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Abstract 

One of the most widespread bacterial secretion systems is the type three secretion 

system (T3SS), which is critical for the virulence of many pathogens and responsible for 

assembly of the bacterial flagellum. The virulence-associated T3SS is a molecular syringe 

that uses a highly conserved export apparatus (EA) to secrete effector proteins through 

a needle directly into the host cell cytoplasm. The flagellar T3SS secretes flagellar 

subunits through the EA which then self-assemble into a filament. Despite recent 

progress in the structural biology of T3SS, the highly conserved membrane domains of 

the five inner membrane proteins of the EA have evaded structural characterisation.  

Here, multiple cryo-EM structures of complexes of the three core EA proteins from both 

flagella (FliPQR) and injectisomes (SctRST) are presented, revealing a pseudohexameric, 

helical complex. Remarkably, the complex is made up of a series of long, highly kinked 

helical hairpins rather than the predicted canonical transmembrane helices. Many of the 

hydrophobic residues predicted to lie in transmembrane helices are instead buried at 

the interfaces between subunits, leaving only a small membrane domain. In the 

assembled T3SS this complex is encased in the basal body, above the plane of the inner 

membrane, and connects to the helical filament, whose helical parameters it matches. 

The membrane domain of the fourth export apparatus protein, FlhB, is shown to form a 

complex with FliPQR, and the complex structure suggests a mechanism of how 

interactions between FlhB and FliPQR could lead to opening of the complex. Finally, 

stable rings of full-length FlhA/SctV, the last EA protein, were prepared and cryo-EM 

confirmed the structure of the nonameric cytoplasmic domain. While little high-

resolution information of the membrane domain was obtained, these studies provide a 

framework for future studies.  

Together these results reveal the structure of part of the secretion pathway and suggest 

that the core of the export apparatus templates the assembly of the helical filament. 
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1 

 

1 Introduction 

1.1 Bacterial protein secretion in pathogenesis 

Cells are bounded by membranes made up of lipid bilayers and protein (Gorter and 

Grendel 1925; Singer and Nicolson 1972). In order to affect their surroundings, cells 

must move molecules across the membrane or insert them into the membrane. While 

some molecules may diffuse across the membrane passively, the most diverse class of 

biological molecules, polypeptides, generally require dedicated mechanisms to cross the 

membrane. In bacteria, a large array of secretion systems has evolved which allow 

secretion of proteinaceous effectors out of the cytoplasm (Green and Mecsas 2016). 

These secretion systems have been weaponised in the molecular warfare among 

bacteria and between bacterial pathogens and the immune systems of eukaryotic hosts 

(Lee and Schneewind 2001) making bacterial secretion a medically relevant 

phenomenon. In addition to acting alone, for example as toxins, some secreted proteins 

are assembled into large extracellular appendages such as pili or flagella (Fronzes et al. 

2008), which can also be tools for virulence. Most pathogens adhere to host tissue, 

secrete toxins that disable host immunity or invade cells to hide from the immune 

system and finally exit the host again in large numbers. All of these can be mediated by 

secretion systems (Lee and Schneewind 2001).  

 

Bacterial secretion systems can be classified into one step and two step systems to 

distinguish those systems that rely on the Sec and Tat pathways to export proteins to 

the periplasm in a first step followed by a second step of secretion across the outer 

membrane, from the nanomachines that secrete across both membranes in a single step 

(Green and Mecsas 2016). Type 2, 5, 8 and 9 secretion systems (Figure 1.1) are two step 

secretion systems, all of which have also been linked to the formation of extracellular 

structures (Barnhart and Chapman 2006; Korotkov et al. 2012; Leyton et al. 2012; Lasica 

et al. 2017). In the first step proteins are exported into the periplasm through the Sec 

translocon or the Tat pathway. Sec secretion substrates are recognised by either SRP 

(co-translationally) or SecA (co- or post-translationally) and delivered to the SecYEG 

translocon, which uses energy from ATP hydrolysis and the proton motive force (pmf) to 

secrete unfolded polypeptides into the periplasm or insert them into the membrane in 

the case of integral membrane proteins (Papanikou et al. 2007). Chaperones and other 
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co-factors are associated with the translocon (Sachelaru et al. 2014). The Sec 

independent Tat pathway (Sargent et al. 1998; Weiner et al. 1998) however secretes 

folded proteins using energy from the pmf (Palmer and Berks 2012). Proteins are 

thought to be recognised by the TatBC complex and the membrane is permeabilised 

through an unknown mechanism by TatA (Bolhuis et al. 2001; Rollauer et al. 2012). In 

Gram-positive bacteria without an outer membrane, these general secretion systems 

are sufficient for secretion into the extracellular space. 

 

 

Figure 1.1 Two step secretion systems. 
Membrane pores in two step secretion systems.  

 

The type 2 secretion system (T2SS) consists of a secretin in the outer membrane through 

which folded proteins are pushed by a pseudopilus according to the piston model 

(Korotkov and Sandkvist 2019). The secretin is a giant 15-fold symmetric beta barrel 

pore (Majewski et al. 2018). A well-known T2SS substrate is the cholera toxin, which is 

an AB toxin whose active subunit causes secretion of chloride ions by epithelial cells in 

the intestine, resulting in watery diarrhoea and bacterial shedding (Sikora 2013). A 

related secretion machinery is used for the assembly of type IV pili, which are 

responsible for twitching motility and have been implicated in the pathogenesis of 

Pseudomonas aeruginosa (Mattick 2002).  

 

Type 5 secretion differs from the other secretion systems in that there is no dedicated 

secretion machinery. Instead, most substrates are autotransporters, consisting of a 

transport domain that forms the outer membrane beta barrel pore (Oomen et al. 2004) 

through which the passenger domain is secreted (Leyton et al. 2012). Alternatively, in 
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some cases a separate protein can form the pore. An example is the Yersinia 

autotransporter YadA, an essential adhesin possessing a collagen-binding head domain 

and a Factor H binding stalk domain, which confers resistance to complement mediated 

immunity (Muhlenkamp et al. 2015). A conceptually similar system is the chaperone-

usher pathway, in which an outer membrane pore, the usher, and a chaperone are 

responsible for secretion and assembly of pilus subunits. This type of pilus is of particular 

importance in uropathogenic Escherichia coli infections (Waksman and Hultgren 2009).  

 

The type 8 secretion system pore is a nonameric beta barrel through which unfolded 

proteins can pass to assemble into bacterial amyloid (Goyal et al. 2014) and the type 9 

secretion system pore is a large monomeric beta barrel through which folded substrates 

are secreted (Lauber et al. 2018). Type 9 secretion is also associated with gliding motility. 

 

 

Figure 1.2 One step secretion systems. 
Membrane pores in one step secretion systems. The presence of a pore in the 
mycomembrane in type 7 secretion is not known. 

 

One step secretion systems include type 1, 3, 4, 6 and 7 secretion systems (Figure 1.2) 

and they secrete substrates across the entire cell envelope in a single step (Thomas et al. 

2014; Ates et al. 2016; Galan and Waksman 2018). Type 1 secretion is a common 

mechanism of secretion using an ABC transporter in the inner membrane (Lin et al. 2015; 

Morgan et al. 2017) linked to an outer membrane protein such as TolC (Koronakis et al. 



  

4 

 

2000). Secretion substrates are secreted in a largely unfolded state. The most well 

characterised substrate is the haemolysin HlyA from uropathogenic E. coli which is 

thought to form pores in host cell membranes (Wiles and Mulvey 2013).  

 

Type 4 secretion systems (T4SS) are ATP hydrolysis powered nanomachines that can 

secrete proteins and DNA (Chandran Darbari and Waksman 2015). They are found in 

animal and plant pathogens as well as bacterial conjugative DNA transfer mechanisms. 

The T4SS consists of a large, envelope embedded complex (Low et al. 2014) and often 

includes a pilus, such as the T-pilus of Agrobacterium tumefaciens through which DNA is 

injected into host plant cells (Babic et al. 2008). However, T4SS dependent secretion of 

periplasmic proteins, i.e. two step secretion, has been described for some human 

pathogens. Bordetella pertussis secretes the pertussis toxin, an AB toxin, first through 

the Sec pathway into the periplasm and then through a T4SS without a pilus (Wallden et 

al. 2010). It is not known if the large AB toxin is secreted through the small outer 

membrane pore of the T4SS. 

 

The type 6 secretion system is a molecular άspear gunέ in which an effector protein at 

the tip of the molecular spear is propelled into another cell (Bock et al. 2017). The 

membranes of the secreting cell are protected by guiding secretion through the 

membrane core complex whose periplasmic structure is known (Yin et al. 2019), but the 

inner and outer membrane domains of the membrane core complex have not been 

solved to high resolution yet. Only the inner membrane pore of the type 7 secretion 

system of Gram-positive bacteria has been characterised (Beckham et al. 2017). It is not 

known how substrates pass the mycomembrane in Mycobacteria.  

 

1.2 Type three secretion 

1.2.1 Discovery of type three secretion 

Type 3 secretion (Salmond and Reeves 1993; Deng et al. 2017) is a very widespread 

mechanism of bacterial protein secretion found in rhizobial symbionts and many 

pathogens including Yersinia pestis, the causative agent of plague (Kitasato 1894; Yersin 

1894). The three biovars of Yersinia pestis (antiqua, mediaevalis and orientalis) (Devignat 
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1951) are responsible for the Plague of Justinian (antiqua) (Wagner et al. 2014), the 

Black Death (mediaevalis) (Bos et al. 2011) and the modern pandemic (Parkhill et al. 

2001). Protein secretion was discovered in Y. pestis due to growth restriction in the 

absence of calcium ions at 37 °C (the low calcium response) (Kupferberg and Higuchi 

1958). Upon withdrawal of calcium, Yersinia secretes a large quantity of plasmid 

encoded Yop proteins (Michiels et al. 1990) and this is required for virulence (Goguen et 

al. 1984). However, external administration of Yop proteins to human cells has little 

effect. Instead, microinjection of Yop proteins revealed that their targets are 

intracellular (Rosqvist et al. 1991) and Yop translocation by Yersinia into host cells is 

dependent on contact with the target cell (Rosqvist et al. 1994). In addition, Yop 

proteins do not have a traditional signal sequence, but are recognised by an N-terminal 

signal (Michiels and Cornelis 1991; Anderson and Schneewind 1997) which is sufficient 

for protein secretion. A second mechanism of substrate recognition is through specific 

chaperones that bind their cognate effector protein in the cytoplasm prior to secretion 

(Wattiau and Cornelis 1993).  

 

As gene sequences became available, a high degree of sequence conservation was 

observed between type 3 secretion proteins and certain flagellar proteins (Aizawa 2001), 

especially those thought to be responsible for transport across the inner membrane, for 

example SctV/FlhA (Plano et al. 1991; Ramakrishnan et al. 1991). Structural analyses 

revealed further homology even in the absence of identifiable sequence conservation: A 

needle complex corresponding to the type 3 secretion system (T3SS) nanomachine was 

isolated from Salmonella cells and shown to resemble a syringe consisting of a series of 

rings embedded in the inner and outer membranes to which a thin needle is attached 

(Kubori et al. 1998), suggesting that the T3SS is a molecular syringe that injects toxic 

effector proteins into host cells, which is why it is also known as the injectisome. Cryo-

EM later demonstrated that secretion substrates travel through the needle in a largely 

unfolded state, but alpha helical secondary structure may be maintained (Radics et al. 

2014). The structure of the needle complex (Kubori et al. 1998) resembles that of the 

flagellar basal body (Aizawa et al. 1985), further reinforcing the similarity of the two 

systems. 
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Bacteria have been known to be motile since their discovery (Macnab 1999). Although 

they were initially speculated to possess paws enabling motility, improvements in 

microscopy led to the first observation of flagella (Ehrenberg 1838). Flagella rotate like a 

propeller to enable motility, as shown most conclusively by observation of rotation in 

tethered cells (Berg 1974; Silverman and Simon 1974). The energy for rotation comes 

from the pmf, not ATP (Larsen et al. 1974a; Manson et al. 1977). Like the injectisome 

needle (Cordes et al. 2003), the flagellar filament is a hollow tube (Lowy and Hanson 

1965) and growth occurs at the distal end of the flagellar filament (Iino 1969; Emerson 

et al. 1970) or needle (Kimbrough and Miller 2000) from secreted subunits as they 

emerge from the growing filament/needle and fold. Analogous to secretion in 

injectisomes, flagellar subunits bind cognate chaperones in the cytoplasm, both to allow 

recognition as substrates and avoid premature formation of oligomers in the cytoplasm 

(Auvray et al. 2001).  

 

1.2.2 Flagella and injectisomes in motility and pathogenesis 

Flagellar motility has long been known to be related to chemotaxis (Engelmann 1881), 

the movement towards favourable substances and away from unfavourable chemicals. 

Importantly, rotation of E. coli flagella was seen to change from counterclockwise (CCW) 

in the presence of attractants to clockwise (CW) in the presence of repellents (Larsen et 

al. 1974b). While change of direction of the rotation would only cause a change from 

forward to backward movement if a single flagellum is present, peritrichous flagella, that 

originate from many different points around the cell envelope,  are found in the most 

well studied organisms, Salmonella enterica serovar Typhimurium (Salmonella 

Typhimurium) and E. coli. Peritrichous flagella form a helical bundle during CCW rotation 

and this bundle comes apart when one or more flagella rotate CW, causing the cell to 

tumble (Macnab and Koshland 1974). This reorients the cell into a random new direction 

at the end of the tumble, leading the cell to explore its environment in a random walk. 

 

In order to allow the cell to swim towards nutrients and away from harmful substances, 

the frequency of tumbling/direction changes is controlled, allowing the cell to follow 

concentration gradients despite being too small to sense a gradient along its cell body 

(Berg and Brown 1972). In E. coli a reduction in concentration of chemoattractant 
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substances or an increase in concentration of chemorepellent substances causes 

tumbling frequency to increase, leading to a biased random walk towards attractants 

and away from repellents.  

 

Different swimming behaviours are found in other flagellated species. For example, a 

more complex mechanism is found in marine species, like Vibrio alginolyticus, with a 

single polar flagellum. CCW rotation of the flagellum causes forward movement and CW 

movement reverses the direction of swimming, causing the cell to backtrack. Prior to 

resumption of forward swimming, the flagellum acts like a rudder and causes a random 

change in direction (Xie et al. 2011). 

 

Due to the fitness advantages of motility and chemotaxis, flagella are common in 

bacterial pathogens (Josenhans and Suerbaum 2002). But in addition to motility, flagella 

can have further biological functions in pathogenicity including adhesion, biofilm 

formation and invasion (Duan et al. 2013). Furthermore, virulence factors can be 

secreted through flagella (Young et al. 1999) and in Vibrio cholerae flagella are used as a 

sensor of the mucin layer in the host intestine (Liu et al. 2008). Due to the widespread 

occurrence of flagella and their importance in virulence, the protein making up the 

flagellar filament, flagellin/FliC, is a major target of immune receptors (Hayashi et al. 

2001). 

 

The injectisomes is a molecular syringe, consisting of a basal body embedded in the cell 

envelope and an extracellular needle (Kubori et al. 1998). Upon binding to host cells, 

pathogens can insert a translocon connected to the tip of the needle into the eukaryotic 

plasma membrane and secrete proteins into the host cytoplasm, passing three 

membranes in a single step secretion mechanism (Hakansson et al. 1996). The secreted 

effectors are very diverse and have different functions that allow each pathogen to 

cause disease. Effectors can manipulate host cell function to promote adherence to 

target cells, invasion, direct cytotoxicity or subversion of immune system function 

(Coburn et al. 2007). The T3SS is often essential for virulence. For example, Salmonella 

Typhimurium encodes two injectisomes on its two pathogenicity islands (SPI-1 and SPI-2) 
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(Galan and Curtiss 1989; Ochman et al. 1996; Shea et al. 1996). The SPI-1 injectisome is 

expressed early in infection and is responsible for invasion and early stages of 

intracellular survival (Zhou and Galan 2001). Unusually, S. Typhimurium triggers its own 

endocytosis by endothelial cells. Multiple SPI-1 effectors, including the bacterial actin 

binding proteins SipA and SipC, co-operate to induce actin polymerisation and uptake of 

S. Typhimurium cells (Hayward and Koronakis 1999; Zhou et al. 1999). The cells are then 

maintained in a Salmonella-containing vacuole (SCV) which does not fuse with 

endosomes or lysosomes. The SPI-2 injectisome is largely responsible for SCV maturation 

and prevention of killing by phagocytes (Vazquez-Torres et al. 2000). S. Typhimurium 

also exploits the immunogenicity of flagellin by secreting the protein through the SPI-2 

injectisome (Lyons et al. 2004). 

 

In contrast, Yerinia does not hide from the immune system inside host cells and instead 

kills immune cells. Yersinia pestis preferentially targets cells of innate immunity for 

effector injection, resulting in cell death (Marketon et al. 2005). Effectors including 

YopM (Kerschen et al. 2004) and YopJ (Orth 2002) can cause cell death directly and the 

effector YopH (Persson et al. 1999) prevents phagocytosis.  

 

Injectisomes are also responsible for establishing symbiotic relationships, in particular 

between leguminous plants and nitrogen fixing rhizobium bacteria (Viprey et al. 1998). 

In order to establish symbiosis, effectors such as NopL downregulate the plant immune 

response and inhibit accumulation of the defensive pathogenesis-related (PR) proteins 

(Bartsev et al. 2004) which allows the bacteria to colonise the root and induce the 

formation of nodules.  

 

1.3 Structural biology of type three secretion systems 

As sequence information of the subunits that make up injectisomes and flagella has 

become available, homology between most parts of the two systems has been realised 

(Figure 1.3). But while a single set of gene names is used for flagella, multiple 

nomenclatures have traditionally been used for injectisome genes. A universal Sct 

nomenclature has been proposed (Hueck 1998) and this will be used in this thesis. The 
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homology between subunits of the two systems can be seen not only at the genetic level, 

but increasingly also in structures of subunits as well as the intact nanomachines 

(Diepold and Armitage 2015; Portaliou et al. 2016). Furthermore, both systems employ 

specific chaperones to recognise secretion substrates (Michiels and Cornelis 1991; 

Auvray et al. 2001), both depend on the pmf for secretion (Minamino and Namba 2008; 

Lee and Rietsch 2015) and both nanomachines are assembled hierarchically, partially 

dependent on the order of gene expression (Minamino 2018; Wagner et al. 2018). 

Assembly of the helical filaments is precisely controlled through a molecular ruler 

protein SctP and secretion specificity is switched in injectisome assembly after the 

helical needle has grown to a certain length (Journet et al. 2003; Hughes 2012). The 

homologous system in flagella, using the ruler protein FliK, controls the length of the 

hook (Erhardt et al. 2010) (Figure 1.3). Due to these similarities, flagella can be seen as a 

type of type three secretion system (fT3SS) that is evolutionarily related to the non-

flagellar or virulence-associated type three secretion system (vT3SS). 

 

 

Figure 1.3 Cartoon model of vT3SS and fT3SS. 
Cartoon model of the organisation of vT3SS (A), and fT3SS (B) before the work on this 
thesis was begun. 
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1.3.1 Structure of T3SS: the basal body 

The main structural component of the T3SS is the basal body; a large complex made up 

of a series of circularly symmetric rings in each of the bacterial membranes (Akiba et al. 

1991; Ueno et al. 1992; Schraidt and Marlovits 2011). Unlike the highly conserved 

membrane proteins they surround, the basal bodies of injectisomes and flagella have 

diverged in evolution, possibly related to the mechanical stresses associated with the 

rotation of the flagellum. The inner membrane ring of the injectisome is composed of 

two proteins, SctD and SctJ, each of which is built from multiple structurally related 

domains termed ring building motifs (RBMs) (Spreter et al. 2009). They are each 

anchored in the membrane by a single transmembrane helix, with SctJ also possessing a 

covalently attached lipid at the N-terminus in most species (Allaoui et al. 1992). 

Together they form a 24-fold symmetric ring, with 24 copies of SctD enveloping a tightly 

packed ring of SctJ. This in turn surrounds a central periplasmic structure known as the 

cup and socket (Schraidt and Marlovits 2011). Recent near-atomic resolution structures 

of the vT3SS basal body since this study began have made the stoichiometry and 

structure of the SctDJ ring unambiguous (Worrall et al. 2016).  

 

In contrast, the equivalent structure in fT3SS is formed by a single protein, FliF, which 

forms a structure known as the MS-ring (Ueno et al. 1992). FliF has previously been 

visualised using low-resolution cryo-negative stain electron microscopy which led to an 

estimated stoichiometry of approximately 26 (Suzuki et al. 2004) and similar estimates 

of the stoichiometry have been arrived at through the analysis of basal bodies purified 

from intact flagella (Thomas et al. 2006). Recently, high-resolution cryo-EM of FliF 

revealed stoichiometries of 33 and 34 and multiple different symmetries in parts of the 

structure formed by the single chain of FliF (Johnson et al. 2019). Housed in a specialised 

patch of membrane at the centre of this inner membrane ring is thought to be the highly 

conserved export apparatus through which secretion substrates are exported (Wagner 

et al. 2010; Dietsche et al. 2016; Minamino 2018). 

 

In the periplasm the inner membrane ring contacts the outer membrane pore (Schraidt 

and Marlovits 2011). In vT3SSs this is the secretin, SctC. Earlier low resolution cryo-EM 

structures of related T2SS secretins had suggested variable stoichiometry, with 
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assemblies ranging from 12 to 15-mers proposed. However, recent advances in cryo-EM 

have led to the determination of structures of the S. Typhimurium vT3SS basal body 

(Worrall et al. 2016), including the secretin, and multiple T2SS secretins (Hay et al. 2017; 

Yan et al. 2017), revealing a conserved architecture and stoichiometry. The core secretin 

is a giant pentadecameric beta-barrel penetrating the outer membrane at its upper 

surface.  Unusually for outer membrane proteins, the beta-barrel extends far into the 

periplasm and is double-walled. N-terminal to the barrel structure is a series of globular 

domains that display structural homology to the RBM motifs of the inner membrane 

components. In vT3SS these RBM domains span the periplasm and connect the secretin 

to SctDJ (Worrall et al. 2016). Although the periplasmic RBMs were assumed to be 15-

fold symmetric, following the symmetry of the membrane embedded domain, recent 

results suggest that an additional fragment of SctC is part of the periplasmic complex, 

making it 16-fold symmetric at the periplasmic ring that contacts SctDJ (Goessweiner-

Mohr et al. 2019; Hu et al. 2019). Interestingly, although unrelated in sequence, the 

periplasmic collar of the inner membrane FliF ring seems to occupy the same space in 

the basal body as the N-terminal secretin RBM domain (Suzuki et al. 2004). 

 

Secretins are thought to assemble independently of the rest of the secretion system 

(Diepold et al. 2010). Secretin assembly is facilitated by pilotins. The pilotin promotes 

proper assembly of the secretin and targets insertion of the secretin monomers into the 

outer membrane rather than the inner membrane (Majewski et al. 2018). Leakage 

through the secretin prior to the completion of the secretion system is prevented by a 

periplasmic gate made up of two sites called GATE1 and GATE2 (Spagnuolo et al. 2010). 

A pair of structures of the S. Typhimurium vT3SS basal body with an assembled needle, 

termed needle complex, and without the needle have recently elucidated the molecular 

basis of this gating mechanism (Worrall et al. 2016; Hu et al. 2018). It is thought that in 

T3SS secretins assembly of the needle filament causes the gate to flip from a position 

parallel to the membrane to one that is perpendicular, where it becomes part of the 

secretin beta-barrel.  

 

The outer membrane components of the fT3SS are less well understood. Flagella of most 

Gram-negative species are thought to pass the peptidoglycan and outer membrane via 
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the P and L-rings, formed by FlgI and FlgH respectively (Jones et al. 1987). Neither of 

these proteins is predicted to be related to secretins. However, there are currently no 

high resolution structures of either ring and FlhH and FlgI do not resemble any protein of 

known structure at the sequence level. Interestingly, it has recently been shown that 

when flagella are ejected under starvation conditions a plug appears in the outer 

membrane ring (Ferreira et al. 2019), but it is not known whether the plug is made up of 

a separate protein or formed by FlgH or FlgI. Both secretins and the inner membrane 

base of vT3SS have the ability to assemble independently and subsequently associate 

with each other (Wagner et al. 2018), however assembly of the secretin may be 

promoted by the clearing of peptidoglycan near the growing inner membrane ring 

(Burkinshaw et al. 2015). In contrast, assembly of L- and P-rings were thought to be 

dependent on the presence of the rod and inner membrane base (Kubori et al. 1992; 

Minamino and Macnab 1999; Minamino and Namba 2004). Recently, assembly 

intermediates of both individual inner membrane rings and L-P rings could be observed 

by cryo-ET in multiple species (Kaplan et al. 2018). Separate assembly of outer and inner 

membrane sub-complexes followed by association of the subcomplexes may therefore 

be possible in both systems.  

 

Running through the centre of the basal body are the inner rod/needle of vT3SSs and 

the proximal/distal rod of fT3SSs (Radics et al. 2014; Fujii et al. 2017). These subunits are 

secreted by the export apparatus and assemble onto the distal end of a growing helical 

structure. In so doing the axial components of the T3SS are built by the secretion system 

itself.  

 

1.3.2 Structure of T3SS: the C-ring/sorting platform and the ATPase 

At its cytoplasmic face, the basal body contacts another large assembly. In fT3SS, FliF 

binds a continuous cytoplasmic ring structure termed the C-ring made up of FliG, FliM 

and FliN (Lynch et al. 2017; Xue et al. 2018). Together, FliF and the C-ring form the rotor 

of the flagellar motor, with the C-ring also playing roles in flagellar rotational switching 

in response to chemotactic stimuli and in the recruitment of substrates for secretion. 

The vT3SS counterpart of the C-ring, known as the sorting platform, on the other hand 

has been shown consist of ǎƛȄ άǇƻŘǎέ (Hu et al. 2015) rather than a continuous ring.  
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The cytoplasmic components of the T3SS are thought to recruit secretion substrates 

before they pass through the export apparatus. In vT3SSs, a complex of SctQ, SctQC, SctK 

and SctL forms the sorting platform (Lara-Tejero et al. 2011) that binds substrates 

sequentially and delivers them to the export apparatus. The vT3SS protein SctQ and 

SctQC, the product of an internal translation start site within the SctQ gene that 

produces a C-terminal fragment, can form a 1 to 2 complex. This is equivalent to the 

flagellar complex formed by 3 FliM and 1 FliN as both are made up of 3 SpoA2 and 1 

SpoA1 domain (Notti et al. 2015; McDowell et al. 2016). Although it was originally 

thought that SctQ-QC/FliMN both form a ring in their respective systems, it is now clear 

that in vT3SSs the sorting platform consists of six pods (Hu et al. 2015) (Figure 1.4A) 

attached to a cytoplasmic extension of SctD ς though how the 24 copies of this 

extension are coordinated to generate only 6 attachment sites is not currently 

understood. The highest resolution in situ reconstruction of an injectisome has recently 

been achieved in Salmonella (Hu et al. 2017). This revealed the location of a domain 

unique to vT3SS. The N-terminal domain of the basal body subunit SctD could be shown 

to connect the inner membrane rings with the sorting platform, a role carried out by the 

unrelated protein FliG in flagella (Lynch et al. 2017; Xue et al. 2018). Interestingly, it does 

not form a continuous ring, but six clusters, each connected to one of the pods of the 

sorting platform (Figure 1.4B-C). In the absence of the sorting platform, it does not 

appear to form clusters, suggesting that the basal body may co-ordinate assembly of the 

cytoplasmic sorting platform.  

 

Despite the similarity of the FliMN and SctQ-QC complexes, it is still controversial 

whether both SctQ and SctQC are structural components of the sorting platform. SctQC 

has been reported to be essential in Shigella (McDowell et al. 2016) and Yersinia 

(Bzymek et al. 2012) but appears dispensable in both Salmonella SPI-1 (Lara-Tejero et al. 

2019) and SPI-2 (Yu et al. 2011) vT3SS. In the Salmonella SPI-1 injectisome SctQC has 

been reported to contribute to assembly of the sorting platform but is absent in the final 

assembly (Lara-Tejero et al. 2019). 
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Figure 1.4 The cytoplasmic assemblies. 
A, Tomographic reconstruction of the vT3SS from S. Typhimurium SPI-1 with C6 
symmetry applied (EMD-8544). B, Slice of the tomogram showing the six clusters of 
density corresponding to the cytoplasmic domain of SctD surrounding the toroidal 
density corresponding to the cytoplasmic domain of the export apparatus protein SctV 
whose structure is shown in red (PDB: 4A5P). C, Equivalent slice as in (B) of the 
tomogram of a sctQ mutant (EMD-8445) after applying C6 symmetry. D, View from the 
cytoplasm of the subtomogram average of the cytoplasmic parts of the fT3SS of Borrelia 
(EMD-9122) with an arrow indicating the rotation of the C-ring (reproduced from (Qin et 
al. 2018)). E, Structure of the vT3SS ATPase viewed from the inner membrane with an 
arrow indicating the direction of the rotation of the stalk (PDB: 6NJP). 

 

In fT3SS the C-ring interacts with the basal body protein FliF through a strong interaction 

of the cytoplasmic C-terminal helix of FliF with the C-ring protein FliG (Lynch et al. 2017; 

Xue et al. 2018). FliFC and FliGN are parts of a split domain and form a 1:1 heterodimer, 

and FliG can be fused to FliF in some organisms (Francis et al. 1992). Modelling of the 

assembled FliF ring suggested a stoichiometry of approximately 25 or 26 (Suzuki et al. 

2004; Bergeron 2016). However, the C-ring is thought to have a stoichiometry of 

approximately 34 (Thomas et al. 1999). Different models of how this symmetry 

mismatch is bridged have been proposed (Stock et al. 2012), including an interaction 

between FliG and FliMN that is not 1:1 due to gaps in the FliG ring compared to the 

FliMN ring, two modes of interaction between FliM and FliG or dynamic exchange of 



  

15 

 

FliMN in the flagellum with cytoplasmic pools. The recent cryo-EM structure of FliF 

showed that a majority of recombinant MS-rings were 33-fold, but some were 34-fold 

symmetric (Johnson et al. 2019), suggesting that the symmetries of C-ring and MS-ring 

are matched, although whether the stoichiometry in native flagella is 33 or 34 or a 

mixture of stoichiometries is not clear yet. This is consistent with the existence of a 

natural FliF-FliG fusion in Chlamydia (Bergeron 2016), although flagella are not known to 

occur in Chlamydia. As the diameter of the C-ring is not conserved in evolution, there 

may be other stoichiometries in organisms with unusually large or small C-rings (Abrusci 

et al. 2013; Qin et al. 2018). A cryo-EM study of the C-ring in a deletion fusion mutant of 

FliF and FliG in Salmonella missing the FliF C-terminus and FliG N-terminus found that the 

density previously proposed to correspond to these two termini disappeared, confirming 

the assignment of this most membrane-proximal part of the C-ring (Sakai et al. 2019). 

Interestingly, the diameter of the C-ring was smaller in this mutant because the majority 

of the assemblies were 31-fold symmetric rather than 34-fold as found in the wild type.  

 

The cytoplasmic components of the T3SS have recently been realised to be far more 

dynamic than the membrane embedded proteins. Fluorescence imaging has revealed 

that many of the cytoplasmic proteins exist in a cytoplasmic pool as well as the 

membrane-localised complete assembly and that the two populations are in constant 

exchange. Similarly, the flagellar C-ring components FliM and FliN can also exchange 

with their cytoplasmic pools (Kihara et al. 1996; Delalez et al. 2010; Fukuoka et al. 2010; 

Kudryashev et al. 2010; Delalez et al. 2014). A recent study using super-resolution 

microscopy to track single molecules defined distinct complexes of SctQ and SctL 

oligomers (Rocha et al. 2018). Interestingly, the distribution of oligomers shifted to 

smaller species when secretion was turned off. However, it is not yet clear through what 

mechanism the cytoplasmic complexes regulate secretion.  

 

SctN/FliI, the ATPase, is at the centre of the sorting platform/C-ring and has been 

ǾƛǎǳŀƭƛǎŜŘ ŀǎ ŀ ŎŜƴǘǊŀƭ ΨƘǳōΩ ƛƴ ǘƻƳƻƎǊŀƳǎ ƻŦ ǘƘŜ Shigella vT3SS (Hu et al. 2015). The 

homology between SctN/FliI and F-ATPases has lead to the proposal that in the fully 

assembled complex SctN/FliI is a hexamer (Imada et al. 2007). Although ATP hydrolysis is 

thought to contribute to the energy requirement of secretion, it is dispensable under 
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some circumstances, while the pmf is thought to be essential for secretion (Minamino 

and Namba 2008). The sorting platform is connected to the ATPase by spokes that vary 

in length depending on C-ring size (Abrusci et al. 2013). SctN/FliI is known to interact 

with SctL/FliH in a one to two complex in vitro in both systems (Imada et al. 2016) 

predicting a model in which 6 SctL/FliH dimers form 6 spokes. However, a recent cryo-ET 

study of the periplasmic flagella of Borrelia (Qin et al. 2018) has overturned this 

hypothesis about the stoichiometry in the native complex. The reconstruction revealed a 

46-fold symmetric C-ring complex that is connected to the central hexameric ATPase 

through 23 spokes, thought to consist of two FliH molecules each. A subpopulation of 

cells appears to have a different number of spokes, ranging from 21 to 24. 

Computational classification revealed rotation of the ATPase complex relative to the 

stators of the flagellar motor, the MotAB complex. As the ATPase is attached to the C-

ring via the spokes, it has been proposed that the C-ring and the ATPase rotate as a 

single rigid body (Figure 1.4D). More high-resolution tomographic reconstructions of 

flagella of other organisms are required to clarify the conservation of the in vivo 

stoichiometry of the SctN/FliI-SctL/FliH interaction.  

 

The monomer of the ATPase has been extensively characterised and is homologous to 

the F/V-ATPases (Imada et al. 2007; Zarivach et al. 2007). However, as the ATPase 

complex is a homohexamer of SctN/FliI, unlike the trimer of heterodimers complex of 

F/V-ATPases, it was not clear how rotation of the stalk, SctO/FliJ, is achieved. The cryo-

EM structure of the assembled hexamer revealed that importantly the stalk is in the 

centre of the ATPase and the SctN homohexamer is asymmetric (Majewski et al. 2019): 

two subunits each are in the empty state and the other four are bound to a transition 

state analogue of ATP. When looking onto the membrane proximal face of the complex 

the transition state analogue is gradually bound more tightly going clockwise. Based on 

this structure a rotation mechanism was proposed in which two subunits each are in the 

ATP bound state, the ADP bound state or the empty state, similar to F/V-ATPases. The 

stalk contacts the empty subunits through electrostatic interactions and rotates counter-

clockwise (Figure 1.4E) as ATP is hydrolysed by each subunit in turn. Conformational 

changes in the ATPase subunits expose a negatively charged surface in the empty state 

which a positively charged region of the stalk binds, resulting in rotation. The direction 
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of this rotation is the same as that of the flagellum of E. coli and Salmonella when the 

cell is moving forwards. The function of rotation is not clear but the interaction of 

SctO/FliJ with the export apparatus protein SctV/FlhA may cause conformational 

changes in its cytoplasmic domain that facilitate dissociation of chaperone-substrate 

complexes which are known to dock onto SctV/FlhA (Bange et al. 2010). Another 

hypothesised function of the ATPase is to create a local proton gradient that could 

power the export apparatus (Morimoto et al. 2016; Terashima et al. 2018). The 

structural similarity of the SctN hexamer to F/V-ATPases supports this, however, it is not 

clear which protein would function as an equivalent of the F-ATPase c ring to facilitate 

proton pumping. One candidate protein that has been observed to conduct protons and 

sodium ions (Minamino et al. 2016) is the membrane domain of the export apparatus 

protein FlhA/SctV (see below). 

 

1.3.3 Structure of T3SS: needle and flagellar filament 

At its extracellular face, a helical filament grows out of the basal body. The flagellar 

filament is made up of flagellin (FliC). However, contrary to expectations of a helical 

filament and unlike the vT3SS needle, the flagellum is not a straight filament. Instead, it 

is shaped like a wave. It was proposed (Asakura 1970) that this may be explained by 

considering the FliC helix, which is made up of 5.5 subunits per turn (11 subunits in two 

turns), to be made up of 11 protofilaments that together form a tube. The 

protofilaments can be in two different conformations (L and R). Small differences in the 

length of these protofilaments would produce twisted structures. The structures of the 

L-type (Yonekura et al. 2003) and R-type (Maki-Yonekura et al. 2010) protofilaments 

confirm this model. Switching from CCW to CW rotation of the flagellum is though to 

change the left handed flagellar supercoil (9 L-type and 2 R-type protofilaments) into a 

right-handed supercoil (between 4 and 6 R-type protofilaments) which is unable to form 

a bundle and so the filaments of each flagellum detach from each other, resulting in 

tumbling rather than forward swimming (Maki-Yonekura et al. 2010). In contrast, the 

vT3SS needle is a straight helical filament with similar helical parameters as the flagellar 

filament (Cordes et al. 2003; Loquet et al. 2012).  
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The filament and needle are attached to their respective basal bodies via a helical inner 

rod (vT3SS) or the rod and hook (fT3SS). In the past few years, cryo-EM has produced 

near-atomic structures for the major periplasmic filamentous components of both 

systems. In fT3SS, the proximal rod is formed sequentially by single helical turns of FlgB, 

FlgC and FlgF (Zhao et al. 2013), followed by approximately 5 helical turns of FlgG (Jones 

et al. 1990; Fujii et al. 2017). The helical rod is proposed to be anchored onto the 

circularly symmetric motor structure via an adapter protein called FliE, which shares 

features with the more distal rod proteins (Kubori et al. 1992; Minamino et al. 2000). A 7 

Å cryo-EM map of a filament formed from by a mutated FliG, called polyrod, (Fujii et al. 

2017) has confirmed its structural homology with the more distal hook filament 

(Samatey et al. 2004), with subtle differences in domain orientations proposed to impart 

rigidity to the rod structure.  

 

In vT3SS, cryo-EM of the fully assembled basal body has determined that the bulk of the 

periplasmic lumenal filament is composed of the needle that continues into the 

extracellular space (Hu et al. 2018)Φ ¢ƘŜ ǇǊƻǘŜƛƴ ǇǊŜǾƛƻǳǎƭȅ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ǘƘŜ άƛƴƴŜǊ ǊƻŘέΣ 

termed SctI, is proposed instead to function as an adaptor protein linking the needle to 

the άŎǳǇ ŀƴŘ socketέ structure (Marlovits et al. 2006) through just a single helical turn 

made up of 5 or 6 subunits, consistent with earlier mass spectrometry data (Hu et al. 

2018; Goessweiner-Mohr et al. 2019; Torres-Vargas et al. 2019). Similar to FliE, the cup 

and socket had been suggested to be a symmetry adapter, but the identities of the 

proteins making up this structure were not known. 

 

At its distal end the needle is capped by a tip complex. This complex is thought to be 

made up of four subunits of the tip protein IpaD (S. flexneri nomenclature) and one copy 

of IpaB, but can be formed by five IpaD molecules when IpaB is deleted (Cheung et al. 

2015). Following activation of secretion, the translocators, IpaB and IpaC, are secreted 

and inserted into the membrane to form the translocon. The structure and activity of 

the translocon is the least well understood part of type three secretion. Although it has 

long been assumed that the translocon is continuous with the needle, it has only 

recently become possible to image the point of contact between the needle and the 

host cell. Cryo-ET reconstructions of Chlamydia (Nans et al. 2015) and Salmonella (Park 
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et al. 2018) cells in contact with host cells revealed the presence of a pore-like object in 

the host cell membrane that is connected to the needle tip. This object could be probed 

in detail in Salmonella to show that this presumptive pore in situ is much smaller than 

what had previously been observed with purified translocon components (Ide et al. 

2001), suggesting that the tip complex may have a role in proper assembly of the 

translocon. The in situ structure of the translocon also unexpectedly protrudes into the 

host cytoplasm, however it has not yet been possible to unambiguously determine that 

this structure consists of the translocators and no other components. Future studies will 

be needed to elucidate the structure of the translocon and whether it plays a role in the 

process of secretion beyond forming an open channel. 

 

1.4 The export apparatus 

When searching for genes responsible for secretion, five inner membrane proteins 

(Figure 1.5) were identified as potential components of an inner membrane export 

apparatus (EA) through which the secretion substrates could be secreted from the 

cytoplasm into the growing flagellum (Minamino and Macnab 1999). The EA was 

hypothesised to reside within a patch of membrane at the centre of the basal body. The 

high conservation of these and other proteins originally led to the idea that both 

injectisomes and flagella utilise a similar type 3 secretion machinery centred around the 

shared export apparatus (Macnab 1999).  

 

DeǎǇƛǘŜ ǘƻŘŀȅΩǎ ǾŜǊȅ ŘŜǘŀƛƭŜŘ ƳƻƭŜŎǳƭŀǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ŦǳƴŎǘƛƻƴ ƻŦ 

T3SS (Portaliou et al. 2016) the critical step of how the EA allows secretion substrates to 

cross the inner membrane is still not understood. Revealing the structural basis for 

permeabilising the inner membrane in T3SS is the aim of this thesis.  
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Figure 1.5 Topology diagrams of the five EA proteins. 
Predicted topologies of the EA proteins following (Erhardt et al. 2017). The structures of 
the cytoplasmic domains of SctU/FlhB and SctV/FlhA (Zarivach et al. 2008; Worrall et al. 
2010) and the periplasmic domain of FliP have been studied crystallographically 
(Portaliou et al. 2016; Fukumura et al. 2017) but the structures of the membrane 
domains were not known. FliP contains a signal sequence (Malakooti et al. 1994). 

 

1.4.1 The major component of the apparatus 

SctV/FlhA is the largest EA subunit and is made up of a large transmembrane domain 

(SctVTM/FlhATM) and a large cytoplasmic domain(SctVC/FlhAC) (Figure 1.5). Although 

different oligomeric states of SctV/FlhA had been proposed (Lilic et al. 2010; Diepold et 

al. 2011; Li and Sourjik 2011), the nature of these oligomers was only revealed in the 

crystal structure of S. flexneri SctVC. The protein formed a nonameric ring (Figure 1.6A) 

in the crystal and tomography supported the in vivo relevance of the crystallographic 

symmetry (Abrusci et al. 2013). The structure implied that the transmembrane domain 

of SctV/FlhA also forms a nonameric ring and that the remaining EA proteins form the 

secretion channel inside of this transmembrane ring. 
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Figure 1.6 The major export apparatus subunit SctV binds to secretion substrates in 
the cytoplasm. 
A, Crystal structure of SctVC from Shigella, which crystallised as a nonameric ring (PDB: 
4A5P). B, Superposition of the structures of the SctV cytoplasmic domain (grey, surface 
representation) in complex with the chaperone FliS and FliC (PDB: 6CH3) and the 
chaperone FliT and FliD (PDB: 6CH2). The four subdomains (SD1-SD4) are annotated. C, 
Nonameric model of FlhA in complex with a model of full-length FliS and FliC (right, 
modelled using 6CH3, 1UCU and 5MAW) and FliT and FliD (left, modelled using 6CH2, 
5GNA, 5H5V). D, AFM image of FlhAC on mica (reproduced from (Terahara et al. 2018)).  

 

FlhAC is made up of four subdomains (SD1-4) (Figure 1.6B) and has been proposed to act 

as a docking site for flagellar filament proteins in complex with their cognate chaperones 

(Bange et al. 2010), prior to the secretion of the substrate. Recent crystal structures of 

FlhAC bound to fragments of the flagellar filament-capping protein (FliD)/chaperone (FliT) 

complex and the flagellar filament protein (FliC)/chaperone (FliS) complex have shed 

some light on the precise mode of interaction with substrates (Xing et al. 2018). The 

structures reveal that FlhA recognises these substrates only through the cognate 

chaperone (Figure 1.6B). The chaperones FliT and FliS, but not FlgN, require binding of 

the substrate to induce a conformation compatible with binding to FlhAC. In both the 

crystal structures of the ternary complexes of FliD-FliT- SctVC and FliT-FliS- SctVC a highly 

conserved tyrosine residue in the chaperone makes extensive hydrophobic contacts with 

SctVC. Both chaperones can be seen to bind the same site on FlhAC, a cleft between 
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subdomains SD1 and SD2, and NMR measurements indicate that the third flagellar 

chaperone, FlgN, also binds this site via a tyrosine residue. Docking of models of full 

length substrate/chaperone complexes onto a model of the fT3SS SctV positioned the 

substrates adjacent to the inner membrane, presumably primed for entry into the 

secretory pathway (Figure 1.6C). However, it is unclear from the structures what the 

mechanism of release of the secretion substrate from the chaperone would be, or what 

the nature of the factors determining secretion order is. It has been noted that 

chaperone binding site identified in the crystal structures is not conserved in vT3SS SctV 

homologues (Xing et al. 2018), although this may reflect the relative lack of conservation 

of the chaperones between systems.  

 

Some insight into the mechanism of FlhAC was provided recently by combining 

mutagenesis of FlhA with high-speed atomic force microscopy (AFM) imaging (Terahara 

et al. 2018) (Figure 1.6D). FlhAC was found to assemble into nonameric rings on mica. 

This AFM assay was used to verify the importance of a flexible linker at the N-terminal 

end of the cytoplasmic domain: Alanine substitutions that disrupted the interaction 

between the linker of one subunit with the neighbouring subunit in the ring disrupted 

nonamerisation. These mutations also reduced filament assembly and decreased the 

affinity of FlhAC for the chaperone FlgN, leading to the hypothesis that FlgN and its 

cognate secretion substrates may bind across more than one SctV/FlhA subunit, but this 

is inconsistent with the crystal structures of FlhA-substrate crystal structures (Xing et al. 

2018). However, because most of these mutants were still able to form hook-basal 

bodies (HBBs), requiring secretion of early substrates, it was also proposed that the 

SctVC/FlhAC linker is responsible for triggering a conformational switch in the nonamer 

ring that alters secretion from early to late substrates. Conformational changes in the 

SctV/FlhA family is lent credence by the large range of conformations observed in the 

various crystal structures of SctV/FlhA homologues, manifested as a hinging movement 

around the central sub-domain to form an open or a closed state (Bange et al. 2010; 

Saijo-Hamano et al. 2010; Worrall et al. 2010; Abrusci et al. 2013). Recent 

crystallographic data suggest that the closed state is responsible for binding early 

substrates and that following specificity switching a conformational change is triggered 

from the closed to the open state (Inoue et al. 2019b), however, so far only the closed 
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state has been observed in the assembled nonameric form (Abrusci et al. 2013) and it is 

not clear how the observed conformational changes in the monomer relate to the 

nonamer. It is currently unclear how this proposed switching mechanism would 

interface with the proposed switching mechanisms attributed to SctU/FlhB-SctP/FliK 

(section 1.4.2). Also unclear is how these chaperone binding and secretion switch 

models would apply to vT3SS SctV as the chaperone binding site is not conserved (Xing 

et al. 2018) and a different site has previously been suggested as important for secretion 

(Abrusci et al. 2013). 

 

In addition, vT3SS utilise a second specificity switch. After secretion of the translocators, 

the final category of substrates, the effector proteins, are secreted. One of the proteins 

regulating this switch is the gatekeeper, SctW, which is thought to hold the secretion 

system in an inactive state until a target host cell has been recognised (Diepold and 

Wagner 2014). Recently, it has been shown in multiple systems (Shen and Blocker 2016; 

Portaliou et al. 2017; Yu et al. 2018) that mutations in the C-terminal sub-domain of 

SctVC (termed SD4) result in increased secretion of late effectors and reduced secretion 

of translocators, likely due to a weakened interaction of SctW with SctV. Although the 

structural details of the SctV-SctW interaction and its effects on the conformation of 

SctVC have not yet been clarified, it is clear that SctV has a role in the regulation of both 

secretion specificity switches of vT3SSs.  

 

One of the least well understood components of the export apparatus is the 

transmembrane domain of SctV/FlhA (SctVTM/FlhATM). It is thought to play a role 

conducting ions across the membrane to power secretion (Minamino et al, 2016). 

Mutation of every conserved charged residue in the predicted transmembrane regions 

of the fT3SS export apparatus proteins demonstrated that SctV is most likely the only 

candidate for coupling the energy from the pmf with protein export (Erhardt et al. 2017). 

In particular, essential charged residues that could not be mutated while maintaining 

function were located in the FHIPEP motif, a short, conserved motif between the 

predicted transmembrane helices 4 and 5 of the SctV membrane domain. Some of these 

were found to facilitate self-interaction of the FHIPEP motif using suppressor mutations 

and double cysteine mutants, implying that the FHIPEP motif forms a membrane-
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proximal ring. Erhardt et al also propose that the protonation state of the cluster of 

charged residues in this ring is sensed by the cytoplasmic domain and that proton 

conductance is coupled to a cyclical movement of SctVC to and from the membrane 

through retraction and extension of the linker between the two domains. However, 

structural evidence for such a mechanism is currently lacking and in the absence of 

structural information about the transmembrane domain, mutational data has to be 

interpreted with care. Proposed proton conducting charged residues could be difficult to 

distinguish from residues merely important for the structural integrity of the protein.  

 

1.4.2 The switch protein 

SctU/FlhB is a protein with a membrane and a cytoplasmic domain (Figure 1.5). Its 

classification as an EA subunit implies that the cytoplasmic domain (SctUC/FlhBC) is 

positioned very close to the secretion pore in the inner membrane. SctUC/FlhBC has been 

genetically linked to SctP/FliK and hook length control as deletions in FliK led to 

disrupted hook length and suppressor mutations were isolated in FlhBC (Williams et al. 

1996). SctP/FliK is a secretion substrate and secretion levels are highest before hook 

completion (Minamino et al. 1999). This led to the proposal that FliK measures hook 

length and sends a signal to FlhBC when the hook structure is completed. FlhBC would 

then change the substrate specificity of the export apparatus from early substrates 

(subunits of the rod and hook) to late substrates (subunits of the filament). FlhBC was 

found to be cleaved specifically between residues Asn269 and Pro270 (S. Typhimurium) 

in a conserved NPTH motif (Minamino and Macnab 2000) which splits FlhBC into FlhBCN 

and FlhBCC, and this cleavage is autocatalytic (Ferris et al. 2005). Interestingly, when 

cleavage was prevented by mutating the cleavage site secretion specificity was locked in 

the early substrates state (Fraser et al. 2003). Similar results were obtained with SctU 

and SctP and changes in SctP length resulted in changes in needle length (Sorg et al. 

2007). Despite long debate about the mechanism through which SctP/FliK signals 

switching to SctU/FlhB, it is now accepted that SctP/FliK is a molecular ruler (Journet et 

al. 2003; Hughes 2012) whose N-terminal domain is unfolded as it is secreted and 

thereby fills the hook/needle. Only if the N-terminal domain is extended inside the 

hook/needle of the appropriate size then the N-terminus of the ruler reaches the end of 

the growing filament at the same time as a conserved motif of the C-terminal domain of 
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the ruler will be positioned to allow binding to SctUC/FlhBC (Bergeron et al. 2016) in the 

cytoplasm, leading to a potential conformational change in SctUC/FlhBC that results in 

specificity switching. As there is no evidence for this conformational change, another 

model proposes a physical obstruction of the EA by the C-terminal fragment, 

SctUCC/FlhBCC, which is released upon secretion of the fragment (Bjornfot et al. 2009; 

Frost et al. 2012). Interestingly, the C-terminal fragment SctUCC/FlhBCC is additionally 

expressed from a separate gene in some organisms and this second SctUCC/FlhBCC has 

been proposed to function as a spare part (Wand et al. 2006). It is not known why a 

spare part is required.  

 

The crystal structure of SctUC showed that the mechanism of auto-cleavage is through a 

cyclisation reaction of the asparagine which breaks the peptide bond to the proline in 

the NPTH motif (Zarivach et al. 2008). The structure is highly conserved in both types of 

T3SS (Meshcheryakov et al. 2013). Despite this extensive characterisation of SctUC/FlhBC, 

little was known about the putative membrane domain, or how the interaction between 

SctP/FliK and SctU/FlhB causes switching. Even the stoichiometry of SctU/FlhB was still 

unclear, as detergent purified FlhB is dimeric (McMurry et al. 2015), but estimates from 

extracted basal bodies suggested presence of only one copy (Zilkenat et al. 2016).  

 

1.4.3 The core of the apparatus: the export gate 

Not much was known about the location and function of the SctRST/FliPQR proteins 

except that they were known to be associated with the basal body in both fT3SS (Fan et 

al. 1997) and vT3SS (Wagner et al. 2010). The proteins FliP and FliR are a possible 

nucleation point for assembly of the basal body as through an elegant use of 

temperature-sensitive mutants the order of incorporation of flagellar subunits could be 

monitored using autoradiography which revealed two previously uncharacterised 

proteins, now known to be Cƭƛt ŀƴŘ CƭƛwΣ ǘƻ ŦƻǊƳ άǇƻƻƭǎέ όŎƻƳǇƭŜȄŜǎύ ŀǘ ŀƴ ŜŀǊƭȅ ǎǘŀƎŜ ƻŦ 

assembly (Jones and Macnab 1990). FliP and FliR synthesised early were preferentially 

incorporated into flagella, except in FliF mutants, indicating an interaction between FliPR 

and FliF and suggesting that a complex of FliP and FliR could nucleate FliF assembly. The 

pattern of incorporation also suggests that FliPR synthesised after basal body assembly 

cannot be incorporated, but this could not be shown at the time. More recently, this 
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inability to assemble SctRST into pre-assembled basal bodies was was shown in vT3SS 

(Wagner et al. 2010). Although the vT3SS basal body, like FliF (Ueno et al. 1992), could 

assemble in the absence of the entire EA, only SctV could be incorporated into pre-

assembled basal bodies. These experiments illustrate the central position of 

SctRST/FliPQR not just in secretion but also in assembly of the secretion system. 

Furthermore, the stoichiometry of SctV/FlhA (Abrusci et al. 2013) suggested that the 

membrane domain of this protein forms a large ring which would surround the other EA 

proteins, leaving SctRST/FliPQR to form the secretion channel or export gate in the inner 

membrane.  

 

In addition, the socket and cup feature at the centre of the basal body was observed to 

disappear in SctRST mutants (Wagner et al. 2010) although it was not clear if the density 

disappeared because it corresponds at least in part to the export gate or because its 

components require secretion through the export gate. At the time it was proposed that 

the cup corresponds to a periplasmic part of the export gate proteins and the socket to 

the inner rod, as the socket density, but not the cup, also disappeared in other mutants 

that destabilised the inner rod (Marlovits et al. 2006). Excitingly, recent results suggest 

that in the absence of SctRST the inner membrane ring of the basal body assembles into 

a non-physiological dead end complex with 23-fold rather than 24-fold symmetry (Butan 

et al. 2019; Goessweiner-Mohr et al. 2019), illustrating the importance of SctRST for the 

correct nucleation of SctDJ assembly. 

 

One of the reasons for the few studies directly characterising SctRST/FliPQR is the 

extreme hydrophobicity of their sequences. Apart from a small stretch of residues in 

SctR/FliP, which have been proposed to form a periplasmic domain (Fukumura et al. 

2014), the polypeptides are generally thought to be almost completely membrane 

embedded (Figure 1.5) based on topology prediction algorithms and experimental 

topology mapping (Dietsche et al. 2016; Taylor et al. 2016; Erhardt et al. 2017; Ward et 

al. 2018). However, the topology is not predicted consistently and especially the 

topology of SctT/FliR has been uncertain (Dietsche et al. 2016; Taylor et al. 2016) and 

prediction of the energetics of SctT transmembrane helices in the membrane suggested 

that a transmembrane location for two predicted transmembrane helices at the N-
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terminus of FliR is energetically unfavourable (Dietsche et al. 2016). Further confusion 

comes from a study of the EA proteins in the vT3SS of Xanthomonas, which used a PhoA-

LacZ fusion strategy and found that only the N-terminus of SctT was membrane 

embedded and the majority of the structure was periplasmic (Berger et al. 2010). 

Despite this uncertainty, the complex is thought to reside in the specialised area of inner 

membrane surrounded by the basal body (Macnab 2004). The location of N- and C-

terminus in cytoplasm or periplasm is also not clear, only the N-terminus of FliP is known 

to be periplasmic due to the presence of a cleaved signal sequence (Ohnishi et al. 1997). 

The termini of SctS/FliQ and SctT/FliR are thought to be cytoplasmic (Erhardt et al. 2017), 

but this is not certain. A fourth protein specific to fT3SS, FliO, is now known to be a 

chaperone for the assembly of a FliPQR complex rather than a component of the EA 

(Barker et al. 2010; Fabiani et al. 2017; Fukumura et al. 2017). The difficulty in 

determining the exact topology indicates the export gate complex to be an interesting 

structural target with potential general implications for the entire field of membrane 

protein biology.  

 

Recently, two groups reported preliminary results on purification and characterisation of 

a subcomplex of the EA (Dietsche et al. 2016; Fukumura et al. 2017). While the Namba 

group reported that a hexamer of FliP forms a ring that they proposed to be the core 

export gate (Fukumura et al. 2017), the Wagner group in collaboration with the Lea and 

Robinson groups in Oxford used native mass spectrometry (nMS) and negative stain EM 

to show that a pentameric ring of SctR formed the export gate (Dietsche et al. 2016). 

The latter study formed the basis of the experiments described in chapter 3, an attempt 

to reconcile these two models. The observation of a ring shaped complex in both studies 

is supportive of the model that an oligomer of SctR/FliP is responsible for making the 

inner membrane permeable to secretion substrates. However, the high degree of 

sequence conservation between FliP and SctR suggests that the stoichiometry of this 

complex is conserved. An additional complication of the proposed models involving 

perfectly symmetric FliP/SctR oligomers is that such a complex would be expected to 

have multiple binding sites for other EA subunits such as SctT/FliR, but just a single 

SctT/FliR subunit is thought to be part of T3SS (Zilkenat et al. 2016).  
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Figure 1.7 The export apparatus subunits FliP, FliQ and FliR. 
A, Model for dimerization of FliP based on the crystal structure of a small, soluble 
fragment of the protein (Fukumura et al. 2017). B, Model of the FliPQR-FlhB complex as 
a hexamer of FliP (blue) stabilised by dimerization of the FliP periplasmic domains (cyan). 
FliR (yellow), FliQ (red) and FlhB (green) bind to the outside the FliP ring. Based on 
(Fukumura et al. 2017). C, Model of the SctRSTU complex as a pentamer of SctR (blue). 
SctT (yellow), SctS (red) and SctU (green) bind to the outside the SctR ring. Based on 
(Dietsche et al. 2016). 

 

Additionally, the organisation of the FliP ring was studied. The putative periplasmic 

domain of FliP from T. maritia was found to form a tetramer in solution and in the 

crystal (Fukumura et al. 2014) opening the possibility that one of the interfaces between 

FliP periplasmic domains in the crystal is responsible for formation of a FliP dimer (Figure 

1.7A). The dimer interactions between FliP subunits were further confirmed by in vivo 

photo-crosslinking (Fukumura et al. 2017). Based on this potential dimerization via the 

periplasmic domain, the hexameric ring was proposed to be a trimer of dimers (Figure 

1.7B). 

 

The trimer of dimers model is not compatible with the pentameric SctR complex 

(Dietsche et al. 2016). In this study, the stoichiometry of the SctRT complex was shown 

to be 5 SctR and 1 SctT by native MS. SctS was not observed despite being co-expressed, 

possibly due to dissociation during purification. Negative stain EM revealed two types of 

objects: the majority of particles were classified as a smooth ring while a minority were 

rings with a small protrusion. This was interpreted as a mixture of circular SctR5 

complexes and SctR5 rings decorated with a single SctT, leading to a model centred on a 

pentameric SctR ring (Figure 1.7C). In both models the switch protein SctU/FlhB was 

suggested to bind to the SctR/FliP complex. 
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The two models of the complex of SctRSTU and FliPQR-FlhB are incompatible, but these 

highly conserved EA proteins are expected to form a similar complex in both native T3SS 

as even many of the proteins less conserved at the sequence level assemble into highly 

similar structure (Figure 1.3). The study of the stoichiometry and structure of this 

complex were a high priority in understanding this most central part of type three 

secretion and putative pore in the inner membrane. 

 

1.5 Aims of this thesis 

The aim of this thesis is the establishment of structural understanding of the membrane 

proteins of the export apparatus of T3SS.  

 

1. Reconcile the two different models of the stoichiometry of the SctRST/FliPQR 

complex (chapter 3) 

 

2. Determine the structure of FliPQR and examine whether this complex forms a 

pore in the inner membrane (chapter 4) 

 

3. Test the structural conservation of the FliPQR complex across different systems 

(chapter 5) 

 

4. Study the structure and function of the membrane domain of SctU/FlhB (chapter 

6) 

 

5. Determine the structure of the membrane domain of SctV/FlhA (chapter 7) 
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2 Materials and methods 

2.1 Chemicals 

All chemicals were from Sigma Aldrich unless indicated otherwise. 

 

2.2 Common media and buffers 

Media 
name Composition 

LB 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl 

2YT 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl 

TB (Fisher 
Scientific) 

12 g/L peptone, 24 g/L yeast extract, 2.2 g/L Potassium Phosphate, 
Monobasic, 9.4 g/L Potassium Phosphate, Dibasic, 0.4% (v/v) glycerol 

Table 2.1 Common bacterial growth media. 
 

Buffer 
name Composition 

TBS 150 mM NaCl, 100 mM Tris, 1 mM EDTA, pH 8 

HBS 50 mM HEPES, 300 mM NaCl, pH 8 

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4 

RF1 
15% (v/v) glycerol, 100 mM RbCl, 50 mM MnCl2, 30 mM potassium acetate, 
10 mM CaCl2, pH 5.8 

RF2 15% (v/v) glycerol, 10 mM RbCl, 10 mM MOPS, 75 mM CaCl2, pH 6.8 

Table 2.2 Common buffers. 
 

2.3 Molecular biology 

2.3.1 Strains and plasmids 

Plasmid Vector Insert/Reference Species Cha
pter 

pMIB5689 pT12 SctRSTTEV2xStrepII SctT 1-251 S. Typhimurium SPI-1 3 

pT12_FliPQR pT12 FliPQRTEV2xStrepII S. Typhimurium 3 

pT12_FliOPQR pT12 FliOPQRTEV2xStrepII S. Typhimurium 3 

pT12_Spa24-9-29 pT12 SctRSTTEV2xStrepII S. flexneri 3 

pT12_FliOP pT12 FliO hisP S. Typhimurium 3 

pT12_SpaPQR_fl pT12 SctRSTTEV2xStrepII S. Typhimurium SPI-1 3 

pT12_Spa24-9-29t pT12 SctRSTTEV2xStrepII SctT 1-239 S. flexneri 3 
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pT12_FliOPQRt pT12 FliOPQRTEV2xStrepII FliR 1-238 S. Typhimurium 3 

pT12_YscRST pT12 SctRSTTEV2xStrepII Y. enterocolitica 3 

pBAD_FlhBA pBAD FlhBAhis S. Typhimurium 3 

pT12_FliOPQR_PS
ESH 

pT12 FliOPQRTEV2xStrepII P. savastanoi 3 

pT12_FliOPQR_VI
BMI 

pT12 FliOPQRTEV2xStrepII V. mimicus 3 

pT12_FliOPQR_Q
_E46A 

pT12 FliOPQRTEV2xStrepII FliQ E46A S. Typhimurium 4 

pT12_FliLMNOPQ
R 

pT12 FliLMNOPQRTEV2xStrepII S. Typhimurium 4 

pT12_HrcRST pT12 SctRSTTEV2xStrepII P. savastanoi 5 

pT12_SsaRST pT12 SctRSTTEV2xStrepII S. Typhimurium SPI-2 5 

pT12_FliOPQR_Q
ψ ɲс-84 

pT12 FliOPRTEV2xStrepII Cƭƛv ɲс-84 S. Typhimurium 5 

pT12_FliOPQRtt_
PSESH 

pT12 FliOPQRTEV2xStrepII Cƭƛw ɲмср-
261 

P. savastanoi 5 

pBAD_FlhBA pBAD hisFlhB S. Typhimurium 6 

pBAD_FlhBA pBAD FlhBhis S. Typhimurium 6 

pBAD_FlhBA pBAD tstFlhB S. Typhimurium 6 

pT12_FliOPQR_Fl
hB_VIBMI 

pT12 FliOPQR FlhBTEV2xStrepII V. mimicus 6 

pT12_FliOPQR_Fl
hB_PSESH 

pT12 FliOPQR FlhBTEV2xStrepII P. savastanoi 6 

pT12_Spa24-9-29-
40 

pT12 SctRSTUTEV2xStrepII S. flexneri 6 

pT12_SsaRSTU pT12 SctRSTUTEV2xStrepII S. Typhimurium 6 

pT12_FliOPQR_Fl
hB_CLOSG 

pT12 FliOPQR FlhBTEV2xStrepII C. sporogenes 6 

pT12_FliO_SALTY
_PQR_FlhB_CLOS
G 

pT12 FliOST FliPQR FlhBCs
TEV2xStrepII C. sporogenes and S. 

Typhimurium 
6 

pKD3  (Datsenko and Wanner 
2000) 

 6 

pKD46  (Datsenko and Wanner 
2000) 

 6 

pCP20  (Datsenko and Wanner 
2000) 

 6 

pT12_W1 pT12 FliOPQRTEV2xStrepII E. coli W 6 

pT12_W2 pT12 FliOPQRTEV2xStrepII FliQ A41W E. coli W 6 

pT12_W3 pT12 FliOPQRTEV2xStrepII FliQ A41D E. coli W 6 

pT12_W4 pT12 FliOPQRTEV2xStrepII FliQ A41R E. coli W 6 

pT12_W5 pT12 FliOPQRTEV2xStrepII Cƭƛv ɲ!пм E. coli W 6 

pT12_W6 pT12 FliOPQRTEV2xStrepII FliQ T42W E. coli W 6 

pT12_W7 pT12 FliOPQRTEV2xStrepII FliQ T42D E. coli W 6 
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pT12_W8 pT12 FlhBTEV2xStrepII E. coli W 6 

pBAD_W1 pBAD FlhBTEV2xStrepII E. coli W 6 

pBAD_W2 pBAD FlhBTEV2xStrepII G132A E. coli W 6 

pBAD_W3 pBAD FlhBTEV2xStrepII G132D E. coli W 6 

pBAD_W4 pBAD FlhBTEV2xStrepII ɲмоо-135 E. coli W 6 

pBAD_W5 pBAD FlhBTEV2xStrepII ɲмму-120 E. coli W 6 

pBAD_W6 pBAD FlhBTEV2xStrepII ɲммр-120 E. coli W 6 

pBAD_W7 pBAD FlhBTEV2xStrepII ɲммо-137 E. coli W 6 

pBAD_W8 pBAD FlhBTEV2xStrepII R135A E. coli W 6 

pBAD_W9 pBAD FlhBTEV2xStrepII L127A E. coli W 6 

pBAD_W10 pBAD FlhBTEV2xStrepII L127D E. coli W 6 

pBAD_W11 pBAD FlhBTEV2xStrepII L127A M136A E. coli W 6 

pBAD_W12 pBAD FlhBTEV2xStrepII L127D M136D E. coli W 6 

pT12_V1 pT12 FliOPQRTEV2xStrepII FliQ A41W V. mimicus 6 

pT12_V2 pT12 FliOPQRTEV2xStrepII FliQ A41D V. mimicus 6 

pET28_FlhA pET28 FlhATEV2xStrepII S. Typhimurium 7 

pET28_FlhA_4C pET28 FlhATEV2xStrepII D170C, R175C, 
K423C, D553C 

S. Typhimurium 7 

pET28_FlhA_takai
i 

pET28 FlhATEV2xStrepII T. takaii 7 

pET28_FlhA_takai
i_2C 

pET28 FlhATEV2xStrepII D162C, R178C T. takaii 7 

pET28_FlhA_2C pET28 FlhATEV2xStrepII D170C, R175C S. Typhimurium 7 

pT12_FlhAST-GFP pT12 FlhA-GFPTEV2xStrepII S. Typhimurium 7 

pT12_FlhACt-GFP pT12 FlhA-GFPTEV2xStrepII C. trachomatis 7 

pT12_FlhATt-GFP pT12 FlhA-GFPTEV2xStrepII T. takaii 7 

pT12_FlhAMx-GFP pT12 FlhA-GFPTEV2xStrepII M. xanthus 7 

pT12_FlhAVm-GFP pT12 FlhA-GFPTEV2xStrepII V. mimicus 7 

pT12_FlhAVp-GFP pT12 FlhA-GFPTEV2xStrepII V. parahaemolyticus 7 

pT12_SctVYe-GFP pT12 SctV-GFPTEV2xStrepII Y. enterocolitica 7 

pT12_SctVSf-GFP pT12 SctV-GFPTEV2xStrepII S. flexneri 7 

pT12_SctVPs-GFP pT12 SctV-GFPTEV2xStrepII P. savastanoi 7 

pT12_SctVCt-GFP pT12 SctV-GFPTEV2xStrepII C. trachomatis 7 

pT12_SctVMx-GFP pT12 SctV-GFPTEV2xStrepII M. xanthus 7 

pT12_SctVST1-GFP pT12 SctV-GFPTEV2xStrepII S. Typhimurium 7 

pT12_SctVST2-GFP pT12 SctV-GFPTEV2xStrepII S. Typhimurium 7 

pT12_SctVSf-GFP 
M5 

pT12 SctV-GFPTEV2xStrepII E502A, 
K504A, R545A, R560A, 
R577A 

S. flexneri 7 

pT12_FlhASTTM-
GFP 

pT12 FlhA-GFPTEV2xStrepII 1-342 S. Typhimurium 7 

pT12_FliF-GFP pT12 FliF-GFPTEV2xStrepII S. Typhimurium 7 
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pT12_FlhACt-
tevGFP 

pT12 FlhA-TEVGFPTEV2xStrepII C. trachomatis 7 

pT12_FlhACt pT12 FlhATEV2xStrepII C. trachomatis 7 

pT12_FlhAVp-
tevGFP 

pT12 FlhA-TEVGFPTEV2xStrepII V. parahaemolyticus 7 

pT12_FlhAVp pT12 FlhATEV2xStrepII V. parahaemolyticus 7 

pT12_SctVYe-
tevGFP 

pT12 SctV-TEVGFPTEV2xStrepII Y. enterocolitica 7 

pT12_SctVYe pT12 SctVTEV2xStrepII Y. enterocolitica 7 

pT12_SctXYVYe-
tevGFP 

pT12 SctXYV-TEVGFPTEV2xStrepII Y. enterocolitica 7 

pT12_FliPQR-
FlhBAVp 

pT12 FliPQR-FlhBA-TEVGFPTEV2xStrepII V. parahaemolyticus 7 

pT12_FlgD pT12 FlgD V. parahaemolyticus 7 

pT12_FlhAcVp-
tevGFP 

pT12 FlhAC-
TEVGFPTEV2xStrepII 337-

696 
V. parahaemolyticus 7 

Table 2.3 Table of plasmids. 
 

Strain Reference 

BL21 (DE3) (Wood 1966) 

Mt56 (Baumgarten et al. 2017) 

E. coli W obtained from DSMZ (DSM 1116) 

E. coli W ɲCƭƛhtvw this study 

E. coli W ɲCƭƘ. this study 

Table 2.4 Table of strains. 
 

2.3.2 DNA amplification 

Polymerase chain reaction (PCR) was performed using the Q5 kit (New England Biolabs 

(NEB)) ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎΦ Purified plasmid or genomic 

DNA template was mixed with forward and reverse primers, water and PCR master mix 

(Table 2.5). The reaction mixture was then transferred to a T100 thermal cycler (Bio-Rad) 

and heated (Table 2.6ύΦ ²ƘŜƴ ǳǎƛƴƎ ǇƭŀǎƳƛŘ 5b! ŀǎ ǘƘŜ ǘŜƳǇƭŀǘŜΣ м ˃ƭ DpnI was 

subsequently added to the reaction mixture and the solution was incubated overnight at 

37 °C. Primers for amplification of plasmids had no overhangs and primers for 

ŀƳǇƭƛŦƛŎŀǘƛƻƴ ƻŦ ƛƴǎŜǊǘǎ ƘŀŘ мр ǘƻ нл ƴǳŎƭŜƻǘƛŘŜ рΩ ƻǾŜǊƘŀƴƎǎ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǘƻ ǘƘŜ 
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cloning site of the plasmid of interest. Primers for site-directed mutagenesis were 

complementary to the sequence immediately upstream or downstream of the mutation 

ǎƛǘŜ ŀƴŘ ƘŀŘ ŀ мл ǘƻ нл ƴǳŎƭŜƻǘƛŘŜ рΩ ƻǾŜǊƘŀƴƎ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǘƻ ǘƘŜ ŘŜǎƛǊŜŘ Ƴǳǘŀƴǘ 

sequence.  

 

Solution ±ƻƭǳƳŜ ό˃ƭύ Final concentration 

Q5 high-fidelity 2X master mix (NEB) 25 1X 

мл ˃a ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ 2.5 лΦр ˃a 

мл ˃a ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ 2.5 лΦр ˃a 

template DNA (5-нл ƴƎκ˃ƭύ 1 0.1-лΦп ƴƎκ˃ƭ 

water 19   

Table 2.5 PCR reaction composition. 
 

Stage Temperature (°C) Time (seconds) Cycles 

Initial denaturation 98 30 1 

Denaturation 98 8 25 

Annealing 65 25 

Elongation 72 25 per kilobase 

Final elongation 72 420 1 

Table 2.6 PCR protocol. 
 

2.3.3 Agarose gel electrophoresis 

рл ˃ƭ ƻŦ t/w ǇǊƻŘǳŎǘ ǿŜǊŜ ƳƛȄŜŘ ǿƛǘƘ мл ˃ƭ ƻŦ с· ǇǳǊǇƭŜ 5b! ƭƻŀŘƛƴƎ ŘȅŜ όb9.ύ ŀƴŘ 

loaded on a 50 ml 0.7 to 1% (w/v) agarose gel in TAE buffer (40 mM Tris-acetate, 1 mM 

EDTA, pH 8.5) containing 1X SYBR Safe (Invitrogen). Gels were run for 20 to 30 minutes 

at 100 V in a Sub-Cell GT agarose gel electrophoresis system (Bio-Rad) using TAE as the 

running buffer. Bands were visualised on a Safe Imager 2.0 blue light transilluminator 

(Fisher Scientific) and cut out of the gel. When the DNA was not used downstream, gels 

were imaged on a Gel Doc (Bio-Rad). DNA was extracted from cut bands using the 

vL!ǉǳƛŎƪ ƎŜƭ ŜȄǘǊŀŎǘƛƻƴ ƪƛǘ όvƛŀƎŜƴύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ recommendations.  
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2.3.4 Cloning: Gibson assembly and in vivo assembly (IVA) 

New constructs were generated by assembly of PCR products using overlapping regions 

of 15 to 20 nucleotides at both ends of the PCR products. Gibson assembly was 

performed by ƳƛȄƛƴƎ м ˃ƭ ƻŦ t/w ǇǊƻŘǳŎǘ ƻŦ ōƻǘƘ ǇƭŀǎƳƛŘ ŀƴŘ ƛƴsert purified by agarose 

ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǿƛǘƘ о ˃ƭ ƻŦ ǿŀǘŜǊ ŀƴŘ р ˃ƭ ƻŦ b9.ǳƛƭŘŜǊ IƛCƛ 5b! ŀǎǎŜƳōƭȅ ƳŀǎǘŜǊ 

mix (NEB) and incubating the reaction mixture at 50 °C for 1 hour. р ˃ƭ ƻŦ ǘƘŜ product 

was then introduced into chemically competent cells by transformation (section 2.3.6). 

!ƭǘŜǊƴŀǘƛǾŜƭȅΣ м ˃ƭ ƻŦ ǳƴǇǳǊƛŦƛŜŘ t/w ǇǊƻŘǳŎǘ ƻŦ ōƻǘƘ ǇƭŀǎƳƛŘ ŀƴŘ ƛƴǎŜǊǘ ǿŜǊŜ ƳƛȄŜŘ ŀƴŘ 

used for transformation of competent cells, in order to allow for assembly of the 

plasmid in vivo.  

 

Constructs for expression of strep tagged proteins were cloned into a pT12 vector and 

constructs for co-expression of proteins together with the pT12 vector were cloned into 

a pBAD vector (Figure 2.1). The pT12 vector was provided by collaborators in Samuel 

²ŀƎƴŜǊΩǎ ƭŀōƻǊŀǘƻǊȅ (Dietsche et al. 2016). 

 

2.3.5 Cloning: Source of genomic DNA 

Genomic DNA from S. Typhimurium (Le Minor and Popoff 1987) was obtained from the 

Tang laboratory at the Sir William Dunn School and genomic DNA from Vibrio mimicus 

(strain DSM 19130) (Davis et al. 1981), Pseudomonas savastanoi (DSM 21482) (Hayward 

and Waterston 1965), Thermosulfidibacter takaii (DSM 17441) (Nunoura et al. 2008), 

Clostridium sporogenes (DSM 795) (Bergey et al. 1923), Myxococcus xanthus (DSM 

16526) (Beebe 1941), Vibrio parahaemolyticus  (DSM 10027) (Sakazaki et al. 1963) and 

Chlamydia trachomatis (DSM 19411) (Everett et al. 1999) were obtained from DSMZ. 

The virulence plasmids of Shigella flexneri (Castellani and Chalmers 1919) and Yersinia 

enterocolitica (Frederiksen 1964) were obtained from Dr Patrizia Abrusci. 
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Figure 2.1 plasmid maps of the pT12 (pTACO12) and pBAD vectors. 
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2.3.6 Bacterial cell transformation 

E. coli cells were made chemically competent using calcium/rubidium chloride (Table 2.7) 

and transformation was carried out using heat shock (Table 2.8). 

 

1.        Grow a 5 ml overnight culture of the strain of interest in 2YT media 

2.        Inoculate 60 ml of 2YT media with 0.3 ml of the overnight culture in a 250 ml flask  

            until the OD600 reaches 0.4 to 0.6 

3.        Incubate the culture on ice for 10 minutes 

4.        Spin the culture (5,000x g, 10 minutes, 4 °C) and discard the supernatant 

5.        Resuspend the pelleted cells in 20 ml RF1 and incubate on ice for 15 to 60 minutes 

6.        Spin the culture (5,000x g, 10 minutes, 4 °C) and discard the supernatant 

7.        Resuspend the pelleted cells in 4.8 ml RF2 and incubate on ice for 15 minutes 

8.        !ƭƛǉǳƻǘ ǘƘŜ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ƛƴ рл ˃ƭ ŀƭƛǉǳƻǘǎ ƛƴǘƻ ǘǳōŜǎ ƻƴ ŘǊȅ ƛŎŜ ŀƴŘ ǎǘƻǊŜ ŀǘ -80 °C 

Table 2.7 Preparation of chemically competent cells. 
 

Step 

Time (minutes) 

Cloning or 
multiple 
plasmids 

Single 
plasmid 

1.        !ŘŘ м ˃ƭ ƻŦ ǇƭŀǎƳƛŘ όмл ǘƻ рлл ƴƎκ˃ƭύ ƻǊ н ˃ƭ ƻŦ L±! ƳƛȄǘǳǊŜ ƻǊ  

           р ˃ƭ ƻŦ Dƛōǎƻƴ ŀǎǎŜƳōƭȅ ǇǊƻŘǳŎǘ ǘƻ ƻƴŜ ŀƭƛǉǳƻǘ ƻŦ ŎƻƳǇŜǘŜƴǘ   

           cells   

2.        Incubate on ice 30 5 

3.        Heat shock in a water bath at 42 °C 1 1 

4.        Incubate on ice 2 2 

5.        !ŘŘ м Ƴƭ όŎƭƻƴƛƴƎύ ƻǊ млл ˃ƭ  όǇǳǊƛŦƛŜŘ ǇƭŀǎƳƛŘύ ƻŦ н¸¢ ƳŜŘƛŀ  

           to the mixture   

6.        Incubate at 37 °C in a shaking incubator 60 0 

7.        Spread on an LB agar plate containing the appropriate  

           antibiotic   

8.        Incubate overnight at 37 °C   

Table 2.8 Transformation of chemically competent cells. 
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2.3.7 Generation of bacterial chromosomal deletion mutants 

Chromosomal deletion mutants were made using the ˂ wŜŘ system (Datsenko and 

Wanner 2000). The principle of this system is the recombination between a PCR product 

with 50 bp flanking regions homologous to the sequences upstream and downstream of 

the desired deletion, which is catalysed by the Red recombinase expressed from plasmid 

pKD46 (Datsenko and Wanner 2000). A selectable marker is amplified with primers 

containing overhangs to introduce the desired flanking homology regions, allowing its 

insertion in the genome in place of the target sequence. Following successful gene 

replacement, the inserted marker, which is flanked by FRT sites, is removed by 

expressing the FLP recombinase from a helper plasmid.  

 

E. coli strain W (DSM 1116) (Castellani and Chalmers 1919) carrying plasmid pKD46 was 

made electrocompetent (Table 2.9) and transformed with a PCR product containing the 

chloramphenicol resistance cassette of plasmid pKD3 (Datsenko and Wanner 2000) 

flanked by sequences homologous to the sequences upstream and downstream of the 

desired target sequence for deletion. Transformation was carried out using an E. coli 

Pulser transformation apparatus (Bio-wŀŘύ ŀŎŎƻǊŘƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

recommendations. Cells resulting from electroporations with a time constant between 4 

and 6 seconds were grown in 1 ml 2YT media for 2 hours and plated on LB agar plates 

containing 20 ˃ ƎκƳƭ ŎƘƭƻǊŀƳǇƘŜƴƛŎƻƭΦ Selected colonies were made chemically 

competent (Table 2.7), transformed with plasmid pCP20 (Datsenko and Wanner 2000), 

and plated on LB agar plates containing ampicillin (100 ˃ƎκƳƭύΦ The plates were 

incubated at 30 °C and picked colonies grown overnight in 2YT media at 37 °C. The origin 

of replication of pCP20 and pKD46 is temperature sensitive, allowing the plasmids to be 

cured by growth at 37 °C. 
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1.        Grow a 5 ml overnight culture of E. coli W carrying pKD46 in 2YT media  

           ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ŎŀǊōŜƴƛŎƛƭƭƛƴ όрл ˃ƎκƳƭύ at 30 °C 

2.        LƴƻŎǳƭŀǘŜ нр Ƴƭ н¸¢ ƳŜŘƛŀ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ŀƳǇƛŎƛƭƭƛƴ όмлл ˃ƎκƳƭύ ƛƴ ŀ мнр Ƴƭ  

           flask with the overnight culture to a final OD600 of 0.05 and grow at 30 °C in a                          

           shaking incubator 

3.        When the cells have reached an OD600 of 0.15, add arabinose to a final  

           concentration of 0.3% 

4.        When the cells have reached an OD600 of 0.4 to 0.6, chill the culture on ice for 15  

           minutes 

5.        Spin the culture (5,000x g, 10 minutes, 4 °C) and discard the supernatant 

6.        Resuspend the pelleted cells in 10 ml ice-cold sterile 10% (v/v) glycerol 

7.        Repeat step 5 and 6 two more times 

8.        Spin the suspension (5,000x g, 10 minutes, 4 °C) and discard the supernatant 

9.        Resuspend the pelleted cells in 1 ml ice-cold sterile 10% (v/v) glycerol 

10.      !ƭƛǉǳƻǘ ǘƘŜ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ƛƴ рл ˃ƭ ŀƭƛǉǳƻǘǎ ƛƴǘƻ ǘǳōŜǎ ƻƴ ŘǊȅ ƛŎŜ ŀƴŘ ǎǘƻǊŜ ŀǘ -80 °C 

Table 2.9 Preparation of electrocompetent cells for lambda Red recombineering. 
 

2.4 Cell biology 

2.4.1 Motility assays 

E. coli W mutant strains generated by deleting FlhB or FliOPQR (section 2.3.7) were 

transformed (section 2.3.6) with plasmids containing wild type or mutant sequences of 

the deleted proteins. FlhB constructs were in the vector pBAD and FliOPQR constructs 

were in the vector pT12. 5 ml cultures of all constructs were grown overnight in 2YT 

media containing the appropriate antibiotic. On the following day, a soft agar plate was 

prepared using 2YT media containing 0.28% (w/v) agar, the appropriate antibiotic and 

0.1% (w/v) arabinose for pBAD constructs or 0.5% (w/v) rhamnose monohydrate for 

pT12 constructs. 3 ˃ ƭ ƻŦ ŜŀŎƘ ƻǾŜǊƴƛƎƘǘ ŎǳƭǘǳǊŜ ǿŜǊŜ ƛƴƧŜŎǘŜŘ ƛƴ ǎŜǇŀǊŀǘŜ ǎǇƻǘǎ ŀƴŘ ǘƘŜ 

plates were incubated overnight at room temperature. Experiments were performed in 

triplicate. The diameter of the circle surrounding each inoculation spot of the mutant 

constructs was compared to the wild type on the same plate. 
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2.4.2 Fluorescence microscopy 

A 5 ml culture of BL21 transformed with the GFP fusion construct of interest in the pT12 

vector was grown overnight in 2YT media containing 0.01% (w/v) rhamnose 

monohydrate and 30 ˃ ƎκƳƭ ƪŀƴŀƳȅŎƛƴΦ ¢ƘŜ ƴŜȄǘ ƳƻǊƴƛƴƎΣ у ˃ƭ ƻŦ ǘƘŜ ŎǳƭǘǳǊŜ were 

applied to a glass slide and covered with a coverslip. The cells were imaged on a Zeiss 

880 inverted microscope equipped with a plan-apochromat 63x/1.4 NA objective using 

an Airyscan detector. GFP was excited using a laser (488 nm).  

 

2.5 Biochemistry 

2.5.1 Expression and purification of export gate complexes for native mass 

spectrometry 

The following protocol was used for preparation of protein samples for native mass 

spectrometry (nMS) in chapter 3: 100 ml of TB supplemented with kanamycin όол ˃ƎκƳƭύ 

were inoculated with E. coli Mt56 (Baumgarten et al. 2017) carrying the plasmid of 

interest in the morning. In the evening, up to 16 2.5 L Tunair flasks (Sigma) were filled 

ǿƛǘƘ м [ ƻŦ ¢. ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όол ˃ƎκƳƭύ ŜŀŎƘΦ ¢ƘŜ ƳŜŘƛŀ ǿŀǎ ƛƴƻŎǳƭŀǘŜŘ 

by diluting the preculture to a final OD600 of 0.02. The cells were grown at 37 °C and 

180 rpm overnight ǿƛǘƘƻǳǘ ƛƴŘǳŎƛƴƎ ŜȄǇǊŜǎǎƛƻƴΣ ŀǎ ŎƻƭƭŀōƻǊŀǘƻǊǎ ƛƴ {ŀƳǳŜƭ ²ŀƎƴŜǊΩǎ 

laboratory reported that expression of export apparatus proteins was toxic. The cells 

were harvested by spinning the culture (5000x g, 10 minutes, 4 °C). The supernatant was 

discarded and the pellet was washed in PBS. TBS (17.5 ml per litre of the original culture) 

containing a protease inhibitor cocktailΣ ƭȅǎƻȊȅƳŜ όм ƳƎκƳƭύ ŀƴŘ 5ƴŀǎŜ L όмл ˃ƎκƳƭύ ǿŀǎ 

added to the cell pellet and the pellet was resuspended by shaking and pipetting up and 

down. The cell suspension was lysed in three passes through an Emulsiflex C5 (Avestin) 

homogenizer at 15,000 psi. The lysate was spun (24,000x g, 20 minutes, 4 °C) and 

membranes were pelleted by spinning the resulting supernatant in an ultracentrifuge 

(200,000x g, 60 minutes, 4 °C) using a 45Ti rotor (Beckman). The supernatant was 

discarded and 5 ml TBS was added to each pellet. The pellets were disrupted using a 

spatula and transferred to a dounce homogenizer using a positive displacement pipette. 

The membranes were homogenized with the loose pestle and then with 10 strokes of 

the tight pestle. The protein concentration in the homogenized membranes was 
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measured using a BCA assay kit (ThermoFisher Scientific) and the suspension was diluted 

to a final protein concentration of 6 mg/ml in a glass bottle.  

 

DDM was added from a 10% (w/v) stock solution to a final concentration of 1% (w/v) 

and the solution was stirred for one hour at 4 °C. The dissolved membranes were spun 

again (200,000x g, 60 minutes, 4 °C) and a 5 ml StrepTactin Superflow high capacity 

column (IBA), binding the strep tag (Schmidt and Skerra 2007), was equilibrated with TBS 

containing 0.01% (w/v) DDM. The supernatant of the spun membranes was transferred 

to a glass bottle and recirculated through the StrepTactin column for two to three hours. 

The column was washed until it appeared white using TBS containing 0.1% (w/v) DDM 

and then the same buffer was recirculated through the column overnight. The next 

morning, the column was transferred to an AKTA purifier. The running buffer was TBS 

containing 0.016% (w/v) DDM using a flow rate of 1 ml/min. The column was washed 

until the UV absorbance at 280 nm in the flow through stabilized and then the protein 

was eluted using 10 ml TBS containing 0.016% DDM and 10 mM d-desthiobiotin. The 

ǇŜŀƪ ŦǊŀŎǘƛƻƴǎ ǿŜǊŜ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ рлл ˃ƭ ƛƴ ŀ ŎƻƴŎŜƴǘǊŀǘƻǊ ǿƛǘƘ ŀ млл ƪ5ŀ a²/h 

(Vivaspin). Before using the concentrator, it was first washed with milli-Q water and 

then TBS containing 0.016% DDM. The eluate was concentrated by spinning the 

concentrator at 750x g for 2 minutes at 4 °C repeatedly until the volume reached 0.5 ml. 

After each spin the solution was mixed by pipetting up and down.  

 

A Superdex 200 10/300 column (GE) was equilibrated in HBS containing 0.016% (w/v) 

DDM on an AKTA purifier and the concentrated eluate was injected into a washed 0.5 ml 

loop. The sample was injected into the column and eluted with HBS at a flow rate of 0.5 

ml/min.  

 

2.5.2 Purification of FliP 

FliP was expressed with an N-terminal his-tag between the signal peptide and the N-

terminus of the mature protein. The gene was part of an operon with FliO in a pT12 

plasmid. The protein was expressed and the membranes were prepared following the 

same protocol as was used for other proteins (section 2.5.1). The membranes (7.9 grams) 

were homogenised in 72 ml binding buffer (50 mM Tris, pH 8, 300 mM NaCl, 20 mM 
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imidazole, 5% (v/v) glycerol) and 8 ml of 10% (w/v) DDM was added. After stirring for 30 

minutes at 4 °C, unsolubilised material was removed by centrifugation (75,000x g, 20 

minutes, 4 °C) and the supernatant was applied to a 5 ml Ni-NTA column (Qiagen). The 

column was connected to an AKTA purifier (GE) and washed with binding buffer 

containing 0.1% (w/v) DDM until the UV absorbance of the flow through stabilized. 

Protein was eluted in a 50 to 400 mM imidazole gradient in binding buffer containing 0.1% 

(w/v) DDM. Fractions were analysed by SDS-PAGE and the fractions containing FliP were 

pooled and concentrated. The protein was then subjected to SEC on a Superdex 200 

increase column using 20 mM Tris, pH 8, 300 mM NaCl, 2 mM EDTA and 0.1% (w/v) DDM 

as the running buffer. Fractions containing FliP but not FliO by SDS-PAGE were pooled 

and concentrated. 

 

2.5.3 Modified protocol for expression and purification of Strep-tagged membrane 

protein complexes 

The following protocol was used for preparation of protein samples in chapters 4 to 6: 

The earlier protocol for purification of membrane proteins for nMS (section 2.5.1) was 

modified and simplified: BL21 cells were used instead of Mt56 cells, as the genome 

sequence of Mt56 showed that the difference between BL21 (DE3) (Wood 1966) and 

Mt56 was a mutation in the T7 polymerase, which is not relevant for expression using 

the pT12 plasmid (Baumgarten et al. 2017). Cells were grown at 200 rpm rather than 180 

rpm shaking in order to improve oxygenation and achieve higher growth rates and final 

cell densities. Expression was induced with rhamnose as cells continued growing when 

induced (Figure 4.20). The ultracentrifugation time and speed for isolating membranes 

from lysate were increased in order to collect more membrane and achieve higher yields. 

Detergent was added in a specific ratio to the wet weight of the membranes instead of 

measuring membrane protein concentration in the homogenised membranes in order to 

simplify and speed up the protocol. The solubilised membranes were clarified by 

centrifugation at a lower speed and then filtered in order to avoid using an 

ultracentrifuge, which would require a longer preparation time. A StrepTactin resin from 

GE rather than IBA was used.  
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E. coli BL21 cells carrying the plasmid of interest were streaked on an LB agar plate 

containing the appropriate antibiotic(s) and grown overnight. The cells were 

resuspended using 2YT media and transferred to 250 ml flask containing 100 ml of 2YT 

media supplemented with antibiotic. In the evening, up to 16 2.5 L Tunair flasks were 

filled with 1 L of TB media supplemented with kanamycin (сл ˃ƎκƳƭ) and/or ampicillin 

(100 ˃ ƎκƳƭ) as appropriate. The media was inoculated by adding the preculture to a final 

OD600 of 0.02. After 12 hours of growth at 37 °C, 200 rpm, the cells were harvested 

(5000x g, 15 minutes, 4 °C). TBS containing a protease inhibitor cocktail was added to 

the cell pellet and the cells were resuspended using a dounce homogeniser pestle. The 

cell suspension was passed through an Emulsiflex C5 (Avestin) homogeniser at 15,000 

psi  three times and the lysate was clarified by centrifugation (24,000x g, 20 minutes, 

4 °C). The supernatant was spun in an ultracentrifuge using a 45Ti rotor (Beckman) 

(235,000x g, 60 to 180 minutes, 4 °C). The membrane pellet was transferred to a dounce 

homogeniser and homogenised using 8 ml of TBS per gram of wet membrane. 1 ml of a 

10% (w/v) stock solution of detergent (DDM or LMNG) was added per gram of 

membrane, resulting in a final concentration of 1% (w/v). After gentle stirring for one 

hour at 4 °C the solution was clarified by centrifugation (75,000x g, 20 minutes, 4 °C) and 

the supernatant was filtered through ŀ лΦпр ˃Ƴ ŦƛƭǘŜǊ. A 5 ml StrepTrap HP column (GE) 

was equilibrated with TBS containing 0.02% (w/v) DDM or 0.01% (w/v) LMNG. The 

filtered supernatant was applied to the column at a flow rate of 2 ml/min and the 

column was washed with at least 50 ml of TBS containing 0.02% (w/v) DDM or 0.01% 

(w/v) LMNG. The protein was eluted with 10 ml TBS containing 0.02% (w/v) DDM or 0.01% 

(w/v) LMNG and 10 mM d-desthiobiotin. The eluate was concentrated to рлл ˃ƭ ƛƴ ŀ 

concentrator with a 100 kDa MWCO concentrator (Amicon). A Superdex 200 increase 

10/300 (GE) or Superose 6 increase 10/300 column (GE) was equilibrated in TBS 

containing 0.02% (w/v) DDM or 0.01% (w/v) LMNG on an AKTA purifier (GE) and the 

sample was injected from a pre-washed 0.5 ml loop. The protein was eluted with 30 ml 

TBS buffer containing 0.02% (w/v) DDM or 0.01% (w/v) LMNG at a flow rate of 0.7 

ml/min. Where small alterations to this protocol were made, these are described in the 

relevant results chapters. 
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2.5.4 Detergent screen for co-purification of FlhB with FliPQR 

млл Ƴƭ ¢. ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όол ˃ƎκƳƭύ ǿŜǊŜ ƛƴƻŎǳƭŀǘŜŘ ǿƛǘƘ E. coli Mt56 

carrying a pT12 plasmid expressing the S. Typhimurium FliOPQR operon with a C-

terminal strep tag on FliR and a pBAD plasmid expressing the S. Typhimurium FlhBA 

operon with a C-terminal his tag on FlhA in the morning. In the evening, 4 L TB media in 

2.5 L Tunair flasks were inoculated with the preculture to a final OD600 of 0.02 and the 

cultures were grown at 37 °C, 180 rpm. After 30 minutes rhamnose monohydrate and 

arabinose were each added to a final concentration of 0.02%. After 12 hours, additional 

rhamnose monohydrate and arabinose were added to a final concentration of 0.06%. 

After an additional 3 hours cells were harvested by centrifugation (5000x g, 10 minutes, 

4 °C). 100 ml of TBS containing a protease inhibitor cocktail, lysozyme (1 mg/ml) and 

5ƴŀǎŜ L όмл ˃ƎκƳƭύ ǿŜre added and the cells were resuspended by pipetting. The cells 

were lysed by passing the suspension through an Emulsiflex C5 (Avestin) homogeniser at 

15,000 psi three times. The lysate was clarified by centrifugation (24,000x g, 20 minutes, 

4 °C) and the supernatant was spun in an ultracentrifuge using a 45Ti rotor (Beckman) 

(200,000x g, 180 minutes, 4 °C). The pelleted membrane fraction was transferred to a 

dounce homogenizer and homogenized in 80 ml TBS. The homogenate was split into 

eight tubes and 1 ml of detergent was added to each tube from a 10% (w/v) stock 

solution. The detergents used were DDM, GDN, LMNG, thesit, OG, CHAPS, a mixture of 

0.5 ml each of 10% (w/v) DDM and GDN and a mixture of 0.5 ml each of 10% (w/v) DDM 

and GDN plus 0.293 ml 7.5 M ammonium acetate. 1 ml of 50% (v/v) streptactin XT beads 

(IBA) were added to each tube and all tubes were rotated at 4 °C overnight. Beads were 

pelleted (3,200x g, 10 minutes, 4 °C), the supernatant was discarded and the beads were 

resuspended in TBS containing 0.01% (w/v) detergent (LMNG, GDN, thesit) or 0.02% 

(w/v) detergent (DDM) or 1% (w/v) detergent (OG, CHAPS). Beads resulting from 

solubilisation in DDM GDN mixtures were washed only with GDN in TBS. This step was 

repeated two times. Protein was eluted by resuspending the beads in 0.75 ml 50 mM 

biotin in TBS. Beads were pelleted (3,200x g, 10 minutes, 4 °C), and the supernatant was 

kept. The step was repeated and the two supernatants were pooled. After SDS-PAGE 

analysis the DDM, GDN, LMNG, thesit and OG samples were submitted for proteomics in 

the Dunn School proteomics facility. 
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2.5.5 Co-purification of Salmonella FliPQR and FlhB 

C-terminally Strep tagged FliR as part of the FliLMNOPQR operon in the pT12 vector was 

co-expressed with N-terminally His tagged FlhB in a pBAD plasmid. The two plasmids 

were co-transformed into BL21 cells. In order to avoid loss of the pBAD plasmid during 

overnight expression, carbenicillin (100 g˃/ml) was used for maintaining the plasmid. In 

addition, the TB media was supplemented with 60 g˃/ml kanamycin, 0.1% (w/v) 

rhamnose monohydrate, 0.1% (w/v) arabinose and 0.05% (w/v) glucose. Glucose 

represses induction by rhamnose and arabinose due to catabolite repression (Guzman et 

al. 1995), resulting in autoinduction once the glucose has been fully metabolised. 

Protein was prepared using a slightly modified version of the standard protocol (section 

2.5.3). The cells were grown overnight at 37 °C, 200 rpm and lysed in an emulsiflex C5 

homogeniser (Avestin). Membranes were prepared by spinning the clarified lysate 

(235,000x g, 3 hours, 4 °C). The resulting 14 grams of membranes were homogenised in 

TBS and 11 ml of a 10% (w/v) LMNG stock solution were added to a final concentration 

of 1% (w/v). This is a lower ratio of detergent to membrane than used previously. The 

amount of detergent was reduced compared to the standard protocol in order to avoid 

άǿŀǎƘƛƴƎ ƻŦŦέ ǘƘŜ CƭƘ. ǎǳōǳƴƛǘ ǿƛǘƘ ŜȄŎŜǎǎ ŘŜǘŜǊƎŜƴǘΣ ŀǎ ƛǘ Ƴŀȅ ōŜ ǎǘŀōƛƭƛǎŜŘ ōȅ ŜǎǎŜƴǘƛŀƭ 

lipids that could be removed by detergent. The solubilised membrane proteins were 

applied to a 5 ml StrepTrap column (GE) which was washed with TBS containing 0.01% 

(w/v) LMNG and the purified FliPQR-FlhB complex was eluted using TBS containing 0.01% 

(w/v) LMNG and 10 mM desthiobiotin. In all subsequent steps, TBS was made without 

EDTA and supplemented with 0.01% (w/v) LMNG. The protein was concentrated and 

further purified by SEC on a Superdex 200 increase 10/300 column (GE) 

 

2.5.6 SDS-PAGE 

15% (v/v) polycrylamide gels were made as a 15% (v/v) resolving gel (15% (v/v) 

Acrylamide/Bis-acrylamide (ratio 19:1), 375 mM Tris, pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) 

ammonium persulfate, 0.1% (v/v) tetramethylethylenediamine) underneath a 5.1% (v/v) 

stacking gel (5.1% (v/v) Acrylamide/Bis-acrylamide (ratio 19:1), 125 mM Tris, pH 6.8, 0.1% 

(w/v) SDS, 0.1% (w/v) ammonium persulfate, 0.1% (v/v) tetramethylethylenediamine) 

and 4-20% gradient Mini-PROTEAN precast gels were purchased from Bio-Rad. Loading 

buffer was added to samples to reach a final concentration of 1X (5X loading buffer: 250 
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mM Tris, pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 0.5% (w/v) Bromophenol Blue, 100 

mM DTT). Samples were not heated before running the gel. The gels were run in the 

Mini-PROTEAN tetra cell (Bio-Rad) in SDS-PAGE running buffer (25 mM Tris, 192 mM 

glycine, 0.1% (w/v) SDS) at 180 V and stained in InstantBlue.  

 

2.5.7 Concentration of proteins 

Protein concentration was carried out using 100 kDa MWCO concentrators (Amicon) 

unless indicated otherwise. 

 

2.5.8 SEC-MALS 

SEC was performed using a Superdex 200 10/300 column (GE) or a Superose 6 increase 

10/300 column (GE) equilibrated in the relevant buffer. 100 l˃ of purified protein at 1 

mg/ml was injected into the column and the protein was eluted at a flow rate of 0.4 

ml/min. A Dawn Heleos-II light-scattering detector (Wyatt Technology) and an Optilab-

TrEX refractive index monitor (Wyatt Technology) followed the column in-line. ASTRA 

6.1.1.17 was used for analysis assuming a dn/dc of 0.186 ml/g for protein and 0.132 ml/g 

for detergent. SEC-MALS was performed by Dr Steven Johnson. 

 

2.5.9 Exchange of samples into mass spectrometry compatible solvents 

Membrane protein samples purified using the detergent DDM or LMNG were subjected 

to SEC using TBS containing an nMS compatible detergent as a running buffer. The 

detergent was used at a concentration twice its CMC (0.5% (w/v) for C8E5, 0.5% (w/v) 

for C8E4, 0.8% (w/v) for C8E6, 0.08% (w/v) for C10E6, 0.15% (w/v) for C10E9 and 0.006% 

(w/v) for C12E9). 50 ˃ ƭ ƻŦ ǇǳǊƛŦƛed membrane protein at a concentration of at least 0.7 

mg/ml were injected into a Superdex 200 increase 5/150 column (GE) on an AKTA 

purifier (GE) equilibrated with running buffer and the protein was eluted using a flow 

rate of 0.1 ml/minute. Peak fractions were pooled and concentrated to below 10л ˃ƭ 

using a 100 kDa MWCO concentrator (Amicon). This step was omitted when the 

detergent for purification and analysis by nMS was identical. 

 



  

47 

 

At the same time, a Bio-Spin 6 column (Bio-Rad) was equilibrated by first spinning the 

column (1,000x gΣ н ƳƛƴǳǘŜǎΣ п ϲ/ύΦ {ǳōǎŜǉǳŜƴǘƭȅΣ рлл ˃ƭ ƻŦ нлл Ƴa ŀƳƳƻƴƛǳƳ ŀŎŜǘŀǘŜ 

containing the detergent of choice at a concentration of twice its CMC were applied to 

the top of the column and it was spun again (1,000x g, 1 minute, 4 °C). This was 

repeated three more times. The concentrated protein sample was then applied to the 

top of the Bio-Spin 6 column and the column was spun in a clean tube (1,000x g, 4 

minutes, 4 °C). The eluted sample was stored on ice and used for nMS analysis as soon 

as possible. 

 

2.5.10 Native mass spectrometry of membrane proteins 

Samples were analysed using the Q-exactive hybrid quadrupole-Orbitrap mass 

spectrometer (ThermoFisher Scientific) modified for transmission and detection of high 

m/z ions and set up as published (Gault et al. 2016). The sample was sprayed through a 

glass capillary with a 1.2 mm outer diameter (Harvard Apparatus) made in-house using a  

P-97 micropipette puller (Sutter Instrument) and gold-coated with a Polaron SC7680 

sputter coater (Quorum Technologies) (Hernandez and Robinson 2007). A voltage of 1.2 

kV was applied to the needle and the temperature at the ion source was 40 to 60 °C 

unless otherwise indicated. The collision gas was Argon at a pressure around 10-9 mbar 

and the collision voltage was between 100 and 200 V. When required, additional 

collisional energy was used by applying a voltage in the source of the instrument. 

 

Mass spectrometry data were analysed using Xcalibur (ThermoFisher Scientific) and 

peaks were assigned using UniDec (Marty et al. 2015) or manually by calculating the 

mass using an Excel (Microsoft) spreadsheet obtained from the Carol Robinson group. 

When ionised, a protein of mass m will produce a series of peaks corresponding to 

different charge states whose mass to charge ratio is measured by the mass 

spectrometer. A charge of +z results from z protons binding to the protein, which then 

has a mass of m+z and a mass to charge ratio of (m+z)/z. Therefore, the values of both m 

and z can be deduced by measuring the mass to charge ratio of at least two different 

charge states from the same series of peaks. 
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2.5.11 Negative stain EM 

Carbon-coated grids (Quantifoil) were glow discharged (15 mA, 20 seconds) in an EM 

ACE200 vacuum coater (Leica). Subsequently, a 10 ˃ƭ ŘǊƻǇ ƻŦ ǎŀƳǇƭŜ ŀǘ a protein 

concentration around 0.01 mg/ml unless otherwise specified was applied to a piece of 

parafilm and the grid was placed on top of the drop with the carbon side facing down. 

!ŦǘŜǊ ǘǿƻ ƳƛƴǳǘŜǎΣ ǘƘŜ ƎǊƛŘ ǿŀǎ ōƭƻǘǘŜŘ ŀƴŘ ǇƭŀŎŜŘ ƻƴ ŀ нл ˃ƭ ŘǊƻǇ ƻŦ н% (w/v) uranyl 

acetate. After 10 seconds the grid was blotted again and left on filter paper to dry with 

the carbon side facing up. Grids were examined on a T12 microscope (FEI) operated at 

120 kV equipped with a OneView CMOS camera (Gatan). Images were acquired at a 

magnification of 68,000 and a pixel size of 1.73 Å.  

 

2.5.12 Preparation of grids for cryogenic EM 

Holey carbon-coated grids (Quantifoil) were glow discharged (15 mA, 20 seconds) in an 

EM ACE200 vacuum coater (Leica). Subsequently, grids were picked up with tweezers 

and inserted into a Vitrobot Mark IV (FEI) at 100% humidity at room temperature or 4 °C. 

A 3 ˃ ƭ ŘǊƻǇ ƻŦ ǎŀƳǇƭŜ was applied to the grid; the grid was blotted with filter paper and 

plunged into liquid ethane cooled by liquid nitrogen. For the exact parameters see Table 

2.10 and the relevant results sections. All grids were Au quantifoil grids, except FlhA 

grids, which were copper grids, sample volume was always 3 l˃, blot time was always 3 

seconds, wait time was always 5 to 10 seconds except for graphene oxide grids where it 

was 60 seconds, drain time was always 0 seconds and humidity was always 100%. 
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Sample Chapter Concentration 
(mg/ml) 

Mesh 
size 

Spacing Temperature 

FliPQR + FlhB in LMNG, 
S. Typhimurium 

4 0.9 400 1.2/1.3 22 °C 

FliPQR in LMNG, P. 
savastanoi 

5 1 300 1.2/1.3 22 °C 

FliPQR in LMNG, V. 
mimicus 

5 1  300 1.2/1.3 4 °C 

FliPQR in LMNG, V. 
mimicus + fluorinated 
FC-8 

5 2.7  300 1.2/1.3 4 °C 

SctRST in LMNG, S. 
flexneri 

5 8.4  300 1.2/1.3 22 °C 

FliPQR + FlhB in LMNG, 
V. mimicus 

6 2.5  300 1.2/1.3 22 °C 

SctV in LMNG, Y. 
enterocolitica 

7 1  300 1.2/1.3 4 °C 

FlhA in LMNG, V. 
parahaemolyticus 

7 0.9  300 2/2 4 °C 

SctXYV-GFP in GDN, Y. 
enterocolitica 

7 0.1 (graphene 
oxide coated 
grid) 

300 2/2 4 °C 

Table 2.10 Grid preparation parameters of selected samples. 
 

2.5.13 Acquisition and analysis of cryo-EM data 

Grids were imaged using a Talos Arctica (FEI) or Titan Krios (FEI) microscope equipped 

with a Falcon 3 (Gatan) or K2 (Gatan) detector respectively. The pixel size for data 

acquisition on the Titan Krios microscope was 0.85 Å. Data was acquired automatically 

with EPU (FEI) using a defocus range of approximately 0.5 to 4 ˃ m. In general, pre-

processing of the movies, including motion correction and CTF estimation, and particle 

picking were carried out in SIMPLE (Reboul et al. 2018). The particles were then 

subjected to 2D classification in RELION-2.0 (Kimanius et al. 2016) and 2D classes with 

high resolution features were selected. The particles were then further classified in 3D in 

RELION-2.0 (Kimanius et al. 2016) and RELION-3.0 (Zivanov et al. 2018) and classes with 

detailed features, little noise and accurate particle alignment as estimated within 

RELION were selected. Finally a high resolution volume was calculated using refinement 

and post-processing in RELION. The exact strategy for data processing varied as 

technology improved throughout the time in which data were acquired for this study. 

Where strategies for data processing differed from this general outline, the changes that 

were made are described in the relevant results chapters. The final high resolution map 
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was used for building an atomic model in Coot (Emsley et al. 2010). Models were built 

manually using predicted models of FliP, FliQ and FliR (Ovchinnikov et al. 2015) as a 

guide. The models were then iteratively improved using phenix.real_space_refine 

(Afonine et al. 2018) and manual editing in Coot. 
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3 Understanding the architecture of the core of the export apparatus 

3.1 Introduction 

As described in chapter 1, the proteins FliPQR (fT3SS) or SctRST (vT3SS) are thought to 

be components of the export apparatus and are also known as the export gate. FliP and 

FliR are among the first proteins in the nanomachine to assemble (Jones and Macnab 

1990). In the case of the vT3SS SctRST it has been shown that basal bodies assembled 

without SctRST are not functional and cannot be repaired by expression of SctRST post 

assembly (Wagner et al. 2010). They have been proposed to be located in a specialised 

patch of inner membrane at the centre of the basal body (Macnab 2004), but the highly 

hydrophobic nature of these putative integral membrane proteins has complicated 

biochemical characterisation (Figure 1.5). In the case of the fT3SS a specific chaperone, 

FliO, has been described, but when this work was begun it was not known whether FliO 

is necessary for assembly of FliPQR (Barker et al. 2010). Recently, different 

stoichiometries have been proposed for the SctRST and FliPQR complexes despite the 

high sequence homology (Figure 1.7). The aim of this chapter is to establish whether the 

stoichiometries of the two complexes are truly different and which, if any, model of the 

complex is correct. In order to minimise artefacts from the recombinant expression 

system, all constructs were cloned as operons including the genes for all three subunits. 

The export gate genes are found next to each other in most organisms (Macnab 2004). 
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3.2 Purification of S. Typhimurium FliPQR and S. flexneri SctRST 

Two export gate homologues were initially chosen for purification, one from the fT3SS (S. 

Typhimurium FliPQR) and one from the vT3SS (S. flexneri SctRST). The genes were cloned 

as an operon in the pT12 vector, which has previously been used to produce the S. 

Typhimurium SPI-1 complex SctRT (Dietsche et al. 2016). In the fT3SS gene cluster, the 

FliO gene is found immediately upstream of FliP and has been proposed to promote 

stability of FliP (Barker et al. 2010), creating the possibility that FliO is a chaperone for 

assembly of the FliPQR/SctRST complex. Therefore, an additional construct including 

FliO in the operon was cloned (Figure 3.1).   

 

 

Figure 3.1 Export gate constructs.  
Diagram of the operon structure of the export gate constructs in the pT12 vector. 

 

All constructs were expressed and purified following the protocol in section 2.5.1 using 

the detergent DDM. The export gate complex could be purified using all three constructs, 

but the sample eluted from the Strep column using the FliPQR construct was lost during 

concentration before the size exclusion step, likely due to aggregation, and this 

construct was excluded from further characterisation. The FliOPQR and S. flexneri SctRST 

samples were then further purified by SEC (Figure 3.2A). Interestingly, two peaks were 

observed in the SEC profile of FliOPQR. SDS-PAGE (Figure 3.2B) showed that the first 

peak contained two bands corresponding to FliO, consistent with previous analysis of 

FliO (Ohnishi et al. 1997), in addition to bands for FliPQR, while the second peak 

contained only FliPQR. The elution volume of the second peak was very similar to the 

SctRST elution volume and the SEC elution volume of the previously published S. 

Typhimurium SPI-1 SctRT complex (Dietsche et al. 2016), consistent with the second 

peak corresponding to the assembled FliPQR complex and the first peak corresponding 

to an assembly intermediate that is still bound to the chaperone FliO.  
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Figure 3.2 Purification of FliPQR and SctRST.  
A, SEC of FliOPQR and SctRST. B, Representative 15% SDS-PAGE analysis of the result of 
the purification of a FliPQR, FliOPQR and SctRST homologue. Strep eluate and SEC pools 
of FliPQR (left), FliOPQR (middle) and SctRST (right). The identities of the proteins were 
confirmed by proteomics carried out by the Dunn School Advanced Proteomics Facility.  

 

SDS-PAGE also revealed the presence of a weak band around the expected size of 

FliQ/SctS. SctS had not been observed in the S. Typhimurium SPI-1 export gate complex 

even though the entire SctRST operon was expressed (Dietsche et al. 2016). This 
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indicated that FliQ may be part of the export gate but binding is weaker in the S. 

Typhimurium SPI-1 homologue. Next, the protein from both the FliOPQR peaks and the 

SctRST peak was pooled separately and analysed by negative stain EM (Figure 3.3).  

 

 

Figure 3.3 Negative stain electron microscopy of the export gate. 
Negative stain grids were prepared using samples at 0.003 mg/ml (left), 0.04 mg/ml 
(middle) and 0.05 mg/ml (right).  

 

The FliPQR and SctRST samples both contained circular particles with a diameter of 

around 10 nm, similar to the previously published analysis of the S. typhimurium SPI-1 

SctRT complex (Dietsche et al. 2016). Interestingly, the FliOPQR complex was a 

heterogeneous mixture of assemblies of three or four rings surrounding a central ring. 

The similar size of the outer rings and the FliPQR complex suggests that they correspond 

to each other. The central ring could be formed by the FliO chaperone, but the exact 

architecture of the FliOPQR complex was not further investigated. After this experiment 

was performed a study was published suggesting that the central ring in the FliOPQR 

complex is indeed a FliO ring while the outer rings are FliPQR complexes (Fukumura et al. 

2017). 

 

3.3 Stoichiometry of FliPQR 

As SEC, negative stain EM and SDS-PAGE analysis all supported successful purification of 

the S. Typhimurium fT3SS export gate FliPQR and the S. flexneri vT3SS export gate 
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SctRST the samples were used for stoichiometric analysis by native mass spectrometry 

(nMS). The sample buffer was exchanged to 200 mM ammonium acetate (section 2.5.9) 

and the sample was then analysed using a Q exactive mass spectrometer (section 2.5.10). 

The sample was sprayed through a glass capillary to which a voltage of 1.2 kV was 

applied. The source temperature was 40 °C and the collision gas was Argon at a pressure 

around 10-9 mbar. In nMS of membrane proteins collision of the protein-detergent 

complex with gas molecules is used to dissociate the relatively weakly bound detergent 

molecules from the protein by collision-induced dissociation (CID) without using so 

much collisional energy that the protein complex would dissociate.  

 

 

Figure 3.4 nMS of S. Typhimurium FliPQR. 
A, Mass spectrum of FliPQR in DDM. The sample was analysed in negative mode (Liko et 
al. 2016) by reversing the polarity on the electrospray needle. The collision voltage was 
200 V. B, Mass spectrum of FliPQR purified in DDM and exchanged into C8E5. The 
collision voltage was 150 V. C, Relative abundance of different complexes in samples of 
FliPQR purified in DDM and exchanged into C8E5, C8E4 and a sample exchanged into 
C8E4  which was left for one hour at 4 °C in between detergent exchange by SEC and 
buffer exchange using a Bio-Spin column (section 2.5.9). The collision voltage was 150 V. 
D, Mass spectrum of FliP purified in DDM and exchanged into C8E5. The collision voltage 
was 150 V. 
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When FliPQR was analysed in DDM, the detergent used for purification, a high voltage 

(200V) had to be applied in the collision cell to achieve a sufficiently high collisional 

energy to strip the DDM micelle from the protein. It was possible to observe peaks 

corresponding to the mass of a FliP5R1 complex and monomeric FliP and FliQ, which 

most likely dissociated in the mass spectrometer by CID (Figure 3.4A). Additionally a 

large part of the spectrum remained unresolved as can be seen in the large, broad peaks 

to the right of each FliP5R1 peak indicating the presence of larger species that could 

potentially include a FliPQR complex.  

 

One reason for why the complex could not be fully resolved could be that DDM binds 

the complex too tightly, preventing complete stripping of the micelle from the complex 

in the mass spectrometer. A range of detergents was screened with the aim of finding a 

detergent in which the intact FliPQR complex could be resolved at a low collision voltage 

(summarised in Table 3.1). The most stabilising detergent, in which a species including 

the more fragile FliQ subunit could be observed and in which very little dissociation of 

monomeric subunits was observed, was C8E5 (Figure 3.4B). This revealed that the 

complex in this sample had a stoichiometry of five FliP, one FliQ and one FliR. 

Additionally, FliP hexamers were observed in two detergents, C8E4 and C10E9, both of 

which also caused partial dissociation of the complex as indicated by the presence of FliP 

monomers (Table 3.1).  

 

Interestingly, when the FliP monomer peaks were inspected more closely, two peaks 

were observed corresponding to FliP with different mature sequences (Figure 3.5A). FliP 

contains a cleaved signal sequence and the cleavage site has been studied previously 

using N-terminal sequencing (Ohnishi et al. 1997) and was found to be between residues 

Ala21 and Gln22. However, the majority species observed by mass spectrometry was 

around 100 Da heavier than expected, consistent with a formylated FliP (21-245). 

Formylated peptides are not reactive to N-terminal sequencing. It is possible that the 

smaller FliP (22-245) is a product of degradation or alternative cleavage by the signal 

peptidase due to the ambiguous signal peptide cleavage site (Figure 3.5B). 
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Sample Detergent Major observed species Voltage (V) 

FliPQR DDM FliP5R1 200 

FliPQR C12E9 not resolved 200 

FliPQR C10E9 FliP5R1, FliP4R1, FliP6 and FliP1 200 

FliPQR C10E6 sample aggregated n/a 

FliPQR C8E4 FliP5Q1R1, FliP5R1, FliP6 and FliP1 150 

FliPQR C8E5 FliP5Q1R1, FliP5R1 150 

FliPQR C8E6 FliP5Q1R1, FliP5R1 150 

FliP C8E5 FliP6, FliP2, and FliP1 150 

FliPQR (his 
tag on FliP) C8E5 FliP5Q1R1, FliP5R1 150 

FliPQR (from 
FliLMNOPQR 
construct) C8E5 FliP5Q1R1, FliP5R1 150 

Table 3.1 Summary of the main species observed by nMS of FliPQR in a range of 
detergents. 
The sample in the detergent C10E9 was analysed using xenon rather than argon as the 
collision gas. Xenon atoms are larger than argon atoms resulting in higher energy 
collisions between collision gas and protein (Lorenzen et al. 2007). A resolved spectrum 
could not be obtained using the C10E9 sample with the lower energy argon collision gas.  

 

 

Figure 3.5 FliP signal peptide cleavage site. 
A, Close-up view of the 7+ charge state of the FliP monomer. Two peaks could be 
observed, one which corresponds to the mass of FliP residues 21 to 245 plus formyl (29 
Da) and a second, smaller peak which corresponds to FliP residues 22 to 245. B, 
Sequence of the first 40 residues of FliP in the preprotein and the mature protein 
following signal peptide removal. 
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In order to further investigate whether FliP hexamers were present in the original 

sample despite not being observed in the spectra obtained using samples in C8E5 and 

DDM or if the hexamer only forms after detergent exchange, FliPQR was analysed after 

extended incubation in C8E4 (Figure 3.4C). This showed that incubation in a destabilising 

detergent caused a decrease in FliP5Q1R1 and an increase in FliP hexamer abundance, 

suggesting that one can be converted into the other and that FliQ dissociates from the 

complex in harsher detergents. In no spectrum could FliP6 be observed bound to either 

FliQ or FliR. As there was no FliP5 intermediate, it was not clear if the FliP6 complex 

formed from FliP monomers or from a larger subcomplex of FliP5Q1R1.  

 

In order to further validate the use of the detergent C8E5 and confirm that FliP in 

isolation forms hexamers, as reported by the Namba group (Fukumura et al. 2017), FliP 

was expressed from a pT12 plasmid containing a FliOP operon with an N-terminal his tag 

between the FliP signal sequence and the N-terminus of the mature protein. FliP was 

purified as reported previously (Fukumura et al. 2017) (section 2.5.2) and was then 

analysed by nMS after exchange into C8E5 and observed to be a pure hexamer (Figure 

3.4D). Additionally, FliP monomers and pentamers could be observed. The pentamer 

peak had a lower charge state than the hexamer, indicating that it was the result of CID. 

In CID of protein complexes a monomer is ejected from the complex in an unfolded state, 

taking with it a large proportion of the charge of the intact complex (Pagel et al. 2010). A 

charge reduced complex is left behind, in this case the FliP pentamer. Thus the charge 

state indicates that FliP pentamers were not present in the sample before entering the 

mass spectrometer. 

 

These experiments suggested that FliP6 was an artefact that arose due to the tendency 

of FliP to assemble into hexamers in the absence of FliQ and FliR either because they are 

not co-expressed or because they dissociate in a harsh detergent like C8E4. As a control 

for testing if the his tag affects assembly, a construct of his-tagged FliP including FliQ and 

C-terminally strep tagged FliR downstream of FliP in the operon was made and the 

purified protein (section 2.5.1) was analysed after detergent exchange into C8E5. The 

FliP5Q1R1 complex was again observed without evidence of a FliP6 species (Table 3.1). 
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3.4 Conservation of the core stoichiometry 

A previous nMS study suggested that the vT3SS export gate from S. Typhimurium SPI-1 is 

an SctR5T1 complex (Dietsche et al. 2016), consistent with the FliP5Q1R1 complex. SctS 

was not co-purified, possibly due to the fragility of its association with the SctRT 

complex. In order to explore the stoichiometry of SctS, S. flexneri SctRST was analysed by 

nMS after exchange into the detergent C8E5, the detergent that was most suitable for 

analysis of FliPQR. The complex was found to be a mixture of an SctR5S1T1 and an 

SctR5S2T1 complex (Figure 3.6A), indicating that the core stoichiometry of the complex is 

conserved but that the FliQ/SctS subunit is more variable and potentially sensitive to 

detergent, consistent with the loss of FliQ after incubation in C8E4 (Figure 3.4C).  

 

Figure 3.6 nMS of SctRST. 
A, Mass spectrum of S. flexneri SctRST purified in DDM and exchanged into C8E5. The 
collision voltage was 200 V. B, Mass spectrum of S. Typhimurium SPI-1 SctRST. The 
collision voltage was 150 V. C, Relative abundance of SctR5T1/FliP5R1, SctR5S1T1/FliP5Q1R1 
and SctR5S2T1/FliP5Q2R1 in full length and C-terminally truncated constructs in mass 
spectra obtained under identical conditions. The collision voltage was 150 V in all 
experiments. D, Mass spectrum of Y. enterocolitica SctRST. The collision voltage was 150 
V. 
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S. Typhimurium SctRST was previously analysed in the detergent C12E9 and no SctS was 

observed (Dietsche et al. 2016). In order to test if S. Typhimurium SctS can be observed 

when the sample is prepared in the same way as S. flexneri SctRST, the S. Typhimurium 

complex was purified and exchanged into C8E5 following the same protocol as for S. 

flexneri SctRST (section 2.5.1). Although the peaks in the spectrum of S. Typhimurium 

obtained here are sharper than what was observed before (Dietsche et al. 2016), the 

stoichiometry is the same, SctR5T1 (Figure 3.6B).  

 

In the S. Typhimurium SPI-1 SctRST construct the C-terminus of SctT (residues 252 to 263) 

was truncated. In order to exclude the possibility that SctS is not bound to the complex 

due to the mutation of SctT, a full length construct was cloned and analysed in the same 

way, but the stoichiometry was unaffected (Figure 3.6C). In addition, truncated S. 

Typhimurium FliOPQR (FliR residues 239 to 264) and S. flexneri SctRST (SctT residues 240 

to 256) constructs were made and the complexes were purified and analysed as before. 

The results were ambiguous, showing loss of FliQ binding after truncation only in S. 

Typhimurium FliPQR (Figure 3.6C), suggesting that the C-terminus of FliR is part of the 

FliQ binding site on the FliPQR complex, but other interactions keep SctS associated with 

the complex, possibly with one of the SctR subunits. 

 

In order to further investigate the stoichiometry of FliQ/SctS, two further vT3SS 

homologues were prepared of which one yielded interpretable mass spectra: Y. 

enterocolitica SctRST was purified in DDM (section 2.5.1). After screening a small 

number of detergents, most of which led to aggregation of the protein, the sample was 

kept in DDM and the buffer was exchanged to the nMS compatible 200 mM ammonium 

acetate containing 0.016% (w/v) DDM using a Bio-Spin P6 column (section 2.5.9). Then, 

the sample was diluted 3:1 in 0.8% (w/v) C8E6 in 200 mM ammonium acetate and 

analysed immediately. Due to the instability of this sample, data could only be recorded 

for a few minutes before the signal disappeared, suggesting that Y. enterocolitica SctRST 

is highly sensitive to detergents. The spectrum obtained showed a mixture of species 

(Figure 3.6D), including a core SctR5T1 complex with up to three SctS subunits as well as 

an SctR6T1 complex. Due to the instability of this sample, it is possible that at least some 

of the observed species are the result of formation of non-physiological complexes, 
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similar to the S. Typhimurium FliP hexamer (Figure 3.4). As the sequences of 

FliPQR/SctRST are highly conserved, it is likely that the stoichiometry is widely conserved 

making the consistently observed core FliP5R1/SctR5T1 complex bound by a variable 

number of FliQ/SctS subunits the most likely physiological stoichiometry. 

 

3.5 Probing the substructure of the export gate complex using atypical CID 

When FliPQR was analysed in DDM (Figure 3.4A), negative mode (Liko et al. 2016) was 

used to generate negatively charged ions which allowed analysis of the intact complex. 

When nMS was performed with positive charge, as used for all other samples, the 

complex was observed to break apart (Figure 3.7A), complicating the stoichiometric 

analysis. Dissociation of a complex in the mass spectrometer into intact subcomplexes is 

called atypical CID (Hall et al. 2013), and enables the study of the architecture of the 

complex through analysis of the subcomplexes. No subcomplexes including FliQ were 

observed, suggesting that at least in S. Typhimurium FliPQR this subunit is bound weakly 

to a more robust FliPR core complex when the complex is extracted in DDM and 

dissociates quickly in the gas phase inside the mass spectrometer. Subcomplexes of the 

FliPR complex indicated that FliR is not a peripheral subunit: If FliPR is a FliP pentamer 

bound by a FliR subunit on the outside (Figure 1.7D), the complex would be expected to 

first fall apart into a FliR monomer and a closed FliP5 ring, i.e. the dissociation behaviour 

that was observed for FliQ. While FliP5 was observed, other species, including FliP4R1, 

FliP3R1, FliP2R1 and FliP1R1 were also observed. This suggested that FliP5R1 is a 

heterohexameric ring rather than a pentamer plus a peripheral FliR subunit. As the 

structure of the export gate was expected to be ǊƛƴƎ ǎƘŀǇŜŘ ƭƛƪŜ ŀ άŘƻƴǳǘέ (Dietsche et 

al. 2016), FliR is most likely a component of that ring. 



  

62 

 

 

Figure 3.7 atypical CID of FliPQR.  
A, Atypical CID of S. Typhimurium FliPQR purified in DDM. The collision voltage was 200 
V with an addition 150 V of in source activation (Gault et al. 2016), causing collisional 
activation in both the collision cell and the ion funnel at the entrance of the instrument. 
B, Dissociation of the 20+ charge state of S. Typhimurium FliP5Q1R1 purified in DDM and 
exchanged into C8E5. The sample sample was activated in source (100 V) and the 8279 
m/z ions were isolated. The ions were dissociated by applying 250 V in the collision cell. 
This experiment was performed together with Dr Joe Gault. 

 

In order to further investigate how FliQ binds to the complex, FliPQR, exchanged into 

C8E5, was analysed by selecting an ion corresponding to the 20+ charge state of 

FliP5Q1R1 inside the mass spectrometer followed by CID of just this ion (Figure 3.7B). 
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Interestingly, one dissociation product was a FliP1Q1 complex. This showed that FliQ not 

only contacts FliR (Figure 3.6C) but also FliP, suggesting that this FliQ subunit is bound to 

the interface of FliR and a FliP subunit in the FliP5R1 ring. Furthermore, no FliP5 complex 

was observed, which would be the result of dissociation of FliR, further strengthening 

the idea that FliR is not peripheral to a central FliP pentamer.  

 

3.6 Stoichoimetry of the export gate purified in the detergent LMNG 

The export apparatus subunit FlhB/SpaS is thought to interact with the export gate 

complex (Van Arnam et al. 2004), but the stoichiometry of this interaction was unclear 

(McMurry et al. 2015), making a FliPQR-FlhB complex an attractive target for 

characterisation by nMS. A detergent screen was designed with the aim of finding a 

detergent that would allow co-purification of S. Typhimurium FlhB with FliPQR (section 

2.5.4). Purified samples were submitted for proteomic analysis in the Dunn School 

proteomics facility and co-purification of FlhB was quantified by measuring the relative 

intensity of FlhB to FliP peptides (Figure 3.8A). This revealed that FlhB was enriched 

more than 24-fold in LMNG compared to DDM, although co-purification of FlhB was not 

initially successful to levels stoichiometric with FliPQR (see chapters 4 and 6).  

 

Moreover, increased amounts of FliQ were seen to co-purify with FliPR when extracting 

and purifying the complex with LMNG (Figure 3.8B). Therefore, the nMS analysis was 

repeated with FliPQR/SctRST extracted in LMNG and exchanged into C8E5 (section 2.5.9), 

but the S. Typhimurium FliPQR complex could not be fully resolved (Figure 3.8C). The 

broad nature of these peaks, between 8,000 and 12,000 m/z, suggests binding of 

molecules of heterogeneous mass to the complex, most likely tightly bound lipids 

(Bechara et al. 2015). In addition, a FliQ dimer was observed, indicating that the FliQ 

subunits in the assembled FliPQR complex are in contact with each other.  
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Figure 3.8 Analysis of the export gate in LMNG. 
A, Relative intensity of FlhB and FlhA peptides compared to FliP peptides by proteomics 
in samples of FliPQR co-expressed with FlhBA and purified in a range of detergents. B, 
Representative 4-20% SDS-PAGE gradient gel comparing FliOPQR and SctRST purified in 
DDM and LMNG. C, Mass spectrum of S. Typhimurium FliPQR purified in LMNG and 
exchanged into C8E5. The collision voltage was 200V. D, Mass spectrum of P. savastanoi 
FliPQR purified in LMNG and exchanged into C8E5. The collision voltage was 200V. E, 
Mass spectrum V. mimicus FliPQR purified in LMNG and exchanged into C8E5. The 
collision voltage was 200V. F, Mass spectrum of S. Typhimurium SctRST purified in LMNG 
and exchanged into C8E5. The collision voltage was 200V. 
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As the stoichiometry of S. Typhimurium FliPQR in LMNG could not clearly be resolved, 

two further FliPQR complexes, from Pseudomonas savastanoi pathovar phaseolicola 

strain 1448A (DSM 21482) and Vibrio mimicus (DSM 19130), were cloned as FliOPQR 

operons in the same way as the S. Typhimurium FliOPQR construct and were expressed 

and purified in LMNG (section 2.5.3). While P. savastanoi FliPQR was observed to be a 

mixture of FliP5Q4R1 and FliP5Q5R1 complexes by nMS (Figure 3.8D), V. mimicus FliPQR 

was a homogeneous FliP5Q4R1 complex (Figure 3.8E). S. flexneri SctRST purified in LMNG 

(section 2.5.3) was observed to be a complex mixture of SctR5T1, SctR5S1T1, SctR5S2T1, 

SctR5S3T1 and SctR5S4T1 (Figure 3.8F). This suggested that even though LMNG allowed co-

purification of a higher number of FliQ/SctS subunits per complex compared to DDM, 

the additional subunits may be more sensitive to detergent or more weakly bound than 

the single FliQ subunit that was previously predicted to be located at a FliP/FliR interface 

(section 3.5). The average sequence identity between S. Typhimurium FliPQR and V. 

mimicus FliPQR is 39%, the identity between S. Typhimurium and P. savastanoi is 44% 

and the identity between S. Typhimurium FliPQR and S. flexneri SctRST is 26%. 

 

3.7 Modelling of the architecture of the export gate 

The interaction between FliP, FliQ and FliR was additionally analysed using 

bioinformatics. The evolutionary co-variation was calculated using the GREMLIN server 

(http://openseq.org/index.php) (Ovchinnikov et al. 2014). Residues of both predicted 

transmembrane helices of FliQ co-vary with residues in the C-terminal half of FliP (Figure 

3.9A) indicating a large interface between the two proteins that could potentially occur 

at each FliP subunit. This would support a FliQ stoichiometry of five per complex. 

Extensive contacts between FliP and FliR throughout the entire sequence (Figure 3.9B) 

support the position of FliR as part of a FliP5R1 ring as predicted above (Figure 3.7). In 

contrast, only helix one of FliQ co-varies with FliR (Figure 3.9C). This was consistent with 

the most tightly bound FliQ binding at the FliP-FliR interface in the FliPR ring as 

suggested by the analysis of truncated constructs (Figure 3.6). The sensitivity of FliQ/SctS 

to detergents and dissociation in the mass spectrometer suggests that it peripherally 

surrounds the FliPR core, most likely in a continuous layer as suggested by the FliQ 

interaction with itself (Figure 3.8C). The stoichiometry of FliQ cannot be determined 

precisely due to the possibility of dissociation of this fragile subunit during the 
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purification, but the highest observed number per complex, five, is consistent with the 

predicted interaction between FliP and FliQ, making this the most likely correct 

stoichiometry.  

 

 

Figure 3.9 Evolutionary covariation. 
A-C, Covariation within FliPQR calculated using GREMLIN (Ovchinnikov et al. 2014). Only 
contacts with a probability score greater than 0.75 are displayed. Contacts were 
calculated from pairs of sequences. Contacts within a single sequence are in the squares 
at the top left and bottom right while contacts between the proteins are in the 
rectangles at the top right and bottom left. The FliP C-terminal 100 residues co-vary with 
residues spread throughout the entire FliQ sequence (A), FliP and FliR co-vary 
throughout both of their sequences (B) and the N-terminal 52 residues of FliQ co-vary 
with residues spread throughout the entire FliR sequence (C). The MSAs contained 2,745 
(A), 3,755 (B) and 3,594 aligned sequences. D, Cartoon model of the architecture of the 
FliPQR-FlhB complex. FliP=blue, FliR=yellow, FliQ=red, FlhB=green. 

 

Additionally, FlhB is thought to contact FliR as a fusion of the two proteins is partially 

functional and exists naturally in Clostridium (Van Arnam et al. 2004), which is supported 
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by interactions between SctRST and SctU (FliPQR and FlhB) shown by in vivo photo-

crosslinking (Dietsche et al. 2016). This would place FlhB in the peripheral layer made of 

FliQ that surrounds FliPR. Summarising all the data, a new model for the architecture of 

the export gate complex could be proposed (Figure 3.9D). The core complex is proposed 

to be a heterohexameric ring made up of 5 FliP subunits and 1 FliR subunit. This is 

surrounded by a ring of 5 FliQ subunits and 1 FlhB subunit. 

 

3.8 Discussion 

In this chapter the stoichiometry of the export gate complex FliPQR/SctRST was shown 

to be conserved in flagellar and virulence T3SS. The core is formed by a heterohexameric 

ring made up of five FliP/SctR subunits and one FliR/SctT subunit. The exact 

stoichiometry of FliQ/SctS could not be determined due to its sensitivity to detergent, 

but it was clear that there were more than one FliQ/SctS subunit with a maximum of five 

observed in complex with FliPR (Figure 3.8). Combining all data with bioinformatic 

analysis allowed the construction of a new model for export gate architecture of both 

vT3SS and fT3SS (Figure 3.9D). This model contradicts both older models (Dietsche et al. 

2016; Fukumura et al. 2017). 

 

3.8.1 Comparison with older models 

The disagreement between the data presented here and the SctRT pentamer model 

(Dietsche et al. 2016) can be explained by misinterpretation of negative stain data. 

Previously, S. Typhimurium SctR5T1 was analysed by negative stain EM (Figure 3.10). A 

mixture of particles were observed, the majority were rings while some appeared to be 

rings with an additional subunit outside the ring. The latter were proposed to be SctR 

pentamers with an SctT subunit decorating the outside of the SctR ring and the former 

were proposed to correspond to SctR rings from which the SctT subunit had dissociated. 

However, a different possibility is that these are simply different views of the same 

object. As shown above (Figure 3.4), dissociation of FliR leads to formation of FliP 

hexamers, which are also thought to be rings (Fukumura et al. 2017). The tendency of 

FliP to form hexameric ring structures when other export gate subunits are not present, 

either due to absence in the recombinant expression system or due to instability in a 
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relatively harsh detergent, suggests that the FliP homohexamer is mimicking the native 

FliPR heterohexamer. As the sixth FliP subunit that completes the ring in the absence of 

FliR and FliR can both fill the same position in the complex, FliR may adopt a structure 

similar to FliP. How does the SctR6T1 complex, a minor species in the mass spectrum of Y. 

enterocolitica SctRST, fit into this model? Considering the instability of this sample, the 

lack of SctS in the complex and presence of SctS in Y. enterocolitica SctRST complexes 

containing only 5 SctR subunits and the evidence from many other homologous 

complexes, this observation can be regarded as an outlier likely resulting from the 

formation of a non-physiological oligomer from disassembled monomeric subunits.  

 

 

Figure 3.10 Re-interpretation of negative stain EM data. 
Previously published 2D class averages of S. Typhimurium SPI-1 SctRT (Dietsche et al. 
2016). The scale bar indicates 5 nm. The lower four averages were originally described 
as pentameric SctR rings decorated with an SctT subunit. A different interpretation, 
suggested by the new model of the architecture of FliPQR/SctRST, is that these averages 
represent different views of the same object, which is a heterohexameric ring of 5 SctR 
and 1 SctT. 

 

3.8.2 Assembly of FliPQR 

As FliP can form hexameric rings in the absence of FliR, the native system may need to 

prevent formation of these complexes which have been reported to cause toxicity by 

making the inner membrane permeable to ions (Dietsche et al. 2016; Ward et al. 2018). 

In vivo formation of large assembly intermediates containing FliP, likely corresponding to 

the FliP5Q~5R1 complex revealed in this chapter, was strongly reduced in the absence of 

FliR (Fabiani et al. 2017), suggesting that in the native context FliP is stopped from 
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oligomerising before FliR is made. This would imply that FliR is the nucleus for export 

gate assembly. Nevertheless, FliP hexamers have been observed in complex with FliO in 

a recombinant context (Fukumura et al. 2017). The assembly of the non-native 

hexamers may occur only at a high concentration of FliP/SctR. 

 

3.8.3 Effects of detergents on membrane proteins 

The case of the export gate teaches that care needs to be taken to avoid formation of 

artefactual stoichiometries, in this case resulting from formation of a symmetric 

complex in place of the pseudosymmetric native complex due to detergent or 

expression artefacts.  

 

A similar example of a membrane protein complex with controversial stoichiometry is 

the complex of ExbB and ExbD. ExbB can form pentameric and hexameric complexes 

(Celia et al. 2016; Maki-Yonekura et al. 2018) while a variable number of ExbD molecules 

have been observed inside the ExbB ring. The different stoichiometries have been 

proposed to be of functional relevance, however it is possible that at least one model is 

the result of artefacts of expression or detergent solubilisation. A related complex, the 

flagellar MotAB complex, is thought to be a complex of four MotA and 2 MotB subunits 

(Yonekura et al. 2011; Takekawa et al. 2016) despite the homology to the ExbBD 

complex. It is possible that expression and detergent solubilisation artefacts are partially 

responsible for the different observed stoichiometries. 

 

Another case of controversial stoichiometry is found in a homomeric complex. The 

stoichiometry of the membrane protein complex of MscL can be manipulated using 

detergents, lipids and temperature and this has been directly observed with native mass 

spectrometry (Reading et al. 2015). It is not known which stoichiometry is the 

physiologically relevant one or whether different oligomeric states could be functionally 

relevant. 
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3.8.4 Future perspectives 

The results presented in this chapter could form the basis for structural studies of the 

export gate complex using cryo-EM. In particular, the discovery of a more stabilising 

detergent, LMNG, with the potential to stabilise the sample when prepared for cryo-EM, 

might prove useful for further structural studies.  
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4 Structure of the export gate: membrane proteins outside the membrane 

4.1 Introduction 

 

Figure 4.1 Cartoon showing the proposed location of FliPQR in the basal body. 
Model of the export gate in the basal body based on knowledge prior to work described 
in this chapter. The cartoon is based on the results in chapter 3 and cartoons in recent 
papers (Ohnishi et al. 1997; Lorenzen et al. 2007; Fukumura et al. 2014; Bechara et al. 
2015). 

 

In chapter 3 the architecture of the export gate complex, FliPQR, was analysed. These 

experiments not only generated and characterised valuable reagents, but also suggested 

an architecture consisting of a core FliP5R1/SctR5T1 heterohexameric ring surrounded by 

a ring of up to 5 FliQ/SctS subunits, which likely resides in the inner membrane 

surrounded by the basal body (Figure 4.1). In addition, experiments in chapter 3 showed 

that the FliPQR complex could be stabilised by extracting it from the membrane in the 

detergent LMNG rather than DDM and that LMNG stabilised the interaction between 

the regulatory protein FlhB and FliPQR, making LMNG the detergent of choice for 

further studies. In order to exploit these results, structural investigations using cryo-EM 

were begun. 

 

 



  

72 

 

4.2 Structure determination of FliPQR 

4.2.1 Imaging of FliPQR in LMNG 

Previous cryo-EM and crystallography studies in the lab had focused on S. Typhimurium 

SPI-1 SctRT (Dietsche et al. 2016) solubilised in the detergent DDM or the amphipol A8-

35, but although data could be collected using Titan Krios microscopes (FEI), no high 

resolution volume could be calculated (experiments performed by Dr Patrizia Abrusci). 

As even data collected on the most advanced detectors and microscopes available did 

not lead to a high-quality reconstruction, a different sample was used here. Flagella 

rotate by applying high torque to the flagellar filament, and higher torque is correlated 

with additional subunits stabilising the nanomachine (Beeby et al. 2016). It is therefore 

possible that the flagellar EA has evolved to be more stable than injectisome 

homologues in order to withstand the forces resulting from rotation. Consistent with 

this hypothesis, higher FliQ/SctS stoichiometries were observed in some flagellar 

homologues prepared in LMNG using native mass spectrometry (chapter 3), in particular 

in Vibrio and Pseudomonas FliPQR, two species whose flagella rotate using higher torque 

than those of the common model organism Salmonella (Beeby et al. 2016; Kaplan et al. 

2019). Nevertheless, Salmonella and Escherichia flagella are the most well studied (Berg 

2003; Macnab 2003) and so S. Typhimurium FliPQR was chosen for structural studies in 

this chapter.  

 

S. Typhimurium FliPQR was prepared in the detergents DDM and LMNG as before 

(section 2.5.3). Cryo-EM grids were prepared using samples Quantifoil Au 400 mesh 

holey carbon coated grids with a hole diameter of 1.2 m˃ and a hole spacing of 1.3 ˃m 

using a Vitrobot Mark IV (FEI) at 22 °C and 100% humidity. Initial screening showed that 

a sample concentration between 0.7 and 1 mg/ml resulted in a high particle density with 

sufficient distance between particles. Grids were imaged on a Talos Arctica electron 

microscope (FEI) operated at 200 kV using the program EPU (FEI) for automated data 

collection using a defocus range of 0.5 to 4 m˃. The microscope was equipped with a 

Falcon 3 detector (FEI) operating in linear mode. The pixel size was 0.78 Å. Micrographs 

were pre-processed using the SIMPLE pipeline including an implementation of the 

program Unblur for motion correction and an implementation of CTFFIND4 for CTF 

estimation (Reboul et al. 2018). Particles were picked using Gautomatch (Urnavicius et al. 
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2015) and extracted in a 240x240 Å box. 2D class averaging was performed in SIMPLE 

(FliPQR DDM) or RELION1.4 (Scheres 2012) (FliPQR LMNG). Initial analysis showed that 

distinct particles could be observed with more detail in top views of the complex in 

LMNG samples compared to DDM when subjected to 2D classification. Some 2D 

averages of the top view of the LMNG sample featured ǎƛȄ άǎǿƛǊƭǎέ ǿƘƛŎƘ ƳƛƎƘǘ 

correspond to the six subunits of the FliP5R1 ring. However, all averages from the LMNG 

sample looked like discs with varying levels of internal detail, while clearly different 

shapes could be seen in DDM (Figure 4.2). The circular average is likely to correspond to 

the top view of the membrane pore formed by FliPQR while the other view may 

correspond to a side view. The high resolution features of the complex in LMNG 

suggested that this sample was more likely to lead to a cryo-EM structure, however the 

lack of other views prevented an analysis in 3D. 

 

 

Figure 4.2 Initial cryo-EM characterisation of FliPQR. 
A, 10 most populated 2D class averages of S. Typhimurium FliPQR in DDM calculated 
using SIMPLE PRIME2D. B, 10 most populated 2D class averages of S. Typhimurium 
FliPQR in LMNG calculated using RELION1.4. C, Close-up view of the highlighted averages 
from (A). D, Close-up view of the highlighted average from (B) in which swirls can be 
seen. 
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4.2.2 Initial imaging of FliPQR in complex with FlhB 

In an attempt to both obtain side views by changing the surface of the protein and 

prepare a larger complex, co-purification of FlhB was attempted. The secretion 

specificity switch protein FlhB is made up of a predicted transmembrane domain of 

unknown structure and a cytoplasmic domain (Meshcheryakov et al. 2013) (chapter 1). 

Addition of these two domains to the FliPQR complex might change the orientation of 

the particles in the cryo-EM grid and the presence of the cytoplasmic domain outside 

the detergent micelle might aid image classification. Co-purification of substoichiometric 

amounts of FlhB with FliPQR was previously observed using proteomics (chapter 3), 

suggesting that preparation of a monodisperse FliPQR-FlhB complex is possible. For this 

purpose, an operon of FlhB and FlhA was placed in a pBAD plasmid with a C-terminal his 

tag on FlhA and was co-expressed with FliOPQR in a pT12 plasmid. The culture was 

supplemented with 0.1% rhamnose monohydrate and 0.1% arabinose and the 

appropriate antibiotics and the FliPQR-FlhB complex was expressed and purified using 

the same protocol as for FliPQR without FlhB using the detergent LMNG (section 2.5.3). 

The SEC profile of the resulting complex revealed a shoulder to the left hand side of the 

FliPQR peak (Figure 4.3A). SEC-MALS was used to further interrogate the shoulder of the 

peak (section 2.5.8). This revealed that although the mass of the complex corresponding 

to the shoulder was very similar to that of the main peak, it was slightly larger (about 8 

kDa). SDS-PAGE analysis was also consistent with co-purification of FlhB (Figure 4.3B), 

with the full FliPQR-FlhB complex eluting in the shoulder of the peak. 

 

Cryo-EM grids were made using different fractions across the peak and analysed on a 

Talos Arctica microscope (FEI). Quantifoil Au 400, R1.2/1.3 grids made with 0.9 mg/ml 

protein sample at 22 °C and 100% humidity (Table 2.10) from the fraction corresponding 

to the shoulder of the peak contained a mixture of views (Figure 4.3C, D) when analysed 

using SIMPLE and were selected for data collection on a Talos Arctica microscope (FEI). 

11,650 movies were collected using a Falcon 3 detector as described above for FliPQR in 

LMNG (section 4.2.1). 2D classification of the particles was carried out in RELION-2.0 

(Kimanius et al. 2016) and an ab initio initial model was calculated using SIMPLE (Reboul 

et al. 2018). This model was used as a reference for 3D classification in RELION-2.0 and 
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the particles in the highest resolution class were used for auto-refinement in RELION-2.0 

resulting in a volume with a resolution of 7.8 Å using the FSC=0.143 criterion. 

 

 

Figure 4.3 Co-purification of FlhB with FliPQR. 
A, SEC-MALS of S. Typhimurium FliPQR-FlhB. The purple shading indicates the shoulder 
of the peak from which grids for cryo-EM were made. B, 15% SDS-PAGE analysis of the S. 
Typhimurium FliPQR-FlhB purification in LMNG (left) and DDM (right). Fractions from 
across the SEC peak were run on the gel. The arrow indicates the fraction equivalent to 
the shaded fraction in the SEC-MALS trace in (A). All fractions  C, Representative 
micrograph of FliPQR-FlhB. D, 9 most populated 2D class averages of FliPQR-FlhB imaged 
using a Talos Arctica microscope (FEI) calculated using SIMPLE PRIME2D.  
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4.2.3 High resolution cryo-EM imaging of FliPQR-FlhB 

More data were collected from grids made under identical conditions (section 4.2.2) on 

a Titan Krios microscope (FEI) operating at 300 kV using a Falcon 3 detector (FEI) and a 

K2 detector (Gatan) in counting mode and using EPU (FEI) for automated data collection. 

The magnification used for the Falcon detector was 96,000 and the magnification for the 

K2 detector was 165,000 resulting in a pixel size of 0.86 Å for both data sets in the setup 

of the microscope in the Oxford cryo-EM facility (COSMIC). The datasets were pre-

processed as described for the Arctica data (section 4.2.1) using a SIMPLE 

implementation of Unblur and CTFFIND4 and particles were picked using Gautomatch 

(Urnavicius et al. 2015) and extracted in a 256x256 pixel box.  

 

Figure 4.4 Single particle analysis of S. Typhimurium FliPQR FlhB in LMNG. 
A, Flowchart describing the data processing strategy. B, Selected 2D class averages of 
the particles calculated in RELION-2.0. 
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~360,000 Falcon III particles and ~110,000 K2 particles were classified in 2D in RELION-

2.0 (Kimanius et al. 2016) and the datasets were merged (Figure 4.4A, B). The cone-

shaped Arctica model (section 4.2.2) was used as the initial model for 3D classification in 

RELION-2.0 of the Falcon3 particles and the highest resolution class was subjected to 

auto-refinement using a featureless ovoid object of similar dimensions as the initial 

model. The resulting volume, in which tube-like densities could be resolved, was used as 

the initial model for 3D classification of the entire dataset. High resolution features, 

including clear tubes corresponding to alpha helices, were observed in the most 

populated class, while only noisy, amorphous objects were reconstructed in the other 

classes. The highest resolution class was subjected to auto-refinement resulting in a 4.2 

Å volume after post-processing using a soft mask in RELION-2.0 (Figure 4.4A and Table 

4.1). The resolution of the model was calculated using the gold standard FSC=0.143 

criterion and further assessed using ResMap (Swint-Kruse and Brown 2005) (Figure 4.5). 

The data were processed in RELION by Dr Steven Johnson. 

 

Data collection and processing 

Voltage 300 kV 

Electron exposure 48 eς/Å2 (K2), 50 eς/Å2 (Falcon 3) 

Micrographs 2,088 

Particles (total) 474,625 

Particles (final) 97,718 

Sampling 0.86 Å 

Defocus range 0.5-4 ˃ Ƴ 

Refinement 

Resolution 4.2 Å 

FSC threshold 0.143 

Symmetry C1 

Map sharpening B factor -227 Å2 

Table 4.1 Imaging and data processing statistics. 
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Figure 4.5 Resolution of the cryo-EM volume of S. Typhimurium FliPQR-FlhB. 
A, FSC curve highlighting the 0.143 threshold. B, ResMap representation showing 
variation of resolution from the core to the edge of the map. 

 

4.2.4 Re-processing of the cryo-EM data in RELION-3.0 

Following the release of RELION-3.0 (Zivanov et al. 2018; Zivanov et al. 2019), the cryo-

EM data used to determine the structure of FliPQR were re-analysed. Motion correction 

was carried out using MotionCor2 as implemented in RELION-3.0 and CTFs were 

corrected using CTFFIND4 implemented in SIMPLE (Reboul et al. 2018). The previously 

selected particle set yielding the 4.2 Å structure was re-extracted from the micrographs 

using a 288x288 pixel box and after particle polishing, CTF refinement, auto-refinement 

and post-processing in RELION-3.0 the final resolution was 3.65 Å (Figure 4.6A) using an 

updated pixel size of 0.85 Å for the entire dataset. The B-factor for map sharpening was -

80 Å2. The final FSC curve was strongly improved and alpha helices and sidechains were 

more well defined (Figure 4.6B, C). 
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Figure 4.6 Improved cryo-EM map of FliPQR. 
A, Solvent-corrected FSC curve of the S. Typhimurium FliPQR cryo-EM data processed in 
RELION-3.0 (red) and RELION-2.0 (blue). The 0.143 cut-off is shown in black. B, 
Comparison of the volumes calculated in RELION-3.0 (left) and RELION-2.0 (right). C, 
Zoomed in view of Phe221 and Lys222 of FliP1. 

 

4.2.5 Model building 

The resulting map revealed a complex with a diameter of around 100 Å and a height of 

around 120 Å (Figure 4.7A). The volume is made up of a central six objects, five of which 

contain an external elaboration pointing away from centre the structure. Based on the 

native mass spectrometric analysis (chapter 3) and the fit of the crystal structure of a 

small fragment of FliP (Fukumura et al. 2017) into a part of the density (Figure 4.7B), 

these were assigned as FliP, while the sixth one was assigned as FliR. On the outside of 

each FliP, except the one to the right of FliR, a helical hairpin was observed, which was 
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assigned as FliQ. No density corresponding to FlhB was apparent. 5 copies of the crystal 

ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ Cƭƛt άǇŜǊƛǇƭŀǎƳƛŎέ ŘƻƳŀƛƴ could be fit into the periplasmic density of 

FliP (Figure 4.7B,C), revealing that this part of FliP does not dimerise, disproving the 

previously proposed trimer of dimers model (Fukumura et al. 2017).  

 

As there was no structure of a homologue of any of the components of the complex in 

the PDB, model building was started using models for the subunits derived from 

evolutionary co-variation (Ovchinnikov et al. 2015). Models were downloaded from the 

GREMLIN database (https://gremlin2.bakerlab.org/meta.php) and fit into the density. 

Although the predicted models locally fit into the map, the helices were straighter than 

in the map (Figure 4.8A,B). The predicted models were used as the basis for building the 

models of the FliPQR complex in Coot (Emsley et al. 2010).  

 

 

Figure 4.7 Cryo-EM map of the S. Typhimurium FliPQR complex. 
A, The 4.2 Å map coloured according to subunit. FliP is light and dark blue, FliQ is orange 
and red and FliR is yellow. B, Five copies of the structure of a water soluble fragment of 
Thermotoga FliP (PDB: 5H72) were fit into the map. C, Comparison of 5H72 with the final 
structure of full-length S. Typhimurium FliP. 
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Figure 4.8 Fit of the GREMLIN models into the map. 
A, B, C, Fit of the GREMLIN momdels of FliP, FliQ and FliR in the respective densities (top) 
and fit of the final models in the same density (bottom). 

 

Hydrogens in the GREMLIN models were deleted in the CCP4 program pdbset (Winn et 

al. 2011) and the sequences were manually mutated from the E. coli sequence to the S. 

Typhimurium sequence in Coot. The helices of the modified GREMLIN model were fit 

into the density separately as rigid bodies. Subsequently, the side chains were moved 

into density using the Coot tool real space refine. Finally, the model geometry was 

refined using multiple iterations of the program phenix.real_space_refine (Afonine et al. 

2018) and manual adjustment of Ramachandran plot and rotamer outliers in Coot. This 

model was originally built using the RELION-2.0 volume. When this model was re-refined 

in the RELION-3.0 map using the most recent version of phenix.real_space_refine 

(Afonine et al. 2018) model statistics were improved (Table 4.2), increasing confidence in 

the structure. 
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 RELION-3.0 model RELION-2.0 model 

CCMask 0.7981 0.7236 

B factors 62 Å2 227 Å2 

R.m.s. deviations 

Bond lengths 0.005 Å 0.01 Å 

Bond angles 0.78° 1.18 ° 

Validation 

MolProbity score 2.2 2.6 

Clashscore 13 25.7 

Poor rotamers 0.15% 0.1% 

Ramachandran plot 

Favoured 89.8% 83% 

Allowed 9.8% 16.3% 

Disallowed 0.4% 0.7% 

Table 4.2 Model refinement statistics for FliPQR. 
 

4.3 Structure of the FliPQR complex 

4.3.1 Structural analysis of the subunits 

The structure revealed that five copies of FliP and one copy of FliR form a 

heterohexameric, circular structure in the core of the complex. Surrounding the FliPR 

core are four copies of FliQ, one subunit in front of the outside face of four of the FliP 

subunits (Figures 4.7 and 4.9). This was consistent with the native mass spectrometry 

results (chapter 3). Unexpectedly, at 120 Å the complex was much taller than a typical 

membrane which, depending on lipid composition can have a thickness of the 

hydrocarbon core in the range of 25 to 35 Å (Nagle and Tristram-Nagle 2000). 

Furthermore, the three subunits did not adopt a canonical transmembrane fold, which 

would be expected to be a parallel arrangement of helices in the plane of the membrane. 

All three subunits form much more extended structures. FliQ consists of a single hairpin 

of two long, highly kinked helices, FliR of three such hairpins and FliP of two (Figure 4.9). 

The hairpins are offset from each other, as previously predicted by co-evolution analysis 

(Taylor et al. 2016). In addition, there is a small periplasmic insertion in FliP, part of 

which was previously crystallised (Figure 4.7C).  
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Figure 4.9 Structures of FliP, FliQ and FliR. 
A, Structure of a single copy of each subunit, B, Structures in the context of the export 
gate complex. C, Structures of a FliP subunit with an associated FliQ subunit (left), 
structure of FliR coloured in orange and blue according to similarity to FliP (blue) and 
FliQ (orange) (middle) and overlaid structures of one FliP, one FliQ and one FliR subunit.  

 

Closer inspection of the structure of FliR revealed that it is a fusion of the structures of 

FliP and FliQ (Figure 4.9C). Four of five FliP subunints are associated with a FliQ on the 

outside of the complex, generating a unit made up of three hairpins. The hairpin of FliR 

on the outside of the complex is the equivalent of a FliQ hairpin and the two FliR 

hairpins on the inside are the equivalent of a FliP subunit. FliP only differs through the 

presence of the periplasmic insertion between the two hairpins. This makes the FliPQR 

complex a pseudohexamer of six FliR-like, three-hairpin objects. The structural similarity 

of the FliP-FliQ pair and FliR might be an explanation for the observation of FliP hexamer 

formation in the absence of FliR (chapter 3). 
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4.3.2 FliPQR is a helical assembly 

While analysing the map and structure, it was noticed that FliPQR does not form a flat 

ring. Instead, the structure is helical. As mentioned above, FliPQR can be regarded as a 

hexamer of 5 FliP-FliQ pairs, one of which lacks the FliQ subunit, and 1 FliR. These units 

are arranged along a right-ƘŀƴŘŜŘ ƘŜƭƛŎŀƭ ŀȄƛǎΣ ŦƻǊƳƛƴƎ ŀ άǎǇƭƛǘ-ǿŀǎƘŜǊέ ǎƘŀǇŜΦ Cƭƛw ƛǎ ǘƘŜ 

topmost subunit and the FliP and FliQ subunits can be numbered from top to bottom  

(Figure 4.10). FliR separates the top and bottom FliP subunits. 

 

 

Figure 4.10 FliPQR is a helical complex. 
Structure of the FliPQR complex with labels indicating the numbers of the subunits 
starting from the top of the complex (in the periplasm). 

 

 Subunits per 
turn 

Axial 
rise (Å) 

reference 

FliR to FliP (1) 5.1 5.6 this study 

FliP (1) to FliP (2) 5.6 4.9 this study 

FliP (2) to FliP (3) 5.8 3.2 this study 

FliP (3) to FliP (4) 6 2.3 this study 

FliP (4) to FliP (5) 6 3.8 this study 

Average 5.7 4 this study 

 

Flagellar filament 5.5 4.7 (Yonekura et al. 2003) 

Flagellar hook 5.6 4.2 (Matsunami et al. 2016) 

Flagellar rod 5.6 4.1 (Fujii et al. 2017) 

T3SS needle 5.6 4.3 (Cordes et al. 2003) 

Table 4.3 Helical parameters of FliPQR. 
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Closer analysis of the helical parameters of the complex revealed that the subunits per 

turn and the axial rise parameters between subunits are very close to that of previously 

reported filamentous structures built by type 3 secretion systems (Table 4.3). The 

flagellar rod (Fujii et al. 2017) and the injectisome needle (Cordes et al. 2003) are helical 

filaments that originate within the basal body, but it was not known how these helical 

structures are built on the circularly symmetric basal body (Worrall et al. 2016). The 

flagellar protein FliE has been proposed to be an adapter between the circular and 

helical symmetry (Minamino et al. 2000), and while no injectisome protein has been 

proposed to carry out this function, it has been associated with the cup and socket 

feature of the basal body (Marlovits et al. 2006). The shared helical parameters of FliPQR 

and the helical filaments leads to the intriguing proposal that the pseudo-hexameric 5 to 

1 export gate complex, templates the 5.5 subunits per turn helical symmetry of the 

filament as subunits are secreted through the export gate and assemble onto its 

periplasmic surface. This implied that FliPQR is directly connected to the flagellar 

filament in a single, long helix and would rotate with the flagellum. 

 

 

Figure 4.11 The electrostatic surfaces of export gate and needle are matched. 
A, Surface of FliPQR coloured by electrostatic surface potential. The electrostatic 
potential surface was calculated using the APBS plugin for pymol (Baker et al. 2001). Red 
is negative charge, blue is positive charge and white is neutral. B, Surface of the needle 
(PDB: 6DV3) coloured by electrostatic surface potential. 

 

Further support for the similarity of export gate and filament could be derived from an 

analysis of the electrostatics of the complex (Figure 4.11). This revealed a small negative 

charge on the outside surface of the complex and highly positively charged lumen. 

Similarly, the outside surface of the injectisome needle (Hu et al. 2018) is highly 
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negatively charged while there is a small positive charge on the inside, consistent with 

the idea that export gate and helical filament form a single conduit through which 

secreted proteins travel. 

 

4.3.3 Hydrophobic and electrostatic interactions stabilise the FliPQR complex 

Analysis of the interaction between FliPR and the FliQ subunits showed that their 

interface is highly hydrophobic and buries many of the residues previously predicted to 

be part of transmembrane helices (Figure 4.12). 

 

 

Figure 4.12 Hydrophobic interactions between FliPR and FliQ. 
A, Surface of FliPR coloured according to hydrophobicity (orange=hydrophobic, 
blue=polar) and FliQ as grey ribbons. B, Surface of FliQ coloured according to 
hydrophobicity and FliPR as grey ribbons. The view of the complex is reversed to 
highlight the hydrophobic inside of the FliQ surface. C, Enlarged view of the interface 
between FliQ (orange) and FliP (blue) highlighting specific hydrophobic residues. 

 

In addition, electrostatic interactions stabilising FliP and the interactions between the 

different FliQ subunits and FliR were found. Four charged residues in FliP (Arg66 and 

Glu178, Asp197 and Lys222) were found to form two salt bridges in the structures 

(Figure 4.13A). These residues were previously identified in a mutagenesis study of all 

perfectly conserved charges in the export apparatus and mutation of any of these 

caused strong impairment of motility (Erhardt et al. 2017; Ward et al. 2018). Similarly, 

FliQ Glu46 and Lys54 form salt bridges connecting adjacent FliQ subunits. Glu46 of FliQ4 

is lacking a neighbouring FliQ on one side and is instead forming a salt bridge with 

Arg206 of FliR (Figure 4.13B). Mutation of either of these residues in FliQ to alanine 

caused complete loss of motility (Erhardt et al. 2017). Basic character at Arg206 is highly 
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conserved (Erhardt et al. 2017) and the salt bridge with Glu46 of FliQ4 is consistent with 

the native complex containing no more than four FliQ subunits.  

 

 

Figure 4.13 Salt bridges within the FliPQR complex. 
A, Structure of FliP highlighting two salt bridges, B, Structures of the four FliQ subunits 
and FliR. Salt bridges connecting the FliQ subunits with each other and with Arg206 of 
the outer hairpin of FliR are highlighted. C, Pulldown of FliQ (E46A) with the FliPR 
complex. The strep eluate was run on a 4-20% gradient gel (BioRad). 

 

Out of the three pairs of residues forming salt bridges, complete loss of motility  when 

either residue of the salt bridge is mutated to alanine was only observed for the salt 

bridge formed by Lys54 and Glu46 in FliQ (Erhardt et al. 2017), therefore this salt bridge 

was selected for further investigation. FliQ Glu46 was mutated to alanine in the 

expression construct for S. Typhimurium FliOPQR and the complex was purified (section 

2.5.3). Interestingly, FliQ could still be co-purified with FliP and FliR despite the loss of 

the salt bridge, suggesting that the loss of motility is not due to disrupted assembly of 

the complex but may instead be related to loss of function in the opening of the 

complex to allow passage of secretion substrates. A possibility that could not be 

excluded is that the mutant complex is not integrated into the flagellum due to quality 

control that could be carried out by the chaperone FliO (Barker et al. 2010; Fabiani et al. 

2017). 
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4.3.4 Structural analysis of the interaction with the membrane 

As the dimensions of both the individual subunits and the assembled complex were not 

consistent with a location in the membrane, the interaction with the membrane was 

further analysed. A band of hydrophobic residues could be seen at the bottom of the 

complex (Figure 4.14A), this was also the location of the detergent belt seen in the cryo-

EM volume (Figure 4.14B).The width of the hydrophobic band is around 30 Å, consistent 

with the size of a lipid bilayer (Nagle and Tristram-Nagle 2000). The topology of the 

subunits in relation to the lipid bilayer was redrawn based on the location of the 

detergent belt, demonstrating that many of the predicted transmembrane helices are in 

fact not membrane associated (Figure 4.14C). 

 

Figure 4.14 Topology of FliP, FliQ and FliR in the membrane. 
A, Surface of the structure of FliPQR coloured according to hydrophobicity. 
Orange=hydrophobic, blue=polar. B, Surface as in (A) with the detergent belt of the 
cryo-EM map. The detergent belt map was generated as a difference map of the cryo-
EM map minus a 10 Å map generated from the atomic model in Chimera (Pettersen et al. 
2004). C, Topology of the FliP, FliQ and FliR proteins as predicted (Erhardt et al. 2017) 
(top) and as observed in the structure (bottom). 
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4.4 Placement of the structure in the basal body 

Due to the unusual geometry of the FliPQR complex and its helical nature the 

localisation in the assembled nanomachine was further investigated. As mentioned in 

the introduction, FliPQR was considered to be located in a specialised patch of inner 

membrane inside the basal body (Macnab 2004). Recently, high resolution 

reconstructions of the basal body of the vT3SS have become available (Worrall et al. 

2016), enabling fitting of the FliPQR model into those maps. The basal body has long 

been recognised to house a central structure known as cup and socket (Schraidt and 

Marlovits 2011), but its exact composition and function were not known due to the poor 

resolution in this area of the older reconstructions. Comparing the most recent high-

resolution reconstruction to the FliPQR structure revealed that the export gate complex 

matches the cup and socket density well (Figure 4.15A). Surprisingly, this placed even 

the lowest point of the complex above the predicted plane of the inner membrane.  

 

In order to further confirm this extra-membrane localisation of a membrane protein, 

collaborators in ProŦŜǎǎƻǊ {ŀƳǳŜƭ ²ŀƎƴŜǊΩǎ ƎǊƻǳǇ ƛƴ Tübingen performed structure 

based in vivo cross-linking and cysteine mutant cross-linking experiments in the S. 

Typhimurium SPI-1 vT3SS. Residue Glu138 of the basal body subunit SctJ was mutated to 

the unnatural amino acid pBpa and could be cross-linked to the FliPQR homologues SctR, 

SctS and SctT (Figure 4.15A, B). In addition, they purified S. Typhimurium SPI-1 basal 

bodies and treated them with the chemical cross-linker DSS followed by mass 

spectrometric detection of cross-linked peptides. This revealed that SctR could be cross-

linked to a periplasmic residue in the secretin SctC.  

 

The localisation of the export gate in the cup and socket density, which has previously 

been suggested as an anchor for the rod and needle in vT3SS (Schraidt and Marlovits 

2011), suggests a mechanism for how the needle may cause activation of secretion in 

response to target recognition. The direct contact between rod and top of the export 

gate could facilitate opening of the gate.  
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Figure 4.15 FliPQR is an extra-membrane core component of the basal body. 
A, FliPQR (blue cartoon) fit into the cryo-EM map of the vT3SS basal body (grey mesh 
and cartoon) (Worrall et al. 2016). Yellow spheres indicate residues of SctR that could be 
cross-linked to the basal body and red spheres indicate residues in SctC/SctJ that could 
be cross-linked to SctRST. BΣ /ƻƭƭŀōƻǊŀǘƻǊǎΩ ǿŜǎǘŜǊƴ ōƭƻǘ Řŀǘŀ ǎƘƻǿƛƴƎ in vivo 
photocrosslinking of SctR and SctT to SctJ. There was also a potential cross-link between 
SctJ and SctS (top right gel), but this could not be confirmed due to difficulties in raising 
antibodies against SctS or introducing an affinity tag.  

 

As a high resolution structure of the flagellar basal body is not available, it was not 

possible to analyse how FliPQR may interact with FliF, the flagellar equivalent of SctDJ 

(Bergeron 2016), but a similar mode of interaction is likely. It is not clear how the helical 

pseudosymmetry of FliPQR interacts with the circular symmetry of the basal body. 

 


