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The type VI secretion system (T6SS) is a recently discovered protein secretion mechanism present in many pathogenic Gram-negative bacteria, including the opportunistic pathogen Burkholderia cenocepacia. B. cenocepacia infections occur in patients with cystic fibrosis and chronic granulomatous disease. Such infections can be very serious, and even fatal. 
The T6SS contains 13 core protein subunits, some of which are proposed to assemble into a protein structure analogous to an inverted bacteriophage T4 contractile tail. This complex has been shown to inject bacterial effector proteins directly into host cells, as well as into the extracellular medium. Three potential effector proteins of the T6SS are TssI, TagA and TagD. These putative effectors are present in B. cenocepacia, and two of them feature C-terminal extensions that are homologous to phospholipase A1 enzymes (TssI BCAS0667 and TagD BCAL1294). 
Both TssI and TagD, and their PLA1-like C-terminal domains were overproduced in E. coli and their ability to hydrolyse fatty acyl esters was confirmed by enzymatic assays.  The PLA1-like domain of the putative TssI effector (BCAS0667) was further characterised and the kinetics determined; it was confirmed to be a psychrophilic phospholipase A1 that utilises a catalytic serine-aspartate-histidine triad.
Interactions between the putative effector proteins and other components of the T6SS were investigated using the bacterial adenylate cyclase two-hybrid system (BACTH). This analysis provided evidence to support the idea that different TssI subunits could associate to form heterooligomeric complexes. Interactions of the putative effector proteins TagA and TagD with the core T6SS proteins have also been investigated. 
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[bookmark: _Toc331430079][bookmark: _Toc331551431][bookmark: _Toc367640391]1.1 The B. cepacia complex and Burkholderia cenocepacia
Burkholderia cenocepacia is a rod-shaped Gram-negative bacterium (Fig 1.1) which is a member of the B. cepacia complex (Bcc), comprising of at least seventeen bacterial species. The first member of the Bcc was characterised in 1950 (Burkholder, 1950), and was initially described as a member of the genus pseudomonas and named P. cepacia, due to the close phenotypic resemblance to the pseudomonads. In 1973 large differences were demonstrated within the pseudomonad family at the ribosomal RNA level (Palleroni et al., 1973). This led to the reclassification of P. cepacia and 6 other Pseudomonas species under a new genus - Burkholderia  based on their DNA-DNA homology, cellular lipid and fatty acid composition, 16S rRNA sequences and phenotypic characteristics (Yabuuchi et al., 1992). 
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[bookmark: _Toc331430080][bookmark: _Toc367642940][bookmark: _Toc367643207]Figure 1.1 Electron micrograph of B. cenocepacia strain J2315. Reproduced from http://accessscience.com/content/Burkholderia-cepacia-complex Image source: Emma Ralph, Eshwar Mahenthiralingam and Philip Sayre Cardiff School of Biosciences, University of Cardiff, UK (permission not required).


The B. cepacia complex was initially described in 1997 and was shown to contain 5 groups of genetically distinct clinical isolates (genomovars I-V) which are phenotypically very similar (Vandamme et al., 1997). Subsequently, the five genomovars were assigned species . Since 1997 a further 12 bacteria have been added to the Bcc, these are shown in Table 1.1.

[bookmark: _Toc367640392]1.2 The Bcc as pathogens
Many members of the Bcc exist predominantly in the soil and rhizosphere surrounding the roots of plants. B. cepacia was originally classified as a phytopathogen which was known to cause sour skin disease in onions that have been damaged (Burkholder, 1950). However, many members of the complex form an almost symbiotic relationship with the plants with which they co-exist (Coenye and Vandamme, 2003, Parke and Gurian-Sherman, 2001). In the 1950’s it was first noted that members of the Bcc could infect humans, and in the 1980’s B. cepacia was discovered to be present in the lungs of cystic fibrosis sufferers, and in approximately 35% of cases proved to be fatal (LiPuma et al., 2001) (Lipuma, 2003). Initially it was believed that different strains of Burkholderia were responsible for causing disease in humans than those that lived in soil or were phytopathogenic. However, the two strains that are most commonly pathogenic to humans, B. cenocepacia and B. multivorans, are found both in humans and in soil (Lipuma, 2005, Mahenthiralingam et al., 2008). B. cenocepacia is the most prevalent pathogen, and it accounts for approximately 70% of Bcc infections, with B. multivorans being the second most common pathogen (Mahenthiralingam et al., 2008).





[bookmark: _Toc331430081][bookmark: _Toc368310802][bookmark: _Toc368310876]Table 1.1 List of Burkholderia species currently classified as members of the Bcc.
	Name
	 
	Habitat
	 
	Reference

	B. ambifaria 
	
	Human (CF), soil, rhizosphere soil
	
	Coenye et al., 2001 

	B. anthina 
	
	Human (CF), animals, soil, rhizosphere soil, river water
	
	Vandamme et al., 2002 

	B. arboris 
	
	Human (CF and non-CF), soil, rhizosphere soil, water, industrial contaminant 
	
	Vanlaere et al., 2008 

	B. cenocepacia 
	
	Human (CF and non-CF), animals, soil, rhizosphere soil, plant, water, industrial contaminant 
	
	Vandamme et al., 2003 

	B. cepacia 
	
	Human (CF and non-CF), soil, rhizosphere soil, plant, water. 
	
	Vandamme et al., 1997 

	B. contaminans 
	
	Human (CF and non CF), soil, animal, hospital equipment 
	
	Vanlaere et al., 2009

	B. diffusa 
	
	Human (CF and non-CF), soil, hospital equipment
	
	Vanlaere et al., 2008 

	B. dolosa 
	
	Human (CF), plant material, rhizosphere soil 
	
	Vermis et al., 2004 

	B. lata 
	 
	Human (CF and non CF), soil, plant material, water 
	 
	Vanlaere et al., 2009

	B. latens 
	
	Human (CF) 
	
	Vanlaere et al., 2008 

	B. metallica 
	
	Human (CF) 
	
	Vanlaere et al., 2008 

	B. multivorans 
	
	Human (CF and non-CF), soil, rhizosphere soil, plant material, water, industrial 
	
	Vandamme et al., 1997 

	B. pyrrocinia 
	
	Human (CF and non-CF), soil, rhizosphere soil, water
	
	Vandamme et al., 2002 

	B. seminalis 
	
	Human (CF and non-CF), Plant material, rhizosphere soil 
	
	Vanlaere et al., 2008 

	B. stabilis 
	
	Human (CF and non-CF), rhizosphere soil, hospital equipment
	
	Coenye et al., 2001 

	B. ubonensis 
	
	Human (non CF), soil 
	
	Yabuuchi et al., 2000

	B. vietnamiensis
	Human (CF and non-CF), Soil, rhizosphere soil, plant material, animal
	
	Coenye et al., 2001 


aAdapted from (Sousa et al., 2011)
[bookmark: _Toc232252965]

Bacterial genotyping studies have indicated that certain strains of B. cenocepacia are very transmissible from patient to patient (Clode et al., 2000, Coenye et al., 2004).  Infections occur in immuno-compromised patients suffering from predominantly Cystic Fibrosis (CF) or chronic granulomatous disease (Mahenthiralingam et al., 2002). It is currently estimated that approximately 2.7% of CF sufferers are colonised with B. cepacia complex organisms. Once colonised with B. cenocepacia there are three possible outcomes for cystic fibrosis sufferers. In many cases B. cepacia can colonise the lungs causing no damage without long term consequences. Alternatively, lung infections by B. cepacia can be very damaging leading to a slow loss of lung function. The third scenario is cepacia syndrome, giving rise to symptoms including confluent bronchopneumonia and septicaemia (Jones et al., 2001). This can lead to a rapid decline and death within a few days. Approximately 20-30% of cystic fibrosis patients infected with B. cepacia develop “cepacia syndrome” (Govan and Nelson, 1993).

[bookmark: _Toc330960775][bookmark: _Toc331430083][bookmark: _Toc331551433][bookmark: _Toc367640393]1.3 Protein secretion in Gram-negative bacteria.
Secretion is the release of specific proteins from a cell. Secretion is often highly controlled by the cell and can release components or macromolecules which effect a change in the environment of a cell. This is different to excretion, where waste products are transported out of the cell. Secretion in Gram-negative bacteria is more complicated than in Gram-positive bacteria, due to the former possessing two membranes. The transported proteins must cross both the inner membrane (IM) and the outer membrane (OM), as well as passing through the periplasmic space. A further complication faced by Gram-negative bacteria is that no ATP or energy sources are present in the outer membrane (Thanassi et al., 2005). This means that secretion has to cross both membranes in a single process, or the ability to cross the OM must be conferred at the IM (e.g. by post-translational modification). (Thanassi and Hultgren, 2000)
Gram-negative bacteria have developed at least 7 specialized protein secretory systems. The initial transport stage (i.e., crossing the cytoplasmic membrane) of three of them involves the Sec system, also known as the General Secretory Pathway (GSP) (Thanassi and Hultgren, 2000). The Sec system transports proteins in Eukaryotes, Archaea, Gram-positive and Gram-negative bacteria (Pohlschroder et al., 1997). It can only transport proteins in their unfolded state (Pugsley, 1993). In Gram-negative bacteria, Sec-dependent proteins are released into the periplasm and must be transported across the outer membrane by a separate mechanism (Driessen et al., 1998). Another secretion system involved in transport of proteins across the inner membrane is the twin arginine translocation (TAT) system. Characteristic features of the TAT system are the two consecutive, invariable arginine residues present in all the signal sequences of the secreted proteins (Sargent et al., 1998) and its ability to transport folded proteins (Lee et al., 2006). Proteins are targeted to both the GSP and TAT secretion systems by unique signal sequences on their N-termini (Sargent et al., 2006, Economou, 1999).
[bookmark: _Toc324120569][bookmark: _Toc330960776][bookmark: _Toc331430084][bookmark: _Toc331551434][bookmark: _Toc367640394]1.3.1 Type I secretion system
The type I secretion system (T1SS) is Sec-independent and transports proteins directly from the cytoplasm to the extracellular medium in a continuous secretion process (Kostakioti et al., 2005). The T1SS consists of 3 components, the ATP binding cassette (ABC) protein which is anchored to the cytoplasmic membrane, a membrane fusion protein (MFP) and an outer membrane protein (OMP) (Delepelaire, 2004).
[bookmark: _Toc330960777][bookmark: _Toc331430085][bookmark: _Toc331551435][bookmark: _Toc367640395]1.3.2 Type II secretion system
The Type II secretion system (T2SS) is a Sec-dependent secretion system (Voulhoux et al., 2001). After a very brief period in the periplasm, the protein is exported across the outer membrane (OM) using the T2SS and into the extracellular medium  (Sandkvist, 2001). The T2SS is comprised of 12-15 different protein subunits and is also referred to as the secreton (Johnson et al., 2006).
[bookmark: _Toc330960778][bookmark: _Toc331430086][bookmark: _Toc331551436][bookmark: _Toc367640396]1.3.3 Type III secretion system
The Type III secretion system (T3SS) is Sec-independent and is comprised of two major component parts: the basal body, which spans the outer membrane, the periplasm and the inner membrane, and the needle complex (NC) which projects from the OM and is used to inject effector proteins directly into host cells (Galan and Collmer, 1999, Galan and Wolf-Watz, 2006). Proteins secreted by this system are transported across both inner and outer membranes in a single step (Hueck, 1998). Secretion of effector proteins through the T3SS is induced when the NC tip comes into contact with a host cell. The T3SS plays a vital role in many pathogenic and symbiotic bacteria, and has been shown to deliver toxins, virulence factors and other effector proteins into host cells (Mota et al., 2005, Winstanley and Hart, 2001). 
[bookmark: _Toc330960779][bookmark: _Toc331430087][bookmark: _Toc331551437][bookmark: _Toc367640397]1.3.4 Type IV secretion system
The Type IV secretion system (T4SS) is highly complex and diverse but can be classified into two distinct types. 
Type IV A secretion system (T4SSa): - This consists of genes homologous to the conjugation machinery of bacteria and in most cases transports DNA (Cascales and Christie, 2003, Stachel and Zambryski, 1986). This was first discovered in Agrobacterium tumefaciens which causes crown gall disease by injecting tumour inducing Ti plasmid DNA directly into host cells via the T4SSa (Christie and Cascales, 2005, Zupan et al., 2000).
[bookmark: _Toc331430088][bookmark: _Toc331551438][bookmark: _Toc330960780]Type IV B secretion system (T4SSb): - This system transports proteins and has been shown to deliver these effector proteins directly into the cytoplasm of the host cell (Christie and Vogel, 2000). An example of T4SSb occurs in the bacterium Legionella pneumophila which causes Legionnaires disease (Segal et al., 2005). Type IV secretion is generally Sec-independent, one exception to this being the pertussis toxin which is secreted into the extracellular medium via a two-step process involving Sec (Burns, 1999).
[bookmark: _Toc367640398]1.3.5 Type V secretion system
[bookmark: _Toc331430089][bookmark: _Toc331551439]This type of secretion system can also be subdivided into two types of mechanism
Type V A secretion system (T5SSa): T5SSa is also known as the autotransporter (AT) system, and occurs commonly amongst pathogenic bacteria (Jacob-Dubuisson et al., 2004). Proteins which use this secretion system can be split into three parts: the N-terminal signal sequence, a C-terminal domain which can form a β-barrel, and the passenger domain located between the N- and C-terminal domains (Kostakioti et al., 2005). The N-terminal signal sequence is used to target the protein to the Sec secretion system in the IM. Once the protein crosses the IM the signal sequence is cleaved off. Once in the periplasm, the C-terminus of the secreted proteins forms β-barrels, which can insert into the outer membrane. The β-barrel forms the pore through which the passenger domain then translocates across the OM. The passenger domain can then either remain anchored to the cell surface, or can be cleaved off and released into the extracellular medium (Henderson et al., 2004, Desvaux et al., 2004).
[bookmark: _Toc330960781][bookmark: _Toc331430090]Type V B secretion system (T5SSb): T5SSb, also known as the two partner secretion system (TPS) is a variant of the T5SS, and shares many similarities with the T5SSa. Both are found in a wide variety of Gram-negative bacteria, and have been shown to transport large protein molecules, which are often involved with virulence. Like ATs, the TPS utilises the Sec-system to translocate proteins across the inner membrane, and both use proteins for secretion which form hydrophobic β-barrels which can form pores in the outer membrane (Fan et al., 2012). The distinguishing feature of the TPS system is that the β-barrel protein (TpsB) is separate from the secreted effector (TpsA) and not fused to it as in the AT system (Jacob-Dubuisson et al., 2001). For this reason, the TPS is classified as a unique secretion system (Jacob-Dubuisson et al., 2004).
[bookmark: _Toc330960782][bookmark: _Toc331430091][bookmark: _Toc331551440][bookmark: _Toc367640399]1.3.6 The Chaperone usher pathway
The Chaperone usher pathway is a sec-dependent secretion system dedicated to the translocation of proteins which form surface structures. The majority of such secreted proteins form adhesive pili (Thanassi et al., 1998). Proteins cross the inner membrane via the Sec system, and enter the periplasm., where the protein forms a complex with a chaperone protein, which assists with protein folding (Waksman and Hultgren, 2009). It does this via a process called donor strand exchange, where the chaperone protein “donates one β-strand to complete the imperfect immunoglobulin-like fold of the subunit” (Vetsch et al., 2006). The chaperone-protein complex subsequently interacts with the usher protein situated in the OM. The usher protein translocates the protein across the outer membrane, and facilitates the final assembly of the pili (Thanassi et al., 1998). 
[bookmark: _Toc271233441][bookmark: _Toc331430092][bookmark: _Toc367640400]1.3.7 The Type VI secretion system
The Type VI secretion system (T6SS) was first described in 2006 by Mekalanos and colleagues (Pukatzki et al., 2006, Mougous et al., 2006). The T6SS has been shown to be present in a large number of pathogens and symbionts (Cascales, 2008). Copies of this secretion system are found in several pathogenic microorganisms including V. cholerae and A. hydrophila,and some contain multiple copies, including P. aeruginosa (3 copies), Y. pestis (4 copies) and B. pseudomallei (6 copies) and many others (Mougous et al., 2006, Suarez et al., 2008, Shalom et al., 2007). B. cenocepacia has been shown to contain a single T6SS. This secretion system and its possible function are discussed further in section 1.5.
[bookmark: _Toc271233442][bookmark: _Toc330960783][bookmark: _Toc331430093][bookmark: _Toc331551441][bookmark: _Toc367640401]1.3.8 Type VII secretion system
The type VII secretion system (T7SS), also referred to as the ESAT-6-, SNM- or ESX- systems, is not found in Gram-negative bacteria, however it has been included for completeness. T7SS is a recently discovered protein translocation system originally discovered in Mycobacteria (Bitter et al., 2009). The  T7SS is present in a variety of pathogenic mycobacteria and actinobacteria (Abdallah et al., 2007). Studies involving attenuated strains of M. tuberculosis have hinted that this system is heavily involved in pathogenesis and is a complex system involving multiple substrates and many components (Daleke et al., 2012). A summary diagram of the major secretion systems found in Gram negative bacteria is shown in Figure 1.2.




[bookmark: _Toc331430094][bookmark: _Toc367642941][bookmark: _Toc367643208]Figure 1.2 Overview of the major protein secretion systems present in Gram-negative bacteria. The type I, III, IV and VI secretion systems transport substrates through both membranes in one step, and are thus Sec-independent. Secretion of the pertussis toxin is an exception to this as it is secreted across the IM by the Sec system, and then travels across the OM via the T4SS. This is represented by the arrow directed to the type IV system. The Type II and Type V secretion systems, along with the chaperone/usher pathway utilise the Sec system which transports unfolded proteins across the inner membrane (Figure adapted from (Buttner and Bonas, 2002)). Permission Got!
[bookmark: _Toc232252967][bookmark: _Toc231640623][bookmark: _Toc231625926][bookmark: _Toc330960784][bookmark: _Toc331430095][bookmark: _Toc331551442][bookmark: _Toc330960791]






[bookmark: _Toc367640402]1.4 The Type VI secretion system
[bookmark: _Toc232252968][bookmark: _Toc231640624][bookmark: _Toc231625927][bookmark: _Toc330960785][bookmark: _Toc331430096][bookmark: _Toc331551443][bookmark: _Toc367640403]1.4.1 The discovery of the Type VI secretion system
The T6SS is the most recently discovered protein secretion system in Gram-negative bacteria, classified in 2006. The first protein identified as a member of the T6SS was a small protein secreted by Vibrio cholera.  However, at that time it was not identified as part of a secretion system until later. This protein, known as haemolysin co-regulated protein (Hcp), does not contain an N-terminal signal sequence, indicating it is not a substrate of either Sec or TAT dependent systems (Williams et al., 1996). Subsequently, a cluster of conserved genes was identified in V. cholerae and these were initially named IcmF-associated homologous proteins (IAHP) due to the presence of a gene encoding a protein with homology to the IcmF subunit of the T4SSb of L. pneumophila (Das and Chaudhuri, 2003). Later studies revealed that another gene, dotU was also present in both T4SSb and this newly recognised conserved gene cluster. This new gene cluster was subsequently determined to be the T6SS (Pukatzki et al., 2006, Mougous et al., 2006). A recently performed in silico genetic analysis has shown that the T6SS is present in over 100 sequenced Gram-negative bacterial genomes (Cascales, 2008).
[bookmark: _Toc232252969][bookmark: _Toc231640625][bookmark: _Toc231625928][bookmark: _Toc330960786][bookmark: _Toc331430097][bookmark: _Toc331551444][bookmark: _Toc367640404]1.4.2 The effect of the T6SS on virulence against eukaryotes
Studies carried out on several Gram-negative pathogens have shown that mutants lacking their T6SS are attenuated for virulence. Both R. leguminosarum and V. cholerae are significantly less virulent when the T6SS is not present (Bladergroen et al., 2003, Pukatzki et al., 2006). Salmonella enterica contains a T6SS which makes the bacterium less virulent, therefore allowing the host cells to survive, and thus enabling the bacteria to survive for longer within the host (Parsons and Heffron, 2005). Aeromonas hydrophila mutants that possess a defective T6SS are unable to survive attack by human macrophages. They are also less virulent in a mouse infection model and less cytotoxic toward human cells (Suarez et al., 2008). Pseudomonas aeruginosa has been shown to contain three T6SS. These secretion systems have been shown to play a significant role in attenuating the virulence of this bacterium (similar to S. enterica). It has been suggested that the T6SS is induced in vivo and plays a role in P. aeruginosa chronic infections (Potvin et al., 2003).
Burkholderia pseudomallei is very interesting, as it contains no fewer than 6 Type VI secretion systems, one of which (tss-5) is induced by the presence of macrophages (Shalom et al., 2007). Studies have shown that T6SS present in Pectobacterium atrosepticum (Mattinen et al., 2007), Salmonella typhimurium (Schlieker et al., 2005), Edwardsiella tarda (Rao et al., 2004) and enteroaggregative Escherichia coli (EAEC) (Dudley et al., 2006) have significant effects on their virulence and pathogenicity.
[bookmark: _Toc330960787][bookmark: _Toc331430098][bookmark: _Toc331551445][bookmark: _Toc367640405]1.4.3 The effect of the T6SS on virulence against prokaryotes
The T6SS was initially thought to be directed solely as a virulence factor against eukaryotes, however, recent data suggests that the T6SS is more targeted towards other bacteria that may be inhabiting the same niche. P. aeruginosa and V. cholerae have both been shown to secrete potent antimicrobial proteins via the T6SS directly into the periplasm of target bacterial cell, thus giving themselves a distinct advantage in establishing a niche as their own (Hood et al., 2010, Russell et al., 2011, MacIntyre et al., 2010). 
[bookmark: _Toc232252970][bookmark: _Toc231640626][bookmark: _Toc231625929][bookmark: _Toc330960788][bookmark: _Toc331430099][bookmark: _Toc331551446][bookmark: _Toc367640406]1.4.4 Functions of the T6SS core components
The T6SS has been shown to contain 13 core genes, present in all T6SS. In B. pseudomallei these have been named type six secretion (tss) genes A to M (Shalom et al., 2007). These are shown in Table 1 along with their nomenclature in other organisms. The role of these core proteins will be discussed in this section. The T6SS is now predicted to be organised into two subassembly complexes, which function together to secrete proteins. These sections are the membrane associated subassembly complex, and the bacteriophage like subassembly complex (Silverman et al., 2012). Most of the 13 different T6SS components have been assigned to one complex or the other, however several proteins have yet to be assigned to a subassembly complex. The members of the bacteriophage subassembly complex are TssB, TssC, TssD, TssE and TssI. The genes involved in the T6SS, and their nomenclature in other bacteria are shown in Table 1.2 the Membrane associated proteins are TssJ, TssL and TssM. The function of TssA, TssF, TssG and TssK are currently unknown.
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[bookmark: _Toc331430100][bookmark: _Toc368310803][bookmark: _Toc368310877]Table 1.2. Standardisation of T6SS nomenclature
	
	Corresponding gene nomenclature in other
 of Gram-negative bacteria

	Standardised
gene names
	
	S.
typhimurium
	
	V. cholerae
	APEC
	
	EAEC
	
	E. tarda
	
	R.
leguminosarum
	Pseudomonas
aeruginosaa
	

	tssA
	
	sciA
	
	vasJ/vasLb
	aec29/aec31b
	
	aaiJ
	
	evpK
	
	impA
	hsiA2
	

	tssB
	
	sciH
	
	vipA
	aec17
	
	aaiA
	
	evpA
	
	impB
	hsiB2
	

	tssC
	
	sciI
	
	vipB
	aec18
	
	aaiB
	
	evpB
	
	impC/impDa
	hsiC2
	

	tssD
	
	sciK/sciMb
	
	hcp
	aec16/aec32a
	
	NP
	
	evpC
	
	NA
	hcpC
	

	tssE
	
	sciD
	
	NA
	aec19
	
	aaiD
	
	evpE
	
	impF
	hsiF2
	

	tssF
	
	sciC
	
	vasA
	aec20/aec2ab
	
	aaiE
	
	evpF
	
	impG
	hsiG2
	

	tssG
	
	sciB
	
	vasB
	aec22
	
	aaiF
	
	evpG
	
	impH
	hsiH2
	

	tssH
	
	sciG
	
	vasG
	aec27
	
	aaiP
	
	evpH
	
	NA
	clpV2
	

	tssI
	
	vrgS
	
	VgrG
	aec15
	
	aaiG
	
	evpI
	
	NA
	VgrG2
	

	tssJ
	
	sciN
	
	vasD
	aec24
	
	aaiK
	
	evpL
	
	NP
	Lip2
	

	tssK
	
	sciO
	
	vasE
	aec25
	
	aaiL
	
	evpM
	
	impJ
	hsiJ2
	

	tssL
	
	sciP
	
	vasF
	aec26
	
	aaiN
	
	evpN
	
	impK
	DotU2
	

	tssM
	
	sciS
	
	vasK
	aec30
	
	aaiO
	
	evpO
	
	impL
	icmF2
	












a One of the 3 T6SS, HSI-II
b Where two orthologues are present in the same T6SS genomic unit.
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TssD (also known as Hcp) was the first T6SS protein to be characterised (Williams et al., 1996). Crystal structures of TssD have been shown to form hexameric rings, which stack on top of each other, forming a tube with a diameter of approximately 35-40Å, which is large enough to allow small proteins, or unfolded proteins to pass through it (Mougous et al., 2006). TssD is predicted to make up the tail tube of the T6SS, and is structurally similar to the bacteriophage tail tube protein gp19. 
TssB and TssC are thought to form a contractile sheath which surrounds the TssD tail filament. These two proteins interact and form a cylindrical complex which is of the correct size to accommodate the TssD tail tube (Bonemann et al., 2009). Recent studies have shown that the TssB/TssC complex can exist in two different conformations, predicted to be the contracted and extended versions of the sheath (Basler et al., 2012). The TssB/TssC complex is predicted to have the same function as the contractile bacteriophage tail sheath. It is hypothesised that the TssB/TssC complex assembles in the extended conformation and that contraction of this complex propels the TssD tube out of the host cell into the extracellular milieu or directly into a target cell (Cascales and Cambillau, 2012). Assembly and contraction of this complex was shown by fluorescence microscopic imaging and electron cryotomographic imaging in a recent paper (Basler et al., 2012).
TssE is thought to be a cytoplasmic subunit which shows ~ 15-25% amino acid sequence similarity to the bacteriophage T4 baseplate protein, gp25. TssE has been shown to have a role in T6SS secretion in P. aeruginosa, as a deletion mutant in the tssE gene showed severely decreased TssI secretion (Lossi et al., 2011, Silverman et al., 2012). TssE is thought to be involved in the assembly of the TssD tail tube, and TssB/TssC protein sheath, as deletion mutants that lack the tssE gene do not form the TssB/TssC tubule (Basler et al., 2012). 
TssI proteins appear to be not only effector proteins, but are also involved as structural components of the secretion system itself. The current model suggests that TssI is located at the tip of the TssD tail tube and acts as a puncturing device (the tail-spike), piercing the membrane of the target cells (Cascales and Cambillau, 2012).  The N-terminal and central regions of the TssI proteins are homologous to the bacteriophage T4 proteins Gp27 and Gp5, which form the baseplate domain and the T4 phage needle (Leiman et al., 2009). The N-terminal region of TssI consists of four domains, two β sheet “sandwiches”, an αβ domain and a oligosaccharide/oligonucleotide-binding (OB)-fold domain, which are connected by long linker regions. The region of TssI C-terminal to the OB fold consists of up to 30 β-strands flanked by glycine residues. These are predicted to form a β-helix in the TssI trimer, which would make up the membrane penetrating tip of the T6SS (Fig 1.3) (Leiman et al., 2009). In bacteriophage T4 the Gp5 Gp27 proteins assemble into a trimeric complex which forms the tail spike. The tail spike is the injection machinery of the phage, and can insert into outer membranes of target bacteria. The Gp27-Gp5 complex and TssI form trimers in vivo, but the channel formed in the trimeric TssI protein complex is too small to allow proteins through it (Hachani et al., 2011). This leads to the hypothesis that the TssI protein must be broken off from the TssD tail tube in order to allow proteins to be secreted through the hollow TssD protein structure (Silverman et al., 2012). As previously discussed, TssI and TssD require each other in order for them to be secreted (Zheng and Leung, 2007). This indicates that TssI must be present for or initiates the polymerisation of the TssD tail tube. The β sandwich domains of TssI are predicted to interact with the TssD protein, as the TssI trimer would form a hexamer of β sandwich domains which could interact with the hexameric TssD tailtube (Cascales and Cambillau, 2012). 
A major difference between the TssI protein structure and that of the Gp27-Gp5 phage complex is that TssI lacks the lysozyme domain, present in the Gp27-Gp5 complex. Initially is was thought that TssI did not require the lysozyme domain, as it was predicted to be translocated through the T6SS directly into the host cell, and therefore was not required to contain a glycosidase domain which was capable of disrupting bacterial cell walls (Leiman et al., 2009).  However, it is currently postulated that TssI is predicted to perforate the OM of bacteria or eukaryotic cells (Cascales and Cambillau, 2012). Therefore, its lack of a lysozyme domain is puzzling, and may be a disadvantage when trying to pierce the OM.  The vibriophage KVP40, which is highly similar to bacteriophage T4, also lacks a lysozyme domain, and it is predicted to encode this affinity somewhere else in its genome (Rossmann et al., 2004). It is plausible that a similar mechanism is utilised in the T6SS. In P. aeruginosa, the HSI-I T6SS injects two peptidoglycan hydrolases (Tse1 and Tse3) into the periplasm of the targeted bacteria, this causes the destruction of the cell wall and then cell lysis (Hood et al., 2010, Russell et al., 2011). 
Many bacteria contain multiple copies of the tssI gene and in some cases the tssI gene contains a region encoding an extended C-terminal region in the protein product (Pukatzki et al., 2009). In some bacterial pathogens this C-terminal region has predicted enzymatic activity, as shown in Figure 1.4. These “evolved” TssI proteins are predicted to be injected into the cytosol of the target cell  and in some cases “evolved” TssI proteins have been shown to lead to macrophage cytotoxicity and impairment of phagocytosis when present in the host cell cytosol (Ma et al., 2009a). This supports the hypothesis that the role of the TssI protein is not purely structural. Another example of this is the actin crosslinking domain (ACD) in the C—terminal domain (CTD) of TssI1 from V. cholerae, which has been shown to be active and causes cell rounding and actin rearrangement, when transfected into murine macrophage cells in vitro (Pukatzki et al., 2007). Another example of TssI proteins affecting the host cell cytoskeleton was discovered by Suarez et al, (2010). The TssI1 protein from A. Hydrophila contains a ADP-ribosyltransferase domain at its C-terminus which is active in vivo. The TssI1 protein has been shown to enter host cells and ADP ribosylate G-actin, leading to depolymerization of the actin filaments and cell rounding (Suarez et al., 2010). In B. cenocepacia several tssI genes contain C-terminal extensions. One of these, TssI BCAS0667, is predicted to contain a PLA1 enzyme as a C-terminal extension and another, TssI BCAL1359 is predicted to encode a metalloprotease at its C-terminus based on amino acid sequence homology. It is thought that “evolved” TssI proteins may be involved in the pathogenesis of eukaryotes, whereas the “non evolved” TssI proteins are involved in the toxicity against other bacteria (Cascales and Cambillau, 2012). In support of this theory, the P. aeruginosa H1 T6SS which has been shown to secrete the bacteriolytic effectors Tse1, Tse2 and Tse3, contains “non evolved” TssI proteins (Russell et al., 2011).
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[bookmark: _Toc367642942][bookmark: _Toc367643209]Figure 1.3 The structure of TssI, and homology to phage proteins gp5 and gp27. A Bacteriophage T4 baseplate, B Structure of the TssI trimer, containing the gp27 like domain and the needle like membrane puncturing domain which homologous to the gp5 domain from bacteriophage T4. C Bacteriophage gp27-gp5 monomer. Adapted from (Leiman et al., 2009) Permission granted/ not needed from PNAS

[bookmark: _Toc232253010][bookmark: _Toc231625935][bookmark: _Toc331430101][bookmark: _Toc367642943][bookmark: _Toc367643210]Figure 1.4 Examples of tssI genes in different pathogenic bacteria. P. aeruginosa contains an unextended tssI gene. In B. cenocepacia the tssI BCAS0667 gene encodes a C-terminal domain which shows homology to a phospholipase A1 enzyme at its 3’ end. In V. cholerae the vgrG-1 (tssI-1) gene encodes an actin rearrangement domain. The Aeromonas hydrophila vgrG1 (tssI1) encodes a predicted ADP ribose transferase. 

TssH (also frequently referred to in the literature as ClpV) is a member of the AAA+ ATPase family, which forms hexameric rings, and binds ATP through its conserved AAA domain. TssH has been shown to be essential for the secretion of TssD and TssI through the T6SS (Bonemann et al., 2009). The TssH protein consists of four distinct domains, a conserved N-domain, and two AAA+ domains, each containing Walker B and Walker A boxes nucleotide binding domain. TssH is similar to ClpB, which is an AAA+ ATPase, and a molecular chaperone, which functions as a protein remodeller. Protein remodelers, assemble or dissemble protein complexes and maintain a balance of proteins within the cell (Hodson et al., 2012).  The hexameric TssH protein structure is responsible for the disassembly of the TssB/TssC sheath, when it is in the contracted form (Bonemann et al., 2009). The N-domain of the TssH protein has been shown to bind to a specific N-terminal alpha helix of TssC (Leiman et al., 2009), and this causes the dissociation of TssC from TssB, and dis-assembles the sheath (Cascales and Cambillau, 2012, Pietrosiuk et al., 2011). 
The membrane associated subassembly complex: - TssJ, TssL and TssM form part of the membrane-spanning anchor region of the T6SS. In some systems an additional protein, TagL (T6SS associated gene L) is also involved, as discussed below (Felisberto-Rodrigues et al., 2011). 
TssM and TssL are both inner membrane spanning proteins, which show similarity to IcmF and DotU/IcmH, respectively, proteins which are part of theT4SSb. TssM is a large protein (approximately 130kDa), with a large N-terminal domain present in the cytoplasm, three transmembrane spanning alpha helices located in the inner membrane, and a large C-terminal periplasmic domain (Cascales and Cambillau, 2012). The cytoplasmic domain of TssM contains both Walker A and Walker B motifs, and the Walker A has been shown to exhibit ATP binding and hydrolysis. ATP hydrolysis allows the recruitment of TssD, which binds to TssL forming the TssM-TssL-TssD inner membrane complex. It is postulated that this complex could be essential for the passage of TssD across the outer membrane which is powered by the ATP hydrolysis of TssM (Ma et al., 2012). TssL binds to TssD, and forms part of the inner membrane complex. In some cases it also has a role in anchoring the T6SS to the cell wall. This is due to the fact that two versions of TssL exist - the “ancestral TssL” which does not contain the peptidoglycan binding domain, and the “evolved TssL”, which contains a peptidoglycan binding domain at its C-terminus. T6SSs which contain the ancestral TssL, contain an additional subunit which contains the peptidoglycan domain and can anchor the T6SS to the cell wall. TagL, TagP, TagN and TagW all contain peptidoglycan binding domains (Aschtgen et al., 2010b). Interaction studies have shown that TagL interacts with the ancestral TssL and acts as the attachment to the cell wall (Aschtgen et al., 2010a). TssJ (SciN) is a periplasmic lipoprotein, which is anchored to the outer membrane. TssJ is essential for the function of the T6SS and interacts with the periplasmic domain of the TssM protein (Aschtgen et al., 2008).  Both TssJ and TssL have been shown to homooligomerise (Rao et al., 2011, Durand et al., 2012) and it has been hypothesised that a ring complex of TssL-TssM-TssJ forms which spans the periplasm, in a similar mechanism to that employed by the T3SS and T4SS (Silverman et al., 2012). 
 TssA, TssF, TssG and TssK: There is little published literature on TssA, TssF, TssG and TssK, which are predicted to be cytosolic proteins not attached to the membrane. Their relationship with the T6SS and how they fit into either the phage-like subassembly complex or the membrane-associated subassembly complex is currently unknown. TssK is predicted to possibly bind the membrane-associated subassembly complex in the cytoplasm (Cascales and Cambillau, 2012).
A schematic representation for the current model of the T6SS is shown in Figure 1.5 and a summary of all 13 core subunits and their predicted functions and/ or cellular localisation is shown in Table 1.3.
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[bookmark: _Toc331430102][bookmark: _Toc367642944][bookmark: _Toc367643211][bookmark: _Toc231625930]Figure 1.5 Diagrammatic representation of the T6SS. Protein names are shown in yellow. Red labels refer to the membranes; IM = inner membrane; OM = outer membrane; PG = peptidoglycan. Adapted from (Cascales and Cambillau, 2012)
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[bookmark: _Toc232253025][bookmark: _Toc331430103][bookmark: _Toc368310804][bookmark: _Toc368310878]Table 1.3 List of core T6SS genes and their respective functions.
	Gene name in
	Encoded Protein Function

	tssA
	NKa

	tssB
	Sheath protein

	tssC
	Sheath protein

	tssD
	Tail tube protein

	tssE
	Baseplate protein involved in assembly of tail tube, and sheath.

	tssF
	NK

	tssG
	NK

	tssH
	ATPase dissembles the TssB/TssC sheath

	tssI
	Effector protein and forms “protein spike”

	tssJ
	Lipoprotein associated with OMb

	tssK
	cytosolic protein

	tssL
	Part of IMc channel. Evolved derivatives anchor T6SS to PG

	tssM
	Forms part of IM channel



 NKa, Not Known; OMb, Outer Membrane; IMc, Inner Membrane; PG, peptidoglycan.
[bookmark: _Toc231640630][bookmark: _Toc231625936][bookmark: _Toc232252974][bookmark: _Toc330960792]










[bookmark: _Toc331430104][bookmark: _Toc331551447][bookmark: _Toc367640407]1.4.5 T6SS-associated genes (tag)
tag genes are not part of the core set of genes present in every T6SS gene cluster. However they are usually found associated with T6SS gene clusters in a variety of bacteria, including B. cenocepacia, P. aeruginosa, B. pseudomallei and V. parahaemolyticus. Some of the tag genes may be secreted by the T6SS as effectors or they may modulate the function of the T6SS. The only one which has been ascribed a definite function currently is the peptidoglycan-binding protein, TagL, which is discussed in Section 1.5.4. A potentially interesting tag gene is tagD. This is present in a number of T6SS gene clusters and in some bacteria, including B. cenocepacia, the tagD gene encodes a C-terminal extension. In the case of B. cenocepacia this C-terminal extension shows homology to a phospholipase A1 enzyme (Fig 1.6).
 Analysis of the T6SS gene clusters in other bacteria has revealed that the gene sequence shown in Figure 1.6 (tssI-tagA-tagD) is reproduced in several other bacteria containing T6SSs. The tagD gene does not always have an extended CTD, and the genes do not always run consecutively, but the order is conserved (Fig 1.7).
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[bookmark: _Toc367642945][bookmark: _Toc367643212][bookmark: _Toc331430105][bookmark: _Toc232253011][bookmark: _Toc231625937]Figure 1.6 Genetic organisation of the tssI, tagA and tagD genes (BCAL1294-BCAL1296) in B. cenocepacia. The region of tagD encoding the phospholipase A1 C-terminal extension is shown in white. 
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[bookmark: _Toc232253012][bookmark: _Toc231625938][bookmark: _Toc331430106]
[bookmark: _Toc367642946][bookmark: _Toc367643213]Figure 1.7 Organisation of tagD – tagA – tssI gene clusters in a selection of Gram-negative bacteria. Some bacteria contain more than one tagD – tagA – tssI gene cluster; an example is B. pseudomallei which contains 3 of these clusters (shown in box).

This conserved cluster of genes suggests that, the tag genes are likely to be under the same regulatory mechanism as the tssI gene. Moreover, TagA and TagD could be secreted along with, or interact with, TssI in a number of T6SSs. 
[bookmark: _Toc331430107][bookmark: _Toc331551448][bookmark: _Toc367640408]1.4.6 Effector proteins secreted by the T6SS
The T6SS in V. cholerae has been shown to secrete five proteins: TssD 1 and 2 (hcp1 and 2) as well as TssI1, TssI2 and TssI3 (TssI proteins are usually referred to in the literature as VgrG (Valine-glycine repeat protein G)). Here I will adopt the nomenclature proposed by (Shalom et al., 2007). The fact that none of these proteins contain N-terminal signal peptides indicates that the Sec and TAT systems are unnecessary for T6SS (Pukatzki et al., 2006). Pukatzki et al also noted that the TssD protein itself must be involved in the T6SS process as the secretion of TssI1 and 2 were shown to be dependent on the presence of TssD. This dependence is also true in reverse, i.e. TssD secretion is dependent on the presence of TssI (Zheng and Leung, 2007, Hood et al., 2010). As TssD and TssI are associated with all known T6SS systems, it was postulated that they play a role as part of the translocon, as well as being secreted. This is further discussed in section 1.4.4. Non TssI effectors have been discovered, but are not well documented.  P. aeruginosa has been shown to secrete non TssI effectors  - Tse1, Tse2 and Tse3 which exhibit anti- bacterial effects (Russell et al., 2011).
[bookmark: _Toc331430108][bookmark: _Toc331551449][bookmark: _Toc367640409]1.5 Regulation of the T6SS
[bookmark: _Toc331430109][bookmark: _Toc331551450][bookmark: _Toc367640410]The regulation of the T6SS varies considerably between bacteria, and appears to be integrated into several known regulatory pathways. T6SSs are normally upregulated once contact with the host has been established, or once the bacteria are inside the host cell (Cascales, 2008). As this project does not focus on the regulation of the T6SS, I will present a brief overview of what is currently known. Further information on the regulation of the T6SS is presented elsewhere (Bernard et al., 2010, Leung et al., 2011, Silverman et al., 2012).
1.5.1 Regulation of transcription of the T6SS
In enteroaggregative E. coli (EAEC) and Edwardsiella tarda, iron has been shown to directly repress the transcription of T6SS genes via the ferric-uptake regulator (Fur) protein. In the presence of Fe(II) the Fur protein binds to specific Fur boxes in the promoter regions of the T6SS genes and prevents transcription (Chakraborty et al., 2011, Brunet et al., 2011). 
The sigma 54 RNA polymerase (RNAP) holoenzyme is believed to be involved in the transcription of several T6SSs, and can be regulated by activator proteins, in response to environmental or external signals (Cascales, 2008). These activator protein are believed to play a key role in the activation and repression of many T6SSs (Silverman et al., 2012).
[bookmark: _Toc331430110][bookmark: _Toc331551451][bookmark: _Toc367640411]1.5.2 Post-transcriptional regulation of the type T6SS
The Gac/Rsm signalling pathway has been shown to play a key role in the regulation of type VI secretion in various Pseudomonas species. RetS and LadS repress and activate one of the H1-T6SS in P. aeruginosa respectively (Mougous et al., 2006). atsR is a retS homologue found in B. cenocepacia, that is predicted to be a master virulence regulator which represses the T6SS (Aubert et al., 2008). Quorum sensing regulatory systems in B. cenocepacia are predicted to upregulate both the T6SS and biofilm formation, and  both are thought to be negatively regulated by AtsR (Aubert, 2012). Quorum sensing is predicted to effect the regulation of the T6SS in many bacteria, this is reviewed in (Silverman et al., 2012). 
[bookmark: _Toc331430111][bookmark: _Toc331551452][bookmark: _Toc367640412]1.6 The T6SS in Burkholderia cenocepacia
B. cenocepacia contains a T6SS gene cluster and this is present on chromosome 2. A diagram of this gene cluster in B. cenocepacia is shown in Figure 1.8. tssI is not present in the core T6SS cluster of B. cenocepacia, but 11 copies of this gene are found at different locations, on all three chromosomes. Alignments of these 11 TssI proteins are shown in Figure 1.9. The C-terminal extensions are not shown in the alignment, but are represented in Figure 1.10. As described in section 1.5.4 two of the tssI genes present in B. cenocepacia contain enzymatic C-terminal extensions. One of these “evolved” TssI proteins, TssI BCAS0667, contains a putative PLA1 domain (Fig 1.10).

[bookmark: _Toc331430112][bookmark: _Toc367642947][bookmark: _Toc367643214]Figure 1.8The B. cenocepacia T6SS gene cluster. Genes are represented as block arrows with the direction of the arrows representing the orientation of the genes. The tss ‘core genes’ are represented in solid block colours. The tss-associated genes (tags) are represented by hatched arrows. 11 copies of the tssI gene are distributed among all three chromosomes of the bacteria. 





BCAS0667    1 MSFAPNGGIPAGSGGNLLGSLSALGGLAGPVASTVAGQIGPLAGVASHIDTVQRAVQLAQ
BCAM0043    1 ------------------------------------------------------------
BCAM0148    1 ------------------------------------------------------------
BCAM2254    1 MSFAPNGGIPSGLGGGALGSLSALGGLAGPVASSVAGSLGPLAGLAGHVDTVQRAMQLAQ
BCAL1165    1 ------------------------------------------------------------
BCAL1294    1 ------------------------------------------------------------
BCAL1355    1 ------------------------------------------------------------
BCAL1359    1 ------------------------------------------------------------
BCAL1362    1 ------------------------------------------------------------
BCAL2503    1 ------------------------------------------------------------
BCAL2279    1 ------------------------------------------------------------


BCAS0667   61 TGFSLMNKTPAAIADALNNA-A-GGVA--RLTQLNRYVTIDSPLGP------------DV
BCAM0043    1 ----------------MADL-A-AFIRTPFFLQDKRLLALSFPHDDAPSVTDAYGRQRPA
BCAM0148    1 ----------------MDAH-SMIGALTGGLIQQERLLKLDTPLGSNVLI----------
BCAM2254   61 TGFSLMDKTPGAIAEAINGA-A--NPA--RLTQLNRYVTLDTPLGP------------DV
BCAL1165    1 ----------------MASD-MLDKVLRGGYAQFDRIVKLDTPLGDNWLT----------
BCAL1294    1 ---------------------M-SEIASFFQLQSNRLFTIETPLKG------------RS
BCAL1355    1 --------------------MSVITEFASLFGAFNRLY---SLDGSGALAAFQ-------
BCAL1359    1 ---------------------MDLVAALTGYGQATRHIQIDTAMPDAFV-----------
BCAL1362    1 ----------------MSTQSDLIQAFFRGWSQHDRFLWLTTPLGADKLVAES-------
BCAL2503    1 ------------------------------------------------------------
BCAL2279    1 ----------------MNTA-ELLRTFASGVVDQN-----NRPVRMNWGPAQK---TLEQ


BCAS0667  105 LL-VSTAVIDEHVNRLPEIHLDLLSH-QHDLVPDQLIGQPIKIRFDQSARQSTLERIVSS
BCAM0043   43 RLVAERLVAHEGLGIDFTFDVTLLSS-EAGITLADMLGKLLAVSMV--------------
BCAM0148   34 ---PHRVFGQSRIGRDYLFMVDCVST-SNDVQLKALISQPITLWIQ--------------
BCAM2254  104 LL-VSAAVVDEHVNRLPEIHLDLLSH-RHDLRPEDLIGQQVKIRFDQQARLSTLERVVAS
BCAL1165   34 ---PLYVKIKARLGRNFEVTVDASSVVGDKIKLSALMLQPVTLWIR--------------
BCAL1294   27 DLVLVDFHCTEGLSQNFEMHVRLASQ-DKNIELKKLIGQPVTITLQLTDAL---------
BCAL1355   31 ---IERWTGRESLSDLFEWNVDALST-DPALDLDAMLGQRVAIRTTLAN-----------
BCAL1359   29 ---VERFHGREGISESFRFEIDVLSS-EPFLDLAPLIGSAVRLRLA--------------
BCAL1362   38 ---LQGWESLD--RGGFRFQLTALTE-RPDLPLDKLIGASILIEWQVAD-----------
BCAL2503    1 ------------------------------------------------------------
BCAL2279   36 VLALQYADIREGLMTGIEGHLTCVSA-RADLPIRSFIGLPVSVEMT--------------




BCAS0667  163 GGADSIRYFDGYVTSFDRAGNPGKVTQYQMTVAPWFWFLTRSTDCRIFQNKTAQDILTEI
BCAM0043   88 RPDGGLRYFTGYCTAFSLVRNDDSIAEYRAVLRPWSHFLRTRVNNRLFLGQSLQQQIGTL
BCAM0148   76 QTDKSYLPHHGYIHTARKLGVDGGLACYQLSFSSWLHFLKFRRDQRHWQDKTVDAIIADV
BCAM2254  162 GAVEGDRYFDGYVASFDRAGNPGNVTQYHLTAVPWFWFLTRSTDCRIFQNKTAQDILTEI
BCAL1165   77 QTDGGYLPIHGYVQQARRLGNDGTLSYFQLHFASWLSFLKLSSDRRDWQEASGWQILTDV
BCAL1294   77 -ASSEERYFHGYVAAFSHLDTDGGFAMYSATILPWLWMLSRRQDIRIFQEENTEAILARV
BCAL1355   76 -GTTT--LRSGLVAEAECRGYDAGLARYHLRIVPWLAALAHARDERTFVNQTLADVLDTV
BCAL1359   71 TAAG-ERCWNGYVTHAAYAESDGEFTRYRLTMESWLALLKLRRNCLYFVDLDAEGICERV
BCAL1362   81 -GQGARRPFHGHVTAAERVGYNGGLARVRLVVEPWLALLHQRVDSYNFVNASVVEISEQI
BCAL2503    1 ------------------------------------------------------------
BCAL2279   81 TDRGRLHPINGIVTDVRTGQSDGSLTCYQLTIRDVLSVMERRTNSRLFRSKSLPDILGVL


BCAS0667  223 FQDHG------FTDFEFDIRTAQKPLEY----IV----MYQESYYNFCARLMEQEGLIWT
BCAM0043  148 LADYQG----LAPSWEWRVRGDDPARTM----NV-QGGGLGESDWNYIVRHLEAVGFLYW
BCAM0148  136 FDAHPQ----ARGMYRFELSQPLPS--------R-SYCRQDETDWNFVHRLLESEGLYGV
BCAM2254  222 FQEHG------FSDFTFDIRTSQKPLEY----VV----MYQESYYNFCARLMEQEGLVWT
BCAL1165  137 FDKHPQ----ASGNYGQELRTAMRS--------Y-SHRVQWETDWNFVHRSLEEVGVFPR
BCAL1294  136 FREYGK-----LASFEFRLSKGTQNRSY----CT----QYRETDLAFVERLMREDGLFYY
BCAL1355  133 FAPYAG--I-----ARWRLTPDAGRRLDALGPTAYRVQYRTHTHYEFVQHLLAEAGLGFC
BCAL1359  130 FGDYPE------AHWRYELVEPLRS--------FRLRGQYRETDLDFVSRQLSEAGLSFR
BCAL1362  140 FAHYAR--GAIAPAWRWALADPAKYANRSL------TAQAGESDFAFLERLWAEEGIFYW
BCAL2503    1 ---------------------------------------------------MRR------
BCAL2279  141 LQEWRQRSSALAGAFEFDLSGLQAARYP----ARELTRQVNESDAHFIRRLLRRDGATVF


BCAS0667  269 HRFEK------------EKHFLVIGDTNFVFR-PIDGLANLPYNASAASEDNG-------
BCAM0043  199 WEHDE------------KGLKLIVGDDSTVQCPAVDGRSPVIRFQTHDGPMAAD------
BCAM0148  183 W----------RQAQDGKSHTLVMTDRLQTLEP---LAPATVEFSRAGVHGEVD------
BCAM2254  268 HRYEK------------DKHFLVIGDTNLLFR-PIDGLATVPFAATEASEDSG-------
BCAL1165  184 F----------DFAKDGKSHKVVMMDDLYFGPS---LPNSEMKFSHAGTDEDFD------
BCAL1294  183 FEHAK------------DGHKLIIADNSVTAK-PIDGRSPSLQYNQGEAMDNLA------
BCAL1355  186 FVEDEDAPA--------GHTMLVFDDSA-QLA-EDDTSARRGGVPRRSSGTATGADDVIL
BCAL1359  176 IEHGQDAGKA-----PSGDHTVVVFDRHARLPD---GS--AIAFNAQDVGDPDG------
BCAL1362  192 FEHQGDAHS-----TDLGKHTLVLADTNQRFA-PAEPE--VIGFHQTSDGDPRG------
BCAL2503    4 ----K------------GGE-------DAPKR-PFAARQR---HGSGRSR----------
BCAL2279  197 VKAGKAGERASGQAHDTPVHTLVFADDSMKLPE---TVAGTIRYHRDAATEARD------


BCAS0667  309 -IDQLHEGRRFGVGKIAFRDFNHQNPSSPLMLAQAE-PENLRHAGLE-TTE--RFEHQS-
BCAM0043  241 AISQWSAVRSLSAGSYSATAFDFKAPHAAHAQI----PTLHPPGVAP-QVEHHEYVGHY-
BCAM0148  224 ALTQWAGTRTLQSVLLSTRTFDYKNPSTPANPKATSVPTMANQGDLPSQAEVYEYTGGY-
BCAM2254  308 -IDQLHEGRRFGVGKVTFRDFNHQNPSSPLMLVEAG-PQNLKHARLD-ATE--RFEHQS-
BCAL1165  225 GLTQLSEQQDAQSATLTLGTVDYKRPDLDKQT---S-TPAADLDELPGQGEEYLYTGSQ-
BCAL1294  224 VITSFQAQRQLAPDTVGLKTFDYKIPHARRF--VSG-GTEVNQGDVP-SYEIYDYLGEH-
BCAL1355  236 GIGQSLSLTADRITLISS---DYRVNRATTASTTLG--------RPAGARELYDDVGPE-
BCAL1359  220 VMTQFSDRRQLVPDRVVATSWKASELHALAGH--AQ-QPA--DADAPLLPVREIYDGQRA
BCAL1362  238 GIRQFMNARRWRIGSIARASWDHRSLSTRPSSVRAS--------GAVAPGEDRDVAGPY-
BCAL2503   27 EQANWA-----------RQRGPFVQQVALRV--SGG-NTGVDQGDVP-AYEIYDYLGEH-
BCAL2279  248 SITLWATSRRLIPGKVVRPTWDYKSGRMSQTEQATIVDQGDGGNDLGHLLADVVIDIPH-


BCAS0667  363 -LFDHG-DDGDRYARIAMQAEEASAHRYTGSGYAWRMSAAGSVTVTN-----HPV----M
BCAM0043  295 -GFAKQTRAGDALARVRMEEIEAAATRFDAAGNHHGILPGRWFQLSD-----HFSAASGS
BCAM0148  283 -TYPEQ-ERGDHLGKIRMEEWESRAKRYDGVGGVRRIDAGRRFTLTG-----HPEHDQDA
BCAM2254  362 -LYDHG-DDGNRYARFAMEAEEAQAHRYTGGGYAWRMTTAGAVTVAN-----HPV----L
BCAL1165  280 -TWAES-DAGQQQARIRTEEWASRAKRYFAIGSPRYALPGYWFKVSG-----HPLFDALP
BCAL1294  279 -GFADS-DRGEELARFRTEALAAHSKTFVGVTTGRRMMPCRYFELDD-----HYDHASTK
BCAL1355  284 -AFDSL-REAEDTVRRQADAIVSRASFWTGYGTLRTARAGRALKLVDAGWQPVRG----A
BCAL1359  275 GRFDTS-GDAQRYAEQRLDALQLAKRVYRGGGSSRTLETGKVHTLND----------Y-L
BCAL1362  289 -AFQTA-AIGDQRAQQQLDAQRVAALQTEGSGTRRDLRPGLRFAMSR-----HPS----L
BCAL2503   71 -GFPDS-DRGEDLARFRAQALAAHSKIFTGTTTSRRMTPARYFQLDE-----HYDHEG-K
BCAL2279  307 -AGDSS-SDLDRIGKDRMLAHELRAESVDGVSNVRDLAVGHWFALAE-----HPQLDTLP




BCAS0667  412 ANNQEYAVLHVRHEAVNDYTEHN-------------------------------------
BCAM0043  349 PQDHEYLILEARHEAANNYLQAD-------------------------------------
BCAM0148  336 ADHREFAVIEVEWIIVNNVPLSGHEANYPH------SLYSA------VKQADADDPDKLF
BCAM2254  411 ENNQEYVILHVRHEAVNDYTQHS-------------------------------------
BCAL1165  333 EEERELSIIASDWLIQNNLPGMDALTRFPR------SLRSE------IEQVHATG--VGT
BCAL1294  332 QEDRQFLLLTVSHTGTNNYEPGE-------------------------------------
BCAL1355  338 AAPEDFLLTRVEHVGINNLPATVMEAIERRLGPLPAAAL-DPR-----------VV----
BCAL1359  323 GGTVRFVPLSIEHEAVNNLGAQI-------------------------GQL---------
BCAL1362  338 DPSRAFVCLRVEHDARANVSADVHGAIAQRLGAIPPGLDIAPGEPGDAQALHAAFDATTH
BCAL2503  123 PEDRQFLITGVMHAGSNNYQAGE-------------------------------------
BCAL2279  360 AEQRQFVVTSLHHCVRNNLPKELNER--AQ------SLFAA------SRVLFNAVPADLS


BCAS0667  435 -------AKLPYRNTFSLLPKKFPYRSPRN-------TPKPVIHGTQSAIVVGPKGEE--
BCAM0043  372 -------GKPEYRNRFVAGHRRTPWRPGRGFN-----SEPVRVLAPQTATVAGAKGAG--
BCAM0148  384 TVSHDDGSTGFYRVAIEAQRTSVPYRSPLE-------HRK-PEAKLESAIVAGPKGQQ--
BCAM2254  434 -------AKLPYRNSFSLLPKKIPYRAPRA-------TPKPVIHGTQSAIVVGPKGEE--
BCAL1165  379 TVSHRDGGIGFFHVEIEAQRRKTPFRSPFE-------HEK-PEMHLQTAIVVTDSDEE--
BCAL1294  355 -------GTSAYSCSFTCIRKKIPYRPAFE-------GERPTIVGPQTAIVVGPKGEE--
BCAL1355  382 ----RQAQAGGYANRFDAVPRTQVWRPTLADGTGQRLNPVPTALGAQTAIVVGPAGDARP
BCAL1359  349 -FGRGELDKGLYRNRFVAVPEGTPIVPPFR-------DRP-TVYGVQTAIVVGEPGGR--
BCAL1362  398 AGGALVDGDEVYRNRFAALPFDQAYRPLAPSGHGARVHPVAVMPGAQTSIVVGAGD----
BCAL2503  146 -------GAATYACSFTCIRKKIPYRPPFT-------IAKPTIIGPQTAVVVGPKGEE--
BCAL2279  406 -GKPGDESDRRYENTFSCVRRGVPLTPAYDPH-----VDL-PPVHPMTAVVVGPEGEE—


BCAS0667  479 -----IHTNG-SAVKVHFLWDRRG--------------------KLD-GSDSMWIRVSQP
BCAM0043  418 ----SVDVDEYGRVCIVYHWDRAA--------------------Q-----ISARIRVAAG
BCAM0148  434 -----AYTDSLNRIKVLFIWDRHN--------------------EGD-ERASCWVRVAQS
BCAM2254  478 -----IYTNG-SAVKVHFPWDRRG--------------------KKD-GSDSMWVRVSQP
BCAL1165  429 -----IHTDDGNRVRVRTSNSR-K--------------------DRN-TKSTSWIRAAMP
BCAL1294  399 -----IYTDSLGRVKVQFHWDRLG--------------------KRD-QGSSCWVRVSQP
BCAL1355  438 GSTGPVHADAQGRLRVRFHWQAQDD------------------------AGTYPTRAIQR
BCAL1359  398 -----VSSTRDHQVRIQFPWMRGVAPLPGGLTDTASRSNPTGHAPGD-HRSGILVRVAEQ
BCAL1362  454 ----PVHTERDHRIRIQHHAQRGQNSASRDEHPR------AANAPADRGAGT-WTRMVTS
BCAL2503  190 -----IYTDSLGRVKVQFPWDRLG--------------------ERN-QSSSCWVRVGQP
BCAL2279  457 -----VFCDEMGRIRVRIQGLSADDHAH----------AQGAGTSGT-PSDSAPVRVACA


BCAS0667  512 WAGDGWGAAAIPRINQEVLVAFNQGDPDNPVIVGRVYNGEQG------------------
BCAM0043  449 WAGGEKGMIAHPRVGSEVLVMCLDGNPDRPVVSGTTYNAERM------------------
BCAM0148  468 DTGDGYGGVHMPRAGEELLIGHIGNDIDRPIALHRVYNGAAK------------------
BCAM2254  511 WAGDGWGAAAIPRIKQEVLVAFNQGDPDNPVIVGRVFNGEQG------------------
BCAL1165  462 DAGSKRGGYFPLRKDDQVLLGFVNGDCDRPVIISRLHGGVTM------------------
BCAL1294  433 WAGSGFGMIQIPRIGDEVVVSFLDGNPDRPLVTSRVYNSQNM------------------
BCAL1355  474 LASDGHGLQQLPRIGHEVLVQFHHGLIHRPIVLGGLFNGRGEGGESP--SPGGAAGKPLD
BCAL1359  452 AAGPNFGHAFVPRVGAEVVVGFESGNIDAPVVLGQVYGGRVR------------------
BCAL1362  503 IGGDNWGGVSVPRVGQEVWTEWLEGQPDRPIAVAALYNGQGNADAQHNALAGGPSGSTAN
BCAL2503  224 WAGSGFGMVNIPRIGDEVVVIFLDGDPDRPLIISRVYNAQNM------------------
BCAL2279  501 LAGPSFGANTLPRVGMEVLIGHIGGDPDRLVVMGVLANGPNM------------------


BCAS0667  554 -----------------------NPYHG--------AAGQT-MGIKSQTHKG---AG---
BCAM0043  491 -----------------------PPWAL--------PDQHVLTGLRSRELSGDSGNAAGG
BCAM0148  510 -----------------------PRWHS----------NALLSGYRSQEFSGSG------
BCAM2254  553 -----------------------NPYHG--------AAGQT-MGIKSQTHKG---QG---
BCAL1165  504 -----------------------PVWHT----------HGLLSGFRSREYGGDG------
BCAL1294  475 -----------------------PPWAL--------PANATQSGILTRSTKTGNVNT---
BCAL1355  532 ASIYTQAGDHAPSAQGNLASGLSPAWHGAGGGTDRHNHAGALSGFKSQGFDG-------H
BCAL1359  494 -----------------------PPFSAGEGSD--ANHSGTLTGLQTQTLDGQP------
BCAL1362  563 AAAWFAG----------------------------NDHAAVLTGFKTQDLNASQTG--AG
BCAL2503  266 -----------------------PPWAL--------PASATQSGILSRSTKGGNVNT---
BCAL2279  543 -----------------------PATFSHTGAL---PGNRYLSGTKTKEIKGQR------




BCAS0667  576 -SNELRFSDVNGAQEVFLHAQKDMNTV-IKDSETHTVEAG-------GRTVSLLKGSETK
BCAM0043  520 RSNHVLLDDTPQQLQLKLRSDTDASELTLGHNVRIDATQGRTDQ--RARGFELRTDAHGA
BCAM0148  531 -YNQMVMDDSTGQNRVHLYSSSTNAALHLGYL---IDQNDNARGGYLGKGFDLSSEAYGA
BCAM2254  575 -SNELLMSDVNGAQMLYMHAQKDMHTV-VEDAQWTQVLKG-------DRTVEVGKGNHTT
BCAL1165  525 -FNQLVMDDATGQNRVHLYSSSYSSHLHLGYL---IEQSDNTRGSFLGNGFDLKSGAYGA
BCAL1294  501 -ANAIRFEDKKGEEEVWLHAEKDQRIE-VEHDESHWVGNDRTKNIDHDETVHVGHDRTET
BCAL1355  585 GHNQLVADDSDGMGRLQMATTHAATQLNLGHL---RHQADNYLGSFRGQGVELRSDAYGA
BCAL1359  523 -GSRWVMDDAAGQLRHELSNSTADTRLAQGYL---IDQQGTMRGAYRGEGFELATQGWGV
BCAL1362  593 GSRQFMLDDTAGQSSARLYTTDHGSGLTLGHI---KQVQDNRRLADRGYGAELSTQAAAA
BCAL2503  292 -ANAIRFEDKKGEEEVWLHAEKDQRIE-VEHDESHWVGNDRAKNVDHDETVHVGHDRTET
BCAL2279  571 -YNQIRFDDTPGQISSQLASEHAYSQLNLGYL---TQPRDNGQGTARGEGAELRSDAHVA


BCAS0667  627 QIAQGG-----------------LKETI---ALTRDTTANVI------------------
BCAM0043  578 VRAAKGLLVTSEARYDARAHATDIGETVARLDKAHDLHESLSGSAHDVKAQESGD-----
BCAM0148  587 LRAGRGLFVTTHPVASQ---PLDASLATRQLNGSANILDGLSQASETSKAESLKD-----
BCAM2254  626 AVAVGN-----------------LSDVV---VQGNTLHQT--------------------
BCAL1165  581 VRAEQGLYVSTQPATAQ---PLNVTAATDPLAGAEAVLETVSKASETNRAESLQD-----
BCAL1294  559 ---VD------------------NNETI---HVGVDRTETVG------------------
BCAL1355  642 MRATRGLLVSSYAPAGAAQPAGDASALQALLARHTALVRRFDQTADTHGTLPFAARRGVE
BCAL1359  579 VRAGAGVLMSSTARRLGVSTQMDVAERVEQLKGAAKTAQELDTAATGAQAAGLSANKA--
BCAL1362  650 LRAGAGLLISTAPGVNQM----DASAASQVLAQQREMLQGL---------AKFARKQGAE
BCAL2503  350 ---VG------------------NNETI---TIGVDRTERVG------------------
BCAL2279  627 IRSGKAMLISAWERLRA---SD-GHLARD------EYLQLMQECVELF—KSLGDYAGQH


BCAS0667  649 -------------------------------NTKAIA-----------------------
BCAM0043  633 --------------------QDAVHQALRTQNDGLRGSGG----------NPQQGEFPEF
BCAM0148  639 ----------------GHDTFKAFADATQHSESGATGGGG------V-TAGGGTGDASAF
BCAM2254  646 ------------------------------------------------------------
BCAL1165  633 ----------------GQAALKSFTDATQRTVAGSA-SGG------R-TAGGGTGNANGF
BCAL1294  577 -------------------------------NNETLTVGG----------NRN-ETIEGM
BCAL1355  702 QA-------GQSSLNGSAAPLDALAQSFATTVG----ANGYTQASADAAQRSTGNALPHT
BCAL1359  637 ----------------QTDFLKAIDPAQDGKYAGSVGGQSATKP-TG-TQRDGGDPVERF
BCAL1362  697 PGASTAQPDGVASVGDTTSPLVAIEGLQQSQVS----L-GATREGSG-ASGAGGGAVAWQ
BCAL2503  368 -------------------------------NNETLTVGG----------NRN-ETIEGM
BCAL2279  675 ---------------QGVAPDTQPHDALMTTVKGWPN--G------K-ASD—GGESSGA

	
BCAS0667  655 --------S------------------------KAGPGMQSHQASDGIEHR--VGDGVVT
BCAM0043  663 AQPFLALASPAG------------ILATTTGSTHVASDQHV-ALTSGAHTSIGAGKSMLV
BCAM0148  676 KQPVILMAAPAG------------IGLSTQKSTHVAADQHV-NIVSGQSTHVATGKSLVA
BCAM2254  646 -----------------------------------PQGVHTLEAKELWIKIGGDGGTRIH
BCAL1165  669 AKPVMLLSSPEG------------IAASTQQSVHVTANQHA-NVVAGKNVNLAAGKALLV
BCAL1294  595 ENLLIALTSTETVGLAKALTIGGAYTVTVAGAINTAAGLASAE-EVGLSKTTMVGKTYTV
BCAL1355  751 GDAVLGIEARGG------------HGLVAGQALQWAAGETL-SLGSGGDFNLAAAQQLRI
BCAL1359  679 ATPVVLMESPEN------------IVVTTPESAVSYAAQHV-HLTSQGDAHVGAGATVAA
BCAL1362  751 HPH-LVAHGAAG------------VAALTAQSHVWTSGTQT-VLSAGRDVQVTVQGKSSI
BCAL2503  386 ENLVIALTSTETVGLAKALTVGGGYQVTVAGAVNTSAGLASAE-EVGLSKTTMVGKTYMI
BCAL2279  709 SMAAIGITAPAG------------ISMATPKTVTTHAGGNV-DVVAQNHLQYTSGQRINL


BCAS0667  681 MTPDSIKLT-------------FGPSTIVINANG-----------------IYLDGPV--
BCAM0043  710 SAQQAVRVAAF----------EKGIRLVAAAADIDIQALKD-SINVLAKLDVKVDANR--
BCAM0148  723 SITEKLSLFVQ----------NAGMKLFAAKGKIEVQTHAD-NVEVTAQKSLLLASVTEK
BCAM2254  671 MTADSIDIY-------------KGDSVIHLDDSN-----------------INIQAAR--
BCAL1165  716 SVLDKISLFAQ----------NLGIKIFAAKGSVDIQAQSG-SASLVGLQDVKIESADGR
BCAL1294  654 TAGDRIELR-------------TGKASIVLESSGHITISGT-SIDILGSDAVKVDGKT--
BCAL1355  798 HSGQGIGWLAG-----ASHAERVGIGMIAGKDGLTLQAQRD-VLGLHARDDLTLASASAD
BCAL1359  726 ATGDAMSLYSV----------AGGLKAIAGEGPVSVEAHAS-TMEILADQTVRVTSTDER
BCAL1362  797 VAKEGIALYTHGTPGGSRPVPAAGIALHAATGAVTVQAQNGGTLDASAQRAVTVSSAKAS
BCAL2503  445 TAGDRIELK-------------TGSAVLIMESNGHITLRGT-QLLIEGSGPVQINGRD--
BCAL2279  756 QAGHGVAMFAH----------SEGVSAIANQGKVALQSQND-DTQIDSAKNIQMTAGGGK 





BCAS0667  709 -IHLNRGSAQSAEQ-ALALEWAAEQATIAKGLASPDPATRAAAAKLASSLKAQQLAKLAD
BCAM0043  757 -ITITAKEEVLINGGTSYTRWNGSGI--VHG------------------TKGEFTAHAAS
BCAM0148  772 VQAS-AQQEILLTSGGAYIRLKGGDIEIH--------------------APGKIDIKGAQ
BCAM2254  699 -TDINPKNG---------------------------------------------------
BCAL1165  765 LILT-AAKEVWIGAGGSYISIKGGLIENV--------------------TTGQILEKCGS
BCAL1294  698 -VDLN-------------------------------------------------------
BCAL1355  852 VEIAAKKTVHLAVSGGAHVTIEGGDVTFG--------------------CPGKFVVYAAQ
BCAL1359  775 VDVL-AQDAIVLQQGPNRITLKGGDIVVE--------------------TPGQFAVKAGG
BCAL1362  857 VALQSPKRL-LLTAANAFLKMEGNDIVIG--------------------APGKATFHAAQ
BCAL2503  489 -VDIN-------------------------------------------------------
BCAL2279  805 LAGMASEQVVFVTSGGAYLKLQGGDIELG--------------------CPGSFTVKSAS

BCAS0667  767 HVYHPNDPPPTGWKMATNDPEA----LKA--------------FGLKPSDFEKSGSNFGS
BCAM0043  796 HTFIGPDSLP--------------------------------------------------
BCAM0148  811 HAFSGPARMDVTHPAFKDLPTRRLMLNTM----ASPSATRVVPVGMPYKLYA-DGALVKQ
BCAM2254      ------------------------------------------------------------
BCAL1165  804 WDKPSGASGTIRDP-LKATPV--------------------STDGGRGSLFS-G------
BCAL1294      ------------------------------------------------------------
BCAL1355  892 HAFVGPAQLNTPLPQFPEKVCVECLLHAMQSG----------------------SALAGK
BCAL1359  814 HPFPGPRATSVKLPALPVLPQGDPCDFLVQALAASPA-GRGAVAGG-GSLVGAASSIVGA
BCAL1362  896 HTLTGPRSANVQLPS---------------------------------------------
BCAL2503      ------------------------------------------------------------
BCAL2279  845 HTWAGPASMSADFPKFDQGSLGRVPKLVR----ATDG---QPVEGMEAEVRKASGELI-K

[bookmark: _Toc367642948][bookmark: _Toc367643215]Figure 1.9 Amino acid sequence alignment of the TssI proteins present in B. cenocepacia strain J2315. Multiple sequence alignment was performed using ClustalW and conserved residues were highlighted using the Boxshade server. Amino acids shown in white with black highlighting are identical at the corresponding position in 6 or more sequences. Amino acids shown in white with grey highlighting are similar at the corresponding position in 6 or more sequences. Regions homologous to the bacteriophage proteins Gp27 and Gp5 are enclosed in pink box and blue boxes, respectively. Turquoise highlighted methionine corresponds to the start codon indicated in the NCBI database. Yellow methionine corresponds to alternative potential start codon based on this sequence alignment. Note that BCAL2503 is truncated at its N-terminus and fused to the BCAM2254, therefore it is probably inactive. The C-terminal extensions of the TssI proteins are not shown, as they exhibit no homology.
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[bookmark: _Toc367642949][bookmark: _Toc367643216]Figure 1.10 Diagrammatic representation of 10 of the 11 TssI proteins found in B. cenocepacia strain J2315. TssI BCAL2253 is not shown, it’s N-terminal region is fused to TssI BCAM2254 and it appears to be truncated. The conserved TssI region is shown in red, the putative PLA1 domain is shown in yellow, the tandem repeat domain is shown hatched in red and white, the metalloprotease domain is shown in purple and domains of unknown function are shown in blue.








[bookmark: _Toc331430113][bookmark: _Toc331551453][bookmark: _Toc367640413]1.7 Bacterial lipases, phospholipases and esterases
The C-terminal domains of TssI BCAS0667 and TagD BCAL1296 demonstrate a clear homology with both putative and confirmed phospholipases (Fig 1.11), specifically phospholipase A1’s. Phospholipases are a specific type of lipase, lipases are a subclass of esterase enzymes, and esterases are a type of hydrolase. All of these enzymes will be discussed in this section.  
[bookmark: _Toc331430114][bookmark: _Toc331551454][bookmark: _Toc367640414]1.7.1 Hydrolases, esterases and proteases
Hydrolases are a very broad class of enzyme (EC 3), which catalyse the breaking of a chemical bond through hydrolysis. Many subclasses of hydrolase exist, including nucleases, esterases and proteases. Esterases cleave ester bonds by the process of hydrolysis (Fig 1.12). 
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[bookmark: _Toc331430115][bookmark: _Toc367642950][bookmark: _Toc367643217]Figure 1.11 Multiple sequence alignment of the putative PLA1 domains of B. cenocepacia TssI BCAS0667 and TagD with other characterised or putative PLA1 enzymes. Multiple sequence alignment was performed using ClustalW and conserved residues were highlighted using the Boxshade server. Catalytic triad (S, D and H) highlighted in red boxes. Amino acids shown in white font with black highlighting are identical at the corresponding position in 4 or more sequences. Amino acids shown in white font with grey highlighting are similar at the corresponding position in 3 or more aligned sequences. TssI BCAS0667 and TagD from B. cenocepacia; V. cholerae phospholipase is HE48; P. atrosepticum Phospholipase is unnamed; T. brucei Phospholipase = TbPLA1; Y. pseudotuberculosis lipase = Ypla1.
[bookmark: _Toc330960795]

[bookmark: _Toc331430116][bookmark: _Toc331551455][bookmark: _Toc367640415]1.7.2 Lipases
Lipases are a type of esterase that act specifically on lipids. Lipids are hydrophobic molecules, many of which can form membranes or vesicles when in aqueous solution (Jaeger et al., 1994).  Due to the large number of different types of lipid molecules including phospholipids, monoglycerides, diglycerides and triglycerides amongst others, lipases with different specificities exist, which fulfil a variety of roles, and hydrolyse a wide variety of substrates. Despite this diversity of function, almost all lipases employ an alpha/beta hydrolase fold (Ollis et al., 1992, Nardini and Dijkstra, 1999). This fold consists of a conserved alpha beta sheet, which generally contains 8 strands connected by α helices. All enzymes containing the alpha/beta hydrolase fold hydrolyse their substrates using the catalytic triad mechanism first described in chymotrypsin (Bender and Kezdy, 1965). Initially thought to be exclusive to proteases, this triad was eventually discovered to be present in a large number of hydrolases, including lipases (Brady et al., 1990). Proteases are a well studied and characterised subset of hydrolases. The MEROPS website (http://merops.sanger.ac.uk/index.shtml) contains a huge amount of data related to proteases and classifies them into families and sub families. The TssI BCAS0667 protein (a predicted phospholipase A1) is placed into the S1C subclass which consists of bacterial peptidases that relate to the DegP protease of E. coli. The TssImp BCAL1359 protein (a putative metalloprotease) is placed into the M12B class which is made up of metalloendopeptidases similar to adamalysin (Crotalus adamanteus).
The catalytic triad consists of three conserved amino acid residues – serine (S) aspartate (D) and histidine (H). These three residues are held in place on β-strands in the alpha/beta hydrolase fold, to allow them to act together and hydrolyse the substrate. Hydrolysis occurs in the form of a nucleophilic attack on the carbon atom of the ester bond by the serine residue. Upon binding of the substrate the histidine residue hydrogen bonds to the aspartate residue and accepts the H+ ion from the Serine OH group (Fig 1.13 A).  This allows the nucleophilic serine to attack the C=O bond in the ester, forming a tetrahedral intermediate (Fig 1.13 B). The histidine residue which removed the H+ ion from the serine transfers it to the ether linkage in the lipid backbone, thus breaking the ester bond (Fig 1.13 C). The addition of H2O to the reaction allows release of the complete serine residue, and the formation of a new carboxylic acid group (Fig 1.13 D). The final stage of this reaction (illustrated in Fig 1.13 E) is actually co-ordinated by the histidine residue. This accepts a hydrogen from the water molecule, which allows the oxygen to attack the carboxyl carbon group (breaking the acyl-enzyme bond). This releases the remainder of the substrate, and the histidine donates its excess H+ ion to the serine residue, returning it to its natural state. (Brady et al., 1990).
Two types of serine lipases/esterases containing a catalytic triad have been identified, the more common is the GXSXG lipase, named according to the conserved residues surrounding the catalytic serine residue. These conserved amino acids create a “nucleophilic elbow” with the serine residue at the tip (Ollis et al., 1992). The GDSL lipases, also named after the conserved residues surrounding the nucleophilic serine, contain the same catalytic triad as the GXSXG lipases (serine, aspartate and histidine) but do not possess the same nucleophilic elbow, and exhibit more active site flexibility (Akoh et al., 2004, Hilton and Buckley, 1991). 








 (
Water
)[image: ]
[bookmark: _Toc331430117][bookmark: _Toc367642951][bookmark: _Toc367643218]Figure 1.12 Diagrammatic representation of the hydrolysis of an ester bond by an esterase. The cleavage of the ester linkage by an esterase which breaks the ester bond in the presence of H2O yields two products; a carboxylic acid and alcohol.
[image: ] 
[bookmark: _Toc331430118][bookmark: _Toc367642952][bookmark: _Toc367643219]Figure 1.13 Simplified diagram of lipase activity, showing the nucleophilic serine residue of a catalytic triad. The effects of the histidine and aspartate residues of the triad are not shown. A the aspartate allows the histidine to remove a proton from the serine hydroxyl group, rendering it nucleophilic. B The serine then attacks the carboxyl carbon and forms a tetrahedral intermediate. C The histidine then donates the proton to the ether bond in the lipid backbone, breaking it to form an alcohol. D The addition of H2O co-ordinated by the histidine residue (not shown). E the separation of the serine from the lipid which releases the second part of the substrate. 
[bookmark: _Toc330960796]




[bookmark: _Toc331430119][bookmark: _Toc331551456][bookmark: _Toc367640416]1.7.3 Phospholipases
A phospholipase is a lipase which is capable of hydrolyzing a phospholipid. Many phospholipases are also capable of hydrolysing other lipids, as well as phospholipids. There are four major types of phospholipase, which differ according to which bond they cleave.  Phospholipase A cleaves the sn chain releasing a fatty acid; phospholipase A1 (PLA1) can only cleave in the sn-1 position (Richmond and Smith, 2011), and phospholipase A2 (PLA2) can only cleave in the sn-2 position (Balsinde et al., 1999). Phospholipase B (PLB) cleaves at both the sn-1 and sn-2 position. Phospholipase C (PLC) acts on the phosphoester bond at the sn-3 position and releases the phosphate head group and a diacylglycerol molecule. Phospholipase D (PLD) cleaves on the other side of the phosphate group to PLC and releases an alcohol and a phosphotidic acid molecule (Fig 1.14) (Jenkins and Frohman, 2005).
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[bookmark: _Toc331430120][bookmark: _Toc367642953][bookmark: _Toc367643220]Figure 1.14 Cleavage positions of the major types of phospholipase. Red arrows demonstrate the bonds which are hydrolysed by the phospholipases shown. Phospholipases which can hydrolyze both the sn-1 and sn-2 acyl chains are termed phospholipase B (PLB)



[bookmark: _Toc330960797][bookmark: _Toc331430121][bookmark: _Toc331551457][bookmark: _Toc367640417]1.7.4 Roles of phospholipases
Phospholipases fulfil a variety of roles, and are structurally very diverse. Their main functions can be split into three broad groups.
1. Digestive enzymes and role in snake venom (Withers-Martinez et al., 1996), (Prigent-Dachary et al., 1980).
2. Cell membrane maintenance, structure, function and curvature (Brown et al., 2003).
3. Influence on signalling mechanisms within cells and cell-cell signalling. (Forlenza et al., 2007)
[bookmark: _Toc330960798][bookmark: _Toc331430122][bookmark: _Toc331551458][bookmark: _Toc367640418]1.7.5 Secreted lipases and phospholipases of bacteria
TssI BCAS0667 is predicted to be secreted, injected directly into a target cell or presented on the surface of B. cenocepacia, based on previous studies involving TssI (section 1.5.4). It is therefore important to consider the function of secreted and extracellular lipases and phospholipases, especially phospholipase A1 enzymes.
One of the first indicators that lipases may be important virulence factors was the discovery that Staphylococcus aureus produced an extracellular lipase which was shown to affect cells of the human immune system, including neutrophils and granulocytes (Rollof et al., 1988). The role of this lipase as a virulence factor was also supported by the discovery that people infected with S. aureus were producing antibodies against its lipase (Ryding et al., 1992). Pseudomonas aeruginosa, which is an important human pathogen that causes infections in people with cystic fibrosis, also produces an extracellular lipase, which works in conjunction with other lipolytic enzymes as a virulence factor which disrupts membranes, including those found in the lung (Nardini et al., 2000).
The alpha toxin of Clostridium perfringens (Cpa) is a phospholipase C (PLC), which has been shown to hydrolyse both  phosphatidylcholine and sphingomyelin (Rood, 1998). It has been shown to be secreted, and is a major virulence factor, which can lyse red blood cells, and is a causative agent of gas gangrene (Awad et al., 2001, Sakurai et al., 2004). 
Pseudomonas aeruginosa is also known to secrete a phospholipase C enzyme, which has been shown to be a virulence factor. This enzyme increases the ability of P. aeruginosa to infect mice (Ostroff et al., 1989), and also plays a role in damaging the lungs of cystic fibrosis sufferers who are colonised with P. aeruginosa (Wargo et al., 2011). A homolog of this PLC is present in B. cepacia (Vasil et al., 1990).
PLA1 enzymes, alongside PLB enzymes remain the least studied of the phospholipases. However, some PLA1 enzymes have been characterised as secreted virulence factors of pathogenic bacteria (Songer, 1997). YplA is a PLA1 enzyme produced by Yersinia enterocolitica, which has homologues in several other bacteria (Meysick et al., 2009) (TssI BCAS0667 PLA1 domain shows ~ 30% identity to YplA). This protein has been shown to be associated with increased inflammation and colonization in mice (Schmiel et al., 1998). 
Further examples of phospholipase A enzymes that have pathogenic roles include the lysosomal phospholipase of Trypanosoma cruzi, which causes lesions which can lead to further bacterial infections upon the lysis of the T. cruzi (Wainszelbaum et al., 2001), and PhlA protein which is an extracellular PLA1 from Serratia marcescens that causes haemolysis of human red blood cells (Shimuta et al., 2009).
[bookmark: _Toc367640419]1.8 Hypotheses
· TssI BCAS0667 and TagD BCAL1296 exhibit phospholipase A1 activity.
· Two or more different TssI proteins are able to interact with one another.
· TssI BCAL1294, TagA and TagD interact with one another and the core Tss proteins in B. cenocepacia.
[bookmark: _Toc330960800][bookmark: _Toc331430123][bookmark: _Toc331551459][bookmark: _Toc367640420]1.9 Main aims; Key research questions
· Characterisation of the putative phospholipase A1 TssI BCAS0667
· Determination of the interactions of TssI proteins with one another, and the other core members of the T6SS
· Characterisation of B. cenocepacia TagA and TagD, and their interactions with the core proteins of the T6SS






[bookmark: _Toc331430124][bookmark: _Toc331551460]


[bookmark: _Toc331590605][bookmark: _Toc367640421][bookmark: _Toc367643221][bookmark: _Toc368310879]Chapter 2
[bookmark: _Toc331430125][bookmark: _Toc331551461][bookmark: _Toc331590606][bookmark: _Toc367640422][bookmark: _Toc367643222][bookmark: _Toc368310880]Materials and Methods











[bookmark: _Toc231625941][bookmark: _Toc231640633][bookmark: _Toc232252977][bookmark: _Toc331430126][bookmark: _Toc331551462][bookmark: _Toc367640423][bookmark: _Toc231625942]2.1 Bacterial Strains, Plasmids and Primers Utilised
[bookmark: _Toc232253026][bookmark: _Toc331430127][bookmark: _Toc368310805][bookmark: _Toc368310881]Table 2.1 E. coli strains used in this study
	Strain
	Genotype
	Reference

	JM83
	F- ara∆ (lac-proAB) rpsL (smr) Φ80 dlacZ∆M15 Hsd+
	(Yanisch-Perron et al., 1985)

	BL21 (λDE3)
	F-, ompT, hsdS(rB-, mB-), gal, dcm, lacI,     lacUV5-T7 gene 1, ind1, sam7, nin5
	(Studier and Moffatt, 1986)

	BTH101
	F- cya-99 araD139 galE15 galK16 hsdR2 mcrA1 mcrB1 rpsL1 (Smr)
	(karimova et al., 1998)

	MC1061
	hsdR araD139 ∆(ara-leu)7697 ∆lacX74 galU galK rpsL(Smr)
	(Casadaban and Cohen, 1980)

	XL1 blue
	recA1 endA1 gyrA96 thi-1 hsdR17 (rk−mk+) supE44 relA1 lac [ F' proAB lacIqZΔM15::Tn10(Tcr)]
	Stratagene


Abbreviations: Smr, streptomycin resistant 


[bookmark: _Toc231625946][bookmark: _Toc232253027][bookmark: _Toc331430128][bookmark: _Toc368310806][bookmark: _Toc368310882]Table 2.2 Burkholderia cenocepacia strains used in this study
	[bookmark: _Toc231625943][bookmark: _Toc231640634]Strain
	[bookmark: _Toc231625944][bookmark: _Toc231640635]Genotype
	[bookmark: _Toc231625945][bookmark: _Toc231640636]Reference

	H111
	CF isolate from a patient at the Medizinische Hochschule Hannover (1993). 
	(Romling et al., 1994)

	J2315
	CF isolate from patient in Edinburgh Hospital, ET12 lineage.
	(Isles et al., 1984) and (Holden et al., 2009)

	715j
	Sputum isolate from male patient with CF at Rainbow Babies and children’s Hospital, Cleveland, Ohio, ET12 lineage (prototroph).
	(McKevitt et al., 1989)


[bookmark: _Toc231625947][bookmark: _Toc231640637]Abbreviations: CF, Cystic Fibrosis 

[bookmark: _Toc331430129][bookmark: _Toc331551463][bookmark: _Toc367640424]2.1.1 Bacterial Strain Maintenance
E. coli strains
Long term storage of E. coli strains was in the form of glycerol stocks which were frozen at -80°C. In the short term E .coli strains were kept on LB medium with appropriate antibiotics, sealed with parafilm and stored at 4°C in the fridge. Strains maintained on plates were restreaked every 4 weeks and incubated at 37°C for approximately 18 hours before storage at 4°C.
Maintenance of Burkholderia strains
Burkholderia strains were unable to survive at 4°C or when grown on rich media agar. Burkholderia strains were stored both as a glycerol stock and/or on sealed minimal agar plates at room temperature.
Preparing glycerol stocks
Overnight cultures of bacteria were grown in LB or BHI medium at 37°C with aeration. 0.7 ml of the bacterial culture was added to 0.3 ml of sterilized 50% glycerol (final concentration of glycerol is ~15%). The suspension was then vortexed and stored at -80°C.










[bookmark: _Toc231625949][bookmark: _Toc231640638][bookmark: _Toc232252979][bookmark: _Toc331430133][bookmark: _Toc331551465][bookmark: _Toc367640425]2.2 PCR Primers
[bookmark: _Toc231625950][bookmark: _Toc232253029][bookmark: _Toc331430134][bookmark: _Toc368310807][bookmark: _Toc368310883]Table 2.3 Primers used in this study
	Primers
	Sequence
	Enzymes in 5’ extension

	TssI0667 for  
	5’ GCGCAAGCTTCATATGAGTTTCGCCCCGAATGG
	HindIII and NdeI

	TssI0667 for 934 
	5’ GCGCGCCATATGAACAAAACGCCGGCCGC
	NdeI

	TssI0667 rev
	5’ GCGCAGATCTACTCCAACGAGTGCGGCAAT
	BglII

	TssI0667 rev p28a
	5’ GCGCAAGCTTACTCCAACGAGTGCGGCAAT
	HindIII

	TssI0667-249 For
	5’ GCGCAAGCTTCATATGAAACTGGCGAGCTCGTTGAAG
	HindIII and NdeI

	TssI0667-int-For1 
	5’ GGTGGCGCCGTGGTTCTG
	None

	TssI0667-int-For2 
	5’ TCGCCGCTGATGCTGGCG
	None

	TssI0667-int-Rev3 
	5’ CGCTGCCCTTGAGCAGCG
	None

	TssI0667-int-Rev4
	5’ GGGTGATACACGTGATCC
	None

	TssI0667-436 For
	5’ GCGCCATATGGGGATCAAGAGCCAGAC
	NdeI

	TssI0667-402 For
	5’ GCGCCATATGAACACGGTCATCAAGGA

	NdeI

	TssI0667-357 For
	5’ GCGCCATATGACCACGGCGAACGTGATCAA
	NdeI

	TssI0667-319 For
	5’ GCGCCATATGACGCCGGACAGCATCAA
	NdeI

	TssI0667-285 For  
	5’ GCGCCATATGAGTGCGCAATCCGCGGAACA

	NdeI

	TssI0667-276 For  
	5’ GCGCCATATGGCGCTCGAGTGGGCGGCAGA
	NdeI

	TssI0667-267
	5’ GCGCCATATGACGATCGCGAAGGGGCTTGC
	NdeI

	TssI0667-258
	5’ GCGCCATATGGATCCGGCGACGCGCGCGGC
	NdeI

	TssI0667-258 Serine For
	5’ GATTTCACCGGGCATGCGCTCGGCGGCGGGCTT
	None

	TssI0667-258 Serine Rev
	5’ AAGCCCGCCGCCGAGCGCATGCCCGGTGAAATC
	None

	TssI0667-258 Aspartate For
	5’ TACCGCGTCGACGGCGCTATCCTGACCGGCCTG
	None

	TssI0667-258 Aspartate Rev
	5’ CAGGCCGGTCAGGATAGCGCCGTCGACGCGGTA
	None

	TssI0667-258 Histidine For
	5’ ACCACGGTCGGCCGTGCCCTGATGGGTGACGTG
	None

	TssI0667-258 Histidine Rev
	5’ CACGTCACCCATCAGGGCACGGCCGACCGTGG

	None

	TagDfor
	5’ GCGCAAGCTTCATATGGCTCGCAAGGATGGCCA
	HindIII and NdeI

	TagD NTD Rev
	5’ GCGCGGATCCTTACGAAGCAGCTTTCTCCCGTGC
	BamHI

	TagDrev
	5’ GCGCGGATCCCCTCAAGGATGCGTCTCCTG
	BamHI

	TagD258 for
	5’ GCGCAAGCTTCATATGGCACGGGAGAAAGCTGCTTC
	HindIII and NdeI

	TagD-For-Out 
	5’ GCGCAAGCTTCATATGCGAGATGAAGCTCGACACACT
	HindIII and NdeI

	TagD-Rev-Out
	5’ GCGCGGATCCGTGAGTTCGCGCTCATATTGC
	BamHI

	TagA For
	5’ GCGCAAGCTTCATATGGAGTTCCGTAACCTCACG
	HindIII and NdeI

	TagA Rev
	5’ GCGCGGATCCCATCCTTGCGAGCCATTACGT
	BamHI

	BCAL1294 For
pKNT25/pUT18
	5’ GCGCCAAGCTTGCGCTGAGAGATTCCGAGGCTA
	HindIII

	BCAL1294 Rev pKNT25/pUT18
	5’ GCGCGGATCCTGGTTCAGATCGACGGTCTTGCC
	BamHI

	BCAL1294 For pKT25
	5’ GCGCCTGCAGGGCGCTGAGAGATTCCGAGGCTA
	PstI

	BCAL1294 For pUT18C
	5’ GCGCACTGCAGGCGCTGAGAGATTCCGAGGCTA

	PstI


	BCAL1294 Rev pKT25/pUT18C
	5’ GCGCGGATCCTTACGGAACTCCATCGTCGTAGC

	BamHI

	BCAL1294 Int For1 
	5’ TGCTTTCGTCGAACGGCTGA

	None

	BCAL1294 Int For2
	5’ AACAACTACGAGCCTGGCGA

	None

	BCAL1294 Int Rev3
	5’ CGAGCACGATGAGTCGCATT

	None

	BCAL1295 For pKNT25/pUT18
	5’ GCGCCAAGCTTGGCTACGACGATGGAGTTCCG

	HindIII


	BCAL1295 Rev pKNT25/pUT18
	5’ GCGCGGATCCTATACGTTGTCTGCCACGCGTC
	BamHI


	BCAL1295 For pKT25
	5’ GCGCCTGCAGGGGCTACGACGATGGAGTTCCGT
	PstI


	BCAL1295 Rev pKT25
	5’ GCGCGAATTCATTACGTTGTCTGCCACGCGT
	EcoRI


	BCAL1295 For pUT18
	5’ GCGCCAAGCTTGGCTACGACGATGGAGTTCCG

	HindIII

	BCAL1295 Rev pUT18
	5’ GCGCGGATCCTCTACGTTGTCTGCCACGCGTC
	BamHI

	BCAL1295 For pUT18C
	5’ -GCGCCTGCAGTGCTACGACGATGGAGTTCCGT

	PstI


	BCAL1295 Rev pUT18C
	5’ GCGCGAATTCCATTACGTTGTCTGCCACGCGT

	EcoRI


	BCAL1296 For pKNT25/pUT18
	5’ GCGCAAGCTTGGACAACGTAATGGCTCGCAAG
	HindIII

	BCAL1296 REV pKNT25/pUT18
	5’ GCGCGGATCCCAAGGATGCGTCTCCTGAACGAT
	BamHI 

	BCAL1296 FOR pKT25/pUT18C
	5’ GCGCAGGATCCAGACAACGTAATGGCTCGCAAG
	BamHI

	BCAL1296 REV pKT25
	5’ GCGCGAATTCCTCAAGGATGCGTCTCCTGAAC
	EcoRI


	BCAL1296 Rev pUT18C
	5’ GCGCGAATTCGATCAAGGATGCGTCTCCTGAAC
	EcoRI


	TssH N For pKT25/pUT18C
	5’GCGCTCTAGAAATGAGCACGCCTCTGAAGAC
	XbaI

	TssH-Nrev pKT25/pUT18C
	5’ GCGCAGATCTTTACTCGTCGTCCGTCTGGCGCG     
	BglII

	TssH-NB1 For pKT25/pUT18C
	5’ GCGCTCTAGAACCCGCGCTCGACACGTACAC
	XbaI

	TssH-NB1 Rev pKT25/pUT18C
	5’ GCGCAGATCTTTACGCGGCGACGATCTCGGCGA
	BglII

	TssH-NBD2 For pKT25/pUT18C 
	5’ GCGCTCTAGAACAGGTCGACGGCCACGTGGT
	XbaI

	TssH-NBD2 Rev pKT25/pUT18C 
	5’ GCGCGGTACCAATTCGACGGTGTACGCGAATT
	KpnI


[bookmark: _Toc231625951][bookmark: _Toc231640639][bookmark: _Toc232252980]




[bookmark: _Toc331430135][bookmark: _Toc331551466][bookmark: _Toc367640426]2.3 Media
[bookmark: _Toc231625952][bookmark: _Toc231640640][bookmark: _Toc232252981][bookmark: _Toc331430136][bookmark: _Toc331551467][bookmark: _Toc367640427]2.3.1 LB media
500 ml of distilled water in a 1000 ml flask was mixed with; 10 g NaCl, 10 g Bacto-tryptone (Difco) and 5 g yeast extract (Difco).This mixture was made up to 1000 ml with distilled water, split into five 200 ml volumes and autoclaved for 20 minutes at 120oC 16 psi.
[bookmark: _Toc231625953][bookmark: _Toc231640641][bookmark: _Toc232252982][bookmark: _Toc331430137][bookmark: _Toc331551468][bookmark: _Toc367640428]2.3.2 LB agar
Prior to autoclaving 1.5% (w/v) bacteriological agar was added to the LB media described above.
[bookmark: _Toc232252983][bookmark: _Toc331430138][bookmark: _Toc331551469][bookmark: _Toc367640429]2.3.3 Brain Heart Infusion (BHI) Media
37.0 g of BHI was dissolved in 1L of distilled water and autoclaved for 20 minutes at 120oC 16 psi.
[bookmark: _Toc231625954][bookmark: _Toc231640642][bookmark: _Toc232252984][bookmark: _Toc331430139][bookmark: _Toc331551470][bookmark: _Toc367640430]2.3.4 M9 minimal salts agar
100 ml was made by using 90 ml distilled water, and adding 0.5 g glucose and 1.5 % (w/v) agar. This was autoclaved for 20 minutes and allowed to cool. Once cool enough to handle the following was added to the solution; 0.1 ml 1 M MgSO4, 0.1 ml 0.1 M CaCl2 and 10 ml M9 salts (10x concentrate).
M9 salts (X10) were made up of; 60g Na2HPO4, 30g KH2PO4, 10g NH4Cl and 0.5g of NaCl added to 1 L of distilled water and autoclaved for 20 minutes.
[bookmark: _Toc331430140][bookmark: _Toc331551471][bookmark: _Toc367640431]2.3.5 MacConkey agar
40 g of Difco MacConkey Agar was added to 1 litre of Milli-Q water. The solution was sterilized by autoclaving for 20 minutes.




[bookmark: _Toc331430141][bookmark: _Toc331551472][bookmark: _Toc367640432]2.3.6 MacConkey maltose agar
MacConkey Agar was prepared as described earlier. Once the Agar was cool enough for pouring, maltose was added to a final concentration of 1%, along with the appropriate antibiotics.
[bookmark: _Toc331430142][bookmark: _Toc331551473][bookmark: _Toc367640433][bookmark: _Toc231625955][bookmark: _Toc231640643][bookmark: _Toc232252985]2.3.7 D-BHI milk agar
18.5 of BHI was dissolved in 50 ml of H2O and dialyzed overnight at 4 ºC against 1L of H2O, using 12 KDa cut off dialysis tube. 3% (w/v) bacteriological agar was added to the dialysed BHI and it was sterilized by autoclaving for 20 minutes. A 3 % (w/v) solution of marvel skimmed milk powder was prepared and autoclaved for 5 minutes. These solutions were allowed to cool until they were approximately 70oC then combined in a 1:1 ratio, mixed thoroughly and poured into petri dishes.  
[bookmark: _Toc331430143][bookmark: _Toc331551474][bookmark: _Toc367640434]2.3.8 Esterase detection plates (Tween 80 plates)
[bookmark: _Toc331430144][bookmark: _Toc331551475]85 mM NaCl, 1 mM CaCl2 and 100 mM Tris–HCl were added to H20 and adjusted to pH 8.0.  1.5% (w/v) of agarose was added to the mixture and this was autoclaved for 20 minutes. The solution was allowed to cool to approximately 70oC before the addition of 1 % Tween 80, this solution was then poured into petri dishes and allowed to set.
[bookmark: _Toc367640435]2.3.9 Antibiotics
Antibiotics were used when possible to ensure only strains containing the correct plasmid were present on plates or in the media.
Ampicillin (Ap) – 100 mg/ml in distilled water, filter sterilized and stored at -20◦C.
Chloramphenicol (Cm) – 25 mg/ml in pure ethanol and stored at -20◦C.
Kanamycin (Km) – 25 mg/ml in distilled water filter sterilized and stored at -20◦C.


[bookmark: _Toc231625956][bookmark: _Toc231640644][bookmark: _Toc232252986][bookmark: _Toc331430145][bookmark: _Toc331551476][bookmark: _Toc367640436]2.3.10 Other additions to media and agar
IPTG (Isopropyl β-D-thiogalactoside) – 100 mM in distilled water, filter sterilized and stored at –20°C.
X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) – 20 mg/ml in DMSO, and stored at –20°C.
[bookmark: _Toc331430146][bookmark: _Toc331551477][bookmark: _Toc367640437]2.4 Transformation procedure and competant cell protocol
[bookmark: _Toc331430147][bookmark: _Toc331551478][bookmark: _Toc367640438]2.4.1 Preparation of competant cells by Hanahans method
Hanahans method (hanahan 1983) allows the production of competent cells that can be stored for long periods of time at -80oC. Bacterial strains were grown in LB media overnight in 3 ml cultures. 0.5 ml of this overnight culture was inoculated into 50 ml of LB and allowed to grow to exponential phase (O.D600 0.3-0.5) at 37oC with aeration. The culture was chilled on ice for 15 minutes before the bacteria were harvested by centrifugation at 3100 g for 10 mins at 4oC. The supernatant was discarded and the pellet resuspended in 16 ml of RF-1 and chilled on ice for a further 30 minutes. The cell suspension was centrifuged at 3100 g for 10 minutes at 4oC before the supernatant was discarded and the pellet was resuspended in 4 ml RF2. The cell suspension was transferred onto ice for 15 minutes then split into 0.5 ml aliquots and frozen at -80oC. 
RF1 solution:
1.5 g of CaCl2 , 7.46 g of anhydrous KCl, 9.9 g MnCl2.2H2O, 2.94 g potassium acetate. 2H2O and 150 ml glycerol were dissolved in 750 ml distilled water before being made up to 1 L. This solution was adjusted to a pH 5.8 using 0.2 M acetic acid before being autoclaved for 20 minutes.
RF2 solution:
The RF2 solution was made just before use by the addition of 0.2 ml of solution A to 9.8 ml of solution B.
Solution A: 0.5 M MOPS (4-morpholinepropanesulfonic acid) (pH 8.0).
Solution B: 75 mM CaCl2.2H2O 10 mM KCl and 15% (w/v) glycerol.
[bookmark: _Toc331430148][bookmark: _Toc331551479][bookmark: _Toc367640439]2.4.2 Transformation procedure
100 μl of competent cells were added to either 1-2 μl of plasmid DNA or 15 μl of ligation mix and chilled on ice for 30 minutes, during which time the mixture was shaken every 5 minutes. The cells were transferred to a water bath at 42oC for 2.5 minutes, before being immediately placed on ice for 5 minutes. 1 ml of LB broth was added to the competent cell/plasmid DNA mixture and this was gently shaken before being incubated at 37oC for 1 hour. 100 μl of each transformation mix was spread onto LB agar plates containing a suitable antibiotic to select for the chosen plasmid. A cell control (competent cells containing no plasmid DNA) was also spread on the antibiotic containing LB plates, to confirm there was no contamination. All plates were incubated at 37oC overnight. Leftover transformation mix was stored at 4°C which was used if necessary. 
[bookmark: _Toc231625957][bookmark: _Toc231640645][bookmark: _Toc232252987][bookmark: _Toc331430149][bookmark: _Toc331551480][bookmark: _Toc367640440]2.5 DNA amplification
[bookmark: _Toc331430150][bookmark: _Toc331551481][bookmark: _Toc367640441]2.5.1 Polymerase Chain Reaction (PCR)
Samples for PCR contain
Genomic DNA		3 μl
KOD 10x buffer		5 μl
MgSO4 (25 mM)		4 μl 
dNTP (2 mM)- 		5 μl
Forward Primer		3 μl
Reverse Primer		3 μl
DMSO			2.5 μl
KOD DNA polymerase -	0.5 μl
Distilled water -		24 μl
50 μl PCR sample made up in 0.5 ml PCR tube.
PCR reaction was carried out as follows.
· 95oC Temperature step for 5 minutes. After 3 minutes, cycler was paused and KOD DNA polymerase was added. This hot start was to ensure that the primers annealed to their specific points on the genomic DNA. 
After initial temperature step, the following cycle was repeated 30 times.
· Denaturing at 95oC for 30 seconds
· Annealing for 30 seconds. Temperature varies depending on the length and G+C content of the primer. Annealing temperature calculated using the formula ((A+T) X 2 + (G+C) X 4)-5oC .
· Elongation (polymerisation) at 72 oC. Time of step depended on the size of DNA fragment being amplified. In order to polymerise 1 kilobase (kb) of DNA 1 minute at 72 oC was required.
[bookmark: _Toc231625963][bookmark: _Toc231640651][bookmark: _Toc232252994][bookmark: _Toc331430151][bookmark: _Toc331551482][bookmark: _Toc367640442][bookmark: _Toc231625958][bookmark: _Toc231640646][bookmark: _Toc232252989]2.5.2 PCR screening
Screening of potential clones to determine if they contained the correct DNA insert can be quickly and easily done by PCR screening. The PCR was carried out as described in section 2.5, but the genomic DNA was replaced by a small quantity of cells from the transformant plate and Taq DNA polymerase used instead of KOD polymerase. An extra 3 μl of distilled water was added to maintain the reaction volume of 50 μl.
[bookmark: _Toc232252988][bookmark: _Toc331430152][bookmark: _Toc331551483][bookmark: _Toc367640443]2.5.3 Genomic DNA preparation	
Genomic DNA from B. cenocepacia strains 715j, H111 and J2315 was prepared using the nexttec DNA isolation system.
[bookmark: _Toc331430153][bookmark: _Toc331551484][bookmark: _Toc367640444]2.5.4 Bacterial boiled lysate
 A crude genomic DNA preparation was created by suspending 2-3 colonies of bacteria in 200 µl of TE buffer. This was heated at 100oC for 5 minutes, this solution was centrifuged at 17,650 g for 1 minute and the supernatant was transferred into a new microcentrifuge tube. 
TE buffer – 10 mM Tris-HCl adjusted to pH 7.5 and 1 mM EDTA in H2O
[bookmark: _Toc331430154][bookmark: _Toc331551485][bookmark: _Toc367640445]

2.5.5 DNA sequencing
To confirm that no mutations had occurred during the process of cloning all plasmid constructs were sequenced using the appropriate primers. DNA sequencing was performed by the University of Sheffield Medical School Sequencing Facility.  Plasmid DNA for sequencing was prepared using the Qiagen Spin Miniprep Kit.
[bookmark: _Toc331430155][bookmark: _Toc331551486][bookmark: _Toc367640446]2.6. DNA manipulation
[bookmark: _Toc231625959][bookmark: _Toc231640647][bookmark: _Toc232252990][bookmark: _Toc331430156][bookmark: _Toc331551487][bookmark: _Toc367640447]2.6.1  Qiagen Kits – Plasmid extraction and DNA purification
 Plasmid extraction from cells (minipreps) were carried out using the Qiagen miniprep kit. DNA purification after digestions, or post gel extraction were also carried out using the Qiagen PCR purification kit.
[bookmark: _Toc331430157][bookmark: _Toc331551488][bookmark: _Toc367640448]2.6.2 Manual preparation of plasmid DNA
A 3 ml overnight culture of bacteria containing the target plasmid was grown overnight in LB containing the appropriate antibiotic. 1.5 ml of this culture was transferred to a microcentrifuge tube and the bacteria were harvested by centrifugation at 17,650 g for 5 minutes. After removal of the supernatant, the cell pellet was resuspended in 100 μl of solution I and placed on ice for 5-10 minutes. 200 μl of Solution II was added to this and the solution was mixed by inversion, before being placed on ice for a further 5 minutes. 150 μl of solution II was added to the mixture and this was thoroughly mixed by inversion before incubation on ice for 5 minutes. This precipitates the proteins, chromosomal DNA and other cell debris leaving the plasmid DNA and contaminating RNA in solution. Centrifugation at 17,650 g separated the precipitate from the remaining solution, and the supernatant containing the plasmid DNA was removed and placed in a new microcentrifuge tube. 400 μl of phenol chloroform (Fisher) was combined with the supernatant and this was vigorously mixed for 15 seconds. Following centrifugation at 17,650 g for 5 minutes, the upper aqueous phase was carefully removed and mixed with 800 μl of 100% ethanol. This solution was left at room temperature for a minimum of 5 minutes to allow for precipitation of the plasmid DNA and RNA. After precipitation the DNA/RNA precipitate was harvested by centrifugation at 17,650 g for 5 minutes. This pellet was washed with 70% ethanol followed by a final centrifugation step of 17,650 g for 5 minutes. The 70% ethanol was removed and the pellet allowed to air dry for ~ 30 minutes. Once completely dry, the pellet was resuspended in 50 μl milliQ water.
Solution I:
50 mM glucose, 25 mM Tris-HCl (adjusted to pH 8) and 10 mM EDTA (adjusted to pH 8) were dissolved in milliQ water and autoclaved for 20 minutes and stored at 4 ºC. 
Solution II:
0.2 M NaOH and 1% (w/v) SDS were dissolved in MilliQ water and stored at room temperature.
Solution III:
60 ml of 5 M potassium acetate and 11.5 ml of Glacial acetic acid were combined and made up to 100 ml with MilliQ water, this was autoclaved for 20 minutes and stored at 4 ºC.
Removal of RNA
[bookmark: _Toc231625960][bookmark: _Toc231640648][bookmark: _Toc232252991][bookmark: _Toc331430158][bookmark: _Toc331551489] In order to remove the contaminating RNA from the plasmid preparation 1 μl of 1 mg ml-1 RNAse A was added to the 50 μl plasmid solution and this was incubated at 37 ºC. 
[bookmark: _Toc367640449]2.6.3. Restriction digestion 
Digests were performed using Promega enzymes and buffers. 
DNA -				          10 μl for PCR product or 15 μl plasmid
Compatible buffer (10x) -		5 μl
Bovine Serum Albumin (BSA) - 	0.5 μl (if necessary) 
Enzyme -				1 μl
Made up to 50 μl with distilled water.
Digestions were left for 2 hours at 37oC and then purified using the Qiagen PCR purification protocol.

[bookmark: _Toc231625961][bookmark: _Toc231640649][bookmark: _Toc232252992][bookmark: _Toc331430159][bookmark: _Toc331551490][bookmark: _Toc367640450]2.6.4 Ligation
Ligations were performed using Promega T4 DNA ligase and ligation buffer.
Digested Plasmid DNA -		10 μl
Digested PCR Insert -		10 μl
Ligase Buffer (10x)  -		3 μl
T4 DNA Ligase enzyme -		1 μl
Made up to 30 μl with distilled water.
Ligations were left at room temperature overnight.
Vector control (No PCR insert or ligase) and ligation control (No PCR insert) were included to judge the effectiveness of the ligations and the digestions. Cell control (E. coli cells with no plasmid present) were transformed concurrently with ligations to ensure no mutants were present.
[bookmark: _Toc271233480][bookmark: _Toc331430160][bookmark: _Toc331551491][bookmark: _Toc367640451]2.6.5 Agarose gel electrophoresis
A mixture of 1x TAE buffer and agarose was boiled using a microwave oven until completely dissolved. A standard gel is 0.8% w/v agarose, however, a higher percentage (1-1.5%) was used to resolve small DNA products.  The agarose solution was cooled to ~50°C before pouring into a gel cassette and comb inserted. Once set, the gel was placed in a Biorad gel tank, the comb removed and the gel submerged in 1x TAE buffer.  The samples to be separated were mixed with ×5 loading buffer and loaded on the gel. DNA ladders (Appendix 2) were used in order to determine the size of the DNA.  
A voltage (dependant on gel tank size) was applied to the system until the loading dye front had migrated from the wells into the gel.  Following separation of the samples, the gel was removed from the tray once the dye front had neared the end of the agarose gel. The gel was then washed in a 5 μg ml-1 solution of ethidium bromide for 15 minutes to allow intercalation of the ethidium bromide into the DNA within the gel. Excess ethidium bromide was washed from the gel using tap water, before the gel was photographed on a UV transilluminator.  
50 X TAE buffer; consists of 242 g Tris-base, 57.1 ml acetic acid (glacial), 37.2 g di-sodium EDTA dihydrate dissolved in Milli-Q H2O to 1 L.

[bookmark: _Toc231625964][bookmark: _Toc231640652][bookmark: _Toc232252995][bookmark: _Toc331430161][bookmark: _Toc331551492][bookmark: _Toc367640452]2.7 Protein expression, purification and analysis
[bookmark: _Toc331430162][bookmark: _Toc331551493][bookmark: _Toc367640453]2.7.1 Protein expression
[bookmark: _Toc231625965][bookmark: _Toc231640653][bookmark: _Toc232252996]The pET14b plasmid, containing the gene encoding the protein for overexpression was transformed into E. coli strain BL21 (λDE3). A single colony was inoculated into BHI media and grown at 37oC, with shaking and appropriate antibiotics, up to OD 0.4-0.7. At this point a sample was removed for uninduced sample. IPTG was added to the culture to a final concentration of 1 mM and incubation was continued for a further 2-3 hours. 100 μl from the induced and uninduced sample were removed and spun down. The supernatant was removed and the cell pellet boiled with 50 μl Laemmli buffer for 10 minutes. 10 μl of these samples were then electrophoresed on SDS PAGE using Bio rad mini protean II system at 120 volts.
[bookmark: _Toc331430163][bookmark: _Toc331551494][bookmark: _Toc367640454]2.7.2 Determination of protein solubility
100 ml of cultures of BL21 (λDE3) containing pET14b vector were grown and induced as described in section 2.8. The cell culture was then centrifuged for 20 minutes at 21,600 g. Following centrifugation the cell pellet was resuspended in 100 ml of mM Tris Buffered Saline solution containing 2 mM EDTA.
Resuspended cells were centrifuged for 20 minutes at 21,600 g. Following this second centrifugation, 2 g of cell pellet was resuspended in 10 ml volume of:-50 mM Tris-HCl (pH 8.0), 2 mM EDTA (not used if protein was subsequently being purified using a nickel column), 200 mM NaCl, 5-10 % glycerol and 10 mM imidazole buffer (only used if protein was subsequently being purified using a nickel column).
0.2 mg/ml (final concentration) lysozyme and 0.025mg/ml (final concentration) of freshly made serine protease inhibitor phenylmethanesulphonylfluoride (PMSF) (using a 2.5 mg/ml stock solution dissolved in ethanol or acetone) were added to resuspended cells, and the mixture stirred for 25 minutes. After this 0.5mg/ml (final concentration) sodium deoxycholate was added to the 10 ml culture. The mixture was stirred for a further 20 minutes.
After mixing, the BL21 (λDE3) cells were sonicated four times for 30 seconds with 60 seconds on ice in between each sonication. 100 μl of this crude suspension was removed and boiled with 50 μl of 2x laemmli buffer for 10 minutes.
The remaining culture was centrifuged for 30 minutes at 48,400 g and 100 μl of supernatant was removed and boiled with 50 μl of 2x laemmli buffer for 10 minutes. A small quantity of the pellet was then removed and boiled with 50 μl laemmli buffer for 10 minutes.
The 5 samples (uninduced, induced, crude, supernatant and pellet) were then analysed by SDS PAGE using Bio rad mini protean II system at 120 volts.
[bookmark: _Toc331430164][bookmark: _Toc331551495][bookmark: _Toc367640455]2.7.3 Immobilized Metal Affinity Chromatography (IMAC)
BL21 (λDE3) cells were treated as described in Section 2.9. Purification was carried out using a 1 ml Nickel column from GE Healthcare on an AKTA purifer system. The Nickel column was equilibrated with low imidazole buffer before lysed cell supernatant containing the target protein was applied to the Nickel column at a flow rate of 1 ml/min. The hexahistidine tag of the target protein binds to the nickel column. The flow through from the supernatant was collected and column washed with ~10 ml of low imidazole buffer, which contained 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5 % glycerol and 10 mM imidazole
In order to elute the target protein a gradient was applied over the column in a 30 ml volume from 100% low imidazole buffer to 100% high imidazole elution buffer which contained; 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5 % glycerol and 500 mM imidazole
The gradient step was followed on a UV trace set at 280nm. Tryptophan and tyrosine absorb at this wavelength, so any protein eluted from the column was visible as a peak on the UV trace. The eluted protein was collected in 500 ml aliquots and 50 μl of each aliquot was taken and boiled for 4 minutes with 50 μl of 2x Laemmli buffer. 20 μl of these samples were then analysed by SDS PAGE using Bio rad mini protean II system at 120 volts.
[bookmark: _Toc331430165][bookmark: _Toc331551496][bookmark: _Toc367640456]2.7.4 Ion exhange chromatography
Both Cation and Anion exchange chromatography were used to attempt to purify proteins of interest. A mono-S column from GE-healthcare was used for cation exchange chromatography and a mono Q column from GE-healthcare was used for anion exchange chromatography. As the protocol for both anion and cation exchange chromatography is the same they shall be detailed together here.
BL21 (λDE3) cells were treated as described in section 2.9. Purification was carried out on an AKTA purifier system. The column was equilibrated with low salt buffer before lysed cell supernatant containing the target protein was applied to the column at a flow rate of 1 ml/min. The flow through from the supernatant was collected and column washed with low salt buffer, which contained 50 mM Tris-HCl (pH 8.0), 20 mM NaCl and 5 % glycerol.
In order to elute the target protein a gradient was applied over the column in a 30 ml volume from 100% low salt buffer to 100% high salt elution buffer which contained 50 mM Tris-HCl (pH 8.0), 1 M NaCl and 5 % glycerol.
The gradient step was followed on a UV trace set at 280nm as previously described and the target proteins purity was then analysed by SDS PAGE.
[bookmark: _Toc331430166][bookmark: _Toc331551497][bookmark: _Toc367640457]2.7.5 Size exclusion chromatography
Size exclusion chromatography was performed using a Superose 6 column supplied by GE healthcare on an AKTA purifier system. The column was equilibrated with the following buffer; 50 mM Tris-HCl (pH 8.0), 500 mM NaCl and 5 % glycerol
Following equilibration, the column was loaded with 100 μl of concentrated protein sample via a 100 μl superloop and a constant flow of 1 ml/min was applied across the column. By monitoring the flow through from the column using a UV trace set at 280nm it was possible to determine when the protein was eluted from the column. Samples collected following size exclusion chromatography were analysed by SDS PAGE.
[bookmark: _Toc331430167][bookmark: _Toc331551498][bookmark: _Toc367640458]2.7.6 Buffer exchange using HiTrap desalting column
Buffer exchange follows the same principle as size exclusion chromatography, but on a smaller scale. The HiTrap desalting column (GE Healthcare) was equilibrated in the target buffer then the protein was applied to the column in a 1 ml volume from a 1 ml superloop at 1 ml/min. The elution of the protein was followed on a UV trace and the protein sample collected in 0.5 ml fractions. 
As protein travels through the column a lot faster than the buffer does, once eluted it will be transferred to the target buffer which the column is equilibrated in. 
[bookmark: _Toc331430168][bookmark: _Toc331551499][bookmark: _Toc367640459]2.7.7 Determination of protein concentration using the Bradford assay
To determine the concentration of protein in a sample the Bradford assay was used (Bradford, 1976). 100 mg of bovine serum albumin was dissolved in 10 ml of MilliQ H2O to create a 10 mg/ml solution. This was diluted to 1 mg/ml and this concentration was confirmed by measuring the sample at OD280 in a quartz cuvette.  At OD280 the absorbance of a sample that is 1 mg/ml should be 0.667. This 1 mg/ml sample was diluted with water to a series standard concentrations; 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml. 20 μl of each protein concentration standard was added to 980 μl of Bradford reagent, mixed thoroughly in a cuvette then left for 5 minutes to allow the absorbance to settle before being measured at O.D595.. The readings of these standards were used to create a calibration curve. 20 μl of protein sample was added to 980 μl of Bradford assay reagent and the absorbance calculated from the calibration curve. Dilutions of the protein sample were used if the absorbance of the original protein sample fell outside of the ranges used in the calibration curve. Sample buffer containing no protein was used to blank the reaction. The Bradford assay is based around the absorbance shift of coomassie blue dye, when complexed to proteins in solutions. A limitation of the Bradford assay is that it is only linear over a small protein concentration range. Another limitation is that the presence of any detergents in the protein samples will lead to false readings.
[bookmark: _Toc331430169][bookmark: _Toc331551500][bookmark: _Toc367640460]2.7.8 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
Resolving gel (12% acrylamide):
The following were combined to make two 12% resolving gels; 3.3 ml H2O,,4 ml 30% Bio-Rad acrylamide/bis-acrylamide (29:1), 2.5 ml 1.5 M Tris-Hcl pH 8.8, 100 µl 10% SDS, 100 µl 10% ammonium persulphate (w/v) and 4 µl TEMED (added last to prevent premature polymerisation).
Gel plates were set up using 0.75 mm spacers and combs. The resolving gel was poured into the plates up to ~ 15 mm from the top. Butanol was applied to the top of the poured gel to create an entirely flat surface before polymerisation occured. The gel was left to polymerise for twenty minutes before the butanol was washed off with water and the stacking gel poured on top.
Stacking gel (5% acrylamide):
The following were combined to make two 5% stacking gels; 2.7 ml water, 670 µl 30% acrylamide, 500 µl 1 M Tris-Hcl (adjusted to pH 6.8), 40 µl 10% SDS (w/v), 40 µl 10% ammonium persulphate (w/v) and 4 µl TEMED (added last to prevent premature polymerisation).
Once the stacking gel was poured on top of the resolving gel, the comb was inserted and the gel was left to polymerise for one hour. 
Once the gel was polymerised the comb was removed and the gel was inserted into the Biorad Mini-Protean II system. Electrophoresis was performed using 1x  running buffer at 120 V until the bromophenol blue dye front had reached the bottom of the gel.  
10x Running Buffer:
144 g Glycine, 10 g SDS and 30.3 g Tris Base were dissolved in ~800 ml MilliQ water, then made up to 1 L.

Laemmli sample buffer (2X):
1% β-mercaptoethanol, 0.01 % Bromophenol blue, 20 % glycerol, 10 % (w/v) SDS (Sodium Doedecyl Sulphate) in 250 mM Tris-HCL buffer ( adjusted to pH 6.8). 

[bookmark: _Toc331430170][bookmark: _Toc331551501][bookmark: _Toc367640461]2.8 Esterase activity assays
[bookmark: _Toc331430171][bookmark: _Toc331551502][bookmark: _Toc367640462]2.8.1 Standard assay protocol
[bookmark: OLE_LINK1]The standard assay procedure was based on the method described by (Winkler and Stuckmann, 1979). The substrate for the enzyme in this reaction was 4-nitrophenyl palmitate which was dissolved in isopropanol at a concentration of 3 mg/ml (7.95 mM). This was then combined in a 1:9 ratio with 90 ml 0.05 M phosphate buffer (pH 8.0) containing 207 mg (5.55 mM) sodium deoxycholate, 100 mg gum Arabic and  1.875 ml Triton X-100. The final assay buffer consisted of 10% (10 ml) 4-nitrophenyl palmitate dissolved in isopropanol and 90% (90 ml) phosphate buffer solution. 20 μl of enzyme of a known concentration was added to 980 μl of the substrate buffer described above, and the reaction was monitored using a Shimadzu UV-1601 spectrophotometer at an OD410nm. The reactions were carried out in 1 ml quartz cuvettes that had been equilibrated to the assay temperatures for 15 minutes before the addition of enzyme. The temperature of the assay was controlled by a heated water bath that pumped water of a constant temperature through the jacket, which contained the reaction cuvettes. Reactions were monitored for ~ 90 seconds and the initial rate stage was used to calculate activity. Limitations of this experimental procedure are that lots of solubilising agents and detergents are needed to solubilise the  4-nitrophenyl palmitate, these could potentially inhibit the enzyme being assayed. Low solubility of the substrate could also lead to false readings, or low substrate availability for the enzyme to hydrolyse, so this needed to be carefully monitored. Another potential limitation of using 4-nitrophenyl palmitate is that it spontaneously lyses in the presence of imidazole. Any purified enzymes have to be buffer exchanged into an imidazole free buffer before being assayed.  
[bookmark: _Toc331430172][bookmark: _Toc331551503][bookmark: _Toc367640463]2.9 Phospholipase assays
[bookmark: _Toc331430173][bookmark: _Toc331551504][bookmark: _Toc367640464]2.9.1 Phospholipase A1 and A2 assay
The phospholipase assay kits were supplied by invitrogen and performed according to instructions. In order to determine if the enzyme was a phospholipase A1 or a phospholipase A2 the EnzChek® Phospholipase A1 and the EnzChek® Phospholipase A2 were used.
[bookmark: _Toc331430174][bookmark: _Toc331551505][bookmark: _Toc367640465]2.9.2 Phospholipase C assay
PLC assay buffer consisting of 20 mM 4-nitrophenylphosphorylcholine was dissolved in a solution of; 0.25 M Tris (pH 8.0) containing 60% sorbitol.
[bookmark: _Toc271233506]20 μL of ~ 1 mg/ml (concentration was calculated before addition) enzyme was added to 980 μL of the assay buffer and the reaction was monitored for ~ 5 minutes on a Shimadzu UV-1601 spectrophotometer at OD410. The molar extinction coefficient of 4-nitrophenol at 410 nm in the assay buffer described is 1.51 x I04. A limitation associated with this assay was that even in the presence of 60% sorbitol the hydrolysis of the substrate occurs at a much slower rate than the esterase assays. This slow rate is observed even during experiments performed with a commercially available phospholipase C (that was used to originally develop this assay) as a positive control. In order to confirm a negative result (e.g. for the negative control) the assay needed to be left for ~60 minutes. 

[bookmark: _Toc331430175][bookmark: _Toc331551506][bookmark: _Toc367640466]2. 10 Bacterial two hybrid assay
The BACTH system is based on the adenylate cyclase enzyme from Bordetella pertusis. This enzyme comprises of two separate domains ( the T25 domain and the T18 domain) which  when physically separated lose the ability to produce cyclic AMP (cAMP). This characteristic allows this enzyme to be used to detect protein-protein interactions in bacteria. When the two components of the adenylate cyclase enzyme are separately fused to interacting polypeptides they recombine and form a functional enzyme. This produces cAMP which forms a complex with Catabolite Activator Protein (CAP). The CAP/cAMP complex regulates several gene clusters in E. coli, including the mal and lac operons. Once activated these enable the E. coli become able to utilise maltose or lactose as a carbon source. This ability can be detected on suitable indicator media. 
In order to create the fusion proteins, the genes of interest were inserted into a vector containing either the T25 (pKT25 or PKNT25 vector) or T18 (pUT18 or pUT18C vector)  fragment.  The T25 component for the adenylate cyclase enzyme is encoded by the pKT25 and pKNT25 plasmids, where the Multiple cloning site is at the c-terminal and the n-terminal of the T25 fragment respectively. The pUT18 and pUT18C plasmids contain the T18 fragment of the adenylate cyclase enzyme at the c-terminal and N-terminal ends of the MCS respectively. To be able to select for these two plasmids within one individual E. coli, they encode different antibiotic resistance. Both the pKT25 and pKNT25 plasmids encode resistance to kanamycin and the pUT18 and pUT18C plasmids encode resistance to ampicillin.  The cya- E. coli strain BTH101 was co-transformed with the recombinant fusion plasmids and was plated on MaConkey agar containing 1% maltose (Section 2.4.6) as well as the antibiotics ampicillin and kanamycin. This media can be used to detect a Cya+ phenotype. Once transformed, the bacteria were plated on the indicator plates, and incubated at 30oC and observed after 3 – 10 nights. A Cya+ phenotype yields purple E. coli colonies and a Cya- phenotype gave rise to creamy/brown colonies. The length of time for the phenotype to arise allows us to classify the strength of the phenotype, but not the strength of the protein-protein interaction itself. 3 days is a strong phenotype, 4-5 days is a medium to weak strength phenotype and anything over 6 days is a very weak phenotype.





[bookmark: _Toc331430176][bookmark: _Toc331551507][bookmark: _Toc367640467]2. 11 X-ray crystallography
[bookmark: _Toc331430177][bookmark: _Toc331551508][bookmark: _Toc367640468]2.11.1 Initial crystal trials
Initial trials were carried out in sitting drops using the HydraII crystallisation robot. A selection of pre-made Qiagen screens were used to try to discover optimum conditions for crystal formation. Screens used were Ammonium Sulphate, Classics, JCSG+, MPD, PACT, PEG and pH clear screens. The addition of 2 mM CaCl2 (final volume) to all the conditions in the PACT and JCSG+ screens was also attempted.
Each screen consists of 96 different conditions, 100 μl of which were pipetted into 96 well plate, along with 200 nl of ~10 mg of purified protein. The plates were sealed and left at 17oC, plates were gently checked for the formation of any crystals every two days for the first 2 weeks, and then once every week after this.
[bookmark: _Toc331430178][bookmark: _Toc331551509][bookmark: _Toc367640469]2.11.2 Optimisation of conditions
When crystals were identified in the initial screens, the conditions of crystallisation were optimised in order to discover the best conditions in which large crystals form. Variations in buffer components, drop size, and protein concentration are applied to silicon coated coverslips which are inverted over a buffer reservoir. These are then sealed and left at 17oC for crystals to form.
[bookmark: _Toc331430179][bookmark: _Toc331551510][bookmark: _Toc367640470]2.12.3 X-ray data collection
Once suitably large crystals are obtained and transferred to a loop, these were mounted on a Mar 345dtb goniometer and detector system and tested for protein diffraction. Any suitable/potential protein crystals are then taken to the diamond synchrotron light source in Oxford to obtain higher resolution datasets.







[bookmark: _Toc331551511][bookmark: _Toc331590607][bookmark: _Toc331430180]



[bookmark: _Toc367634473][bookmark: _Toc367640471][bookmark: _Toc367643223][bookmark: _Toc368310884]Chapter 3
[bookmark: _Toc331551512][bookmark: _Toc331590608][bookmark: _Toc367640472][bookmark: _Toc367643224][bookmark: _Toc368310885]Initial characterisation of the putative T6SS effector TssI proteins BCAS0667 and BCAL1359 from B. cenocepacia











[bookmark: _Toc331551513][bookmark: _Toc367640473]3.1 Rationale
Two of the 10 intact tssI genes of B. cenocepacia J2315, BCAS0667 and BCAL1359 encode “evolved” TssI proteins with C-terminal domains that are predicted to specify hydrolytic activity (Figure 1.10). tssI BCAS0667 is predicted to encode a C-terminal phospholipase A1 (PLA1) domain, and the C-terminal region of TssI BCAL1359 is predicted to possess metalloprotease activity. 
In order to confirm that the C-terminal domain of TssI BCAS0667 possesses phospholipase activity it was necessary to clone the BCAS0667 gene into a high level expression vector to facilitate purification of the protein as an affinity-tagged derivative. In addition, it was decided to express and purify the C-terminal region (CTD) of BCAS0667 corresponding to the predicted PLA domain. The location of the forward primer (tssI0667249 For) for amplifying the DNA encoding the C-terminal region of TssI was based on an amino acid sequence alignment of the C-terminal regions of the protein with other related phospholipases (Fig 1.11) Based on this, the C-terminal 249 codons of TssI (BCAS0667) was amplified. This derivative was referred to as TssI249.
An amino acid alignment of the TssI proteins encoded by B. cenocepacia strain J2315 is shown in Figure 1.9. Two of the TssI proteins (BCAM2254 and BCAS0667) have two potential translation initiation sites which are separated from each other by 65 codons in both cases. The amino acid sequence alignment would suggest that the downstream codon is the most likely point of initiation in both cases. However, there is no obvious Shine-Dalgarno-like sequence located upstream of this start codon for BCAM2254 or BCAS0667 (Figure 3.1). On the other hand, for both tssI derivatives, the upstream putative translation initiation codon is preceded by a sequence with a good match to the consensus Shine-Dalgarno sequence and it is this start codon that corresponds to the N-terminal amino acid in the database annotation. Therefore, although the additional 65 or so amino acids that would be added to the N-terminus of BCAS0667 and BCAM2254 are not present in the other TssI proteins, the presence of a Shine-Dalgarno-like sequence suggests that the most likely product of the BCAS0667 gene contains the N-terminal extension. The 65 amino acid extension does not show any sequence similarity to bacterial signal sequences and similar amino acid sequences are only found attached to the N-termini of TssI proteins in other Burkholderia genus members, 
Due to the uncertainty regarding the true start codon for BCAS0667 it was decided to amplify and clone BCAS0667 with and without the putative N-terminal extensions. 
The first step in the purification of these proteins was the construction of plasmids that allow for controllable expression and production of TssI BCAS0667 and its CTD. The pET system was chosen in order to express the proteins in E. coli. In this system the gene is cloned into a plasmid, so that it is placed under the control of a very strong phage T7 promoter, which is not recognised by E. coli RNA polymerase, and therefore no expression occurs in E. coli strains that do not contain T7 RNA polymerase. The pET14b vector was used as the protein expression vector in this cloning experiment, as this allows the protein to be produced with an N-terminal hexahistidine tag. Located downstream of the T7 promoter is a Shine-Dalgarno sequence and a translation initiation codon followed by sequences encoding the hexahistidine tag and a thrombin cleavage site (Fig 3.2 A). Downstream of the sequence encoding the thrombin cleavage site are cleavage sites for the restriction enzymes NdeI, XhoI and BamHI. The NdeI site contains an ATG codon that is in frame with the hexahistidine tag sequence. Thus, the protein products of genes cloned into the NdeI site such that their translation initiation codon corresponds to the NdeI site ATG, will contain an N-terminal polyhistidine tag. The hexahistidine tag binds nickel or cobalt and thus can be used to purify proteins via immobilised metal ion affinity chromatography (IMAC). 
TssI BCAL1359 contains a very large C-terminal extension, which encodes both a DUF2345 domain, and what is predicted to be a metalloprotease domain. In order to confirm that TssI BCAL1359 possesses protease activity it was necessary to clone the BCAL1359 gene into a high level expression vector to facilitate purification of the protein as an affinity tagged derivative. The TssI BCAL1359 protein will subsequently be referred to as TssIMP, to distinguish it from TssI, which refers to BCAS0667.
[bookmark: _Toc328347144][bookmark: _Toc331551514]
[bookmark: _Toc367640474]3.2 Construction of pET14b derivatives expressing tssI, tssI934 and tssI249 
tssI, tssI934 and tssI249 were PCR amplified from B. cenocepacia strain 715J genomic DNA. Forward primers for amplification of tssI and tssI934 were designed to contain an NdeI site overlapping the native initiating methionine, whereas an engineered methionine codon for tssI249 was incorporated in the forward primer. This places the gene fragments in frame with the sequence encoding the hexahistidine tag when cloned into the NdeI site of pET14b (Fig 3.1 A). The reverse primer contained a BamHI compatible BglII site downstream of the stop codon, as a BamHI site is present in the coding sequences of tssI, tssI934 and tssI249..The strategy for construction of pET14b derivatives containing the three tssI derivatives, tssI, tssI934 and tssI249 is shown in Figure 3.1 B. 
tssI and tssI249 were amplified from B. cenocepacia 715j DNA using the primers shown in Table 2.4 utilising the KOD proofreading DNA polymerase (Fig 3.2). A range of annealing temperatures were used (57.4, 58.5, 59.6, 60.9 and 62oC) to determine the optimum conditions for PCR amplification. The yields of both tssI and tssI249 PCR products were higher and more specific when the annealing temperature was at 62oC (Fig 3.2). pET14b-tssI and pET14b-tssI249 were constructed and confirmed by DNA sequencing of both the plasmid, and direct sequencing of a separate PCR-amplified product of the genomic B. cenocepacia 715j DNA. Differences were noted between the sequences of the 715j DNA and that of the sequenced J2315 strain and are illustrated in the Appendix 1. As the differences were present in the cloned DNA and a separately amplified PCR product, it was concluded that the base pair substitutions represented strain to strain variation rather than errors introduced by the thermostable DNA polymerase.
 tssI934 was amplified from the pET14b-tssI construct using the primers shown in Table 2.4 with the KOD proofreading DNA polymerase. pET14b-tssI934 was constructed and confirmed by DNA sequencing of the plasmid, comparison of this sequence with the previously sequenced pET14b-tssI plasmid.

 (
A.
)   BglII  		             T7 promoter                                                     XbaI
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAA

                                 NcoI         hexahistidine tag
TAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGC

      thrombin cleavage  NdeI  XhoI BamHI
AGCGGCCTGGTGCCGCGCGGCAGCCATATGCTCGAGGATCCGGCTGCTAACAAAGCCCGAAAGGAA
GCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTC
                                      EcoRV
TTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATC
 (
B.
)
[image: ]
[bookmark: _Toc232253013][bookmark: _Toc367642954][bookmark: _Toc367643225]Figure 3.1 Construction of pET14b derivatives expressing tssI and TssI249. A.- diagram of the pET14b multiple cloning site (MCS). Restriction enzyme sites are shown in red; the start codon is highlighted in turquoise; the Shine-Dalgarno sequence for initiation of His tagged protein translation is underlined. The His-tag and thrombin cleavage site coding sequences are highlighted yellow; stop codons are shown in magenta; the T7 promoter is highlighted green. B.- Schematic diagram of cloning into pET14b plasmid. PCR fragments were digested NdeI and BamHI and ligated into the pET14b plasmid.
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[bookmark: _Toc367642955][bookmark: _Toc367643226]Figure 3.2 Analysis of PCR products following amplification of tssI and TssI249 A. PCR was carried out using KOD DNA polymerase and genomic DNA from B. cenocepacia strain 715j. 5 μl of the PCR products were observed following electrophoresis in a 0.8 % agarose gel. Primers used to amplify these products are shown in Table 2.4 Lanes 1-5, tssI PCR products, annealing temperatures of 57.4, 58.5, 59.6, 60.9 and 62oC, respectively. Lane 7, Q-step linear DNA ladder; Lanes 6 and 8-11 TssI249 PCR product, annealing temperatures of 57.4, 58.5, 59.6, 60.9 and 62oC respectively. Red and blue arrows indicate the presence of tssI (~ 3000bp) and (tssI249 ~ 800bp) DNA products respectively.







[bookmark: _Toc328347146]

[bookmark: _Toc331551515][bookmark: _Toc367640475]3.3 Analysis of TssI BCAS0667 and C-terminal derivatives containing the phospholipase domain
[bookmark: _Toc328347147][bookmark: _Toc331551516][bookmark: _Toc367640476]3.3.1 Overexpression of TssI, TssI934 and TssI249
E. coli BL21 (λDE3) harbouring the pET14b-tssI, pET14b-tssI934 and pET14b-tssI249 constructs formed circular uniform colonies when grown on LB plates (Table 3.1). Overexpression of the DNA encoding the His-tagged TssI, TssI934 and TssI249 proteins in E. coli BL21 (λDE3) was carried out under a variety of growth conditions as described in section 2.7.1. Briefly, these include LB, BHI and auto-inducing media, as well as altering the temperature and the length of the induction. Growth in BHI with 1 mM IPTG and an induction time of three hours at 37oC was found to result in optimum amounts of protein production. These conditions lead to large amounts of protein of the expected size, detected in each case, by SDS PAGE analysis (~100kDa for TssI, ~ 94kDa for TssI934 and ~30 kDa for TssI249). TssI249 was found to be present in the soluble fraction of the cell (Fig 3.3), whereas TssI and TssI934 were insoluble, as shown in Figure 3.4. Subsequent attempts to obtain expression of soluble TssI by performing inductions at lower temperatures (25oC and 30oC) and/or with lower concentrations of IPTG (100 μM and 10 μM) were unsuccessful (data not shown). 
E. coli BL21 C41(λDE3) and E. coli BL21 C43(λDE3) are mutant strains of E. coli BL21 (λDE3), which are frequently used for the expression of toxic proteins (Dumon-Seignovert et al., 2004). The solubility of TssI and TssI934 was investigated when expressed in E. coli BL21 C41(λDE3) and E. coli BL21 C43(λDE3) however, although proteins of the correct size were visible by SDS PAGE, the proteins were still in the insoluble fraction (data not shown).
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[bookmark: _Toc231625977][bookmark: _Toc232253021][bookmark: _Toc367642956][bookmark: _Toc367643227]Figure 3.3 Analysis of TssI249 protein expression and solubility. E. coli strain BL21 (λDE3) containing pET14b-tssI249 were cultured in BHI media at 37oC and induced for 3 hours with 1mM IPTG. 10 μl of the protein samples were electrophoresed in a 12 % SDS polyacrylamide gel. Lane 1, Sigma low molecular weight protein ladder (sizes shown in kDa); lane 2, total cell protein containing uninduced TssI249 protein; lane 3, IPTG induced TssI249 protein; lane 4, IPTG-induced TssI249 in total cell extract, after cell lysis; lane 5, total cell protein supernatant containing TssI249. 
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[bookmark: _Toc367642957][bookmark: _Toc367643228]Figure 3.4 Analysis of TssI and TssI934 protein expression and solubility. TssI and TssI934 proteins were expressed from pET14b plasmid in E. coli strain BL21 (λDE3). Cells were cultured in BHI media at 37oC and induced for 3 hours with 1 mM IPTG. 10 μl of the protein samples were electrophoresed in an 8 % SDS polyacrylamide gel. Lane 1, total cell protein prior to induction; lane 2, total cell protein containing IPTG induced TssI protein; lane 3, TssI supernatant after centrifugation; lane 4, TssI pellet after centrifugation; lane 5, Fermentas protein ladder (sizes shown in kDa); lane 6, total cell protein prior to induction of TssI934 protein; lane 7, total cell protein containing IPTG induced TssI934 protein; lane 8, TssI934 supernatant following centrifugation; lane 9, TssI934 pellet following centrifugation.
[bookmark: _Toc331551517][bookmark: _Toc367640477][bookmark: _Toc328347148]3.3.2 Screening TssI derivatives for fatty acyl esterase activity 
Tweens are derivatives of polyoxyethylene sorbitan, and have been commonly used to detect lipolytic enzymes (Sierra, 1957). The free fatty acid released by the hydrolysis of Tween by a lipase/esterase reacts with calcium to form a white precipitate. Thus the hydrolysis of Tween 80 provides a convenient assay for the presence of lipase/esterase activity. By applying a cell extract or purified protein in a well cut into a Tween 80 agarose plate (Section 2.3.8), fatty acyl esterase activity can be detected.
Cell extracts from induced E. coli BL21 (λDE3) containing pET14b-tssI, pET14b-tssI934 and pET14b-tssI249 were applied to wells in the Tween 80 plates, and incubated in a moist environment at 25oC for 24 hours. A halo of white precipitate was detected around the well containing extracts of cells harbouring the pET14b-tssI and pET14b-tssI934 which indicates that both proteins possess fatty acyl esterase activity. No activity was detected for TssI249 (Fig 3.6). Incubation of the Tween 80 plates at 30oC and 37oC was also performed, but the haloes formed were smaller and less opaque. Therefore, subsequent Tween 80 assays were all performed at 25oC, unless otherwise indicated.
The absence of fatty acyl esterase activity in the CTD was surprising given that the entire PLA-homologous region of TssI BCAS0667 was present in TssI249. (Fig 1.11) This indicates that either the TssI249 fragment is lacking a section which is essential for fatty acyl esterase activity or the conformation of amino acid sequences at the N-terminus of TssI249 are inhibitory. For this reason, a longer C-terminal region was expressed in pET14b by digesting the pET14b-tssI with NcoI and re-ligating the plasmid. This resulted in loss of an NcoI DNA fragment encoding the N-terminal 563 amino acids of TssI together with the His tag and thrombin cleavage site, and was facilitated by the presence of a single NcoI site in the tssI gene in addition to the one present in the pET14b vector MCS (Figure 3.1A) . This manipulation resulted in pET14b-tssIΔNco which expresses the C-terminal 436 amino acids of TssI as an untagged protein (Fig 3.5). The TssI-ΔNco protein was successfully expressed from pET14b and determined to form an insoluble inclusion body, when analysed by SDS PAGE (data not shown).
Cell extracts from induced E. coli BL21 (λDE3) containing pET14b-tssI, pET14b-tssI-ΔNco and pET14b-tssI249 were applied to wells cut in the Tween 80 plates, and left in a moist environment at 25oC for 24 hours. A halo of white precipitate was detected around the wells containing the extracts from BL21 (λDE3) cell harbouring the pET14b-tssI, pET14b-tssI934 and pET14b-tssI-ΔNco plasmids (Fig 3.6). The diameter of the halo generated by TssI-ΔNco was notably larger than that of TssI, and similar to that of TssI934. This result demonstrates that TssI, TssI934 and TssI-ΔNco have fatty acyl esterase activity and that this activity resides in the C-terminal half of TssI. 
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[bookmark: _Toc367642958][bookmark: _Toc367643229]Figure 3.5. Diagrammatic representation of the tssI gene showing regions cloned into pET14b. tssI BCAS0667 is represented by a block arrow with the arrowhead indicating the direction of transcription. The gene segment encoding the core region of TssI corresponding to bacteriophage T4 tailspike proteins Gp27 and Gp5 is shown in red. The region encoding the C-terminal phospholipase-like domain is shown in yellow. Coloured bars represent corresponding gene fragments cloned into pET14b and subsequently overexpressed and assayed for fatty acyl esterase activity.  
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[bookmark: _Toc367642959][bookmark: _Toc367643230]Figure 3.6 Fatty acyl esterase assay of TssI, TssI934 TssI249 and TssI-ΔNco. 20 µl of crude cell lysate from IPTG induced BL21 (λDE3) cells containing the indicated plasmids were applied to the wells of an agarose plate containing 85 mM NaCl, 1 mM CaCl2, 100 mM Tris–HCl pH 8.0 and 1% Tween 80 and incubated at 25°C for 24 hours. A; Well 1, empty pET14b plasmid (negative control); well 2, pET14b-tssI-ΔNco; well 3, pET14b-tssI249; well 4, pET14b-tssI. B; well 1, pET14b-tssI934; well 2, pET14b-tssI; well 3, empty pET14b plasmid (negative control).


[bookmark: _Toc328347149][bookmark: _Toc331551518][bookmark: _Toc367640478]3.3.3 Determination of the length of the TssI C-terminal domain necessary for fatty acyl esterase activity
The detection of fatty acyl esterase activity in the TssI-ΔNco segment but not in the TssI249 section of TssI demonstrates that more than the final 249 C-terminal amino acids are essential for enzyme activity. To determine the minimum C-terminal region that possesses fatty acyl esterase activity, five pET14b derivatives were designed that expressed the C-terminal 285, 319, 357, 402 and 436 amino acids of TssI (Fig 3.7).
DNA fragments encoding these regions were amplified using KOD polymerase from B. cenocepacia H111 genomic DNA and cloned between the NdeI and BamHI sites of pET14b giving rise to pET14b-tssI285, -tssI319, -tssI357, -tssI402 and -tssI436. These new TssI derivatives were over expressed in E. coli strain BL21 (λDE3). E. coli BL21 (λDE3) harbouring these 5 constructs formed lobate margined, crateriform colonies when grown on LB plates (Table 3.1). The BL21 (λDE3) cells containing the  five pET14b derivatives were also transformed with pLysS and pLysE, plasmids (Table 3.1) which encode bacteriophage T7 lysozyme which is an inhibitor of the T7 polymerase and therefore helps to prevent basal expression of the target protein. The presence of pLysS or pLysE, enabled the E. coli BL21 (λDE3) harbouring the 5 pET14b derivative constructs to form healthy uniform colonies on LB agar plates. The presence of 1% glucose in the LB agar plates, which represses basal level expression from the T7 promoter, also enables the formation of circular uniform colonies from all of the 5 constructs, apart from pET14b-tssI285. 
Gel electrophoretic analysis of cell lysates following induction of the T7 promoter showed that TssI436, TssI402, TssI357 and TssI319 were all overexpressed, as large amounts of protein of the predicted size were visible via SDS PAGE (Fig 3.8). However, a protein product corresponding to TssI285 (expected size ~ 32 kDa) was not observed in cells containing pET14b-tssI285, despite inductions being performed in a variety of media (LB, BHI and AIM) and in different host strains (BL21, C41 and C43) (results not shown). The presence of pLysS in combination with the pET14b-tssI derivatives in the BL21 (λDE3) cells did not impact upon the amount of protein production. The presence of pLysE, however, lead to much lower quantities of protein being produced. TssI436, TssI402, TssI357 and TssI319 proteins expressed from the BL21 (λDE3) cells in the presence of pLysS or pLysE were determined to be insoluble.
Cell extracts from induced E. coli BL21 (λDE3) containing pET14b-tssI436 to pET14b-tssI285 were screened for fatty acyl esterase activity using Tween 80. A halo of white precipitate was observed around all the wells containing all five pET14b-TssI constructs after 24 hours incubation. Plates were left for 72 hours for haloes to fully develop before being photographed (Fig 3.9). Cell extract from E. coli BL21 (λDE3) containing the empty pET14b plasmid were also screened for fatty acyl esterase activity using Tween 80 plates as a negative control, no halo was visible after 72 hours of incubation (data not shown). A lipase from Burkholderia cepacia (supplied by Sigma-Aldrich) was utilised as a positive control. When 20μl of a 1mg/ml solution of the lipase from Burkholderia cepacia was applied to the Tween 80 plates, a clear halo was visible after approximately 4hour incubation at 37oC, at lower temperatures clear haloes were visible after longer periods of incubation (data not shown).
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[bookmark: _Toc367642960][bookmark: _Toc367643231]Figure 3.7 Diagrammatic representation of the tssI gene showing C-terminal regions cloned into pET14b. TssI BCAS0667 is represented by a block arrow with the arrowhead indicating the direction of transcription. The gene segment encoding the core region of TssI corresponding to bacteriophage T4 tailspike proteins Gp27 and Gp5 is shown in red. The region encoding the C-terminal phospholipase-like domain is shown in yellow. Coloured bars represent corresponding gene fragments cloned into pET14b and subsequently overexpressed and assayed for fatty acyl esterase activity. pET14b-TssI436 contains the same region of TssI-ΔNco but also includes an N-terminal hexahistidine tag.
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[bookmark: _Toc367642961][bookmark: _Toc367643232]Figure 3.8. Analysis of expression of C-terminal TssI derivatives from pET14b.  E. coli strain BL21 (λDE3) cells harbouring the plasmids indicated were cultured in BHI + 1 mM IPTG for 3 hours. 15 μl of cell lysates were electrophoresed in a 12 % SDS polyacrylamide gel. Lanes 1 and 7, Fermentas protein ladder (sizes shown in kDa); lane 2, pET14b-tssI436; lane 3, pET14b-tssI402; lane 4, pET14b-tssI357; lane 5, pET14b- tssI319; lane 6, pET14b-tssI285. 
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[bookmark: _Toc367642962][bookmark: _Toc367643233]Figure 3.9 Tween 80 fatty acyl esterase assay of TssI436, TssI402, TssI357, TssI319 and TssI285. 20 µl of crude cell lysate from IPTG induced BL21 (λDE3) cells containing the indicated plasmids were applied to the wells of an agarose plate containing 85 mM NaCl, 1 mM CaCl2, 100 mM Tris–HCl pH 8.0 and 1% Tween 80. The plate was incubated at 25°C for 72 hours. Well 1, pET14b-tssI436; well 2, pET14b-tssI402; well 3, pET14b-tssI357; well 4, pET14b-tssI319; well 5, pET14b-tssI285.


These results indicate that the C-terminal 285 amino acids are sufficient to specify fatty acyl esterase activity. To more precisely delineate the region possessing fatty acyl esterase activity, three DNA fragments were amplified encoding the TssI C-terminal region with N-termini located between those of TssI285 and TssI249 (Fig 3.10) 
These fragments were ligated between the NdeI and BamHI sites of pET14b, yielding pET14b-tssI276, pET14b-tssI267 and pET14b-tssI258. Attempts at overexpressing TssI276, TssI267 and TssI258 from these constructs is shown in Figure 3.11.
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[bookmark: _Toc367642963][bookmark: _Toc367643234]Figure 3.10. Diagrammatic representation of the tssI gene showing regions cloned into pET14b. tssI BCAS0667 is represented by a block arrow with the arrowhead indicating the direction of transcription. The gene segment encoding the core region of TssI corresponding to bacteriophage T4 tailspike proteins Gp27 and Gp5 is shown in red. The region encoding the C-terminal phospholipase domain is shown in yellow. Coloured bars represent corresponding gene fragments cloned into pET14b and subsequently overexpressed and assayed for fatty acyl esterase activity.
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[bookmark: _Toc367642964][bookmark: _Toc367643235]Figure 3.11 Analysis of expression of C-terminal TssI derivatives from pET14b. E. coli strain BL21 (λDE3) cells containing pET14b and pET14b derivatives carrying DNA fragments encoding the C-terminal region of TssI were cultured in BHI + 1 mM IPTG for 3 hours. Cell lysates were electrophoresed in a 12 % SDS polyacrylamide gel. Lane 1 TssI-ΔNco; lane 2, TssI276; lane 3, TssI267; lane 4, TssI258; lane 5, Induced pET14b plasmid; lane 6, Fermentas protein ladder (sizes shown in kDa)
Gel electrophoretic analysis of cell lysates following induction of the T7 promoter showed that TssI267,and TssI-ΔNco were overexpressed as large amounts of protein of the expected size (29.5 and 45.0 kDa respectively) were visible on the SDS PAGE (Fig 3.11). However, protein products corresponding to TssI276 and TssI258 (of 30.4 and 28.6 kDa respectively) were not observed in BL21 (λDE3) containing pET14b-tssI276 or pET14b-tssI258, despite inductions being performed in a variety of media (LB, BHI and AIM) and in different strains (BL21, C41 and C43) (results not shown). As expected, no proteins were overexpressed when IPTG was added to empty pET14b vector.
Although TssI276 and TssI258 did not appear to be overexpressed in this system, cell extracts from BL21 (λDE3) containing pET14b-tssI276 and tssI258 exhibited fatty acyl esterase activity as judged by the hydrolysis of Tween 80 in the fatty acyl esterase bioassay (Fig 3.12). Cell extract from E. coli BL21 (λDE3) containing the empty pET28a plasmid were also screened for fatty acyl esterase activity using Tween 80 plates as a negative control, no halo was visible after 72 hours of incubation (data not shown).
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[bookmark: _Toc367642965][bookmark: _Toc367643236]Figure 3.12 Tween fatty acyl esterase assay of TssI276, TssI267 and TssI258.  20 µl of crude cell lysate from IPTG induced cells containing the indicated plasmids were applied to the wells of an agarose plate containing 85 mM NaCl, 1 mM CaCl2, 100 mM Tris–HCl (pH 8.0) and 1% Tween 80. The plate was incubated at 25°C for 72 hours. Well 1, TssI276; well 2, TssI267; well 3, TssI258. 

[bookmark: _Toc368310808][bookmark: _Toc368310886]Table 3.1 Morphology of E. coli BL21 (λDE3) colonies harbouring pET14b encoding TssI and TssI C-terminal regions	
	
	Colony morphologya

	pET14bb derivative
	Presence of plasmid expressing T7 lysozyme
	Protein expressiond

	
	No plasmidc
	pLysS
	pLysE
	No plasmid + 1% glucose
	SDS PAGE
	Solubility

	TssI
TssI934
	U/C
U/C
	U/C
N/A
	U/C
N/A
	U/C
N/A
	+
	-

	TssI-Δnco
	U/C
	U/C
	U/C
	U/C
	+
	-

	TssI436
	L/CR
	U/C
	U/C
	U/C
	+
	-

	TssI402
	L/CR
	U/C
	U/C
	U/C
	+
	-

	TssI357
	L/CR
	U/C
	U/C
	U/C
	+
	-

	TssI319
	L/CR
	U/C
	U/C
	U/C
	+
	-

	TssI285
	L/C/RG
	U/C
	U/C
	L
	-
	N/A

	TssI276
	L/C/RG
	U/C
	U/C
	L
	-
	N/A

	TssI267
	U/C
	U/C
	U/C
	U/C
	+
	+

	TssI258
	RG/NG
	U/C
	U/C
	L/CR/RG
	-
	N/A

	TssI249
pET14b
	U
U
	U/C
N/A
	U/C
N/A
	U/C
N/A
	+
N/A
	+
N/A


a colony morphology was examined on LB agar following incubation for 18 hours at 37oC in the absence of IPTG
b TssI and C-terminal derivatives were under the control of the T7 promoter contained in pET14b
c U= Uniform; C= Circular; L= Lobate margin; CR= Crateriform; RG= Retarded growth; NG= No growth 
d Detected by SDS PAGE, N/A = non-applicable
[bookmark: _Toc328347150][bookmark: _Toc331551519][bookmark: _Toc367640479]3.3.4 Construction of pET28a derivatives containing TssI285, TssI276 and TssI258
The lack of expression of the TssI285, TssI276 and TssI258 proteins from the pET14b vector led to the hypothesis that more protein may be overproduced if the gene fragments were expressed from a different protein expression vector. The morphology of E. coli BL21 (λDE3) colonies harbouring pET14b, containing tssI285, tssI276 and tssI258 (Table 3.1) also support the need for the transfer of these gene fragments to a vector which eliminates basal level protein expression, to avoid selection of mutants, or attenuated proteins, which could explain the lack of expression. For this reason, pET28a was selected as an appropriate vector, as it is similar to pET14b, in that it attaches an N-terminal hexahistidine tag to the target protein. However, pET28a contains a lac operator sequence immediately downstream of the T7 promoter, the lacI gene which encodes the Lac repressor; this prevents basal level expression of genes inserted into the vector under non-inducing conditions.
pET28a-tssI285 and pET28a-tssI276 were created by simply transferring the tssI285 and tssI276 fragments directly from the pET14b-tssI285 and pET14b-tssI276 using the restriction enzymes NcoI and HindIII. This transfers the entire target gene, along with the N-terminal His-Tag and thrombin cleavage site from pET14b to pET28a. Due to the position of the HindIII site in the pET14b plasmid, a ~650bp section of plasmid DNA downstream of the MCS was also transferred to pET28a along with the target gene. Repeated attempts to transfer the DNA fragment encoding TssI258 from pET14b-tssI258 to pET28a by this method were unsuccessful. 
[bookmark: _Toc328347151][bookmark: _Toc331551520][bookmark: _Toc367640480]3.3.5 Overproduction of C-terminal fragments of TssI from pET28a derivatives
Overexpression of the His-tagged TssI285 and TssI276 proteins from pET28a was carried out in E. coli BL21 (λDE3) as described in section 2.7.1. However, TssI285 or TssI276 proteins were not detectable by SDS-PAGE and subsequent staining of the gel with coomassie blue. Attempts were made to overproduce the TssI285 and TssI276 proteins in different media (LB, BHI and AIM) but no increase in the levels of expression of these proteins was obtained (results not shown). This could be due to the presence of the extra ~650bp of pET14b plasmid transferred during cloning. Therefore, for the sake of completeness, the primers needed to construct the pET28a-tssI285, pET28a-tssI276 and pET28a-tssI258 without additional pET14b plasmid DNA, were designed (Table 2.4). Primers were used to amplify the corresponding regions from pET14b-tssI by PCR using KOD polymerase which were digested with the enzymes NdeI and BglII and then transferred to pET28a digested with the restriction enzymes NdeI and BamHI.
The transfer of the tssI285, tssI276 and tssI258 gene fragments from pET14b to the pET28a plasmid enabled the growth of healthy, uniform E. coli BL21 (λDE3) transformant colonies. It was not necessary to include the pLysS or pLysE plasmids in tandem with the pET28a-tssI285, pET28a-tssI276 and pET28a-tssI258 plasmids, as the E. coli BL21 (λDE3) appeared to be healthy in their absence (Table 3.2). 
Attempts to express TssI285, TssI276 and TssI258 were performed according to the protocol in section 2.7.1. Expression of TssI285 and TssI276 gave inconsistent results with very low levels of proteins being produced. The induced proteins were found in the insoluble fraction, under the conditions utilised. Therefore no further work was attempted using these constructs (data not shown).
TssI258 was successfully overproduced from plasmid pET28a-tssI258 in E. coli strain BL21 (λDE3), following growth in BHI and induction at 37oC for 3 hours with 1 mM IPTG. The TssI258 protein was found in soluble fraction and was detected by Coomassie staining following SDS PAGE where a band corresponding to the expected size of the protein (28 kDa) was observed upon induction (Fig 3.13). 




[bookmark: _Toc368310809][bookmark: _Toc368310887]Table 3.2 Morphology of E. coli BL21 (λDE3) colonies harbouring pET28a encoding TssI regions
	Colony morphologya
	

	pET28ab derivative
	Presence of plasmid expressing T7 lysozyme
	Protein Expressiond

	
	No plasmidc
	pLysS
	pLysE
	No plasmid + 1% glucose
	SDS PAGE
	Solubility			Solubility

	TssI285
	U/C
	N/A
	N/A
	U/C
	         -
	       N/A

	TssI276
	U/C
	N/A
	N/A
	U/C
	         -
	       N/A

	TssI258
	U/C
	N/A
	N/A
	U/C
	         +
	         +


a colony morphology was examined on LB agar following incubation for 18 hours at 37oC in the absence of IPTG
b TssI and C-terminal derivatives were under the control of the T7 promoter contained in pET28a
c U= Uniform; C= Circular; 
d Detected by SDS PAGE N/A = non-applicable
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[bookmark: _Toc367642966][bookmark: _Toc367643237]Figure 3.13. Expression of TssI258 from pET28a. E. coli strain BL21 (λDE3) cells containing pET28a-tssI258 was cultured in auto-inducing medium at 37°C. The cleared cell lysate was electrophoresed in a 12 % SDS polyacrylamide gel. Lane 1, uninduced TssI258; lane 2, TssI258; lane 3, Fermentas Pageruler protein ladder (sizes shown in kDa).


[bookmark: _Toc328347152][bookmark: _Toc331551521][bookmark: _Toc367640481]3.3.6 Purification of TssI267
SDS PAGE analysis revealed that large quantities of protein of the correct size were produced when pET14b-tssI267 was induced using 1 mM IPTG (section 2.7.1). E. coli strain BL21 (λDE3) containing pET14b-tssI267 grew well and formed uniform colonies on LB agar plates (Table 3.1). Prior to the construction of pET28a-tssI258, TssI267 was the shortest C-terminal derivative of TssI which showed fatty acyl esterase activity (Fig 3.10) and overexpressed well (Fig 3.11), it was selected for purification with a view to carry out crystal trials, with the ultimate aim being to determine the structure of the active fatty acyl esterase region.
Immobilized metal ion affinity chromatography (IMAC) was used to purify the hexahistidine-tagged TssI267 protein as described in section 2.7.3. Lysed cell extract from induced E. coli BL21 (λDE3) cells containing the pET14b-tssI267 plasmid was applied to a nickel chelate HisTrap column in Tris buffer containing 10 mM imidazole and unbound protein was washed off the column with 15 ml of the same buffer. Bound protein was then eluted with a 10-500 mM imidazole gradient. The amount of protein being eluted from the column was followed by monitoring the UV absorbance of the eluate at 280nm and a single peak of protein was observed that eluted at 150mM imidazole.  This was confirmed to correspond to TssI267 by SDS PAGE analysis (Fig 3.14). 5 ml of ~ 1 mg/ml TssI267 protein was collected, and this was estimated to be approximately 90% pure on SDS PAGE (Fig 3.14).
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[bookmark: _Toc367642967][bookmark: _Toc367643238]Figure 3.14 Polyacrylamide gel electrophoretic analysis of His-tagged TssI267 purification by IMAC. The soluble fraction from lysed E. coli BL21 (λDE3) cells containing pET14b-tssI-267 was passed through a 0.22 µm filter and applied to a GE healthcare HisTrap HP column in a buffer containing 10 mM imidazole.TssI267 was eluted using a linear gradient of 10-500 mM imidazole and fractions containing TssI267 were analysed. Lane 1, Fermentas Pageruler protein ladder (sizes shown in kDa); lane 2, soluble fraction applied to column; lane 3, flow through; lane 4, TssI267 elution at approximately 100 mM imidazole; lane 5, TssI267 elution at approximately 150 mM imidazole.









In order to determine the structure of TssI267 by x-ray crystallisation it needed to be over 95% pure, therefore required another purification step. Most of the protein impurities in the TssI267 sample obtained after IMAC purification were of lower molecular weight than the TssI267 protein, so gel filtration was selected for the next purification step. The protein solution obtained from IMAC was concentrated into 1 ml and simultaneously buffer exchanged to remove the imidazole from the sample using a GE Healthcare HiTrap desalting column. The protein solution was then applied to a Superose 12 gel filtration column and protein elution from the column was followed at 280nm (Fig 3.15 A). Most of the protein eluted as a single peak with a shoulder of protein of lower molecular weight. Eluted fractions containing protein were analysed by SDS PAGE (Fig 3.15 B) 
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[bookmark: _Toc367642968][bookmark: _Toc367643239]Figure 3.15 Purification of TssI267 by gel filtration chromatography. The TssI267 protein eluted from the HisTrap column was concentrated into a 1 ml fraction of 25 mM citric acid buffer, 200 mM NaCl and 10% glycerol (pH 5.5) and applied to a Superose 12 gel filtration column (GE Healthcare). A. Elution profile of TssI267 from gel filtration column monitored at 280nm. B. SDS PAGE analysis of TssI267 eluted from gel filtration column.  Lane 1, TssI267 protein applied to gel filtration column post buffer exchange; lanes 2 and 9, Fermentas pageruler protein ladder (sizes shown in kDa); Lanes 3-8 fractions 7-12 underlined in red on trace (A). 





TssI267 was significantly purified by size exclusion chromatography gel filtration and approached 100% purity judged by SDS PAGE. Purified samples of TssI267 were concentrated to >10 mg/ml in 10 mM Tris buffer (pH 8.0) as judged by Bradford protein assay.
Purified protein was taken for use in pre-crystallisation trials. Over 1000 conditions were attempted and unfortunately, all crystals screened were either salt, or did not diffract when applied to the Mar 345dtb goniometer and detector system. Lists of conditions and concentrations of protein used are shown in section 2.11. This was eventually discontinued, due to time constraints.

[bookmark: _Toc331551522][bookmark: _Toc367640482]3.4 Investigation into the proteolytic activity of TssI BCAL1359
[bookmark: _Toc331551523][bookmark: _Toc367640483]3.4.1 Cloning of tssIMP into the protein expression vector pET28a
[bookmark: OLE_LINK4]tssIMP BCAM1359 was PCR amplified from B. cenocepacia strain H111 genomic DNA. Forward primers for amplification tssIMP BCAL1359 were designed to contain an NheI site which places the gene fragments in frame with the sequence encoding the hexahistidine tag of pET28a. The reverse primer contained a HindIII site downstream of the stop codon.
pET28a-tssIMP was successfully constructed and its integrity confirmed by sequencing of the inserted DNA and comparison of this sequence with the genome sequence of B. cenocepacia strain H111. Homology results from both BLAST and the merops database indicate that tssIMP BCAM1359 encodes a metalloprotease with endopeptidase activity (family M12B). Experiments were designed to investigate if TssIMP BCAM1359 does possess peptidase activity.
[bookmark: _Toc331551524][bookmark: _Toc367640484]3.4.2 Overexpression and determination of the solubility of TssIMP 
E. coli BL21 (λDE3) harbouring the pET28a-tssIMP construct formed circular uniform colonies when grown on LB plates (data not shown). Overexpression of the TssIMP protein in E. coli BL21(λDE3) was carried as described in section 2.7.1. and protein solubility was determined according to (section 2.7.2). Protein bands of the expected size (~130 kDa) were observed by SDS PAGE and the protein was determined to form insoluble aggregates (data not shown). 
[bookmark: _Toc331551525][bookmark: _Toc367640485]3.4.3 Determination of the protease and haemolytic activity of TssIMP 
To determine if TssIMP was able to hydrolyse casein, lysed cell extract was applied to wells cut into casein plates which were incubated for 72 hours at 5, 15, 25 and 37oC and observed every 24 hours. Protease activity is distinguishable by clear haloes which form around the wells. Protease activity associated with TssIMP was not detected at any temperature whereas the positive control (trypsin) was active at all temperatures. (Figure 3.16 shows an example plate incubated at 25oC).
To determine if TssIMP was able to hydrolyse red blood cells, lysed cell extract was applied to Columbia blood agar plates which were incubated for 72 hours at 5, 15, 25 and 37oC and observed every 24 hours. Haemolytic activity, which is distinguishable by the formation of clear haloes around the wells, was not detected for TssIMP at any temperature (data not shown). 
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[bookmark: _Toc367642969][bookmark: _Toc367643240]Figure 3.16 Protease detection assay of TssIMP. 20 µl of crude cell lysate from IPTG induced BL21 (λDE3) cells containing the plasmids indicated below or control were applied to the wells of an agarose plate containing 1.5% skimmed milk powder and  incubated at 25°C for 24 hours; Well 1, Trypsin (1 mg/ml in PBS) (positive control); well 2, pET28a-tssIMP; well 3, empty pET28a plasmid (negative control). 







[bookmark: _Toc328347153][bookmark: _Toc331551526][bookmark: _Toc367640486]3.5 Discussion
[bookmark: _Toc367640487]3.5.1 Initial characterisation of TssI BCAS0667
Alignments of TssI BCAS0667 with other TssI proteins present in B. cenocepacia strain J2315 have revealed that the start codon is possibly incorrectly annotated in the NCBI database. The database start for BCAM2254 is annotated as MSFA. The database start for BCAS0667 is annotated as MSFA. Therefore, the database has the sequences annotated with the translation start codon adjacent to an Shine Dalgarno (SD) sequence. Therefore this start codon was initially chosen as the most likely start based on the database annotation and the proximity of an SD and the fact that the 65 aa extension is very similar in both cases, which is very unlikely to happen by chance. The shorter version (TssI934), with the alternative start codon was investigated for 2 reasons:
1. 	The start codon is more consistent with the other TssI’s
2. 	The TssI (full length) protein is insoluble, and if the start codon of TssI934 fragment is the naturally used one, then the resulting protein is potentially more likely to be soluble
Both TssI and TssI934 were successfully cloned into the pET14b expression vector, and both were overproduced in E. coli, TssI934 was found to be insoluble, so could not be purified and used in further experiments. Despite both TssI and TssI934 being insoluble, they exhibited fatty acyl esterase activity on Tween 80 plates. To determine the actual promoter of TssI BCAS0667, lacZ reporter fusions to screen for promoter activity could be used as described in (Smale, 2010). This technique would quantify which region exhibited the stronger promoter activity.
TssI BCAS0667 derivatives ranging in size from the full length protein to the shortest C-terminal region predicted to contain PLA activity, were expressed from the powerful T7 promoter in E. coli BL21 (λDE3). Although, it was not possible to overproduce TssI258 from the pET14b vector, overproduction was observed from the pET28a vector. TssI285 and TssI276 were not overproduced from pET14b and only low levels of expression of these proteins were obtained from pET28a. However these overexpressed proteins appeared to be insoluble, a possible explanation for their insolubility is that TssI285 and TssI276 contained a longer section of the unstructured linker region
The three smallest C-terminal derivatives of TssI BCAS0667 (TssI267, TssI258 and TssI249) were all soluble, whereas all the other TssI BCAS0667 derivatives, including TssI and TssI934 were insoluble, when overproduced using the pET system in E. coli. Other studies involving TssI proteins have also noted that some TssI homologues are insoluble when expressed in a non-native environment (Lossi et al., 2011). There are several possible explanations for this; TssI could require a chaperone to be folded correctly; the intracellular environment of E. coli could be so different to that of B. cenocepacia that folding could not be possible, as it doesn’t have any interacting partners/chaperones in E. coli. TssI may be normally folded in the periplasm, but is unable to cross the inner membrane in E. coli because it requires other T6SS components. Moreover, simply overproducing some proteins causes insoluble aggregates to form, it could simply be that the TssI protein is produced so quickly by the pET system, that it is not possible for the proteins to be folded correctly and this leads to the vast majority of these proteins being insoluble. However, attempts to prevent this by slowing the expression of these proteins from the protein expression vectors by using lower concentrations of IPTG, or lower temperatures, only produced insoluble proteins. It is likely that some TssI is soluble, as fatty acyl esterase activity was detected in the cell lysates from bacteria overproducing these proteins.
A possible explanation for the solubility of TssI267 is that they contain a smaller amount of the predicted linker region that connects the Gp27-Gp5 region to the PLA-like region, than those derivatives which were insoluble. This linker region appears to be a disordered, mostly unstructured section, which has no homology to any known proteins and simply connects the TssI domain to the enzymatic domain (3.16). A longer section of this linker region at the N-terminus of the enzymatic domain could prevent proper folding, or this linker region could be buried in the full length TssI protein, and its exposure at the N-terminus of the enzymatic domain could lead to its insolubility.
The predicted fatty acyl esterase activity of the TssI BCAS0667 protein was confirmed, and this activity has been located to the C-terminal 258 amino acids of the protein. Interestingly, TssI249 does not appear to exhibit any fatty acyl esterase activity at 25oC.  Although Tween 80 plates are not accurate indicators of the level of fatty acyl esterase activity, these results would appear to indicate that at least part of the 9 amino acid segment present in TssI258 but not TssI249, is necessary for the protein to exhibit fatty acyl esterase activity. This was not expected, as the amino acid alignment indicates that this section formed part of a non-conserved region N-terminal to the phospholipase enzymatic domain. This observation is further investigated and discussed in chapter 4.
Despite the failure to overproduce TssI285 and TssI276 from pET14b, fatty acyl esterase activity was nevertheless detected in cell extracts as judged by hydrolysis of Tween 80. This indicates that low levels of the TssI285 and TssI276 fragments were being produced, but these were not visible by Coomassie staining following SDS PAGE. It is important to note that the fatty acyl esterase assay using Tween 80 as a substrate is not quantitative, and it is not possible to accurately assess activity using this assay. Taking into consideration the fact that the Tween 80 assay is not quantitive, the results presented in this chapter do raise the possibility that TssI285 and TssI276 are highly active, as tiny quantities (not visible on SDS PAGE) yielded clear haloes on the assay plates. However, it is not possible to confirm this hypothesis from the results of the Tween 80 plates. Quantification of TssI BCAS0667 activity will be discussed further in Chapter 4.
TssI267 was isolated at over 95% purity for structural work. Unfortunately, no crystals were obtained that diffracted well enough to allow a structure to be elucidated. There are several possible reasons for this; the TssI267 protein could be too disordered, or too flexible, for it to form crystals; a specific co-factor could be required for it to fold correctly; or an substrate/inhibitor could be needed for the enzyme to be conformed in such a manner, which it could form crystals.  Unfortunately, it was not possible to continue crystal trials due to time constraints. Further work in this field could be carried out using the shorter C-terminal derivatives (TssI258 and TssI249) or in combination with inhibitors (chapter 4) which could help stabilise the structure, and lead to the formation of crystals which would diffract. 
[bookmark: _Toc352855729]A summary figure is shown (Fig 3.17) illustrating the different regions of the TssI BCAS0667 protein.
[bookmark: _Toc367640488]3.5.2 Attempted characterisation of TssIMP
No protease or haemolytic activity was detected from TssIMP under any conditions tested. This could be due to the fact that TssIMP has a narrow substrate specificity and will not hydrolyse casein. Metalloproteases can be highly specific, and targeted to one particular substrate. An example of this is the botulinum neurotoxin, which only hydrolyzes the peptide bonds in soluble N-ethylmaleiamide sensitive factor attachment protein receptor (SNARE) proteins (Brunger et al., 2008).  If the TssIMP protein is highly specific for a particular substrate then no activity would be detected on blood or casein plates. The alternative explanations for this lack of activity is that the TssIMP metalloprotease requires a chaperone or cofactor, or could not fold properly in the conditions in which it was expressed therefore preventing any level of proteolytic or haemolytic activity. Alternatively, the protease domain may be activated only after cleavage from the rest of TssIMP.
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[bookmark: _Toc367642970][bookmark: _Toc367643241]Figure 3.17 TssI BCAS0667 protein sequence. Sections of TssI BCAS0667 cloned into protein expression vectors are shown with highlighted in green, and preceded by red arrows. The 65AA extension is highlighted in yellow, the “core” TssI region is highlighted in cyan, the linker region is white and the putative PLA1 domain is highlighted in magenta. 
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[bookmark: _Toc331590609][bookmark: _Toc367640489][bookmark: _Toc367643242][bookmark: _Toc368310888]Chapter 4
[bookmark: _Toc331551529][bookmark: _Toc331590610][bookmark: _Toc367640490][bookmark: _Toc367643243][bookmark: _Toc368310889]Characterisation of the C-terminal phospholipase domain of TssI BCAS0667











[bookmark: _Toc331551530][bookmark: _Toc367640491]4.1 Rationale
Following the evidence provided for the presence of fatty acyl esterase activity in the C-terminal region of TssI BCAS0667 described in chapter 3, it was decided to further analyse this activity. The aims of the work described in this chapter were;
(i) To determine the optimum reaction conditions for the enzyme
(ii) To determine whether there was a preference for fatty acyl groups of certain chain length
(iii) To determine whether the enzyme could hydrolyse fatty acyl ester bonds in phospholipids and if so, which of the two ester bonds was preferred.
(iv) To determine whether the predicted catalytic triad plays a role in fatty acyl ester bond cleavage. 
For most of these studies, TssI258 was used, as it was the shortest active C-terminal segment of TssI BCAS0667 based on the Tween 80 hydrolysis assays described in chapter 3. The shortest active region was chosen, as this was predicted to contain the full phospholipase A1 domain, with as little of the linker region as possible, which was not thought to influence the PLA1 activity. It was also selected as it was soluble and could be purified (Section 4.2).

[bookmark: _Toc331551531][bookmark: _Toc367640492]4.2 Purification and determination of the oligomeric status of TssI258
Purification of TssI267 was achieved with a combination of IMAC and size exclusion chromatography (Sections 2.7.4 and 2.7.5). This method was also initially utilised for purification of TssI258, but unfortunately approximately 20-30% of the protein appeared to be degraded (data not shown). To avoid this problem, TssI258 was purified by two sequential nickel affinity chromatography steps. TssI258 (and all other C-terminal domains of TssI) eluted off the Nickel column used for IMAC in approximately 100 mM imidazole (Fig 4.1).
The purified TssI258 was analysed by mass spectrometry, which revealed the presence of a 29412.6 Da protein. This corresponded exactly to the TssI258  protein with its N-terminal methionine removed. No other major peaks were detected by mass spectrometry, confirming that the TssI258 had been successfully purified.
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[bookmark: _Toc367642971][bookmark: _Toc367643244]Figure 4.1 Purification of TssI258 by two-step IMAC. The soluble fraction from lysed E. coli BL21 (λDE3) cells containing pET28a-tssI258 was passed through a 0.22 µm filter and applied to a GE Healthcare HisTrap HP column in a buffer containing 10 mM imidazole. TssI258 was eluted using a linear gradient of 10-500 mM imidazole and fractions containing TssI258 were analysed. Fractions containing TssI258 were diluted 5 fold into 10 mM imidazole buffer and applied to a second GE Healthcare HisTrap HP column for a second purification step. A  Lanes 1,Fermentas Protein ladder (sizes shown in kDa); lane 2 total cell protein supernatant containing TssI258; lane 3, flow-through from initial passage through nickel affinity column; lane 4, Eluted TssI258 from Nickel affinity column passage 1, fraction 1; lane 5, Eluted TssI258 from Nickel affinity column passage 1, fraction 2. B lane 1, Protein ladder (sizes shown in kDa; lane 2, TssI258 following 5 fold dilution into low imidazole IMAC buffer (Section 2.7.3); lane 3, eluted TssI258 from Nickel affinity column passage 2, fraction 1; lane 4, eluted TssI258 from nickel affinity column passage 2, fraction 2.







Following the purification of TssI258, the protein was applied to a GE Healthcare Sepharose 12 gel filtration column in order to determine whether TssI258 oligomerises (it is well known that TssI forms a trimer (Leiman et al., 2009), however it was not known whether the C-terminal effector domain of TssI BCAS0667 would also form a trimeric structure when it is independent of the conserved TssI region). A standard curve was generated using the GE Healthcare low molecular weight calibration kit. The log of the relative mass was plotted against the elution volume of each protein (Fig 4.2), which yielded a straight line with the equation
y = -0.255x + 7.69
where y is log10 Mr and x is the elution volume in millilitres. TssI258 was eluted in a volume of 12.775 ml, which corresponds to an Mr of approximately 27.1 kDa. As the calculated Mr of TssI258 based on its amino acid sequence (including the hexahistidine tag) is 28.722 kDa, this strongly suggests that TssI258 exists as a monomer.
[bookmark: _Toc331551532][bookmark: _Toc367640493]4.3 Determination of optimum reaction conditions for esterase activity of BCAS0667 TssI258 
To further characterise the fatty acyl esterase activity of the BCAS0667 TssI258, it was decided to use fatty acyl esters of 4-nitrophenyl, as one of the products generated, 4-nitrophenol, is yellow in colour, thereby making the progress of the reaction easy to follow (Fig 4.3). As Tween 80 contains a long fatty acyl chain, it was initially decided to use 4-nitrophenyl palmitate as the substrate due to the fact palmitic acid has a carbon chain length of 16 (Fig 4.3).  
[bookmark: _Toc331551533][bookmark: _Toc367640494]4.3.1 Establishment of the 4-nitrophenyl palmitate assay
The 4-nitrophenyl palmitate assay is detailed in section 2.8.1. It is based on the assay originally developed by (Winkler and Stuckmann, 1979) and modified by  (Gupta et al., 2002). Briefly, a 7.63 mM solution of 4-nitrophenyl palmitate was made up in isopropanol, at a concentration of 3 mg/ml (7.95 mM). this was then combined in a 1:9 ratio with 90 ml 0.05 M phosphate buffer (pH 8.0) containing 207 mg (5.55 mM) sodium deoxycholate, 100 mg gum Arabic and  1.875 ml Triton X-100. The final assay buffer consisted of 10% (10 ml) 4-nitrophenyl palmitate dissolved in isopropanol and 90% (90 ml) phosphate buffer solution. and the reaction was monitored continuously using a Shimadzu UV-1601 spectrophotometer at an OD410nm. Hydrolysis of the ester bond of the 4-nitrophenyl palmitate molecule releases 4-nitrophenol (detected at OD410) and palmitic acid (Fig 4.3). Initial tests of this assay protocol at 37°C using purified TssI258 protein indicated that 4-nitrophenyl palmitate would be a suitable assay substrate (data not shown). 












[bookmark: _Toc367642972][bookmark: _Toc367643245]Figure 4.2 Determination of oligomeric status of TssI258 by size exclusion chromatography. A standard curve was generated with 2 mg/ml each of aprotinin (6.5 kDa), ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin (43 kDa) and conalbumin (75 kDa), which were applied to a GE Healthcare superose 12 gel filtration column. Elution volume for each protein was determined as the highest point on the elution profile which was monitored on a UV trace at 280nm. TssI258 eluted at 12.78 ml. 
[image: ]
[bookmark: _Toc367642973][bookmark: _Toc367643246]Figure 4.3 Measurement of lipase and esterase activity by hydrolysis of 4-nitrophenyl fatty acyl esters. Lipases and fatty acyl esterases hydrolyse the ester bond in the 4-nitrophenyl fatty acyl ester molecule (indicated by the dashed-red arrow) yielding 4-nitrophenol and the corresponding fatty acid. Free 4-nitrophenol possesses a yellow colour in alkaline solution due to elution delocalisation, and absorbs maximally at OD410nm. For butyric acid, n = 2; for decanoic acid, n = 8; for palmitic acid, n = 14.  
The 4-nitrophenyl palmitate assay is measured spectrophotometrically, and the data produced is in the form of absorbance units per minute, which are arbitrary units. In order to convert absorbance units into amount of product formed (in this case 4-nitrophenol), it is necessary to know the extinction coefficient for the product under the buffer conditions used in the assay. Several extinction coefficients of 4-nitrophenol have been published (Pencreac'h and Baratti, 1997), but they vary slightly, and none are available for the exact conditions used in this study. For this reason it was decided to determine the extinction coefficient of 4-nitrophenol under the exact assay conditions which would be employed. 
The Beer-Lambert law states that A = εcL, where A is the absorbance measured spectrophotometrically (absorbance units), ε is the molar absorption of a compound or extinction coefficient (litres mol-1 cm-1), L is the path length, the distance which light travels through the compound and c is the concentration of the compound in the solution (mol litre-1). As the path length is always 1 cm-1 this can be discounted, and rearrangement of the equation yields ε = A/c. This allows the extinction coefficient to be calculated experimentally. To this end, the absorbance of 105, 63, 21, 10.5 and 2 μM solutions of 4-nitrophenol were measured in triplicate in the exact assay conditions described in section 2.8.1. and plotted against concentration of 4-nitrophenol in moles (Fig 4.4).  
As ε = A/c, ε corresponds to the gradient of the line. The extinction coefficient of 4-nitrophenol in standard assay conditions was calculated to be 13,951 mol-1 cm-1, which is similar to that calculated in other studies (Winkler and Stuckmann, 1979), and was then used to calculate amounts of 4-nitrophenol released by hydrolysis of 4-nitrophenyl palmitate by TssI258. 
[bookmark: _Toc331551534][bookmark: _Toc367640495]4.3.2 Determination of the optimum temperature for hydrolysis of 4-nitrophenyl palmitate by TssI258
The first parameter tested in order to determine the optimum conditions for hydrolysis of 4-nitrophenyl palmitate by TssI258 was temperature. The activity at temperatures ranging from 5 to 37oC were analysed, and absorbance at 410nm was monitored over a period of 1 minute. All assays were performed in triplicate. Prior to carrying out the assay, the assay buffer was equilibrated for 15 minutes at the temperature being assessed, Results are shown in Figure 4.5. The temperature optimum experiment was carried out using the standard assay buffer (50 mM phosphate buffer, pH 8.0) as well as Tris assay buffer, which is identical, except that 50 mM Tris (pH 8.0) was present instead of 50 mM phosphate buffer. 














[bookmark: _Toc367642974][bookmark: _Toc367643247]Figure 4.4 Determination of the extinction coefficient of 4-nitrophenol in standard esterase/lipase assay buffer. Absorption of 105, 63, 21, 10.5 and 2 μM solutions of 4-nitrophenol at 410 nm  in standard assay buffer was measured using a Shimadzu UV-1601 spectrophotometer.



[bookmark: _Toc367642975][bookmark: _Toc367643248]Figure 4.5 Effect of temperature on the fatty acyl esterase activity of TssI258. Lipase Activity was measured at pH 8.0 using the 4-nitrophenyl palmitate assay described in section 2.8.1 over 1 minute. 50 mM phosphate and 50 mM Tris buffers (both pH 8.0) were compared. Temperature stability of the substrate was confirmed by monitoring the absorbance of an enzyme free control. Each point represents the mean of 3 assays ± the standard deviation (SD).

Figure 4.5 shows that TssI258 hydrolyses 4-nitrophenyl palmitate most effectively at 10oC in both buffer conditions. This was unexpected, as few enzymes have an optimum temperature of below 20oC, and B. cenocepacia does not grow at 10°C. To determine whether this was an artefact of the assay conditions, the experiment was repeated, using a lipase from Burkholderia cepacia (supplied by Sigma-Aldrich), with a known optimum temperature of approximately 40oC (Chen et al., 2011). The results of these assays are shown in Figure 4.6, and confirm that the optimum temperature for this enzyme appears to be ~40oC in our assay conditions. Therefore, the higher activity shown by TssI258 at low temperatures is most likely due to intrinsic psychrophilic property of the enzyme. Tween 80 plates also confirmed that TssI258 exhibits an increased esterase activity at low temperatures (Section 2.3.8)
Following the discovery that TssI258 appears to be most active at low temperatures, the thermostability of the enzyme was investigated. To do this 150 μl (~1.2 mg/ml) fractions of the enzyme were incubated at 45, 56, 65, 75, 85 and 95oC for 30 minutes and then immediately transferred to ice for 30 minutes. Lipase activity assays were performed according to the standard protocol (Section 2.8.1) at 10oC. Enzyme which had not been subjected to heat treatment was used as a control, and values were expressed as a percentage of this unheated control (UHC). It was revealed that TssI258 is relatively thermostable, with over 50% enzyme activity remaining after incubation for 30 minutes at 75oC. It appears that at temperatures above 85oC the majority of the TssI258 is irreversibly denatured (Fig 4.7).



[bookmark: _Toc367642976][bookmark: _Toc367643249]Figure 4.6 Effect of temperature on the activity of B. cepacia lipase. Lipase Activity was measured at pH 8.0 using the standard 4-nitrophenyl palmitate assay described in section 2.8.1 over 1 minute.  The temperature stability of the assay buffer was confirmed by monitoring the absorbance of a blank control over a 15 minute incubation period at each reaction temperature. Each point represents the mean of 3 assays ± SD. 


[bookmark: _Toc367642977][bookmark: _Toc367643250]Figure 4.7 Effect of temperature on the stability of TssI258. Enzyme was incubated at the indicated temperatures for 30 minutes, before being chilled on ice for 30 minutes. Lipase activity was measured at 10oC, pH 8.0 using the standard 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. UHC = Unheated control (enzyme which has not been subjected to heat treatment, but has been incubated on ice for 30 minutes). Values are expressed as a percentage of unheated control. Each bar represents the mean of 3 assays ± SD. 100% activity corresponds to 421.1 nmol/min/mg of enzyme.

[bookmark: _Toc331551535][bookmark: _Toc367640496]4.3.3 Determination of the optimum pH for hydrolysis of 4-nitrophenyl palmitate by TssI258
To determine the optimum pH for the fatty acyl esterase activity of TssI258, assays were performed at a variety of pH’s in Tris and phosphate buffers. It was only possible to alter the pH between pH 7.0 and pH 9.0, as outside this range components of the assay buffer started to precipitate, and at lower pH values the buffer became very viscous. All buffer components were kept constant according to the protocol described in section 2.8.1, but the pH of the buffering agent was altered. All assays were performed at 10oC. Results are presented in Figure 4.8, and indicate that the optimum pH is pH 8.0, and that TssI258 is more active in phosphate buffer at this pH, compared to Tris buffer.








[bookmark: _Toc367642978][bookmark: _Toc367643251]Figure 4.8 Effect of pH on the fatty acyl esterase activity of TssI258. Enzyme was buffer exchanged, using a GE Healthcare HiTrap desalting column, into the corresponding assay buffer, and incubated on ice for 30 minutes before being assayed. Lipase activity was measured at 10oC, using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Each bar represents the mean of 3 assays ± SD. 












[bookmark: _Toc331551536][bookmark: _Toc367640497]4.3.4 Effect of metal ions and potential inhibitors on the fatty acyl esterase activity of TssI258
The effects of a variety of metal ions on the activity of TssI258 were investigated. TssI258 was pre-incubated in Tris buffer containing each respective metal ion for 30 minutes before being assayed (phosphate buffer was not used due to the formation of insoluble phosphates). The final concentration of all metal ions was 100 μM, except for manganese (1 mM), calcium and magnesium (both 5 mM). A metal ion-free control (MIFC) was performed and used as a standard measure of TssI258 activity and all values were expressed relative to this. The presence of Zn2+ was observed to reduce the activity of TssI258 by approximately 85% (Fig 4.9). The effect of three zinc compounds was investigated, to confirm that it was the presence of the Zn2+ ion per se which effected this loss of activity, rather than the presence of the negatively charged counter ions. All three zinc compounds (zinc chloride, zinc sulphate and zinc acetate) caused a similar level of inhibition (Fig 4.9). The presence of 100 μM nickel chloride caused an increase in the activity of TssI258 by approximately 50% (Fig 4.9).




[bookmark: _Toc367642979][bookmark: _Toc367643252]Figure 4.9 Effect of metal ions on the fatty acyl esterase activity of TssI258. Enzyme was incubated with selected metal ions on ice for 30 minutes before assay. Lipase activity was measured at 10oC, using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Final concentration of all metal ions in reaction buffer (and enzyme) was 100 μM, except for manganese (1 mM), calcium and magnesium (both 5 mM). MIFC = metal ion free control. Each bar represents the mean of 3 assays ± SD. 100% activity corresponds to 434.8  nmol/min/mg of enzyme.









To further investigate the effect of nickel on TssI258 activity, the assay was carried out in the presence of different concentrations of nickel (1, 10, 100 and 1000 μM). The results show that there was a concentration dependent effect of nickel on the activity of TssI258, with 1000 μM exhibiting the highest level of activity (Fig 4.10). 
The effect of zinc ion concentration on inhibition of esterase activity was also investigated. Figure 4.11 shows that zinc inhibits the activity of TssI258 by over 90% at concentrations >200 μM. 1 μM zinc appears to have no effect on enzymatic activity.











[bookmark: _Toc367642980][bookmark: _Toc367643253]Figure 4.10 Effect of Ni2+ concentration on the fatty acyl esterase activity of TssI258. Enzyme was pre-incubated with the indicated concentrations of NiCl2 on ice for 30 minutes before assay. Lipase activity was measured at 10oC, using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Control does not contain NiCl2. Each bar represents the mean of 3 assays ± SD. 100% activity corresponds to 364.4 nmol/min/mg of enzyme.



[bookmark: _Toc367642981][bookmark: _Toc367643254]Figure 4.11 Effect of Zn2+ concentration on the fatty acyl esterase activity of TssI258. Enzyme was incubated with selected concentrations of the ZnCl2 on ice for 30 minutes before assay. Lipase activity was measured at 10oC, using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Values are expressed as a percentage of a zinc-free control. Each point represents the mean of 3 assays ± SD. 100% activity corresponds to 441.0 nmol/min/mg of enzyme.
The effects of sodium chloride (NaCl) on enzymatic activity was investigated, as many of the buffers involved in the purification of TssI258 contain NaCl and this could be affecting its activity. TssI258 was pre-incubated in Tris buffer containing selected concentrations of NaCl (0 mM, 1 mM, 10mM, 100 mM, 500mM and 1000mM) for 30 minutes before being assayed. The presence of NaCl up to a concentration of 1000 mM appears to have no effect on the activity of TssI258 (Fig 4.12).













[bookmark: _Toc367642982][bookmark: _Toc367643255]Fig 4.12 Effect of NaCl on the fatty acyl esterase activity of TssI258. Enzyme was buffer exchanged, using a GE Healthcare HiTrap desalting column, into the assay buffer, and incubated with selected concentrations of the NaCl on ice for 30 minutes before assay. Lipase activity was measured at 10oC, using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 Each bar represents the mean of 3 assays ± SD. 










A variety of potential inhibitors were tested to determine if any of these had an effect on the activity of TssI258. The selected inhibitors were; EDTA- (Ethylenediaminetetraacetic acid) a metal ion chelator, which binds Mg2+,. Ca2+ and other heavy metal ions, EGTA- (ethylene glycol tetraacetic acid) a metal ion chelator which binds Ca2+ but not Mg2+, DTT- (Dithiothreitol) a reducing agent, which will reduce intramolecular and intermolecular disulphide bonds, and PMSF (phenylmethanesulfonylfluoride) an inhibitor of serine proteases. As TssI BCAS0667 is predicted to contain the same catalytic triad as a serine protease, this was included, as it covalently reacts with the active site serine and abolishes the activity in serine proteases.
TssI258 was pre-incubated with 5 mM of each putative inhibitor for 30 minutes before the assays were performed in a buffer that also contained 5 mM of each putative inhibitor. An inhibitor free control (IFC) was performed and used as a standard measure of TssI258 activity to which all values were expressed as a percentage. Assay buffer containing Tris (pH 8.0) was used for these measurements to avoid any issues occurring as a result of insolubility, and also to be consistent with the conditions used during the metal ion experiments. All assays were performed at 10oC.
None of the inhibitors tested caused a significant decrease in the lipolytic activity of TssI258 (Fig 4.13). 5 mM PMSF caused the activity to decrease to approximately ~67% of the inhibitor free control..  





[bookmark: _Toc367642983][bookmark: _Toc367643256]Figure 4.13 Effect of potential inhibitors on the fatty acyl esterase activity of TssI258. Enzyme was pre-incubated with potential inhibitors on ice for 30 minutes before assay. Lipase activity was measured at 10oC, using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Final Concentration of all inhibitors in the reaction buffer (and enzyme) was 5 mM. Each bar represents the mean of 3 assays ± SD. For EDTA+DTT 100% activity corresponds to 375.6 nmol/min/mg of enzyme. For PMSF 100% activity corresponds to 352.3 nmol/min/mg of enzyme. For EGTA 100% activity corresponds to 358.7 nmol/min/mg of enzyme.













[bookmark: _Toc331551537][bookmark: _Toc367640498]4.4 Determination of the Vmax, Km and Kcat for TssI258 
The values of Km, Vmax and Kcat for TssI258 using 4-nitrophenyl palmitate were calculated using non-linear regression, as using manual methods such as Lineweaver-Burke plot and Eadie–Hofstee plots leads to significantly less accurate values (Greco and Hakala, 1979). Activity assays were carried out using the optimum conditions determined in section 4.3, i.e. at 10oC in phosphate buffer (pH 8.0). Substrate concentrations used were as follows; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Higher concentrations of substrate were not soluble in the assay conditions described. The results are shown in Figure 4.14. The values of Km, Vmax and Kcat were also calculated at 15oC (Fig 4.15) in order to compare the kinetics of TssI258 at these two temperatures. At 10oC the    Kcat = 17.97 s-1, the Km = 1196 mM and the Vmax = 625.7 nmol/sec/mg of enzyme. At 15oC the Kcat = 7.20 s-1, the Km = 1224 mM and the Vmax = 250.8 nmol/sec/mg of enzyme. 









[bookmark: _Toc367642984][bookmark: _Toc367643257]Figure 4.14 Effect of substrate concentration on the steady state activity of TssI258 at 10oC. Rate of formation of 4-nitrophenol was measured at 10oC during the steady state phase using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Substrate concentrations of; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Each point represents the mean of 3 assays ± SD.


[bookmark: _Toc367642985][bookmark: _Toc367643258]Figure 4.15 Effect of substrate concentration on the steady state activity of TssI258 at 15oC. Rate of formation of 4-nitrophenol was measured at 15oC during the steady state phase using the 4-nitrophenyl palmitate assay procedure described in section 2.8.1 over 1 minute. Substrate concentrations of; 76.3, 190.7, 381.5, 572.2 and 762.9μM. Each point represents the mean of 3 assays ± SD.



[bookmark: _Toc331551538][bookmark: _Toc367640499]4.5 Determination of the fatty acid specificity of TssI258
The fatty acyl esterase activity of TssI258 was assayed under standard assay conditions (Section 2.8.1) on four different esters of 4-nitrophenol with fatty acid chain lengths of 2, 4, 10 and 16 (i.e. 4-nitrophenyl acetate, 4-nitrophenyl butyrate, 4-nitrophenyl decanoate and 4-nitrophenyl palmitate). Substrate concentration used was the same as in the standard assay (final concentration of 762.9 μM in the assay buffer). The results indicate that the optimum substrate for hydrolysis by TssI258 is 4-nitrophenyl decanoate, which is hydrolysed at approximately 150% of the rate of 4-nitrophenyl butyrate and 4-nitrophenyl palmitate. 4-nitrophenyl acetate does not appear to be efficiently hydrolysed by TssI258 (Fig 4.16).









[bookmark: _Toc367642986][bookmark: _Toc367643259]Figure 4.16 Effect of fatty acid chain length on the hydrolysis of nitrophenyl fatty acid esters byTssI258. Lipase activity was measured at 10oC, using the standard protocol described in section 2.8.1 over 1 minute with different substrates utilised. All 4-nitrophenyl fatty acid derivatives were present at a final concentration of 762.9 μM. Each bar represents the mean of 3 assays ± SD.
[bookmark: _Toc331551539]











[bookmark: _Toc367640500]4.6 Analysis of TssI258 activity on phospholipids
According to amino acid sequence alignment studies, TssI258 is a putative phospholipase A1 (Section 1.11). To verify this, assays were performed using substrates specific for phospholipase A1, A2 and C. The different classes of phospholipase are described in section 1.7.3 
[bookmark: _Toc331551540][bookmark: _Toc367640501]4.6.1 Investigation of the ability of TssI258 to hydrolyse the acyl ester bond of phospholipids at the sn-1 position 
Phospholipase A1 enzymes hydrolyse the acyl ester bond at the sn-1 position of the phospholipid glycerol backbone (Fig 1.14) To test the hypothesis that TssI258 is a PLA1, a fluorogenic substrate specific for PLA1 enzymes was used (Fig 4.17). The results are shown in Figure 4.17 and reveal that TssI258 can hydrolyse the fluorogenic PLA1 substrate, which releases the green fluorescent BODIPY® FL dye-labelled acyl chain.
[bookmark: _Toc331551541][bookmark: _Toc367640502]4.6.2 Investigation into the ability of TssI258 to hydrolyse the acyl ester bond of phospholipids at the sn-2 position
The EnzChek Phospholipase A2 Assay Kit (Invitrogen) was used to determine if TssI258 was also able to cleave the acyl ester bond at the sn-2 position. This kit utilises the PC-A2 substrate (Fig 4.19) which releases a fluorescent product when the enzyme is a PLA2. PLA2 activity was not observed for TssI258 (Fig 4.20) This also shows that TssI258 is not a phospholipase B (PLB), which are capable of cleaving the ester bonds at both the sn-1 and sn-2 positions.


  [image: ]

[bookmark: _Toc367642987][bookmark: _Toc367643260]Figure 4.17 Phospholipase A1 substrate PED-A1. PED-A1 is a glycerophosphoethanolamine with a dye-labelled acyl chain at the sn-1 position, and a quencher group attached to the phosphoethanolamine moiety. Cleavage of the sn-1 ester linkage by a PLA1 (shown by the dashed red arrow) results in the removal of quenching, and the subsequent increase in fluorescence (when excited at ~460nm) can be detected at ~515nm.



[bookmark: _Toc367642988][bookmark: _Toc367643261]Figure 4.18 Determination of the ability of TssI258 to hydrolyse the acyl ester bond at the sn-1 position. The EnzChek Phospholipase A1 Assay Kit (Invitrogen) was utilised according to the manufacturer’s instructions to assay for PLA1 activity of TssI258. Control phospholipase A1 (Lecitase ultra) was supplied by Invitrogen. TssI258 was purified as described in section 4.2. Negative control was TssI258 storage buffer. The assay was performed on a Varioskan microplate reader at 20oC. Each point represents the mean of 3 assays ± SD. 
[image: ]
[bookmark: _Toc367642989][bookmark: _Toc367643262]Figure 4.19 Phospholipase A2 substrate PC-A2. PC-A2 is a glycerophosphoethanolamine with a dye-labelled acyl chain at the sn-2 position, and a dinitrophenol quencher group attached to the phosphoethanolamine moiety. Cleavage of the sn-2 ester linkage by a PLA2 (shown by the dashed red arrow) results in the removal of quenching, and the subsequent increase in fluorescence (when excited at ~460) can be detected at ~515nm.



[bookmark: _Toc367642990][bookmark: _Toc367643263]Figure 4.20 Determination of the ability of TssI258 to hydrolyse the acyl ester bond at the sn-2 position. The EnzChek Phospholipase A2 Assay Kit (invitrogen) was utilised according to the manufacturer’s instructions to assay for PLA1 activity of TssI258. Control phospholipase A2 (honey bee venom) was supplied by Invitrogen. The TssI258 protein was purified according to section 4.2. Negative control was TssI258 storage buffer. The assay was performed on a Varioskan microplate reader at 20oC. Each point represents the mean ± the SD.

[bookmark: _Toc331551542][bookmark: _Toc367640503]4.6.3 Investigation into the ability of TssI258 to hydrolyse the glycerophosphate bond of phospholipids 
As described in section 1.7.3 phospholipase C (PLC) enzymes are able to hydrolyse the glycerophosphate bond of phospholipids. To determine if TssI258 was able to hydrolyse this bond, 4-nitrophenylphosphorylcholine was used as a substrate (Fig 4.21). Cleavage of this substrate by a PLC, releases 4-nitrophenol, the generation of which can be monitored by measuring the absorbance at 410nm, (Section 2.9.2). The assay was performed at both 10 and 35oC. 10oC is the optimum for TssI258, and 35oC was also selected as the control phospholipase C from C. perfringens is most active at that temperature (according to assay protocol (Kurioka and Matsuda, 1976). This control lipase did show activity, but TssI258 exhibited no PLC activity (Fig 4.22), thus confirming that TssI258 acts specifically on the sn-1 linkage, and can be classified as a PLA1.
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[bookmark: _Toc367642991][bookmark: _Toc367643264]Figure 4.21 Phospholipase C substrate 4-nitrophenylphosphorylcholine. Cleavage of the phosphoester bond linking 4-nitrophenol to phosphoryl choline is analogous to hydrolysis of the glycerophosphate bond by PLC (shown by the dashed red arrow). This releases 4-nitrophenol, which can be detected by an increase in the absorbance at 410nm.



[bookmark: _Toc367642992][bookmark: _Toc367643265]Figure 4.22 Determination of the ability of TssI258 to hydrolyse a bond analogous to the glycerophosphate bond cleaved by PLC. PL-C assay was performed according to section 2.9.2. TssI258 was purified according to section 4.2. C. perfringens phospholipase C supplied by Sigma. Substrate assay buffer was incubated at selected temperature for 15 minutes prior to addition of enzyme. Each bar represents the mean of 3 assays ± SD. 
[bookmark: _Toc331551543][bookmark: _Toc367640504]4.7 Determination of amino acid residues present in the catalytic site of the BCAS0667 TssI PLA1 
As demonstrated in Figure 1.11, the C-terminal region of TssI BCAS0667 is predicted to encode a serine lipase. The active site residues are predicted to be S879, D929 and H971. Numbers relate to their position in the full length TssI BCAS0667 protein, relative to the initial methionine codon (methionine codon from the NCBI database is used, total length of TssI is 999 amino acids). To determine whether these three amino acids are required for the catalytic activity of TssI258, substitution mutants were created for each of these three conserved amino acids. The substitution mutants were created by the splicing by overlap extension (SOE) PCR method, and in each case the putative active site amino acid residue was substituted by an alanine. Alanine was chosen as a suitable amino acid, as it has a methyl functional group, which means it is relatively small and should not affect the secondary structure of the overall protein and will not alter the interactions with other amino acid side chains.
[bookmark: _Toc331551544][bookmark: _Toc367640505]4.7.1 Construction of single amino acid substitution mutants of TssI258
The SOE PCR process is represented in Figure 4.23. Following the successful production of the mutagenised full length gene products by SOE PCR they were ligated into the pET28a protein expression vector. The same external primers were used as in the construction of pET28a-tssI258 and the cloning procedure was carried out in exactly the same manner (Section 3.3.4). In this way, all three amino acid substitution mutants were successfully constructed and these were termed pET28a-tssI258ΔS, pET28a-tssI258ΔD and pET28a-tssI258ΔH. The integrity of all three constructs were confirmed by nucleotide sequence analysis and compared to the sequence of pET28a-tssI258.
[bookmark: _Toc331551545][bookmark: _Toc367640506]4.7.2 Protein production and purification of TssI258ΔS, TssI258ΔD and TssI258ΔH proteins 
Overproduction of the three TssI258 substitution mutant proteins in E. coli was performed according to the protocol detailed in section 2.7.1. All three TssI258 substitution mutant proteins were successfully expressed and were determined to be in the soluble fraction (data not shown). TssI258ΔS, TssI258ΔD and TssI258ΔH proteins were purified by IMAC as described in section 2.7.3 using two passages through a HisTrap HP nickel column (GE healthcare) to yield protein that was >95% pure as judged by SDS PAGE, and suitable for enzyme assays (Fig 4.24) 
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[bookmark: _Toc367642993][bookmark: _Toc367643266]Figure 4.23 Schematic representation of SOE PCR. Black arrows represent primers used for PCR amplification. Red triangles represent the mutation introduced. Green arrows represent the PCR reaction. The blue and pink lines represent DNA. A. Two separate PCR reactions are performed. The first involves the forward gene primer (in this case TssI258 For) and a reverse primer with the mutated DNA bases in the centre (TssI258 mutant Rev). The second PCR reaction amplifies the second region of the gene and involves the reverse gene primer (TssI258 Rev in this example) and a forward primer containing the mutated DNA bases in the centre. It is important to note that the mutant primers are identical, except the reverse primer i reverse complemented, so they will overlap. B. The two DNA products generated in A are combined in a single PCR reaction with the outside gene primers (TssI258 For and TssI258 Rev). As the primers containing the mutated bases are designed to complement one another, the PCR reaction will extend the 3’ ends of the molecules and the PCR will generate a full length gene containing the mutated base pairs.
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[bookmark: _Toc367642994][bookmark: _Toc367643267]Figure 4.24 Purification of TssI258ΔS TssI258ΔD and TssI258ΔH by two-step IMAC. The soluble fraction from lysed E. coli BL21 (λDE3) cells containing the TssI258ΔS, TssI258ΔD and TssI258ΔH plasmids was passed through a 0.22 µm filter and applied to a GE Healthcare HisTrap HP column in a buffer containing 10 mM imidazole. The TssI258ΔS TssI258ΔD and TssI258ΔH were eluted using a linear gradient of 10-500 mM imidazole and fractions containing the TssI258ΔS TssI258ΔD and TssI258ΔH were analysed by SDS PAGE (data not shown). Following initial purification, the fractions were diluted 5 fold into 10 mM imidazole buffer and applied to the GE healthcare HisTrap HP column for a second purification step. A. Lanes 1-4, Eluted TssI258ΔD from Nickel affinity column passage 2 fractions 1-4; lane 5, Fisher protein ladder (sizes shown in kDa); lanes 6-8, Eluted TssI258ΔH from Nickel affinity column passage 2 fractions 1-3 B. lane 1, Fisher protein ladder (sizes shown in kDa); lanes 2-6, Eluted TssI258ΔS from Nickel affinity column passage 2 fractions 1-5.
      

[bookmark: _Toc331551546][bookmark: _Toc367640507]4.7.3 Determination of fatty acyl esterase activity of TssI258ΔS, TssI258ΔD and TssI258ΔH 
Cell extracts from induced E. coli BL21 (λDE3) containing the pET28a-tssI258ΔS, pET28a-tssI258ΔD and pET28a-tssI258ΔH plasmids were applied to wells cut in Tween 80 plates, and left in a moist environment at 5, 15, 25 and 37oC for 24 hours. Extracts from cells containing pET28a-tssI258, pET14b-tssI249 and pET28a were also included as controls (Fig 4.24). A halo of white precipitate was detected around the wells containing the extracts from BL21 (λDE3) cells harbouring the pET28a-tssI258 and pET14b-tssI249 on the plates incubated at 5 and 15oC. However, fatty acyl esterase activity was not detected for any of the three mutated proteins at any of the temperatures tested. Fatty acyl esterase activity not was detected from any of the proteins tested at 37oC. At 25oC extracts containing TssI258 caused a faint halo to appear around the well, indicative of low levels of activity (Fig 4.25). TssI249 also shows activity at low temperatures. It was previously thought to be inactive based on assays carried out at 30°C (Chapter 3). As activity was detected it was decided to compare the level of activity of TssI249, with TssI258 and TssI267 (Section 4.8). 
The lipolytic activity of TssI258ΔS, TssI258ΔD and TssI258ΔH was determined using the standard protocol for 4-nitrophenyl palmitate assay described in section 2.8.1 at pH 8.0 at 10oC. However, no activity was detected when using 762.9 μM 4-nitrophenyl palmitate as the substrate (Fig. 4.26).

[image: ]
[bookmark: _Toc367642995][bookmark: _Toc367643268]Figure 4.25 Tween fatty acyl esterase assays of TssI258ΔS TssI258ΔD and TssI258ΔH. 20 µl of crude cell lysate from IPTG induced BL21 (λDE3) cells containing the plasmids indicated below were applied to the wells of an agarose plate containing 85 mM NaCl, 1 mM CaCl2, 100 mM Tris–HCl (pH 8.0) and 1% Tween 80. Plates were incubated for 24 hours at A, 5oC B, 15oC C, 25oC and D, 37oC. Well 1, pET28a-tssI259; well 2, pET28a-tssI249; well 3, empty pET14b plasmid; well 4, pET28a-tssI258ΔS; well 5, pET28a-tssI258ΔD; well 6, pET28a-tssI258ΔH. 




[bookmark: _Toc367642996][bookmark: _Toc367643269]Figure 4.26 Determination of the activity of TssI258ΔS, TssI258ΔD and TssI258ΔH. Lipase activity was measured at pH 8.0 and 10oC using the 4-nitophenyl palmitate assay described in section 2.8.1 over 1 minute. TssI258 activity was measured as a control. Each bar represents the mean of 3 assays ± SD.

[bookmark: _Toc331551547]









[bookmark: _Toc367640508]4.8 Comparison of the fatty acyl esterase activity of TssI249, TssI258 and TssI267
Results from chapter 3 and section 4.7 indicated a difference in activity between TssI249 and TssI258. This was unexpected, as there are only 9 amino acids extra in TssI258 compared to TssI249. To confirm that these proteins were exhibiting differing levels of lipolytic activity, their Km, Vmax and Kcat values were calculated. TssI267 was also assayed, to discover if this longer C-terminal region exhibited higher lipase activity.
[bookmark: _Toc331551548][bookmark: _Toc367640509]4.8.1 Purification of TssI267 and TssI249 by Immobilized metal ion affinity chromatography
IMAC was used to purify the hexahistidine tagged TssI249 and TssI267 proteins as described in section 2.7.3. Following two passages through a HisTrap HP column and analysis by SDS PAGE (Figs 4.27 A and B) both proteins were judged to be approximately 95% pure, which was suitable for enzymatic analysis. 
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[bookmark: _Toc367642997][bookmark: _Toc367643270]Figure 4.27 Polyacrylamide gel electrophoretic analysis of TssI249 and TssI267 purification by two-step IMAC. The soluble fraction from lysed E. coli BL21 (λDE3) containing the pET14b-tssI249 and pET14b-tssI267 plasmids were passed through a 0.22 µm filter and applied to a GE healthcare HisTrap HP column in a buffer containing 10 mM imidazole. TssI249 and TssI267 were eluted using a linear gradient of 10-500 mM imidazole and fractions containing TssI249 and TssI267 were analysed by SDS PAGE (data not shown). Following initial purification, the fractions were diluted 5 fold into 10 mM imidazole buffer and applied to the GE healthcare HisTrap HP column for a second purification step. A Lane 1, Fermentas Pageruler protein ladder (sizes shown in kDa); lanes 2-8, TssI249 fractions 1-7 following 2nd passage through HisTrap HP column. B Lane 1, Fisher protein ladder (sizes shown in kDa); lanes 2-4, TssI267 fractions 1-4 following 2nd passage through HisTrap HP column.

[bookmark: _Toc331551549]






[bookmark: _Toc367640510]4.8.2 Determination of the fatty acyl esterase activity of TssI267 and TssI249
[bookmark: OLE_LINK2]The values of Km, Vmax and Kcat of TssI267 and TssI249 using 4-nitrophenyl palmitate as a substrate were calculated using non-linear regression. Activity assays were carried out using the optimum conditions calculated for TssI258 in section 4.4, at 10oC, in phosphate buffer (pH 8.0). Substrate concentrations used were; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Values for Km, Vmax and Kcat are shown for TssI249 and TssI267 in Figures 4.28 and 4.29 respectively. 
The values of Km, Vmax and Kcat for TssI267 were also calculated at 15oC (Fig 4.30). The rate of 4-nitrophenol formation when assayed at 15oC from TssI249 was too low to be measured accurately, so 4-nitrophenyl palmitate assays could not be performed with TssI249 at this temperature.
The data obtained shows that TssI267 is the most active lipase, and that TssI249 shows far lower levels of activity than both TssI267 and TssI258. A comparison of the fatty acyl esterase activities of all three TssI BCAS0667 C-terminal derivatives at 10oC is shown in Figure 4.31.






[bookmark: _Toc367642998][bookmark: _Toc367643271]Figure 4.28 Effect of substrate concentration on the steady state activity of TssI249 at 10oC. Rate of formation of 4-nitrophenol was calculated during the steady state phase of the assay. Standard assay protocol (Section 2.8.1) was used at 10oC. Substrate concentrations used were; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Each point represents the mean of 3 assays ± SD. 


[bookmark: _Toc367642999][bookmark: _Toc367643272][bookmark: OLE_LINK3]Figure 4.29 Effect of substrate concentration on the steady state activity of TssI267 at 10oC. Rate of formation of 4-nitrophenol was calculated during the steady state phase of the assay. Standard assay protocol (Section 2.8.1) was used at 10oC. Substrate concentrations used were; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Each point represents the mean of 3 assays ± SD. 


[bookmark: _Toc367643000][bookmark: _Toc367643273]Figure 4.30 Effect of substrate concentration on the steady state activity of TssI267 at 15oC. Formation of 4-nitrophenol was calculated during the steady state phase of the assay. Standard assay protocol (Section 2.8.1) was used at 15oC.  Substrate concentrations used were; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Each point represents the mean of 3 assays ± SD. 




[bookmark: _Toc367643001][bookmark: _Toc367643274]Figure 4.31 Comparison of the effect of substrate concentration on the steady state activity of TssI267, TssI258 and TssI249 at 10oC. Formation of 4-nitrophenol was calculated during the steady state phase of the assay. Standard assay protocol (Section 2.8.1) was used at 10oC. Substrate concentrations used were; 76.3, 190.7, 381.5, 572.2 and 762.9 μM. Each point represents the mean of 3 assays ± SD. 
[bookmark: _Toc331551550][bookmark: _Toc367640511]4.9 Discussion 
[bookmark: _Toc331551551][bookmark: _Toc367640512]4.9.1  Determination of oligomeric status of TssI258
TssI258 was purified and determined to be monomeric. As the C-terminal region of this protein does not oligomerise, the predicted unstructured linker region, which joins the PLA domain to the TssI, is likely to confer a degree of movement to the PLA1 domain, whilst still being attached to the TssI core region. It is also feasible that this linker region is cleaved, and releases the lipolytic domain of TssI BCAS0667, proteolytic cleavage/processing occurs in many enzymes, and although this is normally the removal of short N or C-terminal sequences, it is possible that the PLA1 domain is proteolytically cleaved off the TssI core region (Neurath, 1989).
[bookmark: _Toc331551552][bookmark: _Toc367640513]4. 9.2 Psychrophilic character of TssI258
The lipolytic activity of TssI258 was confirmed by its ability to hydrolyse the ester linkage of 4-nitorphenyl palmitate. Characterisation of the enzyme revealed an optimum temperature of ~10oC. This was unexpected, as this is highly psychrophilic. Many lipases are psychrotolerant, and able to retain some enzymatic activity at lower temperatures but to have an optimal temperature range of 5-15oC is highly unusual, especially for a bacterium that does not exist exclusively to cold environments (Joseph et al., 2008).
Cold-active lipases tend to exhibit a higher degree of flexibility in their polypeptide chains, which enables them to accommodate their substrates more easily at low temperatures (Gerday et al., 1997). This fits in with the secondary structure prediction for TssI267 generated by PSIPRED (Fig 4.32). Cold-adapted lipases often display a number of other features, including a low number of arginine residues and a low arginine to arginine + lysine ratio. They also tend to have less proline residues present within protein loop structures, and there are generally fewer protein stabilising interactions such as salt bridges, di-sulphide bonds and aromatic-aromatic interactions (Gerday et al., 1997). It is impossible to determine the number of salt bridges or aromatic-aromatic interactions without a crystal structure of TssI258. However, TssI258 does contain a low number of arginines, and an arginine to arginine + lysine ratio of 5:18 which fits in with the psychrophilic profile. TssI258 does contain 5.6% proline residues, which is slightly higher than was reported for a cold-tolerant amylase (Gerday et al., 1997, Feller et al., 1994).  
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[bookmark: _Toc367643002][bookmark: _Toc367643275]Figure 4.32 PSIPRED secondary structure prediction of B. cenocepacia TssI267. The PSIPRED program was used to predict the secondary structure formed by the amino acids sequence of B. cenocepacia TssI267. 18 Amino acids from the predicted linker region are included in the TssI267 construct shown. 

B. cenocepacia is known to be a pathogen of both cystic fibrosis patients and plants (Drevinek and Mahenthiralingam, 2010, Mahenthiralingam et al., 2008). As the PLA1 domain of TssI BCAS0667 is totally inactive at temperatures above 30oC, it does not appear to play a role in the infection or diseases caused by B. cenocepacia in cystic fibrosis sufferers. In support of this, when TssI258 was applied to blood agar plates, either as a purified lipase, or as a crude bacterial lysate no haemolytic activity was detected (data not shown). This suggests that TssI BCAS0667 is unlikely to be involved in human pathogenicity. 
It is possible that a co-factor or chaperone could be needed in order to stabilise this protein, and render it active at higher temperatures. Experiments would have to be performed, in order to try to determine if this was the case. In the case of ExoU, and its homolog from Rickettsia prowazekii, which exhibits phospholipase A1 activity, both are activated by the eukaryotic cofactor SOD1 (superoxide dismutase) (Housley et al., 2011, Sato et al., 2006). TssI BCAS0667 does exhibit lipolytic activity, however the presence of a co-factor may increase its activity, or change the conditions in which it is active. TssI258 exhibits 35% identity and ~ 60% similarity to YplA, which has been shown to play a role in Y. enterocolitica pathogenesis of mice. YplA exhibited fatty acyl esterase activity on Tween 80 plates at 22°C,but not at 37°C, however it did appear to affect bacterial virulence of mice. This also implies the potential need for a eukaryotic co-factor (Schmiel et al., 1998)
The full length TssI BCAS0667 applied to Tween 80 plates demonstrated that the core region of TssI BCAS0667 does not play a role in stabilising or stimulating the activity of the enzyme at higher temperatures, as haloes were only detected at temperatures of or below 25oC (data not shown). As a known plant pathogen, B. cenocepacia survives in the soil. This is a lower temperature environment, and appears to be a more likely niche in which this protein is employed, potentially as a virulence factor against other bacteria that share the same niche. However, it is important to remember that B. cepacia species do not grow at temperatures below 12oC (Carson et al., 1973).  
[bookmark: _Toc331551553][bookmark: _Toc367640514]

4.9.3 Effect of metal ions and potential inhibitors of TssI258
The presence of nickel in the assay buffer increased the level of TssI258 activity by up to 50%. Nickel is an unusual co-factor for enzymes, and no nickel dependant lipases are currently described in the literature (Ermler et al., 1998, Andreini et al., 2008). As the increase in activity was very small at physiologically relevant concentrations of nickel (300 μM Nickel is inhibitory to growth of E. coli (Perrin et al., 2009)) and incubation of TssI258 with EDTA/EGTA did not cause a large decrease in activity it seems highly unlikely that nickel is an essential cofactor of TssI258. The increase in activity could be due to the presence of the hexahistidine tag at the N-terminus of TssI258. Polyhistidine binds nickel, and this could help stabilise the hexahistidine tag region, or move it away from the active site of the enzyme, enabling the substrate easier access to the active site. 
The presence of zinc inhibited the activity of TssI258 by up to 90% at concentrations above 200 μM.  Intracellular zinc concentrations in E. coli have been measured to be approximately 200μM (Outten and O'Halloran, 2001). If intracellular zinc levels are at a similar concentration in B. cenocepacia, then this could be an effective method of reducing the activity of TssI258 when inside the bacterium. However if it was exported into the extracellular-environment, where the concentration of Zinc is likely to be far lower, the inhibitory ramifications from zinc would not occur. Zinc (along with other metal ions) has been shown to have an inhibitory effect on other lipases (Olusesan et al., 2011).
The presence or absence of Sodium Chloride did not effect the activity of TssI258. This means that NaCl (up to 1000mM) can be included in any of the buffers used in the purification of TssI258 without any effect on its subsequent activity. 
None of the potential inhibitors tested significantly decreased the activity of TssI258. As EDTA and EGTA had very little effect on the activity of TssI258, this implies that the enzyme does not require a metal ion cofactor in order for it to be active. No metal binding sites were suggested from computer based predictions of TssI258 structure and domains (data not shown).
Addition of PMSF (prepared immediately before use) reduced the activity of TssI258 to approximately 75% of the untreated enzyme. PMSF inhibits serine proteases and lipases by covalently binding to the active site serine and therefore inactivating the enzyme (Zhao et al., 2011). These enzymes contain a catalytic triad of the type that is present in TssI258. If PMSF was acting to covalently modify the active site of TssI a much higher level of inhibition would be expected. The fact that such low levels of inhibition are detected implies that it cannot access the active site of the enzyme, or cannot modify the nucleophilic serine residue. Certain serine lipases are resistant to modification by PMSF and an alternative substrate hexadecylsulfonylfluoride (HDSF) has been shown to inhibit lipases which are insensitive to PMSF (Das et al., 2000). HDSF closely resembles a hexadecyl (palmitic acid) fatty acyl ester, and is able to access the active sites of lipases, which can be located in narrow hydrophobic environments that would not be accessible to the more hydrophilic PMSF. Experiments were conducted using HDSF as an inhibitor, but no inhibition of TssI258 activity was detected. Problems solubilising the HDSF are thought to have influenced this result, so the results are not reported here (data not shown). The effect of this inhibition will be assessed once HDSF has been solubilised in a suitable buffer.
When considering all of the fatty acyl esters tested, TssI258 appears to show the highest affinity for 4-nitrophenyl decanoate, which has a fatty acid chain length of 10. The enzyme is also very active when tested with 4-nitrophenyl palmitate and 4-nitrophenyl butyrate. TssI258 is also able to hydrolyse 4-nitrophenyl acetate, which has an acyl chain length of 2, but at a much lower rate. It appears that TssI258 has broad specificity regarding fatty acyl chain lengths, including very long fatty acids containing unsaturated carbon-carbon bonds such as occur in Tween 80. 
[bookmark: _Toc331551554][bookmark: _Toc367640515]4.9.4 Confirmation of the catalytic triad of TssI258
TssI258 was predicted to be GXSXG serine lipase containing a catalytic triad of S879, D929 and H971. Substitution of any of these three residues abolished fatty acyl ester activity. This confirms our hypothesis that the S879, D929 and H971 residues form the catalytic triad that is responsible for the hydrolysis of the ester bond. 
[bookmark: _Toc331551555][bookmark: _Toc367640516]4.9.5 Activity of TssI BCAS0667 C-terminal derivatives and other characterised bacterial lipases
Vmax represents the maximal rate of an enzyme at saturating substrate concentration. Km is the Michaelis-Menten constant and is the concentration of substrate at which the reaction rate is half of the Vmax. Kcat is also known as the turnover number, and is defined as the number of substrate molecules that are converted into product by the enzyme in a set amount of time (in this study, seconds). The Km and Vmax values for lipases vary considerably, but as a general rule they are quite high compared to those of other enzymes, biologically (and industrially) relevant lipases tend to have Km values in the region of 10-1 and 10-5 M (Sharma et al., 2001). This high Km is often due to the substrate of lipases being present in high concentrations, for example in membranes or vesicles, which consist predominantly of lipids. 
The Vmax, Km and Kcat values of TssI267, TssI258 and TssI249 are shown in Table 4.1 These indicate that the longest protein tested (TssI267) is the most active. TssI249 shows very low levels of activity, with a high Km, and a low turnover number. It is unfortunate that it was not possible to purify the full length, or longer C-terminal domain fragments, as it would be very interesting to discover how much of the core TssI region is required for full esterase activity. However, longer derivatives were found to be insoluble. As discussed in chapter 3, it is plausible that a pair of alanine residues in the TssI258 protein, but absent in the TssI249 protein could be important in stabilising the protein and conferring a higher activity on the former. However, it is difficult to see why the TssI267 protein is more active than TssI258 from the alignments (Fig 1.11). Longer segments could feasibly stabilise the protein, allow the protein to fold such that the conserved active site is more accessible to the substrate. These hypotheses would require confirmation using crystal structure analysis of several of the C-terminal PLA regions of TssI BCAS0667. 
The PSIPRED secondary structure prediction of TssI267 reveals some interesting possibilities, as a helical region is predicted 10 amino acids in from the start of TssI267. The first native residue of TssI258 would be the start of this helix, and with the vector sequence and His-tag, the helix may not form properly in TssI258. The start of TssI249 is in the middle of this putative helical region, and would certainly prevent the proper formation of the majority of the helix. If this putative helix plays a role in stabilising the enzyme, or is involved in the correct formation of the active site, then disruption of it would plausibly lead to a significant loss of enzymatic activity. This is a potential explanation for the differences in activity exhibited by TssI267, TssI258 and TssI249
Psychrophilic enzymes are commonly found to have higher Km values than their mesophilic equivalents, but this is often compensated for by increased Kcat values (Feller and Gerday, 2003). The data presented here for TssI258 follows this pattern, displaying a high Km for TssI258 and a Kcat value that is higher than several other lipases documented in the literature (Table 4.1).







[bookmark: _Toc368310810][bookmark: _Toc368310890]Table 4.1 Comparison of the Km, Vmax and Kcat of a selection of bacterial lipases
	Lipase
	Organism
	Optimum temperature (oC)
	Km
(mM)
	Vmax
(mM/min/mg)
	Kcat (s-1)
	Kcat/Km
	Reference

	TssI249
	B. cenocepacia
	10
	5.75
	0.175
	4.89
	0.85
	This study

	TssI258
	B. cenocepacia
	10
	1.20
	0.626
	17.97
	14.98
	This study

	TssI267
	B. cenocepacia
	10
	0.91
	0.069
	34.11
	37.48
	This study

	Lip 5
	C. albicans
	15-25
	0.27
	1.22
	55.12
	204.15
	(Lan et al., 2011)

	P. gessardii lipase
	P. gessardii
	37
	0.66
	0.29
	N/Ta
	n/a
	(Ramani et al., 2010)

	B. cepacia lipase
	B. cepacia
	37
	0.87
	0.87 U/gb
	0.72
	0.83
	(Pencreac'h and Baratti, 1997)

	B. coagulans
Lipase
	B. coagulans

	45
	27
	0.44
	N/Ta
	n/a
	(Kanwar et al., 2006)

	TbPLA1
	T. brucei
	22*
	0.22
	0.49
	N/Ta
	n/a
	(Richmond and Smith, 2007)


a N/T not tested,
 * Temperature optimum not stated, but all assays performed at 22oC
b Vmax for B. cepacia lipase was calculated in Units of enzyme activity per g.

The TssI258 fragment has been tested for PLA1, PLA2 and PLC activity. Activity was not detected for PLA2 or PLC, which strongly suggests that TssI258 is a sn-1 specific phospholipase A1. Currently no data has been published describing a T6SS PLA1 effector protein, and no psychrophilic PLA1 enzymes have been shown to exhibit anti-microbial properties in vitro or in vivo, work to determine the role of the TssI BCAS0667 protein in the T6SS could provide interesting and novel ideas into the function of the T6SS and phospholipases as virulence factors in general. 
The Kcat/Km ratio is frequently described as the specificity constant and is often used to compare enzymes, this is can be misleading (Eisenthal et al 2007) but the ratio is included in table 4.1 for completeness. A high Kcat/Km ratio is often seen as a way of defining “catalytic power”. As can be seen from table 4.1, all of the phospholipases analysed in this chapter have ratios within a similar range  Enzymes have a broad range of Kcat/Km values (from below 1 up to over 1,000,000) so TssI258, TssI267 and TssI249 exhibit very similar Kcat/Km ratios to other well characterised or commercially available lipases (Table 4.1).
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[bookmark: _Toc331551557][bookmark: _Toc331590612][bookmark: _Toc367640518][bookmark: _Toc367643277][bookmark: _Toc368310892]Analysis of the putative type VI secretion system effector proteins TagA and TagD from B. cenocepacia











[bookmark: _Toc329655238][bookmark: _Toc331551558][bookmark: _Toc367640519]5.1 Rationale
As discussed in Chapter 3, tssI BCAS0667 encodes an evolved TssI with a C-terminal domain that is predicted to specify phospholipase A1 activity. A similar PLA1 domain is fused to the C-terminus of the product of the tagD gene BCAL1296 (Fig 1.6). We hypothesise that tagD encodes a T6SS effector based on its location downstream of another tssI gene (BCAL1294) in B. cenocepacia and in T6SS gene clusters in other bacteria. The major aim of the work described in this chapter was to confirm that TagD specified PLA1 activity. To determine the region of TagD responsible for such activity, as well as assaying the full length TagD protein it was decided to express and purify the C-terminal region of the protein corresponding to the predicted PLA domain. Multiple amino acid sequence alignments of phospholipase domains from a variety of organisms indicated that the final 258 codons of tagD (tagD258) should encode the entire PLA region (Fig 1.11). 
In some bacteria containing T6SSs, the tagD gene does not encode a C-terminal effector domain (Section 1.4.5). To determine whether the TagD N-terminal region has effector activity and as a means of determining its structure, it was also decided to purify the TagD N-terminal region (TagD-NTD) as a tagged protein. TagD is the last gene in a 3 gene operon that encodes another TssI (BCAL1294 and TagA BCAL1295 (Section 1.4.5). As tagA homologues are also located downstream of tssI genes in other bacteria it was hypothesised that BCAL1295 may also encode an effector protein. For this reason it was decided to clone and express the tagA gene.
To express and purify these proteins, the pET system was used to express the proteins as histidine tagged derivative in E. coli. Cloning of these genes was performed in the same manner as described as in section 3.1. The overview of the cloning strategy and enzymes used are shown in Figure 5.1.  



[bookmark: _Toc329655239][bookmark: _Toc331551559][bookmark: _Toc367640520]5.2 Over-expression of tagD and tagD258 in E. coli 
[bookmark: _Toc329655240][bookmark: _Toc331551560][bookmark: _Toc367640521]5.2.1 Cloning of TagD and TagD258
In order to PCR amplify tagD and tagD258 from B. cenocepacia genomic DNA, forward primers for amplification of tagD were designed to contain an NdeI site overlapping the native initiating methionine.  An engineered methionine codon for tagD258 was incorporated in the forward primer to place the gene fragment in frame with the sequence encoding the hexahistidine tag when cloned into the NdeI site of pET14b (Fig 5.1A). The reverse primer contained a BamHI site downstream of the native stop codon.
Initial attempts to amplify tagD and tagD258 from B. cenocepacia 715j genomic DNA using the primers shown in Table 2.4. yielded low amounts of product using a variety of annealing temperatures and MgSO4 concentrations. Therefore, new primers were designed (outside of the previous primer positions) in an attempt to amplify the C-terminal domain coding sequence of tagD (termed TagD-For-Out) (Table 2.4) but amplification again yielded very low quantities of PCR product. In a further attempt to amplify the tagD gene and the tagD258 gene fragment, genomic DNA from B. cenocepacia strains H111 and J2315 were used as template (Fig 5.2) 
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[bookmark: _Toc367643003][bookmark: _Toc367643278]Figure 5.1 Construction of pET14b derivatives expressing tagD, tagD258, tagD-NTD, and tagA. A. Diagram of the pET14b multiple cloning site (MCS). Restriction enzyme sites are shown in red; the start codon is highlighted in turquoise; Shine-Dalgarno sequence for initiation of His tagged protein translation is underlined. His-tag and thrombin cleavage site coding sequences are highlighted in yellow; stop codons are shown in magenta; the T7 promoter is highlighted in green. B. Schematic diagram of cloning into pET14b plasmid.. Fragments are digested with appropriate enzymes (NdeI and BamHI for the tagD gene fragments) and ligated into the pET14b plasmid which has complimentary sticky ends.
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[bookmark: _Toc367643004][bookmark: _Toc367643279]Figure 5.2 Analysis of PCR products following amplification of tagD, tagD258 and tagD258-outer, using B. cenocepacia strains 715j, J2315 and H111 genomic DNA as template. PCR was carried out using KOD DNA polymerase and genomic DNA from B. cenocepacia strains 715j, J2315 and H111. 5 μl of the PCR products were observed following electrophoresis in a 0.8 % agarose gel. Primers used to amplify these products are shown in Table 2.4. Lanes 1-3, 715j genomic DNA: tagD, tagD258 and tagD258-outer PCR products, respectively; Lane 4, Q-step linear DNA ladder; lanes 5-7, J2315 genomic DNA: tagD, tagD258 and tagD258-outer PCR products, respectively; lane 8, Q-step linear DNA ladder; lanes 9-11, H111 genomic DNA: tagD, tagD258 and tagD258-outer PCR products, respectively.








Comparison of the migration of amplified PCR products with the DNA ladder (Appendix 2) in an agarose gel shows that the PCR products of the correct size were generated for tagD (~1250 bp) and the tagD258 (~800 bp) and tagD258-outer (~850 bp) gene fragments (Fig 5.2). The yields of the tagD and tagD258 PCR products were higher and more specific when the genomic DNA used as a template was from B. cenocepacia strains J2315 and H111. The tagD258-outer gene fragment did not PCR amplify well from B. cenocepacia strains H111 or 715j and so was not used in further experiments.
tagD and tagD258 PCR products from the H111 strain were cut with NdeI and BamHI and ligated into the pET14b plasmid. Cloning of the tagD and tagD258 fragment into the pET14b vector was confirmed by sequencing of both the plasmid, and direct sequencing of the amplicon generated from a separate PCR amplification of the genomic B. cenocepacia strain H111 DNA. Differences were noted between the sequences of the H111 DNA and that of the sequenced J2315 strain (Appendix 1)
[bookmark: _Toc329655241][bookmark: _Toc331551561][bookmark: _Toc367640522]5.2.2 Expression and determination of solubility of TagD and TagD258 proteins
E. coli BL21 (λDE3) transformed with pET14b-tagD gave rise to tiny colonies on LB agar plates (Table 5.1), and failed to grow in LB broth. MC1061 transformed with the same plasmid formed healthy colonies that grew well in the LB broth. This suggested that TagD was toxic to E. coli and that leaky expression from the promoter carried by pET14b resulted in the production of sufficient amounts of TagD to exert toxic effects in BL21 (λDE3) under non inducing conditions. To remedy this, the following conditions were used in an attempt enable healthy colony growth (Table 5.1). In order to repress basal level expression from the pET14b plasmid 1% glucose was included in the LB plates, to prevent production of the T7 polymerase. The BL21 (λDE3) cells were also transformed with pLysS and pLysE, plasmids (Table 5.1) which encode bacteriophage T7 lysozyme which is an inhibitor of the T7 polymerase and therefore help to prevent basal expression of the target protein. However, conditions were not identified where BL21 (λDE3) containing pET14b-tagD formed normal size colonies under non-inducing conditions. In contrast, BL21 (λDE3) containing pET14b-tagD258 formed normal colonies under all conditions tested (Table 5.1).


[bookmark: _Toc368310811][bookmark: _Toc368310893]Table 5.1 Morphology of E. coli BL21 (λDE3) colonies containing pET14b-tagD and pET14b-tagD258  
	pET14b b derivative
	Presence of plasmid expressing phage T7 lysozyme

	
	No plasmid
	pLysS
	pLysE
	No plasmid + 1% glucose

	tagD
	RG/NG
	RG
	RG
	RG/NG

	tagD258
	U/C
	NT
	NT
	U/C


a colony morphology was examined on LB agar following incubation for 18 hours at 37oC in the absence of IPTG
b TagD and C-terminal derivatives were expressed from the T7 promoter contained in pET14b
U= Uniform; C= Circular; RG= Retarded Growth; NG= No Growth; NT= Not Tested












The ability to form healthy colonies under non-inducing conditions is essential to avoid the selection of mutations in the vector or inserted DNA either before inoculation or, during the growth of liquid cultures prior to induction. To circumvent this problem the pET28a plasmid was employed. This plasmid contains the lacI gene which encodes the Lac repressor protein and a lac operator is positioned immediately downstream of the T7 promoter. This decreases basal expression of any genes located downstream of the T7 promoter until the repression is lifted by either the presence of lactose, or IPTG.
The tagD gene was directly transferred from the pET14b-tagD to pET28a using the restriction enzymes NdeI and BamHI, when the resultant plasmid construct, pET28a-TagD was introduced into BL21 (λDE3), transformants grew as circular colonies of uniform size on LB agar plates (Table 5.2). A single transformant colony was inoculated into BHI and grown at 37ºC to O.D600 0.4-0.6, at which point the cells were induced with 1 mM IPTG and incubated for another three hours (Section 2.7.1). 
A protein of ~44kDa was observed in high abundance when the induced total protein was analysed by SDS PAGE, which corresponds to the expected size of TagD (Fig 5.3). Optimum conditions for the production of TagD were achieved following growth at 37oC in BHI medium and induction with 1 mM IPTG.
Overproduced TagD was found to be present in the cell pellet following cell lysis and centrifugation (Fig 5.3). Subsequent attempts to obtain expression of soluble TagD by carrying out the induction at lower temperatures (25oC and 30oC) as well as, and combined with lower concentrations of IPTG (10 μM and 100 μM), were unsuccessful (data not shown).
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[bookmark: _Toc367643005][bookmark: _Toc367643280]Figure 5.3 Analysis of TagD protein overexpression and solubility. TagD protein was expressed from pET28a-tagD in E. coli strain BL21 (λDE3). Cells were cultured in BHI medium at 37oC and induced for 3 hours with 1 mM IPTG. 10 μl of the protein samples were electrophoresed in a 12 % SDS polyacrylamide gel. Lanes 1 and 7, Fermentas protein ladder (sizes are shown in kDa); lane 2, total cell protein containing uninduced TagD; lane 3, total cell protein containing IPTG induced TagD; lane 4, lysed cell extract containing ITPG induced TagD; lane 5, total cell protein supernatant containing TagD; lane 6, TagD pellet after centrifugation.










Overexpression of the His-tagged TagD258 protein in E. coli BL21 (λDE3) was carried out as described in Section 2.7.1. A protein band of ~28kDa was visible when the total protein from the induced cells was analysed by SDS PAGE, which corresponds to the expected size of TagD258 (Fig 5.4). 
[bookmark: _Toc329655242][bookmark: _Toc331551562][bookmark: _Toc367640523]5.2.3 Fatty acyl esterase activity of TagD and TagD258
To discover whether the TagD protein and it’s C-terminal region possessed fatty acyl esterase activity, cell extracts (Section 2.7.2) from induced E. coli BL21 (λDE3) containing pET28a-tagD and pET14b-tagD258 were applied to wells cut into Tween 80 plates, and left in a moist environment at 25oC (Section 2.3.8). After 24 hours incubation, an extensive halo of white precipitate was detected around the well containing the extract from cells harbouring the pET28a-tagD. However, very little esterase activity was detected in cells expressing TagD258 (Fig 5.5). 
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[bookmark: _Toc367643006][bookmark: _Toc367643281]Figure 5.4 Analysis of TagD258 protein overexpression and solubility. TagD258 protein was expressed from pET14b-tagD258 in E. coli strain BL21 (λDE3). Cells were cultured in BHI media at 37oC and induced for 3 hours with 1 mM IPTG. 10 μl of the protein samples were electrophoresed in a 12 % SDS polyacrylamide gel. Lanes 1 and 7, Fermentas protein ladder (sizes shown are in kDa); lane 2, total cell protein containing uninduced TagD258; lane 3, total cell protein containing IPTG induced TagD258; lane 4, IPTG-induced TagD258 in total cell extract following cell lysis; lane 5, total cell supernatant following centrifugation containing TagD258; lane 6, pellet from cell extract following centrifugation.
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[bookmark: _Toc367643007][bookmark: _Toc367643282]Figure 5.5 Tween fatty acyl esterase assay of TagD and TagD258.  20 µl of crude cell lysate from IPTG induced E. coli BL21 (λDE3) cells containing the plasmids indicated below were applied to the wells of an agarose plate containing 85 mM NaCl, 1 mM CaCl2, 100 mM Tris–HCl (pH 8.0) and 1% Tween 80. Plate was incubated at 25oC for 48 hours. Well 1 pET14b-tagD258, well 2, pET28a-tagD; well 3, empty pET28a plasmid.

[bookmark: _Toc329655243][bookmark: _Toc331551563][bookmark: _Toc367640524]5.3 TagD275 cloning, expression and fatty acyl esterase activity
Following the observation that TagD258 possesses fatty acyl esterase activity on Tween 80 plates in comparison to full length TagD, it was decided to investigate if a longer C-terminal fragment of TagD would exhibit lipase/esterase activity. To this end a DNA fragment encoding the amino acids 275 C-terminal TagD (TagD275) was amplified from B. cenocepacia H111 genomic DNA using KOD polymerase. This was cloned into pET28a using the restriction enzymes NdeI and BamHI. The resultant plasmid construct, pET28a-tagD275, was introduced into BL21 (λDE3) and the ensuing transformants grew as circular uniform colonies on LB agar plates (Table 5.2). The induction of protein production from pET28a-tagD275 was carried out as described in section (2.7.1). However, unlike the situation with TagD258, it was not possible to obtain large quantities of TagD275 despite employing a variety of different media (LB, BHI and auto inducing media). A low abundance of protein was observed migrating on an SDS-PAGE at approximately the predicted size (31.5 kDa) but in induced cells it could not be confirmed as TagD275. This protein was found to be present in the insoluble fraction (data not shown). 
To ascertain whether TagD275 exhibited fatty acyl esterase activity the induced crude cell extract was applied to Tween 80 assay plates. Results demonstrated that TagD275 possesses esterase activity at 25°C (initial plates not shown).

[bookmark: _Toc368310812][bookmark: _Toc368310894]Table 5.2 Morphology of E. coli BL21 (λDE3) colonies containing TagD and TagD275 in the protein expression vector pET28a   
	pET28a b Derivatives
	Presence of plasmid expressing T7 lysozyme

	
	No plasmid
	pLysS
	pLysE
	No plasmid + 1% glucose

	tagD
	U/C
	U/C
	U/C
	NT

	tagD275
	U/C
	NT
	NT
	NT


a colony morphology was examined on LB agar following incubation for 18 hours at 37oC in the absence of IPTG
b TagD and C-terminal derivatives were expressed from the T7 promoter contained in pET28a
U= Uniform; C= Circular; NT= Not Tested
[bookmark: _Toc329655244][bookmark: _Toc331551564][bookmark: _Toc367640525]5.4 Effect of temperature on the fatty acyl esterase activity of TagD and TagD C-terminal derivatives
In Chapter 4 it was shown that the esterase activity of the C-terminal domain of TssI BCAS0667 was most active at low temperatures of between 5-15oC, with an optimum temperature at 10oC (Fig 4.5). As the C-terminal region of TagD exhibits approximately 47% identity with the C-terminal region of TssI BCAS0667, it was hypothesised that TagD may also be a psychrophilic lipase. To test this hypothesis, TagD, TagD258 and TagD275 proteins were over-produced from their respective pET vectors in E. coli BL21 (λDE3). The induced cell lysates (Section 2.7.2) were applied to Tween 80 plates and incubated at 5, 15, 25, and 37oC. Induced cell lysates containing “empty” pET28a plasmid and pET14b plasmid were also applied to Tween 80 plates to confirm that any observed lipase activity was not due to a lipase present in the E. coli BL21 (λDE3). TagD258 possessed esterase activity at 5 and 15oC and was weakly active at 25oC. TagD and TagD275 were active at all three temperatures, although TagD was noticeably more active at the lowest temperature. All three proteins had no detectable activity at 37oC (Fig 5.6).
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[bookmark: _Toc367643008][bookmark: _Toc367643283]Figure 5.6 Effect of temperature on Tween fatty acyl esterase activity of TagD, TagD275 and TagD258. 20 µl of crude cell lysate from IPTG induced E. coli BL21 (λDE3) cells containing the plasmids indicated below were applied to the wells of an agarose plate containing 85 mM NaCl, 1 mM CaCl2, 100 mM Tris–HCl (pH 8.0) and 1% Tween 80. Plate A incubated at 5oC; plate B incubated at 15oC; plate C incubated at 25oC; plate D incubated at 37oC. Well 1 pET28a-tagD275, well 2, pET14b-tagD258; well 3, pET28a- tagD; well 4, empty pET28a plasmid; well 5, empty pET14b plasmid.






[bookmark: _Toc329655245][bookmark: _Toc331551565][bookmark: _Toc367640526]5.5 Enzymatic analysis of TagD258 using 4-nitrophenyl fatty acyl ester substrates
Following the demonstration of TagD fatty acyl esterase activity on Tween 80 at low temperatures, it was decided to assess the activity of TagD over a range of conditions and substrates. However, as TagD is insoluble and it was not possible to produce large quantities of TagD275, TagD258 was selected for purification and analysis. Although it was initially thought to be inactive (Fig 5.5), TagD258 does appear to show significant activity on Tween 80 plates at temperatures between 5-10oC.(Fig 5.6). 
[bookmark: _Toc329655246][bookmark: _Toc331551566][bookmark: _Toc367640527]5.5.1 Purification of TagD258 by immobilized metal affinity chromatography
IMAC was used to purify the hexahistidine tagged TagD258 protein as described in section 2.7.3. The bacterial cell supernatant containing overproduced TagD258 protein was applied to the nickel chelate HisTrap column, unbound protein was washed off the column using buffer containing 10 mM imidazole, and TagD258 was eluted with 10-500 mM imidazole gradient (Section 2.7.3). Protein elution was followed by monitoring a UV trace at 280nm and a single peak of protein was observed at approximately 100 mM imidazole. This peak contained a single protein that corresponded to the predicted size of TagD258 as judged by SDS PAGE analysis (Fig 5.7).  Fractions 1 and 2 (2.5 ml) of eluted TagD258 protein (Fig 5.7) were judged to be > 90% pure and were deemed suitable for enzyme assays.
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[bookmark: _Toc367643009][bookmark: _Toc367643284]Figure 5.7 Purification of TagD258 by IMAC. The soluble fraction from lysed E. coli BL21 (λDE3) cells containing pET14b-tagD258 was passed through a 0.22 µm filter and applied to a GE Healthcare HisTrap HP column in a buffer containing 10 mM imidazole. TagD258 was eluted using a linear gradient of 10-500 mM imidazole and fractions containing TagD258 were analysed. Lane 1, Fisher Protein Ladder (sizes are shown in kDa); lane 2, total cell supernatant following centrifugation containing TagD258; lane 3, flow through from the IMAC column; lanes 4-8, eluted TagD258, fractions 1-5 respectively.
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[bookmark: _Toc367640528]5.5.2 Esterase activity assays of TagD258
Enzyme assays were carried out using purified TagD258 protein as described section 2.8.1. Initial activity assays were performed with 4-nitrophenyl palmitate, under the standard assay conditions described in chapter 4. These experiments showed that TagD258 exhibited no esterase activity at any of the temperatures tested (5, 10, 15, 20, 25 30, 37 and 45oC). An active triacylglycerol lipase from B. cepacia (Sigma) (Chen et al., 2011)  was used to confirm that the assay conditions were conducive to esterase activity, and all of the subsequent assay conditions described in this chapter were subject to this positive control. To determine if TagD258 was able to hydrolase substrates which contained smaller fatty acid chains, assays were performed using 4-nitrophenyl decanoate, 4-nitrophenyl butyrate and 4-nitrophenyl acetate. However, hydrolysis of these substrates by TagD258 was not observed at 5, 15, 25 or 37oC. The purified TssI258 protein, was applied to Tween 80 plates, in order to confirm it retains its fatty-acyl esterase activity following the purification procedure. Crude cell lysates from IPTG induced E. coli BL21 (λDE3) cells containing the pET14b-tagD258 plasmid and the empty pET14b vector were also applied to the same plate. Both the purified TssI258 protein exhibited fatty acyl esterase activity on the Tween 80 plates, Lysate containing the empty pET14b vector exhibited no fatty acyl activity (data not shown).
As TagD258 shows esterase activity on Tween 80 plates, but not towards fatty acylated 4-nitrophenyl derivatives it was hypothesised that one or more of the solubilising agents (sodium deoxycholate, gum arabic and Triton X-100) used in the latter assay may be inhibiting the activity of the enzyme. An alternative hypothesis that was also investigated was that a component of the Tween 80 plates, such as CaCl2, was essential for TagD258 activity. To investigate this, assays were performed under a variety of buffer conditions (Table 5.3) using 4-nitrophenyl butyrate as the substrate, as it contains a smaller fatty acid group and is therefore soluble in all the buffer conditions. Although 4-nitrophenyl acetate is also soluble under the same conditions, this substrate was not used as the TagD258 homologue TssI258 exhibited far higher activity towards 4-nitrophenyl butyrate than to 4-nitrophenyl acetate. However, despite modifying the assay buffer components, esterase activity was not detected under any of the conditions tested, at any of the temperatures investigated (data not shown).



[bookmark: _Toc368310813][bookmark: _Toc368310895]Table 5.3 Modified assay buffer conditions for detection of esterase activity of TagD258 towards 4-nitrophenyl butyrate   
	Assay Condition
	85mM NaCla
	1mM CaCl2a
	Sodium deoxycholate 5.55 mMb
	Gum Arabic b 90mg/ml
	Triton X-100 (2%)b

	1
	✓
	✓
	✓
	✓
	✓

	2
	✓
	✓
	X
	X
	X

	3
	X
	X
	✓
	✓
	✓

	4
	X
	X
	X
	X
	X


All assays were performed with 4-nitrophenyl butyrate as the substrate, in 50 mM phosphate buffer (pH 8). Each assay condition was performed at 5, 15, 25 and 37oC.
a Component present in Tween 80 plates
b Component present in standard 4-nitrophenyl butyrate esterase assay
✓ indicates that chemical is present in assay condition 
X  indicates that chemical is not present in assay condition 









[bookmark: _Toc329655248][bookmark: _Toc331551568][bookmark: _Toc331590613][bookmark: _Toc367640529]5.6 TagD-NTD protein production
A DNA fragment encoding TagD-NTD was PCR amplified from pET14b-tagD plasmid DNA. The forward primer (TagD For) contained an NdeI site overlapping the native initiating methionine and a BamHI site alongside an engineered stop codon (TAA) was incorporated into the reverse primer (TagD-NTD Rev). This generates an amplified DNA fragment which encodes the N-terminal 140 amino acids of the N-terminus of TagD-NTD. PCR was carried out using KOD polymerase and the product was ligated into pET14b using the corresponding restriction sites, placing the TagD-NTD reading frame in frame with the vector encoded hexahistidine tag. The integrity of the resultant plasmid, pET14b-tagD-NTD, was confirmed by DNA sequencing and comparison with the sequence of pET28a-tagD. 
BL21 (λDE3) transformed with pET14b-tagD-NTD produced uniformly sized colonies on LB agar containing kanamycin, there was no need to include glucose in the plates or to co-transform the cells with pLysS or pLysE. Protein production was performed by growing the cells in BHI at 37oC and inducing with 1 mM IPTG (Section 2.7.1).  The solubility of overproduced protein was determined according to the protocol in section 2.7.2 and analysed by SDS PAGE. A visible protein band of the correct size for TagD-NTD (17.3 kDa) was observed, and was determined to be in the insoluble fraction (Fig 5.8). In order to try and obtain soluble TagD-NTD, protein induction was carried out at lower temperatures (25oC and 30oC) and with lower concentrations of IPTG (100 μM and 10 μM). No soluble protein was produced using any combinations of these conditions (data not shown). Due to time constraints, no further work was carried out with TagD-NTD.
[bookmark: _Toc329655249][bookmark: _Toc331551569][bookmark: _Toc331590614][bookmark: _Toc367640530]5.7 Cloning and over-production of TagA  
Due to the difficulty of amplifying tagD from B. cenocepacia strain 715j genomic DNA, it was decided to amplify tagA from strain H111 genomic DNA. Successful amplification of tagA was achieved using the primers specified in Table 2.4 with an annealing temperature of 59oC resulting in a product which corresponded in length to that of tagA (~1300bp) (Fig 5.9). The amplified DNA was ligated into pET14b following cleavage of both with NdeI and BamHI, and the integrity of the inserted DNA was confirmed by sequencing and compared to the nucleotide sequence of a separately generated PCR product to determine whether any sequence changes between the H111 derived tagA DNA and that of the sequenced reference strain, J2315, were due to strain-to-strain variation of PCR induced errors. Nucleotide sequence differences between the tagA gene of H111 and J2315 are shown in Appendix 2.













 (
   1         2           3          4             5           
) (
25
4
0
70
55
100
15
35
)[image: C:\Users\Rich\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\tagD-ntd.take2.jpg]
[bookmark: _Toc367643010][bookmark: _Toc367643285]Figure 5.8 Analysis of TagD-NTD protein overexpression and solubility. TagD-NTD protein was expressed from pET14b-TagD-NTD in E. coli strain BL21 (λDE3). Cells were cultured in BHI media at 37oC and induced for 3 hours with 1 mM IPTG. 10 μl of the protein samples were electrophoresed in a 12 % SDS polyacrylamide gel. Lane 1, Fermentas protein ladder (sizes are shown in kDa); lane 2, total protein from uninduced cells; lane 3, total protein from IPTG induced cells; lane 4, soluble fraction from IPTG induced cells; lane 5, Insoluble fraction from IPTG induced cells.
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[bookmark: _Toc367643011][bookmark: _Toc367643286]Figure 5.9 Analysis of PCR products following amplification of tagA. PCR was carried out using KOD DNA polymerase and genomic DNA from B. cenocepacia strain H111. 5 μl of the PCR products were observed following electrophoresis in a 0.8 % agarose gel. Primers used to amplify these products are shown in Table 2.4. Lane 1, Q-step linear DNA ladder; lane 2, tagA PCR product, annealing temperature of 59oC; lane 3, tagA PCR product, annealing temperature of 59oC. 

Overexpression of the gene encoding the His-tagged TagA protein in E. coli BL21 (λDE3) was carried out as described in 2.7.1. E. coli BL21 (λDE3) transformed with pET14b-tagA formed circular uniform colonies on LB agar plates. The levels of over-production of TagA were very high, when induction occurred at 37oC with 1 mM IPTG, but no TagA was present in the soluble fraction of the cell extract (Fig 5.10). Attempts to obtain soluble TagA protein included inductions carried out at lower temperatures (25oC and 30oC) as well as, and combined with lower concentrations of IPTG (10 μM and 100 μM) were unsuccessful. 
Both 6 M guanidine hydrochloride and 8 M urea were then used to solubilise the TagA which had formed inclusion bodies in the pellet following centrifugation, and the protein was partially purified (approximately 70% pure) by IMAC. Attempts to renature TagA by removal of the guanidine or the urea by step dialysis resulted in the precipitation of TagA (data not shown). Due to time constraints, no further attempts at recovering soluble TagA were made.
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[bookmark: _Toc367643012][bookmark: _Toc367643287]Figure 5.10 Analysis of TagA protein overexpression and solubility. TagA protein was expressed from pET14b-TagA in E. coli strain BL21 (λDE3). Cells were cultured in BHI media at 37oC and induced for 3 hours with 1 mM IPTG. 10 μl of the protein samples were electrophoresed in a 12 % SDS polyacrylamide gel. Lane 1, Fermentas protein ladder (sizes shown in kDa); lane 2, total protein from uninduced cells; lane 3, total protein from IPTG induced cells; lane 4, soluble fraction; lane 5, insoluble fraction from IPTG induced cells.












[bookmark: _Toc329655250][bookmark: _Toc331551570][bookmark: _Toc367640531]5.8 Discussion
The putative T6SS effector protein, TagD, was successfully overproduced in E. coli and the C terminal region was demonstrated to possess psychrophilic fatty acyl esterase activity towards Tween 80. The C terminal 258 amino acids of the protein did not exhibit fatty acyl esterase activity at temperatures above 25°C, whereas the longer pET28a-tagD275 derivative and full length TagD appeared to be more active on Tween 80 plates at this temperature.
Although TagD258 was more active at lower temperatures, it remained significantly less active than TagD275, judged on the speed the halo of precipitation develops on the Tween 80 plates, and the fact that the halo appears to be much more opaque surrounding the wells containing TagD275 than those containing TagD258. The opacity of the haloes is noticeable if the assay plates are left for over 2 days, and the faster development is noticeable after about 8-12 hours (data not shown). 
The prediction that TagD and TagD275 are more active than TagD258, is partially supported by the morphology of the E. coli strain BL21 (λDE3) cells harbouring the plasmids expressing the TagD derivatives. pET14b-tagDNTD or pET14b-tagD258 are healthy on LB agar in the absence of IPTG and showed normal growth in broth cultures. However, E. coli strain BL21 (λDE3) containing the pET14b-tagD plasmid were massively retarded in growth, and often would not grow in broth cultures, even in the presence of pLysS or pLysE. Transfer of TagD into the pET28a plasmid enabled growth of healthy colonies, and following this, production of protein from a broth culture. TagD275 was created in pET28a specifically to avoid problems associated with the BL21 (λDE3) cells being attenuated in growth when harbouring pET14b plasmids expressing potentially toxic proteins. 
Attempts to ascertain the optimum conditions for the esterase activity of TagD and TagD275 were not successful. Full length TagD was insoluble and TagD275 was not produced at high enough levels to facilitate purification. This lead to TagD258 being selected for purification and further enzymatic analysis. However no activity could be detected at any temperature with 4-nitrophenol acylated with fatty acids of various chain lengths. Alteration of the buffer conditions also had no effect, no activity could be detected using this assay. It is possible that TagD258 has such low activity that it could not be detected within the time constraints associated with this particular assay when compared to the Tween 80 plate assay. Another possibility is that the Triton X-100 is either a potential substrate or more likely, an inhibitor of TagD258, as Triton X-100 does not contain an ester linkage. If Triton is needed to solubilise the 4-nitrophenyl butyrate, but is also inhibiting TagD258, this would explain the lack of detectable activity. This would certainly warrant further investigation
Given the high sequence similarity between TagD258 and the TssI BCAS0667 phospholipase domain, it seems unlikely that TagD258 would act on a dramatically different substrate. However it is possible that the enzymatic C-terminal extension of TagD has a higher degree of substrate specificity than the PLA1 domain attached to the TssI BCAS0667 protein. Many phospholipases are non-specific, and will hydrolyse a wide variety of substrates (Bornscheuer and Kazlauskas, 2004), however, some are far more specific, requiring substrates to have certain head groups, in order for them to be able to fit in the active site (Sato et al., 1997).
Homology studies shown in Figure 1.11 Revealed that the putative PLA domain of TagD BCAl1296 contains a catalytic triad. However, instead of an aspartate acid residue (D), the PLA domain of TagD contains a glutamate residue (E)  Both of these amino acids are negatively charged, and can fulfil similar roles in the catalytic triad of lipases, so this should not affect the activity of the PLA domain (Dodson and Wlodawer, 1998, Schrag et al., 1991). It is also possible that a different aspartate (there is an aspartate residue 12 amino acids away from the glutamate residue predicted to be part of the catalytic triad) amino acid is functional in the catalytic triad, but the homology does not appear to support this.
Another alternative is TagD requires a co-factor in order for it to be fully active, this has been demonstrated for other phospholipase A’s, as ExoU requires the Eukaryotic cofactor SOD1 (superoxide dismutase) protein or the yeast ortholog, Sod1p, in order for activation. (Sato et al., 2006).  
The increased activity of TagD275 compared to TagD258 is surprising, as TagD258 was predicted to include the entire phospholipase domain based on amino acid sequence alignment studies (Fig 1.11). TagD258 contains 33 amino acids N-terminal to the conserved PLA-like region which constitutes a large segment of the predicted interdomain linker. However, TagD275 contains the entire predicted interdomain linker, suggesting that this region influences the activity of the conserved PLA region, as this larger segment of this protein appears to be more active than TagD258. 
Unfortunately TagD, TagD-NTD and TagA proteins were insoluble when overproduced in E. coli strain BL21 (λDE3). This meant that pure protein could not be obtained for cell toxicity assays or structural determination. Due to time constraints further attempts at solubilisation (beyond those described in this chapter) were not carried out. TagD258 was not used for crystal trials, as it was thought to be virtually totally inactive at the time these were being performed. 
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[bookmark: _Toc331551572][bookmark: _Toc331590616][bookmark: _Toc367640533][bookmark: _Toc367643289][bookmark: _Toc368310897]Investigation into protein-protein interactions involving putative effector proteins of the T6SS using the bacterial adenylate cyclase two-hybrid system











[bookmark: _Toc331551573][bookmark: _Toc367640534]6.1 Rationale
TssI is one of the 13 core subunits of the T6SS. It structurally resembles the bacteriophage T4 tail spike proteins Gp27 and Gp5 (Shalom et al., 2007) and like these proteins TssI is predicted to oligomerise into a trimer (Leiman et al., 2009). Recently it has been shown that TssI interacts with several other T6SS proteins (Ahmad and Thomas unpublished results). As previously shown there are multiple copies of the tssI gene present in many organisms that contain a T6SS and in Burkholderia cenocepacia strain J2315 there are ten complete tssI genes present in the genome, and a further incomplete tssI gene (pseudogene) according to bioinformatic analysis (Fig 1.9). With so many copies of the tssI gene present in the same bacterium, it was hypothesised that different TssI proteins may be able to interact and form a tail spike-like structure, during the course of this work being completed, this was confirmed by (Hachani et al., 2011). To investigate this, three TssI proteins were selected from B. cenocepacia; TssI BCAL1294 the C-terminal of which contains a repeated motif. TssI BCAM0148 which has a DUF2345 C-terminal domain and TssI BCAS0667 which has a phospholipase A1 as a C-terminal appendage, (as discussed in chapters 3 and 4). 
As detailed in section 1.4.5 tssI BCAL1294 is located in a putative operon with two T6SS associated genes (tag): tagA BCAL1295 and tagD BCAL1296 (Fig 1.7). This suggests that these proteins may work together to perform an as yet unknown role in the T6SS. As the two tag genes are transcribed in parallel with tssI BCAL1294 which encodes a putative effector protein, it is possible that the Tag proteins could be potential effector proteins themselves. Consistent with this idea, TagD BCAL1296 contains a C-terminal extension which is also predicted to encode a phospholipase A1 and was shown to possess Tween 80 hydrolytic activity. Analysis of their interactions with TssI proteins and other core T6SS proteins may help to elucidate their function.
In order to identify protein-protein interactions between different TssI proteins between TssI and TagA and TagD, and between these proteins and other T6SS subunits, the Bacterial adenylate cyclase two hybrid (BACTH) system was utilised. This system utilises the catalytic region of adenylate cyclase (CyaA) from Bordetella pertussis which consists of two domains, the T25 fragment and T18 fragment (Ladant, 1988). These two fragments are totally inactive when they are physically separated (Ladant, 1999). Attaching these two fragments to proteins which interact brings the two domains into close proximity and allows the reconstitution of enzyme activity, which in turn leads to the production of cyclic adenosine monophosphate (cAMP) (Fig 6.1). cAMP and the catabolite activator protein (CAP) form a complex which binds to the maltose promoter and activates the mal operon, which allows the E. coli to utilise maltose as a carbon source. The fermentation of maltose by E. coli results in the generation of acid. This acidification is easily detected on indicator plates (MacConkey agar supplemented with maltose) as the neutral red dye present in the media causes a colour change (Fig 6.1). E. coli BTH101 are used in the BACTH system as they are mutated to lack endogenous adenylate cyclase activity. Cya mutants must be used, as endogenous adenylate cyclase activity would cause all of the results to be positive, as all of the bacteria would be able to utilise maltose as a carbon source. 
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[bookmark: _Toc367643013][bookmark: _Toc367643290] (
B
)Figure 6.1 The BACTH system and activation of the mal operon. A. Activation of the BACTH system. Separation of the T25 and T18 components results in a lack of cAMP production. When proteins A and B fused to the T25 and T18 components interact, the T25 and T18 domains are brought together which reconstitutes cAMP production. B cAMP produced by the enzyme binds to catabolite activator protein (CAP) and activates the expression of the mal genes. This allows the E. coli to utilise maltose, which results in the distinguishable phenotype when the bacteria are grown on indicator media.
[bookmark: _Toc331551574][bookmark: _Toc367640535]6.2 Cloning of the potential effector genes into the BACTH plasmids
The four proteins chosen for interaction studies were TssI BCAL1294, TagA BCAL1295, TagD BCAL1296 and TssI BCAS0667 which contains a C-terminal extension shown to possess phospholipase A1 activity. The four genes encoding these proteins were amplified for cloning into the four vectors utilised in the BACTH system – pKT25, pKNT25, pUT18 and pUT18C. 
pKT25 and pKNT25 both confer kanamycin resistance on the host bacteria, and contain a multiple cloning site (MCS) which allows genes to be cloned into the vector in frame with either the 3’ or the 5’ end of the T25 domain coding region, respectively. pUT18 and pUT18C plasmids contain an ampicillin resistance gene, and a MCS which allows genes to be cloned into the plasmid in frame with either the 5’ or the 3’ end of the T18 domain coding region respectively (Fig 6.2). 
PCR primers were designed to allow the four putative effector genes to be inserted into these vectors so that they would be fused in frame to either the T25 or T18 fragments. The multiple cloning sites are shown in Figure 6.2.
PCR of the four genes was carried out using the proof-reading KOD Hot Start DNA polymerase with B .cenocepacia strain H111 as template DNA (data not shown). The primers were designed with 5’ extensions containing restriction enzyme sites which allowed the products to be inserted into the BACTH plasmids. In the case of pUT18C and pKT25, where the expressed effector protein is located at the C-terminus of the T18 or T25-fusion the reverse primer for each gene included the native stop codon of the amplified gene. Once amplified, the PCR products were digested with the appropriate restriction enzymes (Table 2.4) and ligated into the correct BACTH system plasmids, which had been digested with complementary restriction enzymes. E. coli strain XL1-blue was transformed with the ligation products, and plated on LB agar containing either ampicillin or kanamycin dependent on the cloning vector. Bacterial colonies were screened for the presence of the desired plasmids by PCR or plasmid miniprep analysis. To confirm that the correct gene was present in the plasmid, the constructs were analysed by restriction digestion and then the nucleotide sequence of the inserted DNA was determined to confirm that the gene was in frame with the T18 or T25 coding sequences and that it did not contain any PCR induced mutations. 

[bookmark: _Toc331551575][bookmark: _Toc367640536]6.3 BACTH assay
Thus, all four putative T6SS effector genes were successfully cloned into the four BACTH vectors. To determine if there were any interactions between TssI BCAS0667, TssI BCAL1294, TagA and TagD, E. coli strain BTH101 was transformed with two of the compatible BACTH plasmids. These transformants were grown on MacConkey agar containing 1 % maltose at 30oC and observed after 2 days and every successive day until day 10.
Positive controls are provided as part of the BACTH system, and consist of two plasmids (pKT25-zip and pUT18-zip) each of which contains a leucine zipper domain fused to T25 and T18. These leucine zipper domains  interact and produce a strong Mal positive phenotype. 
Negative controls were carried out for each individual interaction, and consisted of one BACTH vector containing the gene of interest introduced into BTH101 along with an empty, complementary BACTH vector. Table 6.1 shows the combinations of plasmids, both for controls and probing for interactions, used in this work. 
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[bookmark: _Toc367643014][bookmark: _Toc367643291]Figure 6.2 Diagrams of MCS of the BACTH system vectors. Adapted from (Euromedex, 2000) based on the BACTH system designed by (Karimova et al., 1998). Diagram demonstrates the terminus at which the T18 or T25 Tag will be attached to the protein once it is expressed from the vector. pKT25 = N-terminal T25 Tag; pKNT= C-terminal T25 Tag; pUT18= C-terminal T18 Tag; pUT18C = N-terminal T18 tag.

[bookmark: _Toc368310814][bookmark: _Toc368310898]Table 6.1 BACTH system plasmid combinations used to analyse protein-protein interactions
	
	
	

	Plasmid 1
	Plasmid 2
	Expected phenotype

	A
pKT25-gene A
	
pUT18- gene B
	
Unknown

	pKT25-gene A
	pUT18C- gene B
	Unknown

	pKNT25-gene A
	pUT18- gene B
	Unknown

	pKNT25-gene A
	pUT18C- gene B
	Unknown

	pUT18-gene A
	pKT25- gene B
	Unknown

	pUT18C-gene A
	pKT25- gene B 
	Unknown

	pUT18-gene A
	pKNT25- gene B
	Unknown

	pUT18C-gene A
	pKNT25- gene B
	Unknown

	B
	
	

	pKT25-gene A
	pUT18--gene A
	Unknown

	pKT25-gene A
	pUT18C--gene A
	Unknown

	pKNT25-gene A
	pUT18--gene A
	Unknown

	pKNT25-gene A
	pUT18C--gene A
	Unknown

	C
	
	

	pKT25-gene A
	pUT18
	Negative

	pKT25-gene A
	pUT18C
	Negative

	pKNT25-gene A
	pUT18
	Negative

	pKNT25-gene A
	pUT18
	Negative

	pUT18-gene A
	pKT25
	Negative

	pUT18C-gene A
	pKT25
	Negative

	pUT18-gene A
	pKNT25
	Negative

	pUT18C-gene A
	pKNT25
	Negative

	pKT25-zip
	pUT18-zip
	Strong Positive


 A Plasmid combinations utilised to test hetero-oligomeric protein-protein interactions
 B Plasmid combinations to test for homo-oligomeric protein interactions
 C Control plasmid combinations.



[bookmark: _Toc331551576][bookmark: _Toc367640537]6.4 Investigation into the interactions of TssI proteins
[bookmark: _Toc331551577][bookmark: _Toc367640538]6.4.1 Oligomerisation of TssI
The BACTH system was used to discover if TssI BCAL1294 oligomerises. The plasmid combinations used to test for oligomerisation are shown in Table 6.1 B. The results showed that three of the possible four plasmid combinations gave rise to a Mal+ phenotype. These were pKT25-tssI BCAL1294 with pUT18C-tssI BCAL1294, which gave rise to bright purple colonies after only 2 days, and generated a stronger maltose positive phenotype than the zip control. The other two positive combinations were pKNT25-tssI BCAL1294 in combination with either pUT18-tssI BCAL1294 or pUT18C-tssI BCAL1294. The former of these produced strongly positive colonies after 3 days, whereas the latter produced colonies exhibiting a maltose positive phenotype after incubation for 5 days at 30oC (Fig 6.3 A).
The maltose phenotypes are represented in the figures of this chapter as a series of stars described in Table 6.2.
All four plasmid combinations shown in Table 6.1 were tested in a pairwise manner to determine whether TssI BCAS0667 oligomerises. Both pKT25-tssI BCAS0667 with pUT18C-tssI BCAS0667, and pKNT25-tssI BCAS0667 in combination with pUT18-tssI BCAS0667 yielded colonies with positive phenotypes after 3 days of incubation at 30oC. However, the pKT25-tssI BCAS0667 with pUT18C-tssI BCAS0667 produced bright purple colonies, compared to dull red colonies of the pKNT25-tssI BCAS0667 with pUT18-tssI BCAS0667 combination (Fig 6.3 B). 
In order to confirm previous results (Ahmad and Thomas unpublished) All four plasmid combinations shown in Table 6.1 were tested in a pairwise manner to determine whether TssI BCAM0148 oligomerises. Both pKT25-tssI BCAM0148 with pUT18C-tssI BCAM0148, and pKNT25-tssI BCAM0148 in combination with pUT18C-tssI BCAM0148 yielded positive phenotypes after 3 days of incubation at 30oC. However, the pKT25-tssI BCAM0148 with pUT18C-tssI BCAM0148 interaction produced bright purple colonies, compared to dull red colonies of the pKNT25-tssI BCAM0148 with pUT18C-tssI BCAM0148 combination (Fig 6.3 C).
[bookmark: _Toc368310815][bookmark: _Toc368310899]Table 6.2 Description of the phenotypes observed in the BACTH assay and the classifications attributed to them.
	Description of plate/colony phenotype
	Attributed Star rating * 

	Dark purple after 2 days, phenotype forms faster and is darker than the zip positive control
	[image: ]

	Dark purple after 3 days (zip control exhibits this phenotype)
	[image: ]

	Red/light purple after 3 days then purple after 4 days 
	[image: ]

	Red/purple phenotype develops after 4 days and turns purple after 5 days
	[image: ]

	Purple on the fifth day, weak/patchy red/purple phenotype may be visible after 4 days
	[image: ]

	Light purple/red after 5 days (when the Mal+ phenotype took longer than 5 days to develop, the number of days is listed in brackets after the Star rating)
	[image: ]


*Colony phenotype observed when E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids and allowed to grow on MacConkey agar containing 1% maltose and the appropriate antibiotics
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[bookmark: _Toc367643015][bookmark: _Toc367643292]Figure 6.3 Combinations of BACTH plasmids containing tssI BCAL1294 which resulted in a maltose positive phenotype. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294, tssI BCAS0667 or tssI BCAM0148 fused to either T18 or T25 domain of CyaA . Transformant colonies were observed after 3, 5 and then every day until 10 days, for a maltose positive phenotype. A, Combinations of TssI BCAL1294 fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 fusion proteins which yielded maltose positive phenotypes. C, Combinations of and TssI BCAM0148 fusion proteins which yielded maltose positive phenotypes. This confirms the findings of (Thomas and Ahmad (unpublished results))


[bookmark: _Toc331551578][bookmark: _Toc367640539]6.4.2 Investigation into hetero-oligomeric interactions between TssI BCAL1294, TssI BCAS0667 and TssI BCAM0148 of B. cenocepacia
To determine if different TssI proteins from B. cenocepacia can interact with each other, the four BACTH plasmids containing the three different tssI genes were combined in a pairwise manner, as detailed in Table 6.1.
 Figure 6.4 A B and C shows the plasmid combinations that give rise to a Mal+ phenotype. It was observed that pKT25-tssI and pUT18C-tssI yielded a maltose positive phenotype in all possible combinations of the three TssI proteins tested. Two further positive phenotypes were observed for pKNT25-tssI BCAL1294 in combination with pUT18C-tssI BCAM0148 and for pKNT25-tssI BCAS0667 in combination with pUT18C-tssI BCAM0148.
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[bookmark: _Toc367643016][bookmark: _Toc367643293]Figure 6.4 Combinations of BACTH plasmids containing tssI BCAL1294, tssI BCAS0667 and tssI BCAM0148 which resulted in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAS0667, BCAM0148 and BCAL1294 fused to either T18 or T25 proteins. Transformant colonies were observed after 3, 5 and then every day until 10 days, for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssI BCAS0667 fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAL1294 and TssI BCAM0148 fusion proteins which yielded maltose positive phenotypes. C, Combinations of TssI BCAS0667 and TssI BCAM0148 fusion proteins which yielded maltose positive phenotypes.
[bookmark: _Toc331551579]
[bookmark: _Toc367640540]6.5 Interactions between TssI, TagA and TagD
As the three genes tssI BCAL1294, tagA and tagD are presumed to be under the control of the same promoter, it was predicted that their gene products would interact with each other. The BACTH system was used to test this hypothesis. Moreover tssI BCAS0667 and tssI BCAM0148 were included in the assay and their potential interactions with tagA and tagD were investigated. Only one positive phenotype was detected, and this was observed when a combination of  pKT25-TagA and pUT18C-TssI BCAM0148 were transformed into E. coli BTH101. This interaction was detected after five days, when the plate exhibited a red Mal+ phenotype (Fig 6.5). No other interactions were detected. 
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[bookmark: _Toc367643017][bookmark: _Toc367643294]Figure 6.5 Combinations of BACTH plasmids containing tssI (BCAL1294, BCAM0148 and BCAS0667), tagA (BCAL1295) and tagD (BCAL1296) which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI (BCAS0667, BCAM0148 and BCA1294) tagA (BCAL1295) and tagD (BCAL1296) fused to either T18 or T25 proteins. Transformant colonies were observed as stated in Table 6.2.



[bookmark: _Toc331551580][bookmark: _Toc367640541]6.6 Interactions between TssI BCAL1294 and BCAS0667, and the other 12 core subunits of the T6SS 
The genes encoding the other 12 core subunits (TssA-TssH and TssJ-TssM) of the T6SS have been previously cloned into the BACTH vectors along with BCAM0148 (Shastri, Ahmad and Thomas unpublished data) and tssI BCAM0148 has already been used in interaction studies (Shastri, Ahmad and Thomas unpublished data). Investigating whether different TssI proteins from B. cenocepacia interact with the other core proteins involved in the T6SS will confirm previous results, and could yield further clues as to why so many copies of tssI are present in the genome, and whether their TssI products interact similarly with the other components of the T6SS. Several TssI proteins involved in the B. cenocepacia T6SS have C-terminal extensions, including TssI BCAS0667 which has a phospholipase A1 domain as a C-terminal extension. This C-terminal extension may confer a different role for this protein within the T6SS compared to non-extended versions of TssI The genes encoding TssI BCAS0667 and BCAL1294 were cloned into the BACTH vectors and this allowed these to be compared to the interaction involving TssI BCAM0148 and BCAL1294 with other components of the T6SS. 
TssM is a very large protein which spans the inner membrane and consists of a cytoplasmic and periplasmic domain. Therefore, in order to investigate it’s interactions with other proteins, it was necessary to split TssM into two sections. Genes encoding each of these domains were cloned separately into the BACTH vectors (Ahmad and Thomas unpublished data) and interactions of both the cytoplasmic and periplasmic domain were investigated with both TssI BCAL1294 and BCAS0667.  
[bookmark: _Toc331551581][bookmark: _Toc367640542][bookmark: _Toc271233574]6.6.1 Investigation of interactions between TssI BCAL1294 and BCAS0667 with TssA
Strong Mal+ phenotypes were observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssA for three of the eight combinations used. pKT25-tssI BCAL1294 with pUT18C-tssA, and pKT25-tssA with pUT18C-tssI BCAL1294 both produced deep purple E. coli colonies after 3 days incubation at 30oC. Colonies containing pKNT25-tssI BCAL1294 and pUT18C-tssA turned red after 4 days of incubation. These interactions are presented in Figure 6.6 A
Mal+ phenotypes were observed when plasmids encoding TssI BCAS0667 were combined with those encoding TssA in three of the eight combinations used. These were pKT25-tssI BCAS0667 with pUT18C-tssA and pKT25-tssA with pUT18C-tssI BCAS0667, these produced E. coli colonies exhibiting a deep purple colour, in both cases, following 3 days incubation at 30oC. Colonies from bacteria transformed with pKNT25-tssI BCAS0667 and pUT18C-tssA turned red following 5 days of incubation at 30oC (Fig 6.6 B). These results mimic those from TssI BCAL1294 with the only difference being a weaker phenotype for the pKNT25-tssI BCAS0667 with pUT18C-tssA interaction.
[bookmark: _Toc331551582][bookmark: _Toc367640543]6.6.2 Investigation of interactions between TssI BCAL1294 and BCAS0667 with TssB and TssC
Mal+ phenotypes were not observed when plasmids encoding TssI BCAL1294 or TssI BCAS0667  were combined with those encoding TssB or TssC for any of the plasmid combinations used. 

[bookmark: _Toc331551583][bookmark: _Toc367640544]6.6.3 Investigation of interactions between TssI BCAL1294 and BCAS0667 with TssD
Figure 6.7 A illustrates that weak Mal+ phenotypes were observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssD after 5 days. This occurred when the plasmids pKT25-tssI BCAL1294 with pUT18C-tssD were combined
The interactions of TssI BCAS0667 are similar to that of TssI BCAL1294 with a weak Mal+ phenotype being observed when plasmid pKT25-tssI BCAS0667 was combined with pUT18C-tssD and introduced into E. coli BTH101. A weak Mal+ phenotype was also observed when plasmid pKT25-tssD was combined with pUT18C-tssI BCAS0667 after 8 days incubation at 30°C (Fig 6.7 B).
[bookmark: _Toc331551584][bookmark: _Toc367640545]6.6.4 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssE
Mal+ phenotypes were not observed when plasmids encoding TssI BCAL1294 or TssI BCAS0667 were combined with those encoding TssE for any of the combinations used.
[bookmark: _Toc331551585][bookmark: _Toc367640546]6.6.5 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssF
Strong Mal+ phenotypes were observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssF. These were for the combinations pKT25-tssI BCAL1294 or pKNT25-tssI BCAL1294, both with pUT18C-tssF. Both combinations took 5 days before the colonies appeared as positive on the MacConkey plates (Fig 6.8 A).
A Mal+ phenotype was also observed when plasmids encoding TssI BCAS0667 were combined with those encoding TssF. These included pKT25-tssI BCAS0667 in combination with pUT18C-tssF, producing positive pin/red colonies in transformed E. coli BTH101 after 5 days. Another positive phenotype was observed when plasmid pUT18C-tssI BCAS0667 was combined with pKT25-tssF producing red colonies after 5 nights incubation at 30°C (Fig 6.8 B). This particular plasmid combination yielded a negative phenotype when the interaction between TssI BCAL1294 and TssF was investigated.
[bookmark: _Toc331551586][bookmark: _Toc367640547]6.6.6 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssG
A Mal+ phenotype was not observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssG. Similarly a Mal+ phenotype was also not observed when plasmids encoding TssI BCAS0667 were combined with those encoding TssG for all plasmid combinations.
[bookmark: _Toc331551587][bookmark: _Toc367640548]6.6.7 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssH
Strong Mal+ phenotypes were observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssH for three of the eight combinations used. pKT25-tssI BCAL1294 with pUT18C-tssH and pKT25-tssH with pUT18C-tssI both gave positive colonies after 3 days incubation at 30oC (Fig 6.9 A). pKNT25-tssH with pUT18C-tssI BCAL1294 turned bright purple after 4 days of incubation.
A Mal+ phenotype was also observed for two combinations of plasmids when plasmids encoding TssI BCAS0667 were combined with those encoding TssH. Both combinations gave rise to deep red colonies from transformed E. coli strain BTH101 after 3 days incubation at 30°C. The combinations of plasmids were pKT25-tssI BCAS0667 with pUT18C-tssH and pKT25-tssH with pUT18C-tssI BCAS0667 (Fig 6.9 B). 
[bookmark: _Toc331551588][bookmark: _Toc367640549]6.6.8 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssJ
Mal+ phenotypes were not observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssJ. Similarly, a Mal+ phenotype was not observed when plasmids encoding TssI BCAS0667 were combined with TssJ for all plasmid combinations used.
[bookmark: _Toc331551589][bookmark: _Toc367640550]6.6.9 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssK
A strong Mal+ phenotype was observed when plasmids encoding TssI BCAL1294 were combined with those encoding TssK. This was for the combination pKT25-tssI BCAL1294 with the pUT18C-tssL. This gave rise to deep red colonies after 3-4 days incubation at 30oC (Fig 6.10 A). All other plasmid combinations were negative. However, two Mal+ phenotypes were observed when plasmids encoding TssI BCAS0667 were combined with TssK. Positive interactions were observed between pKT25-tssI BCAS0667 and pUT18C-tssK. Colonies containing this combination exhibited a pink phenotype after 5 days incubation at 30°C. The other positive phenotype was observed in colonies after 6 days and was a deep red in colour, this phenotype was observed when E. coli strain BTH101 were transformed with a combination of pKNT-tssK and pUT18C-tssI BCAS0667 plasmids (Fig 6.10 B).
[bookmark: _Toc331551590][bookmark: _Toc367640551]6.6.10 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssL
A weak Mal+ phenotype was observed when the plasmid pKT25-tssI BCAL1294 was combined with the pUT18c-tssL plasmid and introduced into E. coli BTH101 and incubated at 30oC. Colonies appeared deep red after 5 days (Fig 6.11 A). Similarly, a strong Mal+ phenotype was observed when plasmid pKT25-tssI BCAS0667 was combined with the pUT18C-tssL plasmid. Transformant E. coli colonies appeared deep purple after 3 days incubation at 30°C (Fig 6.11 B). 
[bookmark: _Toc331551591][bookmark: _Toc367640552]6.6.11 Investigation of interactions between B. cenocepacia TssI BCAL1294 and BCAS0667 with TssM
A Mal+ phenotype was not observed when plasmids encoding TssI BCAL1294 were combined with those encoding either the cytoplasmic or periplasmic TssM for all plasmid combinations tested. Similarly, a Mal+ phenotype was not observed when plasmids encoding TssI BCAS0667 were combined with those encoding TssM with all plasmid combinations.
A summary of all of the Interactions of the TssI proteins with the other 12 core T6SS proteins is shown in Figure 6.12
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[bookmark: _Toc367643018][bookmark: _Toc367643295]Figure 6.6 Combinations of BACTH plasmids containing tssI BCAL1294 and BCAS0667 with TssA which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294 or BCAS0667 and TssA fused to either T18 or T25 proteins. Transformant colonies are observed after 3 days and then every day for a further 10 days for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssA fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 and TssA fusion proteins which yielded maltose positive phenotypes.
[image: ]
[bookmark: _Toc367643019][bookmark: _Toc367643296]Figure 6.7 Combinations of BACTH plasmids containing tssI BCAL1294 and BCAS0667 with TssD which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294 or BCAS0667 and TssD fused to either T18 or T25 proteins. Transformant colonies are observed after 3 days and then every day for a further 10 days for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssD fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 and TssD fusion proteins which yielded maltose positive phenotypes.


[image: ]
[bookmark: _Toc367643020][bookmark: _Toc367643297]Figure 6.8 Combinations of BACTH plasmids containing tssI BCAL1294 and BCAS0667 with TssF which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294 or BCAS0667 and TssF fused to either T18 or T25 proteins. Transformant colonies are observed after 3 days and then every day for a further 10 days for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssF fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 and TssF fusion proteins which yielded maltose positive phenotypes.
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[bookmark: _Toc367643021][bookmark: _Toc367643298]Figure 6.9 Combinations of BACTH plasmids containing tssI BCAL1294 and BCAS0667 with TssH which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294 or BCAS0667 and TssH fused to either T18 or T25 proteins. Transformant colonies are observed after 3 days and then every day for a further 10 days for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssH fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 and TssH fusion proteins which yielded maltose positive phenotypes.
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[bookmark: _Toc367643022][bookmark: _Toc367643299]Figure 6.10 Combinations of BACTH plasmids containing tssI BCAL1294 and BCAS0667 with TssK which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294 or BCAS0667 and TssA fused to either T18 or T25 proteins. Transformant colonies are observed after 3 days and then every day for a further 10 days for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssK fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 and TssK fusion proteins which yielded maltose positive phenotypes.
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[bookmark: _Toc367643023][bookmark: _Toc367643300]Figure 6.11 Combinations of BACTH plasmids containing tssI BCAL1294 and BCAS0667 with TssL which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding tssI BCAL1294 or BCAS0667 and TssA fused to either T18 or T25 proteins. Transformant colonies are observed after 3 days and then every day for a further 10 days for a maltose positive phenotype. A, Combinations of TssI BCAL1294 and TssL fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssI BCAS0667 and TssL fusion proteins which yielded maltose positive phenotypes.
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[bookmark: _Toc367643024][bookmark: _Toc367643301]Figure 6.12 Summary of combinations of BACTH interactions of TssI (BCAL1294, BCAS0667 and BCAM0148) with TssA-H and TssJ-M which result in a maltose positive phenotype in the BACTH assay. Summary of interactions of TssI BCAL1294 shown in green, summary of interactions of TssI BCAS0667 shown in black and summary of interactions of TssI BCAM0148 shown in blue. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding TssI (BCAL1296, BCAS0667 and BCAM0148) with TssA-H and TssJ-M fused to either T18 or T25 proteins. Transformant colonies are observed after 3, 5 and then every day until 10 days, for a maltose positive phenotype. All TssI BCAM0148 interactions shown were carried out in a separate study (Ahmad and Thomas unpublished data). These are purely included to make a comparison between the behaviour of three TssI proteins. Solid line = strong phenotypic interaction (interaction detected on 4th day or before) dotted line = weaker phenotypic interaction (interaction detected after 5 days or longer)







[bookmark: _Toc331551592][bookmark: _Toc367640553]6.7 Further analysis of the TssI-TssH interaction
All three TssI proteins investigated were found to give a strong Mal+ phenotype with TssA, TssL and TssH in the BACTH system. TssH is a key part of the T6SS that dissembles the TssB and TssC complex and is essential for secretion of TssI and TssD by the T6SS (Bonemann et al., 2009). TssH is an AAA+ ATPase which is comprised of four domains – the N-domain, and two nucleotide binding domains (NBD1 and NBD2) (Fig 6.13). To determine which domain of TssH interacts with TssI, three different domains were inserted into the BACTH vectors pKT25 and pUT18C and assayed using the BACTH system. Only the pKT25 and pUT18C vectors were employed, as the interactions detected between H and I occurred using the pKT25 and pUT18C vectors for all 3 TssI proteins.
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[bookmark: _Toc367643025][bookmark: _Toc367643302]Fig 6.13 Domain organisation of ClpB and TssH. The N-domain is shown in red, the two AAA domains are highly similar, and are classified as NBD1 and NBD2 these are shown in blue and green respectively. The middle domain (M) is shown in purple. 





[bookmark: _Toc331551593][bookmark: _Toc367640554]6.7.1 Cloning of the tssH genes into the BACTH plasmids pKT25 and pUT18C
Amplification of the three tssH genes was performed by PCR using KOD polymerase, and pKT25-tssH plasmid DNA as template. The resulting PCR products were digested with the appropriate restriction enzymes (Table 2.4) and ligated into the pKT25 and pUT18C plasmids. pKT25-tssH N-domain, pUT18C-tssH N-domain, pKT25-tssH NBD1, pUT18C-tssH NBD1, pKT25-tssH NBD2 and pUT18C-tssH NBD2 plasmids were constructed and confirmed by nucleotide sequencing and comparison with the full length tssH constructs. These TssH domain fusions were tested for interactions with all four two-hybrid fusion derivatives of TssI BCAL1294, TssI BCAS0667, TssI BCAM0148 and full length TssH.
[bookmark: _Toc331551594][bookmark: _Toc367640555]6.7.2 Investigation of TssH N-domain interactions with TssI
A weak Mal+ phenotype was observed when plasmids encoding TssH N-domain were combined with those encoding TssI BCAM0148. Transformed E. coli colonies turned pink after 5 days and contained purple specks inside the individual colonies. Two combinations of plasmids yielded this phenotype - the pKT25-tssH N-domain and pUT18C-tssI BCAM0148 combination and the pKT25-tssH N-domain and pUT18C-tssI BCAM0148 combination (Fig 6.14 A). A Mal+ phenotype was not observed when plasmids encoding the TssH N-domain were combined with those encoding either TssI BCAL1294 or TssI BCAS0667.
[bookmark: _Toc331551595][bookmark: _Toc367640556]6.7.3 Investigation of TssH NBD1 interactions with TssI
A Mal+ phenotype was not observed when plasmids encoding the NBD1 domain were combined with those encoding the TssI proteins for all plasmid combinations.
[bookmark: _Toc331551596][bookmark: _Toc367640557]6.7.4 Investigation of TssH NBD2 interactions with TssI
A Mal+ phenotype was observed when plasmids encoding TssH NBD2 were combined with those encoding TssI BCAL1294 in the following combinations: pKT25-tssH NBD2 with pUT18C-tssI BCAL1294, with co-transformed E. coli colonies exhibiting a red/pink colour after 5 days incubation at 30°C and pUT18C-tssH NBD2 with pKT25-tssI BCAL1294 (red after 4 days) (Fig 6.14 B)
TssH NBD2 with TssI BCAS0667
A Mal+ phenotype was observed when plasmids pKT25-tssH NBD2 were combined with pUT18C-tssI BCAS0667 exhibited a red phenotype after 5 days and pUT18C-tssH NBD2 combined with pKT25-tssI BCAS0667 also exhibited a Mal+ phenotype with co-transformed E. coli colonies appearing red after 4 days incubation (Fig 6.14 C.).
TssH NBD2 with TssI BCAM0148
A Mal+ phenotype was observed for three plasmid combinations encoding TssH NBD2 when combined with those encoding TssI BCAM0148. These were pKT25-tssH NBD2 combined with pUT18C-tssI BCAM0148, with colonies exhibiting a strong purple colour after 3 days, pUT18C-tssH NBD2 combined with pKT25-TssI BCAM0148 which also exhibited a strong purple phenotype after 3 days and pUT18C-tssH NBD2 combined with pKNT25-tssI BCAM0148 where colonies displayed a pink/red colour after 3 days and purple after 4 days (Fig 6.14 D). 
[bookmark: _Toc331551597][bookmark: _Toc367640558]6.7.5 Investigation of homo-oligomeric interactions between full length TssH and its individual domains
The TssH N-domain did not exhibit a Mal+ phenotype when combined with itself or with either nucleotide binding domain. Positive phenotypes were not observed for TssH NBD1 in combination with itself or the TssH N-domain or NBD2. However, a very strong Mal+ phenotype was observed after only 2 days when the plasmid pKT25-tssH NBD2 was combined with pUT18C-tssH NBD2 (Fig 6.15).
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[bookmark: _Toc367643026][bookmark: _Toc367643303]Figure 6.14 Combinations of BACTH plasmids containing TssH domains and the three TssI proteins which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding the TssH fragments and TssI proteins (BCAL1294, BCAM0148 and BCAS0667) fused to either T18 or T25 proteins. Transformant colonies are observed after 3, 5 and then every day until 10 days, for a maltose positive phenotype. A, Combinations of TssH N domain and TssI (BCAM0148) fusion proteins which yielded maltose positive phenotypes. B, Combinations of TssH NBD2 and TssI (BCAL1294) fusion proteins which yielded maltose positive phenotypes. C, Combinations of TssH NBD2 and TssI (BCAS0667) fusion proteins which yielded maltose positive phenotypes. D, Combinations of TssH NBD2 and TssI (BCAM0148) fusion proteins which yielded maltose positive phenotypes
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[bookmark: _Toc367643027][bookmark: _Toc367643304]Figure 6.15 Combinations of BACTH plasmids containing TssH domains and the three TssI proteins which result in a maltose positive phenotype in the BACTH assay. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding the TssH full length, and fragments fused to either T18 or T25 proteins. Transformant colonies are observed after 3, 5 and then every day until 10 days, for a maltose positive phenotype. A, Self interaction of the TssH NBD2 domain yielded a positive phenotype. B, Combinations of TssH full length fusion proteins and TssH NBD2 fusion proteins which yielded a positive phenotype.








[bookmark: _Toc331551598][bookmark: _Toc367640559]6.8 Interactions of TagA and TagD with the T6SS TssA-TssH and TssJ-TssM subunits
In 3 of the 6 B. pseudomallei T6SS gene clusters, there is an arrangement of 5 genes: tssI followed by 4 homologous genes referred to in (Shalom et al., 2007) as tagA-tagD. The tagA genes in these 3 T6SSs contain a conserved NTD onto which is fused a CTD containing a repeating pentapeptide motif. 
In B. cenocepacia and several other bacterial species, only tagA and tagD are present downstream of the tssI gene (Figs 1.6 and 1.7). Moreover, the tagA gene only encodes the NTD of the TagA protein and the tagD encodes a version of the TagD protein with an additional domain at the C-terminus with presumed effector function (such as BCAL1296) (Thomas, unpublished data).
As this conserved pattern exists, it was hypothesised that as the tag genes are transcribed with tssI, they are likely to play a role in the T6SS and potentially are secreted effector proteins. Determination of their interactions with the core proteins of the T6SS, may help to elucidate what their roles may be within this system. 
[bookmark: _Toc331551599][bookmark: _Toc367640560]6.8.1 Interactions between TagA and T6SS TssA-TssH and TssJ-TssM subunits
A Mal+ phenotype was not observed when plasmids encoding TagA were combined with those encoding TssA, TssC, TssD, TssE, TssG, TssH, TssJ, TssL and TssM for all plasmid combinations.
A Mal+ phenotype was observed when plasmids encoding TagA were combined with those encoding TssB. This was for the plasmid combination pKNT25-tssB with pUT18C-tagA. E. coli colonies turned a red colour after 6 days of incubation at 30°C (Fig 6.16 A).
A Mal+ phenotype was observed when plasmids encoding TagA were combined with those encoding TssF. Two combinations of plasmids led to co-transformed E. coli colonies enhibiting a weak positive phenotype after 6 days of incubation at 30oC. These were pKT25-tagA with pUT18C-tssF and pKT25-tssF with pUT18C-tagA (6.16 B).
A Mal+ phenotype was observed in colonies from E. coli transformed with two of the plasmid combinations. These both possessed a purple colour after 7 days incubation at 30°C. These consisted of pUT18C-tagA plasmid in combination with either pKT25-tssK or pKNT25-tssK (Fig 6.16 C).
A Mal+ phenotype was not observed when plasmids encoding TagA were combined with those encoding TssA-TssH and TssJ-TssM for all plasmid combinations. A summary of the detected interactions involving TagA is shown in Figure 6.17.
[bookmark: _Toc367640561]6.8.2 Interactions between TagD and T6SS TssA-TssH and TssJ-TssM subunits
A Mal+ phenotype was not observed when plasmids encoding TagD were combined with those encoding TssA-TssH and TssJ-TssM subunits for any plasmid combinations.
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[bookmark: _Toc367643028][bookmark: _Toc367643305]Figure 6.16 Combinations of BACTH plasmids containing TagA BCAL1295 and TssA-TssM which result in a maltose positive phenotype in the BACTH assay. A, Combinations of TagA and TssB fusion proteins which yielded maltose positive phenotypes. B, Combinations of TagA and TssF fusion proteins which yielded maltose positive phenotypes. C, Combinations of TagA and TssK fusion proteins which yielded maltose positive phenotypes. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding TagA BCAL1295 and TssA-TssM2 fused to either T18 or T25 proteins. Transformant colonies are observed after 3, 5 and then every day until 10 days, for a Mal+ phenotype. 
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[bookmark: _Toc367643029][bookmark: _Toc367643306]Figure 6.17 Summary of combinations of BACTH interactions of TagA with TssA-H and TssJ-M which result in a maltose positive phenotype in the BACTH assay. Summary of interactions of (TagA BCAL1295) shown in red. E. coli strain BTH101 was transformed with compatible combinations of the BACTH plasmids encoding TagA BCAL1295 with TssA-H and TssJ-M fused to either T18 or T25 proteins. Transformant colonies are observed after 3, 5 and then every day until 10 days, for a maltose positive phenotype. Dotted line = weaker phenotypic interaction (interaction detected after 5 days or longer). TagA-TssI interactions are detailed in section 6.5.














[bookmark: _Toc367640562]6.9 Discussion
The BACTH system has been utilised to probe for interactions between TssI BCAL1294, TssI BCAS0667, TagA BCAL1295 and TagD BCAL1296 with each other and with the other 12 core components of the T6SS. Interactions between TssI BCAL1294, TssI BCAS0667 and TssI BCAM0148 were also analysed.
[bookmark: _Toc367640563]6.9.1 Self-interactions of TssI, TagA and TagD proteins
TssI has been shown to trimerise, and the crystal structure of the N-terminal of TssI (corresponding to the gp27 domain of bacteriophage T4) has been solved (Leiman et al., 2009) The BACTH assay data appears to support this, as all three TssI proteins tested for self-association have shown a strongly positive phenotype. Interestingly the plasmid combinations which yielded a positive phenotype varied for the three proteins tested. pKT25-pUT18C was strongly positive for all three TssI proteins tested. This indicates that the free C-terminal domain of the two proteins are certainly involved in the interaction, however different positives also existed for each TssI (Fig 6.3). 
Self association of TagA or TagD was not detected using the BACTH system, suggesting that neither of these proteins form oligomers.
[bookmark: _Toc367640564][bookmark: _Toc271233603]6.9.2 Hetero-oligomerisation of the TssI proteins
BCAL1294 interacts with BCAS0667 in two combinations pKT25-TssI-BCAS0667 with pUT18C-TssI-BCAL1294 and the opposite pKT25-TssI-BCAL1294 – pUT18C-TssI-BCAS0667. TssI BCAS0667 and TssI BCAL1294 both appear to interact with TssI BCAM0148. This implies that the trimeric needle like structure of the T6SS in B. cenocepacia could be made up of a combination of two or possibly three different TssI proteins. The idea of multimeric complex containing two types of TssI has been suggested, but this is the first actual demonstration of a direct interaction  (Hachani et al., 2011). The fact that one of these TssI proteins encodes a potential effector protein with a phospholipase domain is interesting, as this suggests that the “tailspike” of the T6SS could utilise this protein to help puncture the membrane of surrounding cells/bacteria. A phospholipase would be of use to the bacteria for potentially degrading the membrane of target cells, possibly enabling the needle-like structure of the T6SS to penetrate target cells, and then secrete effector proteins into these cells.
[bookmark: _Toc367640565]6.9.3 Hetero oligomerisation of the TssI proteins with the other core T6SS proteins
The BACTH assay results suggest that TssI BCAL1294 and TssI BCAS0667 interact with TssA, TssD, TssI BCAM0148 and TssL in the same fusion combinations. TssI BCAL1294 and TssI BCAS0667 also interact with TssF, TssH and TssK, but in different fusion combinations. Interactions were not detected between TssI and any fusion combinations involving TssB, TssC, TssE, TssG, TssJ or TssM. 
Interactions involving the TssI proteins and TssA, TssD, TssF, TssH and TssK were expected, as TssI BCAM0148 has previously been shown to interact with these proteins (Ahmad, Shastri and Thomas unpublished data)
Interactions between TssI and TssD could also be predicted based on their similarity to gp5/gp27 and gp19 respectively and have been described in Section 1.4. Both TssI BCAS0667 and TssI BCAL1294 interact with TssD, which although unsurprising supports the hypothesis that both TssI BCAS0667 and TssI BCAL1294 are involved directly with the T6SS of B. cenocepacia, probably as the cell puncturing device at the tip of the TssD tail tube. This is interesting, as a physical interaction between these two proteins (although widely believed) has not been documented  (Silverman et al., 2012).
TssF is known to be necessary for T6SS function, as if the gene is knocked out functionality is lost in bacteria (Pukatzki et al., 2006). The BACTH data presented here suggests that an interaction exists between TssF and both TssI BCAS0667 and BCAL1294, and was previously shown to interact with TssI BCAM0148 (Ahmad and Thomas unpublished data). Coupled with previous data (Shastri and Thomas unpublished data), this supports the idea of TssF being involved in the secretion/assembly of T6SS effectors in conjunction with the TssA protein. As it is currently unclear as to the role of TssF in the T6SS it is again difficult to postulate what this interaction may relate too. One possibility is that TssA (which also interacts with all 3 TssI proteins tested) and TssF may be involved as chaperone proteins, either helping the TssI proteins to fold correctly, or assembling the secreted proteins on the cytosolic side of the T6SS. 
As described in section 1.4, TssH is a putative AAA+ ATPase which has exhibited a role in the secretion of TssD and three different versions of TssI subunits in V. cholerae (Bonemann et al., 2009). The full length TssH interacts with TssI BCAS0667, TssI BCAL1294 and TssI BCAM0148, further supporting the hypothesis that these particular TssI proteins form a key part of the T6SS in B. cenocepacia.  The BACTH system has been used to further investigate which domains of TssH interact with TssI, and it was determined that The NBD2 domain (the second ATPase domain at the C-terminus of the TssH protein) interacts with all three TssI proteins tested. This indicates that the NBD2 domain is responsible for the oligomerisation of the TssH protein into hexamers, as TssH NBD2 was shown to interact with itself and with the full length TssH protein. This is supported by previous results, which indicate that the C-terminus of NBD2 is vital for the formation of the ClpB hexamer (a TssH homolog) (Mogk et al., 2003).
 The N-domain of TssH has been shown to be responsible for the disassembly of the TssB/TssC tail tube (Pietrosiuk et al., 2011, Bonemann et al., 2009), and as such was not expected to interact with TssI. However, a weak, pink Mal+ phenotype was observed for 2 combinations of plasmids encoding TssH N-domain were combined with those encoding TssI BCAM0148. This interaction would require confirmation by pull-down assays.  It is possible that TssH binds TssI and helps to localise it to the T6SS, another possibility (although unlikely) is that TssI binding to TssH could activate/deactivate the N domain to dissemble the TssB/TssC tail sheath. 
Interactions were detected between TssK and TssI BCAS0667 and BCAL1294. Although little is known about the TssK protein, other than it is a cytosolic protein, it would appear to have a direct role in the secretion of TssI, possibly working in conjunction with TssA and TssF, which have both been shown to interact with TssI, and are predicted to be cytosolic proteins (Cascales and Cambillau, 2012).
Another protein shown to play a role in the formation of the TssD secretion of TssI is TssL (Ma et al., 2009b). Interactions have previously been identified between BCAM0148 and TssL (Ahmad and Thomas unpublished data), and both TssI BCAS0667 and BCAL1294 appear to exhibit interactions with TssL. This is interesting as until now this has not been shown to have an effect on the secretion of TssI, so this is an area which could be investigated further.  TssL spans the inner membrane, and contains domains in both the cytoplasm and the periplasm. The cytoplasmic “hook” domain has been postulated to assist in the recruitment of secreted molecules to the T6SS (Cascales and Cambillau, 2012). TssL has been shown to bind to TssD, (Ma et al., 2012) possibly in the periplasm, and could also bind TssI in this location, aiding its secretion out of the bacterial cell. Further work involving the domains of TssL could provide interesting results supporting these hypotheses. 
[bookmark: _Toc367640566]6.9.4 Hetero-oligomerisation of TagA BCAL1295
According to the BACTH results presented here, TagA BCAL1295 interacts with TssB and TssK. An interaction between TagA and TssF has also been confirmed by BACTH assay, however, this gave a very weak mal positive phenotype. TagA also appears to interact with TssI BCAM0148 as one combination of fusion proteins gave a Mal+ phenotype. In contrast, there was no evidence for an interaction of TagA with TssI BCAL1294 or TssI BCAS0667. As there is very little published research involving TagA, and the few interactions involving this protein give rise to a weak phenotype, it is very difficult to predict how it may fit into the T6SS.
[bookmark: _Toc367640567]6.9.5 Hetero-oligomerisation of TagD BCAL1296
Interactions between TagD and other members of the T6SS could not be detected using the BACTH system. There has been no previous work published involving this particular protein, and so this makes it very difficult to provide a predicted role for TagD within the T6SS. The lack of interactions of TagD was surprising, considering it is transcribed alongside a core T6SS effector protein. However the negative results obtained do not mean that TagD is not involved with the T6SS, as the BACTH system does not detect interactions in every situation. TagD is found to be in the insoluble fraction in (Fig 5.4) this implies that it is unlikely to be folded correctly in those conditions. If TagD is not correctly folded when attached to the T18 or T25 tag, it is unlikely to interact with anything, and generate an observable phenotype, which would explain the totally negative set of results. It is also feasible that TagD is interacting with some members of the T6SS, however, these interactions are not detectable by the BACTH system, as despite TagD forming a complex with other proteins, the T18 and T25 proteins may still be physically separated, leading to a Mal- phenotype despite an interaction occurring. 
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[bookmark: _Toc367640570]7.1 General discussion
The aims of this study were to investigate the activity, function and protein-protein interactions of putative effector proteins of the T6SS in B. cenocepacia. Two potential effector proteins, both containing Phospholipase A1 C-terminal extensions were identified. 
The active region of TssI BCAS0667 has been identified as the final C-terminal 258 amino acids, with low levels of activity being detected from the C-terminal 249 amino acids. This protein has been characterised as a psychrophilic phospholipase A1, which is most active at 10oC. This enzyme will also cleave ester bonds of non-phospholipase structures, and exhibits fatty acyl esterase activity on both Tween 80 and 4-nitrophenol-fatty acid derivatives. 
TagD BCAL1296 is highly similar to TssI BCAS0667, and also exhibits low temperature fatty acyl esterase activity when applied to Tween 80 plates. TagD has exhibited no activity when assayed with any of the fatty acylated 4-nitrophenyl derivatives, which has lead to the hypotheses that the PLA1 region of TagD is either missing a co-factor, will only hydrolyse specific substrates or is simply not active and is not used by the T6SS in this role.
As both enzymes appear to be psychrophilic and are very similar, it is possible that both proteins will either fill similar roles within the T6SS or both are missing the same, or a very similar co-factor required to stimulate their activity at higher temperatures. An alternative possibility is that all of the lipases that are highly similar to these enzymes are psychrophilic or psychrotolerant.
Investigations into the interactions of TssI (BCAS0667 and BCAL1294), TagA and TagD with other members of the T6SS have shown that TssI proteins can interact with one another, raising the possibility of TssI trimer comprising of separate TssI monomers. The domain of TssH that binds to TssI and causes the oligomerisation of TssH has been determined as the NBD2 domain.
It was unfortunately not possible to determine any potential roles of TagA or TagD in the T6SS due to an inability to solubilise these proteins and a lack of interaction between these proteins and the core members of the T6SS. 
[bookmark: _Toc331430182][bookmark: _Toc331551603][bookmark: _Toc367640571]7.2 Future directions
The results of this project have opened up several avenues, which are worth investigating further. To further elucidate the function and properties of TssI BCAS0667, there are several important experiments that should be performed. TssI BCAS0667 could be confirmed as a secreted protein, this would be done by analysing the secretome of B. cenocepacia. The TssI BCAS0667 would be detected by antibodies generated to TssI258ΔS, which have already been created but have yet to be properly tested. Alternatively the secretome could be analysed by mass spectrometry. The advantage of mass spectrometry would be that other proteins secreted by B. cenocepacia could also be detected, as the exact molecular weight of TagA and TagD are known it may be possible to detect if these are secreted proteins by using this method. If TssI BCAS0667 was detected in the supernatant this would not prove that it is actually secreted by the T6SS. To confirm this a T6SS mutant of B. cenocepacia would be needed. A B. cenocepacia mutant lacking the gene encoding TssM has been created and is awaiting sequencing confirmation, this could be very useful for this experiment. If the TssI BCAS0667 is found in the secretome of the wild type strain but not in the mutant strain lacking a functional T6SS, then this would confirm it to be a T6SS effector protein. 
Determining the target of TssI BCAS0667 would also be very interesting and would reveal a lot about the function of the T6SS in B. cenocepacia. Strains of B. cenocepacia that are lacking the tssI BCAS0667 gene would need to be created. By comparing the phenotypes of the B. cenocepacia tssI BCAS0667 mutant with wild type B. cenocepacia it may be possible to determine what role this protein plays in vivo. The difficulty in this experiment would be determining the phenotypes, as there are a huge number of potential niches where TssI BCAS0667 could be utilised. Considering that this protein appears to be psychrophilic, an obvious place to start the investigation would be B. cenocepacia’s interactions with other bacteria, plants and insects, which can all be found at temperatures where this PLA1 would be active. It might also be interesting to investigate a range of knockout mutants of the T6SS system in B. cenocepacia. An example of this technique was used in B. mallei, where tssE mutants were determined to exhibit reduced intra and inter-cellular spread in mouse macrophages (Burtnick et al., 2010). 
Despite the lack of success of previous attempts to generate any protein crystals, and thus solve the structure of the C-terminal PLA1 of TssI BCAS0667, this still warrants further investigation. Repeating the crystal screens in the presence of a known substrate could help stabilise the protein and encourage the growth of crystals. Alternatively, if an inhibitor can be discovered this could also act as a stabilising agent. HDSF was thought to be a potential inhibitor that may lock the protein into a position allowing crystals to form, but so far experiments performed using HDSF have been inconclusive and require further investigation.
Further work investigating the interaction between components of the T6SS would initially involve confirming any positive results by pull down assays. It would also be interesting to see if any interactions with the TagD and TagA proteins could be detected by pull down assays, as at the moment it is still very difficult to predict what their role may be in the T6SS. 
The BACTH system revealed that the three TssI proteins all interacted with TssL, further investigation into this interaction could yield interesting results. It is know that TagL can be involved in peptidoglycan binding instead of TssL (Aschtgen et al., 2010b), it would also be very interesting to determine if TssI interacts with TagL. Further investigation into the properties of the Tag proteins would provide a useful insight into their as yet uncharacterised function, and help to divulge if they could potentially be important effector proteins and virulence factors. 
Having confirmed that two different TssI proteins can interact in B. cenocepacia, experiments could be performed to determine if it was possible for three different TssI proteins to interact and form a trimer. This would raise the possibility that the cell puncturing tail spike of the T6SS could be made up of three different TssI proteins, each displaying a different role pre or post penetrating the target cell membrane. 
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Ap		Ampicillin
bp		Base pairs
BHI		Brain-heart infusion
BSA		Bovine serum albumin
cAMP		Cyclic adenosine 3’, 5’-monophosphate
CF		Cystic fibrosis
CGD		Chronic granulomatous disease
Cm		Chloramphenicol
cm		Centimetres
Da		Daltons
D-BHI		Dialysed BHI
ºC		Degrees centigrade
DMSO	Dimethyl sulphoxide
DNA		Deoxyribonucleoside triphosphate
DNAse	Deoxyribonuclease
dNTP		Deoxyribonucleoside triphosphate
EDTA		Ethylenediamine tetra-acetic acid
FS		Filter sterilised
g		Grams
×g		Gravitational accelaration
h		Hours
HDSF		Hexadecylsulfonylfluoride
hcp		haemolysin co-regulated protein
IM		Inner membrane
IMAC		Immobilised metal ion affinity chromatography
IPTG		Isopropyl β-D-thiogalactoside
kb		Kilobase pairs
Km/Kan	Kanamycin
kDa		Kilodalton
L		Litres
LB		Luria-Bertani broth
M		Molar
m		Milli (10-3)
ml-1		Per milli litre 
MCS		Multiple cloning site(s)
µ		Micro (10-6)
min		Minutes
mol		Moles
MOPS		4-morpholinepropanesulfonic acid
mRNA		Messenger RNA
MW		Molecular weight
M9		Minimal medium
n		Nano (10-9)
OD		Optical density
Oligo		Oligodeoxyribonucleotide
OM		Outer membrane
ORF		Open reading frame
ori		Origin(s) of DNA replication
%		Percentage
p		Plasmid
p		Promoter
PAGE		Polyacrylamide gel electrophoresis
PCR		Polymerase chain reaction
r		Resistant
RNA		Ribonucleic acid
RNAse	Ribonuclease
rpm		Revolutions per minute
s/sec		Seconds
SD		Shine-Dalgarno (sequence)
SDS		Sodium deodecyl sulphate
TEMED	N,N,N’, N’-tetramethylethylenediamine
Tm		Melting temperature
Tp		Trimethoprim
Tris		Tri (hydroxymethyl) methylamine
T6SS		Type 6 secretion system
T/tss		Type 6 secretion system (gene or protein name)
UV		Ultra violet (light)
V		Volts
VgrG		Valine glycine repeat protein G
v/v		Volume:volume ratio
W		Watts
w/v		Weight:volume ratio
X-gal		5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside
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TssI BCAS0667
MSFAPNGGIPAGSGGNLLGSLSALGGLAGPVASTVAGQIGPLAGVASHIDTVQRAVQLAQTGFSLMNKTPAAIADALNNAAGGVARLTQLNRYVTIDSPLGSDVLLVSTAVIDEHVNRLPEIHLDLLSHQHDLVPDQLIGQPVKIRFDQSARQSTLERIVSSGAADSIRYFDGYVTSFDAGNPGKVTQYQMTVAPWFWFLTRSTDCRIFQNKTAQDILTEIFQDHGFTDFEFDIRTAQKPLEYIVMYQESYYNFCARLMEQEGLIWTHRYEKEKHFLVIGDTNFVFRPIDGLANLPYAATAASEDNGIDQLHEGRRFGVGKIAFRDFNHQNPSSPLMLAQAEPENLRHAGLETTERFEHQSLFDHGDDGDRYARIAMQAEEASAHRYTGSGYAWRMTTAGSVTVSNHPVMANNQEYAILHVRHEAVNDYTEHNAKLPYRNTFSLLPKKFPYRSPRNTPKPVIHGTQSAIVVGPKGEEIHTNGSAVKVHFLWDRRGKLDGSDSMWIRVSQPWAGDGWGAAAIPRINQEVLVAFNQGDPDNPVIVGRVYNGEQGNPYHGAAGQTMGIKSQTHKGAGSNELRFSDVNGAQEVFLHAQKDMNTVIKDSETHTVEAGGRTVSLLKGSETKQIAQGGLKETIALTRDTTANVINTKAIASKAGPGMQSHQASDGIEHRVGDGVVTMTPDSIKLTFGPSTIVINANGIYLDGPVIHLNRGSAQSAEQALALEWAAEQATIAKGLASPDPATRAAAAKLASSLKAQQLAKLADHVYHPNDPPPTGWKMATNDPEALKAFGLKPSDFEKSGSNFGSQMYIPDSNVFGDSMKPTVAFKGTQQLFGEDMSNNMAQGLGADAPYYRNAVTIGKNIETTGASAGVDFTGHSLGGGLASAAAEASGGSAVTFNAAGLNPETVAQYGGTAQAANITAYRVDGDILTGLQEGRLGPISDGTAALMPKAVGSPVTLDGESVTTVGRHLMGDVTNGINQQVAKDQLDLVSQLNSSH








TssI BCAL1294
MQMSEIASFFQLQSNRLFTIETPLKGRSDLVLVDFHCTEGLSQNFEMHVRLASQDKNIELKKLIGQPVTITLQLTDALASSEERYFHGYVAAFSHLDTDGGFAMYSATILPWLWMLSRRQDIRIFQEENTEAILARVFREYGKLASFEFRLSKGTQNRSYCTQYRETDLAFVERLMREDGLFYYFEHAKDGHKLIIADNSVTAKPIDGRSPSLQYNQGEAMDNLAVITSFQAQRQLAPDTVGLKTFDYKIPHARRFVSGGTEVNQGDVPSYEIYDYLGEHGFADSDRGEELARFRTEALAAHSKTFVGVTTGRRMMPCRYFELDDHYDHASTKQEDRQFLLLTVSHTGTNNYEPGEGTSAYSCSFTCIRKKIPYRPAFEGERPTIVGPQTAIVVGPKGEEIYTDSLGRVKVQFHWDRLGKRDQGSSCWVRVSQPWAGSGFGMIQIPRIGDEVVVSFLDGNPDRPLVTSRVYNSQNMPPWALPANATQSGILTRSTKTGNVNTANAIRFEDKKGEEEVWLHAEKDQRIEVEHDESHWVGNDRTKNIDHDETVHVGHDRTETVDNNETIHVGVDRTETVGNNETLTVGGNRNETIQGMENLLIALTSTETVGLAKALTVGGAYTVTVAGAINTAAGLASAEEVGLSKTTMVGKTYTVTAGDRIELRTGKASIVLESSGHITISGTSIDILGSDAVKVDGKTVDLN












TagA BCAL1295
MEFRNLTPLHAMAFNAVDVPGNEIHVVALKAAYRLEPVQSFDPDGDTHRCVLLSGDNAVPLAMADEYEGKTGTSSVKWESDLAPFKPKCDVLVRATAHAPHGTPAASWPARVRVFDAGTMVIDKGLRVTGPRSFTKGWRGWKLGEPEPTRAVPVRWEQAYGGTSRVTLAQSAKGASADLELNEVCFTNPLGCGWVERRFLDRATHKSVVASLCASSIPGPLPKIAKIPAPQIEAWDIPITSLDVAEHSASGLDAKQMKEVVARYATTPVGLGVVGRAWTPRLQFAGTYDETWHKTRWPYHSVDHDFHYWNGAPADQQIEWPAPGLAFELANLALPEHTHAGFLRARLPGHRALVALRFKSGEIVPLEMKLDTLLIDTEEMRVSATWRAVFPLQPAVRVCEARLELDRHAPLLRMAVPKTTSEPEDAWQTT

 TagD BCAL1296
MARKDGQWTIVSMMPDVCKTPMGSSTPPVPYPVTASLGDSQMTSKTVFANGNPIVRFDSSFAPDTIGDQAGVAHGVESGTVGAKCWPIDHSKTVRVESKMVVRHSDQFWMNGNYVGKEAKAARWRGRKAQIAEAREKAASMPPGPERSKLEAAANRFEQNNTAVEKARLAENVYHPGQAAPEGWTNVSGDPAKLAQFKLKPNDFSIPGTNFRAQVYEPDPAVFGNDFKTQVVFQGTDKYKWSDWANNIAQGANKNSAYYDRAVKIGRALEKSGTDVDIVGHSLGGGMGSAASRASGLAATTFNAAGLNPATVARYGGTPVASDIQAYRVEGEILTKVQEGSHGMMPTAVGTPHILPGTGGAVARHGMNQVIDGIEAQKTADQATIVQETHP
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	Plasmid
	Description
	Reference

	pBBR1MCS2
	Broad host range cloning vector, containing pBluescript II KS-lacZ α MCS. Kmr, Tra-, Mob+
	(Kovach et al., 1995).

	pET14b
	T7 promoter-based expression vector; Ampr; E. coli specific for creating fusion proteins with N-terminal Hexa-histidine tags
	(Rosenberg et al., 1987) 

	pET28a
	T7 promoter-based expression vector; Kanr; E. coli specific for creating fusion proteins with N or C-terminal Hexa-histidine tags
	Novagen

	pLysE
	High expression T7 lysozyme encoding vector, Cmr.
	(Dubendorff and Studier, 1991)

	pLysS
	T7 lysozyme encoding vector, Cmr.
	(Dubendorff and Studier, 1991)

	pKT25
	Cloning and expression vector, encodes the T25 fragment (amino acids 1–224 of CyaA) with a MCS at the C-terminal end of T25 (Kmr)
	karimova et al., 1998

	pKNT25
	Cloning and expression vector; encodes the T25 fragment (amino acids 1–224 of CyaA) with a MCS at the N-terminal end of T25 (Kmr)
	karimova et al., 1998

	pKT25-Zip
	A derivative of pKT25 in which the leucine zipper of GCN4 (1) is genetically fused in frame to the T25 fragment (Kmr)
	karimova et al., 1998

	pUT18
	Cloning and expression vector; encodes the T18 fragment (amino acids 225–399 of CyaA) with a MCS at the N-terminal end of T18 (Apr)
	karimova et al., 1998

	pUT18C
	Cloning and expression vector; encodes the T18 fragment (amino acids 225–399 of CyaA) with a MCS at the C-terminal end of T18 (Apr)
	karimova et al., 1998

	pUT18C-Zip
	A derivative of pUT18C in which the leucine zipper of GCN4 is genetically fused in-frame to the T18 fragment (Apr)

	karimova et al., 1998

	pKT25-tssA
	pKT25 containing tssA cloned between PstI and XbaI (Kmr)
	Shastri et al unpublished

	pKT25-tssB
	pKT25 containing tssB cloned between XbaI and EcoRI (Kmr)
	Shastri et al unpublished

	pKT25-tssC
	pKT25 containing tssB cloned between PstI and XbaI (Kmr)
	Shastri et al unpublished

	pKT25-tssD
	pKT25 containing tssD cloned between PstI and XbaI (Kmr)
	Shastri et al unpublished

	pKT25-tssE
	pKT25 containing tssE cloned between XbaI and EcoRI (Kmr)
	Shastri et al unpublished

	pKT25-tssF
	pKT25 containing tssF cloned between XbaI and KpnI (Kmr)
	Shastri et al unpublished

	pKT25-tssG
	pKT25 containing tssG cloned between XbaI and EcoRI (Kmr)
	Shastri et al unpublished

	pKT25-tssH
	pKT25 containing tssH cloned between PstI and XbaI (Kmr)
	Ahmad et al unpublished

	pKT25-tssI (0148)
	pKT25 containing tssI(0148) cloned between XbaI and EcoRI (Kmr)
	Ahmad et al unpublished

	pKT25-tssJ
	pKT25 containing tssJ cloned between PstI and XbaI (Kmr)
	Ahmad et al unpublished

	pKT25-tssK
	pKT25 containing tssK cloned between PstI and XbaI (Kmr)
	Ahmad et al unpublished

	pKT25-tssL
	pKT25 containing tssL cloned between XbaI and EcoRI (Kmr)
	Ahmad et al unpublished

	pKT25- tssM-N
	pKT25 containing tssM-N cloned between XbaI and KpnI (Kmr)
	Ahmad et al unpublished

	pKT25- tssM-C
	pKT25 containing tssM-C cloned between XbaI and EcoRI (Kmr)
	Ahmad et al unpublished

	pKNT25-tssA
	pKNT25 containing tssA cloned between HindIII and BamHI (Kmr)
	Shastri et al unpublished

	pKNT25-tssB
	pKNT25 containing tssB cloned between SphI and XbaI (Kmr)
	Shastri et al unpublished

	pKNT25-tssC
	pKNT25 containing tssC cloned between HindIII and BamHI (Kmr)
	Shastri et al unpublished

	pKNT25-tssD
	pKNT25 containing tssD cloned between HindIII and BamHI (Kmr)
	Shastri et al unpublished

	pKNT25-tssE
	pKNT25 containing tssE cloned between HindIII and BamHI (Kmr)
	Shastri et al unpublished

	pKNT25-tssF
	pKNT25 containing tssF cloned between HindIII and XbaI (Kmr)
	Shastri et al unpublished

	pKNT25-tssG
	pKNT25 containing tssG cloned between HindIII and BamHI (Kmr)
	Shastri et al unpublished

	pKNT25-tssH
	pKNT25 containing tssH cloned between PstI and XbaI (Kmr)
	Ahmad et al unpublished

	pKNT25-tssI (0148)
	pKNT25 containing tssI(0148) cloned between XbaI and EcoRI (Kmr)
	Ahmad et al unpublished

	pKTN25-tssJ
	pKNT25 containing tssJ cloned between PstI and XbaI (Kmr)
	Ahmad et al unpublished

	pKNT25-tssK
	pKNT25 containing tssK cloned between PstI and XbaI (Kmr)
	Ahmad et al unpublished

	pKNT25-tssL
	pKNT25 containing tssL cloned between XbaI and EcoRI (Kmr)
	Ahmad et al unpublished

	pKNT25- tssM-N
	pKNT25 containing tssM-N cloned between XbaI and KpnI (Kmr)
	Ahmad et al unpublished

	pKNT25- tssM-C
	pKNT25 containing tssM-C cloned between XbaI and EcoRI (Kmr)
	Ahmad et al unpublished

	pUT18-tssA
	pUT18 containing tssA cloned between HindIII and BamHI (Ampr)
	Shastri et al unpublished

	pUT18-tssB
	pUT18 containing tssB cloned between SphI and XbaI (Ampr)
	Shastri et al unpublished

	pUT18-tssC
	pUT18 containing tssC cloned between HindIII and BamHI (Ampr)
	Shastri et al unpublished

	pUT18-tssD
	pUT18 containing tssD cloned between HindIII and BamHI (Ampr)
	Shastri et al unpublished

	pUT18-tssE
	pUT18 containing tssE cloned between HindIII and BamHI (Ampr)
	Shastri et al unpublished

	pUT18-tssF
	pUT18 containing tssF cloned between HindIII and XbaI (Ampr)
	Shastri et al unpublished

	pUT18-tssG
	pUT18 containing tssG cloned between HindIII and BamHI (Ampr)
	Shastri et al unpublished

	pUT18-tssI (0148)
	pUT18 containing tssI (0148) cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18-tssJ
	pUT18 containing tssJ cloned between SphI and XbaI (Ampr)
	Ahmad et al unpublished

	pUT18-tssK
	pUT18 containing tssK cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18-tssL
	pUT18 containing tssL cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18- tssM-N
	pUT18 containing tssM-N cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18- tssM-C
	pUT18 containing tssM-C cloned between HindIII and XbaI (Ampr)
	Ahmad et al unpublished

	pUT18C-tssA
	pUT18C containing tssA cloned between PstI and XbaI (Ampr)
	Shastri et al unpublished

	pUT18C -tssB
	pUT18C containing tssB cloned between XbaI and EcoRI (Ampr)
	Shastri et al unpublished

	pUT18C -tssC
	pUT18C containing tssB cloned between PstI and XbaI (Ampr)
	Shastri et al unpublished

	pUT18C -tssD
	pUT18C containing tssD cloned between PstI and XbaI (Ampr)
	Shastri et al unpublished

	pUT18C -tssE
	pUT18C containing tssE cloned between XbaI and EcoRI (Ampr)
	Shastri et al unpublished

	pUT18C -tssF
	pUT18C containing tssF cloned between XbaI and KpnI (Ampr)
	Shastri et al unpublished

	pUT18C -tssG
	pUT18C containing tssG cloned between XbaI and EcoRI (Ampr)
	Shastri et al unpublished

	pUT18C - tssH
	pUT18C containing tssH  cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18C - tssI (0148)
	pUT18C containing tssI (0148) cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18C -tssJ
	pUT18C containing tssJ cloned between SphI and XbaI (Ampr)
	Ahmad et al unpublished

	pUT18C -tssK
	pUT18C containing tssK cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18C -tssL
	pUT18C containing tssL cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18C - tssM-N
	pUT18C containing tssM-N cloned between HindIII and BamHI (Ampr)
	Ahmad et al unpublished

	pUT18C - tssM-C
	pUT18C containing tssM-C cloned between HindIII and XbaI (Ampr)
	Ahmad et al unpublished

	pET14b-tssI0667 
	pET14b containing tssI0667 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 934
	pET14b containing tssI0667 934 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 436
	pET14b containing tssI0667 436 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 402
	pET14b containing tssI0667  402 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 357
	pET14b containing tssI0667 357  cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 319
	pET14b containing tssI0667 319 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 285
	pET14b containing tssI0667 285 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 276
	pET14b containing tssI0667 276 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 267
	pET14b containing tssI0667 267 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 258
	pET14b containing tssI0667 258 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssI0667 249
	pET14b containing tssI0667 249 cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tssIMP
	pET14b containing tssIMP cloned between NdeI and BamHI/BglII (Ampr)
	This study

	pET14b-tagD 
	pET14b containing tagD cloned between NdeI and BamHI (Ampr)
	This study

	pET14b- tagD 258
	pET14b containing tagD 258 cloned between NdeI and BamHI (Ampr)
	This study

	pET14b-tagA
	pET14b containing tagA cloned between NdeI and BamHI (Ampr)
	This study

	pET28a tssI0667 285
	pET28a containing tssI0667 285 cloned between NdeI and BamHI/BglII (Kanr)
	This study

	pET28a tssI0667 276
	pET28a containing tssI0667 276 cloned between NdeI and BamHI/BglII (Kanr)
	This study

	pET28a tssI0667 258ΔS
	pET28a containing tssI0667 258 ΔS cloned between NdeI and BamHI/BglII (Kanr)
	This study

	pET28a tssI0667   258 ΔD
	pET28a containing tssI0667 258 ΔD cloned between NdeI and BamHI/BglII (Kanr)
	This study

	pET28a tssI0667   258 ΔH
	pET28a containing tssI0667 258 ΔH cloned between NdeI and BamHI/BglII (Kanr)
	This study

	pET28a tssI1359
	pET28a containing tssI1359 cloned between NdeI and BamHI (Kanr)
	This study

	pET28a tagD
	pET28a containing tagD cloned between NdeI and BamHI (Kanr)
	This study

	pET28a tagD275
	pET28a containing tagD275 cloned between NdeI and BamHI (Kanr)
	This study

	pET28a tssI0667 
	pET28a containing tssI0667 285 cloned between NdeI and BamHI/BglII (Kanr)
	This study

	pKT25-tssI1294
	pKT25 containing tssI1294cloned between PstI and XbaI (Kmr)
	This study

	pKT25-tssI0667
	pKT25 containing tssI0667cloned between XbaI and EcoRI (Kmr)
	This study

	pKT25-tagA
	pKT25 containing tagA cloned between XbaI and KpnI (Kmr)
	This study

	pKT25-tagD
	pKT25 containing tadD cloned between XbaI and EcoRI (Kmr)
	This study

	pKT25-tssH N
	pKT25 containing tssH N cloned between XbaI and BglII (Kmr)
	This study

	pKT25-tssH NB1
	pKT25 containing tssH N cloned between XbaI and BglII (Kmr)
	This study

	pKT25-tssH NB2
	pKT25 containing tssH N cloned between XbaI and BglII (Kmr)
	This study

	pKNT25-tssI1294
	pKNT25 containing tssI1294 cloned between PstI and XbaI (Kmr)
	This study

	pKNT25-tssI0667
	pKNT25 containing tssI0667 cloned between XbaI and EcoRI (Kmr)
	This study

	pKNT25-tagA
	pKNT25 containing tagA cloned between XbaI and KpnI (Kmr)
	This study

	pKNT25-tagD
	pKNT25 containing tadD cloned between XbaI and EcoRI (Kmr)
	This study

	pKNT25-tssH N
	pKNT25 containing tssH N cloned between XbaI and BglII (Kmr)
	This study

	pKNT25-tssH NB1
	pKNT25 containing tssH N cloned between XbaI and BglII (Kmr)
	This study

	pKNT25-tssH NB2
	pKNT25 containing tssH N cloned between XbaI and BglII (Kmr)
	This study

	pUT18-tssI1294
	pUT18containing tssI1294cloned between PstI and XbaI (Ampr)
	This study

	pUT18-tssI0667
	pUT18containing tssI0667cloned between XbaI and EcoRI (Ampr)
	This study

	pUT18-tagA
	pUT18containing tagA cloned between XbaI and KpnI (Ampr)
	This study

	pUT18-tagD
	pUT18containing tadD cloned between XbaI and EcoRI (Ampr)
	This study

	pUT18-tssH N
	pUT18containing tssH N cloned between XbaI and BglII (Ampr)
	This study

	pUT18-tssH NB1
	pUT18containing tssH N cloned between XbaI and BglII (Ampr)
	This study

	pUT18-tssH NB2
	pUT18containing tssH N cloned between XbaI and BglII (Ampr)
	This study

	pUT18C-tssI1294
	pUT18C containing tssI1294 cloned between PstI and XbaI (Ampr)
	This study

	pUT18C -tssI0667
	pUT18C containing tssI0667 cloned between XbaI and EcoRI (Ampr)
	This study

	pUT18C -tagA
	pUT18C containing tagA cloned between XbaI and KpnI (Ampr)
	This study

	pUT18C -tagD
	pUT18C containing tadD cloned between XbaI and EcoRI (Ampr)
	This study

	pUT18C -tssH N
	pUT18C containing tssH N cloned between XbaI and BglII (Ampr)
	This study

	pUT18C -tssH NB1
	pUT18C containing tssH N cloned between XbaI and BglII (Ampr)
	This study

	pUT18C -tssH NB2
	pUT18C containing tssH N cloned between XbaI and BglII (Ampr)
	This study
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