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The bacterial type six secretion system (T6SS) is an injectisome responsible for 

the translocation of effector molecules directly into host cells or competing bacteria. The 

system is widely distributed among proteobacteria and is found in both clinically relevant 

strains as well as environmental stains and represents an important system for the study 

of both microbial ecology and virulence. The apparatus itself is believed to have arisen 

from a combination of genes from bacteria and bacteriophage due to seqeuence and 

structural identity between T6SS components and structural bacteriophage proteins. The 

current model of the T6SS apparatus consists essentially of an inverted phage body that is 

attached to the donor cell membrane complex. The phage-like structure can contract and 

force a sharp needle point complex along with effector proteins into the target cell. The 

phage derived components have received a considerable amount of attention and the 

mode of assembly is relatively well understood. However, little detailed information on 

the assembly and function of the membrane embedded complex is available. The first 

major goal of this thesis was to structurally characterize the proteins of the membrane 

embedded complex of the type six secretion system. The structures of IglE and TssL 

from Francisella sp. were solved and represent a platform for further characterization of 

the T6SS assembly and function. The periplasmic domain of a TssL homologue from P. 

aeruginosa was also solved and this structure represents a subset of evolved TssL 

proteins that bind peptidoglycan through an unknown mechanism. Biochemical and 

structural analysis probed this system but came short of a definitive model for 
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peptidoglycan binding. However, the data collected from this study will further the field 

of peptidoglycan binding modules and help to characterise differences among T6SSs.  

 

The translocated proteins of the T6SS are often bactericidal and attack the 

peptidoglycan, lipid bilayer or DNA of the target cell. However, one secreted substrate, 

Tse2 from Pseudomonas aeruginosa is targeted to other neighbouring cells of the same 

species. This toxin shares no sequence identity with any known protein but has been 

shown to be toxic to not only bacteria but also yeast and mammalian cells. The structure 

of the complex between Tse2 and its immunity protein was solved and led to two 

interrelated discoveries. The first was that the molecular details behind the immunity 

protein inhibiting Tse2 where it binds directly to the active site. The second was that 

based on structural identity with ADP-ribosylating toxins, the active site of Tse2 was 

identified. These results carry the study of this protein forward significantly although the 

precise function of Tse2 remains unknown. This structure is the first co-structure of a 

cytotoxic T6SS substrate and has significant implications for the cell in terms of handling 

the toxin for delivery rather than self intoxication. 
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Chapter 1: Introduction 

1.1 General introduction 

One of humanity’s greatest recent accomplishments was to garner a detailed 

understanding of the hardly visible microbes that make up the majority of earth’s 

biosphere. Bacteria in particular play a pivotal role in numerous biological processes 

including, but not limited to capturing sunlight, degrading biomass and recycling key 

nutrients. Of particular interest to some microbiologists are pathogenic bacteria that are 

able to cause disease. It is commonly our prerogative to gain a complete understanding of 

pathogen biology so as to ultimately disrupt it in a manner that prevents disease or 

manipulate microbes in a more general sense in a way that furthers biotechnology.  

 

Among even the most characterized model microbes, there exists still a gap in 

knowledge applying to the function of the huge number of gene products. For example, 

Escherichia coli, one of the best characterized model bacteria, still has open reading 

frames that account for almost 50% of its genome and are expressed yet have no known 

function. This dearth of knowledge has led a large number of people in the past century 

down a path of discovery to uncover the many secrets of the microbes around us, 

especially pathogens. 

 

1.2 Secretion in bacteria 

Bacteria, like all living organisms, must overcome the diluting effects of entropy 

by concentrating energy in a chemical form. At a basic level, this means needing an 

impermeable barrier that can physically separate the inside of a cell from the environment 

and allow the concentration of essential molecules and ions. This barrier is founded by a 

lipid bilayer known as the cell membrane that surrounds cells and represents one the most 

important prerequisites of life as we know it (Koshland, 2002). These bilayers are 

intrinsically impermeable to large molecules and ions and transport of these species 

between compartments of a living cell is a critical process. The essential nature of this 

process is reflected in the absolute conservation of transport pathways such as the sec-
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pathway for protein export (Albers et al., 2006). This pathway, found in every living cell, 

is responsible for the transfer of nascent polypeptides across a single membrane into 

another compartment. In eukaryotes this means the transfer from lumen of the 

endoplasmic reticulum to the outside; in Gram-positive bacteria and archaea this means 

transfer from the cytoplasm to the outside. In Gram negative or diderm bacteria, the sec 

translocon is composed of three proteins, SecY, SecE, and SecG. These proteins combine 

to form what is known as the SecYEG translocon that mediates the transfer of proteins 

from the cytoplasm to the periplasm (Desvaux et al., 2004). The energy used to power 

this translocation event, like many others, comes from hydrolysis of adenosine 

triphosphate. The secretion signal that targets the ribosome or unfolded proteins bound to 

the SecA chaperone to the translocon is an N-terminal hydrophobic α-helix of about 15 

residues in length. This helix is inserted into the membrane with the amino-terminus left 

in the cytoplasm and the remainder of the polypeptide passes through the translocon and 

folds on the opposite side. The folded protein is then liberated from the membrane 

through the action of the signal peptidase (Desvaux et al., 2004).  

 

Proteins are large macromolecules that range widely in size and can be as large as 

titin at 4.2 MDa (Krüger and Linke, 2011). Transport of these molecules across biological 

membranes poses an important challenge for a cell due in part to their sheer size. The 

processes involved in protein secretion are absolutely required for biological processes 

requiring extracellular proteins. As an example, toxin secretion in pathogenic bacteria 

represents a key aspect of virulence and is a highly active field of research. The reason 

researchers have such a keen interest in secretion is because it is essential to understand 

these processes in order to disrupt them. 

 

 Gram negative bacteria have an additional barrier to protein secretion and 

therefore must overcome two energetic barriers when exporting proteins. At least six 

unique secretion strategies have been characterised for the translocation of protein 

substrates across two membranes and each of these is described as a secretion system. 

These systems are widely distributed and represent conserved mechanisms for protein 

secretion.  
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1.3 Secretion systems of Gram negative bacteria 

The six best-characterised Gram-negative secretion systems can be broadly 

divided into two subgroups (Figure 1). The first group includes types 1, 2 and 5 and 

includes the secretion systems that carry proteins to the outside of the cell. The second 

group includes types 3, 4 and 6 and represents the secretion systems that are able to 

directly translocate proteins from the cytosol of the donor cell to the target destination in 

a single step. These systems are able to inject their substrates directly into an adjacent cell 

meaning that they are actually injection systems. Outlined below is a summary of the five 

well-characterised secretion systems. The T6SS will be outlined in more detail separately 

as it is the focus of this thesis. The chemical energy expended in driving these six 

systems requires hydrolysis of ATP and is typically a large expenditure. It is understood 

then that a cell would devote such an enormous amount of energy for a process that is 

essential for its survival. Studying these secretion systems reveals the secreted proteins 

responsible for essential processes such as foraging nutrients, neutralising biological 

threats or direct competition with other microbes. 
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Figure 1: The secretion systems of Gram-negative bacteria 

The figure broadly summarises the relevant features of the broadly conserved secretion 

systems of Gram-negative bacteria. The type 2 and type 5 secretion systems are Sec 

dependent and translocate proteins to the outside of the cell. The type 1, type 3, type 4 

and type 6 secretion systems are all Sec independent. Of these, all but the type 1 secretion 

system also translocate proteins into a target cell. For each system, a descriptor is 

included to generalise the system as an introduction to secretion in Gram-negative 

bacteria. 

 

Type I secretion is a relatively simple secretion system and requires only three 

components: an ABC transporter in the inner membrane (IM), an outer membrane (OM) 

pore protein and a periplasmic adaptor bridging the gap (Holland et al., 2005). The 

nucleotide-hydrolysing domain of the ABC transporter is primarily responsible for 

overcoming the energetic barrier associated with carrying a substrate across the two 

hydrophobic barriers. Some examples of T1SS substrates are the heme acquisition protein 
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and an alkaline protease from P. fluorescens and P. aeruginosa (Guzzo et al., 1991; Idei 

et al., 1999).  

 

Type II secretion can be thought of as a biological nanopump that spans both 

membranes but is responsible for secretion across the outer membrane only (Sauvonnet et 

al., 2000). The complex consists of 11-16 subunits and is proposed to act as a piston that 

ejects fully folded proteins or protein complexes into the extracellular space (Korotkov 

and Hol, 2008). The complex is commonly described in three parts: an inner membrane 

platform, a periplasmic pseudopilus, and an outer membrane assembly (Filloux, 2004). 

The pseudopilus is composed of pseudopilin subunits and together they form the piston 

that physically pushes proteins to the outside. The T2SS components also share sequence 

identity with the bacterial type IV pilus system (Peabody, 2003). Type IV pili are long 

thin extensions from the cell surface that can mediate processes such as cellular 

attachment, flagella-independent twitching motility and biofilm formation (Craig et al., 

2004). The major difference between the two is that the T2SS has a sharply truncated 

pilus-like structure that forms the piston for secretion. Interestingly, the secretion signal 

that targets substrates to the T2SS is thought to be an exposed 3 dimensional motif that 

appears to be species specific as opposed to a linear sequence, as in the other systems 

(Pineau et al., 2014). A major example of a T2SS substrate includes the cholera toxin 

from Vibrio cholerae (Sandkvist et al., 1997). 

 

The T3SS apparatus is a large needle shaped assembly with a wide base 

embedded in the inner membrane and a thin extracellular needle that extends from the 

cell surface and is related to flagella (Burkinshaw and Strynadka, 2014). It is capable of 

translocating proteins from the cytoplasm of a bacterial cell directly into a target 

eukaryotic cell in a single step. The multi-component needle-like structure has been 

purified and structurally reconstructed by electron microscopy; many of the components 

have had their crystal structures determined and docked into the large lower resolution 

envelopes (Schraidt and Marlovits, 2011). One interesting feature of the T3SS is the ruler 

protein that controls the length of the needle depending on its own length as a fully 

extended polypeptide (Journet et al., 2003). Substrates pass unfolded along the narrow 
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needle passage and then must fold within the target cell (Radics et al., 2014). The T3SS 

also requires a translocon that is inserted into the target cell to allow passage of secreted 

proteins (Nikolaus et al., 2001). Some notable secreted substrates from the T3SS include 

the ADP-ribosyltransferase ExoS from P. aeruginosa (Yahr et al., 1997) or the E3 ligase 

SopA from Salmonella (Diao et al., 2008). 

 

The T4SS is secretion a system related to the conjugative pilus and is used by 

many bacteria to secrete proteins or DNA protein complexes into target cells (Christie et 

al., 2014). This secretion system is best known for its use by the plant pathogen 

Agrobacterium tumefaciens to inject genetic material into plant cells (Aguilar et al., 

2010). The 11 A. tumefaciens Vir proteins assemble into a nanomachine that spans both 

the inner and outer membranes and produces a pilus that acts as a translocation channel 

for secreted substrates. In contrast, the human pathogen Legionella pneumophila Dot/Icm 

cluster encodes for a T4SS that is responsible for the secretion of at least 275 substrates 

and requires about 26 structural proteins (Vogel et al., 1998; Zhu et al., 2011). Although 

most of the secreted substrates of L. pneumophila are still uncharacterized, SidC was 

recently discovered to be a ubiquitin ligase (Hsu et al., 2014). 

 

The secretion pathway of the T5SS, which utilizes an autotransportation 

mechanism, is the simplest yet described. Proteins that arrive in the periplasm via the Sec 

system are able to translocate to the outside by inserting a C-terminal domain into the 

outer membrane and filtering through to the outside (van Ulsen et al., 2014). This β-

barrel domain spontaneously inserts itself into the outer membrane and forms a pore 

through which the linear polypeptide can pass (Henderson et al., 2004). In some cases, a 

chaperone is required to maintain the passenger domain in a secretion competent 

conformation (Oliver et al., 2003). Finally, secreted substrates with a pore attached to the 

C-terminus can remain attached or be cleaved from the cell by proteolysis. Many 

autotransporters exist including the first one discovered Ssp from Serratia marcescens 

(Yanagida et al., 1986) and the first crystal structure pertactin from Bordetella pertussis 

(Emsley et al., 1996). 
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These systems represent the majority of the known concerted secretion pathways 

in Gram-negative bacteria. They have been the intense focus of researchers for many 

years due to their importance in biological processes such as virulence. As drug targets, 

secretion systems are interesting due to their uniqueness and importance for virulence but 

not necessarily survival. Inhibiting these systems may reduce evolutionary pressure by 

allowing persistence of an opportunistic pathogen while still preventing disease 

(Beckham and Roe, 2014). This represents an attractive strategy towards slowing the 

progression of untreatable infectious agents such as antibiotic resistant bacteria. For 

example, inhibiting the T3SS of P. aeruginosa might be a tractable solution towards 

preventing dissemination of bacteria during infection (Williams et al., 2015). 

1.4 The type six secretion system (T6SS) 

1.4.1 Type six secretion system prevalence and diversity 

The type six secretion system is a widely distributed system present in 

environmental and host associated bacteria (Schwarz et al., 2010a). It is thought to be an 

adaptable secretion system that can target bacteria, host cells or both depending on the 

needs of a particular organism. This system, which shares sequence and structural 

identity with phage proteins, is thought to have evolved from the combination of 

ancestral phage proteins and bacterial membrane proteins (Pell et al., 2009; Pukatzki et 

al., 2007). The system was described for the first time after being identified in Vibrio 

cholera (Pukatzki et al., 2006) and was shortly thereafter also described in P. aeruginosa 

(Mougous et al., 2006). Since its discovery, research towards characterising the T6SS has 

become a very active field with a large number of groups showing that their organism of 

interest encodes for and utilizes a functional T6SS including Edwardsiella tarda, Serratia 

marcescens, Escherichia coli among others (Fritsch et al., 2013; Zheng and Leung, 2007; 

Zhou et al., 2012). Furthermore, large scale bioinformatic efforts to systematically 

determine at the genetic level the minimum number of genes present in T6SS clusters 

revealed the depth of diversity as well as the wide distribution of T6SS (Boyer et al., 

2009). It has also been revealed that some organisms can express many independent 

T6SSs. For example, P. aeruginosa has three completely independent T6SS components 

of which share about 30% sequence identity with another. Burkholderia thailandensis 
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possesses 5 individual T6SS loci involved in disparate functions one directed towards 

bacteria and another towards host cells (Schwarz et al., 2010b). 

 

One of the central hypotheses of this thesis addresses outlying systems that may 

not appear to encode for homologues of T6SS proteins at the sequence level but are 

identical at the level of 3 dimensional fold. This was first demonstrated for IglC of F. 

tularensis and Hcp P. aeruginosa that share a 3D fold but share no sequence identity (de 

Bruin et al., 2011; Sun et al., 2007). Our hypothesis is that other proteins within the FPI 

might share structural identity without any detectable sequence identity. 

 

1.4.2 Type six secretion system assembly and mechanism of action 

Systematic knockouts of the genes encoding for the T6SS were performed in E. 

tarda, V. cholera, F. novicida and A. tumefaciens (de Bruin et al., 2011; Lin et al., 2013; 

Zheng and Leung, 2007; Zheng et al., 2011). All, or nearly all, of the genes in any given 

cluster are required for the function of that system. However, across systems key 

accessory proteins are added or removed depending on the system. Described here is the 

core of the T6SS as it is known. This model will undoubtedly evolve as time goes on in a 

case by case fashion depending on the organism. For the purposes of this thesis a 

bacterium secreting toxins through the T6SS is a donor cell and the target cell is referred 

to as the recipient cell. 

 

The T6SS nanomachine is assembled as a membrane spanning complex across the 

inner and outer membranes of the donor cell with a long contractile needle extending 

across much of the donor cell (Basler and Mekalanos, 2012). The core proteins involved 

are sequentially named type six secretion protein (Tss) A, B, C and so on but many have 

other names that are still used in the literature. Also involved are the associated proteins 

that are named type VI associated gene (Tag) A, B, C and so on similar to the Tss naming 

convention. These genes are not widely conserved except among tightly related T6SS 

clusters but are essential for the function of a given secretion system. One of the first 

examples at PpkA and PppA or TagE and TagF that are a kinase and phosphatase pair 
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that post-translationally regulated secretion through the H1-T6SS of P. aeruginosa by 

adding and removing a phosphate from Fha or TagP (Mougous et al., 2007).  

 

The type six secretion system can be thought of as an inverted bacteriophage 

anchored into the membrane with its contractile structure extending into the cytosol of 

the donor cell observed to be as long as two thirds the width of the cell (Kapitein et al., 

2013). The current model for the apparatus assembly includes three subcomplexes: the 

inner membrane complex (TssJML), the adaptor complex (TssA, TssE, TssF, TssG and 

TssK) and the contractile sheath (TssBC, Hcp (TssD), ClpV (TssH), VgrG (TssI), and the 

PAAR repeat protein) (Figure 2).  
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Figure 2. Current model of the type 6 secretion system. 

The type six secretion system is composed of at least 14 conserved components. TssJLM 

are embedded in the inner and outer membranes and the remainder are predicted to be 

localised to the cytoplasmic compartment. Shown here are the proteins that take part in 

the current model. The adaptor complex is not clearly defined yet and in this model 

TssAEFGK are represented by a purple trapezoid. The proteins are shown arranged in a 

contracted state with the needle tip complex and Hcp tube already passed through the two 

membranes of the donor cell. The heteropolymeric contractile sheath of TssB and TssC is 

contracted and will be disassembled by ClpV. 
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The core membrane embedded subcomplex consists of TssJ, TssM and TssL. TssJ 

is a periplasmic outer membrane lipoprotein. TssM is an integral inner membrane protein 

and reaches across the periplasm to interact with TssJ. This protein can also carry a 

functional ATPase domain critical for activity in some species and is thought to form the 

pore by oligomerising in the inner membrane with three transmembrane helices. TssL is 

an integral inner membrane protein with a single transmembrane helix that interacts with 

TssM and can be phosphorylated and phosphorylation is critical for activating its ATPase 

activity subsequent secretion in A. tumefaciens (Lin et al., 2014). TssL can also 

sometimes carry a C-terminal peptidoglycan binding domain as in P. aeruginosa 

(Aschtgen et al., 2010a). Other inner membrane proteins have also been shown to be 

important for some systems for example TagJ that is responsible for binding 

peptidoglycan in E. coli (Aschtgen et al., 2008; Felisberto-Rodrigues et al., 2011).  

 

On the cytoplasmic side of the membrane subcomplex there is a group of proteins 

that are thought to adapt the membrane subcomplex to the contractile sheath complex. 

This includes the five proteins namely: TssA, TssE, TssF, TssG and TssK that 

presumably assemble into a large complex. The protein complex of TssF, TssG and TssK 

has been purified from native cells and estimated to include all three proteins in a ratio of 

2:1:4 (English et al., 2014). The interaction between TssK and TssL has been observed 

but exactly how the contractile sheath interacts has not been known (Zoued et al., 2013).  

 

The contractile sheath subcomplex is composed of four proteins: Hcp that forms 

hexameric rings with a 30 Å inner diameter and TssB/TssC that combined spontaneously 

form a cog-like tube with an inner diameter large enough to accommodate the hexameric 

Hcp rings (Bonemann et al., 2009; Lossi et al., 2013; Mougous et al., 2006). At its tip this 

complex holds the needle tip proteins VgrG and PAAR-repeat (Shneider et al., 2013). 

This structure was found to be decorated with ClpV ATPase proteins in vivo that are 

responsible for the disassembly of the contracted T6SS apparatus (Bonemann et al., 2009; 

Kapitein et al., 2013). This ability of the T6SS to recycle its contracted apparatus proteins 

represents a key difference between contractile bacteriophage and the phage derived 

T6SS. The trimeric crystal structure of VgrG revealed a GP27/GP5 fold and a long β-



 12 

helix reminiscent of the T4 phage puncturing device represents the cap of the Hcp tube 

(Leiman et al., 2009). Finally, the PAAR-repeat protein structure has also been reported 

and resembles a conical needle point that further sharpens the VgrG tail (Shneider et al., 

2013). These proteins are thought to assemble on a preassembled core membrane 

complex in the cytoplasm prior to secretion and then contract and rapidly disassemble 

followed by rapid reassembly on an adjacent membrane complex (Basler et al., 2012). 

Hcp is secreted in large amounts in this process but it is thought that the contractile 

sheath remains in the cytoplasm. 

 

Secretion of effector proteins through the T6SS has been shown occur through a 

number of different mechanisms. The first mechanism is as C-terminal extensions of 

either the VgrG or PAAR-repeat proteins (Ma and Mekalanos, 2010; Shneider et al., 

2013) (Figure 3). These proteins form the needle tip of the complex and can 

accommodate passenger domains. For example, VgrG-1 from V. cholera carries an actin 

crosslinking domain and the PAAR-repeat protein carries a nuclease domain called RhsA 

in D. didantii (Pukatzki et al., 2007; Koskiniemi et al., 2013). The P. aeruginosa effector 

Tse2 has been shown to interact with the interior of Hcp rings and this interaction has 

shown to be essential for secretion. It is believed that this represents Hcp hexamers acting 

as secreted chaperones and each carrying an effector molecule into the target cell 

(Silverman et al., 2013). Recall that in the model of T6SS action, Hcp hexamers are 

stacked on top of each other in a tube. It is not known whether more than just the terminal 

Hcp hexamer can carry effector molecules. The third mechanism is through non-covalent 

interaction with the tip complex. Similar to the first mechanism of secretion, passenger 

domains such as TseL from V. cholerae can bind to VgrG and be carried into target cells 

(Dong et al., 2013). Currently, it is believed that one translocation event can actually 

carry a payload of effectors through all of these disparate mechanisms simultaneously, 

although this has yet to be shown (Ho et al., 2014).  



 13 

 

Figure 3. Secretion mechanisms of the T6SS 

At least three mechanisms have been postulated for carrying effectors to the target cell 

via the T6SS. The first is as a folded protein lying at the core of the Hcp hexamer. It is 

not clear whether only the terminal Hcp ring can carry an effector or if sequential Hcp 

rings can also bear effectors. The second mechanism of effector secretion is as a 

translational fusion to the tip proteins PAAR-repeat or VgrG. Effectors secreted by the 

third mechanism bind VgrG proteins through non-covalent interactions. For each 

mechanism, an example of a relevant secreted effector is given. 

 

1.5 Secreted effectors of the T6SS 

One of the most interesting aspects of studying a secretion system is studying the 

secreted substrates themselves to help understand why the cell would need to produce 

such a complex. The effectors of the T6SS characterized to date generally fall under a 

handful of large families. Among bactericidal effectors, peptidoglycan hydrolases, 

nucleases and lipases have been discovered from across all the T6SSs (Figure 6) (Russell 

et al. 2014; Durand et al. 2014). Among effectors that target eukaryotic cells, actin cross-

linking and lipases from have been observed (Pukatzki et al., 2007; Russell et al., 2013; 

Whitney et al., 2014). Some lipases are trans-kingdom effectors meaning they are 

targeted to competing bacteria and host cells alike. Other effectors have been discovered 



 14 

but for which no biochemical function has been ascertained such as EvpP from E. tarda 

(Zheng and Leung, 2007). 

 

For bactericidal effectors, there is also a strict co-occurrence of cognate immunity 

proteins (Russell et al., 2012). This is especially interesting for effectors that are toxic 

only within the periplasm because they access this space only through intercellular 

transfer through the T6SS. On the other hand, cognate immunity genes can exist without 

the presence of an effector suggesting that the selective pressure to maintain immunity in 

the context of polymicrobial communities is significant, for example in Yersinia pestis 

and S. typhimurium (Russell et al., 2012). 
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Figure 4. Secreted effectors of the T6SS 

A. Cell wall targeting effectors hydrolyse either glycosidic linkages in the glycan 

backbone or hydrolyse the peptide linkages within the peptide cross bridges of the 

bacterial cell wall. B. Host and bacterial membrane targeting. Lipase effectors can be 

trans-kingdom effectors that can be used to attack both bacteria and host cells. C. Nucleic 

acid targeting. T6SS nucleases have been discovered in Dickeya dadantii. D. Host 

cytoskeletal targeting. Actin crosslinking domain has shown to be active towards host 

cells and that is secreted as a fusion to VgrG in V. cholerae. 

 

1.6 Francisella tularensis 

Francisella tularensis is the etiological agent of tularemia, a rare but potentially 

fatal disease in humans (Sjöstedt, 2007). A remarkably low infectious dose, estimated to 
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be as few as one microbial cell, is sufficient to cause serious disease (Dennis et al., 2001). 

This intracellular pathogen can replicate within and destroy macrophages and this ability 

is central to its virulence. After being phagocytised, F. tularensis is able to escape the 

phagocytic vacuole and replicate within the cytoplasm of host cells (Lindgren et al., 

2004). The primary virulence factor that endows F. tularensis with the ability to 

manipulate the phagocytic vacuole is the Francisella pathogenicity island (FPI) (Nano et 

al., 2004). The FPI consists of 19 genes that are required for intramacrophage replication 

and encodes for an outlying type six secretion system (de Bruin et al., 2011). This 

organism represents an interesting case for the study of the T6SS as it exemplifies the 

diversity of this conserved machinery and is somewhat unique in that this system is 

essential for virulence. Although common in pathogenic bacteria, a strong virulence 

phenotype has not been observed for many T6SSs.  

 

The species F. tularensis has a number of strains that are endemic in different 

parts of the world that are all dangerous biosafety level 3 organisms. For the purposes of 

my research, a subspecies of F. tularensis named F. novicida was used due to its inability 

to cause disease in humans. The two organisms are highly similar but one of the most 

notable differences is that F. novicida only bears one copy of the FPI making it also 

easier to manipulate at the genetic level (Nano et al., 2004). 
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Figure 5. The Francisella pathogenicity island (FPI) 

The 17 genes of the FPI conserved across the Francisella sp. and usually present in two 

copies. Highlighted are the genes that encode for proteins that share significant (>20%) 

sequence identity with T6SS proteins (Russell et al., 2014b).  

 

1.6.1 The T6SS of Francisella tularensis 

The FPI encodes for a system that contains a number of proteins that share 

sequence homology with core T6SS proteins (Figure 4). In fact, it is currently thought of 

as a subclass of the type six secretion system, as an even more distantly related system 

has been discovered in Bacteroidetes (Russell et al., 2014b). As shown, the genomic 

island encoding for homologues of the T6SS also encodes for a number of unique 

proteins. It has been a source of controversy in the past as to whether or not the FPI 

encodes for a true T6SS with many researchers believing that it does not. One report from 

our research group demonstrated that although the primary structure of IglC shares no 

similarity, the overall structure and possibly function matches Hcp (de Bruin et al., 2011). 

The conservation of structure but not sequence suggests that the proteins are 

phylogenetically related but at a great distance. The specific homologues of the T6SS 

components expressed in the FPI are the contractile sheath TssB/TssC, the adaptor 

protein TssK, the inner membrane proteins TssL and TssM and finally VgrG. It is also 

known that IglE is a periplasmic lipoprotein that interacts with TssM in an analogous 

manner to TssJ. One important difference is that the VgrG homologues is truncated and 

represents only the β-helix domain without the fusion of gp5/gp25. A model for the FPI 

encoded T6SS including only these FPI proteins would resemble a rudimentary model 

similar to that seen in Figure 2.  
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1.6.2 Secreted effectors of Francisella tularensis 

The secreted effectors of F. tularensis include at least IglI and VgrG (Barker et 

al., 2009). IglI is a unique protein to F. tularensis, as are many of the FPI proteins, and 

has no hypothetical function that can be tested. VgrG was actually observed to be 

secreted in a T6SS independent manner, which is interesting but there is no explanation 

for this observation at this time. This phenomenon of T6SS independent secretion of 

VgrG has also been observed in P. aeruginosa (Hachani et al., 2011).  

 

1.7 Pseudomonas aeruginosa 

P. aeruginosa is a common environmental microbe that is able to colonize the 

human body and cause disease (Gellatly and Hancock, 2013). In burn victims, the 

immunocompromised, and especially those with cystic fibrosis, this opportunistic 

pathogen can cause serious disease (Vasil and Ochsner, 1999). P. aeruginosa represents a 

major burden on cystic fibrosis patients due to the accumulation of mucus in their lungs 

that leads to an ideal growth environment for chronic infections (Banin et al., 2005). The 

switch from an acute infection to a chronic infection is heavily dependent on the quorum 

sensing based change into a mucoid phenotype (Rao et al., 2011a). The mucoid 

phenotype is typified by up regulation of the genes involved in alginate production as 

well as the H1-T6SS. In addition to biofilm production, the rise of antibiotic resistance 

has motivated P. aeruginosa research in the hopes of creating novel therapeutics. 

 

P. aeruginosa is heavily investigated not only for its medical importance but it 

also represents a model organism for many secretion systems due to its use of all but the 

T4SS out of the 6 major secretion systems presented in Figure 1 (Filloux, 2011). As 

previously stated, the T3SS of P. aeruginosa represents one of the well-studied systems 

and has been targeted for small molecule inhibition. For the T6SS, P. aeruginosa remains 

one of the best-characterised model systems.  

1.7.1 The T6SS of P. aeruginosa  

In P. aeruginosa there exists three distinct T6SS clusters or Hcp secretion islands 

(H1-3) that are all differentially regulated and thought to be used for different functions 
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(Mougous et al., 2006). The H1-T6SS is the best-studied T6SS of P. aeruginosa and a 

focus of this thesis (Figure 5). It is thought to be involved in establishment and 

maintenance of a pure biofilm containing only P. aeruginosa (Rao et al. 2011). In 

addition to the 14 core Tss genes the H1 cluster encodes for a kinase, phosphorylase and 

fork head associated protein (Fha1), all of which are involved in the post-translational 

control of this secretion system (Mougous et al., 2007). Phosphorylation of Fha1 protein 

at position T362 was shown to be required for secretion and the phosphorylase was 

shown to antagonize this process. In this way the system is able to rapidly respond to a 

stimulus, specifically, membrane disruption either through chemicals, T4SS attack or 

T6SS attack (Basler et al., 2013).  

 

The H1-T6SS was also the first system to have true secreted substrates discovered 

(Hood et al., 2010). These three substrates named type six secreted substrate (Tse) 1-3. 

The discovery of these secreted substrates introduced an important paradigm for the 

T6SS field. Bactericidal effectors that are strictly active in the periplasmic compartment 

each have a cognate immunity protein located in the periplasm. These immunity proteins 

are not there to protect the donor cell from itself but for protection from sister cells within 

a community (Russell et al., 2011).  

 

Figure 6. The H1-T6SS of P. aeruginosa 

The H1-T6SS one of three in the genome of P. aeruginosa is one of the best 

characterised T6SS. It consists of the standard 13 T6SS proteins and an additional 9 

associated proteins. 
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The less studied H2-T6SS and H3-T6SS are responsible not only for bacterial 

competition but also facilitate entry of P. aeruginosa into host cells (Jiang et al., 2014; 

Russell et al., 2013). These systems are able to directly target both bacteria and host cells 

and the secreted effectors either kill bacteria or stimulate host cells resulting in entry. At 

this stage, the main difference between the two systems appears to be growth phase 

dependence as the H2-T6SS is induced during exponential phase while the H3-T6SS is 

maximally expressed during stationary phase (Bleves et al., 2014). These two systems 

secrete one of two highly similar effectors namely, PldA and PldB. 

 

1.7.2 Secreted effectors of Pseudomonas aeruginosa 

Of the three T6SSs in P. aeruginosa, the H1 cluster encoded system has been 

shown to specifically translocate eight different proteins to date. These proteins are 

named type six effector and numbered sequentially, in order of discovery (Hood et al., 

2010; Whitney et al., 2014). Each of these is co-expressed with a cognate immunity 

protein named type six immunity protein (Tsi) and numbered using the same sequence of 

numbers so Tsi2 inhibits Tse2. Tse1 and Tse3 were the first bacteriolytic T6SS effectors 

to be characterised and were shown to both target peptidoglycan (Russell et al., 2011). 

Tse1 is an amidase that is specific for the peptide crosslink of peptidoglycan (Shang et 

al., 2012). Similarly, Tse3 is a glycoside hydrolase that is specific for the glycan 

backbone of the peptidoglycan mesh (Russell et al., 2011). Each of these has been 

renamed to represent their function and the fact that each is a member of a large family. 

Therefore, Tse1 is now a representative member of the Tae1 family and Tse3 represents  

the Tge1 family (Russell et al., 2012; Whitney et al., 2013). Tse4 has been shown to be a 

lipase and the remaining secreted proteins, Tse2, Tse5 and Tse6 are all uncharacterized 

proteins that share no significant sequence identity with known proteins (Whitney et al., 

2014). Studies have indicated Tse2 is toxic to bacteria, yeast and mammalian cells when 

expressed recombinantly and inhibits growth rather than lysing target bacteria (Hood et 

al., 2010; Li et al., 2012). For H1-T6SS effectors Tse2 appears unique as its activity is 

directed towards the cytoplasmic compartment. 
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The H2 and H3 clusters are each responsible for the secretion of PldA and PldB, 

which are phospholipases (Jiang et al., 2014; Russell et al., 2013; Wilderman et al., 

2001). Amazingly, these large 83 kDa effectors are secreted strictly through their 

respective T6SSs and can be targeted to both competing bacteria and eukaryotic cells. 

These effectors when injected into host cells trigger uptake of P. aeruginosa into non-

phagocytic cells via activation of the PI3K/Akt signalling pathway and can also kill target 

bacteria (Jiang et al., 2014; Russell et al., 2013). A key difference and perhaps a 

biological explanation as to why P. aeruginosa encodes for two seemingly redundant 

systems appears to be growth phase dependence. Explicitly, the H3-T6SS and its 

substrate PldB are upregulated in the stationary phase while the H2-T6SS and its 

substrate PldA are upregulated in the exponential growth phase. The biological 

implication of the growth phase dependence on the expression of redundant T6SSs is not 

currently clear but perhaps reflects different growth environments.  

 

1.8 Research objectives 

Given the broad distribution and importance of the T6SS for the biology of 

pathogenic bacteria, we sought to further the molecular characterisation of the 

components of the system and its substrates.  

 

For the secretion apparatus, the membrane embedded subcomplex of the T6SS is 

one of the least understood aspects of the secretion system. It is thought to have arisen 

from bacterial proteins that combined with phage proteins. The topology and interaction 

network of the three core proteins TssM, TssL and TssJ are known but the fold and 

function of the individual domains are unknown. A structural approach to characterising 

the soluble domains of the membrane embedded proteins is desirable as a means of 

garnering molecular information pertaining to the assembly and function of individual 

components. Structural characterisation of unique proteins such as these provides 

information of the fold and can potential unveil functional sites or previously unidentified 

homology. Through homology to known structures there is potential for garnering details 

about biochemical function.  
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For the study of the T6SS and its components F. tularensis and P. aeruginosa are 

two extremes. The F. tularensis system is a fringe system that has no close homologues 

outside of the species Francisella and the system is essential for the pathogenesis of the 

organism unlike most other T6SSs. On the other hand, P. aeruginosa encodes for a core 

system that has been the intense focus of many groups including the discovery of the first 

secreted substrates of the T6SS. The research focus of the thesis is best accomplished by 

studying the components from a core T6SS but the information garnered from F. 

tularensis is valuable in that it provides broad pieces of information such as fold or 

assembly that could hold true across the disparate systems. The work presented here 

covers the progress towards characterising the membrane subcomplex of the T6SS as 

well as a secreted substrate from P. aeruginosa. 

1.8.1 Determination of type six secretion system component crystal structures 

Armed with structural biology and protein biochemical techniques I sought to 

determine the structures and oligomeric state of the core components of the T6SS from F. 

tularensis and P. aeruginosa. Individual component structures are a precursor for a 

molecular understanding of the secretion system and are sought as means of gathering 

biochemical information about the secretion system. 

 

1.8.2 Demonstration of cryptic homologues among FPI T6SS proteins 

Many of the genes within the FPI appear at the sequence level to be unique to F. 

tularensis rather than conserved throughout the T6SSs. However, IglC is structurally 

homologous to Hcp despite sharing no sequence identity. It is my hypothesis that other 

FPI proteins might also appear at the sequence level to not share any homology with 

T6SS proteins but that the structures and possibly functions are identical. 

 

1.8.3 Structural characterisation of a secreted substrate from Pseudomonas 

aeruginosa 

The P. aeruginosa H1-T6SS substrate Tse2 is an uncharacterized toxin that is 

toxic to bacteria, yeast and mammalian cells through an unknown mechanism. The 
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protein shares no sequence identity with any known protein. The objective here was to 

obtain the structure in the hopes of shedding light on the function of Tse2. 
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Chapter 2: Structural and functional analysis of the type six secretion 

system protein IglE from Francisella novicida  

 

Adapted and expanded from:  

Robb, C. S., Nano, F.E., Boraston, A.B.  Acta Crystallography Section F Structural 

Biology Crystallization Communication. 2010 66(Pt. 12): 1596-8.  

 

Contributions to Research: Target identification, cloning, purification, crystallisation, 

small angle x-ray scattering data analysis, X-ray crystal structure solution, 

intramacrophage growth assay, data interpretation, manuscript and figure preparation. 

Complementation of iglE was performed by Sheila Potter. 

 

2.1 Introduction 

Protein secretion is a fundamental biological process essential to all life. In Gram-

negative bacteria, at least six conserved secretion systems have been identified. The type 

VI secretion system (T6SS) is analogous to an inverted bacteriophage and is thought to 

be secreted proteins by the action of a contractile sheath (Basler et al., 2012; Pukatzki et 

al., 2007). This system is able to directly translocate proteins from the cytosol of the 

donor to the cytosol and/or periplasm of the recipient cell. Often involved in bacterial 

competition the T6SS has also been adapted for use against host cells by bacterial 

pathogens. For instance, intracellular pathogen F. novicida uses an outlying T6SS in 

order to secrete effectors that facilitate phagosome escape and subsequent replication 

within the cytoplasm of macrophages (Barker et al., 2009; de Bruin et al., 2011). This 

system consists of 17 genes some of which are distantly related to T6SS proteins and 

many that share no sequence identity with any characterized protein. The FPI encoded 

system has been regarded as type six related because of the relatively small number of 

type six homologues encoded in this locus (Boyer et al., 2009). However, structural 

studies have demonstrated that despite little or no sequence identity, IglC shares 

structural identity with the conserved T6SS protein Hcp (de Bruin et al., 2011). One FPI-
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encoded protein, IglE has been shown to be a periplasmic outer-membrane lipoprotein 

essential for function of the T6SS. This lipoprotein is also part of the core membrane 

complex and binds TssM in an analogous manner to the conserved T6SS lipoprotein TssJ 

(Nguyen et al., 2014; Robertson et al., 2013). IglE, like many FPI encoded proteins, 

shares no sequence identity with any protein outside of uncharacterized F. novicida 

proteins. To test the hypothesis that IglE shares structural identity and possibly conserved 

function with the core T6SS protein TssJ, a structural approach was pursued. Here, we 

demonstrate that although IglE and TssJ share no sequence identity they share a highly 

similar fold. Furthermore, we demonstrate that IglE dimerises in vitro and that the ability 

to dimerise appears to be important for its function within the T6SS of F. novicida. These 

results support the idea that the FPI encoded T6SS arose from divergent evolution from 

early T6-like structures starting long ago. 

2.2 Materials and Methods 

Cloning of IglE from F. novicida. The gene fragment encoding the soluble 

domain distal to the palmitoylation site of IglE (Ftn_1311) was PCR-amplified from 

genomic DNA of F. novicida U112 using the following oligonucleotide primers: 5′-CAT 

ATC CATATG GAT GGT TTG TAT ATC AAC AAC-3′ and 5′-GGT GGT CTCGAG 

TTA ATC TTT TTC TAT GCT GCT ATC-3′. The 306 base-pair PCR-amplified gene 

fragment encoding the soluble domain of IglE was obtained by standard PCR methods 

using Phusion High-Fidelity DNA Polymerase (New England Biolabs). The product was 

digested with NheI and XhoI restriction endonucleases and ligated into similarly digested 

pET-28a (+) (Novagen) using standard cloning procedures. The resultant plasmid 

encodes a polypeptide consisting of residues 25–126 of IglE preceded by the residues 

MGSSHHHHHHSSGLVPRGSHM: an N-terminal six-histidine tag followed by a 

thrombin protease cleavage site. 

 

Mutagenesis. Forward and reverse primers were designed to mutate amino acids 

Ile-39, Tyr-40 and Val-44 to alanine and generate a plasmid encoding for iglEmon (iglEmon 

Forward primer: 5’-CTA TTT CTC AAA GAG CCG CAG ATG AT-3’; iglEmon Reverse 

primer: 5’-AAG ATT TAA TGC TTT TAC ATT ATC ATC-3’). A megaprimer 
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mutagenesis procedure was used to amplify the forward and reverse strands separately. 

Gel extracted megaprimers were extended for 12 cycles prior to the addition of forward 

and reverse primers. Standard PCR protocol was then used to generate the final desired 

gene fragment using the T7 and T7term primers. Finally, the gel-purified amplicon was 

digested and ligated back into pET-28b as was the wild type gene. 

 

Recombinant protein production. Recombinant proteins were produced in E. coli 

BL21 Star (DE3) (Invitrogen) in 4 L cultures of 2× YT broth supplemented with 50 µg 

ml−1 kanamycin (Sigma). Cells were harvested by centrifugation and the cell paste was 

stored at 253 K prior to chemical lysis. The frozen cell paste was resuspended in 30 ml 

sucrose solution (25% sucrose, 20 mM Tris–HCl pH 8.0) and treated with 10 mg 

lysozyme for 10 min. 60 ml deoxycholate solution (1% deoxycholate, 1% Triton X-100, 

100 mM NaCl, 20 mM Tris–HCl pH 7.5) was then added to the solution mixture and 

stirred for another 10 min. Finally, genomic DNA was digested by adding 0.5 mg DNase 

(Sigma) and MgCl2 to a final concentration of 5 mM and incubating at room temperature 

for 5 min. The cell lysate was clarified by centrifugation at 27 000g for 45 min. The 

clarified lysate was applied to an immobilized metal-affinity resin (Sigma His-Select) 

charged with Ni2+ and equilibrated in binding buffer (0.5 M NaCl, 20 mM Tris–HCl pH 

8.0). Bound protein was then eluted using a linear gradient to 100% elution buffer (0.5 M 

imidazole, 0.5 M NaCl, 20 mM Tris–HCl pH 8.0). Fractions were analyzed for protein 

content and purity by SDS–PAGE and appropriate fractions were pooled and 

concentrated in a stirred ultrafiltration unit (Amicon) using a 10 kDa molecular-weight 

cut-off membrane (Filtron). The concentrated protein was then buffer-exchanged using 

gel filtration on a PD10 column (GE Biosciences) that was pre-equilibrated in thrombin 

cleavage buffer (20 mM Tris–HCl pH 8.0, 150 mM NaCl, 5 mM CaCl2). The protein was 

treated with thrombin (1 U per 5 mg protein) overnight at 291 K. Purified thrombin-

cleaved protein with the extra residues GSHM was then separated from the free histidine 

tag and soluble protein aggregate by size-exclusion chromatography using a Sephacryl S-

200 column (GE Biosciences) in 20 mM Tris–HCl pH 8.0. The concentration of IglE and 

IglEmon was determined by absorbance at 280 nm using the calculated molar extinction 

coefficient of 15930 and 14440 M −1 cm−1, respectively (Gasteiger et al., 2003). 
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Crystallisation and X-ray data collection and structure determination. IglE at 25 

mg ml−1 was crystallized using the hanging-drop vapour-diffusion method by mixing 1 µl 

protein solution (20 mM Tris–HCl pH 8.0) and 1 µl crystallisation solution [20 mM 

CdCl2, 100 mM sodium acetate pH 4.4, 30% (v/v) PEG 400] and suspending the drop 

over 0.5 ml well solution. Crystals grew overnight at 291 K.  

 

IglEmon was concentrated to 20 mg mL-1 and crystals were obtained by hanging 

drop vapour diffusion method at 291 K by mixing 1:1 with well solution consisting of 2.4 

M Sodium Malonate with 1% PEG 550 which was an effective cryoprotectant condition. 

Crystals of each protein were cryo-cooled directly in a nitrogen stream at 113 K without 

the need for additional cryoprotectant. 

 

For native data, diffraction experiments were carried out on a ‘home-beam’ 

comprising a MicroMax-002 X-ray source equipped with Osmic Blue Optics, an Oxford 

Cryosystems Cryostream 700 and an R-AXIS IV++ area detector. Diffraction data were 

processed using iMosflm and SCALA (Evans, 2005; Leslie, 2005). For phasing, crystals of 

IglE were soaked in crystallisation solution supplemented with 1M potassium bromide. A 

3 wavelength dataset was collected at wavelengths remote: 0.89841 Å, inflection: 

0.91968 Å and peak: 0.91946 Å at the SSRL. The initial phases were generated using 

AUTOSHARP and subsequent phase improvement was achieved with Parrot (Cowtan, 

2010; Vonrhein et al., 2007). The structure of IglEmon was solved by molecular 

replacement using Phaser and the structure of IglE as the search molecule (McCoy et al., 

2007). Arp/Warp was used for autobuilding (Langer et al., 2008). Structures were 

manually completed using Coot and refined using Refmac5 (Emsley et al., 2010; 

Murshudov et al., 2011). 

 

Isothermal titration calorimetry. Isothermal titration calorimetry was performed 

using a VP-ITC (MicroCal, Northampton, MA). IglE and IglEmon were prepared by 

dialyzing extensively into BufferITC (20 mM TRIS pH 8.0, 250 mM NaCl) (molecular 

weight cut-off 3,500 Da). The proteins were titrated 25 times at 10 μL at concentrations 
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of 1.3 and 0.99 mM into a cell containing BufferITC at 25°C. Data were analyzed using 

the Origin7 software package and the dissociation model of data analysis. Integrated heat 

data were analysed by non-linear regression in terms of monomer-dimer equilibrium 

model to give the apparent equilibrium constant Kdiss and enthalpy of dissociation. 

 

SAXS Data Collection. Synchrotron X-ray scattering data from solutions of IglE 

from 12.0 to 1.0 mg/ml were collected at the 4-2 beam line of the SSRL using a Rayonix 

MX225-HE detector. A 4.2 mg/ml solution of bovine serum albumin was measured as a 

reference and for calibration. The scattering patterns were measured with an exposure 

time of 2 min at 288 K and a wavelength of 1.5 Å. The sample-to-detector distance was 

set at 2.4 m, leading to scattering vectors Q ranging from 0.06 Å-1 to 0.5 Å-1. Standard 

data processing and determination of the radius of gyration (Rg), and maximum particle 

size (Dmax) were performed using PRIMUS (Konarev et al., 2003). The ab initio low-

resolution envelopes of IglE were generated with ten independent runs of DAMMIF that 

were averaged using the DAMAVER suite of programs (Svergun, 1999). The oligomeric 

state for each concentration of IglE was examined using OLIGOMER and SASREFMx. 

OLIGOMER uses the structures of monomer and dimer from the crystal lattice of IglE to 

generate an associated fraction (Petoukhov et al., 2012). For SASREFMx, the structure of 

the monomer of IglE is given with P2 symmetry and restricting the distance between the 

Cα atoms to 7 Å as per the crystallographic dimer. The program generates a dimer within 

these parameters and an associated fraction. From the associated fractions obtained 

experimental dissociation constants Kd were determined using equation 1 where M and D 

represent monomer and dimer, respectively. 

 

Equation 1. Determination of Kd for IglE 

Kd =
[M]2

[D]
  

 

Generation of iglEmon in F. novicida. An unmarked point mutant was generated 

in F. novicida using the sacB counter-selection method as previously described (de Bruin 

et al., 2011). Briefly, an amplicon was generated using mutagenesis primers and primers 
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located 500 bp up and downstream from the iglE gene with flanking XhoI restriction sites 

and also included a novel PstI restriction site at the site of mutation. This amplicon was 

digested with XhoI and ligated into pWSK39 that contains a cassette encoding for 

erythromycin resistance and sucrose sensitivity (sacB). Ligated vector was transformed 

into F. novicida and cells were selected first for erythromycin resistance and 

subsequently for sucrose resistance. Sucrose-resistant colonies were screened by PCR for 

strains that had incorporated the mutant by digesting the PCR product with PstI. 

 

Intramacrophage growth assay. F. novicida strains were grown using tryptic soy 

agar or broth supplemented with 0.1% (w/v) cysteine (TSAC, TSBC). Intramacrophage 

growth experiments were performed as previously described (Schmerk et al., 2009). Mid-

log phase F. novicida U112 or mutants strains derived thereof were applied to cultures of 

J774A.1 murine macrophage cell line maintained in Dulbecco’s modified eagle medium 

with 10 % fetal bovine serum at a multiplicity of infection of 50:1. The cultures were 

infected for 60 minutes to allow uptake of bacteria and then washed 3 times in sterile 

PBS. Cultures were lysed in 1% deoxycholate at time points 0, 6 and 10 hours and 

bacterial counts were taken by serially diluting bacteria in PBS and plating on TSAC 

plates. 

 

2.3 Results and Discussion 

The structure of IglE was solved by multiple wavelength anomalous dispersion 

using a bromide derivative with two molecules in asymmetric unit. This structure consists 

of an eight stranded beta sandwich with a pair of alpha helices inserted between strands 2 

and 3. Specifically, the fold consists of two 4-stranded beta-sheets composed of strands in 

the order of 4-1-7-8 and 3-2-5-6 with the helices tightly packed against the outside of the 

second beta-sheet (Figure 7a). IglE crystallized with a symmetrical dimer derived from a 

2-fold axis within the crystal lattice (Figure 7b). The interface between the molecules is 

composed of mainly hydrophobic residues involving the side chains of Ile39, Tyr40 and 

Val44 (Figure 7c). Also contributing to the association are hydrogen bonds between 

Lys15 and main chain carbonyl oxygens of Ile39 and Val44 and the interaction between 
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the Tyr40 hydroxyl and main chain amide of S36 and carbonyl oxygen of Tyr32. Due to 

symmetry, each of these interactions occurs twice. The dimerisation observed in the 

crystal structure was intriguing as it suggests that it might be relevant within the assembly 

of the T6SS. The protein interface analysis program PISA suggested that this dimer 

would occur in solution leading us to further explore this hypothesis (Krissinel and 

Henrick, 2007). The interface was found to account for 10% of the total accessible 

surface area of IglE or 1360 Å2 divided over two molecules.  
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Figure 7. The structure of IglE. 

a. The structure of IglE is shown coloured from the amino to carboxyl-terminus in a 

gradient from blue to red. b. A cartoon representation of the crystallographic dimer is 

shown with a transparent surface. The surfaces of the individual monomers within 5 Å of 

the opposing molecule are coloured purple or green. c. The molecular details of the 

interface of the IglE dimer with one chain in green and another in cyan. Intermolecular 

hydrogen bonds are shown as dashed lines and the residues involved are labelled.  
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Table 1. Data Collection and Refinement Statistics for IglE, and IglEmon 

Data collection     

Data set IglE 

Peak 

IglE 

Inflection 

IglE 

High Remote IglEmon 

X-ray source SSRL 8-2 SSRL 8-2 SSRL 8-2 Home source 

Resolution range, Å 44.81-1.62 (1.70-

1.62) 

44.81-1.62 (1.70-

1.62) 

44.80-1.70 

(1.79-1.70) 

22.07 - 2.20 (2.32 - 

2.20) 

Space group P21212 P21212 P21212 P21212 

Unit cell (Å) 43.31, 89.61, 

47.75 

43.31, 89.61, 

47.75 

43.31, 89.61, 

47.75 74.56, 53.78, 51.16 

Rmerge† 0.081 (0.467) 0.072 (0.650) 0.076 (0.565) 0.081 (0.383) 

Completeness (%) 99.9 (99.9) 99.9 (99.9) 99.9 (100.0) 99.8 (100.0) 

Redundancy 14.3 (14.3) 8.3 (8.3) 8.3 (8.4) 4.6 (4.7) 

<I/(I)> 21.3 (5.7) 16.4 (3.1) 16.0 (3.4) 11.4 (3.6) 

No. of Reflections 350350 (50210) 203073 (29135) 174408 (25307) 50587 (7347) 

No. Unique 24487 (3507) 24523 (3512) 21138 (3020) 10932 (1569) 

Mosaicity 0.68 0.78 0.85 0.76 

     

Refinement     

Rwork/Rfree (%)+ 
0.16/0.21   0.20/0.27 

No. Of Atoms 2062   1613 

Protein 1706   1495 

Bromide 

14 

   

 

Water 342   116 

             

B factors     

Overall 15.3   21.7 

Protein 13.2   21.1 

Bromide 37.9    

Water 25.7   28.9 

     

R.m.s. deviations     

Bond Lengths (Å) 0.007   0.007 

Bond Angles (°) 1.12   1.1 

     

Ramachandran 

Statistics (%)  

  

 

Preferred 99   99 

Allowed 1   1 

Outliers 0   0 

† Values in parentheses represent the highest resolution shell. 

The hydrophobic dimerisation interface is involved in self association. To 

measure the affinity of the association of IglE, dissociation experiments were conducted 

using isothermal titration calorimetry. As shown in Figure 8a, energy is absorbed upon 

injection of IglE into the ITC cell. As the concentration of IglE in the cell increases, a 
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decreasing amount of energy is absorbed due to dissociation. From the analysis of these 

data a dissociation constant of 0.159 mM  0.100 in addition to ∆H value of 4926  614 

and Chi2
 value of 2.964 was obtained.  

 

Mutagenesis of IglE was performed in order to assess the importance of the interface 

found within the crystal lattice. Mutation of the hydrophobic core of the interface to 

alanine did not disrupt the overall fold of the protein as seen in the crystal structure of the 

mutant (Figure 9). IglE and IglEmon overlay very well with an rmsd of 0.45 Å but the 

symmetrical dimer is no longer observed within the crystal lattice of IglEmon and this 

mutant makes no significant contacts with its neighbours. IglEmon was further tested by 

ITC and was found not to self associate and therefore upon injection into the cell, no 

energy is released (Figure 8b). These data suggest both that the hydrophobic interface 

observed in the crystal structure is required for the self association of IglE and that the 

dimer observed in the crystal structure is representative of the solution state.  
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Figure 8. Dimerisation of IglE. 

a and b. Dissociation of IglE and IglEmon as measured by isothermal titration calorimetry. 

c. The dimerisation of IglE was measured by small angle X-ray scattering. A 

representative curve of the scattering data is shown with a DAMAVER form and dimer 

structure inset. d. The dimer generated from SASREF7mx analysis is shown (green) 

overlain with the crystallographic dimer (grey).  

 

 

 IglE exists as a dimer in solution. To probe the oligomeric state of IglE in 

solution, small angle X-ray scattering (SAXS) was performed (Table 3). It was found that 

as the concentration of protein increases, the radius of gyration (Rg) from both Guinier 
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and Gnom analyses as well as the calculated Dmax increase. Ten models were generated 

for each concentration of IglE using the ab initio bead-modelling program DAMMIF. An 

example of the averaged models from DAMAVER with the crystallographic dimer is 

presented along with an example of experimental diffraction data in Figure 8c (Volkov 

and Svergun, 2003). The χ values associated with the ab initio modelling ranged from 

2.26 to 2.65 for the concentrations tested indicating an acceptable fit. However, 

DAMMIF assumes that only a single species exists in solution and thus is unable to 

accurately analyse mixtures. The programs OLIGOMER and SASREF7mx are able to 

calculate the contribution to the experimental scattering of a mixture of monomer to 

dimer over a range of concentrations using the high resolution structure of IglE. 

OLIGOMER compares the scattering profile of the collected data to the theoretical 

scattering profiles of monomer and dimer. From this comparison it calculates the 

proportion of each theoretical curve to the observed scattering and thus the fraction 

associated. SASREF7mx uses the structure of the monomer and a set of constraints to 

generate a structure of the dimer and also calculates the fraction associated. A summary 

of the data obtained from these programs is presented in Table 3. The two programs agree 

relatively well with one another in terms of associated fraction increasing in step with 

protein concentration. An overlay of the dimer generated from SASREF7mx analysis and 

the crystallographic dimer show that they overlay well with one another (Figure 8d). 

These data support the hypothesis that the dimer observed in the crystal structure exists in 

solution. From the associated fractions dissociation constants were calculated and are 

presented in Table 3. These values are very similar to the dissociation constant obtained 

from ITC analysis as they range from 0.160 to 0.347 mM compared to 0.169 mM for the 

dissociation experiment. Obtaining similar values from two disparate techniques provides 

confidence in the affinity of IglE for itself. 
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Table 2. IglE SAXS Statistics 

 Ab initio modelling 

Proteins Mass 

Rg 

(Guinier)  

Rg 

(GNOM)  I(o) 

Porod 

volume Dmax  Dammif NSD 

mg/mL Da Å Å  Å3  Å   

Ftn 

IglE 12060  

1.5   18.7 ± 1.2 19.2 513.7 29646 76.38 2.65 ± 0.01 

0.540 ± 

0.06 

0.75    18.8 ± 1.6 17.7 260.6 24113 51.76 2.85 ±0.01 

1.06 ± 

0.02 

0.375   17.9 ± 2.5 17.6 121.7 31968 56.20 2.26 ±0.00   

0.974 ± 

0.30 

BSA 66430  

1.7  29.28 ± 0.78 29.53 2825 102421 100 N/A 

 

Table 3. Summary of SAXS-based dimerisation modelling of IglE  

Concentration SASREF7mx OLIGOMER 

mg/ml 
χ Fraction Kd (mM) χ Fraction Kd (mM) 

1.5 2.10 0.370 0.267 2.69 0.326 0.347 

0.75 2.09 0.286 0.222 1.99 0.210 0.369 

0.375 1.84 0.220 0.172 1.32 0.230 0.160 

 

 

 The structure of IglEmon crystallises as a monomer. The crystal structure of 

IglEmon was solved by molecular replacement using wildtype IglE. This structure 

demonstrates the maintenance of the structure of IglE despite the loss of the hydrophobic 

residues that constitute the interface. Furthermore, this protein makes no significant 

contacts with its neighbours within the crystal lattice. These results support the 

hypothesis that the mutations affecting the self association of IglE are strictly disrupting 

the interface as opposed to the overall structure of IglE. 
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Figure 9. The structure of IglEmon overlaid with IglE 

A cartoon representation of an overlay of IglE (green) and IglEmon (cyan) is shown. The 

relevant residues are also shown for each of the two proteins and overlay well despite the 

amino acid changes in IglEmon.  

 

The combination of the SAXS analysis, ITC and X-ray crystallography of IglE 

and IglEmon provides strong evidence that in solution IglE exists as a dimer. It is 

important to note that in vitro the truncated protein lacks a lipid attachment site and has a 

relatively weak binding affinity. On the other hand, in F. novicida IglE would be more 

likely to interact with itself due to the effect of avidity as the degrees of freedom are 

restricted due to its attachment to the outer membrane. Therefore, it is highly likely that 

IglE is able to form this dimer within the context of the T6SS. 
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Figure 10. Intramacrophage growth of F. novicida with mutants of IglE.  

The mutants of F. novicida encoding for IglEmon or IglE K/O were attenuated in growth 

especially at the 10 hour time point. Complementation using the wild type gene overcame 

this growth defect and allowed F. novicida to grow at wild type levels. Analysis of the 

differences among the growth patterns of different strains was done by a two-way 

analysis of variance. At the 6 hour time point, no significant difference is observed 

(P>0.05). At the 10 hour time point, there is a significant difference between wildtype 

and iglEmon (P<0.001). There is also a significant difference between iglEmon and ∆iglE 

(P<0.001). 

 

Dimerisation of IglE is necessary for the function of the molecular complex 

formed by the FPI. To investigate the relevance of dimerisation of IglE in F. novicida, 

the IglEmon interface mutations were introduced into the F. novicida genome. An 

intramacrophage growth assay was conducted using wild type, the dimerisation mutant, 

an isogenic deletion mutant and complemented strains for each of these mutants. The 

dimerisation mutant strain was attenuated for intramacrophage growth compared to wild 

type (P<0.001) but not as much as ∆iglE (P<0.001). The complemented strains restored 

wild type-like growth for both the deletion mutant and the dimerisation mutant (Figure 

9). For complementation of iglE, the promoter of PdpA was necessary because the 

normal constitutive Francisella promoter was not sufficient to complement the deletion 
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of iglE in previous studies from our group (de Bruin et al., 2011). This suggests that 

timing and stoichiometry for the expression of IglE may be particularly important 

compared to the other FPI genes that were successfully complemented previously.  

 

The intramacrophage growth assay results suggest that the residues involved in 

the dimerisation interface of IglE in the crystal structure are necessary for the full activity 

of the secretion system and supports the hypothesis that IglE dimerises in vivo. However, 

truncation of the side chains of the hydrophobic residues does not necessarily block the 

oligomerisation of IglE and thus may not completely impair its function. As observed, the 

dimerisation mutant strain is still able to replicate within macrophages suggesting that the 

protein is able to perform its function at a reduced level. The impaired replication of the 

dimerisation mutant suggests that the hydrophobic interface revealed in the crystal 

structure is involved in its function possibly mediating dimerisation. The anti-parallel 

arrangement of the dimer means that the binding site is either a symmetrical site located 

on the face of the dimer bearing the helices away from the membrane or is a pair of 

binding sites that would exist on either side of the dimer. To test these models of 

assembly the stoichiometry of the interaction is an important aspect. If each IglE dimer 

has two binding sites, then it could interact in a 1:1 ratio with TssM but if dimerisation 

results in one symmetrical binding site then the ratio of IglE to TssM would be 2:1. 

Further in vitro studies could elucidate the composition of a protein complex of TssM and 

IglE by SAXS or ITC and provide further details on the assembly of the T6SS. 

  



 40 

 

IglE is structurally homologous and functionally analogous to TssJ. A 

comparison of IglE and the three available TssJ homologue structures demonstrates the 

conservation of the fold despite no significant sequence identity between the proteins 

(Figure 11A) (Felisberto-Rodrigues et al., 2011; Rao et al., 2011b; Robb et al., 2013). 

IglE is smaller than the three others but the eight stranded beta-sandwich fold is 

conserved. Rather than just two, the TssJ proteins have three helices inserted between 

strands two and three. The fold is conserved between these proteins but the rmsd is rather 

high and sequence identity low between homologues suggesting a very distant 

evolutionary relationship (Table 5). One critical difference can be observed from the 

comparison of TssJ and IglE. Loop 1 between strands 1 and 2 has been shown to be 

critical for TssJ function in E. coli and appears to be conserved in terms of sequence and 

structure among the other TssJ homologues is significantly shorter in IglE. This may 

represent an important difference for the mechanism of binding to TssM and whether the 

shorter loop is recognized is an interesting question (Figure 11B).  
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Figure 11. Comparison of TssJ from P. aeruginosa, S. marcescens, E. coli and IglE 

from F. novicida. 

A. The structures of PaTssJ1, SmTssJ and EcTssJ are shown alongside IglE. The 

structures are coloured by secondary structure. Loop 1 that is truncated in IglE is circled. 

B. Structure based sequence alignment of IglE and TssJ structural homologues. The 

sequence alignment was generated using the Dali server and the figure was generated 

using ESpript. Secondary structure of IglE is shown above the sequence. The truncated 

loop 1 is highlighted with a dashed box. 
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Dimerisation of the TssJ homologues as IglE appears to not be conserved. The 

interfaces between the molecules in the crystal lattice are less significant and not formed 

by hydrophobic residues as in IglE. Furthermore, the residues involved in the 

dimerisation interface are not conserved in the other TssJ homologue structures (Figure 

11b). SmTssJ was shown to self associate by bacterial two hybrid but the authors 

couldn’t discern what interface was responsible as it crystallized as a tetramer. The 

authors further attributed this effect to the protein’s intrinsic propensity to bind protein 

rather than a biological effect (Rao et al., 2011b). The other two form no significant 

interactions within the crystal lattice. These results suggest that the proteins have a distant 

common ancestor. However, without more sequence information it will not be possible to 

discern the oligomeric state of the ancient homologue. As shown in Table 4, these 

proteins generally have highly similar structures and low sequence identity. IglE just 

happens to stand out further with practically no sequence and lower structural identity. 

 

Table 4. Sequence and structural identity across TssJ homologues (%id, rmsd (Å)) 

 PaTssJ1 EcTssJ SmTssJ IglE 

PaTssJ1  25, 1.7 26, 1.4 9, 2.7 

EcTssJ 25, 1.7  17, 1.5 15, 2.4 

SmTssJ 26,  1.4 17, 1.5  9, 2.6 

FtIglE 9, 2.7 15, 2.4 9, 2.6  

 

The FPI encodes for an outlying T6SS that includes a relatively small number of 

genes that share sequence identity with core Tss genes (Boyer et al., 2009). However, the 

demonstration that IglC shares the fold with Hcp despite sharing no sequence identity 

suggested that the systems are more similar than originally anticipated (de Bruin et al., 

2011). Here this trend is extended to the periplasmic outer membrane lipoprotein IglE. 

This protein has been shown to be lipidated and localised to the outer membrane (Nguyen 

et al., 2014). Interestingly, IglE has also been shown to interact with TssM (Robertson et 

al., 2013) reminiscent of the conserved protein TssJ that also binds TssM. Here, we 

demonstrate that IglE shares the fold of TssJ despite no significant sequence identity. The 
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structure of IglE in addition to the localisation and binding partner suggests that IglE 

represents an extremely distant relative of the TssJ family.   

 

We also have shown that IglE dimerises in vitro and provide evidence that this 

might also be the case within the cell. A symmetrical dimer of IglE within the context of 

the T6SS would result in potentially two binding sites if the residues involved in the 

interaction are localised to loop 1 as in EcTssJ (Felisberto-Rodrigues et al., 2011). The 

oligomerisation of TssJ structural homologues is not likely to be the case due to the 

absence of a similar hydrophobic interface between TssJ molecules in the crystal 

structures. Assuming the dimerisation of IglE is unique compared to TssJ it follows that 

the binding mechanism of IglE might also be unique and possibly involves an interface 

involving two IglE molecules for each TssM molecule as opposed to a one to one 

interaction in the case of TssJ. 

 

Overall, the oligomerisation of IglE within the FPI encoded T6SS has been 

investigated and the structural homology between IglE and TssJ has been revealed. These 

results further the hypothesis that distantly related T6SS encode for structural 

homologues to typical T6SS genes despite sharing no sequence identity. The structure 

itself also extends the molecular characterisation of the FPI encoded T6SS and brings the 

number of FPI structures available up to three, currently more than any other system.  

 



 

 

44 

Chapter 3: Structural characterisation of the type six secretion 

component protein TssL (DotU) from Francisella novicida 

 

Robb, C. S., Nano, F.E., Boraston, A.B. Journal of Molecular Biology. 2012 419(5): 

277-83. 

 

Contributions to Research: Target identification, cloning, purification, crystallisation, 

structure solution, interpretation, bioinformatics, manuscript and figure preparation. 

 

3.1 Introduction 

The T6SS in Gram negative bacteria represents a new type of secretion system 

(Cascales, 2008). The 13 conserved components of the apparatus have been identified in 

many organisms including both pathogens and environmental bacteria (Boyer et al., 

2009). Numerous studies of T6SSs in a variety of Gram negative bacteria suggest that it 

can be adapted to be used for different purposes. For example, V. cholerae has a T6SS 

that is capable of injecting virulence factors directly into amoeba or mammalian cells 

whereas, P. aeruginosa uses one of its T6SSs to target other bacteria (Hood et al., 2010; 

Ma et al., 2009a). In F. novicida, a pathogenicity island encodes for distantly related 

T6SS essential for virulence and intramacrophage replication (Barker et al., 2009).  

 

High resolution structures are an important aspect for the complete understanding 

of the mechanism of assembly and secretion of the T6SS yet comparatively little progress 

has been made in this area. Of the common proteins found in T6SSs, only the structures 

of VgrG, Hcp and TssJ (SciN) from various bacteria have been reported (Felisberto-

Rodrigues et al., 2011; Mougous et al., 2006; Pukatzki et al., 2007; Rao et al., 2011b). 

Hcp and VgrG share homology with bacteriophage components; both are part of the 

secretion apparatus yet are also found as secreted components. The structure of TssJ was 

the first membrane bound core T6SS component to be reported (Felisberto-Rodrigues et 

al., 2011).  
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Although the T6SS appears to be widely distributed and involved in a variety of 

functions, the core secretion apparatus components appear to be generally well 

conserved. A variety of genetic and biochemical approaches have been applied to model 

T6SSs and these have identified a large core complex, which consists of at least TssL 

(DotU), TssM (IcmF), TssJ (SciN) and TssB (Zheng and Leung, 2007). The TssL and 

TssM proteins typically occur as a pair and are among the most highly conserved of the 

T6SS components. This pair of proteins is also present in the B subclass of T4SSs, 

T4BSS. However, in the T4BSS they are thought to be accessory proteins since they 

appear to be dispensable for the function of the apparatus (Sexton et al., 2004).   

 

TssL and TssM are essential components in the T6SS yet little is known about 

either their structures or functions. Here we present the X-ray crystal structure of a 

soluble fragment of TssL from F. novicida. This polypeptide displays an all α-helical fold 

that is unique among proteins of known folds. Though the F. novicida TssL, called 

Ftn_TssL, is at the fringes of the TssL protein family with about 15% amino acid 

sequence identity to examples found in well-studied T6SSs from V. cholerae and P. 

aeruginosa, bioinformatic analyses indicate that Ftn_TssL is an accurate structural 

representative for the TssL family of proteins. Residue conservation mapped onto the 

structure of Ftn_TssL provides some insight into what may be a functional site of the 

protein. This structure is only the fourth of core components of the T6SS and thus 

contributes to the foundation of understanding the overall structure and assembly of the 

T6S apparatus. 

 

3.2 Materials and Methods 

The gene fragment encoding residues 1-182 of 207 residues of the F. novicida 

protein Ftn_TssL (Ftn_1316, YP_898946) was amplified by PCR using the forward 

primer CAT ATC GCTAGC ATG AAA GAC TTT AAA GAG and reverse primer GGT 

GGT CTCGAG TTA TTT AAG CGT CTT AC and cloned into the pET-28b (Novagen) 

expression vector via NheI and XhoI restriction sites. The final construct encoded the 
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protein of interest fused to an N-terminal hexahistidine-tag by an intervening thrombin 

cleavage site, referred to as Ftn_TssLC. Protein was produced in E. coli BL21 (DE3) in 

2L 2xYT cultures and lysed using an Emulsiflex continuous homogenizer in 20 mM 

TRIS, pH 8.0, with 500 mM NaCl. Ftn_TssLC was purified from clarified lysate by 

immobilized metal affinity column and purified protein was concentrated on a stirred 

ultra filtration device with a 10 kDa membrane cut-off to 2 mL (Amicon). This was 

followed by size exclusion chromatography using a Sephacryl S200 column (GE 

Biosciences) using 20 mM TRIS, pH 8.0; pure fractions were concentrated to 20 mg/mL 

for crystallisation experiments. Diffraction quality crystals were obtained by hanging-

drop vapour diffusion at 18oC when mixed in a 1:1 ratio of protein solution to 

crystallisation solution comprising 0.115 M potassium bromide, 0.1 M TRIS, pH 8.5, 

20% PEG 3350. Crystals were cryo-protected in crystallisation solution supplemented 

with 1 M potassium bromide and 20% ethylene glycol. Diffraction data were collected at 

100 K at the Stanford Synchrotron Radiation Laboratories, Beamline BL9-2, (Stanford, 

California) at a wavelength of λ = 0.91946. Crystals were also obtained by the same 

method in 0.1 M TRIS, pH 8.8, 20% PEG 3350. Crystals derivatised with gold (III) 

chloride were obtained by soaking a crystal from this condition for four days in 100 μM 

AuCl3, which was prepared in crystallisation solution. Crystals were cryo-protected in 

crystallisation solution supplemented with 20% ethylene glycol. Diffraction data were 

collected at 113 K on a Micromax 002 X-ray source equipped with Osmic Blue Optics, 

an Oxford Cryo 700 System and an R-AXIS IV++ area detector. Data processing and 

scaling were done using MOSFLM, POINTLESS and SCALA (Evans, 2005). Attempts 

at phasing using only the anomalous data for the bromide data set did not provide phases 

of sufficient accuracy to allow model building. However, single isomorphous 

replacement with anomalous signal (SIRAS) using the bromide data as native and the 

gold as the derivative could be used in AUTOSHARP (Vonrhein et al., 2007). Automatic 

model building was performed with ARP/WARP (Langer et al., 2008) followed by model 

completion by successive rounds of manual building in COOT (Emsley et al., 2010) and 

refinement with REFMAC (Murshudov et al., 2011). Water molecules were added using 

COOT:FINDWATERS and manually inspected after refinement. Refinement procedures 
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were monitored by flagging 5% of all observation as ‘free’ (Brunger, 1992). Model 

validation was performed with MolProbity (Chen et al., 2010). 

3.3 Results and Discussion 

Table 5. Data collection and refinement statistics 

 Ftn_TssLC Au Ftn_TssLC KBr 
Beam line MM-002 (“home beam”) SSRL BL9-2 
Wavelength (Å) 1.5418 0.91946 
Space group P21 P21 

Cell dimensions        
 a, b, c (Å) 39.31, 85.31, 66.99 39.66, 85.84, 67.71 
 β (°) 102.38 102.93 
Resolution range (Å)* 24.75–2.50 (2.60–2.50) 65.99–2.15 (2.27–2.15) 
Total no. of reflections 198,225 184,519 
No. of unique reflections 15,228 24,116 
Average redundancy 13.2 (12.2) 7.7 (7.6) 
Completeness (%) 98.3 (93.2) 99.9 (99.9) 
Rmerge 0.124 (0.499) 0.082 (0.406) 
I/σ(I) 10.8 (4.1) 14.9 (5.0) 

   

Refinement   
 Resolution (Å) 2.5 2.15 
 No. of reflections 14,199 22,858 
 Rwork/Rfree 0.22/0.28 0.19/0.25 

 No. of atoms   
   Protein (A, B) 1293, 1279 1296, 1307 
   Ion 13 (Au) 4 (Br) 
   Water 45 163 

 B-factors (Å2)   
   Overall 46.3 37.6 
   Protein (A, B) 43.1, 52.0 41.7, 33.4 
   Ion 54.0 (Au) 67.0 (Br) 
   Water 44.9 41.6 

R.m.s. deviations   
   Bond lengths (Å) 0.016 0.008 
   Bond angles (°) 1.59 0.97 

 Ramachandran statistics (%)   
   Favoured 94.8 96.1 
   Allowed 5.2 3.9 
   Outlier 0 0 
PDB id 4ACK  

* Values in parentheses represent values for the highest resolution shell 

The structure of the Ftn_TssL soluble domain. Ftn_TssL is a cytoplasmic 207 

amino acid protein with a predicted 22 amino acid transmembrane helix at its C-terminus. 
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Heterologous expression in E. coli of a gene fragment encoding a polypeptide comprising 

residues 1-185 of Ftn_TssL resulted in the production of soluble and stable protein, 

which we refer to as Ftn_TssLC. This protein crystallized in the space group P21 with 

two protein monomers in the asymmetric unit. The structure of Ftn_TssLC was solved by 

single isomorphous replacement with anomalous signal (SIRAS) to a resolution of 2.15 Å 

using a gold derivative. The final model refined against the 2.15 Å resolution data 

comprises the two molecules in the asymmetric unit with 152 amino acid residues built 

for monomer A (residues 1-22 and 27-155) and 153 amino acids built for monomer B 

(residues 1-23, 25-112, and 114-156). The monomers display a root mean square 

deviation (RMSD) of 0.56 Å reflecting the slight differences in the flexible loops of the 

protein. The contacts between monomers in the crystal lattice do not suggest the presence 

of a biologically relevant multimer. This is consistent with observation that Ftn_TssLC 

appears as monomer as judged by gel filtration chromatography and therefore does not 

likely contribute to oligomerisation of this protein.  

 

Ftn_TssLC possess an all α-helical structure where the overall arrangement has 

N-terminal and C-terminal three-helix bundle domains that are joined by a short α-helix 

and fused by a hydrophobic interface (Figure 12A). The N-terminal domain comprises 

three 24 residue α-helices (α1, α2 and α3), which have an anti-parallel arrangement. The 

C-terminal three-helix bundle also has anti-parallel topology though with a slightly 

twisted assembly. Furthermore, the three α-helices comprising this domain (α5, α6 and 

α7) are somewhat shorter than those in the N-terminal domain at 14 residues per α-helix. 

The two domains are joined by a 17 amino acid segment that contains a small six amino 

acid α-helix (α4).  
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Figure 12. Overall structure of Ftn_TssLC. 

A. Helices are numbered from 1-7 and the N and C-termini are labelled. The longer 

helices in the first 3-helix domain is coloured light blue, the shorter C-terminal helices 

are labelled purple and the short linker helix is coloured yellow. B & C Representations 

of the internal 3-helix bundles that form the association of the N- and C-terminal domains 

of Ftn_TssLC. Relevant residues forming the hydrophobic interfaces are shown in stick 

representation, and the helices are coloured according to their presence in the N-terminal 

domain (blue) or in the C-terminal domain (red). 

 

The N- and C-terminal domains associate via an extensive hydrophobic interface 

to form a compact globular protein (Figure 12B and C). This interface involves primarily 

α-helices α1, α3, α5, and α6. The latter α-helix packs in the groove formed at the 

interface of α1 and α3 to form an inter-domain three-helix bundle with a parallel 

arrangement of the α-helices and a hydrophobic core. The helix α5 lies against the 

surface made by α3 and α6, roughly at the interface of these two helices but at an angle 

and in an anti-parallel pose.  
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The overall fold of Ftn_TssLC is essentially a fusion of two three helix bundles, 

each of which has been previously observed. A DALI (Holm and Sander, 1998) search 

performed using the coordinates of Ftn_TssLC, revealed low structural similarity to other 

helix bundle containing proteins. The N-terminal domain of Ftn_TssLC on its own 

(residues 1-82) has reasonable structural identity with other 3-helix bundles. For 

example, an HIV epitope scaffold (PDB: 3lg7; Z-score 8.9; RMSD 3.6 Å; number of 

residues aligned 82; %ID 11) and the spectrin alpha chain (PDB: 1owa; Z-score 8.8; 

RMSD 3.4 Å; number of residues aligned 78; %ID 15) were the two best hits (Correia et 

al., 2010; Park et al., 2003). The C-terminal domain (residues 97-156) on its own 

exhibited no significant structural similarity to other known structures. These results 

indicate that though one domain of Ftn_TssLC show some structural identity to other 

proteins, or fragments of proteins, the two domains of the protein are fused to produce a 

unique overall fold. 

 

The structure of Ftn_TssL represents the TssL family. The TssL family is a 

diverse protein family that is present not only in T6SSs but also T4BSSs. Canonical 

members from each system include Pa_TssL1 (PA0078) and Lp_TssL (Lpg0459) for 

T6SS and T4BSS, respectively. Although Ftn_TssL might be considered an outlier 

compared to these proteins, having an amino acid identity of only approximately 15% 

with them, it is a member of the Pfam DUF2077 (E value 9.4e-11) along with these 

canonical TssL members. It has become increasingly clear that sequence identity is not 

always an accurate metric for how similar two proteins are as primary structures can be 

highly divergent but adopt the same tertiary structure. The atomic interaction network of 

the fold-conserved solvent-inaccessible residues dictate the overall fold but predictive 

software based on this is not currently available (Kelley and Sternberg, 2009). Another 

way of examining structural similarity is the alignment of secondary structure motifs. 

Through its “one-to-one” threading capabilities the web based program Phyre2 allows the 

comparison a target amino acid sequence of unknown tertiary structure with a template of 

known structure. The known and predicted hidden Markov models (HMM) of the 

template secondary structure are compared to the predicted HMM of the query sequence 

secondary structure. A confidence level is calculated based on how similar the HMMs of 
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the two proteins thus provide an evaluation of potential structural identity between the 

target and template proteins. Ftn_TssLC was used as a template and separately compared 

with the sequences of the two representative members of the T6SS and T4BSS, 

PA_TssL1 and LP_TssL, respectively, using this approach. Comparison of Ftn_TssLC 

with both LP_TssL and PA_TssL1 produced highly coherent secondary structures and a 

confidence level of 100.0% (Figure 13A). This indicated that it is highly likely that both 

LP_TssL and PA_TssL1 adopt a tertiary structure that is very similar to Ftn_TssLC. This 

approach was extended using the “Backphyre” functionality of the Phyre2 server. In this 

related but less biased approach a template structure can be used to probe the Backphyre 

database of available HMM annotated genomes, which presently numbers 22, for 

potential structural homologs in these genomes. Three T6SS encoding organisms are 

currently present in the Phyre2 database. A. tumefaciens, Pseudomonas aeruginosa and 

Yersinia pestis each encode 1, 3 and 5 T6SS clusters, respectively. Ftn_TssLC was used 

to probe this database, which identified all 9 possible TssL members. Thus, despite the 

low amino acid sequence identity of Ftn_TssL with other TssL members, the fold 

determined for Ftn_TssLC may be representative of the entire TssL family. 



 

 

52 

 

Figure 13. Ftn_TssLC is a representative structure for the TssL family despite its 

low sequence identity with other TssL proteins.  

A. Structural alignment of predicted secondary structure from Pa_TssL1 (PA0078) and 

Lp_TssL (Lpg0459) with the structure of Ftn_TssLC. Alignments were generated using 

Phyre2 “one-to-one” structural comparison (Kelley and Sternberg, 2009). The figure was 

generated using ESPript (Gouet et al., 2003). KS, known structure; PS, predicted 

structure. B. Conservation from 497 sequences aligned using PSI-Blast are mapped onto 

the structure using Consurf (Ashkenazy et al., 2010). 

 

Biological role and conserved residues. As one of the most highly conserved 

T6SS proteins, TssL is considered a core structural component of the T6SS. It is a critical 

part of the multi-component complex which is embedded in the inner membrane and 
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extends across the periplasm (Aschtgen et al., 2010b). Knockouts of the gene locus 

encoding TssL have been performed in a number of organisms resulting in the loss of 

secretion of Hcp, which is considered a correlate for a functional secretion apparatus 

(Zheng & Leung 2007; Ma et al. 2009; Zheng et al. 2011). In Francisella novicida, TssL 

is essential for intramacrophage growth and has been localised to the inner membrane 

binding to its conserved partner PdpB (TssM; DUF1215) in Francisella novicida (de 

Bruin et al., 2011). From the structure, with no apparent catalytic residues of any kind, it 

seems reasonable that TssL is purely a structural component of the apparatus. The N-

terminal domain, with its C-terminal transmembrane domain, faces the cytoplasm and is a 

key component of the cytoplasmic face of the T6S apparatus. 

 

To examine the role of conserved residues in the TssL family, a multiple 

alignment generated using PSI-Blast and including 497 sequences was mapped onto the 

structure of Ftn_TssL using Consurf (Figure 13B) (Ashkenazy et al., 2010). As one might 

expect, conserved residues were generally at the core of the fold mediating the close 

interaction of the two domains as previously described (Soundararajan et al., 2010). The 

Consurf analysis also revealed a surface exposed cleft which lies at the interface between 

the two domains. Conservation of these surface exposed residues, which lie in a clearly 

defined cleft, suggests that they may be functionally relevant. It seems reasonable to 

postulate that this may be the binding site of TssL’s conserved binding partner TssM. We 

sought to characterise this binding event in detail, however TssM was not possible to 

produce from Francisella novicida or other homologues. The structure presented here 

represents the fourth core structural component of the T6SS to have its structure solved. 

The identification of a potential binding site may guide further experiments that probe the 

architecture of the cytoplasmic face of the T6SS.  
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Figure 14. Comparison of TssL structures 

The structures of TssL from V. cholerae (green), E. coli (cyan) compared to FtnTssL 

(yellow). It is unclear whether the extended C-terminus of EcTssL reflects the orientation 

of the protein in the cell or is simply an artifact of crystallisation. The N and C-termini 

and secondary structure elements are labelled. The additional helices αA and αB are 

labelled in bold. 

 

The structures of TssL from V. cholerae and E. coli have also recently been 

reported (Chang and Kim, 2015; Durand et al., 2012). EcTssL and VcTssL TssL 

molecules adopt the same fold as Ftn_TssL (Figure 14). Despite lower than 20 % 

sequence identity these proteins are structurally very similar. The rmsd between FtnTssL 

and either EcTssL (rmsd 2.03 Å, 134 Cα) or VcTssL (rmsd 2.45 Å, 121 Cα) suggests that 

EcTssL is structurally more similar than VcTssL to FtnTssL. Three major differences in 

the structures were revealed upon comparison of the three homologues. The first 

difference was in the number of helices in the structure. Although not significantly longer 

both EcTssL and VcTssL possess more helices than the 7 observed in FtnTssL. The two 

other proteins share an additional helix prior to helix 4 (αA) in the linker between the two 

3-helix bundles. VcTssL has a further helix between helices 6 and 7 (αB) that in the other 
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two structures is simply a loop. Another difference found in EcTssL where the crystal 

packing revealed dimerisation. This appears to be unique to EcTssL as both FtnTssL and 

VcTssL had monomeric crystal packing. Finally, the structure EcTssL also exhibited an 

ordered C-terminal loop that suggests that the transmembrane helix would orient the 

conserved putative binding site towards the membrane. However, the orientation of TssL 

relative to the membrane remains unclear because crystal packing does not provide 

reasonable evidence due to the inherent flexibility of such an unstructured loop. 

Combined these results suggest that the structure of the cytoplasmic domain of TssL is 

broadly conserved across diverse species of bacteria.  
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Chapter 4: Structural and functional characterisation of the 

peptidoglycan binding anchor of the H1-T6SS from Pseudomonas 

aeruginosa 

 

Contributions to Research: Target identification, cloning, purification, crystallisation, 

structure solution, interpretation, bioinformatics, manuscript and figure preparation. 

4.1 Introduction 

In the preceding chapter the cytoplasmic domain of TssL was described. In this 

chapter the periplasmic domain of the TssL1 from P. aeruginosa shall be examined. This 

domain belongs to a group of proteins known as peptidoglycan binding modules (PBMs) 

that are important for the stability of systems such as the flagellar motor. These modules 

are thought to act as anchors within the T6SS apparatus, offering structural stability by 

binding the peptidoglycan mesh though not all T6SS have an easily discernable PBM. 

However, the requirement of a functional PBM in the instance of the T6SS from E. coli 

has been demonstrated (Aschtgen et al., 2010b). Many of the other PBMs associated with 

T6SS clusters belong to the OmpA family and the interaction of OmpA with the peptide 

portion of peptidoglycan has been described in detail (Aschtgen et al., 2010a; Park et al., 

2012). However, there exists a group of T6SS PBMs called “evolved TssLs” that belong 

to a subgroup of the OmpA family typified by MotB. MotB anchors the flagellar motor to 

the cell wall thus facilitating flagellar rotation and motility (Blair et al., 1991). However, 

structures of MotB have an occluded peptide binding site and have also been shown to 

interact with N-acetylmuramic acid on the opposite face of the protein (Roujeinikova, 

2008). This observation is despite the fact that the residues involved in peptide 

recognition are essential for the function of MotB (Blair et al., 1991). Evolved TssLs 

carry a C-terminal OmpA family domain in addition to their normal cytoplasmic domain. 

PaTssL1 from P. aeruginosa is a putative integral inner membrane protein that, using its 

single transmembrane helix, extends into the periplasm to bind the peptidoglycan mesh 

with its PBM. 
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Towards the goal of better understanding the structure and function of T6SS 

apparatus components, the MotB-like PBM, here called PaTssL1_P, from the core T6SS 

protein TssL1 from P. aeruginosa was solved to 1.45 Å. The overall fold of PaTssL1_P 

is consistent with other OmpA family proteins. The conserved peptide binding site of 

OmpA is present although it is occluded by extended loops as previously seen in MotB. 

We demonstrate that although the loops occluding the peptide binding site appear 

flexible, no binding to the peptide substrate can be observed. This is in contrast to weak 

binding to N-acetyl muramic acid as seen for MotB that we also detected for PaTssL1_P. 

Here we demonstrate that the evolved TssL family of PBMs bind to peptidoglycan 

through a complex mechanism that cannot be readily understood. 

4.2 Materials and methods 

Production, Purification, and Crystallisation of PaTssL1_P. The gene fragment 

encoding residues 299-449 of PaTssL1 (PA0078) was amplified by the polymerase chain 

reaction using P. aeruginosa PAO1 genomic DNA as a template and the DNA product 

cloned into pET-28b using standard cloning protocols and the restriction enzymes NheI 

and XhoI to generate pET28-PaTssL1_P. 2L cultures of E. coli BL21 (DE3) transformed 

with pET28-PaTssL1_P were grown in 2YT media supplemented with kanamycin to a 

density of 1.0; protein production was induced with the addition of IPTG to a final 

concentration of 0.5 mM. Cells were harvested, lysed, and the recombinant protein 

purified by immobilized metal affinity chromatography (IMAC) using methods identical 

to those previously described (Robb et al., 2010). The protein was concentrated to 

30 mg ml-1 (as determined using absorbance at 280 nm extinction coefficient of 0.369 g-

1L) in 20 mM Tris-HCl, 250 mM NaCl, pH 8.0 (Gasteiger et al., 2003). Crystals were 

obtained by the sitting drop vapour diffusion method at 291K in 1.4M sodium/potassium 

phosphate pH 6.9. The crystals, which appeared in 2-3 days, were cryoprotected in 

crystallisation solution supplemented with 30% ethylene glycol and flash-cooled directly 

in a N2 cryo-stream at 113K. 

 

X-ray data collection, structure determination and refinement. X-ray diffraction 

data were collected on an instrument comprising a Rigaku R-AXIS IV++ area detector 
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coupled to a MM-002 X-ray generator with Osmic "blue" optics and Oxford Cryostream 

700. The crystal diffracted to at least 1.4 Å and 216 images were collected with an 

oscillation angle of 0.5°. The data were processed in space group P212121 using iMosflm 

(Leslie, 2005), SCALA (Evans, 2005), using the CCP4 program suite (Collaborative 

Computational Project, Number 4, 1994). The data was truncated at 1.45 Å at 95% 

completeness in the highest resolution bin. The data set had overall and outer shell Rmerge 

values of 4.4% and 23.5%, respectively (Table 1). 

 

A search model for molecular replacement was prepared with Chainsaw (Stein, 

2008) using one monomer from the structure of DVU_2228 (PDB: 3khn; New York SGX 

Research Center for Structural Genomics). Phaser (McCoy et al., 2007) was used to find 

one molecule in the asymmetric unit; this initial model was corrected and completed by 

successive rounds of refinement using Refmac (Murshudov et al., 2011) and rebuilding in 

Coot (Emsley et al., 2010). The complete model included residues E304 to E446 of 

PaTssL1, 181 water molecules, 1 ethylene glycol and 1 phosphate ion from the buffer 

solution. The final R factor and Rfree were 14 % and 17%, respectively (Table 1). The 

structure was validated using MolProbity (Chen et al., 2010) and deposited to the PDB 

with accession code 4b62.  

4.3 Results and Discussion 

The structure of recombinant P. aeruginosa PaTssL1_P was determined by 

molecular replacement using a distantly related MotB domain with one molecule in the 

asymmetric unit (Table 6). This protein adopts a compact fold that is composed of a 5-

stranded β-sheet with four helices with a topological order of α/β/β/α/β/α/β/α/β (Figure 

15). Two parallel (β1, β5) and three anti-parallel (β2, β3, β4) β-strands form this β-sheet 

order in the order β1β2β5β3β4. The four helices pack against one face of the β-sheet. The 

loops at one end of the beta-sheet (β2α2, β3α3, β4α4) are elongated and, based on 

temperature factor distribution, flexible, while the loops at the other end are short and 

well ordered (β1β2, α2β3, α3β4) (Figure 16). This temperature factor observation is in 

agreement with the same observations for MotB (Roujeinikova, 2008).  
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Figure 15. The structure of the peptidoglycan binding module from PaTssL1 

The periplasmic domain of PaTssL1 (residues 304-446) consists of a single domain. The 

structure is colour ramped blue to red from the N to C-terminus and the secondary 

structure elements are sequentially numbered.  
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Table 6. Data collection and refinement statistics 

  PaTssL1 

Beam line MM-003 

Wavelength (Å)  1.5419 

Space group P212121 

Cell-dimensions (a, b, c) Å 30.24, 51.70, 79.64 

Resolution range (Å) 21.83-1.45 (1.52-1.45) 

Total No. reflections 80204 

No. unique reflections 22823 

Average redundancy 3.5 (3.0) 

Completeness (%) 98.8 (95.1) 

Rmerge 0.044 (0.235) 

<I/σ (I)> 14.3 (3.4) 

Refinement   

Resolution (Å)  1.45 

No. of reflections  29635 

Rwork/Rfree  0.14/0.17 

No. of atoms   

    Protein 1131 

    Ion (PO4) 5 

    Water  186 

B-Factors (Å2)   

    Overall 16.6 

    Protein  14.9 

    Ion (PO4) 22.8 

    Water  27.2 

R.m.s. deviations  

    Bond lengths (Å)  0.0074 

    Bond angles (degrees)  1.5 

Ramachandran statistics   

    Favoured (%)  96.9 

    Allowed (%)  3.1 

    Outlier (%)  0 

PDB Accession code 4B62 
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Figure 16. B-factor representation of PaTssL1 

B-factors are coloured as indicated in the legend. Higher B-factors indicate less 

confidence in an atoms location or can be interpreted as higher flexibility. 
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Figure 17. Structural comparison of PaTssL1 and representative OmpA family 

proteins 

A structural comparison of PaTssL1, HpMotB, SeMotB, EcPal and AbOmpA is shown. 

The important structural feature to follow is the β3-α3 loop of PaTssL1 that is extended 

in PaTssL1 and MotB but absent in OmpA and Pal. 

 

The OmpA family of proteins is largely structurally conserved with the 

topological order of alternating α-helices and β-strands and the overall fold is largely 

conserved. From the structures available (5 OmpA and 3 MotB), the minimal fold 

appears to be a four-stranded β-sheet with three helices (equivalent to β2 – β5 in 
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PaTssL1) (Grizot and Buchanan, 2004; Kojima et al., 2009; Park et al., 2012; Parsons et 

al., 2006; Roujeinikova, 2008). Many structures, including PaTssL1 have additional 

secondary structure elements added to either terminus. Most of the available structures 

begin with an α-helix and an additional β-strand prior to the minimal fold as seen in 

PaTssL1 (Figure 17). The key structural feature that delineates the MotB subgroup of the 

OmpA family is the extension of the β3α3 loop that occludes the putative peptide binding 

site. This feature is conserved in PaTssL1 and related evolved TssL proteins. The 

elongated loop appears in a sequence alignment as a 4 – 5 amino acid insertion between 

the peptide binding residues with a conserved Pro-Ile motif just before the insertion 

(Figure 18). The functional implications of this loop occluding the binding site are not 

entirely clear. Molecular dynamic simulations using the H. pylori MotB protein 

demonstrated that the loops are able to move in a concerted fashion and reveal the 

conserved binding site (Reboul et al., 2011). This would suggest that in solution, high 

concentrations of the substrate meso-diaminopimelic acid (mDAP) would be able to 

access the conserved binding site. It is possible that these loops aid in inserting the 

protein into the peptidoglycan mesh or that a specific recognition element is required for 

a conformational change such as subcellular localisation. Another structural feature 

unique to PaTssL1 compared to MotB proteins is that within the crystal lattice, it does not 

make significant contacts with neighbouring monomers. This is in comparison to the 

conserved dimer which has appeared in the MotB structures and is thought to be 

functionally relevant as it would allow simultaneous binding to two glycan chains 

(Roujeinikova, 2008).  
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Figure 18. Structure based sequence alignment of PaTssL1 and OmpA family 

proteins 

Structure based sequence alignment of representative OmpA and MotB proteins. The 

secondary structure motifs from PaTssL1 and AbOmpA are overlaid above and below the 

alignment. The loop that is responsible for occluding the putative peptide binding site is 

shown boxed in. 

 

PBMs of the OmpA family are known to interact with the peptidoglycan layer in 

two distinct ways. OmpA itself binds tightly to a single uncrosslinked mDAP residue of 

the peptidoglycan mesh as a monomer from the outer membrane (Park et al., 2012; 

Parsons et al., 2006). On the other hand, based on a co-structure with N-acetylmuramic 

acid (MurNAc), dimers of HpMotB are thought to bind two glycan chains simultaneously 

from the inner membrane side (Roujeinikova, 2008). These two binding sites, namely the 

peptide and glycan binding sites are on opposite faces of the protein (Fig. 19a). It has 

been suggested that in the context of the cell these proteins would undergo the necessary 

conformational change to expose the conserved residues and allow binding to 

peptidoglycan (Reboul et al., 2011). Based on previous results, it was expected that 

PaTssL1 would be able to bind both peptide and carbohydrate portions of peptidoglycan. 
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We tested binding to components of peptidoglycan by isothermal titration calorimetry 

(ITC) but were unable to detect any binding to mDAP as was shown for OmpA (Park et 

al., 2012). A model of the peptide binding sites of OmpA, MotB and PaTssL1 reveals the 

conservation of the key residues and also shows the loop that occludes this site (Figure 

19b). In contrast, weak binding to MurNAc was detected by ITC (Figure 19d) but 

attempts at obtaining ligand bound co-structures of PaTssL1 were unsuccessful. The 

binding to MurNAc is consistent with a peptidoglycan binding function; however, the 

apparently low affinity suggests that a larger fragment of the polymer is required for 

optimal binding.  A model of glycan binding to PaTssL1 was generated based on the 

MotB co-structure (Fig. 19c). As shown, the sequence is not conserved but the contacts 

with MurNAc are made by main chain atoms and the side chains are pointed away 

avoiding clashes with the ligand. The lack of binding to mDAP, however suggests there 

is a clear contrast between the two modes of binding.  
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Figure 19. Putative binding sites of PaTssL1 and ITC with N-acetyl muramic acid 

A. Models of the two putative binding sites of PaTssL1 are shown overlain on the cartoon 

structure of PaTssL1 in grey. The β3α3 loop is shown to block the peptide (orange) from 

the OmpA co-structure. The glycan moiety MurNAc is shown bound to the opposite side. 

B. The conservation of the key peptide binding site residues from OmpA (orange), MotB 

(cyan), and PaTssL1 (pink) residue numbering is from PaTssL1. C. The putative glycan 

binding site of PaTssL1 (pink) is shown overlain with the glycan binding site and ligand 

of MotB (cyan). D. ITC of PaTssL1 with N-acetyl muramic acid. 

 

Our analysis further highlights the differences between the modes of recognition 

of peptidoglycan by PBMs of the OmpA family. PaTssL1 maintains the fold and 

orientation of critical peptide binding residues of this family. It also has an extended loop 

that occludes the conserved binding pocket, as seen in MotB. However, it seems to be 

unique in that it does not crystallise a dimer as all MotB proteins. The current model for 

MotB binding to peptidoglycan involves dimerisation of the PBM and binding to a 

crosslinked section of the peptidoglycan (Roujeinikova, 2008). The pair of PBMs are 

thought to be inserted in such a fashion that each one binds a glycan chain and the 

peptide crosslinks of peptidoglycan lie across the surface of the dimer although there is 

no evidence for this yet. It has not yet been determined how many TssL proteins are 

present in a T6SS complex but symmetry required to form a pore suggests there would be 

many. It is feasible that individual PBMs in the TssL1 components of the T6SS do not 
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bind tightly but the presence of several copies of TssL1 in a single T6SS, and/or the 

possible multimerisation of TssL1 molecules in the inner membrane may result in avid 

interactions with the peptidoglycan layer. Further studies are required to better define the 

molecular details of this model and its biological implications. The binding specificities 

of the peptidoglycan binding modules of the T6SS could be responsible for directing the 

apparatus to a particular localisation such as the pole of the cell. The structure presented 

combined with the observations of binding specificity constitute a starting point for a 

more detailed investigation.  

The major outstanding question is whether or not the peptide binding site of 

PaTssL1 is involved in T6SS function as it is in MotB for flagellar based twitching 

motility. To address this mutagenesis in P. aeruginosa to demonstrate the importance of 

the peptide binding site is a possible approach. Following these experiments, in vitro 

binding to peptidoglycan could be quantified by a depletion assay and inhibition of 

binding by mDAP could be investigated. Inhibition of PaTssL1 binding by mDAP in 

light of its inability to bind mDAP would suggest that an unknown motif in 

peptidoglycan is required for a conformational change to reveal the peptide binding site. 

It is also possible that the MotB group of PBMs interact with peptidoglycan in a manner 

that involves the peptide binding site residues but does not involve terminal mDAP as 

ligand. 
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Chapter 5: Structural characterisation of the type six secretion secreted 

protein Tse2 and its immunity protein Tsi2 

 

Contributions to Research: Target identification, cloning, purification, crystallisation, 

structure solution, interpretation, bioinformatics, manuscript and figure preparation. 

Geoff Gudavicious conducted the ADPRT assays involving radiolabelled NAD. 

 

5.1 Introduction 

P. aeruginosa, an opportunistic pathogen, employs a type six secretion system 

(T6SS) to transfer toxins to competing bacteria in a contact dependent manner. Gene 

clusters encoding T6SSs are found widely in genomes from both pathogenic and 

environmental Gram negative bacteria, and these systems are thought to target most often 

competing bacteria, although examples of eukaryotic targeting exist. This system appears 

to be analogous to an inverted bacteriophage that assembles in the cytoplasm of the donor 

cell (Kapitein and Mogk, 2013). Secretion is thought to be driven by a two-component 

contractile tube of TssB/TssC that would provide energy to force the needle tip, needle 

body and associated effectors through the trans-membrane complex of the donor cell and 

into the target cell (Basler et al., 2012). Secretion of effector molecules has been shown 

to be dependent on an interaction with the putative needle tip complex or the ring shaped 

needle body protein Hcp (Shneider et al., 2013; Silverman et al., 2013). The first three 

identified substrates of the H1-T6SS from P. aeruginosa are translocated into competing 

bacterial cells resulting in death of the recipients (Hood et al., 2010; Russell et al., 2011). 

Each of these toxins has an associated immunity protein, termed type six immunity 

(referred to as Tsi 1 through 3), which protects P. aeruginosa from self-intoxication. The 

signal that triggers this T6SS in P. aeruginosa appears to be membrane disruption, such 

as when the organism is under direct T6S or T4S dependent attack (Ho et al., 2013). Type 

six effector(s) (Tse) 1 and 3 are hydrolases that degrade the peptidoglycan layer of 

neighbouring bacteria (Russell et al., 2011). The toxin Tse2 induces stasis in bacteria and 

its activity is thought to be directed towards the cytoplasmic compartment (Li et al., 
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2012). Its toxicity to yeast and mammalian cells has also been demonstrated, though  the 

toxin has only been shown to be targeted to bacteria (Hood et al., 2010). Tse2 shares no 

sequence identity with any protein of known function and, though the structure of Tsi2 is 

known, the molecular mechanism of Tse2 toxicity and its inhibition by Tsi2 is unknown. 

Here, the X-ray crystal structure of the Tse2/Tsi2 complex combined with structural 

identity-guided mutagenesis provides critical insight into the active site of Tse2 and 

mechanism of inhibition. Furthermore, structural identity with ADP-ribosyltransferases 

was observed, yet recombinant Tse2 was unable to display any catalytic activity typical 

of ADP-ribosyltransferases. The results suggest that Tse2 may have a novel activity 

based on NAD utilisation for toxicity.  

 

5.2 Materials and Methods 

Cloning, production, purification, crystallisation and structure solving. The 

genes for Tse2 and Tsi2 (PA2702, PA2703) were initially cloned into pET28b by 

amplifying the complete open reading frame of each gene (encoding residues 1-158 and 

1-77) using genomic P. aeruginosa PAO1 DNA (ATCC 47085D-5). These amplicons 

were digested with appropriate restriction enzymes and ligated into pET-28b or pET-22b 

making pET28-Tse2, pET22-Tse2 and pET28-Tsi2. For co-expression, Tse2 was re-

amplified from pET28-Tse2 including the N-terminal His-tag and thrombin cleavage site, 

digested and ligated into the NcoI-NotI site of pETDUET. This vector was re-digested 

and Tsi2 was ligated into the second multiple cloning site at the NdeI-XhoI site to 

generate the complete vector pETDUET-Tse2Tsi2. BL21 harbouring respective vectors 

were used to produce 8 1 L batches of LB media supplemented with kanamycin or 

ampicillin. The batches were harvested and pooled for chemical lysis, as described (Robb 

et al., 2012). Clarified lysate was applied to a Ni2+ immobilized metal affinity column 

and elution of the complex was achieved using 20 mM TRIS pH 8.0, 500 mM NaCl, 500 

mM imidazole followed by dialysis of the complex in 20 mM TRIS pH 8.0, 150 mM 

NaCl and concentration to 10 mg/ml allowed for protein crystal screening and 

optimisation. Crystals were obtained by the hanging drop vapour diffusion method in 20 

mM TRIS pH 8.5, 0.2 M NaCl and 22% PEG 4k. Crystals were cryoprotected in 
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crystallisation solution supplemented with 25% ethylene glycol and mounted on a cryo 

stream at -160°C. A dataset including 600 images (0.1° oscillation angle) was collected at 

a wavelength of 1 Å. Data processing was carried out in XDS and SCALA from the 

CCP4 package in the space group P212121. The structure was solved by molecular 

replacement searching for two Tsi2 monomers (pdb id: 3VPV) using Phaser-MR. 

Autobuilding was carried out in Phenix and resulted in a nearly complete model (Adams 

et al., 2010; Zou et al., 2012). Rounds of restrained refinement in Refmac and manual 

building in Coot were used to complete the model (Emsley et al., 2010; Murshudov et al., 

2011). Structure validation was carried out using MolProbity and Ramachandran 

statistics were taken from this analysis (Chen et al., 2010). The coordinates and structure 

factors have been deposited with the PDB ID of 5ack. 

 

Mutagenesis. Mutagenesis of the putative active site was performed as previously 

described (Liu and Naismith, 2008). Briefly, partially overlapping oligonucleotides were 

used to amplify by PCR the entire pET28-Tse2 plasmid, which was then transformed into 

competent E. coli DH5α. The point mutations were confirmed by sequencing. 

 

Toxicity experiments. E. coli BL21 (DE3) pLysS cells were transformed with 

either pET28-Tse2, mutants of pET28-Tse2 or pET28-Tsi2. Starter cultures were grown 

6 hours in LB media at 37°C with shaking before being diluted 25 times in 250 μL of 

media in triplicate in a 96-well tray. The trays were incubated 37°C with periodic shaking 

in the plate reader (5 seconds every 15 minutes). Measurements of absorbance at 595 nm 

were collected every 15 minutes for 8 hours. Growth was measured for each strain with 

or without 1 mM IPTG. 

 

Western blotting. The strains of E. coli from the toxicity experiments were grown 

under identical conditions and harvested by centrifugation. Cells were resuspended in 

Laemmli buffer and heated to 90°C for 30 minutes. Samples were centrifuged and 

separated by SDS-PAGE on a 15% polyacrylamide gel. Following electrophoresis, the 

samples were transferred to nitrocellulose at 30 V for 1 hour. The nitrocellulose 

membrane was blocked using 5% milk in PBS with 1% Tween-20 (PBS-T) overnight at 
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16°C. The blocked membrane was probed with rabbit polyclonal IgG against poly-

histidine (Santa Cruz Biotech) in PBS-T with 1% milk for 1 hour at room temperature. 

After washing, a goat anti-rabbit monoclonal with a fluorescent dye was applied in PBS-

T with 1% milk for 1 hour at room temperature. The membrane was scanned at 700 and 

800 nm to measure the fluorescence. 

 

Hydrolysis of NAD. The hydrolysis of ethano-NAD was conducted as described 

previously (Visschedyk et al., 2012). Briefly, Tse2, Tsi2 or an NAD hydrolase from 

porcine brain was combined with 100 μM ethano-NAD and reactions were followed by 

monitoring fluorescence at excitation and emission wavelengths of 305 and 405 nm, 

respectively for 10 minutes at 25°C. 

 

Radiolabelled NAD ADP-ribosyltransferase assay. E. coli DH5α and P. 

aeruginosa PA14 cells  collected from overnight cultures grown in LB media were 

harvested by centrifugation, resuspended in PBS with protease inhibitors (1 μg/mL 

leupeptin, 1 μg/mL aprotinin and 1 μg/mL pepstatin) and lysed by sonication (30 second 

pulses, 10 times). HEK293 Flp-In T-Rex cells (Life Technologies) maintained in DMEM 

containing 10% FBS and Pen/Strep at 37oC in 5% CO2 were lysed in TBS containing: 

0.5% IGEPAL, 0.5% Triton X100 and protease inhibitors. Following lysis, extracts were 

cleared by centrifugation at 10,000 rpm for 10 minutes. Extracts were incubated with 

32P-NAD (0.3 μM final concentration) (Perkin Elmer) in the presence or absence of 

purified 1 μM Tse2 for 3 hours at room temperature. Reactions were stopped with the 

addition of SDS loading buffer. Samples were separated by SDS-PAGE, dried and 

exposed to a Phosphorscreen (Molecular Dynamics) overnight and imaged with a 

Molecular Dynamics Storm 820 scanner.  

5.3 Results and Discussion 

Co-expression of the tse2 and tsi2 genes in Escherichia coli allowed the 

production and purification of the protein complex, the structure of which was 

determined to a resolution of 2.4 Å by molecular replacement using the structure of Tsi2 

as a search model (Table 7). The asymmetric unit contained a single heterotetramer 
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comprising two molecules each of Tse2 and Tsi2. The three helix structure of Tsi2 was 

modeled from residues 2 – 75 of 77 residues for chain A and residues 1 – 75 for chain B. 

Tse2 was almost completely modeled from residues 3 – 158 for both chains with a small 

gap between residues 37 – 41 in both chains C and D (Fig. 19a). Tsi2 forms a dimer with 

non-crystallographic two-fold symmetry that lies at the core of the complex and binds 

two Tse2 molecules on opposite faces to generate the heterotetramer (Fig. 19a). A 

comparison of this Tsi2 dimer to existing structures of Tsi2 gives a root-mean-square-

deviation of 0.98-1.27 Å (Table 8) (Li et al., 2012; Zou et al., 2012). This indicates that 

Tsi2 does not appear to undergo any large conformational changes upon binding to Tse2 

(Fig. 20). The structure of Tse2 is composed of an anti-parallel 5-stranded -sheet with 

strands in the order of 3-1-2-5-4 that is packed tightly against a single α-helix at the C-

terminus (Fig. 19b). Significant extended loops project out from the structure and are 

stabilized by interactions with the immunity protein in the complex structure. In 

particular, the loop between strands 1 and 2 also includes a pair of 310 helices and 

accounts for about a third of the polypeptide.  
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Table 7. Data collection and refinement statistics 

 PaTse2Tsi2 

X-ray Source Synchrotron 

Beam line SSRL 12-2 

Wavelength (Å) 1.000 

Temperature (K) 100  

Crystal information  

Resolution (Å)† 38.34-2.40 (2.53-2.40) 

Space group P212121 

Unit cell dimensions  

   a, b, c (Å) 37.72, 103.14, 114.64 

Rmerge 0.089 (0.732) 

I / I 13.4 (2.3) 

Completeness (%) 97.6 (99.1) 

Redundancy 4.0 (4.2) 

  

Refinement  

Resolution (Å) 35.83-2.40 

No. reflections 16778 

Model contents A: Tsi2 (2-75) 

B: Tsi2 (1-75) 

C: Tse2 (3-158, ∆38-40) 

D: Tse2 (3-158, ∆38-40) 

Rwork / Rfree 0.20/0.25 

No. atoms  

    Protein 3437 

    Water 74 

B-factors  

    Overall 41.9 

    Protein 43.5 

    Water 37.6 

R.m.s. deviations  

    Bond lengths (Å) 0.015 

    Bond angles () 1.568 

Ramachandran plot Most favoured: 97%, outliers: 0.93% 

PDB accession code 5ako 

† Values in parentheses correspond to the highest resolution shell (2.53-2.40 Å). 
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Figure 20. The structure of the complex of Tse2 and Tsi2 

a. The dimer of immunity protein molecules (Tsi2 – Green/Cyan) is able to bind two 

toxin molecules (Tse2 – Purple) in a symmetrical fashion. b. The novel structure of Tse2 

from the complex. The structure is shown as a cartoon coloured blue to red from the N- to 

C- terminus. The secondary structure elements of Tse2 are labelled sequentially by type. 

c. A heterotrimer portion of the Tse2/Tse2 complex (top; Tse2 -purple, Tsi2 - green and 

cyan) with the interface of this dimer opened along the vertical plane (shown by the 

dashed line) to expose the interacting surfaces of Tsi2 and Tse2 (bottom, left and right, 

respectively). The surfaces are coloured by electrostatic potential. d. The hydrogen 

bonding network of the two interfaces highlighting the contributing residues. 
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Table 8. RMSD between Tsi2 from the complex of Tsi2 and Tse2 and three available 

structures of Tsi2 on its own (Å). 

 Complex 3STQ 3RQ9 3VPV 

Complex 0.00 0.98 1.02 1.27 

3STQ 0.98 0.00 1.46 1.43 

3RQ9 1.02 1.46 0.00 1.32 

3VPV 1.27 1.43 1.32 0.00 

 

 

Figure 21. Lack of conformational change in Tsi2 upon binding to Tse2. 

The binding of Tse2 to the two sides of the Tsi2 dimer has no effect on the conformation 

of Tsi2, itself. An overlay of Tsi2 from the complex and on its own is shown with Tsi2 

from the complex in cyan and the free Tsi2 structure in grey (pdb: 3RQ9). The small 

helix at the C-terminus of the free structure is derived from the expression vector of the 

protein construct. 
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Each Tse2 molecule in the complex forms a large identical interface with the Tsi2 dimer, 

with each interface involving both Tsi2 molecules of the core dimer. The total buried 

surface area of the overall heterotetrameric complex is 6706.8 Å2. At the core, the Tsi2 

dimer contributes 1634.6 Å2 to the total buried surface area and the two Tse2 molecules 

share the difference evenly meaning 2536.1 Å2 at each interface of Tse2 with the Tsi2 

dimer (Krissinel and Henrick, 2007). In other words, the interface of Tse2 and Tsi2 

occurring twice in the complex contributes the majority of the buried surface area. The 

interface can be further divided by the contribution of the two Tsi2 molecules. The first 

Tsi2 is positioned within the putative active site of Tse2 and contributes 1231.8 Å2 to the 

buried surface area. This Tsi2 molecule forms electrostatic interactions with Tse2 through 

a previously identified acidic patch that from the complex is shown to interact with a 

complementary basic patch of Tse2 (Fig. 19c) (Li et al., 2012). Specifically, Asp-45 and 

Glu-38 from Tsi2 form salt-bridges with Arg-90 and Arg-119 from Tse2 (Fig. 19d). 

Since dimerisation of Tsi2 is dispensable for its function (Li et al., 2012), we suggest that 

this interaction is responsible for blocking the catalytic function of Tse2. A second 

interface is formed between an extended loop of Tse2 between strands 1 and 2. This loop 

envelops one end of the second Tsi2 molecule at its N and C-termini and is stabilized by 

a large number of hydrogen bonds with Tsi2, especially between main chain peptide 

bonds (Fig. 19d). This interface also contributes a large surface area of 1304.3 Å2. For 

this molecule, the contribution to buried surface area may be larger than the first but in 

addition to the mutagenesis data discussed, the B-factors of the residues at the first 

interaction site are significantly lower. Combined these data suggest that mutants of Tsi2 

unable to dimerise but still able to inhibit Tse2 would bind in a manner much like the first 

Tsi2 molecule but this has not been shown experimentally. Overall, the molecular details 

of the interaction of Tse2 and Tsi2 are presented. A relatively large buried surface area is 

suggestive of a stable protein complex between the toxin and its immunity protein.  

 

A search of the Dali server using the structure of Tse2 revealed structural 

similarities to NAD-dependent enzymes from bacteria (Holm and Sander, 1998). Among 

the structural homologues, some of the most closely related were mono-ADP-

ribosyltransferase toxins (ADPRTs) from bacteria. This class of enzyme is able to 



 

 

77 

transfer ADP-ribose to target proteins thereby inactivating them. ADPRTs are most 

commonly divided into two groups, the cholera toxin group and the diphtheria toxin 

group based on different subsets of catalytic residues (Holbourn et al., 2006). The cholera 

toxin group has consensus sequence Arg, Ser-Thr-Ser and Glu-X-Glu while the 

diphtheria toxin group has consensus His, Tyr-X10-Tyr and Glu. The most similar protein 

structure found in the Dali search was the diphtheria toxin itself (PDB ID 1sgk) with a Z-

score of 4.3, an rmsd of 3.8Å, over 91 matched C atoms and 10 % amino acid sequence 

identity (Bell and Eisenberg, 1997). The most structurally similar ADPRT from the 

cholera toxin group was HopU (PDB ID 3uoj), a T3SS effector from Pseudomonas 

syringae (Z-score 2.7, rmsd 3.5Å, over 69 matched C atoms and 14 % amino acid 

sequence identity) (Jeong et al., 2011). The structural motif shared between Tse2 and 

ADP-ribosyltransferases is the characteristic β-sheet of this family of toxins. This 

structural element houses the catalytic machinery of these toxins while the remainder 

surrounding this structural core differs between the toxins, contributing to wide sequence 

variation among ADPRTs (Fieldhouse and Merrill, 2008). In addition to structural 

homology, three key catalytic residues were also conserved from the cholera toxin group 

of ADPRTs (Fig. 22a). The residues Arg-14 and Ser-80 from Tse2 are structurally 

equivalent to Arg-128 and Ser-174 from C3 from Clostridium botulinum. However, the 

one catalytic residue shared between the two main groups of ADPRTs is a glutamate 

(Glu-214 in C3) that in Tse2 is replaced by His-122. This residue is structurally 

conserved with the catalytic Glu in other ADPRTs and may play an analogous role in 

catalysis (Fig. 22b). In addition to ADPRTs, the NAD dependent tRNA 

phosphotransferase (Kato-Murayama et al., 2005) was the second most similar protein to 

Tse2 (Z-score 3.6, rmsd 3.4 Å, over 73 matched C atoms and 12 % amino acid 

sequence identity). The reaction catalyzed by this enzyme results in the overall transfer of 

phosphate from the nascent tRNA to ADP-ribose with loss of the nicotinamide group 

from NAD. This family of proteins is involved in the last step of tRNA maturation and is 

thought to bind NAD in a manner analogous to the diphtheria toxin. An alignment of 

Tse2, the ADPRTs and the tRNA phosphotransferase exemplifies partial active site 

conservation between the phosphotransferase, ADRPTs and Tse2 (Fig. 22a). These data 
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suggest that Tse2 may be an ADPRT or more broadly that it may be involved in an NAD 

dependent process. 
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Figure 22. Identification of the active site of Tse2. 

a. Overlays of Tse2 in green, C3 toxin from Clostridium botulinum and the 

phosphotransferase from Aeropyrum pernix are shown overlayed with the conserved 

catalytic residues highlighted (Ménétrey et al., 2002). b. A focused structure based 

sequence alignment of structurally related proteins from the Dali server. Representative 

sequences from the cholera toxin-type ADP-ribosyltransferases and Tse2 are highlighted 

in blue. The alignment includes structures of HopU from P. syringae, pertussis toxin 

from Bordetella pertussis, and exoenzyme C3 from Clostridium limosum (Jeong et al., 

2011; Hazes et al., 1996; Tsuge et al., 2008; Vogelsgesang et al., 2008). Highlighted in 

purple, the diphtheria toxin, exotoxin A from P. aeruginosa and an NAD dependent 

tRNA phosphotransferase are included for comparison (Kato-Murayama et al., 2005). 

The secondary structure assignments from Figure 19b are shown above the alignment. 

The residues that line the putative catalytic site of Tse2 that were mutated to alanine are 

denoted with a star. 
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To provide support for the identity of the Tse2 active site, structure-guided 

mutagenesis was performed in order to ascertain the importance of the residues identified 

by structural homology to ADPRTs. Alanine point mutations were generated for Arg-14, 

Ser-80, Asp-112 and His-122 and these mutants were expressed in E. coli under inducible 

T7 RNA polymerase control. A comparison of strain growth in the presence and absence 

of inducer showed abrogated growth in the presence of inducer (isopropyl β-D-1-

thiogalactopyranoside, IPTG) for wild type Tse2. E. coli expressing Tsi2 was able to 

grow in the presence of IPTG in a manner indistinguishable from normal growth. The 

growth of the strains expressing Tse2 with the mutations R14A, S80A and H122A 

resembled normal growth. The expression of the D112A mutant resulted in pronounced 

reduction of growth but not as profound a reduction as for native Tse2 (Fig. 24a). The 

abrogation of toxicity for these three mutants supports the assignment of these residues as 

catalytically important. Asp-112 lies beside the putative catalytic His-122 and could 

contribute to catalysis but it appears to be dispensable for toxicity. To demonstrate the 

level of expression of the Tse2 mutants western blotting was performed. The three 

mutants that showed a reversal of the growth defect were produced in a soluble form 

indicating that they are nontoxic whereas Tse2 and Tse2 D112A were not detectable, 

consistent with the nearly complete lack of growth of these strains (Fig. 24b). Further 

support for the active site is found when mapping sequence conservation among 

homologues of Tse2 (Fig. 23). The core of Tse2 that harbours the putative active site is 

conserved in contrast to the regions involved in binding Tsi2.  
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Figure 23. Sequence conservation among homologues of Tse2. 

The sequences of homologues of Tse2 are shown aligned with the secondary structure 

motifs of Tse2 overlaid. The residues that were mutated to identify the active site are 

marked with a star. 

 



 

 

82 

 

Figure 24. Tse2 activity assays. 

a. Growth curves of E. coli harbouring plasmids that carry Tse2, Tse2 mutants or Tsi2. 

The induced cultures are shown in blue compared to uninduced cultures in red for each 

strain. The dashed lines show the standard deviation of triplicate measurements. b. 

Western blotting of Tse2 cultures demonstrates expression of the three non-toxic Tse2 

point mutants. c. Hydrolysis of εNAD. The activity of NAD hydrolase from porcine brain 

is shown compared to Tse2 and Tsi2. The error bars represent the standard deviation of 

each data point from six replicates. d. ADP-ribosyltransferase assay. Tse2 was incubated 

with 32P-NAD and extracts from E. coli (I), P. aeruginosa (II) or HEK293 cells (III). For 

comparison, a negative control without Tse2 was included for each extract. Activity was 

confirmed by the presence of high molecular weight species in the HEK293 samples that 

result from active PARP-1. Samples were separated by SDS-PAGE and analyzed by 

autoradiography. The approximate molecular weight in kDa is shown. 
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Recombinant protein production of the toxin on its own represented a major 

hurdle towards the biochemical characterisation of Tse2. The toxin was obtained from E. 

coli when it was expressed in the periplasm using an N-terminal leader peptide fusion. 

However, recombinant Tse2 showed no ability to hydrolyze a fluorescent analogue of 

NAD as can many ADPRTs (Fig. 24c) (Visschedyk et al., 2012). Furthermore, a radio 

assay using P32 labelled NAD and extracts from E. coli, P. aeruginosa and mammalian 

cells revealed no detectable incorporation of radiolabel due to the presence of Tse2 (Fig. 

24d).  These results indicate that under the conditions tested, Tse2 appears unable to 

liberate ADP-ribose from NAD or transfer ADP-ribose to target proteins at detectable 

levels, suggesting that Tse2 is not an ADPRT.  

 

Management of toxic secreted effectors requires special considerations to avoid 

self-intoxication. Tse2 from P. aeruginosa represents a central protein to the 

understanding of how cytotoxic T6SS substrates are handled and the interaction of Tse2 

with its immunity protein Tsi2 is a critical aspect of understanding this process. Here we 

report the molecular details behind the interaction of the toxin Tse2 and its immunity 

protein. The structure revealed a heterotetrameric arrangement of toxin-antitoxin 

molecules that has been previously observed in two other T6SS toxin-antitoxin pairs 

(Yang et al., 2014; Zhang et al., 2013). Interestingly, each of these examples requires 

dimerisation of the immunity protein in order to function as opposed to Tsi2. The large 

buried surface area of the complex suggests a tight interaction, which is an efficient 

means of inhibiting its effects on the donor cell. However, this inhibited form would be 

inactive towards target cells suggesting that within P. aeruginosa there must be a 

mechanism for the separation of Tse2 from Tsi2. As the secretion apparatus protein Hcp 

is needed for the stability of Tse2 within P. aeruginosa, intracellular Tse2 is most likely 

found bound to Hcp rather than Tsi2 but the mechanism of separation remains unknown 

(Russell et al., 2011).  Nevertheless, the supposedly tight interaction between Tse2 and 

Tsi2 represents an underappreciated hurdle for the molecular machinery directing the 

toxin to target cells. 

 



 

 

84 

Partial conservation of the active site of Tse2 with ADPRTs represented an 

attractive hypothesis to pursue towards discovering its biochemical activity. However, 

standard assays for detection of activity of this family of toxins revealed that Tse2 did not 

show ADPRT activity. Indeed, a lack of the absolutely conserved catalytic glutamate in 

Tse2 suggests that the toxin has an as yet unknown biochemical function. However, 

structural identity with ADPRTs did allow for the identification of the active site and key 

putative catalytic residues. This information is key towards an understanding of the 

function of this protein in the context of the T6SS. Overall, having identified the active 

site and tested ADP-ribosyltransferase activity one can hypothesise that Tse2 is an NAD 

dependent toxin.  
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Chapter 6: Discussion 

 

The type six secretion system is an amazing nanomachine system that bacteria 

produce for their survival. How it assembles, operates and especially what it secretes are 

fascinating molecular phenomena in the field of microbiology. Here I have presented the 

culmination of my work in the field that has led to the structural and biochemical 

characterisation of a number of proteins involved in aspects of these molecular processes. 

The secretion systems from F. tularensis and P. aeruginosa represent extremes in terms 

of phylogenetics but they have much in common at this early stage in terms of 

characterising the T6SS. This is at least partly due to the fact that the FPI encoded T6SS 

is only partially characterised at the current time. The structural components involved 

that are conserved are thought to assemble in the same way but much remains to be 

shown especially in F. tularensis. 

 

The results presented here further the observed trend that very distantly related 

T6SS proteins are structurally conserved without any significant sequence identity. In the 

case of TssJ and IglE, I investigated the conservation of the outer membrane lipoprotein 

in F. novicida given that I hypothesised that the structure would be conserved based on 

secondary structure motif predictions despite no significant sequence identity. The 

structures of IglE and TssJ represent strong evidence in support of the hypothesis that the 

TssJ structure is conserved in the F. tularensis T6SS. This conclusion should be tempered 

with the observation that although the fold is highly similar, the oligomerisation of IglE is 

unique and the residues thought to be involved in the interaction with TssM are missing. 

A principle challenge in further analysing the similarities is that the function of neither 

protein has been clearly defined. Felisberto-Rodrigues et al. suggested that the role of this 

outer membrane lipoprotein may be as a chaperone aiding in folding and proper 

orientation of the secretion system apparatus. Along with the previous observation that 

the FPI protein IglC and the secreted chaperone Hcp share an identical fold despite a lack 

of sequence identity, it seems likely that other FPI proteins are cryptic homologues of 

conserved type six secretion proteins. Structural biology is a powerful tool for uncovering 
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such similarities. However, it remains to be seen whether IglC and IglE actually act in an 

identical manner to Hcp and TssJ, respectively. Currently, there is no evidence for IglC 

acting as a chaperone for secreted molecules or even that it oligomerises and forms 

hexameric rings for the structure of the T6SS apparatus. The bottom line for structural 

identity between FPI proteins and core T6SS proteins is that the structures both bring the 

two systems closer together in terms of phylogeny and also highlight some of their 

differences.  

 

At least two evolutionary pathways are possible for rationalising the relationship 

between the FPI encoded T6SS and core T6SSs. One possibility is that the T6SS has 

diverged a long way evolutionarily from a common ancestor. This would suggest that 

other proteins in the FPI encoded system could be as far in terms of sequence disparity 

without losing the conserved fold and function. Proteins complexes are thought to 

commonly evolve together due to the necessity of maintaining protein-protein 

interactions for the function of a system. A mutation in one protein would typically be 

matched by a complementary mutation in its binding partner. Underlying the sequence 

disparity between F. tularensis and other organisms is an unusually high A-T content 

(~70%) that might bias the residues of FPI proteins and push divergent evolution. 

Another other explanation is that the FPI encoded T6SS arose from unrelated structures 

and the functions converged. This would suggest that the FPI might be a hybrid that has 

taken sequences from two places such as a separate phage. This eventuality could result 

in a very complex evolutionary pathway that would be difficult to discern without 

additional sequences. Overall, it is clear that these systems encode for cryptic 

homologues that can be uncovered by structural biology. Further description of the 

evolutionary relationship between the FPI and the majority of T6SSs requires the 

intervening sequences that shall one day be uncovered as the metagenome of Earth’s 

biosphere approaches completion.  

 

The structures presented here for the structural components of the T6SS shine 

light on the biochemistry of the system that is large, complex and widely distributed in 

nature. The overall significance of the sum total of the work presented represents 
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progress towards the structural characterisation of the T6SS in general. Structural 

characterisation is a prerequisite for a molecular understanding of the nanomachine. 

Many of the structures within this thesis each represent strong examples of protein fold 

and possibly function being conserved across long evolutionary distances.  

 

High resolution structures such as the ones from Chapters 2, 3 and 4 can be used 

for docking into low resolution envelopes from sources such as electron microscopy or 

possibly small angle X-ray scattering. These are the building blocks that allow the low 

resolution studies to make molecular conclusions such as the mechanism of assembly and 

contraction. Each component structure also gives specific insight into the function of a 

component. For example, the structure of Ftn_TssLC revealed a putative binding site 

from the combination of sequence conservation and the structure. I have produced 

significant progress towards characterising the individual protein structures of the core 

T6SS apparatus proteins of F. novicida. Structures of TssL homologues from E. coli and 

more recently V. cholerae are also available revealing an overall conservation of the 

structure (Chang and Kim, 2015). Having a variety of TssL homologues available allows 

for any other TssL homologue with an unknown structure to have a much more 

accurately predicted structure compared to a single structure. The details behind the 

binding interactions with the partners of TssL and the order of events of assembly remain 

key questions. Structures of this protein provide a molecular map that can be used to 

probe through mutagenesis the putative binding site of TssL.  

 

A further investigation of the TssL protein family focussed on the evolved TssL 

proteins that carry a peptidoglycan binding module as a C-terminal extension presumably 

localised to the periplasm. The structure obtained for PaTssL1 demonstrated the 

structural conservation with the MotB subgroup of the OmpA family. This subgroup is 

still poorly understood in terms of binding specificity and mechanism. The essential, 

conserved peptide binding site is buried but the loops surrounding this site are flexible 

and are thought to get out of the way. I demonstrated that although the loops appear 

flexible, the protein did not interact with its putative peptide ligand mDAP. This 

observation suggests the protein interacts with peptidoglycan in a very different way than 
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OmpA. Furthermore, the dimerisation observed in MotB was not conserved for the 

recombinant PaTssL1 C-terminal domain. These results suggest that the evolved TssL 

subfamily bind peptidoglycan in a manner similar to MotB this is in contrast to the T6SS 

associated protein in E. coli TagP that does not have the insertion observed. The next 

logical step for investigating this system is mutating the conserved peptide binding site 

and testing secretion in P. aeruginosa. A combination of the two chapters on TssL 

provides molecular details towards a complete understanding of this protein.  

 

The complex of the toxin and its cognate immunity protein represents the greatest 

accomplishment of my thesis work. Technically challenging and of interest to both the 

T6SS and the protein toxin fields, this structure gives key insight into a biochemical 

system of high interest. The complex of Tse2 and Tsi2 has definitively characterised how 

the immunity protein inhibits this toxin. These results aid in the understanding of how 

cytotoxic effectors are handled in general. The strong interaction of the two proteins 

within the cytoplasm is fundamentally different compared to other T6SS toxin/immunity 

protein systems where the two proteins are separated into compartments and exist to 

protect the cell from attack. Tsi2 is required for a cell with Tse2 and this fact underlines 

how important it is to properly handle effectors that are active within the cytoplasmic 

compartment. Two possibilities come to mind; a factor able to separate Tse2 from Tsi2 as 

found in the crystal structure exists or Tse2 does not come into contact with Tsi2 in the 

donor cell and the toxin is co-translationally loaded into the Hcp hexamer chaperone. In 

either case, the proteins involved would be very interesting to study. 

 

The leading hypothesis is that Tse2 is used to directly inhibit the growth of P. 

aeruginosa cells that are unable to switch states. Specifically, cells that are unable to turn 

on the correct regulatory pathway for any reason would be left undefended against the 

assault of Tse2 and the T6SS from neighbouring cells. Given its central role in this subtle 

and yet important aspect of T6SS function there is a great deal of interest in the 

biochemical function of Tse2 itself. The structure of Tse2 on its own revealed the 

exciting hypothesis that Tse2 is an ADP-ribosyltransferase. Indeed, Tse2 shares 

significant structural identity with this family of toxins. However, key catalytic residues 
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are mutated and when tested in typical assays for activity, Tse2 shows none. Finally, this 

protein scaffold has also been seen to hold other functionalities. Most significant among 

the homologous proteins sharing the characteristic bent beta-sheet is the t-RNA maturase 

from A. pernix (Kato-Murayama et al., 2005). This protein is an NAD dependent enzyme 

that results in the net loss of nicotinamide as in the ADP-ribosylation reaction. From the 

structural identity with ADP-ribosyltransferases it can be hypothesised that Tse2 is an 

NAD dependent toxin. 

 

Overall, this thesis has provided molecular details towards a complete structural 

understanding of the T6SSs from P. aeruginosa and F. tularensis. The principle of 

cryptic homologues being structurally and functionally homologous will most likely 

extend to other FPI proteins as well as other fringe T6SSs. For core systems, the 

structures of the two domains of TssL provide an important piece toward characterising 

this conserved inner membrane protein. The results also defined the mode of the 

inhibition as well as shined light on the function of the toxin Tse2. These results will 

extend not only to the study of this intriguing toxin but also to the other cytotoxic 

effectors of T6SSs from other organisms. Overall, the structure to function approach has 

been applied to the study of T6SS proteins and has produced a number of advancements 

in the field. The structures of many T6SS proteins have been solved by me and others in 

the T6SS field and will represent an active field of research for many years to come.  
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