing tssK cloned between 

BamHI and XbaI, taken from digesting LITMUS 28i-

tssK with BglII and XbaI 

This study 

pSCrhaB2-virAG-tagA pSCrhaB2-virAG containing tagA cloned between 

BamHI and XbaI, taken from digesting LITMUS 28i-

tagA with BglII and XbaI 

This study 

pSCrhaB2-virAG-

tagAFLAG 

pSCrhaB2-virAG containing tagAFLAG cloned 

between BamHI and XbaI, taken from digesting 

LITMUS 28i-tagAFLAG with BglII and XbaI 

This study 

pSCrhaB2-virAG-tagB pSCrhaB2-virAG containing tagB cloned between 

BamHI and XbaI, taken from digesting LITMUS 28i-

tagB with BglII and XbaI 

This study 
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pSCrhaB2-virAG-

tagBFLAG 

pSCrhaB2-virAG containing tagBFLAG cloned 

between BamHI and XbaI, taken from digesting 

LITMUS 28i-tagBFLAG with BglII and XbaI 

This study 

pSCrhaB2-virAG-tagC pSCrhaB2-virAG containing tagC cloned between 

BamHI and XbaI, taken from digesting LITMUS 28i-

tagC with BglII and XbaI 

This study 

pSCrhaB2-virAG-tagD pSCrhaB2-virAG containing tagD cloned between 

BamHI and XbaI, taken from digesting LITMUS 28i-

tagD with BglII and XbaI 

This study 

LITMUS 28i  E. coli plasmid vector for transcription of double 

stranded RNA (ApR) 

NEB, (Kovach et al. 

1995) 

LITMUS 28i-tssA LITMUS 28i containing tssA cloned between NcoI 

and XbaI taken from digesting pBBR1MCS-tssA with 

NcoI and XbaI  

This study 

LITMUS 28i-tssK LITMUS 28i containing tssK cloned between NcoI 

and XbaI taken from digesting pBBR1MCS-tssA with 

NcoI and XbaI 

This study 

LITMUS 28i-tagA LITMUS 28i containing tagA cloned between NcoI 

and XbaI taken from digesting pBBR1MCS-tssA with 

NcoI and XbaI 

This study 

LITMUS 28i-tagAFLAG LITMUS 28i containing tagAFLAG cloned between 

NcoI and XbaI taken from digesting pBBR1MCS-tssA 

with NcoI and XbaI 

This study 

LITMUS 28i-tagB LITMUS 28i containing tagB cloned between NcoI 

and XbaI taken from digesting pBBR1MCS-tssA with 

NcoI and XbaI 

This study 

LITMUS 28i-tagBFLAG LITMUS 28i containing tagBFLAG cloned between 

NcoI and XbaI taken from digesting pBBR1MCS-tssA 

with NcoI and XbaI 

This study 

LITMUS 28i-tagC LITMUS 28i containing tagC cloned between NcoI 

and XbaI taken from digesting pBBR1MCS-tssA with 

NcoI and XbaI 

This study 
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LITMUS 28i-tagD LITMUS 28i containing tagD cloned between NcoI 

and XbaI taken from digesting pBBR1MCS-tssA with 

NcoI and XbaI 

This study 

pEX18Tp-pheS Suicide vector containing the mutant pheS gene for 

allelic replacement in Burkholderia species. (TpR) 

(Barrett et al. 2008) 

pEX18Tp-pheS-ɲtssA-5 pEX18Tp-pheS with the deleted tssA-5 SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtssA-1 pEX18Tp-pheS with the deleted tssA-1 SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtssK pEX18Tp-pheS with the deleted tssK SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtagA pEX18Tp-pheS with the deleted tagA SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtagB pEX18Tp-pheS with the deleted tagB SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtagC pEX18Tp-pheS with the deleted tagC SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtagD pEX18Tp-pheS with the deleted tagD SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pEX18Tp-pheS-ɲtagA-D pEX18Tp-pheS with the deleted tagA-D SOE PCR 

product cloned between Acc65I and BamHI (TpR) 

This study 

pKT25-tssA pKT25 with tssA cloned between XbaI and BamHI This study 

pUT18C-tssA pUT18C with tssA cloned between XbaI and BamHI This study 

pKT25-tssC pKT25 with tssC cloned between PstI and XbaI This study 

pKNT25-tssC pKNT25 with tssC cloned between PstI and XbaI This study 

pUT18-tssC pUT18 with tssC cloned between PstI and XbaI This study 

pUT18C-tssC pUT18C with tssC cloned between PstI and XbaI This study 

pKT25-tssI pKT25 with tssI cloned between PstI and BamHI This study 

pKNT25-tssI pKNT25 with tssI cloned between XbaI and KpnI This study 

pUT18-tssI pUT18 with tssI cloned between XbaI and KpnI This study 

pUT18C-tssI pUT18C with tssI cloned between PstI and BamHI This study 

pKNT25-tagA pKNT25 with tagA cloned between PstI and BamHI This study 

pUT18-tagA pUT18 with tagA cloned between PstI and BamHI This study 

pKNT25-tagB pKT25 with tagB cloned between HindIII and BamHI This study 
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pUT18-tagB pUT18C with tagB cloned between HindIII and 

BamHI 

This study 

pKT25-tagC pKNT25 with tagC cloned between PstI and BamHI This study 

pUT18C-tagC pUT18 with tagC cloned between PstI and BamHI This study 

pKT25-tagD pKNT25 with tagD cloned between XbaI and BamHI This study 

pUT18C-tagD  pUT18 with tagD cloned between XbaI and BamHI This study 

Abbreviations: TpR, trimethoprim resistant; SmR streptomycin resistant; ApR, ampicillin resistant; 

KmR
, Kanamycin resistant. 

2.3 Growth media 

2.3.1 Lysogeny Broth (LB) 

For the preparation of 1 L of LB, the following were weighed out: 10 g tryptone (BD), 10 g NaCl (Fisher), 

5 g yeast extract (BD). The components were dissolved in ddH2O and autoclaved for 20 minutes. Agar 

(Oxoid) was added to 1.5% (w/v) prior to autoclaving if plates were being prepared.  

2.3.2 Iso-Sensitest Broth (IST) 

IST broth was prepared by dissolving 21.4 g IST broth powder in 1 L ddH2O and autoclaving. Agar 

(Oxoid) was added to 1.5% (w/v) prior to autoclaving if plates were being prepared. 

2.3.3 Brain-Heart Infusion Broth (BHI) 

BHI broth was prepared by dissolving 37 g of BHI powder (Oxoid) in 1 L ddH2O and autoclaving. 

2.3.3.1 Dialysed Brain-Heart Infusion Broth (dBHI) 

BHI contains large MW proteins which could interfere with downstream analysis when analysing 

culture supernatants, to remove these dialysis was performed. For 1 L of dBHI, 37 g of BHI powder 

was dissolved in 50 ml of ddH2O and poured into a suitable length of 12000-14000 MWCO dialysis 

tubing (Thermo) which had been soaked in ddH2O and sealed at one end with a dialysis clip. A dialysis 

clip was added to the other end to seal the concentrated BHI solution. The tubing was placed in a 

container with 1 L of ddH2O and incubated at 4oC overnight. The dialysate dBHI (i.e. the larger volume) 

was sterilised by autoclaving. 

2.3.4 M9 Minimal medium 

For the preparation of 100 ml of M9 minimal agar, 0.5 g of glucose and 1.5 g of agar were dissolved in 

90 ml of ddH2O before autoclaving. The solution was allowed to cool to roughly 50oC before 10 ml of 

10X M9 salts were added along with 0.1 ml of 1 M MgSO4 and 0.1 ml of 0.1 M CaCl2 before pouring. If 

0.1% w/v p-chlorophenylalanine (cPhe) plates were being prepared, 0.1 g of cPhe was dissolved in the 
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medium prior to addition of agar and autoclaving. When preparing plates for the blue/white colony 

screening of DNA inserts cloned into pEX18Tp-PheS, glucose was omitted and casamino acids added 

to 1.0% (w/v). The following were added after cooling: 1 ml 50% glycerol, 50 ˃ ƭ м҈ ǘƘƛŀƳƛƴŜΣ нл ˃ ƭ нл 

mg ml-1 Xgal dissolved in DMSO, 10 ˃ ƭ м M IPTG.  

10X M9 Salts 

The following were dissolved in 1 L ddH2O before autoclaving. 

- 60 g Na2HPO4 

- 30 g KH2PO4 

- 5 g NaCl 

- 10 g NH4Cl 

2.3.5 MacConkey agar 

MacConkey agar used in bacterial conjugations was prepared by adding 43 g of MacConkey agar base 

(Difco) to 1 litre of distilled water. The solution was mixed and then autoclaved for 20 minutes. 1 g of 

lactose (Fisher) was added immediately before pouring the plates. If the plates were to be used for 

the BACTH assay, 43 g of MacConkey agar base was added to 950 ml of distilled water which was 

mixed and autoclaved for 20 minutes. 50 ml of a 20% (w/v) maltose (Fisher) stock solution (filter 

sterilised) was added immediately before pouring the plates. 

2.3.6 Media supplements 

2.3.6.1 Glutathione (GSH) 

A stock solution was prepared immediately prior to use by dissolving reduced glutathione (Sigma) in 

ddH2O to a concentration of 100 mM and filter sterilising. An appropriate volume of the stock solution 

ǿŀǎ ŀŘŘŜŘ ǘƘŜ ƳŜŘƛŀ ōŜƛƴƎ ǳǎŜŘ ǘƻ ƎƛǾŜ ŀ ǿƻǊƪƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нлл ˃a. 

2.3.6.2 LǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG) 

An IPTG stock solution was prepared by dissolving in water to give a concentration of 1 M. The stock 

solution was filter sterilised and stored at -20oC. In solid media (i.e. agar plates) a working 

concentration of 0.1 mM was used, in liquid media a working concentration of 1 mM was used.  

2.3.6.3 Thiamine  

A stock solution was prepared immediately prior to use by dissolving thiamine (Sigma) in ddH2O to a 

concentration of 1% (w/v) and filter sterilising. An appropriate volume of the stock solution was added 

to the media being used to give a working concentration of 0.0005 % (w/v). 
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2.3.6.4 5-Bromo-4-chloro-3-indolyl- -̡D-galactopyranoside (X-Gal) 

A 20 mg/ml stock solution was prepared by dissolving X-Gal in DMSO. The stock solution was protected 

from light and stored at -20oC. 

2.3.6.5 Antibiotics  

Antibiotics were stored at -20oC and used at the working concentrations indicated in Table 2.9.  

Ampicillin (Ap) 

A stock solution was prepared by dissolving ampicillin (Thermo) in ddH2O to a concentration of 100 

mg/ml. The solution was filter sterilised.  

Chloramphenicol (Cm) 

A stock solution was prepared by dissolving chloramphenicol (Sigma) in 100% ethanol to a 

concentration of 50 mg/ml. 

Kanamycin (Km) 

A stock solution was prepared by dissolving kanamycin (Thermo) in ddH2O to a concentration of 25 

mg/ml. The solution was filter sterilised. 

Trimethoprim (Tp) 

 A stock solution was prepared by dissolving trimethoprim (Sigma) in 100% DMSO to a concentration 

of 50 mg/ml. 

Table 2.4 Antibiotic working concentrations in E. coli and B.t 

Supplement Medium ²ƻǊƪƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ό˃ƎκƳƭύ 

E. coli B.t 

Ampicillin (Ap) LB 100 - 

Chloramphenicol 

(Cm) 

LB 25 50 

M9 - 250 

Kanamycin  

(Km) 

LB 50 50 

DMEM-FCS - 250 

Trimethoprim 

 (Tp) 

IST 25 50 

M9 25 50 
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2.4 Culture techniques 

2.4.1 Escherichia coli 

E. coli cells were grown on Lysogeny Broth (LB) agar plates containing appropriate antibiotic(s), or Iso-

Sensitest (IST) agar when trimethoprim was used as a selectable marker. When DNA inserts cloned 

into pEX18Tp-pheS were being screened, M9 glycerol + thiamine + Xgal + IPTG Agar was used. Liquid 

broth cultures were grown overnight by inoculating the growth medium with a single colony picked 

from a plate using either a sterile toothpick or loop. Cultures were incubated at 37oC with aeration. 

Colonies growing on agar plates were sealed and stored for up to a month at 4oC. For longer term 

storage glycerol stocks were prepared using 700 ˃ƭ ƻŦ ƻǾŜǊƴƛƎƘǘ ŎǳƭǘǳǊŜ ƳƛȄŜŘ ǿƛǘƘ олл ˃ƭ ƻŦ рл% 

glycerol in a cryovial and stored at -80oC.  

2.4.2 Burkholderia thailandensis 

Cultures of B.t were grown for 48 hours at 37oC on M9 minimal plates supplemented with 0.5% (w/v) 

glucose. Overnight cultures were grown in LB at 37oC with shaking. Glycerol stocks were prepared as 

for E. coli. 

2.4.3 RAW 264.7 cells 

The mouse macrophage-like cell line was maintained in 5ǳƭōŜŎŎƻΩǎ modified Eagles medium (DMEM) 

supplemented with 10% foetal calf serum (FCS). Cells were grown on standard tissue culture plastic in 

a 37oC incubator with a 5% CO2 atmosphere to a confluence of up to 80%. To passage, all but 10 ml of 

the culture medium was removed and the cells were detached from the surface using a cell scraper. 

The cell density was determined using a Neubauer improved haemocytometer and viability 

determined by trypan blue staining. 2 x 106 viable cells were added to T75 flasks and the final volume 

made up to 20 ml with fresh DMEM + 10% FCS.  

To freeze, cells were detached from culture plastic using a cell scraper and the cell suspension was 

centrifuged at 400 x g for 5 minutes. The growth medium was removed and the cell pellet was 

resuspended to a density of 1 x 107 cells/ml in ice cold freezing solution containing 10% (v/v) DMSO 

and 90% (v/v) FCS. 1 ml aliquots were dispensed into 1.2 ml cryovials which were transferred to a 

polystyrene ice box lined with paper towel which was placed in a -80oC freezer for ~90 minutes before 

storage of the cryovial in liquid nitrogen.  

To thaw, cryovials were placed in a 37oC water bath. Just before complete thawing occurred, the 

outside of the cryovial was wiped with 70% ethanol and the cell mixture in freezing solution was 

transferred to a T-25 culture flask. 9 ml of serum free DMEM was then slowly added to the flask which 

was placed in the incubator.  
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2.5 DNA extraction methods 

2.5.1 Boiled lysate genomic DNA isolation 

Burkholderia genomic DNA for use as a template in PCRs was prepared by picking a single colony 

growing on an agar plate using a sterile loop and resuspending it in 100 ˃ƭ ƻŦ ¢9 ōǳŦŦŜǊ ƛƴ a screw-

capped microcentrifuge tube. This tube was then transferred to a boiling water bath for 10 minutes 

to lyse cells. The tube was allowed to cool before centrifuging at 13,000 x g for 5 minutes to remove 

insoluble cell debris. The supernatant was transferred to a clean microcentrifuge tube and stored at -

20oC until required.  

TE buffer 

- 10 mM Tris 

- 1 mM EDTA 

2.5.2 Plasmid DNA extraction 

Purification of plasmid DNA was performed using a GeneJET Plasmid Miniprep kit (Thermo). The 

protocol provided by the manufacturer was followed with the addition of an extra wash step after the 

ŎƭŀǊƛŦƛŜŘ ŎŜƭƭ ƭȅǎŀǘŜ ǿŀǎ ǇŀǎǎŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŎƻƭǳƳƴΦ ¢ƘŜ ŀŘŘŜŘ ǿŀǎƘ ŀŘŘŜŘ рлл ˃ƭ ƻŦ ōǳŦŦŜǊ t. 

(Qiagen) to the column which was eluted by centrifugation. The step was added to completely remove 

endonucleases present in the E. coli strain harbouring the plasmid. 

2.6 DNA manipulation techniques 

2.6.1 Polymerase Chain Reaction (PCR) 

Reaction components detailed for each polymerase used were prepared at room temperature in 50 

˃ƭ t/w ǘǳōŜǎ όCƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύΦ ¢ƘŜ respective polymerase enzyme was added immediately prior to 

commencing thermal cycling. All PCRs were performed in either a G-STORM GS1 or a Bio-Rad T100 

thermal cycler using the cycling settings shown below. Primer annealing temperature was calculated 

using the NEB Tm Calculator or determined empirically by using a gradient annealing step, whereby a 

number of identical reactions were carried out over a range of annealing temperatures. As a rule, 

primers used to amplify B.t genomic DNA were at least 20 bp long with a ~50% GC content. 

Oligonucleotide primers used in this study are listed in Table 10.3. 
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2.6.1.1 KOD DNA polymerase 

For amplification of DNA that was to be used in downstream applications where a low error rate was 

essential, such as insertion into an expression vector or the generation of mutants, KOD Hot start 

polymerase was used (Merck Millipore). The components of each KOD PCR are given in Table 2.5, the 

MgSO4 concentration was typically 1 mM, but could be adjusted when amplifying difficult targets.  

Table 2.5 PCR components for reactions using KOD polymerase 

Reagent (stock concentration) ±ƻƭǳƳŜ ŦƻǊ ŀ рл ˃ƭ ǊŜŀŎǘƛƻƴ 

Genomic DNA 3.0 ˃ ƭ 

CƻǊǿŀǊŘ ǇǊƛƳŜǊ όмл ˃aύ 3.0 ˃ ƭ 

wŜǾŜǊǎŜ ǇǊƛƳŜǊ όмл ˃aύ 3.0 ˃ ƭ 

DMSO 2.5 ˃ ƭ 

KOD x10 Buffer 5.0 ˃ ƭ 

dNTP mixture (2 mM each dNTP) 5.0 ˃ ƭ 

MgSO4 (25 mM) 2.0-4.0 ˃ ƭ 

Yh5 Iƻǘ {ǘŀǊǘ 5b! ǇƻƭȅƳŜǊŀǎŜ όм ǳƴƛǘκ˃ƭύ 0.5 ˃ ƭ 

ddH2O (to a final volume of 50 ˃ ƭύ 

2.6.1.2 Q5 DNA polymerase 

PCRs were performed with Q5 polymerase (NEB) as an alternative to KOD polymerase for difficult 

templates. The components of each Q5 PCR are given in Table 2.6. The same conditions outlined 

previously were used with the exception of the extension temperature which was 72oC. 

 

 

 

Step Temperature (oC) Time (s) Cycles 

Initial Denaturation 95 120 1 

Denaturation 95 30 

30-35 Annealing (Primer dependent) 30 

Extension 70 30 s/kb 

Storage 10 - - 
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Table 2.6 PCR components for reactions using Q5 polymerase 

Reagent (stock concentration) Volume for a 50 ˃ ƭ ǊŜŀŎǘƛƻƴ 

Genomic DNA 3.0 ˃ ƭ 

Forward primer (10 ˃ aύ 2.5 ˃ ƭ 

Reverse primer (10 ˃ aύ 2.5 ˃ ƭ 

Q5 5x Reaction Buffer 10.0 ˃ ƭ 

Q5 GC enhancer 10.0 ˃ ƭ 

dNTP mixture (2 mM each dNTP) 5.0 ˃ ƭ 

Q5 High-Fidelity DNA Polymerase (2 units/ml) 0.5 ˃ ƭ 

ddH2O (To a final volume of 50 ˃ƭ) 

 

2.6.1.3 GoTaq DNA polymerase  

For PCRs where the amplified DNA was not being used for downstream applications which required 

high-fidelity replication (i.e. in PCR screening experiments), GoTaq polymerase (Promega) was used. 

Template DNA was provided by either single bacterial colonies for E. coli or boiled lysate for B.t. MgCl2 

concentration could be adjusted, but was typically 2 mM. Reactions were set up as indicated in Table 

2.7 and the temperature cycling steps shown above were used but with the extension temperature 

increased to 72oC.  

Table 2.7 PCR components for reactions using GoTaq polymerase 

Reagent (Stock concentration) Volume for a рл ˃ƭ reaction 

Genomic DNA 3.0 ˃ ƭ 

Forward primer όмл ˃aύ 3.0 ˃ ƭ 

wŜǾŜǊǎŜ ǇǊƛƳŜǊ όмл ˃aύ 3.0 ˃ ƭ 

DMSO 2.5 ˃ ƭ 

GoTaq green buffer   5.0 ˃ ƭ 

dNTP mixture (10 mM each dNTP) 1.0 ˃ ƭ 

MgCl2 (25 mM) 4.0 ˃ ƭ 

GoTaq ǇƻƭȅƳŜǊŀǎŜ όр ǳƴƛǘǎκ˃ƭύ 0.25 ˃ ƭ 

ddH2O (to a final volume of 50 ˃ ƭύ 
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2.6.1.4 Deletion by splice overlap extension  

For the marker-less in-frame deletion of genes, it was necessary to generate PCR fragments containing 

a deleted version of the gene with homology either side to allow allelic replacement.  

In practice, two DNA fragments were first created; the first (ŦǊŀƎƳŜƴǘ ʰ) was composed of ~500 bp 

sequence upstream of the start codon and ~15 bp downstream, the forward primer contained a 

restriction site to allow its cloning into the plasmid pEX18Tp-PheSΦ ¢ƘŜ ǎŜŎƻƴŘ ŦǊŀƎƳŜƴǘ όŦǊŀƎƳŜƴǘ ʲ) 

contained ~15 bp upstream of the stop codon and ~500 bp downstream. The primers were designed 

so that the primer pairs annealing to the region within the gene added a region complementary to 

each other. This meant that when the shorter fragments were used as templates for third PCR an 

amplicon (ŦǊŀƎƳŜƴǘ ʴ) was produced with the middle portion of the gene deleted. It was important 

that the primers were designed so that the deletion was in-frame to minimise polar effects. For a more 

comprehensive guide, see (Heckman & Pease 2007). 

2.6.2 PCR purification 

For the removal of contaminating enzymes and other molecules such as dNTPs and primers from DNA 

samples following technique such as PCR or restriction digestion, the GeneJET PCR purification kit 

(Thermo) was used as per manufacturers instruction.  

2.6.3 Agarose gel electrophoresis  

For the separation of DNA molecules based on their size and for rough estimation of DNA 

concentration, agarose gel electrophoresis was performed. To prepare gels, between 0.8 and 1.2 g/ml 

of agarose (Fisher Scientific) was dissolved in TAE buffer (0.04 M Tris, 0.1142% (v/v) acetic acid, 0.001 

M EDTA) by boiling in a microwave oven. Volumes of gels varied between 50 and 200 ml depending 

on number of samples. After dissolving the agarose, the volume of the solution was returned to the 

desired volume with distilled water to compensate for evaporation and allowed to cool to roughly 

55oC before pouring into a cast and adding a suitable comb. For gel extraction of DNA, larger wells 

accommodating greater sample volumes were used. The gel was left at room temperature for 1 hour 

to set before the comb was removed and the gel transferred to an electrophoresis tank with the wells 

positioned at the cathode end. The gel was covered with TAE buffer. Typically, 1 ˃ƭ ƻŦ с· 5b! gel 

loading dye (Thermo) was mixed with 5 ˃ƭ ƻŦ sample before loading into wells. Suitable DNA ladders 

were run with a volume recommended by the manufacturer.  

The gel was electrophoresed at a voltage dependent on gel size (80-120V were normally used) until 

the bromophenol blue dye front was approximately 2 cm from the end of the gel. The gel was 

transferred to a suitable container and covered in ethidium bromide staining solution (0.5 ˃ƎκƳƭύΦ 

Staining was performed by gentle shaking on an orbital shaker for 20-30 minutes before rinsing the 
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gel with water. DNA was visualised using a UV transilluminator and images captured using an EDAS 

290 imaging system (Kodak).  

2.6.4 DNA Extraction from agarose Gels  

When PCRs gave rise to a background of incorrect bands/smears, or different sized DNA fragments 

needed to be separated, gel extraction was performed. The entire sample was loaded into an agarose 

gel with wells large enough to accommodate it. The DNA was electrophoresed and the desired DNA 

fragment (visualised using a UV transilluminator) excised from the gel with a scalpel after staining with 

ethidium bromide. The excised gel slice was transferred to a sterile microcentrifuge tube, weighed 

ŀƴŘ ŀ ǾƻƭǳƳŜ ƻŦ ōǳŦŦŜǊ v·м όvƛŀƎŜƴύ ŜǉǳƛǾŀƭŜƴǘ ǘƻ м ˃ƭ ǇŜǊ ƳƎ ƻŦ ƎŜƭ ǎƭƛŎŜ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǘǳōŜΦ ¢ƘŜ 

agarose in the gel slice was dissolved by incubation at 50oC for 10 minutes to release immobilised 

DNA. DNA was then extracted using the PCR purification method (section 2.6.2). 

2.6.5 Restriction digestion 

wŜǎǘǊƛŎǘƛƻƴ ŜƴȊȅƳŜ ŘƛƎŜǎǘƛƻƴ ƻŦ 5b! ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǎ ǇŜǊ ǘƘŜ ŜƴȊȅƳŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ (Promega) 

instructions in a volume of 50 ˃ƭΦ tǊƛƻǊ ǘƻ ǳǎŜ ƛƴ ŘƻǿƴǎǘǊŜŀƳ ŀǇǇƭƛŎŀǘƛƻƴǎΣ 5b! ŦǊƻƳ ǘƘŜ ŘƛƎŜǎǘƛƻƴǎ 

was purified by PCR purification (section 2.6.2Error! Reference source not found.).  

2.6.6 Ligation 

Ligation of digested DNA was performed in a volume of 30 ˃ ƭ using a roughly 3:1 molar insert to vector 

ratio judged by band intensity on an agarose gel. T4 DNA ligase (Promega) was used overnight as 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ CƻǊ Ƴƻǎǘ ƛƴǎǘŀƴŎŜǎ ƛƴǾƻƭǾƛƴƎ ƭƛgation of DNA fragments into a linearized 

plasmid, a vector control containing no ligase enzyme was included. This vector control allowed the 

assessment of the efficiency of digestion. A ligation control containing no insert DNA was also included 

to account for the occurrence of self-ligation of the plasmid which could occur if one of the enzymes 

had not cut effectively. These controls aided assessment of how many colonies to screen after 

transformation.  

2.6.7 Nucleotide sequencing 

To check the integrity of the DNA cloned into plasmids, constructs were sent for sequence analysis at 

the University of Sheffield core sequencing facility.  

2.7 Transfer of DNA into bacteria 

2.7.1 Preparation of competent cells  

Escherichia coli cells were prepared to allow them to take up genetic material using Hanahans method 

(Hanahan 1983). A single colony of the E. coli strain being prepared was grown overnight and used to 
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inoculate 50 ml of appropriate media. The culture was grown at 37oC with shaking to an OD600 0.3-0.5 

and placed on ice for 15 minutes before centrifuging at 4000 x g for 10 minutes at 10oC. The 

supernatant was discarded and cells were gently resuspended in 16 ml of RF1 before placing on ice 

for 30 minutes. The cells were centrifuged again at 4000 x g for 10 minutes at 4oC and the supernatant 

was discarded before the addition of 4 ml of RF2 solution and gentle resuspension. The cell suspension 

was placed on ice for 15 minutes and aliquots of 200-400 ˃ ƭ ǿŜǊŜ ǘǊŀƴǎŦŜǊǊŜŘ to microcentrifuge tubes. 

Competent cells could be used immediately or stored indefinitely at -80oC.  

RF1 

- 100 mM KCl  

- 61.1 mM MnCl2  

- 30 mM CH3CO2K  

- 10 mM CaCl2  

- 15% (w/v) glycerol  

The components were dissolved in distilled water before adjusting the pH to 5.8 with 0.2 M acetic 

acid. The solution was filter sterilised through a 0.22 ˃ Ƴ ƳŜƳōǊŀƴŜ ƛƴǘƻ ŀ ǎǘŜǊƛƭŜ ŎƻƴǘŀƛƴŜǊ ǿƘƛŎƘ ǿŀǎ 

then stored at 4oC.  

RF2 

Solution RF2 was prepared fresh by adding 0.2 ml of Solution A to 9.8 ml of solution B.  

Solution A:  

- 0.5 M MOPS (4-morpholinepopanesulfonic acid)  

MOPS was dissolved in distilled water before the pH was adjusted to 8.0, filter sterilised through a 

0.22 ˃ Ƴ ƳŜƳōǊŀƴŜ ŀƴŘ ǎǘƻǊŜŘ ŀǘ пoC.  

Solution B: 

- 10 mM KCl  

- 75 mM CaCl2  

- 15% (w/v) glycerol  

The components were dissolved in distilled water, filter sterilised through a 0.22 ˃Ƴ ƳŜƳōǊŀƴŜ ŀƴŘ 

stored at 4oC. 

2.7.2 Transformation 

E. coli competent cells were thawed on ice and 1 ˃ ƭ ƻŦ ǇƭŀǎƳƛŘ 5b! όŦƻǊ ƭƛƎŀǘƛƻƴǎΣ мр ˃ l of the ligation 

reaction was used) was added to a microcentrifuge tube placed on ice. 100 ˃ ƭ ƻŦ ŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎ ǿŜǊŜ 
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added to the microcentrifuge tube containing the plasmid and this mixture was then left on ice for 30 

minutes, and agitated by flicking the tube every 5 minutes.  

Transformation mixtures were transferred to a 42oC water bath for 2 minutes 30 seconds to heat 

shock then returned to ice for 5 minutes. To allow the expression of antibiotic resistance genes prior 

to plating on selective agar, 1 ml of LB or BHI broth (IST broth if using trimethoprim resistance as the 

selectable marker) was added to the transformation mixtures which were incubated at 37oC for 1 

hour. 100 ˃ƭ ƻŦ the transformation mixture was then spread onto an appropriate agar plate to select 

for transformant E. coli cells which contained the plasmid.  

2.7.3 Conjugation 

Bacterial conjugation was used routinely to introduce plasmid DNA into B. thailandensis. To 

accomplish this, the E. coli ŎƻƴƧǳƎŀƭ ŘƻƴƻǊ ǎǘǊŀƛƴΣ {aмлό˂ǇƛǊύΣ was used. This strain has the self-

transmissible plasmid RP4 integrated into the chromosome. Separate overnight cultures of 10 ml of 

each of the donor and the recipient cells were prepared. Cells were harvested by transferring 1 ml of 

each culture to microcentrifuge tubes and centrifuging at 13,000 x g for 5 minutes. The supernatant 

was discarded and pelleted cells were washed by resuspension in 1 ml of 0.85% (w/v) saline and re-

centrifuging to remove any antibiotics/debris that might hinder the growth of either cell type. The 

cells were centrifuged again at 13,000 x g for 5 minutes before the supernatant was discarded and the 

pellets resuspended in 100 ˃ ƭ ƻŦ лΦур҈ όǿκǾύ ǎŀƭƛƴŜΦ  

Donor and recipient cells suspended in saline όнр ˃ƭ ƻŦ ŜŀŎƘύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ a microcentrifuge tube 

and mixed by tapping the tube. A 25 mm circular nitrocellulose filter membrane with a pore size of 

0.45 ˃Ƴ ǿŀǎ ǇƭŀŎŜŘ ƻƴ ŀ ƴǳǘǊƛŜƴǘ ǊƛŎƘ όŜΦƎΦ aŀŎ/ƻƴƪŜȅ-lactose) agar plate with sterile forceps. The 

cell suspensions were then carefully pipetted onto the membrane. The plates with the inoculated 

nitrocellulose filters were then placed in the incubator at 37oC for 8 hours before the cells were 

recovered. This was achieved by transferring the nitrocellulose filter to 4 ml of 0.85% saline in a 25 ml 

universal tube followed by thorough vortexing. This cell suspension was then plated out. For transfer 

of suicide vectors, 100 ˃ ƭ ƻŦ ǳƴŘƛƭǳǘŜŘ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ŀǎ ǿŜƭƭ ŀǎ ŀ м ƛƴ мл Řƛƭǳǘƛƻƴ was plated out. When 

a plasmid capable of replication inside the host strain was delivered, undiluted, 1 in 10, 1 in 100 and 

1 in 1,000 dilutions were plated out.  

2.7.4 Deletion of genes in Burkholderia thailandensis by allelic replacement 

For the generation of deletion mutants the method of Barrett et al. (2008) was employed using the 

pEX18Tp-pheS plasmid. This system utilises a mutant pheS gene under control of a strong promoter 

which, when introduced into Burkholderia species, causes cell death in the presence of p-

chlorophenylalanine (cPhe). By using the trimethoprim resistance gene as positive selection for 
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incorporation of the plasmid into the chromosome, a second recombination event can subsequently 

be selected by growth on plates containing cPhe.  

Once the deleted gene had been cloned into pEX18Tp-pheS (see section 2.6.1.4) the plasmid was used 

to transform an E. coli strain encoding the RP4 transfer functions for delivery into Burkholderia 

thailandensis by conjugation. Single recombinants that were resistant to trimethoprim were selected 

for and purified by streaking on trimethoprim containing plates. Single colonies were then streaked 

on the same medium containing 0.1% (w/v) cPhe to select for a second crossover event, resulting in 

the loss of the plasmid along with the wild type or deletion allele. Genomic DNA was prepared from a 

single colony growing on the cPhe plate and the deletion was confirmed by PCR with primers flanking 

the original cloned region.  

2.8 Protein techniques  

2.8.1 Overexpression of proteins from plasmids containing T7 RNAP-dependent promoters 

A single colony of an E. coli strain ό.[нмό˂59оύύ encoding bacteriophage T7 RNA polymerase 

harbouring a plasmid containing the gene of interest located downstream of a T7 RNAP-dependent 

promoter was inoculated into 10 ml of BHI broth containing the appropriate antibiotic. This culture 

was grown overnight at 37oC with aeration and used to inoculate fresh antibiotic containing medium 

at a dilution of 1 in 100. The culture was incubated at 37oC with shaking until the OD600 reached 0.5, 

at which point IPTG was added to a final concentration of 1 mM and the culture incubated for a further 

3 hours. Protein over production was assessed by comparing samples taken before and after induction 

which were adjusted to the same number of cells based on their OD600 prior to centrifugation at 13,000 

x g. After the supernatant was discarded the pellet was resuspended in 50 ˃ƭ ƻŦ м x Laemmli sample 

buffer before analysis by SDS-PAGE. 

2.8.2 Purification of soluble His-tagged Proteins by IMAC 

Cells were harvested by centrifugation at 4,000 x g for 30 mins at 4oC. The supernatant was discarded 

and the cell pellet resuspended in 0.5 volumes of wash buffer containing 25 mM Tris-HCl (pH 7.5), 150 

mM NaCl and 2 mM EDTA. The cell suspension was centrifuged again at 4,000 x g, the supernatant 

discarded and the cell pellet stored at -20oC overnight to aid lysis. To complete cell lysis, the pellet was 

resuspended on ice in lysis buffer containing 50mM Tris-HCl (pH 8.0), 2mM EDTA, 200mM NaCl, and 

5% glycerol. The volume of lysis buffer used was equivalent to 5 ml per gram of cell pellet. This 

suspension was subjected to repeated rounds of sonication at 15% power using a microtip. Rounds of 

sonication were separated by three minute intervals on ice to prevent overheating which could 

denature proteins. The number of times a sample was sonicated was determined by the viscosity of 
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the solution. Following sonication, the lysate was clarified by centrifugation at 35,000 x g for 30 

minutes at 4oC. The cleared lysate containing soluble proteins was subsequently used for IMAC. 

To purify proteins which had been engineered to contain a polyhistidine tag, a nickel Sepharose 

column was used. Before use, a 1 ml His-Trap (GE Healthcare) column was stripped and recharged. 

The first step involved washing with 5 ml of ddH2O before stripping with 5 ml of 50 mM EDTA (pH 8.0) 

to remove the nickel followed by a second water wash step. The column was then washed with 5 ml 

of 500 mM guanidinium hydrochloride to denature and remove any residual proteins followed by 

another water wash. To replace the nickel, 5 ml of 100 mM NiCl2 was passed through the column 

before a final water wash step was performed. Columns were stored in 20% ethanol at 4oC if they 

were not to be used immediately.  

Prior to loading the protein-containing sample, the column was equilibrated in 5 ml of lysis buffer 

containing 10 mM imidazole. The cleared bacterial lysate was then passed through a 0.2 ˃Ƴ ǎȅǊƛƴƎŜ 

driven filter before applying to the column. The flow-through, containing proteins that did not bind to 

the column, was collected to analyse the binding efficiency. The column was then connected to an 

ÄKTA purifier system (GE Healthcare) which had been washed with ethanol and equilibrated with the 

lysis buffer containing 10 mM imidazole. The column was washed with 10 ml of lysis buffer containing 

10 mM imidazole to remove residual unbound proteins, this was also collected. The His-tagged protein 

was eluted by gradually increasing the concentration of imidazole from 10 mM to 500 mM over a 

volume of 30 ml. 1 ml fractions were collected and proteins visualised by SDS-PAGE and staining with 

Coomassie blue.   

2.8.3 TCA precipitation of B. thailandensis culture supernatants  

To collect extracellular proteins, the trichloroacetic precipitation method was utilised. Overnight 

cultures of B. thailandensis were used to seed 25 ml of M9 minimal medium containing 0.5% glycerol 

and 0.5% casamino acids to an OD600 of 0.01 or 0.05. If the cultures were glutathione induced, reduced 

glutathione (Sigma) was added from a filter sterilised stock at 100 mM in water to give a final 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нлл ˃aΦ hƴŎŜ ǘƘŜ ŘŜǎƛǊŜŘ ƻǇǘƛŎŀƭ ŘŜƴǎƛǘȅ ƻŦ ǘƘŜ ŎǳƭǘǳǊŜǎ ǿŀǎ ŀŎƘƛŜǾŜŘ ǘƘŜ ŎǳƭǘǳǊŜǎ 

were centrifuged at 3,900 x g for 20 minutes at 4oC. The supernatant was collected and filter sterilised 

ǘƘǊƻǳƎƘ ŀ лΦнн ˃Ƴ ǇƻǊŜ ǎȅǊƛƴƎŜ ŦƛƭǘŜǊ ǳƴƛǘ όaƛƭƭƛǇƻǊŜύ ōŜŦƻǊŜ ŀŘŘƛƴƎ ǎƻŘƛǳƳ ŘŜƻȄȅŎƘƻƭŀǘŜ ό{ƛƎƳŀύ ǘƻ ŀ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нлл ˃ƎκƳƭ ŀƴŘ ƛƴŎǳōŀǘƛƴƎ ƻƴ ƛŎŜ ŦƻǊ ол ƳƛƴǳǘŜǎ. 100% (w/v) TCA (Thermo) was added 

to the supernatants to give a concentration of 10% (v/v) TCA and the mixture frozen overnight at -

20oC. The supernatants were thawed and centrifuged at 3,900 x g for one hour at 4oC. The resulting 

supernatant was discarded and the pellet washed by resuspension in 5 ml ice cold 100% acetone and 

incubated at -20oC for one hour prior to centrifuging at 3,900 x g for one hour and removing the 
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supernatant. This wash was repeated and the pellet was allowed to dry for one hour before 

resuspending in 6 M urea containing 25 mM ammonium bicarbonate.  

2.8.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Gels for Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) were prepared 

according to the recipes below in Table 2.8. The resolving gel was prepared first and carefully poured 

between two glass plates in a mini-protean II (Bio-Rad) gel casting system. The volume of resolving gel 

used was appropriate to leave sufficient space for the stacking gel and comb. Butanol was added to 

the surface of the resolving gel to remove any bubbles and keep the surface level, the gel was allowed 

to set for 30 minutes. After the gel had set, the surface was rinsed with distilled water and dried using 

a small piece of tissue. The stacking gel was added, the comb placed in and the gel was allowed to set 

for 30 minutes. If not used immediately gels were stored in tissue soaked in running buffer at 4oC.  

Samples to be analysed on the gel were mixed 1:1 with 2 x Laemmli sample buffer (120 mM Tris, 4% 

(w/v) sodium dodecyl sulphate, 20% (v/v) glycerol, 10% (w/v) -̡mercaptoethanol, 0.004% (w/v) 

bromophenol blue pH 6.8) and incubated in a heat block at 100oC for 10 minutes and then centrifuged 

at 13,000 x g for 10 minutes prior to loading. When ready, the gel running apparatus was assembled 

and the comb removed. The gel tank was filled with running buffer and samples were loaded using gel 

loading tips. The gel was electrophoresed at 100 V until the blue dye in the Laemmli sample buffer 

migrated through the stacking gel, at which point the voltage was increased to 140 V. Once the dye 

front had reached the bottom of the gel, the gel was removed from the glass plates and stained in 

Coomassie blue staining solution (0.1% Coomassie brilliant blue R-250, 50% methanol, 10% glacial 

acetic acid) for one hour. Destain solution (40% methanol, 10% glacial acetic acid) was added and 

replaced every 20 minutes until protein bands were visible.  

 

 

 

 

 

 

 



79 
 

 

2.8.5 Western Blotting 

Samples were electrophoresed as above, but before staining the proteins were transferred to 

Polyvinylidene fluoride (PVDF) membranes. Proteins were transferred for one hour at 100 V using a 

Mini Trans-Blot cell (Bio-Rad) filled with ice cold transfer buffer containing 25 mM Tris, 190 mM glycine 

and 20% methanol adjusted to pH 8.3. After transfer membranes were blocked for one hour in 20 ml 

5% (w/v) milk powder (Marvel) in TBS containing 0.1% (v/v) Tween-20 (TBS-T). Primary antibody was 

diluted between 1 in 1000 and 1 in 5000 in 5% milk in TBS-T and the membranes incubated overnight 

in a 50 ml centrifuge tube on a roller at 4oC. Membranes were washed three times with 20 ml TBST 

before the addition of horseradish peroxidase conjugated secondary antibody specific to the species 

the primary antibody was raised in at a dilution of between 1 in 5000 and 1 in 10,000 in 5% milk in 

TBST. Membranes were incubated for one hour at room temperature in a 50 ml centrifuge tube on a 

roller before washing three times with TBST and once with TBS. EZ-ECL (Biological Industries) was 

added to the membrane and emitted light was detected using a ChemiDoc XRS+ imaging system (Bio-

Rad) and analysis performed using Image Lab software (Bio-Rad). Blots were stripped of primary and 

secondary antibodies by the addition of 20 ml Restore PLUS western blot stripping buffer (Thermo) 

before blocking and staining again. Antibodies are shown in Table 2.9 

 

 

Table 2.8 SDS-Polyacrylamide gel ingredients 

 

Component 

Volume (ml) 
10% Resolving 

Gel (x4) 

12% Resolving 

Gel (x4) 

15% Resolving 

Gel (x4) 

5% Stacking 

Gel (x4) 

ddH2O 9.6 8.6 7.1 6.3 

40% acrylamide: bis-

acrylamide 37.5:1  

5 6 7.5 1.25 

1.5 M Tris-HCl (pH 8.8) 5 - 

1 M Tris-HCl (pH 6.8) - 1.25 

10% (w/v) SDS 0.2 0.1 

10% (w/v) ammonium 

persulfate 

0.2 0.1 

TEMED 0.01 0.005 
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2.8.6 In-Gel Trypsin digestion for mass spectrometry 

The solutions used in this section are described in Table 2.10. Protein samples were electrophoresed 

and stained with Coomassie blue as described in section 2.8.4. The staining and destaining of the gel 

was performed in a sterile plastic container using freshly prepared solutions to avoid protein 

contaminants. After the desired staining intensity was achieved, the gel was rinsed with ddH2O and 

placed on a sterile plastic surface. A sterile scalpel blade was used to excise each lane from the gel and 

each lane was cut into 12 horizontal strips (cut perpendicular to the resolving direction of the gel)  

To remove the Coomassie blue stain, each gel slice was transferred ǘƻ ŀ Ψ[ƻ.ƛƴŘΩ ƳƛŎǊƻŎŜƴǘǊƛŦǳƎŜ ǘǳōŜ 

ό9ǇǇŜƴŘƻǊŦύ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ нлл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ м ŀƴŘ ƛƴŎǳōŀǘƛƻƴ ŀǘ отoC for 30 minutes. 

¢ƘŜ ƭƛǉǳƛŘ ǿŀǎ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ǘǳōŜ ŀƴŘ ŘƛǎŎŀǊŘŜŘ ōŜŦƻǊŜ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ŀƴƻǘƘŜǊ нлл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ 

1 and incubation at 37oC for 30 minutes. The previous step was repeated once more and the liquid 

ŘƛǎŎŀǊŘŜŘΦ нлл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ р ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǘǳōŜǎ ǿƘƛŎƘ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отoC for 30 minutes. 

The liquid was discarded and the remaining gel pieces were dried in a vacuum concentrator.  

нлл ˃ƭ ƻŦ wŜŘǳŎǘƛƻƴ ōǳŦŦŜǊ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ƎŜƭ ǎƭƛŎŜ ŦƻƭƭƻǿŜŘ ōȅ ƛƴŎǳōŀǘƛƻƴ ŀǘ ррoC to reduce the 

proteins, thereby breaking any disulphide bonds in the protein. After a one-hour incubation, the tubes 

were briefly centrifuged to collect all of the liquid, which was then removed. The proteins were 

ŀƭƪȅƭŀǘŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ нлл ˃ƭ ƻŦ !ƭƪȅƭŀǘƛƻƴ ōǳŦŦŜǊΦ ¢ƘŜ ǘǳōŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŦƻǊ нл ƳƛƴǳǘŜǎ ŀǘ 

room temperature away from light. This irreversibly modifies the cysteine residues so they can no 

longer form disulphide bonds. The tubes were briefly centrifuged to collect all of the liquid.  

¢ƻ ǿŀǎƘΣ нлл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ н ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǘǳōŜ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ мр 

minutes. The tubes were briefly centrifuged and the liquid removed. This wash step was repeated 

ǘǿƛŎŜ ƳƻǊŜΦ ¢ƘŜ ƎŜƭ ǇƛŜŎŜǎ ǿŜǊŜ ǿŀǎƘŜŘ ƻƴŎŜ ƳƻǊŜ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ нлл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ о ŀƴŘ 

Table 2.9 Antibodies used in this work 

Antibody Epitope  Animal raised in  Source 

Anti-TssD-5  B.t TssD-5 Rat (antiserum) This study 

Anti-wb!t ʲ ɰ ǎǳōǳƴƛǘ ƻŦ E. coli RNAP Mouse (IgG1, monoclonal) Biolegend 

Anti-FLAG FLAG epitope  Mouse (IgG1 monoclonal) Sigma 

Anti-Rat Rat IgG Goat (polyclonal, HRP 

conjugate)  

BioLegend 

Anti-Mouse  Mouse IgG  Rabbit (polyclonal, HRP 

conjugate) 

Thermo  

Anti-BCAL0343 B. cenocepacia BCAL0343 Rat (antiserum) (Spiewak 2016) 
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incubated at 37oC for 15 minutes. The tubes were briefly centrifuged and the liquid was discarded 

before the gel pieces were dried in a vacuum concentrator.  

¢ƻ ŘƛƎŜǎǘ ǇǊƻǘŜƛƴǎ ƛƴ ǘƘŜ ƎŜƭ ǎƭƛŎŜǎΣ рл ˃ƭ ƻŦ ¢ǊȅǇǎƛƴ ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǘǳōŜΣ ǘƘŜ ǎƭƛŎŜǎ ǿŜǊŜ 

ǎǳōƳŜǊƎŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ рл ˃ƭ {ƻƭǳǘƛƻƴ п ŀƴŘ ǘƘŜ ǘǳōŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отoC for 16 hours. The 

tubes were briefly centrifuged to collect all of the liquid (which contained the digested peptides) which 

ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ƴŜǿ ƭƻǿ ōƛƴŘ ǘǳōŜΦ !ŦǘŜǊ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ нл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ рΣ ǘƘŜ 

tubes containing the gel slices were incubated at 37o/ ŦƻǊ мл ƳƛƴǳǘŜǎΦ рл ˃ƭ of Solution 6 was then 

added to the tubes which were mixed prior to incubation at 37oC for 10 minutes. The tubes were 

centrifuged and the liquid was transferred to the new low bind tubes containing the digested peptides. 

!ƎŀƛƴΣ нл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ р ǿŀǎ ŀŘŘed to the tubes containing the gel pieces which were incubated at 

37o/ ŦƻǊ мл ƳƛƴǳǘŜǎ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ рл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ с ŀƴŘ ƛƴŎǳōŀǘƛƻƴ ŀǘ отoC for 10 

minutes. The tubes containing the gel pieces were briefly centrifuged and the liquid was transferred 

to the tubes containing the digested peptides. 

рл ˃ƭ ƻŦ {ƻƭǳǘƛƻƴ т ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǘǳōŜǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƎŜƭ ǇƛŜŎŜǎ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ отoC for 30 

minutes. The liquid (containing the remaining peptides) was collected by centrifugation and 

transferred to the tubes containing the rest of the digested peptides, the gel pieces were discarded. 

The tubes containing the digested peptides were placed in the vacuum concentrator to evaporate the 

liquid. The dry digested peptides were then submitted to Trong Khoa Pham at the University of 

Sheffield Chemical and Biological Engineering department who performed the mass spectrometry 

analysis of the samples.  

Table 2.10 Solutions used for in-gel trypsin digestion 

Solution Components  

Solution 1 200 mM ammonium bicarbonate (AmB), 40% (v/v) acetonitrile (MeCN) 

Solution 2 50 mM AmB 

Solution 3 50 mM AmB, 50% (v/v) MeCN 

Solution 4 40 mM AmB, 10% (v/v) MeCN 

Solution 5 100% MeCN  

Solution 6a 5% (v/v) formic acid 

Solution 7 50% (v/v) MeCN, 5% (v/v) formic acid 

Reduction buffera 10 mM dithiothreitol (DTT), 50 mM AmB 

Alkylation buffera  55 mM iodoacetamide, 50 mM AmB 

Trypsin solutiona 36 mM AmB, 0.1 mM HCl 9% (v/v) MeCN, 20 ˃ ƎκƳƭ ǘǊȅǇǎƛƴ όtǊƻƳŜƎŀύ 

a Freshly prepared on the day of use 
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2.9 Infection assays 

2.9.1 Multinucleate giant cell formation assay  

To assess to ability of B.t strains to induce the formation of multinucleated giant cells (MNGCs), single 

bacterial colonies were used to inoculate overnight cultures in LB. 24 well plates were seeded with 

RAW 264.7 cells at a density of 2 x 105 cells/ml 16 to 24 hours before infecting. On the day of infection 

1 ml of the overnight culture was transferred to a microcentrifuge tube and cells collected by 

centrifugation at 20,000 x g. The supernatant was discarded and the pellet resuspended in 1 ml 

phosphate buffered saline (PBS) before the centrifugation was repeated and the pellet resuspended 

in another 1 ml PBS. The optical density of the bacterial solutions at OD600 was measured and used to 

adjust the OD600 to 0.4 in PBS. An appropriate volume of this solution was then used to inoculate 

DMEM containing 10% FCS to 2 x 106 cells/ml. Culture medium was removed from the wells of the 24 

well placed and replaced with 1 ml of the bacterial suspension in DMEM. After two hours the medium 

in the wells was removed and washed three times with PBS before the addition of 1 ml of culture 

medium supplemented with 250 ˃ƎκƳl kanamycin to kill extracellular bacteria. 16 hours after the 

initial infection the culture medium was removed and wells washed three times with PBS before fixing 

with 300 ˃ƭ of 100% ethanol for 30 minutes. The ethanol was then removed and the well left to dry 

for half an hour. Cells were stained with 300 l˃ of undiluted Giemsa solution (Sigma) for 5 minutes 

before the stain was removed and the wells gently rinsed with tap water until the desired staining 

intensity was achieved. Images of the wells were collected using a Leica DMI4000B microscope.  

Nuclei within giant cells (as defined as having three or more nuclei within a single cell) and total nuclei 

per field of view were counted using ǘƘŜ ΨŎŜƭƭ ŎƻǳƴǘŜǊΩ ǘƻƻƭ ƛƴ LƳŀƎŜW ǎƻŦǘǿŀǊŜΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ƴǳŎƭŜƛ 

within giant cells was divided by the total number of nuclei and multiplied by 100 to give a percentage 

fusion index. 

2.9.2 Intracellular replication assay  

To assess the ability of the B.t strains to invade and replicate within RAW cells, overnight cultures were 

used to infect mammalian cells growing in 24 well plates as above.  At specified time points following 

the addition of medium containing 250 ˃ ƎκƳl kanamycin, medium was removed and the wells washed 

three times with PBS before the mammalian cells were lysed in 250 ˃ƭ м҈ ¢Ǌƛǘƻƴ ·-100 (Sigma). The 

lysates containing B. thailandensis were serially diluted in LB and 10 ˃ƭ ƻŦ Řƛƭǳǘƛƻƴǎ ŦǊƻƳ мл-5 to 100 

were pipetted onto LB plates and grown at 37oC until colonies could be counted and used to calculate 

the colony forming units per well.  
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2.10 Interaction assays  

2.10.1 Co-immunoprecipitation  

Overnight cultures of B. thailandensis expressing FLAG-tagged bait proteins were grown in M9 minimal 

medium containing 0.5% (v/v) glycerol and 0.5% (w/v) casamino acids and used to inoculate a 25 ml 

culture in the same medium to a starting OD600 of 0.05. The culture was grown to an OD600 of ~1.0 

before the centrifuging at 3,900 x g for 10 minutes at 4oC and the resulting supernatant discarded. The 

cell pellet was gently resuspended in 5 ml Tris Buffered Saline (TBS) before centrifugation at 3,900 x g 

for 10 minutes at 4oC, the supernatant was discarded and the pellet frozen at -20oC to assist lysis. The 

pellet was resuspended in 2.5 ml of lysis buffer containing 50 mM Tris pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 1% (v/v) Triton-X100 and 200 ˃ ƎκƳl lysozyme and incubated on an orbital shaker for 30 mins at 

room temperature. The lysate was then placed on ice and phenylmethanesulfonyl fluoride (PMSF) was 

added to a concentration of 50 ˃ƎκƳl before ten rounds of sonication in 30 second bursts. Insoluble 

material was removed by centrifugation at 22,000 x g for 10 minutes at 4oC and the soluble 

supernatant collected. To wash the binding medium, 1 ml of TBS was added to 50 ˃ l of ANTI-FLAG M2 

affinity gel (Sigma) in a microcentrifuge tube which was gently mixed before centrifuging at 5000 x g 

for 30 s at 4oC to collect the affinity gel at the bottom. The supernatant was removed carefully to 

prevent the beads being disturbed and the process repeated twice more. 1 ml of soluble lysate was 

added to the washed beads and incubated for 2 hours at 4oC with inversion. After binding the mixture 

was centrifuged at 5000 x g for 30 s at 4oC and the supernatant removed. The beads were washed four 

times before bound proteins were eluted either by the addition of 50 ˃ l 2x Laemmli buffer and boiling 

for 10 minutes or by the addition of 50 l˃ TBS containing 150 ˃ƎκƳl FLAG peptide (Sigma) and 

incubating at 4oC for 30 minutes with inversion followed by centrifugation at 5000 x g for 30 s at 4oC 

and the careful collection of eluted proteins. Eluted proteins were analysed by SDS-PAGE, western 

blotting or mass spectroscopy. 

2.10.2 Bacterial adenylate cyclase two-hybrid assay 

The bacterial adenylate cyclase two hybrid (BACTH) assay utilises the catalytic domain of Bordetella 

pertussis adenylate cyclase (CyaA) which catalyses the conversion of adenosine triphosphate (ATP) to 

cyclic adenosine monophosphate (cAMP). cAMP binds to the catabolite activator protein (CAP) which 

in turn binds to the cAMP-CAP promoter. The CyaA protein is composed of two domains, T25 and T18. 

In the BACTH assay, an E. coli cyaA mutant is used and the two domains are added separately, T25 is 

fused to a protein of interest by cloning the respective gene into the pKT25 or pKNT25 (both 

kanamycin resistant) plasmids, while T18 is fused to a protein of interest by cloning the respective 

gene into the pUT18 or pUT18C (both ampicillin resistant) vectors. When there is no interaction 
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between the proteins being tested, the T25 and T18 fragments are not brought into close proximity 

and therefore there is no cAMP production. When the proteins do interact, they bring their fused T25 

and T18 domains into close proximity, making a functional adenylate cyclase which results in an 

increase in intracellular cAMP levels. cAMP binds to CAP which in turn induces the genes downstream 

of a cAMP-CAP promoter, in BTH101 cells this promoter is upstream of the maltose operon. Therefore, 

when intracellular cAMP levels are high, the maltose operon is expressed and the cells can ferment 

maltose, which produces an acidic end product. This means that when these cells are grown on agar 

containing maltose and a pH indicator, such as MacConkey agar containing maltose, a red/pink colony 

colour indicates a protein interaction. However, when there is no interaction the levels of intracellular 

cAMP remain low, resulting in no maltose fermentation and an off-white/brown colony colour. 

To investigate specific protein-protein interactions, E. coli BTH101 cells were transformed with two 

plasmids, one encoding a T25 fusion protein and another encoding a T18 fusion protein (i.e. a 

combination of pKT25/pKNT25 and pUT18/pUT18C) and spread on MacConkey agar base (Difco) 

ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ м҈ όǿκǾύ ƳŀƭǘƻǎŜΣ млл ˃ƎκƳƭ ŀƳǇƛŎƛƭƭƛƴ ŀƴŘ нр ˃ƎκƳƭ ƪŀƴŀƳȅŎƛƴΦ ¢ƘŜ ǇƭŀǘŜǎ ǿŜǊŜ 

incubated at 30oC and the colour of the colonies growing on the plate was assessed after three nights 

ŀƴŘ ŦƛǾŜ ƴƛƎƘǘǎΩ ƛƴŎǳōŀǘƛƻƴΦ  
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 Chapter 3 Bioinformatic analysis of the 

B. thailandensis tag genes and their 

protein products  
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3.1 Introduction  

To date, much of the research conducted on bacterial type VI secretion systems has focussed on the 

ΨŎƻǊŜΩ ǇǊƻǘŜƛƴǎΣ ŜƴŎƻŘŜŘ ōȅ ǘƘŜ tssA-M genes, which are present in all functional T6SSs. Considerable 

effort has also been invested in identifying and characterising the effector proteins secreted by these 

systems. In addition to TssI, which itself can contain a variety of C-terminal effector domains, a wide 

range of secreted effector proteins have been identified (although TssD is secreted, it is not normally 

considered an effector).  

!ǘ ǘƘŜ ƻǳǘǎŜǘ ƻŦ ǘƘƛǎ ǿƻǊƪ ǘƘŜǊŜ ǿŀǎ ƭƛƳƛǘŜŘ ƛƴŦƻǊƳŀǘƛƻƴ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǊƻƭŜ ƻŦ ǘƘŜ Ψ¢с{{ ŀǎǎƻŎƛŀǘŜŘ 

ƎŜƴŜǎΩ όtags) of the B.p T6SS-5. Homologues of tagA-5, tagB-5, tagC-5 and tagD-5, are associated with 

a number of T6SSs in a variety of species, but are not present in all systems. As shown in Figure 3.1, 

the tag genes are not always present together. In the absence of direct experimental evidence, 

bioinformatic analysis offers a potent tool in the prediction of protein function. Therefore, a 

bioinformatics approach was employed to gain information as to the nature and possible role of the 

Tag proteins. 

3.2 Genetic organisation 

The tag genes are always located downstream of a tssI ORF suggesting they might be co-transcribed. 

It is not uncommon for genes located immediately downstream of tssI genes in T6SS gene clusters (as 

well as those encoded downstream of tssI genes present outside of T6SS gene clusters) to encode 

secreted effector proteins. As indicated in Figure 3.1, when the tag genes are found in a T6SS gene 

cluster, all four of them are present, or just tagA and tagD. When all four of the tag genes are present, 

tagA encodes a protein which contains an extended pentapeptide repeat domain which is absent 

when only tagA and tagD are in the gene cluster. tagD genes also encode TagD proteins which possess 

a variety of effector domains when they are present alongside tagA alone. In contrast, of the tagD 

genes found alongside all four tag genes, only the Bordetella bronchiseptica tagD gene encodes a 

protein with an effector domain. The B.t (and B.p and B.m) T6SS-5 gene cluster contains all four tag 

genes (see Figure 1.3 for the full B.t T6SS-5 gene cluster) 

3.3 TagA-5 

The first T6SS-associated gene in the T6SS-5 gene cluster, tagA-5 (BTH_II0862), is found immediately 

downstream of tssI-5. This encodes the 91.2 kDa protein, TagA-5.  
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TagABCD TagA&D 

Figure 3.1 tag genes in T6SS gene clusters 

Schematic diagram illustrating selected tssI-tag 

gene clusters within T6SS gene clusters. The genes 

are separated according to whether they contain 

tagA, tagB, tagC and tagD or just tagA and tagD.  
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3.3.1 TagA proteins in Burkholderia pseudomallei group members 

Including TagA-5 there are two tagA genes present in the B.t E264 genome, the other is tagA-4 

(encoded by BTH_II1892) found within the T6SS-4 gene cluster. B.p and B.m, however, possess an 

additional tagA gene (tagA-3, BPSS0182 in B.p and BMAA1900 in B.m) which is found with the T6SS-3 

gene cluster of these bacteria; this gene cluster is not present in B.t. B.t TagA-5 shares 76.7% sequence 

identity with B.p TagA-5 (encoded by BPSS1504) and 76.3% sequence identity with B.m TagA-5 

(encoded by BMAA0736A, also known as TssF, B.p and B.m share 99.4% identity).  

3.3.2 Protein family analysis of TagA 

Entering the amino acid sequence of TagA-5 into the protein BLAST (BLASTp) search engine identifies 

a number of protein families and conserved domains. The N-terminal end of the protein contains a 

DUF2169 domain, while the C-terminus contains a series of pentapeptide repeats (Figure 3.2). The 

DUF2169 domain is found across the proteobacteria and its function is not known, but it is only 

present in proteins associated with the T6SS. Using the nomenclature of Shalom et al. (2007) proteins 

which conǘŀƛƴ ǘƘŜ 5¦Cнмсф ŀǊŜ ƴŀƳŜŘ Ψ¢ŀƎ!ΩΦ ¢Ƙƛǎ ǇŀǇŜǊ ǊŜŦŜǊǊŜŘ ǘƻ B.p TagA-р ŀǎ Ψ¢ŀƎ!.-рΩ ƻƴ 

account of the C-terminal pentapeptide domain which resembles the TagB protein. I refer to a TagA 

ǇǊƻǘŜƛƴ ŎƻƴǘŀƛƴƛƴƎ ǇŜƴǘŀǇŜǇǘƛŘŜ ǊŜǇŜŀǘǎ ŀǎ ŀƴ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! ŀƴŘ ǘƘƻǎŜ ǘƘat do not (i.e. harbour only 

ŀ 5¦Cнмсф ŘƻƳŀƛƴύ ŀǎ ŀƴ ΨŀƴŎŜǎǘǊŀƭΩ ¢ŀƎ!Φ  

Pentapeptide repeat sequences are found among both prokaryotes and eukaryotes in numerous 

proteins which have a variety of roles (Vetting et al. 2006). The pentapeptide repeat has a consensus 

sequence of [S,T,A,V][D,N][L,F][S,T,R][G]. In the structures of pentapeptide repeat-containing proteins 

which have so far been experimentally determined, the repeats form a coiled-coil like structure. Each 

coil is formed from four faces in which each pentapeptide makes up a face. Pentapeptide repeats 

ƎŜƴŜǊŀƭƭȅ ŦƻǊƳ ŀ ʲ-helix, however the type of turn present in the helix is variable. Each face either 

adopǘǎ ŀ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ǿƘƛŎƘ Ƙŀǎ ǘȅǇŜ LL ǘǳǊƴǎ ŀƴŘ ŀ ǎƛƴƎƭŜ ʲ ōǊƛŘƎŜ ōŜǘǿŜŜƴ ŦŀŎŜǎ ƛƴ ǘƘŜ ŎƻƛƭǎΣ ƻǊ Ƙŀǎ 

ǘȅǇŜ L± ǘǳǊƴǎ ǿƘƛŎƘ ŦƻǊƳ ŀ ʲ-strand. The coils stack on top of one another and the pentapeptide 

repeats interact with the repeats which are positioned above and below them. The lumen of the helix 

is comprised of hydrophobic residues which stack on top of each other (Vetting et al. 2006).  

3.3.3 Cellular location of TagA-5 

The amino acid sequence of B.t TagA-5 was submitted to the PSORTb search tool which predicted 

TagA-5 is an extracellular protein. This was due to the homology between TagA-5 and the Salmonella 

typhimurium type three secreted effector PipB2. The TMHMM tool does not identify any 

transmembrane helices in the TagA-5 sequence and the SignalP server does not identify a signal 

sequence. A cell fractionation study in Yersinia pestis KIM6+ identified an evolved TagA, y3665  
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Figure 3.2 Amino acid sequence of B.t TagA-5  

Amino acid sequence of the B.t TagA-5 protein. Sequence highlighted in dark blue represents the 

coverage of the DUF2169 domain. Sequence highlighted in alternating green and yellow indicates the 

locations of the pentapeptide repeats. 
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(identical to the Yersinia pseudotuberculosis YPTB0649 protein shown in the alignment in Figure 3.3), 

in the membrane fraction of cells. However, the authors also detected TssI in the same fraction even 

though it is secreted (Pieper et al. 2009).  

3.3.4 Amino acid sequence alignments of TagA homologues 

An amino acid sequence alignment was performed with a representative selection of full length 

DUF2169 family proteins including a number which, like B.t TagA-5, contain a C-terminal pentapeptide 

repeat domain. As shown in Figure 3.3, the sequences show intermittent regions of homology and few 

residues were conserved at a single position in all the sequences. Interestingly B.t TagA-5 is unique in 

that it appears to have a gap in its sequence when compared with the other members of the DUF2169 

family members. This is consistent with the InterPro analysis of the B.t TagA-5 amino acid sequence 

which predicted that its DUF2169 domain extended from residue 22 to 108 before there was a break 

and resumed again from residue 124 to 240. The absence of sequence in this region is also observed 

in the B.p and B.m TagA-5 proteins (not shown). The role of this region is unclear and the consequence 

of its absence (if any) is unknown. The B. cenocepacia protein included in the alignment (BcTagA, 

BCAL1295) contains a unique linker domain which does not show homology with the other sequences 

in the alignment.  

The C-ǘŜǊƳƛƴŀƭ ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! ǇǊƻǘŜƛƴǎ ŘƛŘ ƴƻǘ ŘŜƳƻƴǎǘǊŀǘŜ ŀ ƘƛƎƘ ƭŜǾŜƭ ƻŦ ƘƻƳƻƭƻƎȅ 

ƛƴ ǘƘŜ ŀƭƛƎƴƳŜƴǘ ǿƘƛŎƘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ Ŧǳƭƭ ƭŜƴƎǘƘ Ψƴƻƴ-ŜǾƻƭǾŜŘΩ ŀƴŘ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! ǎŜǉǳŜƴŎŜǎ όǊŜǎǳƭǘ 

ƴƻǘ ǎƘƻǿƴύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ /¢5ǎ ƻŦ ǘƘŜ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! ǇǊƻǘŜƛƴǎ ǿŜǊŜ ŀƭƛƎƴŜŘ ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ŀƭƭ ƻŦ ǘƘŜ 

ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! ǇǊƻǘŜƛƴǎ ŎƻƴǘŀƛƴŜŘ ǇŜƴǘŀǇŜǇǘƛŘŜ ǊŜǇŜŀǘs. As shown in Figure 3.4, although there are 

long, non-conserved regions in the sequence, there are several sections which display homology, there 

are several blocks of conserved sequence. There are also a number of sites where hydrophobic 

residues are conserved at sites across the sequences. 

3.3.5 Structure prediction of TagA-5 

The secondary structure of TagA-5 was predicted using PSIPRED v3.3 (Figure 3.5). The predicted 

secondary structure contains a number of alpha helices and beta sheets in the region corresponding 

to DUF2169. There are also a series of alpha helices C-terminal to the DUF2169 before there is a 

disordered region after residue 486 that is rich in proline residues which could be a linker domain. 

Another alpha helix (541-549) is located N-terminal to the pentapeptide repeat domain (residues 550-

872). The pentapeptide repeats are predicted to be disordered with a few short beta-strands, although 

this prediction is made with a low confidence.  
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VpTagA      1 - MQLWDIEAYPELSIKGRFQRDENGDEVWVVVAKRTWQFDGEV----------- WHELGD 

EcTagA      1 M I EMKNNTPFPLLSF--- EKYGRYGLLFDVI AI KMSLRI KNGF----------- YADLAE 

BcTagA      1 - MEFRNLTPLHAI AF--- NAVDVPGNEIHVVALKAAYRLEPAQSFDPDGDTHRCVLLSGD 

PaTagA      1 - MELLNATPLAAAYN--- QGLDAEGRESLVVIAK GSFDLPLDG-------- RE-- ARLLD 

AfTagA      1 - MELQNRLPFPAMAF--- RQFDAEGGRDCIVSVRATFTHVQDG--------- T-- MEI AR 

RlTagA      1 - MDLI NRLPFPAMAF--- RQFDANGDLDCVVSVRGTFVHRQGD--------- A-- LAI AS 

BtTagA - 5    1 - MKIV KPESLALLC---- RTLRFEGIDRLSI GALACFALRADAPAGP-------- GDLAP 

LfTagA      1 - MKVI KPMMLGLLW---- KTYRRNG- HRLSVTGTVCFPFAT----- P-------- DRPLT 

BpTagA- 3    1 - MKIV KPLAI SPLT---- RVYRMHGREYLGVAALLIAT LGD----- E-------- PKLLA 

AvTagA      1 - MEII KPLRLGVLH---- RTYHWRHGHRLAVTAI ALATLEE----- S-------- PVLLP 

SmmTagA     1 - MKVVKPLRLSALH---- RPFSWQGQNHLGVSVLALADMGA----- S-------- PRLRP 

BbTagA      1 - MKIV KPLRLGLLS---- RPYRMRGRQRLGLAVFALATLDE----- Q-------- ALLQP 

BtTagA - 4    1 - MRHI KPQAALVAT---- TNTQIGAQPMLGISV GMGFRLDQP------------- SI LVH 

YpTagA      1 - MRIIR PQQLVVLK---- SSYQIGHESHMGISV VAGCYLSKP------------- EHMVT 

 

 

VpTagA     49 -- SEIFDDPQYLGEEGFSAIKVDQEFAYTKNNTDVLVYGKARSYAKK- PVTY--- QECRV 

EcTagA     47 FQKELS MSDEYYGESETSSLKSETDLVLCKRNTDIH VTGSAHAPSGD- K- SQ--- WKACV 

BcTagA     57 NAVPLA MSDEYEGETGKSSVKWESDLAPFKPKCDVLVRATAHAPHGT- PAAS--- WPARV 

PaTagA     47 EQQTLLMVDEFYGEPGFSAPRRECEFVPFKPFCDVLVLGSAQAPGGR- PVQQ--- LTAGI  

AfTagA     46 EQESFQWEDAYEGDPHQTVLLRQSDLTPDKPGTDISFL GDAWSPSQE- PQKS--- WRASI  

RlTagA     46 KQED FQWEDAYDGDPHASPLLRQTDLTPEKVGTDITFL GNAYAPGGE- PAPS--- WQVGL 

BtTagA - 5   48 EASLWQVARQWLG- E----- HAPLDDGLPKPSGEFLVYGDACAPPGR- DRAARAPFAVRA 

LfTagA     42 EQAMWPI LAAECP- E----- ETVWDAGI PKDRGELLLSAHGYAYGGI - PVET--- RRISV 

BpTagA- 3   43 ESALWRLAGDELR------- GYPLDMALPKACPEFLVSGYAYGKYAS- DPHAC- ACEVGV 

AvTagA     43 EQELWALLDEALD- E----- NEQIDLLMPKPCPEFLVNGHAYNVHGT- DRRR--- CRVQA 

SmmTagA    43 EPELWQLAADELTLS----- GGVLDLAI PKACAEFLATGNAYTHHQQ- DKTA--- CAVKI  

BbTagA     43 EADLWSLAGEALG- E----- DGVLDLAVPKPCAEFLVSGAAYTAHQQ- DRTA--- CMARV 

BtTagA - 4   43 EAAVWEALKAA------ APSLPLYEAALPKQRAEWLLAGHSVHAVGGGTRSRDIDWTAWV 

YpTagA     43 ESQI WQAWKAA------ PLSFRMLDSAEPKPFAEFLLAGHAGIGEEVTSLSAEVSV----  

 

 

VpTagA    103 L I ---- DGHIDKTLAVHGERVWVE---------------- HGGSVTLSKPVPFIEKDI DY 

EcTagA    102 RVNSFS----- KELSLSGVRYLQY---------------- ERNRWQMSLPDKIIN VPLRY 

BcTagA    113 RVFDAGTMVIDKGLRVTGPRSFTK---------------- GWRGWKLGEPEPTRAVPVRW 

PaTagA    103 RVGRVS----- KALTVHGPRQWEPGLLGAGAGVA---------------- QPFQSQDI SY 

AfTagA    102 RVGDVS----- KEI DVCGQRFWKPVIKEKWAGFYAREPKRVISDWVLNDPEPARQVAVCW 

RlTagA    102 RVGQLS----- KRLEVHGARFWRPVVKEKWAGFSAKEAKRELTDWQLTEAEPASSVPI CW 

BtTagA - 5  101 RI GAAC----- KERLVDARD----------------------------------------  

LfTagA     92 Q VGSLR----- KEI ALYGDRLWHK---------------- KNGEWIKSRPEPFCSMPI VY 

BpTagA- 3   94 RIA GLE----- KRLRVCGDRQWAG---------------- AR---- I TAPRPFERLPI DW 

AvTagA     93 RLDDRC----- KALVVHGDRYWAE---------------- GE---- AGEPADFEAMPLGR 

SmmTagA    94 QFDS LE----- KTLVVFGDRHWIN ---------------- DR---- PSTPLPFAEMRLDW 

BbTagA     93 RVGELE----- KTLAVFGDRYWLD---------------- GK---- PTPPAPFEAMPLDW 

BtTagA - 4   97 E LDGVRKIV-- SCATQLGDE-------------------- HEP--- G---- GCVRVAI DH 

YpTagA     93 -- GSLTR- R-- WCI -- EGES-------------------- NKT--- GLVIKPFLRMSMDH 

 

E

 

A

 

A
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VpTagA    143 TC AI GGDLRNRIG---------------------- GGVADSNKE----------------  

EcTagA    141 EL AYGGIWQPD----------- GMEKLVFSANPVGCGYYPDISQL---------------  

BcTagA    157 EQ AYGGTSRVALAQSAKGTSADLELNEVCFTNPLGRGWVEKRFLDRATHKSVVASLCASS 

PaTagA    142 AS AFGGSHASP--------- DNPGFMDCYMANPAGCGWFPRSADT---------------  

AfTagA    157 TN AFGGTIPGT------ GDTETDTPADVERRNLLGCGIVNLDMPA---------------  

RlTagA    157 SK AYGGQIPGT------ GDPENETPADVEARNPLGCGIVNLDMPW---------------  

BtTagA - 5  116 --- AA-------------------------------------------------------  

LfTagA    131 TRS FGGKDY-------------------- PKNPTGKGFSLD-- PE---------------  

BpTagA- 3  129 DL AYGGAGC-------------------- ADNPRGRGAHAR--- E---------------  

AvTagA    128 RR AYGGPGY-------------------- EANPI GI GHVPESVDG---------------  

SmmTagA   129 RR AYGGTQF-------------------- ADNPHGI GATPETFPQ---------------   

BbTagA    128 AH AFGGPEY-------------------- ADNPHGRGAGDERIAG---------------  

BtTagA - 4  128 RH A- AAGGA-------------------- QENPFGMASGTPPLQQ---------------  

YpTagA    123 TQS WGGKGC-------------------- KENPLGRGYNDERKPT---------------  

 

 

VpTagA    165 ------- LLEQKVPSVFYPKEEWSS---------- ---------- TSK- NLRVAGFGPVP 

EcTagA    175 ----- NTSCQYKLPQI TSSALSENA----------------- TIFNGE- SDFFQGVGPVS 

BcTagA    217 IPGPLPKIAEIAA PQI EAWDIPI TSLDVAEHAASGLDARQMKEVVASY- ATTPVGLGVVG 

PaTagA    178 ----- AEIVGTPMPATEKLGEPVDS-------------------- PHG- RFTPMALGPLG 

AfTagA    196 ----- DT- PPVRAPQI TSPGERLD--------------------- WKD- APEPQGFGLVS 

RlTagA    196 ----- DQ- APVAAPQI TLPGEKLN--------------------- WRE- PVEPQGLGLVS 

BtTagA - 5  118 ------------------------------------------------- GRALAEFRALP 

LfTagA    154 ------- ESPVSLPNI ESPLFPTIS-------------------- PET- DTPPAGLGPLD 

BpTagA- 3  151 ------- GAPRDLPNVEYAHSPMRF-------------------- AHE- QPAPAGFCPVD 

AvTagA    153 ------- GERWPLPNVEHDGQPPFA-------------------- PGQPPGTPAGFGMRD 

SmmTagA   154 ------- GRIHRLPNVEPLQGRLAS-------------------- PRQ- SALPASFDALD 

BbTagA    153 ------- VRTRRLPNVEPARGRMQR-------------------- PDQ- RPEPAGFGPVS 

BtTagA - 4  152 --------------- LRSFGVGP--------------------------- APLAAMGAI G 

YpTagA    148 --------------- I MSLGLDGSA--------------------- IV - RSPLASPSPVP 

 

 

VpTagA    197 PF FEARQTLAG----- TFDEEWIE NRKPMLPLDFDRRFFQSAPADQQCKGF-- LKGGERL 

EcTagA    212 RW WKSRLQYAG----- TYNEVWREKRYPYLPDDFDERFYNSAHPDMIYTGF-- LSGDENI  

BcTagA    276 RA WTPRLQFAG----- TYDETWHKTRWPYHPVDHDFHYWNGAPADQQI - EW-- PAPGLAF 

PaTagA    212 RH WQARVGFAG----- RYDDAWLAERFPFLPADFDERYFQSAPADQW- TDH-- LRGGEEV 

AfTagA    228 PW WRSRQQYTG----- TYDDAWVAERHPLLPRDFDPRFWQAAHPDLVATPH-- LKGDEKY 

RlTagA    228 PW WRSRQQHAG----- TYDDTWLNERHPLLPRDFDARFWQCAHSDLVVMPH-- LI GNEDY 

BtTagA - 5  129 PSHPE RSRDLG----- PFDERWLAARWPHLPAGTRAEHFHTAPRDQRIAGF-- WRGDEDI  

LfTagA    186 LA WAERQSRTG----- QYQPGEI GTEPPELPANADWTLYNQAQSDQWLSGF-- WTGGESY 

BpTagA- 3  183 AA WPARAGLYG----- ALDRQWQEEDCPGFPRTLDPRYFNI APADQQLPELRAFPDGARY 

AvTagA    186 IDAPAHRAKL G----- QYDEETLERDGPGLAESFDWRFFNLAPDDQQWPDRDRLAGGLEY 

SmmTagA   186 IT WPRRFSRIG---- KNYDADWLKHGFPGFANDI DWRLFNMAESDQQFPQRDSLPPRAAY 

BbTagA    185 PL WPRRFARAG----- QYHESWLDEGFPGFLDTLDPHFFNAAAPDQWWPGQPGLAAGTPY 

BtTagA - 4  170 CD WPERMQWMPTR- PGTVDAMAQDGTHMGWPADVDLRFFQQAAPDQWARG- ECWMPGARF 

YpTagA    171 HD FQLRKVHINEVASTMTDPQYLETFYPGLPPQIDRRYFQMAPPGQWLKK- SAWPDSVPF 
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Figure 3.3 Amino acid sequence alignment of TagA proteins  

Alignment of TagA proteins performed using Clustal Omega, shading performed using 

.ƻȄ{ƘŀŘŜΦ !Ƴƛƴƻ ŀŎƛŘǎ ǘƘŀǘ ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ 

sequences are shown in white font with a black highlight while those that are similar in 

җрл҈ ƻŦ ŎŀǎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ƎǊŜȅ ǎƘŀŘƛƴƎΦ ¢ƘŜ Ŧǳƭƭ ƭŜƴgth proteins were 

aligned. However only the NTDs (corresponding to DUF2169) are shown (sequence in blue 

box). !Σ ΨŀƴŎŜǎǘǊŀƭΩ ¢ŀƎ!Τ 9Σ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ!Τ ±Ǉ¢ŀƎ!Σ Vibrio parahaemolyticus VP1398; 

EcTagA, E. coli UTI89_C0254; BcTagA, Burkholderia cenocepacia BCAL1295; PaTagA, 

Pseudomonas aeruginosa PA0097; AfTagA, Agrobacterium fabrum Atu3641; RlTagA,  

Rhizobium leguminosarum pRL120481; BtTagA-5, B.t BTH_II0862; LfTagA,   Leptospirillum 

ferrooxidans LFE_2282; BpTagA-3, B.p BPSS0182; AvTagA, Azotobacter vinelandii 

Avin_26580; SmmTagA, Serratia marcescens subsp. marcescens SMDB11_2247; BbTagA, 

Bordetella bronchiseptica BB0795; BtTagA-4, B.t BTH_II1892; YpTagA, Yersinia 

pseudotuberculosis YPTB0649. Accession numbers of proteins are listed in Table 10.1. 

VpTagA    250 M MSGFCHDDTISF----- RI PKEKYRAIATFK-- D--- GSYPVDMAMYTLFVD- AEKKTI  

EcTagA    265 S LEGFFKFEQVV---- KTKLPGI RPVLI LKTK-- H-- NTSHMFLPVADTMVI D- LSRQEI  

BcTagA    328 E LANLAPPEHTRAGFLRARLPGHRALVALRFK-- S-- GEIVPLEMKLDTLLI D- TEEMRV 

PaTagA    264 L LLNLTGEERAAF----- RVPRREVPVTFFLK-- K-- GGHETAQARIDTLLVD- CDARRV 

AfTagA    281 E LVNLSSEHPVAKG---- SLPGLTLGVHC- SR-- E-- DRDEWHVLKLDGVQFDWRDDGRV 

RlTagA    281 Q LDHLHPSFALAAG---- RLPGI TLGVRC- VG-- H-- GRDEWYLLSLDGVQLDWRNDSRV 

BtTagA - 5  182 E LVNLHADRPAIAG---- ALPRVRARCFVERW- VGGVARIDACPMRAETVWLF- PGAACG 

LfTagA    239 L LEGLHPEFDRQSG---- RLPGI RVRAFATLD- ASRNRTFVEI PMHPETVWLF- PHLEIG 

BpTagA- 3  238 E LTHMHPDHATLAG---- NLPALRARSFVVR--- RGSDAPEEMPMRLTTAWFV- PHRERV 

AvTagA    241 EFL NLHPELARLAG---- HLPDGLARCFVMRQPAEGESALEEI PLRLTTAWFF- PDRRRV 

SmmTagA   242 R I WNMHPSEPVQQG---- HLPPWRARCFI NRL- RGGETHFEEI AMRHTTVWFF- PHREQM 

BbTagA    240 A LWNLHPRLPCQQG---- ALPRWRARCLLRR--- AGETALEDVALRLTTAWFF- PDRERL 

BtTagA - 4  228 E LNGFGPRGEGFAG---- ELPRLAPVALVTRN--- GRPGIERPTFKQQTVWFL- PDRGIG 

YpTagA    230 K LIGFRPDNEEISG---- AFPAVSARAFVWDN--- PSAPPSEVTLLRKTLWLL- PDNDMG 

 

 

VpTagA    299 S I SYTAAFPCQSKEHLLVST------------ SITKVEEVSEHA----------------  

EcTagA    316 Y LTWRLTI PDFFGMKEGV----------- LSCI I ------------- PE-- CIGKKYYG-  

BcTagA    383 SAT WRAVFPLQPAVRVCEARFELDRHAPLLRMAVPKTTSEPEDAWQTT------------  

PaTagA    314 E VTWRIRRPLKRNLFE--- I --------- AQVL---- VGSKSAAWWRAR-- ELGKDYYPS 

AfTagA    332 LLTWRVSFPLPDAGETTLTL--------- TRVR---- LKAPET-- EA-------------  

RlT agA    332 MLTWRARFPLQEAGETSLTL--------- TRVQ---- VKATAD-- AD-------------  

BtTagA - 5  236 IVLY RALVAI DDEDGDDVVR----------- VI - A-------- GWEHADAPPLPDEAYIG  

LfTagA    293 VVI HRGSMAI ETDDASEVAS----------- LL- L-------- SAEDPGENR- PESHYLA 

BpTagA- 3  290 I LIY HGVTPVRAFDASDVQT----------- VL- F-------- GAEASGHAR- PADWYRQ 

AvTagA    296 A LI HHGDLAVDDEQASDI QY----------- LM- P-------- AFEAGAAPR- GLEHYAE 

SmmTagA   296 LLVYQGSARI NEDDAADVMQ----------- LM- P-------- ALETEGEPR- STAHYRQ 

BbTagA    292 LLIY HGATDI AQDDGADI EL----------- AM- P-------- ALDAADAPR- PLAHYEA 

BtTagA - 4  280 VLWWNGAVALDFLLDDSPTM----------- LVI --------- AFK- DDAERIDVDALMK 

YpTagA    282 LMVFTGSVPLTHLFDEPI DT----------- LLV--------- GLD- DSHSLRELEYYQQ 

 

A
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BtCTDTagA- 4  304  ------------------------------------------------------------  

YpCTDTagA    307  ------------------------------------------------------------  

LfCTDTagA    316  --------------------------------------------------- SAEDPGENR 

BtCTDTagA- 5  259  GWEHADAPPLPDEAYIGRPAPEDEGSRPALAPAAAPAAIADDDARADAGDAADRAPGAPA 

BbCTDTagA    315  AL--------------------------------------------------- DAADAPR 

AvCTDTagA    319  AF------------------- -------------------------------- EAGAAPR 

BpCTDTagA- 3  313  GA--------------------------------------------------- EASGHAR 

SmmCTDTagA   329  AL--------------------------------------------------- ETEGEPR 

 

 

BtCTDTagA- 4  304  ----------------------------------------- -------------------  

YpCTDTagA    307  ------------------------------------------------------------  

LfCTDTagA    325  PESHYLAYRNRR------------ DQRSPEDLSLYGDGPLLPLRL--------- EDDPQA 

BtCTDTagA- 5  319  SAAHAHSPAAPESSAEPPAPDLSALERDAAALAA- QTDALLAAAGLTEADVARLLPPRDA 

BbCTDTagA    324  PLAHYEAVLAQ------------ RLDAQDGALHALRDKDLLPAQALGPWDALQAANPMEQ 

AvCTDTagA    328  GLEHYAEALAR------------ RLDEEEGDLYAFDEAALI HEPFIG AGFDTEPL-- DQG 

BpCTDTagA- 3  322  PADWYRQVI EW------------ RTRDDRAALYALRDRDLLPEHALAPEAAATPEPTQQS 

SmmCTDTagA   328  STAHYRQVLAQ------------ RLDKEQGALHAFREQELLPEACIG AWLDT- ETPTQQS 

 

 

BtCTDTagA- 4  304  ------------------------------------------------------------  

YpCTDTagA    307  ---------------------------------------------------- DDSHSLRE 

LfCTDTagA    364  NIGNVQYHMAHQSDEIGQRTRRI LSKKLEKAGKSTQPPPAGAASSPIG EAQSSMEEKLRE 

BtCTDTagA- 5  378  PADMTLDELTALAAELDARTA- QWQAQYDAAAAE---- RDEASSPASPNSAAAHDASLAD 

BbCTDTagA    372  PFAVNQ----- RARGAA- IRA- QLGEQARAHGVD--- PRAYE- PPPAPMPA--- APQLDD 

AvCTDTagA    374  PSDPLMDNLLRRQE-- E- AMR- NERERMNSLGLD--- PQRLAGLAPAGDDEELRLQRLAD 

BpCTDTagA- 3  370  ---------------- A- KQR- QLRER--- LSVF--- PDAPRAQTPAPD------- RLAE 

SmmCTDTagA   375  PMAENIAAYEHQQREEH- RQR- LLREGQDIDELF--- PLPSQEAPPKLD------- QLAE 

 

 

BtCTDTagA- 4  304  ---------------------------------- FKDDAERIDVDALMKFADQRADL- N-  

YpCTDTagA    315  L-------------------------------------- EYYQ-- QVYKSRSVE------  

LfCTDTagA    424  L--- RKELENPFSETPFQPGQFKTEELKKQMDEKIRDALSRIPDNALSKANLTREGPLS-  

BtCTDTagA- 5  432  L------ LRQADA------------ QI RALVDQH--- GLSR- A-- QMEAAARDR-- P---  

BbCTDTagA    418  LPDIARHMRQAAQEA---------- RI DALHA------ RRRMA-- EALQARGAELPPAMG 

AvCTDTagA    427  LPRVGRNI RRKEA------------ ELEAQAE------ RERAA-- ALERLRDQE------  

BpCTDTagA- 3  399  F------ VE---------------- QQQALAD------ EKR- A-- ALEAMRREL------  

SmmCTDTagA   423  F------ VE---------------- RLESQAE------ VQY- Q-- DMLKLAHAE------  

 

 

BtCTDTagA- 4  328  -- CTDPLQQADHELMPAVAKGW------------- TWEMILDTEDHPRFAPAPRGYEE--  

YpCTDTagA    329  --------------- GAASFEFLKDPELMPEG------ MPLNVIRDLADHPDSLRYSASA 

LfCTDTagA    481  -- PKASMAPLKKDLENALSSTALKERLMSIDGSVP-- E------ TDRTTVPLRPANGAFE 

BtCTDTagA- 5  464  -- ELAALADALDALDAPLDIDALTAGLAAPAGDEAIVE------ PDAPAGPDRP------  

BbCTDTagA    460  AAALAAAADGAGRGGPP-------- SLHSHPA- LATLQ- ELARAQPLGSGADRLDAGSVG 

AvCTDTagA    461  -- PTTANRELLAQLENP-------- DRELPPFDFAARSAQLREVYRMDFSPA---- SADL 

BpCTDTagA- 3  422  -- ATSEVFSVGRRRGPP-------- GRIAPAD----- EEPARHAGALAESPD---- IR --  

SmmCTDTagA   446  -- GIDPLNPGGDHVSPS-------- GAESYQQ----- QRDLL- FQEARQHPD---- AFSE 

 

 

BtCTDTagA- 4  371  - VRARVEQNRRDLVEARDASERLSAFEEANRNAKLPGAPRGGENWRTRLRQAKTPELANV 

YpCTDTagA    368  MSEAESERFYQDVQDAIDRQEQQKS- EEQETLGDLNVPAAGKEEAGTQWLESKEDTATNV 

LfCTDTagA    530  AIS GQVEDKLSALSDKIDTLV- RSV- HFFAPPPEDRPN- AGRGRQKVLEQMKSSRNFRKW 

BtCTDTagA- 5  510  ---- AGADRP------ ADGAP- ASM- HAAAPSAGDAPPAEPLTREQVIERHARGLGFAGL 

BbCTDTagA    510  ARLREAQQQL------ GRLYL- HAA- HHQPPAEAARPARAARLRRRVQALMAGSRDLAGL 

AvCTDTagA    507  PSREESERRL------ RQQYR- DSV- HCCGAAPALQGAAAEALRRKVAQAYARDRDLAGM 

BpCTDTagA- 3  461  ALERDADERL------ RGLYQ- QCA- QHQDAPARLHGAAARARRECVASAAAAGQSLQVA 

SmmCTDTagA   486  KQLGESERAL------ HQMYL- MSA- QAQSPALRLSGDLAQII RQRVAAAMLRDKDLSGL 

 

 

BtCTDTagA- 4  430  TI RDADLSSLRFDGWKFDDVRFERCTLDRSEWTNCRLNQV---------- HAVDCSFADV 

YpCTDTagA    427  TFLGTDFSGMTLDNKQFRYCMFTGCHFDKATFKDCTFEHCQFTQSDF----- ENSRWNNV 

LfCTDTagA    587  SLRGADLSGLDLSKCDFSESDLIGCDFSESDLTG---------- SLFQGAWASHGRFLQT 

BtCTDTagA- 5  558  DLSGLDLSSAALERADLRDARIERTCFAGCRLRGASFERALLSRADFSNADLREATFVDA 

BbCTDTagA    562  DLTGADLSGLDLR--------------- GARCVGTWMEGADLSGALLDDADLSQAVLARA 

AvCTDTagA    559  DLTGADLSGMDLS--------------- GARLTGVLLESANLADARLDGADLREAI LARA 

BpCTDTagA- 3  513  DLTGADLSGMDLR--------------- GARLAGAMLENADLSDADLTGADLSRTVLVRA 

SmmCTDTagA   538  DLTGADLSGMDLC--------------- QANLRGALLENANLRQTRLVGCDLREAMLARA 

BtCTDTagA- 4  480  KMSDGWWKGGKLQRCNLERSAWLNVEIER---------- ISL DECRLDDLKVAG----- G 

YpCTDTagA    482  HLSGCLFKQAEWQKAAFTHCKWEKSTFEYGVFKHAQFTDNALDNCLI NHSDFSL----- G 

LfCTDTagA    637  NLSGSKWDG----- ANAGHSEMKGVRAIGASFQKTVLSGTTFEDCLLDNSRFDGADLSNI 

BtCTDTagA- 5  618  SAPGASFRGAALDRARLAHADFTGADFTRASLADGHCAHARFDESAMTQLAAARLDGAHA 

BbCTDTagA    607  HAEGGSWRRAVLAGANLGQAALDGVDLAGARLSSPVLDGIVLVDCALSASRWND----- C 

AvCTDTagA    604  RLDGASLRGADCRGANLSRAQARNACFSGATFGDGQCWEARFETCDFSHARFGG----- I  

BpCTDTagA- 3  558  DLTRAKLVDARLTAANLSLAHCERTDFSGSDLSDGIFEQVHLRDCRFNGSVLAS----- T 

SmmCTDTagA   583  DLSGAVLQQADLSHASLALAKCEATDFGGAQLHETNIQQTLFQRCDFTMASLRD----- L 

 

BtCTDTagA- 4  525  SWSMLSVQGRG------------- GVRGDVQDVQWNSVSWSEVSAPGWTWTRVRADDLAI  

YpCTDTagA    537  TFDHCTLNGCFFSETHCDQT---------------------------- QFNQVII TSCIF 

LfCTDTagA    692  SISRTRAKGCSFPGARFMRI EGALSPSSSQSDGQSERTL----- FRDVDFSGSNLEKSLF 

BtCTDTagA- 5  678  SFAGCALDAADFTS-------------------------------------- ARMPRANF 

BbCTDTagA    662  HLAGARLERCRFDQAELDTV------------ TFWQGTL----- LRETGFAAARLARVTW 

AvCTDTagA    659  LWQGCELDACRFDGAVLEDL------------ SLHACR------ LSRPSFVGASLSAVTW 

BpCTDTagA- 3  613  RFDACRFDAVDFGRATLREL------------ IFIEQS ------ FSGVSFSDATI RKMLL 

SmmCTDTagA   638  LGYETLLGQCDFSRATLANI ------------ TLMELQ------ LEQLTFSHARLDKVSF 

 

BtCTDTagA- 4  572  VECAMAGLTVSQCTLAKPSI LLTDLSA- SVWQRSMLTFAVLSHG----- TSINGARLTDC 

YpCTDTagA    542  EKCDGPKACFTESTIE KTSFI ------ SSSWVGVRLSHCYLNSLTTGLNTNLSESHFEQC 

LfCTDTagA    747  MKCDFLAVDFSGCQLPGATFLEC- CGPSTTFKRAI LTKGVFAQSVQFQGSSFGSADLSGA 

BtCTDTagA- 5  700  QHATLTAATFAFAQCDGAEWYGAQASG- AQLRSASLRGSRADASTSFRQAVLSGAALDDA 

BbCTDTagA    705  LDCELDGLDFAGARLRRCAWVQSQCGAAPNWAGAELQTCCVV- ETDMPHAVFAGATLREC 

AvCTDTagA    701  VESSLEAADFERAELDDCSLVETRS- PDARFVGAALSACYMVLGSSLEAADFGGARLAES 

BpCTDTagA- 3  655  MRCAFADVRFSAASID GFGIVETQASGQLRFDRASVNKACFVGRCDI GRADFSFATLTEV 

SmmCTDTagA   680  VKCRLLAVNFSQARLESCAWVDTET- QSLSFHAARLTACAFAAKTLLPQADFSDATLNQC 

 

BtCTDTagA- 4  626  VFKSSSLQELRADRVQVDHCSFMQLNAQHLHAQQSHWSRTVLDGANVMHAQLTGTSFDRC 

YpCTDTagA    623  SLNKMGFLKVNLQSSTFINCSMLESCCDKADFSQATLI ACDMTAVRLKDANLVHSHWQNT 

LfCTDTagA    806  NLRGVDLSGSDFRGAI LLGTDGSGGNWQHTNLSGVRAI GARFQKTDLRWV----- DGRWG 

BtCTDTagA- 5  759  NWDGVDLRYANLHKATLDRASLARAIAS GAQLTLSLARRADLTKADLTHA----- DARFS 

BbCTDTagA    764  SLRDTVLDHADFTGAALWRCDLSQASLGGASLARARAPDSLFI RADLGGA----- SLAEA 

AvCTDTagA    760  NLRGVDLSGARFCGTRLADCDLSEARLAGADLRRATASGCLFSGADLRTA----- RLGDA 

BpCTDTagA- 3  715  NFRETQLVEANFGGARI GNCDFTDACLRAADLRGAKAEGSPFVRADLTRA----- DLRDT 

SmmCTDTagA   739  NLRQMPLQRANFSRARLNNCDLSETRLNEADFRQANGSGSLFI RSDLSRA----- SLRDA 

BtCTDTagA- 4  682  SLKEAMFYGADMRQTRMRDCNLVRVRTSWI HPPEAGAWRGNLNAGQLDVPRRV-------  

YpCTDTagA    683  SLQQSMFYNADLRDATFQRCNLAGANLAMI SQNMDTRFEHCLTEKTHWI PRRYTVPA---  

LfCTDTagA    861  DFRQAVFLKADLRFANFSGSSLYKGCVTEAQI DDSTLFDQALLGKTTIT PGESK------  

BtCTDTagA- 5  815  NLQGASLRRARLDGTQLQSSNLYGADCYGTALGRS- QLAGANVERTLFVVPGRPELASSR 

BbCTDTagA    819  DLPGALLQKATLTHADLRGANLFRADLGLAVLDDTSDTRGAYTHLANTRPRARHGR----  

AvCTDTagA    815  HLMQCLLRRADLRGADLRGASLFGSDLAEVHLDEDSLLDETDFGRVAFHPRRRSEAAS--  

BpCTDTagA- 3  770  DLI AAYLRGAKLDGADLRRANLFRANLSQI LI DADTRWQGAYLNRAVRFPLAEART----  

SmmCTDTagA   794  NFI AAI LQKCVLSGADLQGANLFRADLSQSQVDQATRLESAYTARVKTLPRHNGKEV---  

 

 

 

 

Figure 3.4 Amino acid sequence alignment of the CTDs of TagA proteins containing pentapeptide 

repeats  

Alignment performed using Clustal Omega and shaded using Boxshade. Amino acids that are 

ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ŀ ōƭŀŎƪ 

ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ ƻŦ ŎŀǎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ƎǊŜȅ ǎƘŀŘƛƴƎΦ 

Only TagA proteins containing pentapeptide repeats was included and the region of the proteins 

containing the DUF2619 was excluded. BtTagA-4, B.t BTH_II1892; YpTagA, Yersinia 

pseudotuberculosis YPTB0649; LfTagA, Leptospirillum ferrooxidans LFE_2282; BtTagA-5, B.t 

BTH_II0862; BbTagA, Bordetella bronchiseptica BB0795; AvTagA, Azotobacter vinelandii 

Avin_26580; BpTagA-3, B.p BPSS0182; SmmTagA, Serratia marcescens subsp. marcescens.  

SMDB11_2247. Accession numbers of proteins are listed in Table 10.1. 
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The 3D structure of B.t TagA-5 was predicted using the Phyre2 ǎŜǊǾŜǊ ƛƴ ΨƛƴǘŜƴǎƛǾŜΩ ƳƻŘŜΦ ¢Ƙƛǎ 

generated a predicted structure with 35% of residues modelled at >90% confidence. The region of 

TagA-5 which gave the highest degree of confidence for the model was the C-terminal domain 

containing the pentapeptide repeats (Figure 3.6). However, The N-terminus of B.t TagA-5 (the region 

containing DUF2169) was modelled with a very low confidence due to a lack of available structures 

for proteins which aligned with this region. Therefore, the N-terminus of the predicted structure is 

probably unreliable. 

Phyre2 used the previously determined structures of a number of pentapeptide repeat-containing 

proteins to inform predictions on the structure of TagA-5. The structures used to inform this prediction 

included the cyanobacterium HetL protein (3DU1 in the protein data bank), E. coli NleL ubiquitin ligase 

secreted by the T3SS (3NB2 in the protein data bank) and the plasmid-mediated fluoroquinolone 

resistance factor QnrB1 (2XTW in the protein data bank). Therefore, it predicts the C-terminal domain 

of B.t TagA-5 to be solenoid-like with each of the pentapeptides coiling around each other to form a 

helix-like structure.  

3.4 TagB-5 

The second T6SS-associated gene, in the T6SS-5 gene cluster tagB-5 (BTH_II0861), is located 

immediately downstream of tagA-5 in the T6SS-5 gene cluster. The tagB-5 gene encodes a 37.6 kDa 

protein. 

3.4.1 TagB proteins in Burkholderia pseudomallei group members  

There is one other ΨǘŀƎ.Ω gene present in the B.t E264 genome, tagB-4 (BTH_II1891). Homologues of 

these proteins are found in B.p and B.m, which also possess an additional tagB gene, tagB-3, which is 

absent in B.t. B.t tagB-5 shares 84.2% identity with both B.p TagB-5 (encoded by the BPSS1505) and 

B.m TagB-5 (encoded by BMAA0736B). The B.p and B.m TagB-5 proteins are 99.2% identical. 

3.4.2 Protein family analysis of TagB 

Detection of conserved domains using a BLASTP search did not identify any protein families or 

domains of unknown function. However, it did detect pentapeptide repeats. Searching the InterPro 

database with the B.t TagB-5 amino acid sequence was also unable to assign TagB to a protein family 

and again identified pentapeptide repeats. The pentapeptide repeats extend across almost the entire 

length of TagB (Figure 3.7)Φ ¢ƘŜ ǊŜǇŜŀǘǎ ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘƻǎŜ ƻōǎŜǊǾŜŘ ŀǘ ǘƘŜ /¢5 ƻŦ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! 

ǇǊƻǘŜƛƴǎ ŀƴŘ ŜŀŎƘ ǊŜǇŜŀǘ ŀǇǇǊƻȄƛƳŀǘŜǎ ǘƻ Ψώ{Σ¢Σ!Σ±ϐώ5Σbϐώ[ΣCϐώ{Σ¢ΣwϐώDϐΩ. Using the nomenclature of 

Shalom et al. (2007) ǇŜƴǘŀǇŜǇǘƛŘŜ ǊŜǇŜŀǘ ǇǊƻǘŜƛƴǎ όǿƘƛŎƘ ŘƻƴΩǘ Ŏƻƴǘŀƛƴ 5¦Cнмсфύ ŜƴŎƻŘŜŘ ōȅ ƎŜƴŜǎ 

ǿƛǘƘƛƴ ¢с{{ ƎŜƴŜ ŎƭǳǎǘŜǊǎ ŀǊŜ ƴŀƳŜŘ Ψ¢ŀƎ.ΩΦ 
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Figure 3.6 Predicted structure of B.t TagA-5  

Structure predicted using Phyre2. Displayed in rainbow colours with the N-terminus in blue and C-

terminus in red.  

Figure 3.7 Amino acid sequence of B.t TagB-5 

Amino acid sequence of the B.t TagB-5 protein. Alternating yellow and green boxes above the 

sequence indicate the rough locations of pentapeptide repeats. 
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3.4.3 Cellular location of TagB-5 

PSORTb predicts TagB-5 to be located extracellularly based on its homology with the Salmonella 

enterica serovar Typhimurium PipB2 protein which is a substrate for a T3SS. No transmembrane 

helices or a signal sequence were identified when the amino acid sequence was entered into the 

TMHMM search engine or the SignalP server, respectively. The same experiment which identified the 

Y. pestis y3665 protein (a TagA protein) in membrane fractions also detected the TagB protein y3664 

(identical to the Yersinia pseudotuberculosis YPTB0650 protein shown in the alignment in Figure 3.8), 

in the same samples. Again, how much confidence can be made in this observation is debatable given 

a secreted TssI protein was detected in this fraction (Pieper et al. 2009). 

3.4.4 Amino acid sequence alignments of TagB homologues 

As shown in Figure 3.8, the TagB proteins do not contain many residues which are conserved across 

all of the sequences, this is likely due to the variability within the pentapeptide repeats. However, 

there are sections which do show a higher degree of similarity particularly at the leucine and 

phenylalanine residues which make up the central amino acid in the pentapeptide repeats.  

3.4.5 Structure prediction of TagB-5 

The secondary structure of B.t TagB-5 was predicted using PSIPRED V3.3. PSIPRED predicted a single 

alpha helix at the N-terminus of the protein, followed by an apparently disordered region that extends 

to the C-terminus and is interspersed with an occasional very short beta-strand. This is very similar to 

the prediction for the C-terminus of TagA-5 (Figure 3.9).  

The 3D structure of B.t TagB-5 was predicted using the Phyre2 server with over 90% confidence for 

79% of residues. A number of known structures were used to make the structure prediction, all of 

which contained pentapeptide repeats, including the fluoroquinolone resistance protein Qnrb1.   

Although an overall solenoid-like structure was predicted, like that observed for the TagA-5 C-terminal 

domain, the middle of the solenoid (residues 108 to 165) is interrupted by a disordered region that is 

extruded from the solvent (Figure 3.10). The disordered region on the structure corresponds to the 

residues of the amino acid sequence that were modelled with a low confidence and therefore this part 

of the predicted structure is probably unreliable.  
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YpTagB      1 MTPSD---- TPI MPPDSPRRI I GRHFTQRQLQQLTLSEVYFIQ CTFTDI SFAEIAVRNIH 

BtTagB - 4    1 MS---- KI RSAVPPPPLPEIVEGQRY- VSAQRDVALADTLFVDCHFERVEWTGCRLSNLR 

LfTagB      1 MTPETQKI VDMI TD--- GEPVQEMDLSGFDLSGADLSHGI FINTRAI GARFDRCILKNTL 

BtTagB - 5    1 MSDTVHAALAALTD--- TRTLSGVDLSDADLSGLDLSGCTLHRVILRGANLSAAQLDATR 

BpTagB- 3    1 MSTRADRLRDAIR H--- GRAI RDTAI DAGDFDGHDWSGGVFERVRFIGVSMKRVRLDEAV 

SmmTagB     1 MTSKPEQI RQRVKR--- GEPI AGEDLHGLSFAGLDLAGGMFNELNLNGVNFSDCDLRDSV 

AvTagB      1 ----------- MRR--- GEAI EGRALPGLRMAGLELAGGLFRGCDLSGSDWQGTTLRACL 

BbTagB      1 -- MDAETLRDWVRQ--- GRPLVGLDLRAAALQGADLAGALLQDCDLRGAALAGSRWRDSR 

 

 

YpTagB     57 FESCHFTHLRLDGGRVENCSFRFCKFN--------------- DVSAQGVSI LNTSCI EVQ 

BtTagB - 4   56 FVNCTFDANRFDRCELEKLSYESSRVR--------------- EGAWTQSALQRVSFNECE 

LfTagB     58 FDSCDLSGSNWQASSLHLASFLKCRI H--------------- RAGFDHASGQNSRWVESD 

BtTagB - 5   58 WLHCDLTGARVDGATLGESSWHAVALRGASLRATTGDAFAMTDADLGGATLTDALWARAT 

BpTagB- 3   58 FI DCLFRDVDMRQAGCARCTFDRCRLE--------------- RVDLSASELRDCMMNGTH 

SmmTagB    58 FSDCQLEHAQFTRADLKQTAFNQCAMS--------------- ASRFSESHI ELTMFNDCR 

AvTagB     47 FI DCALEAADFRMARLDEVQWQNCALA--------------- DAAFAGAELERCQLI ESG 

BbTagB     56 FSGCRMEQTDWRGADVAQCAFFRCELA--------------- EAVFAAAECAGASWVECR 

 

 

YpTagB    102 WQ GCYLTGCLI ERWLLTSCQLDDAQLQDIQLNYWTVQDTPMTHLTMSDSKMQDSSWHGCT 

BtTagB - 4  101 I DGGAWAGCLLKDVVCSQSKGGAWTFDAVRGAHVSLVAGEYAGVTLRGGHWSDTSWIGSR 

LfTagB    103 LSGSRFSDTLLNHSSWVDCVFDGTAFDGADLEKTSFVHGSFPGTSFSGAKI IK TAFIGQT 

BtTagB - 5  118 FERVD FSAAQCARAKLLRCEAADCRFER--------------- TDFSSAELERFSAMRAD 

BpTagB- 3  103 AA GVYFSGARASGLHCVKSDLGDCGFDDARI ESAVFSDTRLARAAFTRAAVRKAVFYRLD 

SmmTagB   103 LEQSDFSRLSLNQSHWMSCQLAGANFSATQHDRTTFYESPLDGAMLNQARLCLVTFFRLN 

AvTagB     92 LARAVFDGALLGGLAFI QSVLAHASFEEATLAETSFNECDLRDCRFARAHLSETTLFELD 

BbTagB    101 AA GADFRATPLHGSHFVQCALDGARLDRAEMREGGFAECTLEQASLAGAALRQTLFFRAD 

 

 

YpTagB    162 I QQSVWKNS---------- ELI RQVMGSCVLKECQYQAIQSDTVVWSQCQLEQVDFRHQP 

BtTagB - 4  161 LVDLRLESVGLENLIAGQSGFERAVLVECRGINVRWIDSRIERMTVQGCELKQAAWSHST 

LfTagB    163 LNQAFFAGA---------- I FRNPI FIKVSLKGID F----- SNMSLPMVQASSSDLSETR 

BtTagB - 5  163 LSSARFDAT---------- RLTNALLCEADLRGQRF----- ARCDLTMTHLNGATLAGSD 

BpTagB- 3  163 LTSAVFADA---------- AFDDTVFAEANLAGQRL----- QGQRMHRCQFVGADLRHAD 

SmmTagB   163 LCKTQFEGV---------- NFDRVTFFECDHRGKSY----- AGQSLI ACQFTDNQLDDVD 

AvTagB    152 LCSVDFAET---------- RFESVI FSGSNLSGQCL----- MRTSLAGCQFSAALLDGCD 

BbTagB    161 LRTADLAGA---------- RLERVVFVECDLSGQRL----- AGQFLGGSQFVEARMDGCD 
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YpTagB    212 LENSNFHKSTLTQCGF---------- SDANLAAALFSEATLEGCDFNMAQLAAAQFVDAT 

BtTagB - 4  221 WATGEIHASRLPIASFDHASVNGLTVTNSELPQAI FDSASVADSALQGVRAPRIALR---  

LfTagB    208 WV----- GSDI RLANFYQSDLTGAVLDGANAEKALFSESRMEGASARGAMLKMASFQKTS 

BtTagB - 5  208 FS----- GTSLVQTMFFAADLEGATLAGARGRHVRFADATLVGARLAEAVFDECDFARAR 

BpTagB- 3  208 FT----- GARLAGCNFQRAKLTGARLDGVDAPNTVFFEADAPDATCRDAALRGSIWVQAD 

SmmTagB   208 FS----- QATLRQSNFKGASLRRANLTSVQAQQSLWLEANLTQAQCRGGQFDQAI FSEAT 

AvTagB    197 L T----- EAVLSQAVFKDASLVGARLTGVEARYALFPDADLSDADCRQGRFAQSVWAGAQ 

BbTagB    206 LR ----- EASMAQCNFKGASLRRACLAGASGARAMFAQADLGGADCSGARMPQSLWADAI  

 

 

YpTagB    262 LRDCNFDTADLQNASLLRANLTRCHLTQVNLTKADLRSCMLSESSLQASKLSKTRI HGAQ 

BtTagB - 4  278 -- DAWLTRVNLAGAQLQQLDARGVRLERVDLRGAD--------------- CRSGNLVGQL 

LfTagB    263 ARTIDL THADLSLSQWRQSDCEGANFTDSNVSFGDFSHANLKHSLFGGANLNRTNFHRAL 

BtTagB - 5  263 LSSANARGLRARMSLFSHADCAGATLAGGHFVYCDFSHATLSRADCTDADFSHANLHGID 

BpTagB- 3  263 ARRID FTGSELDGAVFQRATCTGARFSRAKLEGADFSYADLTGAVFDEAGFARTAFHGAT 

SmmTagB   263 LDAANFSQARLYQCVFQHSRSARCDYSDSDLTYADFCYADI GAADFRRARFMRTRMHRAH 

AvTagB    252 LAGADFSQACLDMAVLQRTWARGARFERASLRHAELSYADFTGADFAGALFERTSFHRSL 

BbTagB    261 LDGAVFSGADLAQAMLHRARAAGARFDGAGLHYADFSYADLRDADLRGARCLRTQLHRAL 

 

 

YpTagB    322 IPTL ------ DTPLQMPDPLLSQIDNWYGHHQPGPKNNPKFPSIPSGASRYV 

BtTagB - 4  321 RQ-- TWAAADTRDAVFEEATSADDRLWWQRVQPGARGV--------------  

LfTagB    323 ED GADYSGSSRPLGRETDPELQEAEDFVPRNSP-------------------  

BtTagB - 5  323 DR AARWDGACKTGACATDPTLALAERWTAPER--------------------  

BpTagB- 3  323 AP AIA WRD-- HPGAVACDAELSDAQAWSRQRDEQARREEC------------  

SmmTagB   323 QQQT RWSD-- RSGI LESDEELYAAETWSAQRQSRI-----------------  

AvTagB    312 LED ARFDS-- RDGLI ERDEELWA----- AEERAQAGSRR-------------  

BbTagB    321 QE GARWDS-- RI GVLENDPALYEAELWSARRRAGP-----------------  

 

 Figure 3.8 Amino acid sequence alignment of TagB proteins  

Alignment was performed using Clustal Omega and were shaded using BoxShade. Amino acids 
ǘƘŀǘ ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧont 
ǿƛǘƘ ŀ ōƭŀŎƪ ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ ƻŦ ŎŀǎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ 
with grey shading. YpTagB, Yersinia pseudotuberculosis YPTB0650; BtTagB-4, B.t BTH_II1891; 
LfTagB, Leptospirillum ferrooxidans LFE_2283; BtTagB-5, B.t BTH_II0861; BpTagB-3, B.p 
BPSS0183; SmmTagB, Serratia marcescens SMDB11_2248; AvTagB, Azotobacter vinelandii 
Avin_26570; BbTagB, Bordetella bronchiseptica BB0796. Accession numbers of proteins are 
listed in Table 10.1. 
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Figure 3.10 Predicted structure of B.t TagB-5  

Structure predicted using Phyre2 displayed in rainbow colours with the N-terminus in blue and 

C-terminus in red.  
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3.4.6 Relationship of TagB with ΨŜǾƻƭǾŜŘΩ TagA 

One of the striking things about the occurrence of tagB genes in a genome is that, so far, they have 

only been identified immediately downstream of an evolved tagA gene. The relationship is reciprocal 

in that evolved tagA genes, which encode proteins containing an extended C-terminal pentapeptide 

repeat domain, are always succeeded by a tagB gene.   

Unsurprisingly, given the presence of the pentapeptide repeats in thŜ /¢5 ƻŦ ΨŜǾƻƭǾŜŘΩ ¢ŀƎ! ǇǊƻǘŜƛƴǎ 

and the fact that TagB is comprised almost entirely of these repeats, there is clear homology between 

the two proteins when they are aligned (Figure 3.11). As stated previously, the authors of Shalom et 

al. (2007) ŘŜǎƛƎƴŀǘŜŘ ¢ŀƎ!Σ Ψ¢ŀƎ!.Ω ƻƴ ŀŎŎƻǳƴǘ ƻŦ ǘƘŜ ƘƻƳƻƭƻƎȅ ōŜǘǿŜŜƴ ƛǘǎ /¢5 ŀƴŘ ¢ŀƎ.Φ ¢ƘŜ 

proteins display the highest degree of similarity around the hydrophobic phenylalanine and leucine 

residues which are often the central residue in the pentapeptide repeats. The predicted structures of 

B.t TagA-5 and TagB-5 both contained solenoid-like domains corresponding to the pentapeptide 

repeat domains, which were similar to the experimentally determined structures of a number of 

pentapeptide repeat proteins including QrnB1 (Figure 3.12 A-C). The inner face of the solenoid 

domains is mostly populated with hydrophobic residues such as leucine and phenylalanine (Figure 

3.12 D-F). These residues correspond to the central residues in the pentapeptide repeats.  

3.4.7 PipB and PipB2  

The second type three secretion system (T3SS-2) of Salmonella typhimurium secretes, amongst other 

effectors, PipB (Knodler et al. 2002) and PipB2 (Knodler et al. 2004). Both of these proteins are 

targeted to lipid rafts of the internal membranes of the infected host cell and PipB2 interacts with the 

molecular motor protein kinesin-1 (Henry et al. 2006) and a S. typhimurium pipB2 mutant is 

attenuated in a mouse model of infection. Like TagA-5 and TagB-5, both of these S. typhimurium 

proteins contain pentapeptide repeats in their C-terminal domains and although they are associated 

with separate secretion systems, they could play analogous roles in host-pathogen interactions.  

3.5 TagC-5 

The T6SS-associated gene of the T6SS-5 gene cluster, tagC-5 (BTH_II0860), is located immediately 

downstream of tagB-5 and upstream of tagD-5. Comparison of the encoded product with the 

equivalent B.p and B.m proteins suggests that the annotation of tagC-5 in the B.t E264 genome has 

placed the start codon 6 codons early. The corrected B.t TagC-5 protein consists of 258 amino acids 

and has a molecular weight of 27.1 kDa. The sequence of the corrected protein is shown in Figure 

3.13. 
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BtCTDTagA- 4   87 ERLSAFEEA ---- NRNAKLPGAP----- RGGENWRTRLRQAKTPELANVTI RDADLSSLR 

YpCTDTagA     82 EQQ - KSEEQETLGDLNVPAAGK-------- EEAGTQWLE- SKEDTATNVTFLGTDFSGMT 

YpTagB         1 ------------- MTPSDTPIMPPD---------------- SPRRI I GRHFTQRQLQQLT 

BtTagB - 4       1 MSK -- I ------- RSAVPPPPLPEI --- VEGQRYV-------------------------  

BbCTDTagA    210 LHA -- A------- HHQPPAEAARPARAARLRRRVQALMA-- GSRDLAGLDLTGADLSGLD 

AvCTDTagA    203 RDS -- V------- HCCGAAPALQGAAAEALRRKVAQAYA-- RDRDLAGMDLTGADLSGMD 

BpCTDTagA- 3  163 QQC-- A------- QHQDAPARLHGAAARARRECVASAAA-- AGQSLQVADLTGADLSGMD 

SmmCTDTagA   182 LMS -- A------- QAQSPALRLSGDLAQIIRQRVAAAML-- RDKDLSGLDLTGADLSGMD 

LfCTDTagA    235 VRS -- V------- HFFAPPPEDRPN- AGRGRQKVLEQMK-- SSRNFRKWSLRGADLSGLD 

BtCTDTagA- 5  262 PAS -- M------- HAAAPSAGDA----- PPAEPLTREQV-- IE RHARGLGFAGLDLSGLD 

LfTagB         1 --------------------- MT----- PETQKI VDMI T-- DGEPVQEMDLSGFDLSGAD 

BtTagB - 5       1 --------------------- MS----- DTVHAALAALT-- DTRTLSGVDLSDADLSGLD 

BpTagB- 3       1 --------------------- MS----- TRADRLRDAI R-- HGRAI RDTAI DAGDFDGHD 

SmmTagB        1 --------------------- MT----- SKPEQI RQRVK-- RGEPI AGEDLHGLSFAGLD 

AvTagB         1 ------------------------------------- MR-- RGEAI EGRALPGLRMAGLE 

BbTagB         1 ---------------------------- MDAETLRDWVR-- QGRPLVGLDLRAAALQGAD 

 

 

BtCTDTagA- 4  138 FD GWKFDDVRFERCTLDRSEWTNCRLNQVHAV----------------------------  

YpCTDTagA    132 LDNKQFR----- YCMFTGCHFDKATFKDCTFEH---------- CQFTQSDFE--------  

YpTagB        32 LSEVYFI ----- QCTFTDISFAEIAVRNIHFES---------- CHFTHLRLDGGRVENCS 

BtTagB - 4      24 -- ----------------------------------------------------------  

BbCTDTagA    259 LRGARCVGTWMEGADLSGALLDDADLSQAVLAR---------- AHAEGGSWRRAVLAGAN 

AvCTDTagA    252 LSGARLTGVLLESANLADARLDGADLREAI LAR---------- ARLDGASLRGADCRGAN 

BpCTDTagA- 3  212 LRGARLAGAMLENADLSDADLTGADLSRTVLVR---------- ADLTRAKLVDARLTAAN 

SmmCTDTagA   231 LCQANLRGALLENANLRQTRLVGCDLREAMLAR---------- ADLSGAVLQQADLSHAS 

LfCTDTagA    283 LSKCDFS----- ESDLI GCDFSESDLTGSLFQGAWASHGRFLQTNLSGSKWDGANAGHSE 

BtCTDTagA- 5  306 LSSAALE----- RADL----- RDARI ERTCFAG---------- CRLRGASFERALLSRAD 

LfTagB        33 LSHGI FI ----- NTRAIGARFDRCILKNTLFDS---------- CDLSGSNWQASSLHLAS 

BtTagB - 5      33 LSGCTLH----- RVILRGANLSAAQLDATRWLH---------- CDLTGARVDGATLGESS 

BpTagB- 3      33 WS GGVFE----- RVRFIGVSMKRVRLDEAVFID ---------- CLFRDVDMRQAGCARCT 

SmmTagB       33 LAGGMFN----- ELNLNGVNFSDCDLRDSVFSD---------- CQLEHAQFTRADLKQTA 

AvTagB        22 LAGGLFR----- GCDLSGSDWQGTTLRACLFID ---------- CALEAADFRMARLDEVQ 

BbTagB        31 LAGALLQ----- DCDLRGAALAGSRWRDSRFSG---------- CRMEQTDWRGADVAQCA 

 

 

BtCTDTagA- 4  170 ---------------------- DCSFADVKMSDGWWKGGKLQRCNLERSAWLNVEIERIS 

YpCTDTagA    169 -------------------------------- NSRWNNVHLSGCLFKQAEWQKAAFTHCK 

YpTagB        77 FRFCKFN--------------- DVSAQGVSI LNTSCIEVQWQGCYLTGCLI ERWLLTSCQ 

BtTagB - 4      24 ----------------- ------ SAQRDVALADTLFVDCHFERVEWTGCRLSNLRFVNCT 

BbCTDTagA    309 LGQAA LD--------------- GVDLAGARLSSPVLDGIVLVDCALSASRWNDCHLAGAR 

AvCTDTagA    302 LSRAQAR --------------- NACFSGATFGDGQCWEARFETCDFSHARFGGILWQGCE 

BpCTDTagA- 3  262 LSLAHCE--------------- RTDFSGSDLSDGI FEQVHLRDCRFNGSVLASTRFDACR 

SmmCTDTagA   281 LALAKCE --------------- ATDFGGAQLHETNIQQTLFQRCDFTMASLRDLLGYETL 

LfCTDTagA    338 MKGVRAIGASFQ ---------- KTVLSGTTFEDCLLDNSRFDGADLSNIS I SRTRAKGCS 

BtCTDTagA- 5  346 FSNADLREATFVDAS----- APGASFRGAALDRARLAHADFTGADFTRASLADGHCAHAR 

LfTagB        78 FLKCRI H--------------- RAGFDHASGQNSRWVESDLSGSRFSDTLLNHSSWVDCV 

BtTagB - 5      78 WHAVALRGASLRATTGDAFAMTDADLGGATLTDALWARATFERVDFSAAQCARAKLLRCE 

BpTagB- 3      78 FDRCRLE--------------- RVDLSASELRDCMMNGTHAAGVYFSGARASGLHCVKSD 

SmmTagB       78 FNQCAMS--------------- ASRFSESHI ELTMFNDCRLEQSDFSRLSLNQSHWMSCQ 

AvTagB        67 WQNCALA--------------- DAAFAGAELERCQLIESGLARAVFDGALLGGLAFIQSV 

BbTagB        76 FFRCELA--------------- EAVFAAAECAGASWVECRAAGADFRATPLHGSHFVQCA 
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BtCTDTagA- 4  208 LDECRLDDLKVAGGS------------------- WSMLSVQGRGG----- VRGDVQDVQW 

YpCTDTagA    197 W E------------------ KSTFEYGV- FKHAQFTDNALDNCLINHSDFSLGTFDHCTL 

YpTagB       122 LDDAQLQDIQLN-------- YWTVQDTP- MTHLTMSDSKMQDSSWHGCTI QQSVWKNSEL 

BtTagB - 4      61 F DANRFD----- RCE--- LEKLSYESSR- VREGAWTQSALQRVSFNECEI DGGAWAGCLL 

BbCTDTagA    354 LERCRFD----- QAE--- LDTVTFWQGTLLRETGFAAARLARVTWLDCELDGLDFAGARL 

AvCTDTagA    347 LDACRFD----- GAV--- LEDLSLHACR- LSRPSFVGASLSAVTWVESSLEAADFERAEL 

BpCTDTagA- 5  307 F DAVDFG----- RAT--- LRELI FIEQS- FSGVSFSDATI RKMLLMRCAFADVRFSAASI  

SmmCTDTagA   326 LGQCDFS----- RAT--- LANITLMELQ- LEQLTFSHARLDKVSFVKCRLLAVNFSQARL 

LfCTDTagA    388 FPGAR FMRIEGALSPSSSQSDGQSERTL- FRDVDFSGSNLEKSLFMKCDFLAVDFSGCQL 

BtCTDTagA- 5  401 F DESAMTQLAAARLD--- GAHASFAGCA- LDAADFTSARMPRANFQHATLTAATFAFAQC 

LfTagB       123 F DGTAFD----- GAD--- LEKTSFVHGS- FPGTSFSGAKI I KTAFIGQTLNQAFFAGAIF  

BtTagB - 5     138 AADCR FE----- R------------------- TDFSSAELERFSAMRADLSSARFDATRL 

BpTagB- 3     123 LGDCGFD----- DAR--- I ESAVFSDTR- LARAAFTRAAVRKAVFYRLDLTSAVFADAAF 

SmmTagB      123 LAGANFS----- ATQ--- HDRTTFYESP- LDGAMLNQARLCLVTFFRLNLCKTQFEGVNF 

AvTagB       112 LAHASFE----- EAT--- LAETSFNECD- LRDCRFARAHLSETTLFELDLCSVDFAETRF 

BbTagB       121 LDGARLD----- RAE--- MREGGFAECT- LEQASLAGAALRQTLFFRADLRTADLAGARL 

 

 

BtCTDTagA- 4  244 NSVS WSEVSA- PGWTWTRVRADDLAIVECAMAGLTVSQCTLA- KPSI LLTDLSASVWQRS 

YpCTDTagA    238 NGCF FSETHC- DQTQFNQVII TSCIFEKCDG----- PKACFT- ESTI EKTSFISS SWVGV 

YpTagB       173 IRQVMGSCVL -------------------------- KECQYQ- AIQSDTVVWSQCQLEQV 

BtTagB - 4     112 KDVVCSQSKG - GAWTFDAVRGAH- VSL--------- VAGEYA- GVTLRGGHWSDTSWIGS 

BbCTDTagA    406 RRCA WVQSQCGAAPNWAGAEL--------------- QTCCVV- ETDMPHAVFAGATLREC 

AvCTDTagA    398 DDCSLVETRS- PDARFVGAAL--------------- SACYMVLGSSLEAADFGGARLAES 

BpCTDTagA- 5  358 DGFGIVETQASGQLRFDRASV--------------- NKACFVGRCDI GRADFSFATLTEV 

SmmCTDTagA   377 ESCAWVDTET- QSLSFHAARL--------------- TACAFAAKTLLPQADFSDATLNQC 

LfCTDTagA    447 PGAT FLECCG- PSTTFKRAILTKGVFA--------- QSVQFQ- GSSFGSADLSGANLRGV 

BtCTDTagA- 5  457 DGAEWYGAQA- SGAQLRSASL--------------- RGSRAD- A--------- STSFRQA 

LfTagB       174 RNPI FIKVSL - KGID FSNMSL--------------- PMVQAS- SSDLSETRWVGSDI RLA 

BtTagB - 5     174 TNALLC EADL- RGQRFARCDL--------------- TMTHLN- GATLAGSDFSGTSLVQT 

BpTagB- 3     174 DDTVFAEANL- AGQRLQGQRM--------------- HRCQFV- GADLRHADFTGARLAGC 

SmmTagB      174 DRVTFFECDH- RGKSYAGQSL--------------- IA CQFT- DNQLDDVDFSQATLRQS 

AvTagB       163 ESVI FSGSNL- SGQCLMRTSL--------------- AGCQFS- AALLDGCDLTEAVLSQA 

BbTagB       172 ERVVFVECDL- SGQRLAGQFL--------------- GGSQFV- EARMDGCDLREASMAQC 

 

 

BtCTDTagA- 4  302 MLT --------- FAVLSHGTSI ----- NGARLTDCVFKSSSLQELRADRVQVDHCSFMQ-  

YpCTDTagA    291 RLSHCYLNSLTTG ---- LNTNLSESHFEQCSLNKMGFLKVNLQS----- STFINCSMLE-  

YpTagB       206 DF R--------------- HQPLENSNFHKSTLTQCGFSDANLAA----- AL---------  

BtTagB - 4     160 RLVDLRLESVGLENLIAGQSGFER AVLVECRGINVRWI DSRI ER----- MTVQGCELKQA 

BbCTDTagA    450 SL R--------------- DTVLDHADFTGAALWRCDLSQASLGG----------------  

AvCTDTagA    442 NL R--------------- GVDLSGARFCGTRLADCDLSEARLAG----------------  

BpCTDTagA- 5  403 NF R--------------- ETQLVEANFGGARIGNCDFTDACLRA----------------  

SmmCTDTagA   421 NL R--------------- QMPLQRANFSRARLNNCDLSETRLNE----------------  

LfCTDTagA    496 DLS --------------- GSDFRGAI LLGTDGSGGNWQHTNLSG----- VRAIGARFQKT 

BtCTDTagA- 5  491 VLS --------------- GAALDDANWDGVDLRYANLHKATLDR----- ASLA-------  

LfTagB       217 NFY --------------- QSDLTGAVLDGANAEKALFSESRMEG----------------  

BtTagB - 5     217 MFF --------------- AADLEGATLAGARGRHVRFADATLVG----------------  

BpTagB- 3     217 NFQ --------------- RAKLTGARLDGVDAPNTVFFEADAPD----------------  

SmmTagB      217 NF K--------------- GASLRRANLTSVQAQQSLWLEANLTQ----------------  

AvTagB       206 VF K--------------- DASLVGARLTGVEARYALFPDADLSD----------------  

BbTagB       215 NF K--------------- GASLRRACLAGASGARAMFAQADLGG----------------  
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Figure 3.11 Amino acid sequence alignment of the CTDs of pentapeptide-containing TagA 

proteins with TagB proteins  

Alignment performed using Clustal Omega and shaded using BoxShade. Amino acids that are 

ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ŀ ōƭŀŎƪ 

ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ ƻŦ ŎŀǎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿhite font with grey shading. 

Numbers of the TagA sequences relative to the end of DUF2169. Numbers of the TagB sequences 

relative to the first residue of the amino acid sequence. BtCTDTagA-4, B.t BTH_II0862; YpCTDTagA, 

Yersinia pseudotuberculosis YPTB0649; YpTagB, Y. pseudotuberculosis YPTB0650; BtTagB-4, B.t      

BTH_II1891; BbCTDTagA, Bordetella bronchiseptica BB0795; AvCTDTagA, Azotobacter vinelandii 

Avin_26580; BpCTDTagA-5, B.p BPSS0182; SmmCTDTagA, Serratia marcescens subsp. marcescens 

SMDB11_2247; LfCTDTagA, Leptospirillum ferrooxidans LFE_2282; BtCTDTagA-5, B.t BTH_II0862; 

LfTagB, L. ferroxidans LFE_2283; BtTagB-5, B.t BTH_II0861; BpTagB-3, B.p BPSS0183; SmmTagB, S. 

marcescens SMDB11_2248; AvTagB, A. vinelandii Avin_26570; BbTagB, B. bronchiseptica BB0796. 

Accession numbers of proteins are listed in Table 10.1.  

BtCTDTagA- 4  347 ------------------------------------------------------ LNAQHL 

YpCTDTagA    341 ----------------------------- SCCDKADFSQATLIACDMTAVRL----- KDA 

YpTagB       237 --------------------- FSEATLEGCDFNMAQLAAAQFVDATLRDCNF--------  

BtTagB - 4     215 AWSHSTWATGEIHASRLPIASFDHASVNGLTVTNSELPQAI FDSASVADSALQGVRAPRI 

BbCTDTagA    479 ---------------------- ------- ASLARARAPDSLFIR ADLGGASL--------  

AvCTDTagA    471 ----------------------------- ADLRRATASGCLFSGADLRTARL--------  

BpCTDTagA- 5  432 ----------------------------- ADLRGAKAEGSPFVRADLTRADL--------  

SmmCTDTagA   450 ----------------------------- ADFRQANGSGSLFIRSDLSRASL--------  

LfCTDTagA    536 D ------------------------- LRWVDGRWGDFRQAVFLKADLRFANF--------  

BtCTDTagA- 5  524 ---------------------------- RAIASGAQLTLSLARRADLTKADL--------  

LfTagB       246 ----------------------------- ASARGAMLKMASFQKTSARTIDL--------  

BtT agB- 5     246 ----------------------------- ARLAEAVFDECDFARARLSSANA--------  

BpTagB- 3     246 ----------------------------- ATCRDAALRGSIWVQADARRIDF--------  

SmmTagB      246 ----------------------------- AQCRGGQFDQAI FSEATLDAANF--------  

AvTagB       235 ----------------------------- ADCRQGRFAQSVWAGAQLAGADF--------  

BbTagB       244 ----------------------------- ADCSGARMPQSLWADAI LDGAVF--------  



108 
 

  

Figure 3.12 /ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ǇǊŜŘƛŎǘŜŘ ΨǎƻƭŜƴƻƛŘΩ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ¢ŀƎ!-5 and TagB-5 with the solved 

structure of QnrB1 

A-C) Displayed in rainbow colours with the N-terminus in blue and C-terminus in red. A) Predicted 

solenoid-like domain of TagA-5 extending from residues 664 to 843. B) Section of the predicted TagB-

5 structure extending from residues 1 to 163. C) Structure of QnrB1. D-F) View down the centre of the 

solenoid structures coloured according to hydrophobicity with the most hydrophobic residues 

displayed in red. D) Predicted solenoid-like domain of TagA-5 extending from residues 664 to 843. E) 

Section of the predicted TagB-5 structure extending from residues 16 to 163. F) Structure of QnrB1. 
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3.5.1 TagC proteins in Burkholderia pseudomallei group members  

The B.t TagC-5 protein shares 76.5% identity with the B.p TagC-5 protein (encoded by BPSS1506) and 

75.7% identity with the B.m TagC-5 protein (encoded by BMAA0735). The B.p and B.m TagC-5 proteins 

share 98.4% sequence identity. There are two tagC genes present in the B.t genome (tagC-4 and tagC-

5), compared with three in the B.p and B.m genomes (tagC-3, tagC-4 and tagC-5).  

3.5.2 Protein family analysis of TagC 

Entering the B.t TagC-5 amino acid sequence into the BLASTP search engine identified amino acids 48 

through to the C-terminus as corresponding to a DUF3540 domain (Figure 3.13). Proteins of this family 

are found only in T6SS gene clusters and little is known concerning the structure or function of this 

domain. Entering the same sequence into the InterPro search engine also identified the DUF3540 

domain (which extends from residue 52 to 258 in B.t TagC-5) and a prokaryotic membrane lipoprotein 

lipid attachment signal sequence at the N-terminus of B.t TagC-5. The designation of proteins 

ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ 5¦Cорпл ŀǎ Ψ¢ŀƎ/Ω ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ƻŦ Shalom et al. (2007).  

3.5.3 Cellular location of TagC-5 

Further investigation into the putative lipoprotein signal sequence using the Prosite search suggests 

that B.t TagC-5 is post-translationally modified by the addition of a lipid to the cysteine residue at 

position 18 and the removal of the N-terminal 17 residues by proteolytic cleavage between residue 

17 and 18 by signal peptidase II. The mature lipoprotein is then translocated across the inner 

membrane and anchored into either the inner or outer membranes. However, when the amino acid 

sequence of B.p TagC-5 was entered into the same Prosite search, it is not indicated as a lipoprotein. 

This is because the first cysteine residue is located at position 67 in B.p TagC-5. In fact, of the 8 TagC 

proteins encoded by the genomes of B.t, B.p and B.m, only B.t TagC-5 has a putative lipid attachment 

site according to Prosite. The absence of a signal sequence for lipid attachment in other TagC proteins 

suggests that TagC-5 is also not a lipoprotein.  

PSORTb was unable to predict the cellular location of TagC-5 (note that PSORTb does not identify 

lipoproteins) and the TMHMM program did not detect any transmembrane helices. The SignalP server 

did not detect a Sec or Tat-dependent signal peptide in TagC-5. A TagC protein of Yersinia pestis KIM6+ 

(y3663, which is identical to the Y. pseudotuberculosis YPTB0651 protein in the alignment in Figure 

3.14) was detected in culture supernatants, suggesting TagC proteins might be secreted. 

3.5.4 Amino acid sequence alignments of TagC homologues 

Proteins to enter into the alignment were selected using the InterPro database of DUF3540 proteins. 

As shown in Figure 3.14, there is a conserved amino acid sequence motif around the proline at residue 

80 in TagC-5 as well as a hydrophobic region around the alanine at position 112. It is unclear what the  
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Figure 3.13 Amino acid sequence of B.t TagC-5 

Annotated amino acid sequence of B.t TagC-5, highlighted sequence indicates the coverage of 

DUF3540 domain. 
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YpTagC      1 ----------------------- MSRLTTLLKPKN---- SLPGYLS---- YSPRTPLPAV 

BtTagC - 4    1 MSMREMAVAHDALAYEGDDDSASRRALTRIMKGGARGSDAEAGAHALPADMSAREWVREP 

LfTagC      1 ----------------------------------------------------- MP- FPAI  

BtTagC - 5    1 ------- MTHD-------- SRASMTTMPSFYSCSCASASSCAGA------ AAPRP- PADA 

BpTagC- 3    1 ----------------------- MS--------------- EI - E------ AKPDI- R- GR 

BbTagC      1 ----------------------- MQ--------------- TR- N------- ARRL- Y- PV 

AvTagC      1 ----------------------- MS--------------- VP- F------- E-- P- Q- GA 

SmmTagC     1 ----------------------- MS--------------- VA- N------- TTRA- V- NI  

 

YpTagC     30 SA PPQ---- VI TAKVI ---- RPGNASVSLLGYETLPVTTASSCLFQPENGDLVSAVIDQ-  

BtTagC - 4   61 AL PANAAAATLLARI EGERTAAGEWRVALRPDVVLRAKKAVSCVVAPQAGDLVQI CREG-  

LfTagC      7 SPYSEKSSSVFLAEVV- SVEGP- HLTCEHN- GQRI PAI RGTSLLI DPVPGDRAVLIEA E-  

BtTagC - 5   39 PSAPHADASLRAC RVT- GRAG-- DW- LSLD- DPAGRARRADGCLLVPDLGDHVLI WAPAH 

BpTagC- 3   14 SSVPD ----- KAGSVV- GALPDGVYVVECG- GAKLRCRRAFSCLVEPRI GDRVVVCGAD-  

BbTagC     13 YD PVH----- LI GTVA- RREDDGAWTVWCD- GRPWRVRRAASCLLVPEEGDTALI SGPD-  

AvTagC     11 AL PAN----- LSARVV- AARGDDLFLVELE- GRAHECRRAASCLLLPEPGDRVLI AAVD-  

SmmTagC    13 AP PQQ----- AAGQVV- NLLPDGSLVVECE- GRGWHCRRAASCLLTPALGDNVLVAGCG-  

                                                            P  GD   

 

YpTagC     81 ------------ QQI Y- I TAI LYRTSPDAP- LVMNSGEVPLHLVTTALEI -------- HS 

BtTagC - 4  120 ------------ ERCW- VLAVLERDAAGDETNDKTTDEVTLDFGDAHVAL- RARDVRVEA 

LfTagC     63 ------------ EGLFLAIA LLSTRSEGTSRSI SLD--------- EGLDI RSSGNI SI ST 

BtTagC - 5   94 ARSHPGGDASGAPHAY- VLAVLARAG- APRAALALPGGVALEAGADGLRI - DAPRI ALAA 

BpTagC- 3   66 ---------- S- RCVY- VIA I LARPN- ADGVQLRVEGDLVLEAT- RRVCVTSGDALRLAS 

BbTagC     65 ---------- A- ERVY- LIAV I EQAD- AAQATLELEGRVSLRSRTADVSLEAAGEVRLRG 

AvTagC     63 ---------- SMPELY- LLAVI ERAS- AGPARLQVDGDLLLAS-------- GRGSVRLRA 

SmmTagC    65 ------------ HQLW- AIAVLERAEPQSTARLCVAGDLQIE T-------- PNGSLSLHS 

                                 A   

 

YpTagC    119 P DRVEI HTRHFSL---------------------------- LTRTTLWVAKTMHQVADSL 

BtTagC - 4  166 R DRLSLEAAQLASRA-------------------------------- ---------- QVV 

LfTagC    102 T EQI RI EGGTI EARAGTCRQSFSNLSIE ATTAAITGNLLSFVARKLEQIA KTVETTAHWI  

BtTagC - 5  151 R ERI DACAPRFDVSAHRARVHAAHLDARA------- QSI DGRAHDVRLVARRFTSTI GRA 

BpTagC- 3  112 R EQLSI EAQRLTMSARQAALTSEKTTLTS------- AAFDGRLGKI RLI GRLLETVMEHV 

BbTagC    112 AQA VRVETEALSVKAGQAACAAARMHYVA------- DEVEGAVGSMRLVGKVYEAVLDRL 

AvTagC    103 AQS LDLASERLALRAASAELAVERLNCSG------- VLWQGTLGTVRLVGRVCETMVDRL 

SmmTagC   104 AQA LKLSGDAMTLQANSGDCHVDKMKYSG------- EELSAFVSIS RLVGKRCESLWHSV 

 

YpTagC    151 FVR AKQASREVENTDDVHARHI SQLADQSLMI NSRIGSLNASAVLKIDGGQVHMG 

BtTagC - 4  184 TQAAAERQTHVSGTDATHAGSTLVHTERHLAMHAKSAVVTAASLLKIDAGQIHMG 

LfTagC    162 SSRAHTATKEVETLDRSTSGQTMIESASVI SI GAKTTI LRSTDLVKIDSDQIHLG 

BtTagC - 5  204 LHTLGDC FRRVCGVDDLRAARARWRI DERAHLHARDVALLADRHVGID GERI DLG 

BpTagC- 3  165 A QSCRSSFRTVETVEHLRASHI DHAAAESMRMHAKHTLLTAETLTKIDAAQIHLG 

BbTagC    165 TQLARMAVRQTSEVEHVRAGTLDYQAEQSARVHAPYTMLTADALVKVDAKQIHMG 

AvTagC    156 M QVARVSFRRVEQLEQVRAAQLDYEGSVRLRLRGRHTAI TARDVLKAKGRQVHI G 

SmmTagC   157 SQIS HSLFRKVRQTEHVRAGQLDYQAEDYARI HARNTLI TSKDI TKLDSEQIHVG 

                                                                    G                                                                                                                                

Figure 3.14 Amino acid sequence alignment of TagC proteins  

Alignment was performed using Clustal Omega, shading performed using BoxShade. Amino acids that 

ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛte font with a black 

ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ ƻŦ ŎŀǎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ƎǊŜȅ ǎƘŀŘƛƴƎΦ .ƭǳŜ 

box indicates the DUF3540. Red box indicates conserved hydrophobic section. Green box indicates 

conserved C-terminal residues Residues conserved across all sequences indicated below the 

alignments. YpTagC, Yersinia pseudotuberculosis YPTB0651; BtTagC-4, B.t BTH_II1890; LfTagC, 

Leptospirillum ferrooxidans LFE_2284; BtTagC-5, B.t BTH_II0860; BpTagC-3, B.p BPSS0184; BbTagC, 

Bordetella bronchiseptica BB0806; AvTagC, Azotobacter vinelandii Avin_26560; SmmTagC, Serratia 

marcescens subsp. marcescens SMDB11_2249. Accession numbers of proteins are listed in Table 10.1. 
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significance of these regions is. It is also interesting that a C-terminal glycine residue is almost 

absolutely conserved throughout the TagC proteins (all but four of the 545 DUF3540 proteins in the 

InterPro database have a C-terminal glycine residue). 

3.5.5 Structure prediction of TagC-5 

The secondary structure of B.t TagC-5 was predicted using PSIPRED, this anticipated that TagC-5 was 

primarily organised into beta-strands and a single alpha helix (residues 193 to 204) (Figure 3.15). The 

3D structure of B.t TagC-5 was predicted by entering the amino acid sequence into the Phyre2 server. 

This was only able to model 52% of residues at over 90% confidence (Figure 3.16). Interestingly the 

top template used to model TagC-5 was the Enterobacteria phage P2 spike protein, GpV. As such, the 

predicted structure bears some resemblance to a monomer of the tail spike protein. As the amino acid 

sequences of the DUF3540 proteins and the phage GpV spike proteins do not show a convincing 

alignment (Figure 3.17), it is unclear how robust this structure prediction is. Compared to the 

predicted secondary structure, there are few beta-strands present in the structure predicted by Phyre2 

and is largely disordered. There is also a single alpha helix extending from residue 191 to 213; this is 

in a similar location to the one predicted by PSIPRED. 

3.6 TagD-5 

The fourth tag encoded by the T6SS-5 gene cluster is tagD-5 (BTH_II0859). According to the annotated 

B.t E264 genome the tagD-5 open reading frame is 120 codons in length which encodes an 11.98 kDa 

protein. However, based on alignments with the B.t and B.m TagD-5 proteins, the actual start of the 

B.t tagD-5 open reading frame is likely to be located a further 33 bp upstream, extending the open 

reading frame to 131 codons that gives rise to a 13.09 kDa protein. Therefore, all the bioinformatics 

described below was performed based on the assumption that the longer ORF is correct.  

3.6.1 TagD proteins in Burkholderia pseudomallei group members 

Of the five T6SS gene clusters present in the B.t genome, there is a tagD gene present in two of them; 

T6SS-4 and T6SS-5. In B.p and B.m there is an additional tagD encoded within T6SS-3 (TagD-3). There 

are no TagD proteins encoded outside of T6SS gene clusters in B.p and B.m. However, in B.t, the 

BTH_II0236 gene locus, which is not located within a T6SS gene cluster, encodes a TagD protein which 

does not appear to have any obvious B.p or B.m equivalent. The closest match is to B.p TagD-3 (the 

T6SS-3 gene cluster is absent in B.t) with which it shares 55% identity.  

The B.t TagD-5 protein shares 90.8% identity with the B.p and B.m TagD-5 proteins (encoded by 

BPSS1507 and BMA0734, respectively) indicating there is a good chance that the B.t protein performs 

a similar function to its B.p and B.m homologues. The B.p and B.m TagD-5 proteins are identical. 
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Figure 3.16 Predicted structure of B.t TagC-5 

Structure of B.t TagC-5 as predicted by Phyre2 displayed in rainbow colours with the N-terminus in 

blue and C-terminus in red.  
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 AfGpV       1 MASLVD ------------- QITDLYVRMAEL--------------------- ERRNRNRR 

PaGpV       1 ----------------------- MSYVSAEH--------------------- DRMLAAMI 

EpGpV       1 --------------------- MNTLANIQEL--------------------- ARALRNMI 

BtGpV       1 ------------------------- MDANEI --------------------- QRQARNAV 

YpTagC      1 MSRLTTLLKPKNSLPGYLSYS ------------ PRTPLPAVSAPPQ--- VIT AKVI R-- P 

BtTagC - 5    1 MTH-- DSRASMTTMPSFYSCSCASASSCAGAAAPRPPADAPSAPHADASLRACRVTGRAG 

AvTagC      1 ------------------------------ MSVPFEPQGAALPAN----- LSARVVAARG 

BpTagC- 3    1 --------------------------- MSEI EAKPDIRGRSSVPD----- KAGSVVGALP 

 

AfGpV      27 RK GTI AEVSDDKSKYRVKLSEQAGKPYLTPWI KARTLAAGGVKVDVLYSVGEQVDVVSEN 

PaGpV      17 LPCV VVAVDLAAARVRVRS----- GDWTSGWLRWHSLAAGKVRHWRAPSI GEQGVLLSPS 

EpGpV      19 RT GI I VETDLNAGRCRVQT----- GGMCTDWLQWLTHRAGRSRTWWAPSVGEQVLILA VG 

BtGpV      15 RK GSILDV DHKAALCRVAIGESDDDGLQTNWI PWLTPSAGATREWLPPTKGEQVVVLGAM 

YpTagC     44 GN ASVSLLGYETLPVTTAS----------------------- SCLFQPENGDLVSAVI --  

BtTagC - 5   59 DWL --- SLDDPAGRARRAD----------------------- GCLLVPDLGDHVLI WAPA 

AvTagC     26 DDLF LVELEGRAHECRRAA----------------------- SCLLLPEPGDRVLI AAV-  

BpTagC- 3   29 DGVY VVECGGAKLRCRRAF----------------------- SCLVEPRI GDRVVVCGA-  

                                                                 

AfGpV      87 G------- EMTDA-- QIDFSTYSDDNARENS- DTPFHIKIGDTVI E--------------  

PaGpV      72 G------- GVSMG-- TFI PGLYGDAGTAPDNSASSETWRFDDGASLSYDWAAHRYRVELP 

EpGpV      74 G------- ELDTA-- FVLPGI YSGDNPSPSVSADALHIRFPDGAVI EYEPETSALTVSGI 

BtGpV      75 G------- DLAQG-- VALRGVFSDAFPAPDHLPNTHTRVYADGARVSYDHDAHALTAELP 

YpTagC     79 ----------- DQQQI YI TAI LYRTSPDAPLVMN------ SGEVPLHLVT----- T----  

BtTagC - 5   93 HARSHPGGDASGAPHAYVLAVLARAGAPRAALAL------ PGGVALEAGA----- DGLRI 

AvTagC     62 ---------- DSMPELYLLAVIE RASAGPARLQV------ DGDLLLASGR----- G----  

BpTagC- 3   65 ---------- DSR- CVYVI AI LARPNADGVQLRV------ EGDLVLEATR----- RVCVT 

 

AfGpV     123 ----- A---------------- SAGQAKVTSPKV------ I VESPNVQLGGDGGKR- VAR 

PaGpV     123 SGTVEVRV GASEVRV------- SDGAVSLKAPKI SLEGPVEI AGTLTVSGDILG------  

EpGpV     125 KTAS VTASGSVTATVPVV- MVKASTRVTLDTPEVVCTNRLI TGTLEVQKGGTM- RG----  

BtGpV     126 ASAT VRLI APVSVTVETESATVKAASVTFDAEQTTCTGALLVKGPLVFKSGMTGSG- SAG 

YpTagC    113 --- ALEI HSPDRVEI HTRHFSLLTR------------ TTL--------- W-- VAKTMHQV 

BtTagC - 5  142 DAPR I ALAARERI DACAPRFDVSAHRARVHAAHLDARAQSI DGRAHDVRL-- VARRFTST 

AvTagC     97 --- SVRLRAAQSLDLASERLALRAASAELAVERLNCSGVLWQGTLGTVRL-- VGRVCETM 

BpTagC- 3  103 SGDA LRLASREQLSI EAQRLTMSARQAALTSEKTTLTSAAFDGRLGKIR L-- I GRLLETV 

 

AfGpV     155 I GDLVHVMSGSSSGKWPIVEGSEHVFAV--------------------------- D----  

PaGpV     170 G GSII DTAGNSN------------- HHTH-------------------------------  

EpGpV     179 -- NI ------ EHTGGELSSNGKVLHTHKH------------------------ PGDSGGT 

BtGpV     185 G GHVMRIDGAADFTGEVRSMGKSLPFHTH------------------------ QARGESA 

YpTagC    147 ADS LFVRAKQASR---- EVENTDDVHARHISQLADQSLMI NSRIGSLNASAVLKIDGGQV 

BtTagC - 5  200 I GRALHTLGDCFR---- RVCGVDDLRAARARWRIDERAHLHARDVALLADRHVGIDGERI  

AvTagC    152 VDRLMQVARVSFR---- RVEQLEQVRAAQLDYEGSVRLRLRGRHTAI TARDVLKAKGRQV 

BpTagC- 3  161 MEHVAQSCRSSFR---- TVETVEHLRASHIDHAAAESMRMHAKHTLLTAETLTKI DAAQI  

 

AfGpV         ------  

PaGpV         ------  

EpGpV     207 T - GSPL 

BtGpV     221 E VSPPL 

YpTagC    203 H MG---  

BtTagC - 5  256 D LG---  

AvTagC    208 H I G---  

BpTagC- 3  217 H LG---  

 

Figure 3.17 Amino acid sequence alignment of TagC and phage GpV proteins  

Amino acid alignment of the indicated proteins performed using Clustal Omega and shaded 

ǳǎƛƴƎ .ƻȄ{ƘŀŘŜΦ !Ƴƛƴƻ ŀŎƛŘǎ ǘƘŀǘ ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ 

ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ŀ ōƭŀŎƪ ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ 

of cases are shown in white font with grey shading. Blue boxes indicate conserved sequences. 

AfGpV, Agrobacterium fabrum Atu0454; PaGpV, Pseudomonas aeruginosa PA0616; EpGpV, 

Enterobacteria phage P2 V; BtGpV, B.t BTH_II1337; YpTagC, Yersinia pseudotuberculosis 

YPTB0652; BtTagC-5, B.t BTH_II0860; AvTagC, Azotobacter vinelandii Avin_26560; BpTagC-3 B.p 

BPSS0184. Accession numbers of proteins are listed in Table 10.1. 
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3.6.2 Protein family analysis of TagD 

When the amino acid sequence of TagD-5 was submitted to the BLASTP search tool, the conserved 

PAAR_4 domain was identified. The PAAR_4 family falls within the PAAR(proline-alanine-alanine-

arginine) like superfamily which contains eight members, PAAR_1 to PAAR_5, PAAR_RHS, PAAR_CT_1 

and PAAR_CT_2 (the final three are grouped according to their C-terminal extensions). One of the 

members of the PAAR superfamily, PAAR_1 has been shown to form a sharp conical extension which 

sits on top of the TssI spike. The PAAR proteins are believed to assist in puncturing the target cell and 

may act as adapters which facilitate interactions between TssI and effector proteins  (Shneider et al. 

2013). The PAAR_4 and PAAR_CT_2 families are unusual amongst the PAAR_like superfamily in that 

they do not possess conserved histidine or cysteine residues which are present in all other PAAR_like 

superfamily members. In PAAR_1 family members, these residues co-ordinate a zinc atom which 

stabilises the protein (Shneider et al. 2013).   

The region of TagD-5 which falls within the PAAR_4 domain group based on amino acid sequence 

homology extends from amino acid 16 to 118. Some PAAR superfamily proteins possess effector 

ŘƻƳŀƛƴǎ όǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨŜǾƻƭǾŜŘΩύ ǎǳŎƘ ŀǎ Pseudomonas aeruginosa PA0099 which contains an 

endonuclease domain. TagD-рΣ ƘƻǿŜǾŜǊΣ ƻƴƭȅ ŀǇǇŜŀǊǎ ǘƻ Ŏƻƴǘŀƛƴ ǘƘŜ ΨŀƴŎŜǎǘǊŀƭΩ t!!wψп ŘƻƳŀƛƴΦ  

Searching the TagD-5 sequence using the Pfam database indicates that TagD-5 contains the domain 

of unknown function 4150 (DUF4150). This domain extends from residue 10 to 117 (Figure 3.18) and 

therefore encompasses a very similar region to the PAAR_4 domain. Only the PAAR_4 family of 

proteins contain DUF4150 and all of the PAAR_4 proteins contain a DUF4150, suggesting that they are 

the same. According to InterPro, domains containing DUF4150 are found across the proteobacteria. 

Based on the nomenclature of Shalom et al. (2007) I consider genes encoding proteins containing 

5¦Cпмрл όŀƴŘ ƘŜƴŎŜ t!!wψпύ ǘƻ ōŜ ŀ ΨǘŀƎ5Ω.   

3.6.3 Cellular location prediction of TagD-5  

PSORTb was unable to assign a putative cellular location for TagD-5 and submitting the amino acid 

sequence of TagD-5 to the SignalP 4.1 server suggested that TagD-5 is unlikely to have a signal peptide. 

TMHMM did not identify any transmembrane helices. 

3.6.4 Amino acid sequence alignments of TagD homologues 

As shown in Figure 3.19, alignment of the TagD-5 amino acid sequence with those of other selected 

proteins of the DUF4150 family, clearly demonstrates regions of homology which define the DUF4150 

domain. The proteins appear to form two groups within the DUF4150 family. At first glance it appears 

that this is down to the presence or absence of a C-terminal effector domain (i.e. evolved and ancestral 

TagD proteins, respectively). However, the B. bronchiseptica protein included in the alignment has a  
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Figure 3.18 Amino acid sequence of B.t TagD-5 

Amino acid sequence of B.t TagD-5. Coloured box above the sequence indicates the extent of the 

protein that corresponds to DUF4150. Sequences highlighted in orange indicates the putative sites of 

interaction with TssI-5 based on the predicted 3D structure (Figure 3.23).  
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EcTagD      1 ---------------- MGNY------------ HI GDGECRFRVVCSSPDVCEVG------  

AfTagD      1 ---- MSIPRDN---- YIGEPQYPDTWTTKTPREGLRDIDEARI VSLAPDVCLTPV---- G 

RlTagD      1 ---- MSIPRDN---- YVGEPDYPATWTTRQPREGLRDLDEAKI VSLSPDVCLTPV---- G 

BcTagD      1 --------------------------------- MARKDGQWTIVSMMPDVCKTPM---- G 

VpTagD      1 MRSLLLFNQQNSNGLVMGVTVGANG------ LSIVHKGSGGEANATLPDVCLTKV---- G 

PaTagD      1 ---------------- MANEVYANN------ MEISCKAANGKSI AAFPDVCFTPPQAPPT 

BbTagD      1 ------------------------------- - MFADCQLMGMDLAF- PDI CKTP------  

YpTagD      1 ------------------------------- MTAANTRAGGI SFIGS-------------  

BtTagD - 5    1 -------------------------------- MFVVTTASGLCMSPA- DVCKTPT---- P 

BtTagD - 4    1 -------------------------------- MFANCSAGGMAI APGNDVCKTP------  

BpTagD- 3    1 --------------------------------- MVNSSAGGMNAATS--- INLT ------  

AvTagD      1 -------------------------------- MFMNTQQKGKCLAVG- DLCKTP------  

SmmTagD     1 -------------------------------- MFANSQMIGVDLAF- PDVCLTPS-----  

LfTagD      1 -------------------------------- MFANTQMGGMAMAF- PDVCKTPA---- G 

               

 

EcTagD     27 -- GYKVPFDSYQTLDSERQYSSTVWARGCRAL- NVGSVIAGT--- QSNAG-- KGVI SGTS 

AfTagD     49 SSV VPIPYPVVDFCGHDKNYTPSVRFTGKKAM- VMRSCTTHVHGDAPGVR-- KGVKSGTV 

RlTagD     49 SSV VPIPYPIVDYCGHDMGYTPSVLFTGKKAM- VMRSRTTHVHGDAPGTR-- KGVKSGTV 

BcTagD     24 SSTP PVPYPVTASLGDSQMTSKTVFANGNPI VRFDSSFAPDTI GDQAGVA-- HGVESGTV 

VpTagD     51 KPI VPIPYGNNAKSADLAGGTTTI SMDGGNSVAIKGSTFSKSTGDAGGDK-- KGVASGTI  

PaTagD     39 PLGVPIPYPNTGLSKDTTKGTRTI RI TRKEVMLKNKSYYKTSYGDEPGRAPKKGI VTSKI  

BbTagD     22 PALLPIPYPNFALGPMGI PNVWNVLLMAMPAH- NLLTTIAL SNGDNPGI G-- MGLI SQTV 

YpTagD     17 DPM I PI SAPNTAPNANGI PNVSNYFCCGGNEQ- NLNTIR PATI -- DGGSV-- MGAASGTH 

BtTagD - 5   24 GGP VPIPYPNTGLPMMAASI TTKVLVCGMPAL- TKKSTI PMTNGDQPGTA-- GGAVSGKI  

BtTagD - 4   23 PLAI PIPYPNI ANKPEAVPNVPNI LI NGGPAH- NMNTII PVTHSDEGGSM-- GGVASGTV 

BpTagD- 3   19 PPGMPMPYPNNAPRANAMPNVGHI FVGGGPVH- NLATVI PASNGDSGGSM-- GGVASQTV 

AvTagD     22 PTAAPVPYVNQAEAMMSI PGCYHVLVQGMPAH- NMRTIT PI TTGDSAGAM-- GGVVSNTV 

SmmTagD    23 PAPVPVPYPDI ALAPTAI PNAFNI LFVGTPAH- NMATVTPLTNGDNPGVA-- TGVASGTV 

LfTagD     24 PVI VPIPYPNVAAGPTGLPPVPTI LFGGAPAH- NLMTEI PLTQGDDAGVA-- GGVI SSEM 

 

 

EcTagD     79 QGT GDCVILTGSPTVTI EGKPVAYHGSVVGINNHNCLGKLYTKIKSPM------------  

AfTagD    106 E -- SVCEPI GHADQVRAEGSHVI RHLDRFHMNSKNTEGEAI F--- VRS--------- TQT 

RlTagD    106 E -- NVCEPI EHADQVRAESSHVI RHLDRFWMNNRNTQGEAI F--- VRG--------- TQT 

BcTagD     82 G -- AKCWPI DHSKTVRVESKMVVRHSDQFWMNGNYV- GKEAKAARWRGRKAQIAEAREKA 

VpTagD    109 E -- AEAKFI SASPTVKFEGKGVCRLSDQMTMNKANTMCLGGA--- QNP--------- SVS 

PaTagD     99 K -- GKVYFTSWSMNVKFESKNVVRHLDLTTHNHASFPGNTPV--- WPY--------- LDQ 

BbTagD     79 M -- AQARRI TCVPNVLFGCIPATRLTGLTVQNTI NTVGMRVV--- PSQ--------- LKV 

YpTagD     72 S -- AKMDPMQGSGKYFI QGSPATRLGDMSMTNNYNAPSTQI A--- PSQ--------- TKY 

BtTagD - 5   81 M -- GKVEFAAGSAKVKLEGSPAVRLTTPTKHNDGNATGAVLQ--- PSQ--------- QKV 

BtTagD - 4   80 S -- GPSRHAKGSSKVMI QGAPETRLTDTNLPNNQNTAGFSAV--- PSQ--------- TIT  

BpTagD- 3   76 S -- GSSRNAQGASKTLVAGMPI TRMTDPTQQNNNNTI GSGSS--- PSQ--------- TIV  

AvTagD     79 M -- AQSRYVAGSYSVLLQGMPTTRLTSPTLQNNNNIA GLRVT--- PSQ--------- NIV  

SmmTagD    80 M -- GPSRHLTGAFTVLLKGTPATRLTSLSLQNSTNALGMRI V--- PSQ--------- LKV 

LfTagD     81 M -- GSAMCLDGANTVLLAGMPATRLTSPTLQNGI NAPGACLV--- PSQ--------- VTV 

 

 

Figure 3.19 !Ƴƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ŀƭƛƎƴƳŜƴǘ ƻŦ ǎŜƭŜŎǘŜŘ Ψ5¦CпмрлΩ ŦŀƳƛƭȅ ǇǊƻǘŜƛƴǎ 

Alignment carried out between members of the DUF4150 family using Clustal Omega, shading 

ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ .ƻȄ{ƘŀŘŜΦ !Ƴƛƴƻ ŀŎƛŘǎ ǘƘŀǘ ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ 

ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ ŀ ōƭŀŎƪ ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ ƻŦ ŎŀǎŜǎ 

are shown in white font with grey shading. Only the region extending from the N-terminus to the C-

terminal end of the DUF4150 domain for each protein is shown as there was little homology after the 

DUF4150. E, evolved. B, Ancestral. Blue box outlines the DUF4150. Purple boxes highlight conserved 

residues which make up the DUF4150. Green boxes indicate conserved residues unique to Tag 

proteins encoded by genes in T6SS gene clusters where all four tag genes are present. EcTagD, E. coli 

UTI89_C0255; AfTagD, Agrobacterium fabrum Atu3640; RlTagD, Rhizobium leguminosarum, 

pRL120482; BcTagD, Burkholderia cenocepacia BCAL1296; VpTagD, Vibrio parahaemolyticus VP1415; 

PaTagD, Pseudomonas aeruginosa PA0099; BbTagD, Bordetella bronchiseptica BB0797; YpTagD, 

Yersinia pseudotuberculosis YPTB0652; BtTagD-5, B.t BTH_II0859; BtTagD-4, B.t BTH_II1889; BpTagD-

3, B.p BPSS0185; AvTagD, Azotobacter vinelandii Avin_26550; SmmTagD, Serratia marcescens subsp. 

marcescens SMDB11_2250; LfTagD, Leptospirillum ferrooxidans  LFE_2285. Accession numbers of 

proteins are listed in Table 10.1. 
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CTD which contains a putative nuclease. Instead, it appears that, the proteins are separated into two 

ƎǊƻǳǇǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǿƘŜǘƘŜǊ ƻǊ ƴƻǘ ǘƘŜȅ ǇƻǎǎŜǎǎ ŎƻƴǎŜǊǾŜŘ ΨtȄ¢w[¢Ω ŀƴŘ Ψt{vΩ /-terminal to the 

DUF4150. Interestingly, the genes which encode the DUF4150 proteins which contain this motif are 

located within T6SS gene clusters which contain tagC genes (and hence tagA encoding a protein with 

pentapeptide repeats and tagB). It is possible that these motifs facilitate interaction with one of the 

other Tag proteins. 

An alignment of B.t TagD-5 and other DUF4150 (PAAR_4) proteins with PAAR_1 proteins shown in 

Figure 3.20 demonstrates that although they both fall within the same superfamily, there are clear 

differences between the two subfamilies. PAAR_1 proteins are stabilised by the presence of three 

conserved histidine residues and a single conserved cysteine which co-ordinate a zinc atom. However, 

these residues are not conserved in DUF4150 proteins. It is possible that other residues bind the zinc 

atom to stabilise the protein fold or that this family of proteins to not exhibit zinc binding.  

3.6.5 Structure prediction of TagD-5 

The secondary structure of B.t TagD-5 was modelled using PSIPRED V3.3. This predicted a number of 

short beta-strands separated by disordered regions (Figure 3.21). The 3D structure of B.t TagD-5 was 

predicted using the Phyre2 ǎŜǊǾŜǊ ƛƴ ΨƛƴǘŜƴǎƛǾŜΩ ƳƻŘŜΦ ¢Ƙƛǎ ƳƻŘŜƭƭŜŘ ут҈ ƻŦ ǊŜǎƛŘǳŜǎ ŀǘ ŀ ŎƻƴŦƛŘŜƴŎŜ 

of over 90%, suggesting it was a reliable prediction. The templates which matched TagD-5 with the 

highest degree of confidence were the enterobacteria phage T4 Gp5.4 protein, E. coli c1882 and V. 

cholerae VCA0105 proteins. All three of these proteins belong to the PAAR_1 family (unlike TagD-5 

which is PAAR_4) and all three are located at the tip of the tail spike in phage T4 and the T6SS of 

uropathogenic E. coli strain CFT073 and V. cholerae serotype O1 strain ATCC 39315 respectively. To 

date, the only T6SS proteins in the PAAR_like superfamily for which a crystal structure has been 

experimentally determined are the Vibrio cholerae VCA0105 and Escherichia coli c1882 proteins 

(Shneider et al. 2013). The structures of VCA0105 and c1882 were determined when the proteins were 

in a complex with a modified TssI-like beta helix based on a fragment of the phage T4 gp5 spike protein 

(Shneider et al. 2013)(Shneider et al. 2013)(Shneider et al. 2013)(Shneider et al. 2013)(Shneider et al. 

2013)(Shneider et al. 2013)(Shneider et al. 2013)(Shneider et al. 2013)(Shneider et al. 2013)(Shneider 

et al. 2013)(Shneider et al. 2013). In this structure, a single PAAR protein was positioned on the top of 

a TssI-like trimer (Figure 3.22). 

Unsurprisingly, given the templates used for the structure prediction, the modelled structure of B.t 

TagD-5 is fairly similar to the crystal structure of both VCA0105 and c1882 (Figure 3.23 A-C). Like the 

PAAR proteins, the predicted structure of TagD-5 contains three hexa-peptide motifs which form a  
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Figure 3.20 Amino acid sequence alignment of TagD proteins with PAAR_1 proteins  

Alignment of indicated proteins performed using Clustal Omega, shading performed using BoxShade. 

!Ƴƛƴƻ ŀŎƛŘǎ ǘƘŀǘ ŀǊŜ ƛŘŜƴǘƛŎŀƭ ŀǘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ җрл҈ ƻŦ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻwn in white 

Ŧƻƴǘ ǿƛǘƘ ŀ ōƭŀŎƪ ƘƛƎƘƭƛƎƘǘ ǿƘƛƭŜ ǘƘƻǎŜ ǘƘŀǘ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ җрл҈ ƻŦ ŎŀǎŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǿƘƛǘŜ Ŧƻƴǘ ǿƛǘƘ 

grey shading. Black arrowheads indicate conserved histidine and cysteine residues in PAAR_1 proteins 

involved in zinc atom coordination. EpPAAR, Enterobacteria phage T4 Gp5.4; VcPAAR, Vibrio cholerae 

VC_A0105, SePAAR, Salmonella enterica S16_0021; EcPAAR, E. coli c1882; BpTagD-3, B.p BPSS0185; 

BtTagD-5, B.t BTH_II0859; Bordetella bronchiseptica BB0797; LfTagD, Leptospirillum ferrooxidans 

LFE_2285. Accession numbers of proteins are listed in Table 10.1 

 

EpPAAR      1 --------- MSGLSYDKCVTAGHEAWPPTV--------- VNATQSKVFTGGI AVLVAGDP 

VcPAAR      1 --------- MGNGIVVGHLGTDHDGFPPTP--------- VTAGSATVRYDGI PAARLGDP 

SePAAR      1 --------- MPTAARLSDKGTQHDGYYETV--------- IT AGSPTVFI DGLPAARMGDP 

EcPAAR      1 --------- MPLAAKLTDKGTQHDGYYETV--------- IT AGSSTVFI DGLPAARQEDP 

BpTagD- 3    1 - MVNSSAGGMNAATS- I N--- LTPPGMPMPYPNNAPRANAMPNVGHI FVGGGPVHNLATV 

BtTagD - 5    1 MFVVTTAS GLCMSPADVCKTPTPGGPVPI PYPNTGLPMMAASITTKVLVCGMPALTKKST 

BbTagD      1 MFADCQLM GMDLAFPDI CKTP-- PALLPI PYPNFALGPMGIPNVWNVLLMAMPAHNLLTT 

LfTagD      1 MFANTQMG GMAMAFPDVCKTPAGPVIVPI PYPNVAAGPTGLPPVPTI LFGGAPAHNLMTE 

                                                                  PAAR  

EpPAAR     43 I -- TEHTEIK KPYE------ THGGVTQPRTSKVYVTGKKAVQMADPIS CGDTVAQASSKV 

VcPAAR     43 L-- APHDKPKHPS-------- HGRAIAAGSGTVMIDGKPAARVGDAVDCGGVLQGASSVN 

SePAAR     43 L-- TPHSKPEHPP-------- HPRKI AGGSATVFID GLPAARTGDAVDCGGMVIGGGTVN 

EcPAAR     43 L-- TPHDKPKHPP-------- HPRKI ARGSSTVFID GLPAARTGDAIDCGGVVIGGGTVN 

BpTagD- 3   56 I PASNGDSGGSMGGVASQTVSGSSRNAQGASKTLVAGMPIT RMTDPTQQNNNNTI GSGSS 

BtTagD - 5   61 I PMTNGDQPGTAGGAVSGKI MGKVEFAAGSAKVKLEGSPAVRLTTPTKHNDGNATGAVLQ 

BbTagD     59 I ALSNGDNPGIGMGLI SQTVMAQARRITCVPNVLFGCI PATRLTGLTVQNTI NTVGMRVV 

LfTagD     61 I PLTQGDDAGVAGGVI SSEMMGSAMCLDGANTVLLAGMPATRLTSPTLQNGI NAPGACLV 

                                                    PAAR   

EpPAAR     95 FIK ---------------------------------------------------------  

VcPAAR     93 IG ----------------------------------------------------------  

SePAAR     93 TG ----------------------------------------------------------  

EcPAAR     93 IG ----------------------------- -----------------------------  

BpTagD- 3  116 PSQTI VLNL---------------------------------------------------  

BtTagD - 5  121 PSQQKVMVMS--------------------------------------------------  

BbTagD    119 PSQLKVVLLGGGGGGGGAARAAKSAKAGKGPGARAGATARRGAGGKGGAAGKGGQGGGKA 

LfTagD    121 PSQVTVLLLAP-------------------------------------------------  
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Figure 3.21 Predicted secondary structure of B.t TagD-5 

Prediction of the secondary structure of B.t TagD-5 performed by PSIPRED. 

Orange boxes indicate sequence predicted to be at the base of the predicted 3D 

structure of TagD-5 (Figure 3.23). 
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Figure 3.22 Structure of c1882 with gp5 

Crystal structure of a single E. coli c1882 molecule (tan) in complex with a trimeric gp5  

(Enterobacteria phage T4)-TssI (c1883) chimera (red), 4JIW in the protein data bank. 

Image adapted from the structure solved by (Shneider et al. 2013). 
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Figure 3.23 Comparison of known structures of PAAR proteins with the predicted 

structure of TagD-5 

A-C) Displayed in rainbow colours with the N-terminus in blue and C-terminus in red, 

zinc atoms in magenta. A) Structure of E. coli c1882 (4KU0 in the protein data bank). 

B) Structure of V. cholerae VCA0105 (4JIV in the protein data bank). C) Predicted 

structure of B.t TagD-5. D-F) Structures viewed from below, coloured in grey apart 

from the putative interaction sites with TssI-5 in orange. D) Structure of E. coli c1882. 

E) Structure of V. cholerae VCA0105. F) Predicted structure of B.t TagD-5. G-I) Surface 

representation of structures coloured by element (carbon in grey, nitrogen in blue, 

oxygen in red and sulphur in yellow) viewed from the side showing conical shape. G) 

Structure of V. cholerae VCA0105. H) Structure of E. coli c1882. I) Predicted structure 

of B.t TagD-5. Images presented using PyMol. Solved structures adapted from 

(Shneider et al. 2013). 
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triangular base-like structure (Figure 3.23 D-F). Although the predicted structure indicates these 

regions are unstructured in TagD-5, the secondary structure prediction (Figure 3.21) indicates that 

they are likely to form beta-strands as do the corresponding regions in the PAAR proteins. In the 

experimentally determined structures of VCA0105 and c1882, the equivalent residues which make up 

the base of the cone facilitate interaction with an engineered TssI protein (Figure 3.22). Therefore, in 

TagD-5, this platform presumably facilitates the interaction of a single TagD-5 protein with the TssI-5 

trimer. The first amino acid each of the hexa-peptide motifs is a lysine which is followed by a valine 

residue (Figure 3.18). The alignments with other TagD proteins did not show any conserved residues 

around this sequence (Figure 3.19).  

One of the differences observed when TagD and PAAR_1 proteins are aligned (Figure 3.20) is that 

TagD-5 does not contain the conserved histidine and cysteine residues which co-ordinate the zinc 

atom in PAAR_1 proteins (displayed in magenta in Figure 3.23 A&B). The zinc atom is believed to 

stabilise the fold of the PAAR protein. Although the overall shape of the PAAR proteins and the 

predicted shape of TagD-5, is conical (Figure 3.23 G-I), in TagD-5 there are projections, this is because 

the three loops (which are brought into close proximity in the PAAR proteins by the stabilising zinc 

atom) are further apart, preventing the formation of a sharp tip. It is possible that other residues (such 

as arginines, lysines or glutamines) co-ordinate a zinc atom in TagD-5 to form a sharp tip as is observed 

in the PAAR proteins.  

3.7 Discussion 

A summary of the predicted roles of the Tag proteins is given in Table 3.1. Although it is present in 

T6SS-related proteins from a variety of species, it is unclear what role the conserved DUF2169 core 

domain of TagA-5 plays. It is also not clear why in some cases it is present as the core protein with an 

evolved TagD and why in others it is present in the evolved form (i.e. possessing a pentapeptide repeat 

CTD) together with TagB, TagC and core TagD proteins. The PipB and PipB2 proteins of another 

intracellular pathogen, S. typhimurium, are secreted effectors which have C-terminal pentapeptide 

repeat domains. Although PipB and PipB2 are exported by the T3SS, it is logical to suggest that TagA-

5 and TagB-5 could be secreted effector proteins that are attached to the TssI-5. However, the 

members of the pentapeptide repeat family perform a wide array of functions including conferring 

resistance to fluoroquinolone antibiotics (Vetting et al. 2011). The fact that, so far, tagB genes have 

ƻƴƭȅ ōŜŜƴ ƭƻŎŀǘŜŘ ƛƳƳŜŘƛŀǘŜƭȅ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ΨŜǾƻƭǾŜŘΩ tagA genes suggests that they might interact 

with one another. The observations of Pieper et al. (2009) suggest that TagA and TagB might be 

membrane proteins, while there are no transmembrane helices present in either protein, it is possible 

that they interact with another membrane bound component of the T6SS.  
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The same study which identified TagA and TagB as membrane proteins, also detected TagC in culture 

supernatants, suggesting it could be a secreted effector. Other than this, few predictions can be made 

of the role of TagC-5 as the DUF3540 domain has not been studied and it does not contain any known 

functional domains. It is possible that it interacts with TagA-5 or TagB-5 as tagC genes have only been 

found in gene clusters where the pentapeptide repeats are present.  

TagD-5 demonstrated homology with the PAAR proteins, which allowed its structure to be predicted 

with a high degree of confidence. This suggests that TagD-5 is likely to function in a manner similar to 

the PAAR proteins; sharpening the TssI-5 tail spike. If this is the case, then TagD-5 would be expelled 

into the culture medium alongside TssI-5 during firing of T6SS-5. Although TagD-5 does not contain 

any of the C-terminal effector domains that are seen in evolved DUF4150 family members, it could act 

as an adapter, enabling the interaction of effectors with TssI-5 and facilitating their delivery into the 

target cell. tagD genes in T6SS gene clusters which also contained tagA, tagB and tagC encoded a 

conserved tripeptide sequence (PSQ) C-terminally to the DUF4150, which was not found in other TagD 

proteins. It is unclear what this motif is for.  
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Table 3.1 Summary of bioinformatic predictions 

Protein Predicted function  Similar proteins  Predicted structure 

TagA Secreted effector protein  S. typhimurium PipB 

and PipB2 

TagA ΨŎƻǊŜ ŘƻƳŀƛƴΩ ǳƴŎƭŜŀǊΣ /-

terminal pentapeptide repeat 

domain predicted to be solenoid-

like. 

TagB Secreted effector protein S. typhimurium PipB 

and PipB2 

Predicted to be solenoid-like. 

TagC Secreted effector protein None known Unclear. 

TagD PAAR protein, 

ǎƘŀǊǇŜƴƛƴƎ ǘƘŜ ¢ǎǎL Ψǘŀƛƭ 

ǎǇƛƪŜΩ ǇǊƻǘŜƛƴ 

PAAR proteins Triangle based pyramid. 
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 Chapter 4 Investigating the role of the 

T6SS-5 tag genes in multinucleated giant 

cell formation and intracellular 

replication of B. thailandensis 
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4.1 Introduction 

In tissues infected with Burkholderia pseudomallei (B.p) and B. mallei (B.m), one of the major 

histopathological features is the presence of distinctive multinucleated giant cells (MNGCs), formed 

by the fusion of neighbouring cells which is thought to facilitate the spread of the bacterium within 

the body of the host. This effect on eukaryotic cells can also be observed when a variety of cell types 

are infected with B.p or B.m in vitro. MNGC formation is also observed when eukaryotic cells are 

infected with the closely related, but non-virulent relative of B. pseudomallei; B. thailandensis (B.t). 

Previous studies have shown that strains of B.p, B.m and B.t containing mutations in genes encoding 

components of one of the type six secretion systems (T6SS-5) are capable of invasion, escape from 

endosomes into the cytoplasm and replication (to a varying degree) within eukaryotic cells, but not 

formation of giant cells, indicating that MNGC formation is a T6SS-5 specific phenotype (French et al. 

2011).  

To date, the specific cause of the giant cell formation has not been elucidated. However, one of the 

interesting features of the gene cluster encoding T6SS-5 (Figure 1.3) is the presence of four Type VI 

associated genes (tags) designated tagA, tagB, tagC and tagD. Although homologous genes are 

present in some of the T6SS gene clusters present in other bacteria, and indeed those encoding T6SS-

4 of B.p, B.m and B.t and T6SS-3 of B.p and B.m (this system is absent in B.t), they are not present in 

all of them. Based on the fact that the tag genes are located immediately downstream of the gene 

encoding the tail spike protein, TssI, and the observation that it is not uncommon for effector proteins 

secreted by T6SSs to be encoded immediately downstream of tssI we hypothesised that the Tag 

proteins were secreted. Furthermore, due to the observation that tagA-5 and tagB-5 are similar to 

the Salmonella typhimurium T3SS effectors pipB and pipB2, respectively, it was hypothesised that they 

could encode T6SS-5 secreted effector proteins responsible for MNGC formation. If this was the case, 

then the inactivation of tagA-5 and tagB-5 would eliminate MNGC formation. Additionally, tagD-5 

encodes a protein which contains a PAAR domain, such proteins are proposed to be associated with 

TssI proteins and are required for its penetration of target cells. Again if this hypothesis was correct 

then deletion of tagD-5 would likely impair the function of T6SS-5 and have an effect on MNGC 

formation. As there have so far been no investigations into the role of tagC-like genes it was also 

included as a candidate gene required for MNGC formation due to its genomic location with the T6SS-

5 gene cluster. 
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4.2 MNGC formation assays 

4.2.1 B. thailandensis induces the formation of MNGCs in vitro 

Before it could be determined if the tag genes had any effect on the formation of MNGCs it was first 

necessary to confirm that the formation of giant cells could be observed when eukaryotic cells were 

infected with a wild type (WT) strain of Burkholderia thailandensis (E264). RAW 264.7 mouse 

macrophage-like cells were utilised in these assays as previous studies have shown that they form 

giant cells when infected with WT B.p and B.m but not when T6SS-5 is inactivated (Burtnick et al. 2010; 

2011). RAW cells were seeded at 2 x 105 cells/ml and infected 14-18 hours later with B. thailandensis 

cells suspended in DMEM containing 10% foetal calf serum (DMEM-FCS), at a multiplicity of infection 

(MOI) of 10 bacterial cells to 1 eukaryotic cell. Wells containing RAW cells were also left uninfected to 

act as a control, but were treated in an identical fashion to the infected cells henceforth. Two hours 

after infection, each well was washed three times with PBS before the addition of 1 ml DMEM-FCS 

with 250 ˃ƎκƳl kanamycin to kill extracellular bacteria. Sixteen hours after the initial infection, wells 

were washed three times with PBS and fixed with 100% ethanol for 30 minutes. The ethanol was 

removed and wells were left to dry for 30 minutes before the addition of 100% Giemsa. After 5 

minutes staining, each well was rinsed with tap water to remove excess stain. The image of one 

random field of view per well was captured using the 10 x objective of a Leica DMI4000B inverted 

microscope. The number of nuclei contained within single membranes which contained three or more 

nuclei (giant cells) were counted along with the total number of nuclei. The number of nuclei within 

giant cells was divided by the total number of nuclei and multiplied by 100 to give the fusion index as 

a percentage. Three independent repeats were performed for the uninfected and B. thailandensis 

infected cells.  

As shown in Figure 4.1, MNGC formation could be observed in wells infected with WT B. thailandensis 

but not in wells to which bacteria were not added. Membranes and nuclei could be distinguished, and 

the fusion index was calculated to be ~20%, but there was a very high standard deviation. This was a 

probably a result of not imaging enough fields of view therefore not having many nuclei per repeat.  

4.2.2 Construction of a B. thailandensis tssK-5 mutant 

In order to determine whether or not the tag genes were involved in MNGC formation it was necessary 

to have a control strain which lacked a functional T6SS-5 and therefore was unable to form MNGCs in 

vitro. Based on a previous study by Schwarz et al. (2010) which demonstrated that the deletion of 

tssK-5 attenuates B.t in a mouse infection model and the observation that tssK is present in all T6SS 

gene clusters and is required for function by the T6SS (Zheng & Leung 2007), tssk-5  (BTH_II0857) was 

selected for inactivation.  
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Figure 4.1 Confirmation of giant cell formation in RAW 264.7 cells infected with B. thailandensis 

RAW 264.7 macrophage-like cells were infected at a MOI of 10:1 and stained with Giemsa diluted 1:20 

in PBS. Images were obtained using the 20 x objective of a Nikon Eclipse TS100 microscope. A) 

Uninfected cells. B) Cells infected with B. thailandensisΦ {ŎŀƭŜ ōŀǊǎ Ґ тр ˃Ƴ /ύ Cǳǎƛƻƴ ƛƴŘŜȄ ŎŀƭŎǳƭŀǘŜŘ 

over three independent repeats in; UI, uninfected cells; WT, cells infected with WT B. thailandensis 

E264. Error bars represent one standard deviation. An unpaired t-test was performed using GraphPad 

Prism *P <0.05. 
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To avoid polar effects on expression of downstream genes, it was decided to generate a markerless 

in-frame deletion of tssK. To achieve this, the splice overlap extension PCR (SOE-PCR) method was 

employed to generate the mutant allele (Horton et al. 1989) which was introduced into the B.t genome 

by the allelic replacement method described by Barrett et al. (2008) as outlined in Figure 4.2. For the 

SOE-PCR, a PCR (PCR1) was performed using KOD hot start polymerase, with a boiled lysate prepared 

from WT B. thailandensis as a template and primers tssKSOEfor2 and tssKSOEmidrev (a and b, 

respectively, in Figure 4.2ύ ǘƻ ƎŜƴŜǊŀǘŜ ǘƘŜ рос ōǇ ŦǊŀƎƳŜƴǘ ʰ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ Ŧƛƴŀƭ пмс ōǇ ƻŦ tssJ and 

the first 78 bp of tssK. PCR2 was performed using the same conditions but with tssKSOErev2 and 

tssKSOEmidfor (d and c respectively in Figure 4.2) ǘƻ ƎŜƴŜǊŀǘŜ ǘƘŜ пфу ōǇ ŦǊŀƎƳŜƴǘ ʲ ǿƘƛŎƘ ŎƻƴǘŀƛƴŜŘ 

the final 123bp of tssK and the first 368 bp of tssL. These two fragments contained a 36 bp region of 

ƻǾŜǊƭŀǇ ƛƴǘǊƻŘǳŎŜŘ ōȅ ǇǊƛƳŜǊǎ ǘǎǎY{h9ƳƛŘǊŜǾ ŀƴŘ ǘǎǎY{h9ƳƛŘŦƻǊ ǿƘƛŎƘ ŦŀŎƛƭƛǘŀǘŜŘ ǘƘŜ Ŧǳǎƛƻƴ ƻŦ ʰ ŀƴŘ 

ʲ ƛƴ ǘƘŜ ƴŜȄǘ ǎǘŜǇΦ CǊŀƎƳŜƴǘ ʰ ŀƴŘ ŦǊŀƎƳŜƴǘ ʲ ǿŜǊŜ ǇǳǊƛŦƛŜŘ ōȅ ƎŜƭ ŜȄǘǊŀŎǘƛƻƴ ōŜŦƻǊŜ ōŜƛƴƎ ŎƻƳōƛƴŜŘ 

ŀƴŘ ǳǎŜŘ ŀǎ ŀ ǘŜƳǇƭŀǘŜ ŦƻǊ t/wо ǿƘƛŎƘ ȅƛŜƭŘŜŘ ǘƘŜ млоп ōǇ ŦǊŀƎƳŜƴǘ ʴΦ ¢Ƙƛǎ ŦǊŀƎƳŜƴǘΣ ǊŜǘŀƛƴƛƴƎ ǘƘŜ 

first 78 bp (26 codons) and final 123 bp (41 codons) of the tssK-5 open reading frame, but lacking the 

central 1194 bp (398 codons), was digested with the restriction enzymes Acc65I and BamHI which cut 

at the restriction sites introduced by the tssKSOEfor2 and tssKSOErev2 primers. This digested fragment 

was then ligated into the pEX18Tp-pheS suicide plasmid (4487 bp) which had been digested using the 

same enzymes. Competent E. coli JM83 cells were transformed with the ligation mixture and plated 

ƻƴǘƻ aф ŀƎŀǊ ŎƻƴǘŀƛƴƛƴƎ нр ˃ƎκƳl trimethoprim, 1% (w/v) casamino acids, 0.5% (v/v) glycerol, 

лΦлллр҈ όǿκǾύ ǘƘƛŀƳƛƴŜΣ пл ˃ƎκƳl X-Ǝŀƭ ŀƴŘ лΦм ˃ƎκƳƭ IPTG followed by incubation for two nights at 

30oC. Several white colonies were used to inoculate cultures in 4 ml ƻŦ L{¢ ōǊƻǘƘ ŎƻƴǘŀƛƴƛƴƎ нр ˃ƎκƳl 

trimethoprim and grown at 37oC overnight. Plasmids from these cultures were isolated by plasmid 

miniprep and electrophoresed in an agarose gel to identify a construct of the correct size (5501 bp) 

which was confirmed by determining the nucleotide sequence of the insert (performed by the 

University of Sheffield core sequencing facility). 

The resulting pEX18Tp-pheS-ɲǘǎǎY plasmid was then used to transform the E. coli {aмлό˂ǇƛǊύ ŎƻƴƧǳƎŀƭ 

donor strain and subsequently delivered into WT B. thailandensis by conjugation. Exconjugants were 

selected ƻƴ aф ŀƎŀǊ ŎƻƴǘŀƛƴƛƴƎ рл ˃ƎκƳl trimethoprim. As pEX18Tp-pheS derivatives are colE1-based 

replicons, they are only capable of replication in E. coli strains and therefore, in the context of other 

species, pEX18Tp-pheS is a suicide plasmid. Selection for the antibiotic resistance marker contained 

on the plasmid results in creation of strains in which the plasmid has integrated into the genome 

through a single crossover recombination event occurring at the locus that is homologous to the 

region carried on the plasmid. Therefore, trimethoprim resistant exconjugants were either the result  
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Figure 4.2 Schematic illustration of the deletion of B. thailandensis genes by splice overlap extension 

PCR and homologous recombination. 

B. thailandensis boiled lysate was used as a template along with primer a and primer b in the reaction 

t/wм ǿƘƛŎƘ ƎŜƴŜǊŀǘŜŘ ŦǊŀƎƳŜƴǘ ʰΦ ¢ƘŜ ǎŀƳŜ ǘŜƳǇƭŀǘŜ ǿŀǎ ǳǎŜŘ ǿƛǘƘ ǇǊƛƳŜǊ Ŏ ŀƴŘ ǇǊƛƳŜǊ Ř ƛƴ t/wн 

ǘƻ ƎŜƴŜǊŀǘŜ ŦǊŀƎƳŜƴǘ ʲΦ tǊƛƳŜǊ ō ŎƻƴǘŀƛƴŜŘ ŀƴ му ōǇ оΩ ŜȄǘŜƴǎƛƻƴ ǿƘƛŎƘ ǿŀǎ ǘƘŜ ǊŜǾŜǊǎŜ ŎƻƳǇƭŜƳŜƴǘ 

ƻŦ ǘƘŜ ŀƴƴŜŀƭƛƴƎ ǎƛǘŜ ƻŦ ǇǊƛƳŜǊ ŎΦ tǊƛƳŜǊ Ŏ ŎƻƴǘŀƛƴŜŘ ŀƴ му ōǇ рΩ ŜȄǘŜƴǎƛƻƴ ǿƘƛŎƘ ǿŀǎ ǘƘŜ ǊŜǾŜǊǎŜ 

complement of the annealing site of primer b. These overlapping complementary extensions facilitate 

thŜ ŀƴƴŜŀƭƛƴƎ ƻŦ ŦǊŀƎƳŜƴǘ ʰ ŀƴŘ ŦǊŀƎƳŜƴǘ ʲ ǿƘŜƴ ǘƘŜȅ ŀǊŜ ǳǎŜŘ ŀǎ ǘŜƳǇƭŀǘŜǎ ƛƴ t/wо ǿƘƛŎƘ ǳǎŜŘ ǘƘŜ 

ǇǊƛƳŜǊǎ ŀ ŀƴŘ ŘΣ ƎŜƴŜǊŀǘƛƴƎ ŦǊŀƎƳŜƴǘ ʴ ŎƻƴǘŀƛƴƛƴƎ geneY ƭŀŎƪƛƴƎ ƛǘǎ ŎŜƴǘǊŀƭ ǎŜǉǳŜƴŎŜΦ CǊŀƎƳŜƴǘ ʴ ǿŀǎ 

then cloned into the pEX18Tp-pheS suicide vector which was introduced into B. thailandensis by 

conjugation. Integration of the plasmid into the chromosome by homologous recombination was 

selected for by resistance to trimethoprim. The excision of the plasmid from the chromosome was 

selected for by the ability to grow on plates containing chlorophenylalanine. Resulting colonies 

containing the deletion were identified by a PCR screen using primers e and f.  
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of plasmid integration into the chromosome facilitated by homologous recombination with the T6SS-

5 sequence located either side of the tssK gene lacking its central portion present on the suicide vector, 

or spontaneous mutants.  

Colonies of various size were streaked onto ŦǊŜǎƘ aф ŀƎŀǊ ŎƻƴǘŀƛƴƛƴƎ рл ˃ƎκƳƭ trimethoprim to purify 

them. pEX18Tp-pheS contains the B.p pheS (BPSL1941) gene engineered by codon substitution to 

reduce nucleotide homology and encode a PheS protein with a single A304G mutation (Barrett et al. 

2008)Φ tƘŜ{ ƛǎ ǘƘŜ ʰ ǎǳōǳƴƛǘ ƻŦ ǘƘŜ ǇƘŜƴȅƭŀƭŀƴȅƭ ǘwb! ǎȅƴǘƘŀǎŜ ǇǊƻǘŜƛƴΦ ¢ƘŜ !олпD Ƴǳǘŀƴt PheS 

protein can charge tRNAPhe
 with the toxic phenylalanine analogue p-chlorophenylalanine (cPhe). 

Therefore, culturing bacteria containing this pheS marker in the presence of cPhe results in cell death 

and it can be used to counter-select strains harbouring the plasmid. Colonies containing the integrated 

pEX18Tp-pheS-ɲǘǎǎY were then streaked onto M9 agar containing 0.1% (w/v) p-chlorophenylalanine 

(cPhe) which only allowed the growth of colonies in which the mutant pheS gene had been lost in a 

second recombination event. Colonies growing on M9 cPhe agar were restreaked onto fresh M9 cPhe 

agar. Colonies growing on this second plate were used to prepare a boiled lysate which was used as a 

template in a diagnostic PCR with GoTaq using the tagDSOEmidfor and tssKscrnrev primers 

(corresponding to e and, f respectively, in Figure 4.2) which annealed upstream and downstream of 

the annealing sites for tssKSOEfor2 and tssKSOErev2 primers, respectively. When the desired deletion 

was introduced into the chromosome, this reaction amplified a 1749 bp fragment, in contrast to a 

2942 bp fragment generated from the WT strain (Figure 4.3 D). 

4.2.3 Effect of deletion of tssK-5 on MNGC formation induced by B. thailandensis  

The empty pBBR1MCS vector was introduced into the WT and ɲǘǎǎY-5 strains of B. thailandensis by 

conjugation. The resulting exconjugants were chloramphenicol resistant, allowing the overnight 

cultures used in the infection assays to be grown in LB containing chloramphenicol to reduce the risk 

of contamination. 

Overnight cultures of WT pBBR1MCS and ɲǘǎǎY Ǉ..wмa/{ ǿŜǊŜ ƎǊƻǿƴ ƛƴ [. ŎƻƴǘŀƛƴƛƴƎ нрл ˃Ǝκml 

chloramphenicol. The cultures were washed twice with PBS before the OD600 was determined. This 

solution was used to inoculate DMEM-FCS with 1 x 106 cells/ml B. thailandensis. RAW267.4 cells 

seeded at 1 x 105 cells/well of a 24 well plate 12-16 hours previously were infected by replacing the 

culture medium with 1 ml of the B. thailandensis ŎŜƭƭ ǎƻƭǳǘƛƻƴΦ ¢ǿƻ ƘƻǳǊǎΩ Ǉƻǎǘ-infection, the wells 

were washed twice with PBS before the addition of 1 ml DMEM contaƛƴƛƴƎ мл҈ C/{ ŀƴŘ нрл ˃Ǝκml 

kanamycin. 16 hours post infection, wells were washed three times with PBS and fixed with ethanol 

for 30 minutes. After fixing, wells were allowed to dry and cells were stained using 100% Giemsa for 

five minutes before rinsing with tap water to achieve the desired staining intensity. 
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Figure 4.3 Construction of the B. thailandensis ɲǘǎǎY strain 

A) Agarose gel electrophoresis analysis of DNA fragments amplified from a WT boiled lysate template 

ǳǎƛƴƎ Yh5 ǇƻƭȅƳŜǊŀǎŜΦ [ŀƴŜ мΣ v{ǘŜǇп 5b! ƭŀŘŘŜǊΤ ƭŀƴŜ нΣ CǊŀƎƳŜƴǘ ʰ ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ ǘǎǎY{h9ŦƻǊн 

ŀƴŘ ǘǎǎY{h9ƳƛŘǊŜǾ ǇǊƛƳŜǊǎΣ ƭŀƴŜ оΤ CǊŀƎƳŜƴǘ ʲ ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ ǘǎǎY{h9ǊŜǾн ŀƴŘ ǘǎǎY{h9ƳƛŘŦƻǊ 

primers. B) Agarose gel electrophoresis of digested pEX18Tp-pheS and ǘƘŜ 5b! ŦǊŀƎƳŜƴǘ ʴ ŀƳǇƭƛŦƛŜŘ 

ōȅ Yh5 t/w ǳǎƛƴƎ ŦǊŀƎƳŜƴǘǎ ʰ ŀƴŘ ʲ ŀǎ ŀ ǘŜƳǇƭŀǘŜ ŀƴŘ ǘƘŜ ǇǊƛƳŜǊǎ ǘǎǎY{h9ŦƻǊн ŀƴŘ ǘǎǎY{h9ǊŜǾнΦ 

Lane 1, Qstep4 DNA ladder; lane 2, pEX18Tp-pheS digested with Acc65I and BamHI; lane 3, Fragment 

ʴ ŘƛƎŜǎǘŜŘ ǿƛǘƘ !ŎŎс5I and BamHI. C) Agarose gel electrophoresis analysis of plasmid DNA prepared 

by miniprep from cultures inoculated with colonies of JM83 transformed with the products of a 

ligation between pEX18Tp-pheS and tssK ŦǊŀƎƳŜƴǘ ʴΦ [ŀƴŜ мΤ ŜƳǇǘȅ Ǉ9·му¢Ǉ-pheS vector; lanes 2-4, 

plasmid DNA isolated from cultures inoculated with colonies of JM83 predicted to contain pEX18Tp-

pheS-ɲǘǎǎY; lane 5 supercoiled DNA ladder. D) PCR screen to identify ɲǘǎǎY. A B.t-pEX18Tp-pheS-ɲǘǎǎY 

recombinant was challenged with cPhe and cPhe-resistant Tp-sensitive colonies were screened by PCR 

screen with the primers tagDSOEmidfor and tssKscrnrev. Products were analysed by agarose gel 

electrophoresis. Lanes 1-3, cPhe-resistant colonies; lane 4, Generuler DNA ladder. Solid black 

arrowhead indicates the size fragment expected when the WT gene is present, open arrowhead 

indicates the size expected when ɲǘǎǎY is present. Numbers indicate size in base pairsE) Plasmid map 

of pEX18Tp-pheS-ɲǘǎǎY created using SnapGene.  

E 
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As indicated in Figure 4.4 B the WT B. thailandensis strain containing pBBR1MCS was able to form 

MNGCs in RAW cells, indicating that the presence of this vector did not effect that ability of B.t. to 

form MNGCs in vitro. However, the ɲǘǎǎY-5 strain was incapable of MNGC formation (Figure 4.4 C), 

suggesting that tssK-5 is required for T6SS-5 activity, validating the use of this strain as a control. 

4.2.4 Construction of a tssK-5 complementation plasmid  

Although the marker-less in-frame deletion method had been used to minimise potential polar effects, 

in was necessary to confirm that the observed changes in phenotype were due to the specific 

mutations introduced rather than polar effects resulting from, for example, the altered expression of 

neighbouring genes caused by these mutations. This was carried out by performing a 

complementation experiment in which a wild type copy of the inactivated gene is introduced into the 

mutant gene in trans. To re-introduce the wild type copy of the deleted genes in trans they were 

amplified and cloned into the broad host-range pBBR1MCS plasmid (Kovach et al. 1995). This vector 

was chosen as it confers resistance to the antibiotic chloramphenicol. It was necessary to avoid 

plasmids which contained a kanamycin resistance gene as kanamycin would be used in the MNGC 

formation and replication assays to prevent the extracellular growth of bacteria. Previous studies have 

also successfully used pBBR1MCS to re-introduce the WT versions of genes into mutants in B.p 

(Suparak et al. 2005), suggesting that the lac promoter present upstream of the multiple cloning site 

is sufficiently active in B.p to provide adequate expression of the cloned gene. Given the similarities 

between B.t and B.p it was reasoned that pBBR1MCS would be suitable for complementation in B.t 

also. It is also convenient that the vector allows blue/white screening, making the cloning process 

easier. 

To prevent the generation of a LacZ fusion protein when the gene was cloned into the multiple cloning 

site of pBBR1MCS, in each case, the forward primer was designed to introduce a stop codon in frame 

with the lacZ start codon. To illustrate the principle, the example of the construction of pBBR1MCS-

tssK is outlined. The strategy for cloning the wild type copies of the other genes used in 

complementation experiments was identical but using the appropriate primers and restriction 

enzymes. Boiled lysate was prepared from WT B. thailandensis and used as a template for a PCR using 

the proofreading Q5 polymerase and the tssKcompfor and tssKcomprev primers to generate a 1428 

bp DNA fragment containing the tssK gene together with 16 bp of the upstream transcribed region 

that includes the native Shine-Dalgarno sequence. The forward and reverse primers contained a 

HindIII and a BamHI restriction siteΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŀǘ ǘƘŜƛǊ рΩ ŜƴŘ. These restriction enzymes were then 

used to digest the tssK gene amplicon and the pBBR1MCS vector to give a linear fragment of 4683 bp 

(Figure 4.5 A). The resulting fragments were ligated together and the ligation mixtures were used to  
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Figure 4.4 Effects of the deletion of tssK gene of the B. thailandensis T6SS-5 gene cluster 

RAW 264.7 cells infected at a MOI of 10:1 for 16 hours before fixing with ethanol and staining with 

Giemsa. Images acquired using the 10x objective of a Leica DMI4000B inverted microscope magnified 

to make nuclei visible. A) UI, Uninfected. B) E264/pBBR, WT B. thailandensis containing pBBR1MCS. C) 

ɲǘǎǎYκpBBR, .Φǘ ɲǘǎǎY containing pBBR1MCS. D) ɲǘǎǎYκpBBR-tssK, .Φǘ ɲǘǎǎY containing pBBR1MCS-

tssK.  {ŎŀƭŜ ōŀǊ Ґ тр ˃ƳΦ 
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C 

Figure 4.5 Construction of pBBR1MCS-tssK 

A) Agarose gel electrophoresis of vector and tssK PCR DNA fragment digested with HindIII 

and BamHI. Lane 1, pBBR1MCS; lane 2, Generuler DNA ladder; lane 3, DNA fragmnent 

containing the tssK gene. B) Agarose gel electrophoresis of plasmids isolated from overnight 

cultures of E. coli pBBR1MCS transformants which were predicted to contain the desired 

insertion based on PCR screening of colonies using the M13for and M13rev primers. Lanes 

1-4; colonies 1-4; Lane 5, Supercoiled DNA ladder. Black arrowhead indicates the predicted 

size of pBBR1MCS-tssK.DNA size markers are shown in bp. C) Plasmid map of pBBR1MCS-

tssK generated using SnapGene viewer.  
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transform E. coli JM83 cells. These cells were spread on LB agar containing 25 ˃ Ǝκml chloramphenicol, 

100 ˃ a IPTG and 40 ˃ Ǝκml Xgal. White colonies were screened for the presence of the desired insert 

using GoTaq polymerase with the M13forward and M13reverse primers. A colony producing the 

correct sized fragment (1633 bp) was used to inoculate an overnight culture, the 6116 bp plasmid was 

harvested from these cells by the miniprep method (Figure 4.5 B) and the plasmid sequenced to 

confirm it contained the correct fragment (Figure 4.5 B).  

4.2.5 Re-introduction of the WT tssK-5 gene into the tssK-5 mutant restores MNGC 

formation in trans 

The pBBR1MCS-tssK-5 plasmid was used to transform E. coli SM10ό˂ǇƛǊύ cells, following which it was 

introduced into the .Φ ǘƘŀƛƭŀƴŘŜƴǎƛǎ ɲǘǎǎY-5 mutant by conjugation. The conjugation mixtures were 

spread on M9 minimal agar plates containing 250 ˃ Ǝκml chloramphenicol to select for cells containing 

the pBBR1MCS-tssK plasmid. 

RAW 267.4 were grown in 24 well plates 16 hours prior to infection with ɲtssK-5 pBBR1MCS-tssK at a 

ahL ƻŦ млΥм ǳǎƛƴƎ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ƻǳǘƭƛƴŜŘ ǇǊŜǾƛƻǳǎƭȅΦ мс ƘƻǳǊǎΩ Ǉƻǎǘ-infection, cells were washed, 

fixed and stained with Giemsa. When observed under a microscope, giant cells containing three or 

more nuclei within a single cytoplasmic membrane could be observed (Figure 4.4 D, Figure 4.8), 

demonstrating that pBBR1MCS-tssK-5 restores MNGC formation to the ɲǘǎǎY-5 strain. This indicates 

that the phenotype observed in ɲǘǎǎY was not a consequence of polar effects on the expression of 

downstream genes and the pBBR1MCS plasmid can be used for complementation in this assay. 

Therefore, other genes of interest were deleted using the SOE-PCR and allelic replacement method 

and any phenotype complemented using the respective WT gene cloned into pBBR1MCS.  

4.2.6 Construction of a B. thailandensis tagABCD-5 deletion mutant 

To determine if one or more of the tag genes were required for the formation of giant cells, all four 

were deleted simultaneously. To create a markerless in-frame deletion of tagA-5 (BTH_II0862), tagB-

5 (BTH_II0861), tagC-5 (BTH_II0860), tagD-5 (BTH_II0859) as a block, the SOE PCR method combined 

with allelic replacement was employed using the same principle outlined for tssK-5 in section 4.2.2. 

First, two PCRs were performed with KOD hot start polymerase, one using tagASOEfor2 and 

ǘŀƎ!./5ƳƛŘǊŜǾ ǘƻ ƎŜƴŜǊŀǘŜ ŀ соп ōǇ ŦǊŀƎƳŜƴǘ ŜƴŎƻƳǇŀǎǎƛƴƎ ǘƘŜ оΩ Ŝƴd of tssI-5 (BTH_II0863) and 

first 69 bp of tagA and another using primers tagDSOErev2 and tagABCDmidfor to generate an 869 bp 

fragment that included the final 78 bp of tagD and the first 751 bp of tssJ-5 (BTH_II0858). These were 

then used as a template for PCR3, this employed the primers tagASOEfor2 and tagASOErev2 to 

generate a 1447 bp fragment which was digested with Acc65I and BamHI before ligation into pEX18Tp- 
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pheS to create the 5934 bp plasmid pEX18Tp-pheS-tagA-D which was confirmed by nucleotide 

sequencing. This plasmid was used to introduce the deletion into the WT B. thailandensis strain as 

described for tssK in section 4.2.2 and the tagAscrnfor and tssKmidrev primers were used in a GoTaq 

PCR which distinguished WT colonies (6459 bp product) from those in which the desired deletion was 

present (1710 bp product). The deletion left the first 69 bp (23 codons) of tagA-5 fused to the final 78 

bp (26 codons) of tagD-5 in the resulting ɲǘŀƎ!-D-5 strain. 

4.2.7 The B. thailandensis tagABCD-5 deletion mutant is incapable of inducing MNGC 

formation 

As with the tssK-5 mutant, the empty pBBR1MCS vector was delivered into ɲǘŀƎ!-D-5 via E. coli 

SM10(˂ pir) by conjugation. Bacteria containing pBBR1MCS were selected for on M9 containing 250 

˃Ǝκml chloramphenicol. A colony of ɲǘŀƎ!-D-5 pBBR1MCS was used to inoculate 4 ml of LB containing 

нрл ˃Ǝκml chloramphenicol which was grown overnight at 37oC with shaking. A 1 ml aliquot of this 

culture was washed twice by centrifugation and resuspension in PBS before the OD600 was measured. 

This measurement was used to determine the volume of cell suspension to add to DMEM-FCS to 

obtain a cell density of 1 x 106 CFU/ml. This bacterial cell suspension was used to replace the medium 

in the wells of a 24 well plate containing RAW cells which had been seeded at 1 x 105 cells/well 16 

hours previously (an MOI of 10:1). After two hours at 37oC, 5% CO2, wells were washed three times 

with PBS before the culture medium was replaced with DMEM-C/{ ŎƻƴǘŀƛƴƛƴƎ нрл ˃Ǝκml kanamycin 

to kill extracellular bacteria. After another 14 hours (16 hours after the initial infection), wells were 

washed three times with PBS before the addition of 100% ethanol for 30 minutes to fix the cells. The 

ethanol was removed and the wells allowed to air dry before the addition of 100% Giemsa for 5 

minutes to stain. Excess stain was removed by rinsing gently with tap water and the wells were imaged 

using the 10x objective of a Leica DMI4000B inverted microscope.  

As shown in Figure 4.6 A, the ɲǘŀƎ!-D-5 strain of B. thailandensis is unable to form multinucleated 

giant cells, suggesting that one or more of these genes is required for full virulence, consistent with 

the hypothesis that they are effector substrates of T6SS-5. As the deletion of tagA-D removed a large 

section of DNA (4749 bp) it is possible that this is the result of polar effects on the expression of 

downstream genes in the T6SS-5 gene cluster.  
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Figure 4.6 Effect of the deletion of all four tag genes on MNGC formation by B. thailandensis  

RAW 264.7 cells infected at a MOI of 10:1 with .Φǘ ɲǘŀƎ!-D containing pBBR1MCS and B.t ɲǘŀƎ!-D 

containing pBBR1MCS-tagA-D for 16 hours before fixing with ethanol and staining with Giemsa.. 

Images acquired using the 10x objective of a Leica DMI4000B inverted microscope. A) ɲǘŀƎ!-D/pBBR, 

.Φǘ ɲǘŀƎ!-D-5 containing pBBR1MCS. B) ɲǘŀƎ!-D/pBBR-pBBR-tagA-D, B.t ɲǘŀƎ!-D5 harbouring 

pBBR1MCS-tagA-D-5. {ŎŀƭŜ ōŀǊ Ґ тр ˃ƳΦ 
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4.2.8 Construction of a tagABCD complementation plasmid  

To ensure that the abolition of MNGC formation observed in Figure 4.6 A was not a consequence of 

polar effects on downstream genes, it was necessary to re-introduce the WT genes into the ɲǘŀƎ!-D-

5 strain of B. thailandensis. The level of expression of tssK from pBBR1MCS-tssK was demonstrated to 

be sufficient to restore MNGC formation to a tssK-5 mutant (Figure 4.4), therefore the pBBR1MCS-

tagA-D plasmid was constructed using the same procedure outlined in section 4.2.5. The tagAcompfor 

and tagDcomprev primers were used in a PCR with Q5 polymerase to amplify a 5135 bp DNA fragment 

which contained all four of the tag genes. This DNA fragment and the pBBR1MCS plasmid were 

digested with HindIII and BamHI before ligating together to create the 9810 bp plasmid, pBBR1MCS-

tagA-D which was purified using plasmid miniprep and analysed by nucleotide sequencing. 

4.2.9 Re-introduction of the WT tagA-D-5 genes into the tagA-D-5 mutant restores MNGC 

formation in trans 

Once it had been confirmed that the plasmid contained the correct sequence it was delivered into the 

tagA-D mutant by conjugation, previously described for the tssK complementation plasmid. RAW 

264.7 cells were infected as described previously and stained with Giemsa to allow the visualisation 

of membranes and nuclei. As shown in Figure 4.6 B, the tagA-D mutant harbouring pBBR1MCS-tagA-

D was able to form MNGCs. This demonstrates that the loss of MNGC formation observed when cells 

were infected with B.t ɲǘŀƎ!-D was not down to polar effects, confirming that at least one of the tag 

genes is required for MNGC formation.  

4.3 The Effect of deletion of each tag gene on MNGC formation induced by B. 

thailandensis 

As the B. thailandensis strain lacking all four tag genes was incapable of inducing MNGC formation in 

RAW 264.7 cells, the next step was to determine which of the individual tag genes were required for 

MNGC formation. Therefore, each individual tag gene was deleted and the resulting strains used to 

infect RAW 264.7 cells. If the deletion of any of the tag genes had an effect on MNGC formation, then 

it would be necessary to re-introduce the corresponding WT gene into the mutant on a multicopy 

plasmid to confirm that the observed phenotype was not a consequence of polar effects.  

4.3.1 Construction of a B. thailandensis of tagA-5 mutant 

To create the ɲǘŀƎ!-5 όɲ.¢IψLLлуснύ ǎǘǊŀƛƴ ƻŦ B. thailandensis, the primers tagASOEfor2 and 

tagASOEmidrev were used iƴ t/wм ǘƻ ƎŜƴŜǊŀǘŜ ŀ соп ōǇ ŦǊŀƎƳŜƴǘ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ оΩ ŜƴŘ ƻŦ tssI-5 

(BTH_II0863) and first 69 bp of tagA-5. The primers tagASOErev2 and tagASOEmidfor were used in 

PCR2 to generate a 701 bp fragment containing the final 57 bp of tagA-5 and the first 599 bp of tagB-
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5. These two fragments were mixed and used as a template in PCR3 with tagASOEfor2 and 

tagASOErev2 which generated a 1299 bp DNA fragment. Both the PCR product and pEX18Tp-pheS 

were digested with Acc65I and BamHI before ligating the two DNA fragments together to create 

pEX18Tp-pheS-ɲǘŀƎ! (5766 bp). Once the correct plasmid had been verified by DNA sequencing, it 

was delivered into WT B. thailandensis by conjugation followed by a two-step allelic replacement 

procedure to yield the ɲǘŀƎ!-5 strain. The deletion of the central segment of the tagA-5 gene to leave 

the first 69 bp (23 codons) fused to the final 57 bp (19 codons) was confirmed by screening with the 

tagAscrnfor and tagCSOEmidrev primers which annealed to genomic sequences either side of the 

region cloned into pEX18Tp-pheS-ɲǘŀƎ!Φ This gave rise to a 4413 bp fragment when the WT gene was 

present and a 1920 bp DNA product when ɲǘŀƎ! was present. Before using in infection assays the 

pBBR1MCS vector was introduced by conjugation.  

4.3.2 B. thailandensis tagA-5 is required for MNGC formation in vitro 

The B.t ɲtagA mutant containing pBBR1MCS was grown overnight at 37o/ ƛƴ [. ŎƻƴǘŀƛƴƛƴƎ нрл ˃Ǝκml 

chloramphenicol. The cultures were washed twice with PBS following which the OD600 was 

determined. This was used to inoculate DMEM-FCS with 1 x 106 cells/ml B.t. RAW267.4 cells seeded 

at 1 x 105 cells/well of a 24 well plate 12-16 hours previously were infected by replacing the culture 

medium with 1 ml of the B. thailandensis cell suspension. Two hours post-infection, the wells were 

washed twice with PBS before the addition of 1 ml DMEM-C/{ ŀƴŘ нрл ˃Ǝκml kanamycin. 16 hours 

post infection, wells were washed three times with PBS and fixed with ethanol for 30 minutes. After 

fixing, wells were allowed to dry and cells were stained using undiluted Giemsa (0.4% w/v) for five 

minutes before rinsing with tap water to achieve the desired staining intensity.  

As shown in Figure 4.7 A, RAW 267.4 cells infected with the tagA mutant were unable to form MNGCs. 

To confirm that this phenotype was a result of the mutation introduced, it was necessary to re-

introduce a WT copy of tagA.  

4.3.3 Construction of a tagA-5 complementation plasmid 

To create pBBR1MCS-tagA, boiled lysate prepared from WT B. thailandensis was used as a template 

in a PCR with the tagAcompfor and tagBcomprev primers which introduced a HindIII and BamHI site, 

respectively. The amplified 2717 bp DNA fragment and pBBR1MCS were digested with HindIII and 

BamHI before ligating together. This ligation mixture was used to transform JM83 cells which were 

spread on LB agar plates containing chloramphenicol, Xgal and IPTG which were then placed at 37oC 

overnight. Selected white colonies on these plates were grown overnight and the plasmids from these 

cultures extracted by miniprep. The plasmids were run on an agarose gel before a plasmid of the  
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Figure 4.7 Effect of deletion of tagA-5 on MNGC formation induced by B. thailandensis  

RAW 264.7 cells infected with B.t ɲtagA-5 containing pBBR1MCS and B.t ɲtagA-5 containing 

pBBR1MCS-tagA-5 at a MOI of 10:1 for 16 hours before fixing with ethanol and staining with Giemsa. 

Images were acquired using the 10x objective of a Leica DMI4000B inverted microscope. A) 

ɲǘŀƎ!κpBBR, .Φǘ ɲǘŀƎ!-5 containing pBBR1MCS. B) ɲǘŀƎ!κpBBR, .Φǘ ɲǘŀƎ!-5 containing pBBR1MCS-

tagA-5. Scale bar = 75 ˃ ƳΦ 
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correct size (7384 bp) was sequenced. The correct pBBR1MCS-tagA was introduced into ɲǘŀƎ! by 

conjugation and used in an infection assay as described previously. 

4.3.4 Introduction of WT tagA-5 into the B.t tagA-5 mutant restores MNGC formation  

As demonstrated in Figure 4.7 B, MNGC formation was restored when the tagA gene was introduced 

into the tagA-5 mutant on the pBBR1MCS plasmid. This indicates that the deletion of the tagA gene 

did not introduce polar effects on the expression of downstream genes in the T6SS-5 gene cluster and 

therefore tagA-5 is required for the formation of MNGCs in vitro.  

4.3.5 Construction of a B. thailandensis of tagB-5 mutant 

A markerless in frame deletion of tagB-5 (BTH_II0861) was created by using the tagBSOEfor2 and 

ǘŀƎ.{h9ƳƛŘǊŜǾ ǇǊƛƳŜǊǎ ƛƴ ƻƴŜ t/w ŎǊŜŀǘƛƴƎ ŀ рнл ōǇ ŦǊŀƎƳŜƴǘ ǘƘŀǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ оΩ ŜƴŘ ƻŦ tagA and 

the first 78 bp of the tagB ORF and tagBSOErev2 and tagBSOEmidfor primers to create a 582 bp 

fragment incorporating the final 60 bp of tagB and the first 498 bp of tagC in another reaction. A third 

reaction was carried out using the tagBSOEfor2 and tagBSOErev2 primers with the fragments from the 

previous two reactions acting as a template. This third reaction amplified a 1066 bp DNA fragment 

which was digested with Acc65I and BamHI, and ligated into pEX18Tp-pheS which had been digested 

with the same enzymes. This generated a 5533 bp plasmid, pEX18Tp-pheS-ɲǘŀƎ.-5, which was used 

to introduce a version of tagB-5 possessing only its first 78 bp (23 codons) fused to the final 60 bp (20 

codons) of the gene. The ~500 bp of DNA upstream and downstream of the remaining tagB-5 

sequence facilitated the integration of the pEX18Tp-pheS-ɲǘŀƎ.-5 plasmid (and hence the 

trimethoprim resistance and pheS genes) into the B.t chromosome by a single homologous 

recombination which was selected for by trimethoprim resistance. TpR resistant colonies were 

restreaked on M9 agar containing cPhe and the plasmid was excised by a second homologous 

recombination event necessary to allow the bacteria to grow on this agar containing cPhe. The 

creation of ɲǘŀƎ.-5 was confirmed using the tagAcompfor and tagDSOEmidrev primers in a GoTaq 

PCR which produced a 4220 bp fragment when the desired mutation was present on the chromosome, 

compared to 5175 bp when the WT tagB gene was present. The pBBR1MCS plasmid was then 

introduced into the mutant by conjugation.  

4.3.6 B. thailandensis tagB-5 is required for MNGC formation in vitro 

RAW 267.4 cells growing in 24 well plates were infected with the B.t ɲtagB-5 mutant containing 

pBBR1MCS at an MOI of 10:1 using the procedure outlined previously. 16 hours post-infection, cells 

were washed, fixed and stained with Giemsa. When observed under a microscope no giant cells 

containing three or more nuclei within a single cytoplasmic membrane could be observed (Figure 4.8 

A), suggesting that tagB-5 is required for B.t to induce MNGC formation in RAW 267.4 cells.  
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Figure 4.8 Effect of the deletion of tagB-5 on MNGC formation induced by B. thailandensis 

RAW 264.7 cells infected with B.t ɲtagB-5 containing pBBR1MCS and B.t ɲtagB-5 containing 

pBBR1MCS-tagB-5 at a MOI of 10:1 for 16 hours before fixing with ethanol and staining with Giemsa.. 

Images were acquired using the 10x objective of a Leica DMI4000B inverted microscope. A) 

ɲǘŀƎ.κpBBR, .Φǘ ɲǘŀƎ.-5 containing pBBR1MCS. B) ɲǘŀƎ.κpBBR, .Φǘ ɲǘŀƎ.-5 containing pBBR1MCS-

tagB-5. {ŎŀƭŜ ōŀǊ Ґ тр ˃ƳΦ 
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4.3.7 Construction of a tagB-5 complementation plasmid 

A PCR with the proofreading Q5 DNA polymerase was performed using tagBcompfor and tagBcomprev 

to amplify a 1130 bp DNA fragment from a WT B.t boiled lysate template. This DNA fragment was 

digested with HindIII and BamHI which cut the DNA at the sites introduced by the tagBcompfor and 

tagBcomprev primers, respectively. pBBR1MCS was digested with the same enzymes and ligated with 

the digested PCR product. Following transformation of JM83 with the ligation mixture, white colonies 

growing on LB containing chloramphenicol, IPTG and Xgal were selected and grown overnight in liquid 

medium to facilitate purification of plasmid DNA by the miniprep procedure. A plasmid which 

migrated with a size corresponding to 5794 bp in an agarose gel was identified and the nucleotide 

sequence of the insert was determined. 

4.3.8 Introduction of WT tagB-5 into the B.t tagB-5 mutant restores MNGC formation  

The correct pBBR1MCS-tagB-5 plasmid was introduced into the B.t tagB-5 mutant by conjugation and 

a transformant was used in a MNGC formation assay as described previously. Figure 4.8 B shows that 

introduction of the tagB-5 complementation plasmid into the B.t ɲǘŀƎ.-5 mutant restores the ability 

of the strain to induce RAW 267.4 cells to fuse resulting in MNGC formation. This result demonstrates 

that tagB-5 is indeed required for MNGC formation in vitro. 

4.3.9 Construction of a B. thailandensis of tagC-5 mutant 

To create a markerless in frame deletion of tagC-5 (BTH_II0860), a splice overlap extension PCR was 

first performed. The first reaction used the primers tagCSOEfor2 and tagCSOEmidrev to amplify a 531 

ōǇ ǇǊƻŘǳŎǘ ŎƻƴǘŀƛƴƛƴƎ пну ōǇ ƻŦ ǘƘŜ ƻŦ ǘƘŜ оΩ ŜƴŘ ƻŦ tagB-5 and a shoǊǘ ǊŜƎƛƻƴ ƻŦ ǘƘŜ рΩ ŜƴŘ ƻŦ tagC-

5. A second used the primers tagCSOErev2 and tagCSOEmidfor to amplify a 565 bp product containing 

the final 78 bp of tagC-5, all of tagD-5 and the first 29 bp of tssJ-5. These products were gel extracted 

and combined as templates for a third PCR which used the tagCSOEfor2 and tagCSOErev2 primers to 

generate a 1060 bp fragment. This PCR product and pEX18Tp-pheS were digested with Acc65I and 

BamHI and then ligated together. The products of the ligation reaction were used to transform JM83 

and transformants were selected on M9-glycerol CAA agar containing trimethoprim, Xgal and IPTG at 

30oC. Minipreps from white colonies were screened for the presence of presence of plasmids of the 

expected size (5527 bp). One such plasmid was confirmed as containing the ɲǘŀƎ/ DNA fragment by 

nucleotide sequencing. This plasmid, pEX18Tp-pheS-ɲǘŀƎ/, was introduced into the WT B.t 

chromosome by homologous recombination following conjugation and selected for by acquisition of 

trimethoprim resistance. Selection for cPhe-resistance was then applied to identify bacteria in which 

a second recombination event had occurred resulting in the excision of the plasmid leaving behind  
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Figure 4.9 Effect of the deletion of tagC-5 on MNGC formation induced by B. thailandensis  

RAW 264.7 cells infected with B.t ɲtagC-5 containing pBBR1MCS and B.t ɲtagC-5 containing 

pBBR1MCS-tagC-5 at a MOI of 10:1 for 16 hours before fixing with ethanol and staining with Giemsa.. 

Images were acquired using the 10x objective of a Leica DMI4000B inverted microscope. A) 

ɲǘŀƎ/κpBBR, .Φǘ ɲǘŀƎ/-5 containing pBBR1MCS. B) ɲǘŀƎ/κpBBR, .Φǘ ɲǘŀƎ/-5 containing pBBR1MCS-

tagC-5. {ŎŀƭŜ ōŀǊ Ґ тр ˃ƳΦ 






































































































































































































































































































