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Abstract 
 
Bacterial flagellar filaments are long cell surface appendages that generate propulsion 

for movement. They also play key roles in surface attachment and host-bacterial 

interactions. The filament is made from a single protein species flagellin. 

Approximately 45 % of annotated flagellar systems possess multiple flagellin genes. 

We have investigated the ability of Caulobacter crescentus to build a flagellar filament 

using six flagellins: FljJ, FljK, FljL, FljM, FljN and FljO. Our analysis showed that this 

flagellar system exhibits extensive structural redundancy, in that one species of flagellin 

is sufficient to sustain motility. However, when that flagellin is FljJ cells are non motile. 

Distinct flagellar assembly checkpoints are utilised by bacteria in order to 

coordinate and couple flagellar gene expression to the assembly pathway. One of these 

checkpoints, hook-basal-body completion, is sensed and overcome by the secretion of a 

flagellar-associated secretion substrate. This mechanism results in a system switch to 

the export of proteins, which are needed for filament assembly. In C. crescentus the 

post-transcriptional regulators FlbT and FlaF have been implicated to function at this 

switch. As the flagellins themselves are being secreted we asked the logical question: 

are the flagellins involved in subunit feedback control of the regulation of filament 

assembly? In a bacterial two-hybrid assay, FljJ was the only flagellin able to interact 

with FlbT and FlaF. Furthermore, FljJ along with FlbT was found to interact with 

flagellin mRNA. 

In light of our data we a propose model for the regulation of flagellar filament 

assembly in C. crescentus and discuss the implications with respect to other flagellar 

systems  
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Chapter 1. Introduction 

 
The ability of microorganisms to adapt to their surroundings and survive in the most 

inhospitable environments is remarkable. The metabolic versatility of the prokaryotes is 

an invaluable trait that has evolved through the ages of life. It has enabled one of their 

members, bacteria, to colonise the majority of environments under the earth’s 

atmosphere; including those where no other organism can exist. This amazing feat has 

impacted our lives as human beings in both a positive and negative fashion. Vast 

amounts of money are spent each year on the treatment of microbial infections of both 

human, plant and animal. Equally, money is spent on scientific research to try to better 

understand the mechanisms that bacteria employ to avoid succumbing to antimicrobials 

we attack them with. For example, a 2010 report by the World Health Organisation 

estimated the global burden of Tuberculosis (Mycobacterium tuberculosis) in 2009 to 

be approximately 9.4 million incidences (WHO: 2010 report on global tuberculosis 

control). Furthermore, the amount of funding available for the control of Tuberculosis 

in 22 high-burden countries in 2011 was estimated to reach US$ 3.0 billion (WHO: 

2010 report on global tuberculosis control). In stark contrast to the above, through years 

of developments in biotechnology we have engineered bacteria and utilised them to our 

advantage. Whether it is using them to efficiently produce biological products for the 

use in medicine, utilising their metabolic pathways in the production of biofuels, or 

simply exploiting their ability to improve the flavour of cheese (Chemier et al., 2009; 

Smit et al., 2005). Therefore, it is of great importance to our own lives that we continue 

to research and strive to understand how bacteria function and crucially how they 

survive. 

1.1  Bacterial Survival: Sense and Respond 

In order to survive in their environment and be successful different bacteria utilise an 

array of different survival strategies. Underpinning the various strategies is concept of 

being able to sense and respond. It may be sensing changes in the external environment 

and then responding by modulating metabolic pathways. It can also be sensing 

internally the different stages of cellular development and responding through 

regulation of the processes occurring. Bacteria have evolved and developed 

sophisticated mechanisms to do such tasks. Arguably, the most prevalent and key 

mechanism utilised by bacteria to do this is the two-component signal transduction 
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pathway. The main topic of this thesis is motility, specifically with respect to the 

bacterium Caulobacter crescentus. However, in order to discuss the mechanisms of 

motility, we need first to understand the concept of two-component signal transduction. 

Two-component systems (TCS) regulate diverse processes such as virulence, stress 

response, competence, motility and chemotaxis. TCS’s were first characterised some 40 

years ago and through years of research their involvement in the biology of a wide 

range of scientific fields has emerged time and time again. We will discuss specific 

examples of how TCS’s are utilised in survival in the following sections, however, first 

we must define exactly what two-component signalling is and what components are 

involved. In the simplest and classical sense, a TCS will consist of one membrane-

bound sensor kinase and a cognate cytoplasmic response regulator. Environmental or 

cellular stimuli are sensed by the sensor kinase and that information is then passed to 

the response regulator via protein phosphorylation. In doing so this activates the 

response regulator, which generally will then respond by modulating gene expression 

(Buelow and Raivio, 2010). The sensor kinase is comprised of two major domains: (i) 

an input, and (ii) a catalytic (Figure 1). The variable N-terminal input domain senses the 

signal and is located facing either the cytoplasm or extracellular environment. The 

conserved catalytic domain is located in the cytoplasm and houses an ATP-binding 

kinase and the site for phosphorylation (Gao et al., 2007). The response regulator is also 

comprised of two domains: (i) a receiver, and (ii) an output (Figure 1). The conserved 

N-terminal receiver domain is specific for its cognate sensor kinase. The variable C-

terminal output domain functions to enforce the response that usually is the binding of 

DNA and regulating gene transcription. Signal detection results in the ATP-dependent 

autophosphorylation of a specific histidine residue in the catalytic domain of the sensor 

kinase. The phosphoryl group is then transferred from the histidine to a conserved 

aspartate residue on the receiver of the response regulator, which in turn alters the 

activity of its output domain triggering the response (Dutta et al., 1999; Parkinson, 

1993). One specific regulatory mechanism that is pertinent to this thesis is that of σ54-

dependent gene expression. Here the activation of transcription by σ54 relies exclusively 

on a TCS partner. σ54 is a bacterial alternative sigma factor encoded by the rpoN gene 

(Reitzer et al., 1987). Unlike the housekeeping σ70 family of sigma factors that 

recognise a -35 -10 promoter region, σ54-RNA polymerases recognise a -24 -12 

consensus upstream of the transcriptional start site of a gene (Barrios et al., 1999; 

Malakooti et al., 1995). The σ54-RNA polymerase is unique in that it cannot initiate the 

activation of gene expression solely by itself. Instead it requires an enhancer binding 



	   3 

 
 

 

 

 

 

Figure 1: The bacterial two-component transduction system 

A schematic illustrating the design of the classical two-component transduction system. 

Environmental or cellular stimuli activate a sensor kinase, which results in ATP-

dependent autophosphorylation of a conserved histidine residue. The phosphoryl group 

is then transferred to a conserved aspartate on the cognate response regulator. The 

phosphorylated response regulator is now active to carry out the system response. 
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protein (EBP) that assists in the formation of open promoter complexes. These 

activators usually bind DNA approximately 80 to 150 nucleotide base pairs upstream of 

the promoter region and contact σ54-RNA polymerase by looping out the DNA in 

between the two proteins (Osterberg et al., 2011). This mechanism provides a tight level 

of transcriptional control as the σ54 promoters will be silent when the EBP is inactive or 

absent. These proteins are typically comprised of three functional domains: an N-

terminal receiver domain, a central ATPase, and a C-terminal DNA binding domain 

(Morett and Segovia, 1993). The receiver domain is phosphorylated by a cognate sensor 

histidine kinase. This activates ATPase activity, which leads to open complex formation 

in conjunction with RNA polymerase holoenzyme.  

The abundance of different TCS’s, all with different functions poses the 

question: how can a bacterial cell prevent detrimental cross-talk between TCS’s? Recent 

work has shed light on this in revealing that cognate sensor kinase-response regulator 

pairs, co-evolve to maintain specificity (Skerker et al., 2008). The mutation of 

conserved amino acid residues in the catalytic domain of a sensor kinase resulted in it 

activating a response regulator with which it was normally incompatible. This simple 

model allows a bacterium to utilise TCS signalling in all cellular processes should it 

require to do so without the risk of a signal being lost. The classical TCS architecture is 

conserved in all systems, however, as more and more novel types are discovered it is 

becoming clear that in one particular TCS there may be great variation in: (a) the 

number of protein species involved and, (b) the structural and function of those 

proteins. We will now discuss important bacterial survival strategies that have been well 

characterised, and along the way highlight some key TCS that regulate those processes.  

1.2  Survival Strategies: Staying Put 

In a favourable environment rich with nutrients, sessile growth is a conventional way of 

life for many bacterial species. Being immobile and fixed in one place, sessile bacteria 

utilise a number of different mechanisms to secure survival.  

1.2.1  Sporulation: Bacillus subtilis  

The ability of a microorganism to exist as a spore, can be a vitally important strategy 

towards surviving adverse conditions. Not only has the process of sporulation been 

observed for many different species of bacteria, but also species of yeast and fungi 

(Piekarska et al., 2010; Ross and Abel-Santos, 2010; Yan et al., 2011). The 
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transformation from vegetative growth to the passive dormant state of a spore increases 

durability to detrimental environmental pressures, such as nutritional or chemical 

stresses. Furthermore, spores provide an effective way of cell dispersal relying simply 

on abiotic forces to disseminate them to new environments where the probability of 

survival might be increased. The latter example is crucial to sustaining intra-species 

genetic variation during the sexual or asexual life cycle of fungi (Roper et al., 2011). To 

be clear, the reference here to the dispersal of spores is not classified as motility, as the 

cells themselves are non-motile and cannot exclusively generate directional movement. 

There are, however, examples of bacterial spores that possess cell surface appendages 

used for motility (Uchida et al., 2011). Mechanisms of motility will be discussed in the 

following sections. Bacterial spores formed in response to stress can germinate and 

reinitiate vegetative growth upon being re-exposed to favourable conditions (Moir, 

2006). This provides an outstanding biological mechanism utilised by bacteria in order 

to persevere through the ‘bad times’, and then proliferate during ‘the good times’. 

Consequently, understanding bacterial sporulation has become a major focus of our 

efforts over the last couple of decades. Understanding the role of spores in human 

disease and how to control their spread is vital to public health (Mallozzi et al., 2010). 

But equally as important, understanding the intricate processes that occur during 

sporulation and collectively using them as a model to better understand cellular 

differentiation in bacteria and eukaryotes (Errington, 2010). 

Actively growing cells of the Gram-negative bacterium, Bacillus subtilis, are 

induced to differentiate into endospores upon carbon or nitrogen starvation (Burkholder 

and Grossman 2000). At the heart of this process, from the sensing of nutrient depletion 

to the response of forming an endospore is, TCS signalling. If we consider just the 

induction of sporulation then: environmental signals result in the activation of the 

master transcriptional response regulator, Spo0A, via a phosphorelay of sensor kinases 

and intermediary response regulators (Burbulys et al., 1991). Activated Spo0A then 

begins the process of asymmetric cell division with an aim of producing a spore 

(forespore) and a mother cell, which is required for endospore formation (Piggot and 

Hilbert, 2004). There are five known sensor kinases involved in this system: 

KinABCDE. Each of them individually, have the ability to activate, Spo0F, a response 

regulator upstream in the process from Spo0A (Jiang et al., 2000). Spo0F activates 

Spo0B, which in turn phosphorylates and activates Spo0A. The accumulation of 

Spo0A∼P then stimulates axial filament formation of chromatin across the cell body, 

polar septation leading to asymmetric division, and the expression of genes required for 
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cell-type-specific gene expression (Fujita and Losick, 2005). To complete the process it 

is crucial that different programs of gene expression occur within the mother cell and 

the forespore. This is achieved by the spatial compartmentalisation of cell specific 

sigma factors that direct the process of spore maturation. However, Spo0A continues to 

function as a mother cell-specific transcriptional regulator after it has initiated the 

beginning of the process (Fujita and Losick, 2003).  

1.2.2  Biofilms: Pseudomonas aeruginosa  

B. subtilis, along with other Gram-negative and Gram-positive species, is also capable 

of forming surface associated sessile multicellular communities known as biofilms 

(Branda et al., 2004; O’Toole et al., 2000). Like the process of sporulation: creating and 

living in a biofilm can protect a population of cells from environmental pressures. These 

communities can be tolerant to antimicrobials and therefore subsequently are 

responsible for many persistent and chronic bacterial infections of man (Costerton et al., 

1999). They can be formed by a single bacterial species or multiple species and thus 

provide interesting opportunities to study mixed microbial communities (Yang et al., 

2011).  

Cells within the biofilm are contained within a self-produced matrix of 

exopolysaccharide polymers (EPS) that function as a protective barrier (Flemming, 

2011). This presents a regulated and favourable environment in which to exist thus 

enhancing survival. Depending on the microorganism involved and other variables such 

as temperature and nutrient availability, the composition of the EPS can vary greatly 

(Flemming and Wingender, 2010). Extracellular DNA (eDNA) has been identified to 

exist within the EPS. It is thought to function somehow in stabilising the matrix and 

furthermore, it has been confirmed to be required for the initial biofilm establishment of 

some species (Conover et al., 2011; Whitchurch et al., 2002). In contrast, eDNA 

secreted by the dimorphic bacterium, Caulobacter crescentus, inhibits the ability of its 

motile cell type to settle in the biofilm (Berne et al., 2010). There is evidence available 

to suggest biofilms also promote increased genetic diversity among different species of 

bacteria through horizontal gene transfer as a result of close cell-cell contact and 

communication (Antanova and Hammer, 2011; Roberts and Mullany, 2010).  

Much interest in biofilm research has focused on the opportunistic Gram-

negative pathogen, Pseudomonas aeruginosa. Experimental studies have demonstrated 

the key role played by a multitude of TCS’s in the stages of biofilm development and in 

the virulence of the bacterium (Chand et al., 2011; Petrova and Sauer, 2009). These 
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Figure 2: Bacterial biofilm formation 

A schematic illustrating the various stages of development during biofilm formation. 

The extracellular polysaccharide matrix (EPS) is depicted in grey. The switch from a 

planktonic lifestyle to that of a sessile one begins with a motile bacterial cell settling on 

a surface. Both flagella and pili have been demonstrated to be important for attachment. 

Flagellar assembly/utilisation is then repressed and cells begin to move together using 

pili (see twitching motility). A monolayer biofilm is formed which can devlop into a 

mature complex biolfilm. Cells can re-enter a planktonic lifestyle by expressing flagella 

and swimming to disperse from the biofilm community. 
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biofilm developmental stages can be classified as: initial attachment, microcolony 

formation, maturation and finally dispersal (Figure 2) (Mikkelsen et al., 2011). Biofilm 

life is inextricably linked with a planktonic lifestyle. The entry into biofilm formation 

and the escape from rely on being able to move. P. aeruginosa has the ability to be 

motile: swimming in liquid environments by the means of a polar flagellum, and 

moving on surfaces utilising type IV pili (Dasgupta et al., 2003; Mattick, 2002). The 

flagellum and type IV pili are both bacterial cell surface appendages that will be 

discussed in more detail along with the concept of movement for survival in the 

following sections. We will instead here concentrate on the transition from a motile to 

sessile lifestyle within the biofilm. During this switch the flagellum is lost. It has been 

demonstrated that flagella are needed for the initial attachment to the surface on which 

the biofilm will develop (O’Toole and Kolter, 1998). Once attached, polar localised 

type IV pili are then required for the formation of a microcolony and early biofilm 

development. Importantly, however, for the biofilm to mature, flagella biogenesis has to 

be repressed. FleQ is the master transcriptional regulator of flagellar assembly in both P. 

aeruginosa (Arora et al., 1997). It is essential for the subsequent expression of a TCS 

(FleSR system) that couples flagellar gene expression to flagellar assembly: FleS is a 

sensor kinase and FleR is the cognate response regulator (Ritchings et al., 1995). FleQ 

has also been shown to repress the expression of the pel operon, which is involved in 

EPS synthesis, by binding the pel promoter (Hickman and Harwood, 2008). FleN, a 

flagellar protein that binds to and negatively regulates the activity of FleQ, reduces 

FleQ repression of the pel genes. However, maximal de-repression requires the 

ubiquitous bacterial secondary messenger molecule: bis-(3’,5’)-cyclic diguanylic acid 

(c-di-GMP) (Hickman and Harwood, 2008). The controlled synthesis and degradation 

of c-di-GMP and its influence on regulatory proteins affects a wide range of processes 

including motility and biofilm formation but also in cell cycle control (Jenal and 

Malone, 2006; Ross et al., 1991). So in P. aeruginosa, FleN/c-di-GMP regulation of 

FleQ provides a mechanism for the switching off TCS controlled motility and switching 

on the biofilm formation.  

1.2.3  Dimorphic bacteria: Caulobacter crescentus  

Both P. aeruginosa and B. subtilis have the ability to switch between planktonic and 

sessile growth. They do so in response to changing environmental signals. Other 

bacteria such as the dimorphic α-proteobacterium, Caulobacter crescentus, utilise an 

altogether different strategy, and undergo a major physical transformation every cell 
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Figure 3: The life-cycle of Caulobacter crescentus 

A schematic illustrating the dimorphic life cycle of C. crescentus. The C. crescentus 

swarmer cell (SW cell) is motile by means of a single polar flagellum. Upon 

differentiation into a stalked cell (ST cell), the flagellum is lost and replaced by a 

prostheca or stalk. At the tip of the stalk is an adhesive holfast, which anchors the cell to 

a surface. The ST cell initiates DNA replication and grows into a predivisional cell (PD 

cell). Differentiation of the new cell pole opposite the stalk begins with the assembly of 

a flagellum. Cell division produces two morphologically distinct daugther cells. 
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cycle. C. crescentus is a fascinating organism in that it inherently exploits both sessile 

and planktonic growth (Figure 3). Cell division in C. crescentus produces two cell types 

that are morphologically and behaviorally dissimilar to one another (Shapiro, 1976). 

One cell type is planktonic and referred to as the swarmer cell (SW cell). It is motile by 

means of a single polar flagellum and contains multiple pili at the same pole. The other 

cell type is sessile and known as the stalked cell (ST cell). Here the flagellum has been 

replaced by a long thin cytoplasmic extrusion of the cell called the stalk or prostheca. 

The ST cell is typically found attached to a surface via an adhesive polar organelle 

called the holdfast (Levi and Jenal, 2006; Ong et al., 1990). C. crescentus is a non-

pathogenic gram-negative, oligotrophic α-proteobacterium found in freshwater 

environments (Poindexter, 1964). Presumably in the oligotrophic aquatic environments 

that Caulobacter spp. inhabit, anchorage to a surface provides a way of avoiding 

‘sinking’ into the nutrient poor silt at the bottom of lakes/ponds. It is hypothesised that 

the stalk functions to extend the cell surface to help maximise efficiency of the 

translocation of nutrients (Poindexter 1981; Wagner et al., 2006; Wagner and Brun 

2007).  

Once the ST cell enters the S phase of its cell cycle, it becomes competent for 

DNA replication (Curtis and Brun, 2010). Replication and growth continues, as the cell 

becomes a predivisional cell (PD cell) entering G2 phase (Figure 3). At this time point, 

DNA replication is blocked and the cell begins to differentiate its cell poles. At the 

opposite pole to the stalk, a single flagellum is assembled. Subsequent cell division 

results in two morphologically distinct daughter cells, a SW cell and a ST cell. The SW 

cell is incompetent for DNA replication and thus cannot divide. It is therefore referred 

to exist in a separate and distinct life cycle phase: G1 phase (Figure 3). The sole purpose 

of the SW cell is to utilise cellular motility in order to disseminate away from the 

present location. After a fixed period of time, the swarmer cell undergoes a series of 

ordered events resulting in the loss of the flagellum and the cellular differentiation into 

a ST cell. The ST cell can then immediately begin a new round of cell division. The ST 

cell therefore makes use of a cyclic developmental program. In contrast, the SW cell 

undergoes non-cyclic development. The biological processes that occur in order to 

produce stable changes of cellular differentiation in C. crescentus have been researched 

extensively. For differentiation to ensue the generation of asymmetry during cell 

division is essential. This is achieved by the spatial and temporal regulation of key 

developmental proteins. Together these mechanisms permit the designation of the 
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separate fates of the two daughter cells. Importantly, TCS regulation is key to the cell 

cycle control of the creation of a SW cell and key to the removal of the flagellum.  

CtrA is a global transcriptional response regulator that influences key events 

such as DNA replication, cell division and flagellar biogenesis (Quon et al., 1996; 

Domian et al., 1997). Through the direct activation or repression of approximately 95 

genes, it regulates cell cycle and cell development in C. crescentus (Laub et al., 2002). 

CtrA~P blocks the re-initiation of DNA replication in the PD cell. Additionally it 

switches on the expression of genes including those of the flagellar and pili regulon in 

order to begin cellular differentiation. Therefore, not surprisingly, CtrA has to be 

continually activated and deactivated during progression through the cell cycle. To 

ensure this happens correctly, it is subjected to strict temporal and spatial regulation 

within the cell. This is achieved through a variety of different regulatory mechanisms 

including proteolysis, protein phosphorylation and transcriptional control.  

Activation of CtrA occurs via an essential phosphorelay exchange between the 

histidine kinase CckA and the phosphotransferase ChpT (Figure 4) (Biondi et al., 

2006). ChpT phosphorylates CtrA and additionally the response regulator, CpdR 

(Figure 4). When in an unphosphorylated state, CpdR promotes the degradation of CtrA 

by the ClpXP protease (Iniesta et al., 2006). However, the phosphorylation of CpdR 

inactivates this function resulting in the stabilisation of CtrA. Therefore, when CckA is 

active it both activates CtrA and prevents CpdR-dependent degradation of CtrA. When 

the cell needs to re-initiate DNA replication, another essential response regulator, DivK, 

down regulates CckA kinase activity (Biondi et al., 2006) (Figure 4). DivK is a single 

domain response regulator, lacking an output domain. DivK~P controls CckA 

phosphorylation and thus CtrA, by interacting with and inhibiting the kinase responsible 

for CckA activation; DivL (Tsokos et al., 2011). DivK phosphorylation is controlled by 

two histidine sensor kinases, DivJ and PleC (Matroule et al., 2004). During S phase, 

DivK is phosphorylated by DivJ at the stalked pole and dephosphorylated by PleC at the 

swarmer pole (Figure 4): PleC is a bi-functional protein in that is can act both as a 

phosphatase (on DivK) and a kinase. By spatially controlling active DivK within the 

cell there exists a mechanism to allow differentiation to occur. C. crescentus not only 

has to time the production/removal of its flagellum in accordance with its cell cycle but 

also maintain polarity. Furthermore, the SW cell utilises pili and chemotaxis machinery 

located at the same pole as the flagellum. To create a flagellum at the SW cell pole (new 

pole) opposite the stalk, the asymmetric localisation of regulatory proteins is essential. 

Correct flagellum positioning at the SW cell pole relies on the protein TipN (Figure 5) 
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Figure 4: Two-component signal transduction regulation of CtrA (adapted from 

Bowers et al., 2008) 

The master cell cyle response regulator CtrA is activated by a two-component system 

(TCS) comprising of a phosphorelay exhange between the histidine sensor kinase CckA 

and the phosphotransferase ChpT. CtrA protein stability is sensitive the phosphorylation 

state of the response regulator CpdR. CckA activity is regulated by another TCS 

involving the response regulator DivK. The activity of DivK is modulated by the two 

sensor kinases, DivJ and PleC.  
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(Huitema et al., 2006). TipN is required for the polar localisation of a c-di-GMP 

phosphodiesterase protein, TipF (Figure 5). A deletion of tipF resulted in the decreased 

expression of flagellin protein and an absence of hook and flagellin secretion, indicating 

its involvement in flagellum biogenesis. Importantly, however, the absence of TipN 

resulted in the irregular positioning of flagella randomly across the cell surface 

(Huitema et al., 2006). TipN/TipF regulation of polar differentiation is thought to be a 

cyclic program. TipN and TipF exist in a SW cell at the pole opposite the flagellum and 

this localisation is maintained during the G1 to S phase transition (Figure 5). The ST 

cell initiates DNA replication becoming a PD cell and a flagellum is built at the TipN/F 

pole. Constriction of the division septum during cytokinesis, then results in TipN being 

localised to midcell followed by TipF. Thus, upon the completion of cell division TipN 

and TipF are localised such that they mark the site for flagellum assembly and SW pole 

differentiation (Figure 5) (Huitema et al., 2006). 

 The removal of the flagellum at the G1 to S phase transition is dictated by a 

special response regulator, PleD (Aldridge et al., 2003). Active PleD~P has diguanylate 

cyclase activity and catalyses the formation of c-di-GMP; which has been demonstrated 

to be influential in the switch from a planktonic to sessile life style in bacteria (See 

section 1.2.2) (Paul et al., 2004). PleD is phosphorylated by the kinase activity of PleC 

and DivJ. Surprisingly, it is actually DivK~P that controls PleC autokinase activity 

(Paul et al., 2008). In a SW cell both DivK and PleD are delocalised. As the G1 to S 

phase transition progresses, DivJ levels increase resulting in the phosphorylation of 

DivK and its localisation to the differentiating pole. It is thought that DivK and DivJ 

form a positive feedback loop leading to high DivK~P levels which result in the switch 

of PleC from phosphatase to kinase and the activation of PleD (Paul et al., 2008). 

PleD~P accumulates at the cell pole where as a result c-di-GMP levels rise and the 

flagellum is ejected by a yet uncharacterised mechanism (see later). 

The ability to switch from a sessile life style to one that is planktonic is clearly 

advantageous. For example, in conditions of low nutrient availability, being able to 

swim allows colonisation of new niches preventing nutrient exhaustion. The sessile 

cells exploit the present location while the motile cells disperse in order to find new 

environments. C. crescentus cells have been shown to form both monolayer and 

complex biofilms. Pili are essential for forming the latter while it has been demonstrated 

that the SW cells being released from ST cell biofilm maintain a monolayer. 

The concept of population heterogeneity is not unique to C. crescentus but 

occurs also in other non-related bacteria. For example, during normal growth B. subtilis 
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Figure 5: A proposed model for the TipN and TipF regulation swarmer pole 

differentation (taken from: Huitema et al., 2006) 

TipN and TipF along with other unknown predicted proteins reside at the 

undifferentiated pole of the Swarmer cell (SW cell). TipN localises to midcell during 

cytokinesis and TipF follows. On completion of cell division both TipN and TipF are 

exclusively located at the pole where flagellum assembly will take place next. TipF is 

required for flagellar assembly, however, its exact function is yet to be determined. 
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cells exist concurrently in one of two morphologically distinct cell types: (i) motile and 

flagellated, or (ii) sessile and growing in long chains. It is the activity of the motility 

transcription factor, σD, that determines whether flagella are built and the cell swims 

(Helmann et al., 1988; Marquez et al., 1990). In an exponentially growing population, a 

proportion of the cells possess an active σD (motile) while other cells have an inactive 

σD (sessile) (Kearns and Losick, et al., 2005). As the population approaches stationary 

phase the prevalence of motile cells increases (Nishihara and Freese 1975). It has been 

recently shown that the transcriptional activator, SwrA, is required to modulate a higher 

proportion of the cell population to have an active σD (Kearns and Losick, et al., 2005). 

Furthermore, SwrA also stimulates hyper flagellation of a cell in preparation for 

swarming motility on a surface. Swarming is a form of flagellar mediated motility that 

occurs on surfaces (Fraser and Hughes, 1999). It has been suggested that the SwrA and 

σD regulation of motility is itself controlled by a bistable genetic switch that in 

responding to environmental signals specifically functions to maintain heterogeneity in 

the population (Kearns and Losick, 2005). This is in contrast, to C. crescentus where the 

generation of motility is a part of the normal life cycle of the bacteria. However, the 

reason for being motile in C. crescentus and B. subtilis is strikingly similar in that they 

both have a desire to maintain a heterogeneous population to enhance survival. 

1.3  Bacterial Survival: Movement 

For many bacteria, cellular motility is hugely important in enhancing survival. Motility 

driven by chemotaxis allows the bacteria to locate nutrients and occupy a preferred 

niche within the environment thus ensuring that movement isn’t random. Chemotactic 

bacteria sense chemical gradients using chemoreceptor proteins that are part of the TCS 

family of proteins and located in clusters near the base of the flagella (Wadhams and 

Armitage, 2004). The chemical information is then relayed to the flagellar motor, which 

controls the direction of movement. We have already discussed the importance of 

motility in the establishment and release from a biofilm community. Here, one example 

is that, P. aeruginosa utilises two types of movement: flagellar-mediated and twitching 

motility. In fact movement in liquid environments or on solid surfaces is achieved by 

swimming, swarming, gliding, and twitching. These types of movement utilise a variety 

of different mechanisms (Jarrell and McBride, 2008). We will now discuss the different 

types of movement in more detail.  
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Figure 6: Bacterial cell surface appendages utilised during motility 

Transmission electron micrographs showing bacterial Flagella and Type IV Pili. Filled 

arrows indicate pili and open arrows indicate flagella. A. Pseudomonas aeruginosa 

mPAO1 (taken from: Giltner et al., 2010). B. Caulobacter crescentus NA1000 (taken 

from: Sommer and Newton, 1988). Pili/Fimbrae are thinner than flagellar filaments, and 

are thus often referred to as hair-like. 
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1.3.1  Twitching motility 

Twitching motility is a flagellar-independent form of bacterial movement over a surface 

(Mattick, 2002). This is a slow motion with movement of cells occurring at less than 1 

µm/s (Harshey, 2003). It occurs on wet surfaces and is essential to establishment and 

development of a biofilm and also host colonisation by a number of plant and animal 

pathogens (Bocsanczy et al., 2011; Semmler et al., 1999; Taguchi and Ichinose, 2011). 

The mechanism relies on type IV pili. Pili are long thin surface appendages that are 

assembled and utilised by both Gram-positive and Gram-negative bacteria for 

conjugation (sex pilus), motility (type IV pili) and surface attachment (fimbrae/type IV 

pili) (Figure 6) (Kline et al., 2010; Schroder and Lanka, 2005). Type IV are unique 

amongst pili in that they can retract. It is the action of retracting, extending and 

retracting of the pili that provides the force to allow the bacterial cell to move. This 

physical motion has been visually observed in numerous bacteria, including P. 

aeruginosa where the extension and retraction of fluorescently labelled type IV pili was 

characterised (Skerker and Berg, 2001). From this particular study it was concluded that 

the cells moved by pulling themselves along the surface during a retraction, as opposed 

to pushing during an extension. It is predicted that the inherent flexibility of the 

structure does not provide enough strength to generate the force required to push a cell 

forward upon contact of the pilus with the surface (Skerker and Berg, 2001). The tip of 

the pili acts as an adhesin factor and facilitates surface binding (Lee et al., 1994). pilA, 

encodes the major structural subunit pilin, that polymerises to form the long pilus 

filament during the assembly process (Craig et al., 2003). The energy required for 

retraction comes from ATP hydrolysis, and is used to remove pilin subunits from the 

base of the pilus (Kaiser 2000). The removed subunits are then recycled during pilus 

assembly and extension. Its transcription is controlled by a TCS comprised of PilS/PilR 

(Hobbs et al., 1993). PilR belongs to a large family of Nitrogen regulatory protein C - 

σ54 transcriptional activators (NtrC) (Hobbs et al., 1993). It functions as the response 

regulator that activates pilA transcription in a σ54-dependent manner. PilR is activated 

by its cognate membrane-bound sensor kinase PilS (Boyd, 2000). The signal that allows 

PilS to activate PilR is currently unknown, however upon activation, PilR binds 

upstream of the pilA promoter and turns on its the expression in conjunction with σ54 

(Jin et al., 1994).  
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1.3.2  Gliding motility 

Gliding motility is the movement of cells on solid surfaces without the use of flagella. 

This form of movement is very slow in comparison to other forms such as flagellar 

mediated motility, with cells moving around 1 or 2 µm/min (Harshey, 2003). Cells 

capable of moving in this way possess type IV pili, which they utilise during one form 

of gliding motility, Social motility (S-motility), as well as twitching. S-motility 

functions in a similar way to twitching motility and involves pilus retraction and 

extension resulting in the coordinated movement of groups of cells. However, while 

twitching motility occurs in a localised area, cells utilising S-motility cover larger 

distances. A second mechanism of gliding motility, Adventurous motility (A-motility), 

requires no flagella or pili and involves the oscillation of helical bacterial cytoskeleton 

filaments (Nan et al., 2011). Gliding motility is utilised by a wide range of bacteria that 

colonise many different environments, such as the Myxobacteria (Myxococcales) and 

the Cyanobacteria (Hoiczyk, 2000; Nan and Zusman, 2010). Gliding motility is an 

important survival mechanism for the cells of Myxococcus xanthus as they lack flagella 

and cannot swim. M. xanthus cells use gliding to discover nutrients in the soil 

environment, in which they inhabit (Berleman and Kirby, 2009). Furthermore, 

movement enables them to find prey microorganisms, which they ‘kill’ (digest) in order 

to provide a source of nutrients (Berleman and Kirby, 2009).  

1.3.3  Flagellar motility 

Flagella are complex biological macromolecular machines used for bacterial 

locomotion. A single flagellum comprises of a basal membrane-embedded molecular 

motor that produces the power to rotate a filamentous axial substructure, which 

concludes in a long filament extension. The filament works like a propeller to generate 

propulsion for movement. Flagellum-mediated motility has been studied extensively in 

a number of organisms, particularly the enteric bacteria (which we define here as E. coli 

and S. Typhimurium), and is associated with both swimming and swarming. Swimming 

motility occurs in liquid environments while swarming involves a coordinated 

migration of hyper-flagellated cells across a solid surface (Fraser and Hughes, 1999). 

Astonishingly, genes encoding for flagellar systems are present in 45 % of annotated 

bacterial genomes and thus flagellar-mediated motility can be considered a major form 

of movement within the bacterial kingdom (Faulds-Pain et al., 2011). For some 

pathogenic bacteria flagellar motility and chemotaxis is an essential virulence factor for 

host colonisation and infection. Helicobacter pylori is a major human gastric pathogen 
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associated with gastric ulcers and gastric cancers (Lopez-Vidal et al., 2008). H. pylori 

cells swim by the means of a cluster of 4-6 polar flagella (Douillard et al., 2010). 

Nonchemotactic mutants of H. pylori are greatly reduced in initial infection of mice and 

are outcompeted by wild type cells (Terry et al., 2005). Furthermore, the mutants are 

unable to colonise all regions of the stomach. H. pylori needs motility in order to remain 

in the mucus layer close to the stomach epithelial cells. Without motility it is likely that 

bacteria will be carried away into the lumen by the rapid turnover of mucus that is being 

continuously secreted from mucosal glands (Schreiber et al., 2004).  

There are examples of non-pathogenic bacteria too that require to ability to 

swim in order to be successful. Vibrio fischeri is a bacterium that exists in a remarkable 

symbiotic relationship with the Hawaiian bobtail squid (Euprymna scolopes). V. fischeri 

colonises juvenile squid and produce light by means of bioluminescence (Ruby and 

Asato, 1993). This process helps to prevent the squid from casting a dark shadow on the 

ocean floor during moonlit nights and increases its survival (Visick and McFall-Ngai, 

2000). V. fischeri is motile by means of 1-5 polar flagella (Millikan and Ruby, 2004). 

Flagellar-mediated motility is essential for initiating the colonistation of the squid’s 

internal light organ and it also increases the retention of bacterial cells (Millikan and 

Ruby, 2004).  

One striking observation among these different types of motility is that they all 

generate quite widely varying speeds of movement. For example, single cells of P. 

aeruginosa exhibiting twitching motility have been recorded moving at speeds up to 0.2 

µm/s (Skerker and Berg, 2001). Individual Myxococcus xanthus cells moving by the 

mechanism of gliding motility do so only at approximately 2 µm/min (Mauriello et al., 

2010). This is in complete contrast to some of the recorded swimming speeds generated 

by flagellar motility. Vibrio spp., C. crescentus and Bdellovibrio bacteriovorus move at 

speeds up to: 60 µm/s, 55 µm/s, and 160 µm/s respectively (Faulds-Pain et al., 2011; 

Lambert et al., 2006; McCarter 2001). Both twitching and gliding motility occurs on a 

surface whereas flagellar mediated swimming is in liquid environments so it may be no 

surprise that the latter mechanism generates faster speeds. However, individual cells 

utilising flagella for swarming motility on a surface can move at speeds of up to 10 

µm/sec, which is significantly faster than other surface motility (Harshey, 2003). These 

observations suggest that regardless of the environment, if a bacterium needs to move 

quickly then utilising flagella to do so is the best way to go. So why do swimming 

bacteria move at different speeds if they are all utilising the same mechanism: i.e. 

Flagella? One answer could be differences in the number of flagella per cell. It would 
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be sensible to think that the greater the number of flagella the greater the speed. 

However, Salmonella enterica serovar Typhimurium typically possesses 6-8 flagella per 

cell and swims at speeds around 20-50 µm/s (Magariyama et al., 2001), where as C. 

crescentus generates one polar flagellum per cell and swims much faster at speeds 

approximately 55 µm/s (Faulds-Pain et al., 2011). The multiple flagella of S. 

Typhimurium have to bundle together and it is possible that the thickness of the bundle 

causes resistance as the cell moves. Therefore, it is likely that differences in the number, 

localisation, and the structure of flagella play all influence swimming speed.  

1.4  Flagella Distribution and Numbers 

The number and distribution of flagella differs between bacterial species (Figure 7). 

Monotrichous bacteria such as C. crescentus and P. aeruginosa use a single polar 

flagellum for swimming (Figure 6 and 7) (Poindexter 1964; Dasgupta et al., 2003). 

Salmonella spp. typically produce six to eight peritrichous flagella that are distributed 

over the whole cell surface. The symbiotic bioluminescent bacterium, Vibrio fischeri, is 

lopotrichous with a cluster of up to five flagella co-located at the pole of the cell (Figure 

7) (Millikan and Ruby, 2004). Some bacteria that swim by means of a polar flagellum 

will, under certain conditions, switch to a separate lateral flagellar system that allows 

for swarming on solid surfaces (Sar et al., 1990; Wilhelms et al., 2011). Some research 

has been carried out to investigate how a bacterial cell regulates the placement of a 

flagellum on the cell surface. In the polar flagellar systems of Pseudomonas spp. and 

Vibrio spp., flagellar placement has been shown to require the GTP-binding protein 

FlhF (Bange et al., 2007; Kusumoto et al., 2006; Kusumoto et al., 2008). Deletion of 

the flhF gene in P. aeruginosa results in the decreased expression of flagellar genes and 

the assembly of flagella at nonpolar locations (Murray and Kazmierczak, 2006). FlhF 

localises to the cell pole where it plays a role in the regulation of flagellum biogenesis at 

that location. A model for FlhF-dependent flagella placement has recently been 

suggested based on work carried out in V. cholerae. FlhF intrinsically localises to the 

cell pole, where it directly recruits FliF, the earliest flagellar structural protein (Green et 

al., 2009). It is likely that the GTPase activity of the protein plays an important role in 

its function. However, it is important to note that in some species FlhF is essential for 

flagella assembly, while in others it is not (Brown et al., 2009). In complete contrast, a 

deletion of flhF in peritrichous flagellar system of B. subtilis does appear to affect 
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Figure 7: The spatial arrangement of flagella on the cell surface 

(i) Monotrichous with a single polar flagellum; e.g. Caulobacter spp. (ii) Peritrichous 

with numerous flagellar distributed across the cell; e.g. Salmonella spp. (iii) 

Lopotrichous with numerous polar flagellar e.g. Vibrio fischeri. 
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flagella assembly in any way (Zanen et al., 2004). The flhF gene is absent from the 

enteric bacteria (Kanehisa et al., 2008). A second protein, FlhG, has been shown to 

reduce the polar localisation of FlhF through a direct protein-protein interaction 

(Kusumoto et al 2008). It is speculated that this acts as a mechanism to prevent the 

accumulation of FlhF at the cell pole, thus regulating the number of flagella produced. 

This hypothesis is consistent with the finding that FlhG negatively regulates the 

expression of the flagellar master regulator in Vibrio spp. (Correa et al., 2005; 

Kusumoto et al., 2006). In C. crescentus, correct flagellum positioning at the cell pole 

relies on the protein, TipN. Loss of tipN results in the mis-localisation of flagella 

(Huitema et al., 2006). Furthermore, TipN is required for the polar localisation of, TipF, 

a protein outside the flagellar regulon which has however been shown to required for 

flagellar assembly.  

1.5  Flagellar Power Source 

The flagellar motor at the base of the flagellum generates the torque required to rotate 

the structure and propel the cell forward. Torque being defined as a twisting force which 

causes rotation.. There are differences in the way bacteria generate the power required 

to rotate the flagellum. Both E. coli and S. Typhimurium couple proton (H+) flow 

through the motor to power the flagellum (Berg, 1995). However, the H+ driven motor 

is not exclusive among flagellar systems. Some bacterial species, including V. 

alginolyticus, Vibrio cholerae and certain members of the genus Bacillus (although not 

Bacillus subtilis) require sodium (Na+) for motility (Atsumi et al., 1990; Imae and 

Atsumi, 1989; Kojima et al., 1999; Tokuda and Unemoto, 1982). Interestingly, Vibrio 

parahaemolyticus has evolved to possess two separate and independent flagellar 

systems, one utilising a H+ motor and the other a Na+ motor (McCarter 1999). It is likely 

that the ability to utilise more than one power source provides a selective advantage to 

certain bacteria in changing environmental conditions. This is consistent with 

observations of swimming cells of Shewanella oneidensis, where a single polar 

flagellum is powered by a Na+-dependent motor but at low concentrations of sodium is 

supported by a H+-dependent motor (Thormann and Paulick, 2010). 
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Figure 8: Bioinformatic analysis of flagellar gene dosage of annotated bacterial 

genomes in the KEGG database (taken from Faulds-Pain et al., 2011) 

To be included in the analysis the bacterial genome had to possess the fliF gene, which 

encodes for one of the earliest structural proteins built in the flagellum. 1,144 annotated 

bacterial genomes were used in this analysis and of those 607 contained fliF. The genes 

are organised according to their approximate location in the flagellum structure, 

beginning with fliF at the left and finishing with fliD (the filament cap) on the right. 

Bacterial classes are listed at the side. * The mixed group of bacteria includes species 

belonging to: Acidobacteria, Verrucomicrobia, Gemmatimonadetes, Planctomycetes, 

Synergistetes, and the green nonsulfur bacteria. A key feature of this evaluation is the 

variation in gene dosage observed for flagellin genes. 45 % of the 607 genomes 

contained multiple flagellin genes.  
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1.6  Flagellar Gene Dosage: Multiple Flagellins 

Other than differences in flagella number, localisation and motor power, there is also a 

slight variation in the number and presence of flagellar-specific structural proteins. A 

bioinformatical analysis of flagellar gene dosage based on annotated bacterial genomes 

in the KEGG database reveals some striking features amidst a generally conserved 

picture (Figure 8) (Faulds-Pain et al., 2011). When considering gene dosage, the 

structural components of the flagellum exhibit a significant degree of conservation in 

that one or two copies of a gene per genome is present (Figure 8) (Pallen and Matzke, 

2006; Faulds-Pain et al., 2011). However, the majority of genomes that possess two 

copies of a gene, have two flagellar systems. For example, V. parahaemolyticus utilises 

a polar flagellum for swimming and a separate system of lateral flagella to swarm over 

surfaces (Sar et al., 1990). Novel secondary flagellar systems have also now been 

predicted for E. coli and Yersinia enterocolitica (Bresolin et al., 2008; Ren et al., 2005). 

For the majority of bacteria outside the classes of β- and γ-proteobacteria the flagellar 

specific genes fliO and fliJ are missing (Figure 8). Both fliO and fliJ encode proteins 

involved in the flagellar specific export machinery. Another striking observation is the 

lack of a fliD gene in the α-proteobacteria. fliD encodes for the HAP2 protein or the 

Flagellar Filament Cap, as it is commonly known (Figure 8). This protein is fairly well 

conserved at the sequence level and is also essential for flagellar assembly. Therefore, 

its absence in this group of bacteria is even more intriguing suggesting that either a 

different protein of as yet unknown, could contribute to flagellar assembly in these 

bacteria. Finally and most strikingly, a high level of diversity is observed when 

considering the number of flagellin genes per genome: 45 % of annotated flagellar 

systems possess multiple flagellin genes (Figure 8) (Faulds-Pain et al., 2011). Flagellin 

is the major structural protein that polymerises to form the flagellar filament, which is 

the long extracellular appendage. The numbers can vary widely between bacterial 

species. For example, S. Typhimurium has two flagellin genes, C. crescentus has seven 

and Bdellovibrio bacteriovorus has six. Remarkably, genome sequencing has revealed 

that Magnetococcus sp. MC-1 possesses 15 flagellin genes (Schubbe et al., 2009). S. 

Typhimurium is capable of phase variation between flagellins and consequently utilises 

only one flagellin species at a time during filament assembly (Bonifield and Hughes, 

2003). In other bacteria, such as B. bacteriovorus and C. crescentus there is strong 

evidence that all the flagellins are utilised (Ely et al., 2000; Lambert et al., 2006).  
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Some recent studies into multiple flagellin systems have highlighted a number 

of common features shared between all that have been investigated. Firstly, all flagellins 

genes on a genome encode flagellin proteins that possess molecular weights that differ 

by only 1-5 kDa from each other. FlaA and FlaB of Campylobacter jejuni are both 59 

kDa, while the six flagellins of Vibrio fischeri are all approximately 40 kDa (Nuijten et 

al., 1990; Millikan and Ruby, 2004). Secondly, expression of individual flagellins 

occurs from monocistronic operons that are differentially regulated by one or more 

alternate sigma factors (See later). Two of the flagellin genes of the spirochete 

Brachyspira hyodysenteriae are regulated in response to the flagellar-specific sigma 

factor σ28 while two are regulated by the general house keeping sigma factor, σ70 (Li et 

al., 2010). Of the five flagellin genes of V. cholerae, the expression of four is controlled 

by σ28 and one flagellin is regulated by the alternate sigma factor σ54 (Klose and 

Mekalanos, 1998). Thirdly, flagellin redundancy has been observed. Though in some 

systems one or more flagellin is essential for filament assembly and has therefore been 

defined as the major flagellin. For example, flaA from V. cholerae and fliC3 from B. 

bacterivorus are both essential genes in a redundant system (Klose and Mekalanos, 

1998; Lambert et al., 2006). The final common feature is that there is evidence available 

to suggest ordered assembly of the flagellins in the filament (Driks et al., 1989; Bardy 

et al., 2002). The order in the filament of B. bacteriovorus has been determined to be, 

proximal to distal: FliC3, FliC5, FliC1, FliC2 then FliC6 (Iida et al., 2009). FliC4 was 

detected in low levels and its location was not determined. C. crescentus also possess 

six flagellin genes, fljJ, fljK, fljL, fljM, fljN, fljO (Nierman et al., 2001). Prior to fljM-O 

being identified order was determined in the filament, with FljJ and FljL located 

proximally followed by FljK (Driks et al., 1989). 

Our current understanding of filament structure, regulation of assembly and the 

wide range of habitats colonised by bacteria possessing multiple flagellin flagellar 

systems, does not sufficiently explain why having them is an advantage. It has been 

suggested that multiple flagellin genes are there to provide a mechanism for antigenic 

variation (McCarter 2001). This is consistent with the differing antigenic properties of 

the flagellins of Campylobacter jejuni and E. coli (Harris et al., 1987; Pallen and 

Matzke, 2006). In terms of antigenic variation it is becoming increasingly clear that 

posttranslational modification of flagellins is playing an important role. Glycosylation 

of flagellins has been observed for many species including Pseudomonas spp., C. jejuni, 

C. crescentus and Clostridium difficle (Faulds-Pain et al., 2011; Ewing et al., 2009; 

Taguchi et al., 2010; Twine et al., 2009; Verma et al., 2006). A recent study suggested 
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that flagellin glycosylation is required for virulence in the plant pathogen Pseudomonas 

syringae pv. tabaci 6605; the causal agent of wildfire disease on tobacco plants 

(Taguchi et al., 2010). In contrast, flagellin glycosylation in C. jejuni and Helicobacter 

pylori is essential for filament assembly (Goon et al., 2003; Schirm et al., 2003). In C. 

crescentus it has been shown that glycosylation is required to maintain the intracellular 

stability of flagellins prior to secretion (Faulds-Pain et al., 2011). Posttranslational 

methylation and phosphorylation of flagellin has also been reported (Burnens et al., 

1997; Kelly-Wintenberg et al., 1993). As well as antigenic variation, phase variation of 

flagellin has been shown to be important in murine infection of S. Typhimurium, by 

allowing bacteria to survive better in the spleen of the animal (Ikeda et al., 2001). 

Importantly, in these experiments, no differences were observed between the wild type 

strain and the two phase variants ability to invade epithelial cells, survive in 

macrophages or influence gastroenteritis. This strongly suggests that here the use of 

multiple flagellins is environment specific.  

All things considered there are still some general questions unanswered with 

respect to the use of multiple flagellins: (1) Why do so many bacteria utilise multiple 

flagellins? and (2) How is the production and their incorporation into the filament 

regulated? Thus far we have discussed several observable differences between 

assembled flagella and that these differences may be playing a role in the different 

observed swimming speeds of bacteria. We have also highlighted how significant this 

mechanism of motility is and furthermore, how widespread it actually is. Because of 

this, we believe that flagella research is extremely important. Investigating how 

different flagellar systems work from top to bottom will enable us to better understand 

and control the survival of bacteria. Let us now consider how a flagellum is actually 

created and how that process is regulated. 

1.7  Flagella Biogenesis 

The flagellum is a self-assembling organelle. It is comprised from numerous different 

structural proteins and a multitude of additional factors. The construction spans both the 

cytoplasmic and outer membranes of a Gram-negative bacterial cell. It is composed of 

three major structural sections; the basal body which includes the motor and the switch, 

the hook and the filament (Figure 9). A flagellar-specific type 3 secretion system 

(T3SS) is employed to facilitate secretion of structural subunits bound for the outside of 

the cell across the periplasm (Figure 9).  
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Figure 9: The Gram-negative bacterial flagellum (adapted from Minamino et al., 

2008) 

The schematic illustrates the structure of the E. coli and S. Typhimurium flagellum. The 

drawing is not to scale. Known structural proteins are indicated. The structure can be 

split into three distinct sections: the basal-body, the hook, and the filament. FliJ, FliI 

and FliH are cytoplasmic components of the flagellar type 3 secretion system. 
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1.7.1  Flagellum structure and mechanism of assembly 

Flagellar biogenesis is a principal feature of cellular differentiation during the life cycle 

of C. crescentus. Electron microscopy has shown that the polar flagellum of C. 

crescentus possesses a structure similar to flagella from the enteric bacteria (Stallmeyer 

et al., 1989). The focus of attention in this project is studying flagellar assembly in C. 

crescentus, however, it is important to understand the enteric data in order to understand 

flagellar structure. Many of the genes encoding structural components of the enteric 

flagellum, have been to shown to have homologs in the C. crescentus flagellar system. 

At least 48 genes are involved in flagellar assembly in C. crescentus, of which 

approximately 20 are predicted to be structural (Ely and Ely, 1989). Extensive studies 

into the molecular structure of the gram-negative γ-proteobacteria, S. Typhimurium and 

E. coli flagella, has led to creation of a recognised structural paradigm to which all other 

flagellated species are compared (Figure 9). Therefore, in the following section, 

flagellar structure will be discussed based on the findings and investigations in the 

enteric bacteria, however, where possible known differences in C. crescentus and other 

species will be highlighted. 

1.7.1.1 The basal body 

The basal body is the first substructure to be assembled and can be considered the 

“engine house”. It provides secure anchorage for the flagellum in the cell envelope 

(Figure 9). Furthermore, it generates the power required to rotate the filament. Electron 

microscopy has revealed a complexity of multi-ring structures embedded in the cell 

envelope, and at a central axis, a rod traversing the periplasm (Hosogi et al., 2011; 

Sosinsky et al., 1992). The rings are named according to their relative location: L-ring 

(lipopolysaccharide), P-ring (peptidoglycan), C-ring (cytosol) and the MS-ring 

(cytoplasmic and supramembranous) (Figure 9) (Blair, 2006). It has been suggested that 

the flagellum of C. crescentus contains an additional ring, the E-ring, located between 

the P- and the S-ring. It is hypothesised that the E-ring is involved in the process of 

flagellar ejection during cellular differentiation, thus explaining why such a structure is 

absent in the enteric bacteria (Stallmeyer et al., 1989). However, as of yet no gene 

encoding for the structure has been located and its existence has been recently disputed 

(Kanbe et al., 2005). The polar flagellum of Vibrio alginolyticus has also been shown to 

contain additional rings. The T-ring and H-ring are located in the outer membrane and 

the peptidoglycan layer. The T-ring has been shown to be essential for motility 

(Terashima et al., 2006). Mutation of the H-ring results in a severe impairment in 
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motility (Terashima et al., 2010). It is thought that they function to provide added 

reinforcement to the structure thus preventing against physical breaking of the basal 

body during rotation (Terashima et al., 2010). This is because it has been demonstrated 

that the rotational speed of the V. alginolyticus motor is approximately four times faster 

than that of E. coli (Magariyama et al., 1994). It has been shown that the fast swimming 

speed of wild type C. crescentus is due to increased motor velocity when compared to 

E. coli and V. alginolyticus (Li and Tang, 2006). It would be tempting to suggest that 

the C. crescentus E-ring may contribute in someway to fast swimming, however, this 

would require investigation. 

The MS-ring comprises of 26 individual copies of FliF embedded in the inner 

membrane (Figure 9) (Aizawa et al., 1985; Ueno et al., 1994; Kubori et al., 1997). The 

oligomerisation of FliF provides a platform on which to build the C-ring. The C-ring is 

made from the switch proteins FliG, FliM and FliN (Figure 9) (Francis et al., 1994). 

The switch-protein complex forms the moving rotor module of the flagellar motor. The 

integral membrane proteins, MotA and MotB, form the stationary stator complexes; 

which together with the rotor function to regulate the direction of rotation (Figure 9). 

The stator complexes operate by forming a channel through which occurs the 

conduction of proton (H+) flow across a gradient. The flow of H+ subsequently 

generates torque used for the rotation (Nakamura et al., 2009). The complexes are 

anchored into the cell wall by the C-terminal domain of MotB, via a peptidoglycan-

binding motif (Van Way et al., 2000). MotA is responsible for proton conduction and 

although it is essential for flagellar rotation, is not essential for flagellar assembly (Blair 

and Berg, 1990). The C-terminal domain of MotA interacts with the switch protein 

FliG. The flow of protons through the channel results in a conformational change in 

MotA, pushing the FliG proteins resulting in rotation of the C-ring (Zhou et al., 1998). 

PomA and PomB (orthologues of MotA and MotB) in V. alginolyticus form a complex 

to channel Na+ into the cell and couple this to rotation in a similar way to the H+ motor 

(Asai et al., 1997; Sato and Homma, 2000). 

Connected to the C-ring is a filamentous rod which functions as a drive shaft 

through which the power generated by the motor is transmitted to the hook and the 

filament. The rod is hollow thus allowing it to be utilised by the T3SS for the 

translocation of the external subunits outside the cell for incorporation into the growing 

flagellum. It is comprised of two sections; FlgB, FlgC and FlgF are components of the 

proximal section, while FlgG forms the distal section (Figure 9) (Homma et al., 1990). 

The rod subunits are secreted into the periplasm, via the T3SS, where the assembly 
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process takes place under the direction of the capping protein, FlgJ (Hirano et al., 

2001). Interestingly, FlgJ in S. Typhimurium has been shown to possess muramidase 

activity, which is thought to assist rod assembly through the peptidoglycan layer 

(Hirano et al., 2001; Nambu et al., 1999). Muramidases are enzymes that break down 

the bacterial cell wall.  

The P ring (FlgI) and the L ring (FlgH) act as bushings to protect for the rod in 

the peptidoglycan layer and outer membrane (Figure 9) (Jones et al., 1987, 1989; 

Khambaty and Ely, 1992). Although it is possible that the rings form a conduit in order 

to allow the axial components of the flagellum to spin freely. Unlike rod subunits, FlgI 

and FlgH are secreted via the Sec-secretion pathway (Homma et al., 1987). It has been 

shown that the P-ring is required to stabilise the formation of the L-ring (Mohr et al., 

1996).  

FlhE is a flagellar protein that appears to play no role in assembly; however, 

strains that are deficient are defective in flagellar-associated swarming (Stafford and 

Hughes, 2007). FliE, is thought to act as a junction protein between the MS-ring and the 

rod (Figure 9) (Minamino et al., 2000a; Muller et al., 1992). Homologues of the rod and 

ring proteins have been identified in C. crescentus and some have been characterised 

(Boyd and Gober, 2001, Dingwall et al., 1992; Hahnenberger and Shapiro, 1987; 

Nierman et al., 2001).  

In S. Typhimurium an additional protein associated with the basal body, FliL, 

has been shown to provide the rod with protection against increased torsional stress 

during swarming motility (Attmannspacher et al., 2008). In contrast, FliL in C. 

crescentus is essential for swimming motility (Jenal et al., 1994). However, it is not 

required for flagellar assembly. Recently a model has emerged for the involvement of 

FliL in c-di-GMP regulation of motility (Christen et al., 2007). It is predicted that c-di-

GMP levels modulate FliL levels and subsequently regulate flagellar rotation. 

Furthermore, FliL is required for the efficient degradation of FliF, leading to removal of 

the flagellum; an essential process of the life cycle of C. crescentus cells (Aldridge and 

Jenal, 1999). 

1.7.1.2 The flagellar type 3 secretion system 

As the majority of the flagellum is presented outside of the cell, there is a requirement 

for a protein secretion system. The T3SS is located at the base of the flagellum and 

consists of six integral membrane proteins (FlhA, FlhB, FliO, FliP, FliQ, and FliR) and 

three soluble cytoplasmic proteins (FliH, FliI, FliJ) (Figure 9) (Minamino and Macnab, 
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1999). The flagellar T3SS is homologous to that of those systems used by animal and 

plant pathogens to translocate virulence factors into eukaryotic hosts (Galan et al., 

1992). FliQ and FliR of C. crescentus exhibit significant homology to virulence factor 

export proteins of Erwinia carotovora, Shigella flexneri and Yersinia pestis (Zhuang 

and Shapiro, 1995). FlhA of C. crescentus has also been shown to be homologous to the 

Yersinia enterocolitica T3S protein LcrD (Sanders et al., 1992).  

T3S substrate recognition relies on a N-terminal signal peptide. Unlike the Sec-

pathway, this signal is not cleaved during secretion (Macnab, 2004). Twenty amino 

acids in the N-terminus of hook protein have been shown to be all that is essential for 

hook subunit secretion in C. crescentus (Kornacker and Newton, 1994). The intrinsic 

self-assembling nature of filamentous proteins means there exists a requirement for a 

mechanism to prevent polymerisation and aggregation of these subunits prior to 

secretion (Bennett and Hughes, 2000). Furthermore, due to the narrow channel diameter 

(approximately 2 nm) of the whole flagellar axial substructure, subunits have to be 

secreted in a partially unfolded state (Shaikh et al., 2005; Yonekura et al., 2003). The 

system achieves these two objectives by using T3S chaperones. FliS is one example of 

such a flagellar-T3S chaperone, that itself has been shown to facilitate the secretion of 

FliC (flagellin protein) in S. Typhimurium (Yokoseki et al., 1995). FliS binds to the C-

terminus of FliC preventing premature interactions between flagellin proteins in the 

cytoplasm (Auvray et al., 2001). Other flagellar specific T3SS chaperones have been 

identified based on chaperone properties. Interestingly, an increasing number of these 

proteins also play a secondary role in the regulation of flagellar assembly (Aldridge et 

al., 2006; Yamamoto and Kutsukake, 2006). FliI is an ATPase that has similarities to 

F0F1-ATPsynthase (Imada et al., 2007). It uses the energy from the hydrolysis of ATP 

to drive protein export (Fan and Macnab, 1996; Minamino and Namba, 2008). It 

currently is believed that FliI forms an oligomeric ring like structure, assembling on a 

platform provided by the membrane components FlhA and FlhB (Claret et al., 2003; 

Minamino et al., 2006; Zhu et al., 2002). Importantly, the ATPase activity exhibits a 

positive cooperativity which suggests that this oligomerisation is an important feature of 

the export system. FliH is proposed to act as a negative regulator of FliI to prevent it 

from hydrolysing ATP before export is needed (Minamino and Macnab, 2000b). It has 

been proposed that FliJ is acting as a general T3S chaperone (Minamino and Macnab, 

2000c). There is evidence available to suggest that it may facilitate the export of rod-

hook and filament substrates by bringing them in close contact with the T3SS (Fraser et 

al., 2003; Minamino et al., 2000). However, a recent study has indicated that the role of 
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FliJ may lie in the recruitment of other T3S chaperones and the transfer of them to 

secretion substrates, thereby reprocessing free chaperones after substrate release (Evans 

et al., 2006). Importantly, ATPase activity of FliI is not essential for secretion. Flagellar 

proteins of S. Typhimurium are still exported in a fliI mutant (Minamino and Namba, 

2008). Furthermore, the loss of fliI and fliH does not inhibit flagellar assembly and 

motility. It is now accepted that the ATPase activity of the T3SS functions only to make 

secretion more efficient. The energy required for the unfolding of secretion substrates 

and their export from the cytoplasm is provided solely by proton motive force (PMF) 

(Minamino et al., 2008). 

1.7.1.3 The hook 

The hook functions as a universal joint connecting the flagellum base to the filament 

giving the whole structure a necessary degree of flexibility. It is comprised of 

approximately 120 monomers of a single structural protein, FlgE (Figure 9) (Samatey et 

al., 2004; Sheffery and Newton, 1979; Ohta et al., 1982). The structure of both the S. 

Typhimurium and C. crescentus hook are essentially the same (Shaikh et al., 2005). 

However, FlgE in C. crescentus is predicted to have a higher molecular weight. A 

central channel through the hook allows for the export of subunits for assembly into the 

flagellum. The size of the channel diameter has lead to the prediction that hook subunits 

must be in a partially unfolded state to pass through (Morgan et al., 1993). It is the 

action of the scaffolding protein, FlgD, that caps the hook and co-ordinates the 

assembly of the hook subunits underneath itself (Ohnishi et al., 1994; Mullin et al., 

2001). During hook-basal body (HBB) assembly, the flagellar T3SS specifically exports 

only the subunits required for assembly of the rod and the hook (Minamino and 

Macnab, 1999). When the hook reaches a length of approximately 55 nm a secretion 

substrate specificity switch occurs that changes the flagellar T3SS system to accept late 

flagellar proteins of the filament (Hirano et al., 1994; Williams et al., 1996).  

1.7.1.4 The filament 

Hook length control and hook completion corresponds with the switching of secretion 

substrates from the rod-hook components to the late flagellar proteins. The hook-

associated proteins, HAP1 and HAP3 (FlgK, FlgL) are secreted and assemble to make 

the hook-filament junction (Figure 9) (Homma et al., 1984; Homma and Iino, 1985; 

Ikeda et al., 1987). Another hook-associated protein, HAP2 (FliD), then co-ordinates 

the assembly of each flagellin (FliC) into the growing filament between itself and HAP3 
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Figure 10: Structural analysis of the flagellar filament (taken from Yonekura et al., 

2003) 

A. The atomic model of a single flagellin protein (FliC). B. A model of flagellin 

assembly into the helical flagellar filament. Viewed from the top, 11 flagellin subunits 

are displayed. C. A side on view of the organisation of flagellin subunits in the filament. 

The four flagellin structural domains are indicated. D0 and D1 form the central channel, 

while D2 and D3 are exposed to the surface. 
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(Figure 9) (Yonekura et al., 2000). HAP2 is also referred to as the filament cap protein. 

A mutant lacking HAP2 will form a basal-body-hook structure, capped by HAP1 and 

HAP3, but does not however form a filament (Homma and Iino, 1985). Instead the 

mutant secretes unassembled flagellin monomers into the external environment 

(Homma et al., 1984). Purified HAP2 can be added to the culture medium in order to 

recover filament assembly, however purified flagellin added to the culture medium can 

not assemble on the distal end of a wild type filament capped by HAP2 suggesting that 

filament assembly can only occur under a filament cap (Homma et al., 1986; Ikeda et 

al., 1993; Imada et al., 1998). HAP2 is predicted to form a pentameric structure that has 

the ability to flex and rotate to incorporate the self-assembling flagellin monomers 

beneath it (Imada et al., 1998; Yonekura et al., 2000; Yonekura et al., 2003). The fliD 

the gene that encodes HAP2 is absent from many α-proteobacterial genomes, including 

C. crescentus. 

Assembly of flagellin occurs in a helical fashion with 11 subunits per 2 helical 

turns (Figure 10) (Samatey et al., 2001; Yonekura et al., 2003). Consequently, the 

organisational structure can be described as being composed of 11 protofilaments. The 

filament itself can form two configurations: 1) Left-handed helix and 2) Right-handed 

helix. These are created due to filament supercoiling, which is caused by a mixture of 

two types of protofilament conformation: L- and R-type. When all of the protofilaments 

exist in the same configuration a straight filament is produced (Yonekura et al., 2003). 

During swimming in S. Typhimurium and E. coli, the individual flagellar filaments, in 

the Left-handed configuration, bundle tight together and rotate in the same direction 

(Macnab and Ornston, 1977). Chemotactic signals can then result in a sudden change in 

the direction of flagellar motor rotation, which causes the filaments to switch from Left-

handed to Right-handed, which in turn causes the bundle of flagella to fall apart and the 

cell to tumble (Larsen et al., 1974). This allows the bacteria to change direction. The 3-

D structure of the flagellin protein FliC in Salmonella has been solved by X-ray 

crystallography (Samatey et al., 2001; Yonekura et al., 2003). The protein comprises of 

four domains D0, D1, D2 and D3 (Figure 10). D0 and D1 represent the N and C termini 

of the protein and form a α-helical coiled coil facing the central channel of the filament. 

The interactions that are made by amino acids in D0/D1 stabilize the whole filament 

structure and are thus essential for polymerisation (Kitao et al., 2006). Therefore, it is 

not surprising that D0 and D1 are highly conserved throughout bacterial species 

(Beatson et al., 2006). D2 and D3 represent the central part of the protein and are 

surface exposed. Because of this these domains are important factors in host-bacterial 
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interactions, which results in a selective pressure for the amino acid sequence to vary. 

Divergence is observed across bacterial species in D2/D3 to the point that D3 is 

sometimes absent from the flagellin of some bacteria, such as in C. crescentus and 

Bacillus cereus (Beatson et al., 2006). 

Flagellar filament lengths vary between different organisms. For example the 

average length of the Salmonella filament is approximately 10 microns where as the 

filament of C. crescentus is approximately 6 microns (Yonekura et al., 2000; Li and 

Tang, 2006). It is estimated that a single flagellar filament of S. Typhimurium utilises 

up to 30,000 flagellin monomers (Chevance and Hughes, 2008). Essential for the 

functionality of the flagellum; the flagellins are also a major recognition target for host 

defense systems or predators. Toll-like receptors (TLR) are a family of proteins that 

play a key role in the innate immune response (Kawai and Akira, 2011). One member of 

the family, TLR5 has been shown to recognise flagellin via direct binding resulting in 

activation of the host immune system (Smith and Ozinsky, 2002). Site-directed 

mutagenesis analysis has mapped the recognition site on flagellin to a discrete 13 amino 

acid site in the D1 domain (Smith et al., 2003). Remarkably, although D1 is 

evolutionally conserved among most bacteria, divergence at this site has occurred in 

some, such as Helicobacter pylori. This has resulted in the bacteria not being recognised 

by TLR5 and thus evading TLR5 directed immune responses (Galkin et al., 2008). S. 

Typhimurium actually produces two species of flagellin, FliC and FljB although only 

one species is found in the filament at any given time. The bacteria can switch between 

the two in a process called phase variation. FljB is co-transcribed with FljA, a 

transcriptional and translational repressor of fliC. An inversion of the fljB promoter 

switches off the expression of fljAB and fliC begins (Bonifield and Hughes, 2003). FljB 

and FliC are antigenically different which suggests phase variation plays a role in 

evasion of the host cell immune system (Ikeda et al., 2001).  

In contrast, C. crescentus is not a pathogenic organism and does not exhibit 

phase variation of its flagellins. It has been shown that the flagellar filament is the 

specific target of a number of bacteriophages that can infect C. crescentus (Guerrero-

Ferreira et al., 2011). The phage head binds directly to the filament and is pulled down 

towards the cell by flagellar rotation. It would be interesting to see if changes in 

flagellin composition in the filament affect phage infection.  
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1.8  Coupling flagellar gene expression to flagellar assembly 

Bacterial flagellar assembly is a complex and highly ordered process. Temporal 

regulation of flagellar gene expression ensures that the structural proteins of the 

flagellum are produced at the correct time during assembly. The backbone of this 

temporal control is a transcriptional regulatory cascade consisting of regulatory proteins 

and RNA polymerase sigma factor subunits (Figure 11). It is the action of these 

regulators that couple flagellar gene expression with flagellar assembly. The general 

regulatory architecture coupling gene expression to assembly is highly conserved in all 

bacteria (Figure 11) (Brown et al., 2009). Flagellar genes from every characterised 

flagellar regulon are always located in distinct clusters together on the genome. These 

clusters are organised in a way that they correspond to the temporal requirement of 

different components during flagellar assembly (Aldridge and Hughes, 2002). The 

genes as a result can be classified as early, middle and late flagellar genes. In every 

system, early genes consist of regulatory proteins that function to initiate the process of 

flagellar assembly. Middle genes encode structural proteins that form the basal-body 

and the hook. Finally, the filament proteins are classified to late flagellar genes. As 

more and more flagellar systems are characterised, we are developing a better 

understanding of system-specific regulators that are involved. 

1.8.1  Flagellar assembly checkpoints 

Distinct flagellar assembly checkpoints are utilised by bacteria in order to coordinate 

and couple flagellar gene expression to the assembly pathway (Figure 11). All flagellar 

systems utilise the assembly checkpoint of hook completion. This coincides with the 

correct time for late flagellar gene production and a secretion substrate switch. Others 

use an additional second intermediate assembly checkpoint of rod initiation/assembly. It 

is plausible that this second and earlier checkpoint is being used as a marker for the 

activation of T3S. This is consistent with investigations into two checkpoint flagellar 

systems, of which will be discussed later.  

Assembly begins with the construction of the MS-ring, the C-ring and the T3SS 

(Figure 11). Two flagellar specific proteins, FlhB and FliK, are involved in the 

regulation of hook length control. FlhB is an integral membrane component of the 

flagellar T3SS (Minamino et al., 2008). A number of elegant models have been 

proposed to explain exactly how FliK and FlhB achieve this control. The molecular 

ruler model states that FliK, in a partially unfolded state, is exported by the flagellar 
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T3SS during hook assembly (Minamino et al., 1999; Mizuno et al., 2011). The N-

terminal region of FliK (FliKN) then measures the length of the growing hook by 

directly binding to the hook cap protein (Moriya et al., 2006). When FliKN is fully 

extended at 55nm, the C-terminal region, which remains in the cytoplasm, is able to 

interact with FlhB, catalyzing FlhB self-cleavage and a subsequent substrate specificity 

switch (Erhardt et al., 2011; Minamino and Macnab, 2000a; Mizuno et al., 2011; 

Moriya et al., 2006). This elegant model is consistent with the mechanism behind 

needle length control of the T3S bacterial injectisome. The hollow needle structure is 

required for the translocation of virulence factors out of the bacterial cell. In Yersina 

spp. it is proposed that the T3S-specific protein YscP acts as a molecular ruler in a 

similar way to FliK in the flagellar system (Journet et al., 2003).  

1.8.2  Enteric flagellar systems 

The temporal expression of flagellar genes in the enteric bacteria is responsive to 

progression of flagellar assembly. However, as the majority of these systems make 

between four and eight flagella per cell, the regulation of assembly is often discussed in 

terms of the initiation and completion of a flagellum as opposed to flagella. We will 

discuss flagellar regulation in S. Typhimurium and E. coli and then after consider the 

mechanisms used to maintain a discrete number of flagella per cell.  

The enteric bacteria utilise only the hook completion checkpoint to coordinate 

flagellar gene expression with flagellar assembly (Figure 11A). The expression of 

flagellar genes in these systems are driven by three promoter classes: Class 1-3. A 

single Class 1 promoter that drives the expression of the early genes that encode the 

enteric master transcriptional regulator, flhD and flhC (Kutsukake et al., 1990). FlhD 

and FlhC form a hetero-hexameric protein complex, FlhD4C2, and together with the σ70 

activate Class 2 promoters that transcribe middle genes such as those that encode for 

HBB subunits and regulatory factors (Figure 11A) (Chilcott and Hughes, 2000; Wang et 

al., 2006). FlhD4C2, unlike other flagellar master regulators, some of which will be 

discussed later, is not a member of the TCS family of transcriptional activators. Studies 

of flagellar gene expression have shown that FlhC is responsible for DNA binding and 

FlhD is required to stabilise the protein:DNA complex (Claret and Hughes, 2000). Its 

own transcription i.e. Class 1 promoter, is likely to be controlled by a plethora of global 

regulators, some of which have been identified and characterised (Clarke and 

Sperandio, 2005; Kutsukake, 1997; Wei et al., 2001). Examples of TCS involved in the 

activation/repression of flhDC can be found in the literature. The QseBC TCS has been  
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Figure 11: Regulation of flagellar assembly (adapted from Parsek and Aldridge, 

2010) 

Flagellar assembly checkpoints are utilised by bacteria in order to couple flagellar gene 

expression to the assembly pathway. All flagellar systems utilise the assembly 

checkpoint of hook completion. Others use an additional second intermediate assembly 

checkpoint of rod initiation/assembly. The schematics illustrate a simplified 

understanding of flagellar gene regulation. Key regulatory proteins are indicated. A. A 

σ28-dependent system: E. coli and S. Typhimurium. B. A σ54/σ28-dependent system: V. 

cholerae and P. aeruginosa. C. σ28-independent system: C. crescentus. Txn: 

Transcription. Tln: Translation 
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implicated in the quorum sensing regulation of motility in E. coli spp. (Sperandio et al., 

2002). Quorum sensing is a bacterial cell-cell signalling mechanism that results in the 

regulation of gene expression in response to cell-population density; it has been 

highlighted as an important process occurring during biofilm development (Miller and 

Bassler, 2001). Two of the regulatory factors expressed by FlhD4C2 are the alternative 

sigma factor σ28 and its anti-sigma factor FlgM (Ohnishi et al., 1990; Gillen and 

Hughes, 1991). It is σ28 that is required to drive the expression of Class 3 promoters and 

the expression of late flagellar genes such as the flagellins and chemotaxis machinery 

(Brown et al., 2009; Chilcott and Hughes, 2000). However, prior to HBB completion, 

σ28 is kept inactive due to a physical interaction with the anti-sigma factor FlgM 

(Daughdrill et al., 1997; Ohnishi et al., 1992; Sorenson et al., 2004). Upon HBB 

completion, a T3SS substrate specificity switch results in the secretion of FlgM from 

the cell, freeing σ28 to activate late flagellar gene expression (Hughes et al., 1993; 

Minamino et al., 1999). FlgM secretion is actually facilitated by σ28 itself, which acts as 

the T3S-chaperone by delivering FlgM to the T3S apparatus (Aldridge et al., 2006). 

It has been recently shown that there exists a level of endogenous negative 

regulation of flagellar assembly in S. Typhimurium in order to maintain a discrete 

number of flagella per cell (Aldridge et al., 2010). FliT is a Class II enteric flagellar-

specific protein that acts as an anti-FlhD4C2 factor by inhibiting FlhD4C2 binding Class 

2 promoters thus reducing their transcription rates (Yamamoto and Kutsukake, 2006). 

Importantly, FlhD4C2 that is already bound to DNA is resistant to FliT regulation 

(Aldridge et al., 2010). FliT acts additionally as a T3S chaperone in facilitating the 

secretion of the Class III HAP2 (FliD) protein by binding and delivering it to the T3SS 

(Fraser et al., 1999; Imada et al., 2010). Therefore when interacting with HAP2, FliT 

cannot regulate DNA free FlhD4C2. A model proposed by Aldridge et al., suggests that 

the endogenous negative regulation of FliT on flagellar assembly is responsive to the 

HAP2 secretion rate and ultimately this control ensures that the number of flagella 

produced is not excessive (Aldridge et al., 2010). This process functions to make sure 

that the bacterial cell does not waste energy by creating too many flagella. However, the 

fact that FliT cannot fully inhibit FlhD4C2 activity ensures that the system is responsive 

to external signals and primed ready to modulate flagellar expression accordingly 

(Aldridge et al., 2010). This provides an excellent mechanism for feedback control of 

flagellar assembly during steady state (i.e. after the initiation of assembly of a single 

flagellum); by coupling flagellar gene expression post-HBB completion to the assembly 

of the next flagellum.  
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1.8.3  σ54-dependent flagellar systems 

In contrast to the enteric bacteria, the majority of other flagellar systems utilise the 

alternative sigma factor σ54. These systems, including those of C. crescentus and Vibrio 

spp., couple flagellar gene expression to flagellar assembly in response to two assembly 

checkpoints: rod assembly and HBB completion (Figure 11B and 11C). As mentioned 

previously σ54-dependent gene expression provides a stringent level of control, as 

transcription cannot occur without the presence of a TCS EBP.  

1.8.3.1 σ54- and σ28-dependent flagellar systems 

P. aeruginosa and V. cholerae swim by the means of a single polar flagellum 

(McCarter, 2001). In contrast, V. parahaemolyticus has two distinct flagellar systems: 

(i) a monotrichous system which produces a single polar flagellum and (ii) a lateral 

flagellar system. The lateral system is utilised for swarming on solid surfaces. P. 

aeruginosa and V. cholerae utilise both σ54 and σ28 regulation to couple flagellar gene 

expression to flagellar assembly. Characterisation of both systems suggests that they are 

very similar, differing with the annotation of gene names. We will therefore discuss in 

detail only one, that of V. cholerae, and the P. aeruginosa homologs will be given in 

parentheses after.  

 The flagellar genes of V. cholerae can be divided into four classes with respect 

to the two assembly checkpoints: Class I-IV. The sole Class I promoter activates the 

expression of the flagellar master regulator, flrA (fleQ) (Arora et al., 1997; Prouty et al., 

2001). FlrA is a σ54-dependent activator (EBP) that is required for the transcription of 

the Class II - middle genes that include the MS-ring, switch complex, some of the T3SS 

and the regulatory factors: FlrB (FleS), FlrC (FleR) and σ28 (Figure 11B) (Dasgupta et 

al., 2003; Prouty et al., 2001). Interestingly, the N-terminal region of FlrA does not 

appear to share a high degree of similarity with classical response regulator receiver 

domains (Figure 1). The absence of a conserved aspartate residue suggests that 

phosphorylation does not play a part in the regulation of FlrA dependent activation of 

flagellar gene expression (Prouty et al., 2001).  

flrBC encodes a TCS that is essential for Class III gene expression and flagellar 

assembly (Klose and Mekalanos, 1998). Class III - middle genes represent the distal 

hook basal body components, some of the T3SS and flaA which is the only essential 

flagellin in an otherwise redundant system. FlrB is a sensor kinase that phosphorylates 

the response regulator, FlrC which activates it to carry out σ54-dependent activation of 
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Class III promoters (Figure 11B). Here the first assembly checkpoint appears to be 

coinciding with rod initiation. The expression of Class IV - late flagellar genes is σ28-

dependent and their transcription produces the other four flagellins, components of the 

flagellar motor and FlgM. Consistent with the enteric flagellar systems, it is predicted 

that prior to HBB completion FlgM would inactivate σ28 from activating Class IV 

promoters and upon the assembly checkpoint being passed, FlgM will be secreted from 

the cell freeing σ28 (Figure 11B). The exact mechanisms of regulation for this system 

still require further elucidation; as does the activation signal for FlrA. It has been 

suggested that V. cholerae may use cell cycle cues in a similar way to C. crescentus in 

order to regulate the production of a single polar flagellum.  

1.8.3.2 Caulobacter crescentus 

The temporal expression of flagellar genes in C. crescentus is responsive to both the 

progression of flagellar assembly but also the cell cycle. Furthermore, the regulatory 

elements controlling flagellar biogenesis are spatially regulated to ensure that 

construction of a single polar flagellum occurs only at the new swarmer cell pole of the 

pre-divisional cell. The α-proteobacteria are a unique group of bacteria that utilise only 

σ54 dependent flagellar gene expression.  

The flagellar genes of C. crescentus can be divided into four classes with respect 

to the two assembly checkpoints: Classes I-IV. The expression of the early flagellar 

genes (Class II) encoding components of basal body and the flagellar-T3SS is regulated 

by the synthesis and phosphorylation of the master regulator transcription factor CtrA. 

The completed assembly of these structures at the swarmer cell pole is then required for 

the transcription of genes (Class III) encoding the rod, outer membrane rings, and the 

hook. Finally, only upon assembly of the Class III-encoded structures can the flagellin 

genes (Class IV) be translated and assembled into a functional filament. This is in 

contrast to the regulation of filament assembly in FlgM/σ28-dependent systems where 

the level of control occurs only at transcription and not post-transcriptionally.  

1.8.3.2.1 Initiation of flagellar assembly 

Class I represents the flagellar master regulator, CtrA (Quon et al., 1996). The activity 

of CtrA is controlled directly by phosphorylation and proteolysis. Phosphorylated CtrA 

is present in motile swarmer cells where it binds the DNA origin of replication and thus 

inhibits DnaA from initiating DNA replication (Quon et al., 1998). However, during 
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swarmer cell to stalked cell transition, CtrA is dephosphorylated and also rapidly 

degraded by the ClpXP protease (Domian et al., 1997; Jenal and Fuchs, 1998). This 

temporal and spatial control of the availability of active CtrA ensures correct 

progression of the C. crescentus cell cycle. In SW cells, phosphorylated CtrA drives the 

expression of the σ73-dependent, Class II genes; that encode the proximal HBB subunits 

of the MS-ring, the C-ring, components of the flagellar-T3SS and some flagellar 

regulatory proteins (Figure 11C) (Domian et al., 1997; Stephens et al., 1997; Wu et al., 

1998). These regulatory proteins include the alternative sigma factor σ54 (encoded by 

the rpoN gene), FlbD and FliX (Anderson et al., 1995; Laub et al., 2002).  

The transcription of Class III and Class IV genes, which encode for components 

of the rod, hook, HAPs and flagellins are dependent on σ54. Mutants of rpoN in C. 

crescentus are stalled in flagellar biogenesis and display abnormal cell division 

phenotypes (Brun and Shapiro, 1992). Furthermore, in C. crescentus, σ54 is also 

required for stalk biogenesis (Biondi et al., 2006). FlbD is a response regulator that 

belongs to NtrC family of EBPs (Ramakrishnan and Newton, 1990). It has been shown 

to bind to a conserved sequence upstream of Class III and Class IV promoters, called ftr 

(flagellar transcriptional regulation) (Mullin and Newton, 1989; Mullin et al., 1994; 

Davis and Viollier, 2011). A flbD loss of function mutation results in an absence of 

Class III promoter activity (Ramakrishnan and Newton, 1990). Consistent with other 

non-flagellar σ54 dependent genes, the Class IV promoters also contain a binding site 

for the DNA-bending protein, integration host factor (IHF) (Gober and Shapiro, 1990; 

Shingler, 2010). This site is located in between the promoter and the ftr. It is predicted 

that the function of IHF is to aid the looping out of the DNA between the EBP and σ54-

RNA polymerase during open complex formation (Shingler, 2010). A mutation in the 

IHF binding consensus upstream of flgE was shown to significantly reduce the level of 

transcription suggesting that IHF is required for maximal promoter activity (Gober and 

Shapiro, 1990).  

FliX is a trans-acting factor that regulates FlbD-dependent transcription (Muir et 

al., 2001). In the absence of a Class II gene encoded structure, FliX functions as a 

negative regulator of FlbD activity. Overexpression of the fliX gene results in the 

repression of both Class III and Class IV gene expression (Muir et al., 2001). 

Interestingly, mutations in fliX also result in the suppression of Class III and Class IV 

promoter activity suggesting that FliX also acts as a positive regulator (Muir et al., 

2005). Prior to rod completion FliX represses FlbD activity through a physical 

interaction thought to block FlbD from binding DNA (Figure 11C) (Muir and Gober, 
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2004; Xu et al., 2011). Upon rod completion, FliX-dependent activation of FlbD leads 

to σ54-dependent transcription of Class III and IV flagellar genes (Muir et al. 2001, 

2005; Muir and Gober, 2002, 2004).  

Interestingly, FlbD also acts as a negative regulator of Class II expression and in 

doing so regulates its own expression. FlbD can bind an ftr site upstream of the Class II 

gene fliF and subsequently block RNA polymerase binding, and potentially CtrA 

binding, thus acting as a transcriptional repressor of its own operon (Wingrove and 

Gober, 1994). Several of the Class II promoters are organised in a way such that they 

diverge from a Class III promoter (Mohr et al., 1998). Therefore, it has been suggested 

that cis-acting elements within the region coordinately regulate both Class II and Class 

III flagellar gene expression (Gober and England, 2000). This regulatory mechanism is 

key to the generation of a single polar flagellum and not multiple flagella.  

1.8.3.2.2 Second assembly checkpoint 

Once the rod is completed, FlbD is phosphorylated switching on the expression of σ54-

dependent Class III and Class IV genes encoding the distal HBB components, the 

flagellins and the regulatory proteins FlbT and FlaF. Importantly, at this time point the 

flagellin genes are transcribed but not all are translated until the second assembly 

checkpoint of HBB completion has been passed (Mangan et al., 1999). As previously 

mentioned, the C. crescentus flagellar operon contains six flagellin genes; the α-

flagellins: fljJ, fljK, fljL and the β-flagellins: fljM, fljN, fljO (Minnich et al., 1988; 

Nierman et al., 2001). Consistent with other multiple flagellin systems, the flagellins of 

C. crescentus are transcribed from mono-cistronic operons. The expression of fljK and 

fljL is dependent on σ54 and FlbD. The β-flagellins and fljJ lack σ54 consensus promoter 

sequences although full transcription of the b-flagellins still has a partial on σ54 (Ely et 

al., 2000). There is evidence available to suggest that fljJ, fljM, fljN and fljO are actually 

directly regulated by CtrA and σ73, thus their temporal expression occurs higher in the 

flagellar hierarchy (Jones et al., 2001; Laub et al., 2000). At this point it is important 

that we highlight a key regulatory difference between those systems that possess 

FlgM/σ28 and those like C. crescentus that do not. FlgM and σ28 combine to regulate 

late flagellar gene expression in response to HBB completion at the transcriptional 

level. In contrast, the flagellins of C. crescentus are transcribed prior to HBB 

completion but are not translated until the checkpoint has been passed. This level of 

control involves the Class II post-transcriptional regulators FlbT and FlaF (Figure 11C). 
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Class III mutants unable to make a hook structure have been shown to lack flagellin 

(Mangan et al., 1999). However, a flbT mutation inserted into these mutants resulted in 

the restoration of flagellin protein synthesis. The half-life of fljK mRNA in a flgE 

(hook) mutant was reduced by approximately seven-fold when compared to wild type. 

However, in comparison, a flgE flbT double mutant exhibited an increased half-life of 

fljK mRNA that was > two-fold higher than wild type (Mangan et al., 1999). This was 

the first suggestion that flbT gene product functions as a negative regulator of flagellin 

expression prior to hook basal-body completion. More recently, FlbT has been shown to 

negatively regulate the translation of fljK mRNA by binding to 5’ UTR of the molecule 

stopping translation and promoting its degradation (Figure 11C)  (Anderson and Gober, 

2000).  

At HBB completion the inhibitory activity of FlbT is antagonised by FlaF and 

flagellin mRNA is translated (Figure 11C)  (Llewellyn et al., 2005). A ΔflaF mutant 

was non motile and did not synthesise detectable levels of flagellin (Llewellyn et al., 

2005). However, a mutation in the flbT gene restored flagellin synthesis but not motility 

(Llewellyn et al., 2005). It is hypothesised that the FlaF protein functions in both 

activation of translation and flagellin secretion.  

The lack of FlgM/σ28 in C. crescentus appears to be overcome by the presence 

of FlbT and FlaF. It is important to note that our current understanding of this system 

and the exact mechanisms of how flagellin gene expression is coupled to filament 

assembly is still unclear. Bioinformatical analysis suggests that the absence of FlgM/σ28 

on the genome is common among the α-proteobacteria (Brown et al., 2009). However, 

those exceptions, such as Rhodobacter sphaerioides, that do possess FlgM/σ28 appear to 

have acquired a second flagellar system (Poggio et al., 2007). Strikingly, all non- α-

proteobacteria flagellar systems characterised have FlgM/σ28 (Brown et al., 2009). This 

suggests that the α-proteobacteria are unique among other bacteria in that they have 

evolved to rely on signal transduction as a means of regulating flagellar gene 

expression. The α-proteobacteria form one of the largest and most diverse groups 

within the kingdom of bacteria, and are abundant colonisers of both marine/aquatic and 

terrestrial environments (Gupta and Mok, 2007). Members of the group are known to 

exhibit a wide range of nutritional requirements, including those that are phototrophic, 

chemolithotrophic and oligotrophic (Boutte and Crosson, 2011; Lugtu et al., 2009; 

Masepohl et al., 2007). There are symbiotic organisms and also those that are 

pathogenic (Atluri et al., 2011; Gonzalez and Marketon, 2003). Therefore, with the 

diversity of lifestyles and the evident intimate relationship with the environment, it 
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plausible to suggest that these bacteria potentially require an alternative mechanism to 

respond to environmental changes i.e. whether to be motile or sessile. The ability to 

control flagellar assembly using the “on/off” switch of σ54-dependent gene expression 

and a translational activation mechanism, may allow for a better response to the 

environment they inhabit. 
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Chapter 2. Aims 

 
The primary aim of this project was to investigate the extent to which flagellin 

redundancy exists in the process of flagellar filament assembly in Caulobacter 

crescentus. Creating mutants that have only a single flagellin gene and then analysing 

motility we will determine how C. crescentus utilises its six flagellins. The secondary 

aim was to characterise the regulation of filament assembly and determine the 

mechanism behind the switch from hook-basal body completion to filament assembly in 

C. crescentus. 
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Chapter 3. Materials and Methods 

 
All growth media, antibiotics, growth supplements, non-commercial buffers, solutions 

and protein gels used are listed in Appendix A. 

3.1  Bacterial Strains and Growth conditions 

The bacterial strains and plasmids that were used in this study are listed in Table 1 and 

Table 2. E. coli and A. tumefaciens strains were grown in LB media at 37 °C. C. 

crescentus strains were grown in PYE media at 30 °C. S. meliloti was grown in TY 

media at 30 °C. Growth medium was supplemented with antibiotics and growth 

supplements. Bacterial growth was monitored using a spectrophotometer to measure 

optical density at 600 nm (OD600). All bacterial strains were frozen at -80 °C for long-

term storage. DMSO, final concentration 15 % v/v, was added as a cryo-protectant. 

3.2  Transformation of Plasmid DNA 

3.2.1  Preparation of chemically competent cells 

The preparation of all E. coli strains (DH5-α, XL1-B, BTH101, S17-1) for 

transformation was carried out using the same method (Cohen et al., 1972). A single 

bacterial colony was inoculated in 5 ml liquid medium and grown overnight at 37 °C 

with shaking. The culture was then diluted back in fresh 200 ml LB broth to OD600 

0.05 and grown to OD600 0.1-0.2. The cell culture was harvested by centrifugation for 

10 min at 6000 x g at 4 °C and the supernatant discarded. The pellet was resuspended in 

40 ml CaCl2 and incubated on ice for 40 min. The cell culture was then harvested by 

centrifugation for 10 min at 6000 x g at 4 °C, the supernatant discarded and the pellet 

resuspended in 1 ml CaCl2. Glycerol was added, to a final concentration of 10 %, then 

100 µl aliquots were used immediately for transformation experiments. If the cells were 

not required they were frozen in liquid nitrogen and stored at -80 °C. 

3.2.2  Transformation by heat shock 

Competent cells were defrosted on ice and vortexed briefly. Plasmid DNA was then 

added to the cells followed by incubation on ice for 15 min. The cells were heat shocked 
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at 42 °C for 50 sec and placed on ice for 2 min. 0.9 ml of LB broth was added to the 

cells, followed by incubation at 37 °C for 45 min with shaking. The appropriate 

dilutions were then plated out on selective agar and incubated at 37 °C overnight.  

3.2.3  Transformation by bacterial conjugation 

Plasmid DNA was transformed into C. crescentus strains by bacterial conjugation. C. 

crescentus possesses an outer protein surface layer (S layer) that is thought to protect 

the cell (Smit et al., 1992). The presence of the S layer is known to greatly reduce the 

efficiency of DNA electroporation (Gilchrist and Smit, 1991). Therefore, we utilised a 

conjugatable strain of E. coli (S17-1) for the transfer of plasmid DNA.  

A single bacterial colony from a plasmid harboring S17-1 strain was inoculated 

in 5 ml liquid medium and grown overnight at 37 °C with shaking. A single bacterial 

colony from a C. crescentus strain was inoculated in 5 ml liquid medium and grown 

overnight at 30 °C with shaking. 0.9 ml C. crescentus culture was mixed with 100 µl 

S17-1 culture and harvested by centrifugation (12000 x g, 3 min, RT). The supernatant 

was discarded and the pellet was then resuspended in fresh 50 µl PYE liquid medium. 

The resuspended cells were spotted onto PYE solid medium and incubated at 30 °C 

overnight. The bacterial growth was then scraped off using a sterile wire loop, and 

resuspended in 1 ml PYE liquid medium. 1 x 10-1, x 10-2 , x 10-3 dilutions for integrating 

plasmids and 1 x 10-3, x 10-4 , x 10-5  were plated out for replicating plasmids on PYE + 

Naladixic acid (nal) + Kanamycin (kan) solid medium and incubated at 30 °C for 3 

days. Transformants were then re-streaked on PYE + kan medium to maintain plasmid 

selection.  

3.3  Bacterial Strain Table 

Table 1: Bacterial strains used in this study 

Strain No. Strain name Genotype or Description Reference 

E. coli  

TPA2 DH5α λ- φ80dlacZDM15 D(lacZYA-
argF) U169 recA1 endA1 
hsdR17(rK

- mK
-) supE44 thi-1 

gyrA relA1 

New 
England 
Biolabs 

TPA4 S17-1 thi pro hsdR mutant hsdM+ 
recA RP4-2 (Tc::Mu-Tn7) 

Simon et 
al., 1983 
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TPA2233 XL1-Blue recA1 endA1 gyrA96 thi-1 
hsdR17 supE44 relA1 lac [F’ 
proAB lacIqZΔM15 Tn10 
(TetR)] 

Stratagene 

TPA2232 BTH101 F- cya-99 araD139 galE15 
galK16 rpsL1 (StrR) hsdR2 
mcrA1 mcrB1 

Euromedex 

TPA342 BL21 (DE3) F- ompT hsdSB  dcm gal 
λ(DE3) 

Promega 

C. crescentus 

TPA435 Wild type Syn-1000, synchronisable 
derivative of a C. crescentus 
wild type strain 

Evinger and 
Agabian, 
1977 

TPA439 ΔfliF ΔfliF Jenal and 
Shapiro, 
1996 

TPA663 ΔfljJ ΔfljJ Faulds-Pain 
et al., 2011 

TPA599 ΔfljK ΔfljK determined by southern 
blot analysis to be incorrect 

Faulds-
Paina 

TPA2234 ΔfljK ΔfljK This work 
TPA916 ΔfljL ΔfljL Faulds-Pain 

et al., 2011 
TPA541 ΔfljM ΔfljM Faulds-Pain 

et al., 2011 
TPA934 ΔfljJL ΔfljJ ΔfljL Faulds-Pain 

et al., 2011 
TPA933 ΔfljJK ΔfljJ ΔfljK Faulds-Pain 

et al., 2011 
TPA971 ΔfljKL ΔfljK ΔfljL Faulds-Pain 

et al., 2011 
TPA2099 ΔfljJM ΔfljJ ΔfljM This work 
TPA1300 ΔfljLM ΔfljL ΔfljM Faulds-Pain 

et al., 2011 
TPA2341 ΔfljKM ΔfljK ΔfljM This work 
TPA970 ΔfljJKL ΔfljJ ΔfljK ΔfljL Faulds-Pain 

et al., 2011 
TPA1298 ΔfljJKM ΔfljJ ΔfljK ΔfljM Faulds-Pain 

et al., 2011 
TPA1138 ΔfljJLM ΔfljJ ΔfljL ΔfljM Faulds-Pain 

et al., 2011 
TPA1139 ΔfljKLM ΔfljK ΔfljL ΔfljM Faulds-Pain 

et al., 2011 
TPA1299 ΔfljMNO ΔfljM-ΔfljO Faulds-Pain 

et al., 2011 
TPA1140 ΔfljJKLM ΔfljJ ΔfljK ΔfljL ΔfljM Faulds-Pain 

et al., 2011 
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TPA2344 ΔfljJMNO ΔfljJ ΔfljM-ΔfljO This work 
TPA2352 ΔfljKMNO ΔfljK ΔfljM-ΔfljO This work 
TPA2356 ΔfljLMNO ΔfljL ΔfljM-ΔfljO This work 
TPA2346 ΔfljJKMNO ΔfljJ ΔfljK ΔfljM-ΔfljO This work 
TPA2353 ΔfljJLMNO ΔfljJ ΔfljL ΔfljM-ΔfljO This work 
TPA2354 ΔfljLKMNO ΔfljK ΔfljL ΔfljM-ΔfljO This work 
TPA2357 ΔfljJKLMNO ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO This work 
TPA2582 Wild type pBX NA1000 pBXMCS-2 This work 
TPA2583 Wild type pRX NA1000 pRXMCS-2 This work 
TPA2592 ΔfljJKLMNO pBX ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO 

pBXMCS-2 
This work 

TPA2593 ΔfljJKLMNO pRX ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO 
pRXMCS-2 

This work 

TPA3202 ΔfljJKLMNO pBX-fljJ ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljJ 

This work 

TPA3203 ΔfljJKLMNO pBX-fljK ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljK 

This work 

TPA3204 ΔfljJKLMNO pBX-fljL ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljL 

This work 

TPA3205 ΔfljJKLMNO pBX-fljM ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljM 

This work 

TPA3206 ΔfljJKLMNO pBX-fljN ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljN 

This work 

TPA3207 ΔfljJKLMNO pBX-fljO ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljO 

This work 

TPA2920 ΔfljJKLMNO pRX-fljJ ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljJ 

This work 

TPA2870 ΔfljJKLMNO pRX-fljK ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljK 

This work 

TPA2589 ΔfljJKLMNO pRX-fljM ΔfljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljM 

This work 

TPA3265 ΔfljLKMNO pBX ΔfljK ΔfljL ΔfljM-ΔfljO  
pBXMCS-2 

This work 

TPA3266 ΔfljLKMNO pBX-fljJ ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljJ 

This work 

TPA3267 ΔfljLKMNO pBX-fljK ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljK 

This work 

TPA3268 ΔfljLKMNO pBX-fljL ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljL 

This work 

TPA3269 ΔfljLKMNO pBX-fljM ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljM 

This work 

TPA3270 ΔfljLKMNO pBX-fljN ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljN 

This work 
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TPA3271 ΔfljLKMNO pBX-fljO ΔfljK ΔfljL ΔfljM-ΔfljO  
pBX-fljO 

This work 

TPA2818 ΔflaF ΔflaF This work 
TPA2708 ΔflbT ΔflbT This work 
TPA3251 ΔflaF pBX ΔflaF pBXMCS-2 This work 
TPA3252 ΔflaF pBX-flbT_flaF ΔflaF pBX-flbT_flaF This work 
TPA3249 ΔflbT pBX ΔflbT pBXMCS-2 This work 
TPA3250 ΔflbT pBX-flbT_flaF ΔflbT pBX-flbT_flaF This work 
TPA3027 FLAGfljJ1 ΔfljJ FLAGfljJ This work 
TPA3028 FLAGfljJ2 ΔfljJ FLAGfljJ This work 
TPA3029 FLAGfljJ4 ΔfljJ FLAGfljJ This work 
TPA3030 FLAGfljJ6 ΔfljJ FLAGfljJ This work 
TPA3031 FLAGfljJ7 ΔfljJ FLAGfljJ This work 
TPA3329 ΔflaF pBX-fljJ ΔfljJ FLAGfljJ This work 
TPA3330 ΔflaF pBX-fljK ΔfljJ FLAGfljJ This work 
TPA3331 ΔflaF pBX-fljL ΔfljJ FLAGfljJ This work 
TPA3332 ΔflaF pBX-fljM ΔfljJ FLAGfljJ This work 
TPA3333 ΔflaF pBX-fljN ΔfljJ FLAGfljJ This work 
TPA3334 ΔflaF pBX-fljO ΔfljJ FLAGfljJ This work 

S. meliloti and A. tumefaciens 

TPA3224 Sinorhizobium meliloti 
1021 

Wild type Narberhausb 

TPA3225 Agrobacterium 
tumefaciens C58 
 

Wild type Narberhausb 

a, London School of Hygeine & Tropical Medicine, London, England; b, Ruhr-University Bochum, 

Germany 

3.4  Plasmid Table 

Table 2: Plasmids/Vectors used in this study 

Plasmid name Vector Genotype or description Reference 

Flagellin deletion mutants  

 pNPTS128 Kanr sacB+ mob+ pLitmus28-
derived cloning vector 

Potocka et 
al., 2002 

pDELfljJ pNPTS128 fljJ ATG/TAA inframe deletion 
construct 

Faulds-Pain 
et al., 2011 

pDELfljK pNPTS128 fljK ATG/TAA inframe deletion 
construct 

Faulds-Pain 
et al., 2011 

pDELfljL pNPTS128 fljL ATG/TAA inframe deletion 
construct 

Faulds-Pain 
et al., 2011 
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pDELfljM pNPTS128 fljM ATG/TAA inframe deletion 
construct 

Faulds-Pain 
et al., 2011 

pDELfljM-O pNPTS128 fljM-O ATG/TAA inframe 
deletion construct 

Faulds-Pain 
et al., 2011 
 

Flagellin overexpression  

 pGEM-T Ampr cloning vector Promega 
 pBXMCS-2 Kanr high copy replicating 

plasmid; contains a Xylose 
inducible promoter 

Thanbichler 
et al., 2007 
 

 pRXMCS-2 Ampr Kanr low copy replicating 
plasmid; contains a Xylose 
inducible promoter  

Thanbichler 
et al., 2007 
 

pGT-fljJ pGEM-T PCR fragment created using 
primers 483 & 491; contains full 
fljJ ORF 

This work 

pGT-fljJ2 pGEM-T PCR fragment created using 
primers 483 & 484; contains full 
fljJ ORF 

This work 

pGT-fljK pGEM-T PCR fragment created using 
primers 485 & 492; contains full 
fljK ORF 

This work 

pGT-fljM pGEM-T PCR fragment created using 
primers 489 & 109; contains full 
fljM ORF 

This work 

pGT-fljN pGEM-T PCR fragment created using 
primer 489 & 115; contains full 
fljN ORF 

This work 

pGT-fljO pGEM-T PCR fragment created using 
primer 489 & 94; contains full 
fljO ORF 

This work 

pBX-fljJ pBXMCS-2 1140 bp NdeI-SpeI fragment 
subcloned from pGT-fljJ 

This work 

pBX-fljK pBXMCS-2 1132 bp NdeI-SpeI fragment 
subcloned from pGT-fljK 

This work 

pBX-fljL pBXMCS-2 PCR fragment created using 
primer 487 & 493; contains full 
fljL ORF 

This work 

pBX-fljM pBXMCS-2 1090 bp NdeI-SpeI fragment 
subcloned from pGT-fljM 

This work 

pBX-fljN pBXMCS-2 1260 bp NdeI-SpeI fragment 
subcloned from pGT-fljN 

This work 

pBX-fljO pBXMCS-2 1192 bp NdeI-SpeI fragment 
subcloned from pGT-fljO 
utilising the SpeI site in the 
pGEM-T polylinker. 

This work 

pRX-fljJ pRXMCS-2 1014 bp NdeI-KpnI fragment 
subcloned from pGT-fljJ2 

This work 
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pBX-fljK pRXMCS-2 PCR fragment created using 
primer 485 & 486; contains full 
fljK ORF 

This work 

pBX-fljM pRXMCS-2 PCR fragment created using 
primer 489 & 490; contains full 
fljM ORF 

This work 

C. crescentus bacterial two hybrid  

 pBluescript II 
KS (+) 

Ampr pUC19-derived high copy 
cloning vector 

Stratagene. 
Alting-Mees 
and Short, 
1989 

 pUT18C Ampr pUC19-derived high copy 
expression vector; contains T18 
(CyaA) fragment for C-terminal 
fusion 

BACTH 
Euromedex 

 pKT25 Kanr pSU40-derived low copy 
expression vector; contains T25 
(CyaA) fragment for C-terminal 
fusion 

BACTH 
Euromedex 

 pUT18C-zip Ampr pUT18C-derived high copy 
expression vector; carries leucine 
zipper of GCN4 fused to T18 
fragment  

BACTH 
Euromedex  

 pKT25-zip Ampr pKT25-derived low copy 
expression vector; carries leucine 
zipper of GCN4 fused to T25 
fragment  

BACTH 
Euromedex  

pBK-fljL pBluescript II 
KS (+) 

PCR fragment created using 
primer 425 & 426; contains full 
fljL ORF 

This work 

pBK-fljK pBluescript II 
KS (+) 

PCR fragment created using 
primer 427 & 428; contains full 
fljK ORF 

This work 

pBK-fljJ pBluescript II 
KS (+) 

PCR fragment created using 
primer 429 & 430; contains full 
fljJ ORF 

This work 

pBK-fliX pBluescript II 
KS (+) 

PCR fragment created using 
primer 432 & 433; contains full 
fliX ORF 

This work 

pBK-flbD pBluescript II 
KS (+) 

PCR fragment created using 
primer 434 & 435; contains full 
flbD ORF 

This work 

pBK-flgL pBluescript II 
KS (+) 

PCR fragment created using 
primer 436 & 437; contains full 
flgL ORF 

This work 

pBK-flaF pBluescript II 
KS 

PCR fragment created using 
primer 438 & 439; contains full 
flaF ORF 

This work 
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pBK-flbT pBluescript II 
KS (+) 

PCR fragment created using 
primer 440 & 441; contains full 
flbT ORF 

This work 

pBK-fljM pBluescript II 
KS (+) 

PCR fragment created using 
primer 431 & 89; contains full 
fljM ORF 

This work 

pBK-CC1462 pBluescript II 
KS (+) 

PCR fragment created using 
primer 442 & 443; contains full 
CC1462 ORF 

This work 

pUT-fljL pUT18C 1104 bp BamHI-KpnI fragment 
subcloned from pBK-fljL 

This work 

pUT-fljK pUT18C 1136 bp BamHI-KpnI fragment 
subcloned from pBK-fljK 

This work 

pUT-fljJ pUT18C 1144 bp BamHI-KpnI fragment 
subcloned from pBK-fljJ 

This work 

pUT-fliX pUT18C 900 bp BamHI-KpnI fragment 
subcloned from pBK-fliX 

This work 

pUT-flbD pUT18C 1432 bp BamHI-KpnI fragment 
subcloned from pBK-flbD 

This work 

pUT-flgL pUT18C 1308 bp BamHI-KpnI fragment 
subcloned from pBK-flgL 

This work 

pUT-flaF pUT18C 820 bp BamHI-KpnI fragment 
subcloned from pBK-flaF 

This work 

pUT-flbT pUT18C 562 bp BamHI-KpnI fragment 
subcloned from pBK-flbT 

This work 

pUT-fljM pUT18C 877 bp BamHI fragment 
subcloned from pBK-fljM 
utilising a natural BamHI site 
downstream of fljM TAA 

This work 

pUT-CC1462 pUT18C 686 bp BamHI-KpnI fragment 
subcloned from pBK-CC1462 

This work 

pKT-fljL pKT25 1104 bp BamHI-KpnI fragment 
subcloned from pBK-fljL 

This work 

pKT-fljK pKT25 1136 bp BamHI-KpnI fragment 
subcloned from pBK-fljK 

This work 

pKT-fljJ pKT25 1144 bp BamHI-KpnI fragment 
subcloned from pBK-fljJ 

This work 

pKT-fliX pKT25 900 bp BamHI-KpnI fragment 
subcloned from pBK-fliX 

This work 

pKT-flbD pKT25 1432 bp BamHI-KpnI fragment 
subcloned from pBK-flbD 

This work 

pKT-flgL pKT25 1308 bp BamHI-KpnI fragment 
subcloned from pBK-flgL 

This work 

pKT-flaF pKT25 820 bp BamHI-KpnI fragment 
subcloned from pBK-flaF 

This work 

pKT-flbT pKT25 562 bp BamHI-KpnI fragment 
subcloned from pBK-flbT 

This work 

pKT-fljM pKT25 877 bp BamHI fragment This work 
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subcloned from pBK-fljM 
utilising a natural BamHI site 
downstream of fljM TAA 

pKT-CC1462 pKT25 686 bp BamHI-KpnI fragment 
subcloned from pBK-CC1462 
 

This work 

Protein expression  

 pET-28b (+) Kanr N-terminal His-
tag/thrombin/T7 tag plasmid 

Novagen 

pET28b-fljJ pET-28b (+) 1150 bp BamHI-SacI fragment 
subcloned from pUT-fljJ 

This work 

pET28b-flbT pET-28b (+) 568 bp BamHI-SacI fragment 
subcloned from pUT-fljJ 

This work 

pET28b-flaF pET-28b (+) 826 bp BamHI-SacI fragment 
subcloned from pUT-fljJ 

This work 

In vivo Co-IP  

pGT-FLAGfljJ pGEM-T 
 

N-terminal 3XFLAG fljJ 
construct created by PCR overlap 
extension.  
Primers 593/594/595/596 

This work 

pNP-FLAGfljJ pNPTS128 1807 bp SpeI-HindIII fragment 
subcloned from pGT-FLAGfljJ 

This work 

flbT and flaF deletion mutants  

pDEL-flaF pNPTS128 flaF ATG/TAA inframe deletion. 
Created using primers 
348/349/319/326 

This work 

pDEL-flbT pNPTS128 flbT ATG/TAA inframe deletion. 
Created using primers 
350/349/418/419 

This work 

pGT-flbT_flaF pGEM-T PCR fragment created using 
primer 579 & 580; contains the 
whole flbT and flaF operon 
including promoter region 

This work 

pBX-flbT_flaF pBXMCS-2 936 bp NdeI-SpeI fragment 
subcloned from pGT-flbT_flaF 
 

This work 

A. tumefaciens and S. meliloti bacterial two hybrid  

pBK-Atu0542 pBluescript II 
KS (+) 

PCR fragment created using 
primer 695 & 663; contains full 
ORF  

This work 

pBK-Atu0543 pBluescript II 
KS (+) 

PCR fragment created using 
primer 696 & 665; contains full 
ORF  

This work 

pBK-Atu0545 pBluescript II 
KS (+) 

PCR fragment created using 
primer 697 & 667; contains full 

This work 
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ORF  
pBK-Atu0567 pBluescript II 

KS (+) 
PCR fragment created using 
primer 698 & 669; contains full 
ORF  

This work 

pBK-Atu0578 pBluescript II 
KS (+) 

PCR fragment created using 
primer 699 & 671; contains full 
ORF 

This work 

pBK-Atu0577 pBluescript II 
KS (+) 

PCR fragment created using 
primer 700 & 673; contains full 
ORF  

This work 

pBK-
SMc03037 

pBluescript II 
KS (+) 

PCR fragment created using 
primer 701 & 675; contains full 
ORF  

This work 

pBK- 
SMc03038 

pBluescript II 
KS (+) 

PCR fragment created using 
primer 701 & 676; contains full 
ORF  

This work 

pBK- 
SMc03039 

pBluescript II 
KS (+) 

PCR fragment created using 
primer 702 & 678; contains full 
ORF  

This work 

pBK- 
SMc03040 

pBluescript II 
KS (+) 

PCR fragment created using 
primer 703 & 680; contains full 
ORF  

This work 

pBK- 
SMc03051 

pBluescript II 
KS (+) 

PCR fragment created using 
primer 704 & 706; contains full 
ORF  

This work 

pBK- 
SMc03050 

pBluescript II 
KS (+) 

PCR fragment created using 
primer 705 & 684; contains full 
ORF  

This work 

pUT-Atu0542 pUT18C 954 bp BamHI-KpnI fragment 
subcloned from pBK-Atu0542 

This work 

pUT-Atu0543 pUT18C 975 bp BamHI-EcoRI fragment 
subcloned from pBK-Atu0543 

This work 

pUT-Atu0545 pUT18C 933 bp BamHI-KpnI fragment 
subcloned from pBK-Atu0545 

This work 

pUT-Atu0567 pUT18C 1305 bp XbaI-KpnI fragment 
subcloned from pBK-Atu0567 

This work 

pUT-Atu0578 pUT18C 462 bp BamHI-KpnI fragment 
subcloned from pBK-Atu0578 

This work 

pUT-Atu0577 pUT18C 357 bp XbaI-KpnI fragment 
subcloned from pBK-Atu0577 

This work 

pUT-
SMc03037 

pUT18C 1197 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03037 

This work 

pUT-
SMc03038 

pUT18C 1249 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03038 

This work 

pUT-
SMc03039 

pUT18C 1218 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03039 

This work 

pUT-
SMc03040 

pUT18C 977 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03040 

This work 
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pUT-
SMc03051 

pUT18C 462 bp XbaI-KpnI fragment 
subcloned from pBK-SMc03051 

This work 

pUT-
SMc03050 

pUT18C 360 bp XbaI-KpnI fragment 
subcloned from pBK-SMc03050 

This work 

pKT-Atu0542 pKT25 954 bp BamHI-KpnI fragment 
subcloned from pBK-Atu0542 

This work 

pKT-Atu0543 pKT25 975 bp BamHI-EcoRI fragment 
subcloned from pBK-Atu0543 

This work 

pKT-Atu0545 pKT25 933 bp BamHI-KpnI fragment 
subcloned from pBK-Atu0545 

This work 

pKT-Atu0567 pKT25 1305 bp XbaI-KpnI fragment 
subcloned from pBK-Atu0567 

This work 

pKT-Atu0578 pKT25 462 bp BamHI-KpnI fragment 
subcloned from pBK-Atu0578 

This work 

pKT-Atu0577 pKT25 357 bp XbaI-KpnI fragment 
subcloned from pBK-Atu0577 

This work 

pKT-
SMc03037 

pKT25 1197 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03037 

This work 

pKT-
SMc03038 

pKT25 1249 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03038 

This work 

pKT-
SMc03039 

pKT25 1218 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03039 

This work 

pKT-
SMc03040 

pKT25 977 bp BamHI-KpnI fragment 
subcloned from pBK-SMc03040 

This work 

pKT-
SMc03051 

pKT25 462 bp XbaI-KpnI fragment 
subcloned from pBK-SMc03051 

This work 

pKT-
SMc03050 

pKT25 360 bp XbaI-KpnI fragment 
subcloned from pBK-SMc03050 

This work 

3.5  Primer Table 

PCR primers used in this study are listed in Table 3. The information contained in each 

primer name is as follows: (i) the gene name e.g. fljJ+1131spe1R (ii) the location of the 

sequence e.g. fljJ+1131spe1R (+1131 represents 1131 bp downstream of the fljJ start 

codon) or fljJ-496Spe1F (-496 represents 496 bp upstream of the fljJ start codon) (iii) 

the restriction enzyme site e.g. fljJ-496Spe1F and (iv) the direction of the primer e.g. 

fljJ-496Spe1F (Forward) or fljJ+1131spe1R (Reverse). In the DNA sequence the 

restriction enzyme site is coloured red. Underlined sequence refers to either FLAG or 

T7 sequence. 
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Table 3: PCR primers used in this study 

Primer No. Primer Name 
DNA Sequence 

5’                                   3’ 
Reference 

Flagellin overexpression  

483 fljJ+4Nde1F GGCCATATGGCGCTTAG
CGTCAACAC 

This work 

491 fljJ+1131Spe1R GGCACTAGTCGATGATG
ACTGGTCAGCCCG 

This work 

484 fljJ+1131Kpn1R GGCGGTACCCGATGATG
ACTGGTCAGCCCG 

This work 

485 fljK+4Nde1F GGCCATATGGCGCTGAA
CAGCATCAA 

This work 

492 fljK+1123Spe1R GGCACTAGTGACCGTTA
TCGACGGGCTTCTCAG 

This work 

489 fljM+4Nde1F GGCCATATGGCGCTGAA
CAGCATCAA 

This work 

109 fljM+1081Spe1R GGACTAGTCACATTGGA
TGTGGACGCG 

Faulds-Pain 

487 fljL+4Nde1F GGCCATATGCTGAACTC
GATCAACAC 

This work 

493 fljL+1091Spe1R GGCACTAGTAGAGTCCT
TTTCAAGGTG 

This work 

115 fljN+1248Spe1R GGACTAGTGACGTTGTT
CAGTTCAGAACTG 

Faulds-Pain a 

94 fljO+1177R GCCGCCGACATCCGCTT
CAC 

Faulds-Pain a 

486 fljK+1123kpn1R GGCGGTACCGACCGTTA
TCGACGGGCTTCTCAG 

This work 

490 fljM+1081kpn1R GGCGGTACCCACATTGG
ATGTGGACGCGTTGTG 

This work 

C. crescentus bacterial two hybrid  

425 fljL+1BamH1F GGCGGATCCCATGCTGA
ACTCGATCAACAC 

This work 

426 fljL+1091Kpn1R GGCGGTACCAGAGTCCT
TTTCAAGGTG 

This work 

427 fljK+1BamH1F GGCGGATCCCATGGCGC
TGAACAGCATCAA 

This work 

428 fljK+1123Kpn1R GGCGGTACCGACCGTTA
TCGACGGGCTTCTCAG 

This work 

429 fljJ+1BamH1F GGCGGATCCCATGGCGC
TTAGCGTCAACAC 

This work 

430 fljJ+1131Kpn1R GGCGGTACCCGATGATG
ACTGGTCAGCCCG 

This work 

432 fliX+1BamH1F GGCGGATCCCATGAAGG
TTTCCAGCACGGG 

This work 

433 fliX+887Kpn1R GGCGGTACCCGATCACG This work 
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GGTACGGAGCTC 

434 flbD+1BamH1F GGCGGATCCCATGCGGC
TTCTGGTCGTTGG 

This work 

435 flbD+1419Kpn1R GGCGGTACCTGAGCTTG
TCGAAGGGCGAG 

This work 

436 CC0898+1BamH1F GGCGGATCCCATGACCC
GCGTCTCGACCGT 

This work 

437 CC0898+1295Kpn1R GGCGGTACCCTCATAGT
CCAGCACATAGTG 

This work 

438 flaF+1BamH1F GGCGGATCCCATGGAGT
ACCGCCTGTTCGG 

This work 

439 flaF+807Kpn1R GGCGGTACCGGTGTCCC
CTGCAGCGAGCG 

This work 

440 flbT+1BamH1F GGCGGATCCCGTGCCTT
TGAAGCTGTCGCT 

This work 

441 flbT+549Kpn1R GGCGGTACCGACCTTGC
GGTTCCAGTCCA 

This work 

431 fljM+1BamH1F GGCGGATCCCATGGCGC
TGAACAGCATCAA 

This work 

89 CfljM+1081R CACATTGGATGTGGACG
CGTTGTG 

Faulds-Pain a 

442 CC1462+1BamH1F GGCGGATCCCATGGAAC
CTAAAGCCGCACT 

This work 

443 CC1462+673Kpn1R GGCGGTACCCTTGGCCG
TCGAGATGGCTTC 

This work 

In vivo Co-IP  

595 fljJFLAGN_R TTTGTCATCGTCATCCT
TGTAATCGATGTCATGA
TCTTTATAATCACCGTC
ATGGTCTTTGTAGTCCA
TGCGCGGCCTCCGATCG
GCGA 

This work 

596 fljJFLAGN_F ATGGACTACAAAGACCA
TGACGGTGATTATAAAG
ATCATGACATCGATTAC
AAGGATGACGATGACAA
AGCGCTTAGCGTCAACA
CGAAC 

This work 

593 fljJ-496Spe1F ACTAGTGCCGTCGAACG
CCCCGGACC 

This work 

596 fljJ+1249Hind3R AAGCTTCGGCCATCACC
TCGGCGAAC 

This work 

flbT and flaF deletion mutants  

348 flaF-511Spe1F ACTAGTCCTAGCTTGCC
GTCCAAGCC 

G. Grimaldi b 

349 flaF+807Pst1R GGTGTCCCCTGCAGCGA
GCG 

G. Grimaldi b 

319 DELflaFF AGAATCCCCGTGAAATG G. Grimaldi b 
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GAGCAATTGGCCTGATT
CTGCCTTTCGGG 

326 DELflaFR CCCGAAAGGCAGAATCA
GGCCAATTGCTCCATTT
CACGGGGATTCT  

G. Grimaldi b 

350 flbT-499Spe1F ACTAGTGTGCAATCGCC
AGGATGTGC 

G. Grimaldi b 

418 DELflbTF GGGAGCGGCATCAAGTG
CCTGAATTCGGCGACGC
GGGCTGAGAATC 

This work 

419 DELflbTR GATTCTCAGCCCGCGTC
GCCGAATTCAGGCACTT
GATGCCGCTCCC 

This work 

579 flbT-199Nde1F GGCCATATGTGGCGGAG
GCCTTAGACTTTGC 

This work 

580 flaF+306Spe1R GGCACTAGTTCAGGCCG
CGTCGGCGCGGC 

This work 

RNA experiments  

591 fljK-63F GTAATACGACTCACTAT
AGGGCACCGAGCAAAAT
GCTCCCGG 

This work 

592 fljK+51R TTGCAGGGCGATCATCG
CG 

This work 

592 fliF+685F GTAATACGACTCACTAT
AGGGCTCCGAGGTCGAG
GCCCGCAT 

This work 

592 
 

fliF+799R TGGTCACGCGGTTCAGG
TC 

This work 

A. tumefaciens and S. meliloti bacterial two hybrid  

695 Atu0542+1BamH1F GGCGGATCCAATGACAA
GTATTCTGACGAA 

This work 

663 Atu0542+942Kpn1R GCCGGTACCTTACTGGC
GGAATAGCGACA 

This work 

696 Atu0543+1BamH1F GGCGGATCCTATGACGA
GCATTATCACGAA 

This work 

665 Atu0543+963EcoR1R GCCGAATTCTTAACGGA
AGAGCGACAGGA 

This work 

697 Atu0545+1BamH1F GGCGGATCCGATGGCAA
GCATTCTGACCAA 

This work 

667 Atu0545+921Kpn1R GCCGGTACCTTAGCGGA
AGAGCGACAGGA 

This work 

698 Atu0567+1Xba1F GGCTCTAGACATGACAA
GCATTTTGACCAA 

This work 

669 Atu0567+1293Kpn1R GCCGGTACCTTACTTGA
AGAGCTGGAGGA 

This work 

671 Atu0578+450Kpn1R GCCGGTACCCTACCGCC
ATGGTGCGATCT 

This work 
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700 Atu0577+1Xba1F GGCTCTAGATATGTACC
AGTTTTCCTACGC 

This work 

673 Atu0577+345Kpn1R GCCGGTACCTCATTTCA
GTCCATCCCTGA 

This work 

701 SMc03037+1BamH1F GGCGGATCCAATGACGA
GCATTCTCACCAA 

This work 

675 SMc03037+1185Kpn1
R 

GCCGGTACCTTAGCGGA
AGAGCGAAAGGA 

This work 

676 SMc03038+1237Kpn1
R 

GCCGGTACCAAGGTTCG
GTCAGGGTGCGG 

This work 

702 SMc03039+1BamH1F GGCGGATCCGATGACCA
GCATTCTCACCAA 

This work 

678 SMc03039+1206Kpn1
R 

GCCGGTACCTTACTGAC
GGAAGAGCTGGA 

This work 

703 SMc03040+1BamH1F GGCGGATCCTATGACCA
GCATCATGACCAA 

This work 

680 SMc03040+965Kpn1R GCCGGTACCTTATTCCT
GGAACAGGCGGA 

This work 

704 SMc03051+1Xba1F GGCTCTAGATATGAAGA
GCACACTGCGTAT 

This work 

706 SMc03051+450Kpn1R GCCGGTACCTTACCGCC
ATGGCGCGATCT 

This work 

705 SMc03050+1Xba1F GGCTCTAGACATGTATC
AGTTTGCATACGC 

This work 

684 SMc03050+348Kpn1R GCCGGTACCTCATTTCA
GTCCATCCCTGA 

This work 

a, London School of Hygeine & Tropical Medicine, London, England; b Institute of Reproductive and 

Developmental Biology, Imperial College London, England 

3.6  Isolation of Plasmid DNA 

3.6.1  Preparation of plasmid DNA by alkaline lysis with SDS 

The following protocol is based on a published method (Sambrook and Russell, 2001). 

A single bacterial colony was inoculated in 3-5 ml liquid medium (with appropriate 

antibiotic) and grown overnight with shaking. The cell culture was harvested by 

centrifugation for 5 min at 12000 x g at 4 °C, the supernatant discarded and the cell 

pellet resuspended in 0.3 ml chilled Alkaline Lysis Solution I. The cells were then lysed 

with 0.6 ml Alkaline Lysis Solution II. After 5 min incubation at room temperature 

(RT) the cell debris was precipitated with 0.25 ml of Alkaline Lysis Solution III with 

vigorous mixing. The bacterial lysate was then centrifuged for 20 min at 12000 x g at 

RT, and the cleared lysate was transferred to a new microfuge tube. The plasmid DNA 

was precipitated by the addition of 0.6 ml of Isoproponal, and pelleted by centrifugation 
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for 15 min at 12000 x g at 4 °C. The supernatant was then discarded and the DNA pellet 

was washed once in 70 % Ethanol and centrifuged again for 5 min in the same 

conditions, before being air-dried in a 60 °C oven to remove all traces of solvent. The 

plasmid DNA was resuspended in 50 µl sterile water and stored at -20 °C until required. 

3.6.2  Preparation of plasmid DNA-GenEluteTM HP Plasmid Miniprep Kit 

The preparation of plasmid DNA by alkaline lysis with SDS using the described method 

does not isolate the DNA at a purity that can be accurately quantified by UV-

spectrophotometry. Furthermore, the DNA cannot be used for DNA sequencing. 

Therefore, a second method of isolation, a commercial kit, was utilised when increased 

DNA purity was essential. Other than Ethanol, Isopropanol and sterile water, all 

solutions used were from the kit.  

A single bacterial colony was inoculated in 3-5 ml liquid medium (with 

appropriate antibiotic) and grown overnight with shaking. The cell culture was 

harvested by centrifugation for 5 min at 12000 x g at 4 °C, the supernatant discarded 

and the cell pellet resuspended in 0.2 ml chilled RNase A /Resuspension Solution. The 

cells were then lysed with 0.2 ml Lysis Buffer. After 5 min incubation at RT the cell 

debris was precipitated with 0.35 ml of Neutralization/Binding Buffer. The bacterial 

lysate was then centrifuged for 10 min at 12000 x g at RT and the cleared lysate was 

transferred to a new microfuge tube. A GenElute HP Miniprep Binding Column was 

prepared by the addition of 0.5 ml Column Preparation Solution and centrifugation for 1 

min at 12000 x g at RT. The cleared lysate was transferred to the prepared column and 

centrifuged in the same conditions. The column was then washed with 0.75 ml Wash 

Solution 2 and centrifuged for 1 min at 12000 x g at RT. The binding column was given 

a final spin for 2 min at 12000 x g at RT in order to remove any excess Wash Solution 2 

and then the column was transferred to a new microfuge tube. The plasmid DNA was 

eluted from the binding column with 100 µl sterile water and centrifugation at 1 min at 

12000 x g at RT. DNA concentration was measured by UV-spectrophotometry 

(NanoDrop 1000) at an absorbance of 260 nm. The DNA was stored at -20 °C until 

required. 
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3.6.3  Preparation of plasmid DNA-GenEluteTM HP Plasmid Midiprep Kit 

A scaled-up isolation method was used for low copy number vectors to ensure a 

maximal amount of DNA was obtained. Other than Ethanol, Isopropanol, Sodium 

acetate and sterile water, all solutions used were from the kit.  

A single bacterial colony was inoculated in 50 ml liquid medium (with 

appropriate antibiotic) and grown overnight with shaking. The cell culture was 

harvested by centrifugation for 20 min at 3000 x g at 4 °C), the supernatant discarded 

and the cell pellet resuspended in 4 ml chilled RNase A/Resuspension Solution. The 

cells were then lysed by 5 min incubation at RT with 4 ml Lysis solution. The cell 

debris was precipitated with 4 ml chilled Neutralization/Binding Buffer. 3 ml Binding 

solution was added to the lysate before it was cleared using a filter syringe. A GenElute 

HP Midiprep Binding Column was prepared by the addition of 4 ml Column 

Preparation Solution and centrifugation for 2 min at 3000 x g at 4 °C. All of the cleared 

lysate was then transferred to the prepared column and centrifuged in the same 

conditions. The column was washed once with 4 ml Wash Solution 1 and centrifuged 

for 2 min at 3000 x g at 4 °C, and then washed once with 4 ml Wash Solution 2 and 

centrifuged as before. The binding column was transferred to a new microfuge tube and 

the plasmid DNA was eluted with 1 ml Elution Solution and centrifugation for 5 min at 

3000 x g at 4 °C. 100 µl 3 M Sodium acetate (pH 5.2) and 0.7 ml Isopropanol were 

added to the recovered plasmid DNA and the solution was centrifuged for 30 min at 

12000 x g at 4 °C, in order to pellet the DNA. The supernatant was then discarded and 

the DNA pellet was washed once in 70 % Ethanol, centrifuged for 10 min at 12000 x g 

at 4 °C, before being air-dried in a 60 °C oven. The plasmid DNA pellet was 

resuspended in 50 µl sterile water and DNA concentration was measured by UV-

spectrophotometry at an absorbance of 260 nm. The DNA was stored at -20 °C until 

required. 

3.7  Isolation of Bacterial Genomic DNA 

3.7.1  Crude preparation by boiling 

C. crescentus genomic DNA was prepared in a crude manner when needed for 

diagnostic PCR screens. A single bacterial colony was inoculated in 5 ml liquid medium 

and grown overnight at 30 °C with shaking. 0.5 ml of the overnight culture was diluted 

with 0.5 ml sterile water. The cells were then lysed by the following process; incubation 
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at -80 °C for 5 min, boiling in water for 10 min, followed by incubation on ice for 5 

min. 2 µl of cells were then used in PCR reactions. 

3.7.2  Preparation of bacterial genomic DNA-GenEluteTM Bacterial Genomic DNA 

kit 

The preparation of genomic DNA by the boiling method described does not isolate the 

DNA from lysed cell debris thus it cannot be used for DNA sequencing. Therefore, a 

second method of isolation, a commercial kit, was utilised when the DNA was to be 

used for sequencing. Other than Ethanol and sterile water, all solutions used were from 

the kit.  

A single bacterial colony was inoculated in 3 ml liquid medium and grown 

overnight with shaking. 1.5 ml cell culture was then harvested by centrifugation for 5 

min at 12000 x g at 4 °C, the supernatant discarded and the cell pellet resuspended in 

0.18 ml RNase A/Lysis Solution T. After 2 min incubation at RT, 20 µl Proteinase K (1 

mg/ml) was added to the cells and the suspension was incubated at 55 °C for 30 min. To 

completely lyse the cells, 0.2 ml Lysis solution C was added followed by a further 10 

min incubation at 55 °C. A GenElute HP Miniprep Binding Column was prepared by 

the addition of 0.5 ml Column Preparation Solution and centrifugation for 1 min at 

12000 x g at RT. 0.2 ml Ethanol was added to the cell lysate which was then transferred 

to the prepared column and centrifuged for 1 min at 6500 x g at RT. The column was 

then washed once with 0.5 ml Wash Solution 1 and centrifuged under the same 

conditions, followed by a wash with 0.5 ml Wash Solution Concentrate and centrifuged 

for 3 min at 12000 x g at RT. The DNA was eluted from the binding column with 200 

µl Elution Solution and centrifugation for 1 min at 12000 x g at RT. DNA concentration 

was measured by UV-spectrophotometry at an absorbance of 260 nm. The DNA was 

stored at -20 °C until required. 

3.8  Agarose Gel Electrophoresis 

The DNA in all PCR and cloning experiments was visualised and assessed using 

agarose gel electrophoresis (see Appendix B). A typical gel had an agarose 

concentration of 0.8 %. For the assessment of smaller DNA fragments, an agarose 

concentration of 1.5 % was used. Agarose was weighed and dissolved into 1 x TAE 

running buffer by heating in a microwave. 1 x TAE buffer by diluting 50 x TAE buffer 

in water (Sigma-Aldrich). Ethidium bromide (final concentration of 0.5 µg/ml) was then 



	   65 

added to the molten gel and the gel was cast. 1 x DNA loading buffer was mixed with 

the DNA sample prior to loading in the gel. The gels were run in 1 x TAE running 

buffer and at 120 V. The duration of the electrophoresis was judged against the 

migration of a 1 Kb or 100 bp DNA ladder (Promega). The gels were visualised using 

ultra-violet light. Gel images were taken using Gel Documentation equipment 

(InGenius, Syngene). 

3.9  Polymerase Chain Reaction 

Oligonucleotide primers for PCR experiments were designed manually using DNA 

sequences deposited in the NCBI nucleotide database. PCR reactions were assessed 

electronically using the software Amplifx 1-1.5.4 and all primers were purchased from 

IDT Integrated DNA technologies. When the integrity of the PCR product was essential 

High fidelity TAQ polymerase was used (Rovalab GmbH). For diagnostic PCR 

reactions MolTaq polymerase was used (Molzym).  

All PCR reactions contained the following: approx 50 ng of DNA template, 20 

pM of forward primer, 20 pM of reverse primer, dNTP’s at a final concentration of 250 

µM, 1 x Polymerase buffer, 1 unit of DNA polymerase, 10 % DMSO, made up to final 

volume of 50 µl with sterile water. A standard PCR cycle program was used for all PCR 

reactions. However, the parameter of primer annealing temperature was varied 

depending on the experiment. An initial denaturation at 95 °C for 2 min then 30 cycles 

of: 1) 95 °C for 40 sec, 2) 58-60 °C for 40 sec, 3) 75 °C for 3 min; followed by a final 

extension at 75 °C for 5 min. All PCR reactions were checked using agarose gel 

electrophoresis. 

3.10  Purification of PCR DNA 

3.10.1  Purification of PCR DNA-GenEluteTM PCR Clean-up Kit 

PCR DNA was purified free from excess primers, nucleotides, salts and other 

components of the PCR reaction using a commercial kit. Other than sterile water, all 

solutions used were from the kit. A GenElute HP Miniprep Binding Column was 

prepared by the addition of 0.5 ml Column Preparation Solution and centrifugation for 1 

min at 12000 x g at RT. 5 volumes of Binding Solution were added to 1 volume of the 

PCR reaction and the DNA suspension was then transferred to the binding column and 
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centrifuged under the same conditions. The column was washed with 0.5 ml Wash 

Solution and centrifuged for 1 min at 12000 x g at RT. The binding column was given a 

final spin for 2 min at 12000 x g at RT, to remove excess Wash Solution before being 

transferred to a new tube. The DNA was eluted with 50 µl sterile water and 

centrifugation 1 min at 12000 x g at RT. 

3.10.2  Purification of PCR DNA-GenEluteTM Gel Extraction kit 

PCR DNA from a reaction that had multiple DNA fragments in it was gel purified using 

a commercial kit. Other than Isopropanol and sterile water, all solutions used were from 

the kit. The required DNA fragment was excised from the agarose gel and weighed in a 

tared microfuge tube. The gel slice was solubilised by adding 3 gel volumes (according 

to the slice weight) of Solubilisation Solution and incubating at 60 °C until all the 

agarose was dissolved. A GenElute Binding Column G was prepared by the addition of 

0.5 ml Column Preparation Solution and centrifugation at 1 min at 12000 x g at RT. 1 

gel volume of Isopropanol was added to the solubilised mixture and mixed to 

homogeneity. The mixture was then transferred to the prepared binding column and 

centrifuged for 1 min at 12000 x g at RT. The column was washed with 0.7 ml Wash 

Solution and centrifuged in the same conditions. The binding column was given a final 

spin for 2 min at 12000 x g at RT, to remove excess Wash Solution and then transferred 

to a new tube. The DNA was eluted with 25-50 µl sterile water and centrifugation 1 min 

at 12000 x g at RT. 

3.11  Digestion of DNA by Restriction Endonucleases 

Plasmid restriction maps analysis and other DNA sequence analysis was carried out 

using SerialCloner v2-1 software (http://serialbasics.free.fr). Restriction digests of both 

PCR DNA and Plasmid DNA were performed during cloning experiments using 

Promega Restriction Enzymes. A typical digest reaction contained: 3-6 units of 

Restriction Endonuclease, 1 µl BSA (1 mg/ml), 1 x Restriction buffer, and sterile water. 

The Restriction buffer used was chosen in accordance with the Promega Restriction 

enzyme buffer compatibility guide. All reactions were incubated at 37 °C for 1-3 hr and 

then checked using agarose gel electrophoresis. DNA was then gel purified. 

 



	   67 

3.12  Alkaline Dephosphorylation of Digested Plasmid DNA 

In the cases where a vector was digested with a single restriction enzyme, the 5’ 

phosphate group was removed from the digested DNA to prevent it from re-ligating 

when used in cloning experiments. After restriction digest, the DNA was purified as 

follows. 5 µl 3 M Sodium acetate (pH 5.2) and 140 µl Ethanol were added to the 

reaction. The mixture was incubated at -80 °C for 30 min and centrifuged for 15 min at 

12000 x g at 4 °C, in order to pellet the DNA. The supernatant was then discarded and 

the DNA pellet was washed once in 70 % Ethanol, centrifuged in the same conditions, 

before being air-dried in a 60 °C oven to remove all traces of solvent. The DNA was 

resuspended in 50 µl sterile water.  

The DNA was then dephosphorylated. The reaction contained: 42 µl purified 

digested vector DNA, 3 units Alkaline Phosphatase (CIAP, Promega) and 5 µl Alkaline 

Phosphatase buffer. The reaction was then incubated at 37 °C for 3 hr. In order to 

inactivate the Alkaline Phosphatase, 10 µl TNE buffer, 5 µl 10 % SDS, and 35 µl sterile 

water was added to the reaction and the mixture was incubated at 68 °C for 15 min. 10 

µl 3 M Sodium acetate (pH 5.2) and 275 µl Ethanol was added to the mixture. The 

mixture was then incubated at -80 °C for 30 min and centrifuged for 15 min at 12000 x 

g at 4 °C, in order to pellet the DNA. The supernatant was discarded and the DNA 

pellet was washed once in 70 % Ethanol, centrifuged in the same conditions, before 

being air-dried in a 60 °C oven. The DNA was then resuspended in 20 µl sterile water 

and used in ligation reactions. 

3.13  DNA Ligation Reactions 

All ligation reactions were performed using freshly digested and purified DNA. The 

amount of vector DNA used for cloning experiments was either 1 µg (high copy 

number) or 2 µg (low copy number). Ligations were performed on the assumption of 

complete recovery of vector DNA after all stages of the cloning process. A reaction 

always contained the following: 15 µl insert DNA (either digested PCR fragment or 

digested plasmid fragment for subcloning), 2 µl digested vector DNA, 3 units of T4 

DNA Ligase (Promega) and 2 µl T4 Ligase Buffer. Ligation reactions were incubated 

overnight at 4 °C before being transformed into E. coli. 
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3.14  Intermediate Vector Cloning Step 

Some plasmids were constructed by cloning the insert DNA directly into the vector 

required for that experiment. However, if this was unsuccessful an intermediate cloning 

step was introduced and the DNA was ligated into a high copy plasmid: pBluescript II 

KS (+) or pGEM-T. This allowed us to obtain large amounts of digested insert to then 

create the final construct. Both vectors allow for blue/white screening in the 

identification of positive clones.  

The vector pGEM-T is particularly useful as it allows for the direct cloning of 

PCR fragments without the need for restriction digestion. pGEM-T is a linear vector 

that contains 3’ terminal thymidine overhangs at each end that prevent it from re-

circularising. Certain DNA polymerases have terminal transferase activity and leave a 

single 3’ deoxyadenosine on the amplified PCR product DNA during the PCR reaction 

in a template-independent manner. These compatible overhangs allow the amplified 

PCR DNA and the vector DNA to be ligated very efficiently. However, the High 

fidelity TAQ polymerase we used for cloning experiments does not have terminal 

transferase activity where as MolTaq does, therefore, we had to carry out an additional 

A-tailing PCR reaction using MolTaq to make a PCR fragment compatible for pGEM-T 

cloning.  

3.14.1  A-tailing reaction 

PCR DNA was cleaned up as described (3.5.2). The A-tailing reaction was then set up 

as follows: 15.5 µl of PCR fragment, 2 µl of MolTaq polymerase buffer, 2 µl of dATP 

(25 mM) and 0.5 units of Moltaq. The reaction was incubated at 72 °C for 30 min and 

then used for direct ligation into pGEM-T. 

3.14.2  pGEM-T ligations 

pGEM-T ligations were carried out according to the manufacturers instructions 

(Promega). Ligation reactions were incubated overnight at 4 °C before being 

transformed into E. coli. 

3.14.3  Blue/White screening 

Blue-white colony screening was used for pGEM-T and pBluescript II KS (+) cloning 

in order to detect positive clones. X-gal is used in the culture media as a indicator dye 

and it is cleaved by the production of β-galactosidase to produce a blue insoluble 
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pigment. However, the successful ligation of insert DNA into the MCS of the vectors, 

results in the absence of LacZ α-complementation and an inability to hydrolyse X-gal.  

Subsequently, white colonies instead of blue. Transformants were cultured on media in 

the presence of Ampicillin and X-gal. White colonies were then picked of and the 

plasmid of those clones was isolated and tested by restriction digestion for a successful 

ligation.  

3.15  DNA Sequencing  

Plasmid and PCR DNA was first quantified and then adjusted to; 30-100 ng/µl and 10-

50 ng/µl respectively. 30 µl of each sample was sent to GATC Biotech for DNA 

sequencing. If required, 30 µl (10 pmol/µl) of our own primer was sent otherwise a 

universal primer provided by GATC Biotech was used. DNA sequences were received 

in a .ab1 file format and analysed using 4Peaks v1.7.2 software (mekentosj.com). 

3.16  Preparation of Whole Cell Lysates  

C. crescentus whole cell lysates were prepared for immunoblot analysis. A single 

bacterial colony was inoculated in 3 ml liquid medium and grown overnight at 30 °C 

with shaking. The overnight culture was then diluted back in fresh 5 ml liquid medium 

to OD600 0.05 and grown to OD600 0.6-0.8. 2 ml of the cell culture was harvested by 

centrifugation for 3 min at 12000 x g at 4 °C, and the supernatant discarded. The pellet 

was then resuspended in 50 µl 2 x SDS sample buffer. Samples were placed in boiling 

water for 5 min and quantified in terms of OD units using the following formula:  

 

OD units/µl = (Volume of Culture/Volume of SDS buffer) x OD600 

 

A standard number of OD units were then used for immunoblot analysis. 

3.17  Secretion Assays 

C. crescentus secretion assays were set up in the same way as the preparation of whole 

cell lysates, only the supernatant of the 2 ml (OD600 0.6-0.8) culture was used for 

analysis. The 2 ml supernatant was passed through a 0.2 µm syringe filter to remove 

any remaining cells. The cell free supernatant was passed through a Purabind 045 filter 
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membrane (Whatman), which was then placed inside a sterile microfuge tube. 50µl 2x 

SDS sample buffer was pipetted onto the membrane and the tube was incubated for 

30mins at 70ºC. The OD units/µl were calculated using the equation in 3.16 and a 

standard number of OD units were then used for immunoblot analysis  

3.18  Protein gel electrophoresis 

3.18.1  Tricine SDS-polyacrylamide gel electrophoresis 

Protein samples mixed in 2X SDS sample buffer were placed in boiling water for 5 min 

before being subjected to gel electrophoresis using 12 % Tricine SDS-PAGE gels, 1 x 

Cathode running buffer and 1 x Anode running buffer. A current of 25 mA was applied 

during sample migration through the stacking gel layer. The current was then increased 

to 40 mA until the samples had migrated to the desired distance through the separating 

gel layer. A protein standard was included with every gel for analysis (SeeBlue Plus2, 

Invitrogen). The gels were visualised by first staining in Coomassie Blue solution for 1 

hr and then in Destaining solution for 1 hr. 

3.18.2  Native-polyacrylamide gel electrophoresis 

Native-PAGE analysis was used for purified protein samples and RNA EMSA 

experiments (see 3.31). The separating gel layer was prepared first, covered with sterile 

water and allowed to set. The stacking gel layer was then set on top. 1 X Native sample 

buffer was added to the protein samples and they were subjected to electrophoresis in 1 

x Native running buffer at a constant 80 V at 4 °C. The gels were visualised by first 

staining in Coomassie Blue for 1 hr and then in Destaining Solution for 1 hr. 

3.19  Immunoblot Analysis 

Protein samples separated by SDS-PAGE were transferred to a PVDF membrane by 

electroblotting for 120 min at a constant 200 V in cold Immunoblot transfer buffer.  

Membranes were then blocked overnight in 5 ml PMT. After washing twice in 10 ml 

PMT the primary antibody was added in fresh 5 ml PMT (experiment dependent 

concentrations) and incubated at RT for 60 min. Membranes were then washed four 

times in 10 ml PMT before the secondary antibody (GIBCO BRL Goat α-Rabbit) was 

added at a concentration of 1:10000 in fresh 10 ml PMT and incubated for 60 min. 
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Membranes were then washed four times in 10 ml PBS. Detection was achieved using 

ECL-Plus and exposing the membranes to hyperfilm (Amersham GE-Healthcare). 

Quantification of immunoblots was performed using ImageQuant software (GE-

Healthcare) after scanning 5- 15 sec exposures using a standard Epson scanner. 

Statistical analysis of data sets was performed using the ANOVA analysis tool in 

Microsoft Excel 2004. 

3.20  Motility Agar Assay 

C. crescentus strains were tested for their ability to swim in low percentage agar 

medium. Motile cells will migrate from the initial point of involution and form 

chemotactic rings. A single bacterial colony was stabbed using a sterile toothpick into 

PYE motility medium and incubated for 5-7 days at 30 °C. For plasmid selection or 

expression induction the appropriate concentration of antibiotic or supplement was 

added to the medium. Images were then taken using Gel Documentation equipment 

(InGenius, Syngene).  

3.21  Cloning Strategy: Flagellin Overexpression 

To obtain flagellar-independent expression of flagellin: the full open reading frames, 

minus the 5’ untranslated promoter region, of fljJ, fljK, fljL, fljM, fljN and fljO were 

cloned into pBXMCS-2 and pRXMCS-2 (Thanbichler et al., 2007). An NdeI restriction 

site was incorporated into the 5’ primer used to generate the PCR DNA fragments. The 

NdeI recognition sequence (CATATG) contains an ATG codon that can be used as a 

transcriptional start site. pBXMCS-2 and pRXMCS-2 both contain a Xylose inducible 

promoter that was utilised for flagellin expression in C. crescentus. All constructs were 

confirmed by DNA sequencing. Due to the high degree of sequence similarity between 

the β-flagellins, the same forward primer was used to clone each individual gene. This 

resulted in one non-complimentary nucleotide base in the PCR generated fljO fragment. 

However, the mutation was silent and the amino acid sequence did not change form that 

of wild type fljO.  

3.21.1  Xylose induction 

A single bacterial colony was inoculated in 3 ml PYE + kan + Xylose (0.3 % final 

concentration) liquid medium and grown overnight at 30 °C with shaking. The 
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overnight culture was then diluted back in fresh 3 ml PYE + kan + Xylose liquid 

medium to OD600 0.05 and grown to OD600 0.6-0.8. Cells were then either checked by 

phase contrast microscopy for their ability to swim and their swimming speed 

calculated (see 3.27), or whole cell lysates were prepared for immunoblot analysis using 

the α-Fla antibody at 1/30000 dilution. Motility agar assays were carried out on PYE 

motility medium + kan + Xylose. 

3.22  Cloning Strategy: Inframe Deletion Mutants 

A strategy was developed to make inframe deletions of flaF and flbT similar to the 

method used for making the flagellin deletion mutants (Figure 12). The flagellin 

deletion plasmids were created prior to this project. The principle is based on allelic 

exchange where a mutated gene replaces the wild type by recombination. Primers were 

designed to amplify approximately 500 bp upstream and 500 bp downstream of the 

gene (Figure 12). Internal deletion primers were designed to have complimentary 

overhangs for each other in order to allow the two regions to be fused together in a final 

overlapping extension PCR. The final PCR product contained only a scar of the gene:  

 

GTGCCTgaattcGGCGACGCGGGCTGA (flbT) 

ATGGAGgaattcGCCTGA (flaF) 

 

The EcoR1 (GAATTC) site was designed into the deletion primers to be used for an 

extra cloning step should the overlapping extension PCR be unsuccessful. EcoR1 

cloning was utilised in this way to construct the flagellin deletion plasmids (Faulds-

Pain). The PCR product was cloned into pGEM-T or pBluescript II KS(+) before being 

subcloned into the suicide plasmid pNPTS128 and subsequently conjugated into C. 

crescentus. pNPTS128 carries Kanamycin resistance and a sacB gene. sacB is activated 

by sucrose and is lethal to gram negative bacteria. The replacement of the wild type 

gene relies on the integration of the plasmid into the chromosome and the forcing of a 

double cross-over event during recombination. After conjugation the strains were 

replica plated onto PYE + kan and PYE + Sucrose (suc) solid medium and incubated at 

30 °C for 48 hr. pNPTS128 can not replicate in C. crescentus and therefore Kanamycin 

resistant/Sucrose sensitive (Kanr Sucs) colonies must have gone through a single cross 

over event where the plasmid has integrated. The second step removes the integrated 

plasmid DNA during chromosomal duplication. Homologous recombination leaves 
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Figure 12: Cloning Strategy: Inframe Deletion Mutants 

A schematic illustration of the strategy developed to make gene deletions in C. 

crescentus. DNA fragments containing the upstream and downstream sequences of the 

target gene were generated by PCR. The internal gene primers were designed to have 

complimentary ovehangs for each eachother such that they could be stiched together by 

overlapping extension PCR. The final PCR fragment contained a scar of the target gene. 

This sequence was then used to replace the wild type copy on the chromosome by 

recombination using the integrating vector, pNPTS128.  
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either the mutated gene or the wild type gene on the chromosome. To select for this 

step: Kanr Sucs colonies were cultured overnight in liquid medium without plasmid 

selection. 1 x 10-2, x 10-3 and x 10-4 dilutions were plated out on PYE + suc solid 

medium and incubated at 30 °C for 48 hr. Colonies were then replica plated onto PYE + 

kan and PYE solid medium. Kanamycin sensitive/Sucrose resistant (Kans Sucr) no 

longer harbor the plasmid either in or out of the chromosome. Diagnostic PCR was 

carried out to check for the deleted gene. Confirmation was made by DNA sequencing. 

3.22.1  Complementation of the ΔflaF and ΔflbT mutants 

To check the two deletion mutants we created a complementation plasmid that 

contained the containing both genes and the promoter region (Llewellyn et al., 2005). 

Primers were designed to make a pBX-flbT_flaF plasmid; containing the entire flbT and 

flaF coding sequences and 199 nucleotides upstream of the flbT start codon. The 

plasmid was confirmed to be correct by DNA sequencing. The plasmid was conjugated 

into both the ΔflaF and ΔflbT mutants and analysed by motility agar assays and 

immunoblot using α-FlbT (1/500 dilution) and α-FlaF (1/500 dilution) antibodies (Prof. 

James Gober). Complementation was achieved by Kanamycin selection alone and not 

by Xylose induction. 

3.23  Isolation of Flagellar Filaments 

Flagella from C. crescentus can be harvested relatively easily due to the fact that during 

the natural life cycle of the bacterium, the flagellum is ejected into the spent medium. A 

single bacterial colony was inoculated in 5 ml PYE liquid medium and grown overnight 

at 30 °C with shaking. The overnight culture was then diluted back in fresh 250-500 ml 

PYE liquid medium to OD600 0.05 and grown to OD600 0.6-0.8. The culture was 

harvested by centrifugation for 20 min at 6000 x g at 4 °C, and the supernatant was 

collected. The supernatant was then subjected to high-speed centrifugation for 45 min at 

approx 100000 x g (28000 rpm) at 4 °C, using an SW-32 Ti rotor. The subsequent pellet 

was resuspended in 20 ml PBS and centrifuged for 20 min at 3000 x g at 4 °C, in order 

to remove any remaining cells. The supernatant was then subjected to high-speed 

centrifugation under the same conditions on order to harvest the flagella. The protein 

pellet was resuspended in 50 µl PBS and stored at - 20 °C until required. Protein 



	   75 

samples were analysed using Tricine SDS-PAGE and Mass Spectrometry (see 

Appendix B). 

3.24  Mass Spectroscopy Analysis of Proteins 

All protein samples were processed and analysed by the in-house proteomic unit, 

Pinnacle. Samples were excised from Coomassie Blue stained SDS-PAGE gels, zip-tip 

purified and subjected to Tryptic digestion. Samples were then analysed using MALDI-

TOF or LC/MS/MS. 

3.25  Transmission Electron Microscopy 

The electron microscopy imaging of C. crescentus flagellar filaments was carried out 

with the assistance of Dr. Wendy Smith. 5 µl of filament preparation (neat and 1 x 10-1 

dilution) was pipetted onto the Carbon coated surface of a Copper EM grid and any 

excess was removed by blotting paper. The grids were then stained with 10 µl of either 

3 % Uranyl acetate or 3% Phosphotungstic acid and the excess liquid removed with 

blotting paper. Grids were allowed to dry and then observed with a Philips CM100 

TEM in the University of Newcastle upon Tyne Electron Microscopy unit (See 

Appendix D). Quantitative filament parameters (filament length, pitch length, pitch 

height) were determined using ImageJ software (rsb.info.nih.gov/ij/download.html) for 

between 10 and 30 filaments per mutant (Figure 13). Data and statistical analysis were 

performed using Microsoft Excel 2004 or the statistical software package R (www.r-

project.org). The statistical significance of parameters compared to the wild type was 

calculated using a standard t test in R. 

3.26  Analysis of Caulobacter crescentus Swimming Speeds 

The measurement of C. crescentus swimming speeds was carried out by Dr. Shuichi 

Nakamura, Osaka University Japan. Free swimming cells were visualised with a phase 

contrast microscope (CH-40, Olympus) and recorded on VHS videotape at intervals of 

1/30 seconds through a CCD camera (C5405-50, Hamamatsu Photonics). The necessary 

parts of the movies were captured on a computer as BMP images with video capture 

software (CosmoCapture, Library, Japan). The swimming speed, determined by the 

software, was calculated for a minimum of 25 swimming cells by tracing the centers of 
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Figure 13: Measurement parameters for Caulobacter crescentus flagellar filaments 

In order to be selected for measurement, the filament had to possess an intact hook 

structure (white arrow points to hook) and be completely visible. The schematic 

illustrates the filament parameters that were measured: filament length (red), pitch 

length (green), and pitch height (blue). 
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the cells. Statistical analysis of data sets was performed using Microsoft Excel 2004 or 

R using both traditional pairwise t tests and analysis of variance (ANOVA). 

3.27  Bacterial Two-Hybrid Experiments 

The BACTH system is a commercial technology that utilises the catalytic domain of 

Adenylate Cyclase from Bordetella pertussis comprising of two fragments, T18 and 

T25, which are inactive when separated. The fusion of the fragments to two separate 

interacting polypeptides results in the reconstitution of Adenylate Cyclase and the 

subsequent synthesis of Cyclic AMP (cAMP). Increased cAMP levels trigger the 

expression of the lac operon in E. coli and therefore those bacteria that are able to utilise 

lactose can be easily identified on selective media containing the indicator X-gal; which 

is cleaved in the presence of β-galactosidase (lacZ) to give a blue colony phenotype. 

Therefore, a positive result (protein-protein interaction) is blue, while a negative result 

(no interaction) is white. 

3.27.1  Caulobacter crescentus 

Full-length open reading frames of fljJ, fljK, fljL, fljM, fliX, flbD, flbT, flaF, flgL and 

cc1462 were first cloned into pBluescript II KS (+) and subsequently into both pUT18c 

and pKT25. Genes were cloned using BamHI and KpnI restriction sites that were 

designed into the primers (Table 3). A natural BamHI restriction site downstream of 

fljM was utilized for cloning. All constructs were confirmed by DNA sequencing. A 

matrix of all possible combinations of interactions was constructed. To test an 

interaction, 25 ng of each plasmid was co-transformed into the test strain BTH101 by 

chemical transformation. Transformants were incubated on LB + kan + amp + X-gal at 

37 °C for overnight. The plates were then left at RT another 24 hrs before phenotype 

scoring. To quantify the interactions, a standard β-galactosidase assay was performed 

(Sambrook and Russell, 2001). 

3.27.2  β-galactosidase activity assays 

Tests were carried out in triplicate. A single bacterial colony was inoculated in 3 ml LB 

+ kan + amp liquid medium and grown at 30 °C with shaking until the culture reached 

an OD600 0.6-0.8. Cells were harvested by centrifugation for 3 min at 12000 x g at 4 

°C, resuspended in 3 ml sterile saline solution, and placed on ice. In a sterile test tube, 
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0.5 ml cells was added to 0.55 ml Z-buffer and 100 µl chloroform. The mixture was 

vortexed and incubated at 30 °C for 5 min. A 4 mg/ml solution of ONPG was made in 

Z-buffer and 0.2 ml was added to the cells while shaking. The mixture was then 

incubated for 10 min before the reaction was stopped by addition of 0.5 ml 1 M NaCO3. 

Colour was measured using a spectrophotometer at an absorbance of 420 and 550 nm. 

The remainder of the cell mix was used to obtain a OD650 (absorbance 650 nm) 

measurement. In order to calculate the activity, the following equation was used: 

 

Miller units = 1000*((ABS420-(1.75*ABS550))/(ABS650*10*0.5)) 

 

Statistical analysis of data sets was performed using a traditional pairwise t-test. 

3.27.3  Agrobacterium and Sinorhizobium 

The flagellin genes, flbT and flaF from Agrobacterium tumefaciens C58 and 

Sinorhizobium meliloti 1021 were tested using the BACTH system. A. tumefaciens: fla 

(Atu0542), flaB (Atu0543), flaA (Atu0545), flaD (Atu0567), flbT (Atu0578), flaF 

(Atu0577). S. meliloti: flaA (SMc03037), flaB (SMc03038), flaD (SMc03039), flaC 

(SMc03040), flbT (SMc03051), flaF (SMc03050). Full-length open reading frames of 

the genes were first cloned into pBluescript II KS (+) and subsequently into both 

pUT18c and pKT25. The bacterial two-hybrid experiment was performed in the same 

way as previously mentioned (see 3.28.1). 

3.28  Protein Over-Expression and Purification 

Full-length open reading frames of fljJ, flbT and flaF were sub-cloned, using 

BamHI/SacI, from their corresponding pUT18C constructs into pET-28b (+). All 

constructs were confirmed by DNA sequencing. N-terminal histidine-tagged protein 

was expressed using BL21 (DE3) cells. Plasmid constructs were transformed into fresh 

BL21 (DE3) competent cells before very purification experiment.  

A single bacterial colony was inoculated in 25 ml LB + kan liquid medium and 

grown overnight at 37 °C with shaking. The overnight culture was then diluted back in 

fresh 1 litre LB + kan liquid medium to OD600 0.05 and grown to OD600 0.6-0.8. 

Protein expression was then induced by the addition of IPTG (final concentration of 1 

mM) and the culture was incubated for 4 hr at 30 °C with shaking. The culture was 

harvested by centrifugation for 20 min at 6000 x g at 4 °C, and the supernatant 
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discarded. The pellet was then resuspended in 20 ml His-Loading buffer and the cells 

were sonicated on ice (3 x 30 second pulses, with 1 min intervals). The cells were then 

checked for lysis using a phase contrast microscope. The cell lysate was harvested by 

centrifugation for 30 min at 18000 x g at 4 °C, and the supernatant containing the 

soluble protein fraction was discarded. The pellet was washed twice in His-Loading 

buffer and twice in 1 x IB wash buffer with a centrifugation under the same conditions 

in after each wash step. The pellet was then resuspended in 20 ml His-Loading buffer + 

8 M Urea and left overnight at RT. Finally, the protein sample was centrifuged at 30 

min at 18000 x g at RT, and the supernatant containing soluble protein was transferred 

to a sterile falcon tube. 

3.28.1  His-tag purification 

Proteins samples were subjected to nickel affinity purification using a 5 ml HiTrap 

Sephadex column connected to an AKTA prime purification system (GE-Healthcare) at 

RT. The column was first equilibrated in approximately 25 ml His-Loading buffer + 8 

M Urea before the sample was loaded using a 50 ml superloop (GE-Healthcare). Bound 

protein was eluted in His-Elution buffer + 8 M Urea on a 50 ml gradient from 0 % to 

100 % elution buffer. The elution step was monitored using a paper chart recorder 

plotting the detection at 280 nm. The eluted protein peaks were collected in 2 ml 

fractions and analysed using Tricine SDS-PAGE. 

3.28.2  Protein regeneration and gel filtration 

The fractions containing high concentrations of protein were pooled together and 

concentrated to 0.5 ml using a Vivaspin centrifugation column (3500 x g, RT) 

(Sartorius Stedim Biotech, 10 kDa MWCO). The sample was then injected into 50 ml 

cold Burgess Regeneration buffer. A length of dialysis membrane (10 kDa MWCO) 

was prepared by placing it in boiling water for 10 min. The 50 ml sample was 

transferred into the membrane, closed and dialysed overnight in 4 °C. The dialysed 

sample was then concentrated to 5 ml using a Vivaspin centrifugation column (3500 x 

g, 4 °C) and loaded onto a 5 ml sample loop. The sample was subjected to gel filtration 

using a pre-equilibrated Superdex 200 10/300 GL column (GE-Healthcare) connected to 

an AKTA prime purification system. This was carried out at RT using Burgess Gel 

Filtration buffer. Protein eluting from the column was monitored using a paper chart 

recorder plotting the detection at 280 nm. The eluted protein peaks were collected in 1 

ml fractions and analysed using Tricine SDS-PAGE. Samples were measured by UV-
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spectrophotometry at an absorbance of 280 nm, and protein concentration was 

calculated using the following equations:  

 

1. Conc (mg/ml) = value from 280 nm/protein extinction coefficient 

 

2. Conc (mM) = Conc (mg/ml)/MW (kDa) 

 

Theoretical MW and protein extinction coefficients of the proteins were determined 

using the online ProtParam tool (http://web.expasy.org) 

3.29  His-tag Pull Down Assay 

3.29.1  Thrombin digestion 

To test the efficiency of the Thrombin protease (Sigma) to digest and remove the N-

terminal His-tag from His-FlbT and His-FlaF protein, a small-scale time course 

experiment was performed. Various concentrations of thrombin protease (1, 0.5, 0.2, 

0.1, 0.05, and 0 units of enzyme) were incubated at RT with 10 µg of purified soluble 

protein overnight. At 30-60 min intervals a sample was taken and the reaction was 

stopped by adding 2 x SDS Sample buffer and boiling in water for 5 min. The samples 

were then analysed using Tricine SDS-PAGE for digestion efficiency. It was decided 

that the best conditions to use were 0.5 units of enzyme per 10 µg of protein and the 

duration of digestion to be 30 min. 

3.29.2  His-tag pull down assay 

Soluble His-FlbT and His-FlaF was digested with thrombin protease, then subjected to 

gel filtration to remove the protease. The collected fractions were analysed using 

Tricine SDS-PAGE and amount of protein in each fraction quantified. The 

concentrations of His-FljJ, FlbT* and FlaF* (* represents non-tagged) were normalised 

to approx 6 µM using His Pull Down Loading Buffer. 100 µl Ni-NTA (Qiagen) agarose 

was prepared by washing it four times in 500 µl sterile water and four times in 500 µl 

His Pull Down Loading Buffer; each time centrifuging for 10 min at 8000 x g at 4 °C, 

to pellet the agarose and removing the supernatant. Proteins were then incubated with 

the agarose overnight at 4 °C on a rotating mixer. The samples were then washed twice 

with 500 µl His Pull Down Loading Buffer by incubating and rotating for 2 hr at 4 °C 
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before being centrifuged at 10 min at 8000 x g at 4 °C, in order to pellet the agarose. 

Finally, proteins were eluted from the agarose using 100 µl His Pull Down Elution 

Buffer by incubating and rotating for 2 hr at 4 °C before being centrifuged under the 

same conditions. The supernatant was removed for analysis. The samples taken at 

various stages of the experiment were analysed by Tricine SDS-PAGE. 

3.30  Cloning Strategy: FLAG Pull Down Assay 

A Knock out/Knock in strategy was developed to create and place on the chromosome a 

N-terminal 3 x FLAG tagged fljJ gene under the control of its native promoter. The 

principle is based on the deletion of the wild type gene and the subsequent placement of 

a tagged version back onto the chromosome in the same place using pNPTS128 (see 

section 3.21). Primers were designed to amplify approximately 500 bp upstream and 

500 bp downstream of fljJ to facilitate homologous recombination with the C. 

crescentus chromosome. Internal primers were designed to have complimentary 

overhangs for each other in order to allow the two regions to be fused together in a final 

overlapping extension PCR. These primers contained the sequence for a 3 x FLAG 

peptide after the fljJ ATG start codon. The final PCR product contained the whole fliJ 

ORF with the N-terminal tag and the upstream and downstream regions.  

The PCR fragment was cloned into pNPTS128 and confirmed to be correct by 

DNA sequencing. The FLAG-fljJ containing plasmid was then conjugated into the ΔfljJ 

mutant and transformants were screened by PCR for the presence of FLAG-fljJ. 

Successful clones were confirmed by DNA sequencing. To check for FLAG-fljJ 

expression, whole cell lysates were prepared and analysed by immunoblot using an α-

FLAG antibody (Sigma-Aldrich; Prof. Colin Harwood) at 1/1000 dilution. 

3.30.1  In-vivo co-immunoprecipitation 

In order to attempt to identify FljJ:FlbT/FlaF interactions in-vivo we decided to use the 

FLAG-fljJ expressing strain in a co-immunoprecipitation experiment. The strategy for 

the experiment was based on a published method (McGrath et al., 2006). A single 

bacterial colony was inoculated in 20 ml liquid medium and grown overnight at 30 °C 

with shaking. The overnight culture was then diluted back in 200 ml fresh liquid 

medium to OD600 0.05 and grown to OD600 0.6. The culture was then centrifuged for 

30 min at 3500 x g at 4 °C, and the pellet washed twice in 0.5 ml CoIP buffer and 
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centrifuged for 5 min at 12000 x g at 4 °C, before being resuspended in 2 ml CoIP 

buffer. Samples were incubated with 50 mg Lysozyme (Sigma-Aldrich), 10 mM MgCl2, 

50 units of DNase I (Sigma-Aldrich) and 1 mM PMSF (Sigma-Aldrich) at 4 °C for 30 

min. Samples were then transferred to a 2 ml tube containing glass beads then lysed 

using a bead beater (Bertin precellys 24 lysis and homogenizer, tubes 03961-1-004) for 

3 x 30 sec at 6400 rpm). The lysates were then centrifuged for 5 min at 12000 x g at 4 

°C, and the supernatant was collected. Anti-FLAG M2-agarose (Sigma-Aldrich) was 

prepared by washing in Co-IP buffer. Samples were incubated with 20 µl anti-FLAG 

M2-agarose at 4 °C overnight on a rotating mixer. Samples were then centrifuged for 10 

min at 6000 x g at 4 °C, and washed three times in Co-IP Wash buffer, centrifuging 

under the same conditions after every wash. The supernatant was then discarded and the 

agarose pellet was resuspended in 50 µl 2 x SDS Sample buffer. Samples were boiled in 

water for 5 min before being analysed by immunoblot using the following antibodies: 

α-Fla (1/30000 dilution), α-FlbT (1/5000 dilution) and α-FlbT (1/5000 dilution). 

3.31  RNA Electromobility Shift Assay 

3.31.1  In vitro transcription 

Primers were designed to create a DNA fragment that could be used to generate a fljK 

transcript identical in sequence to the RNA used by Anderson and Gober to show 

FlbT:fljK binding (Anderson and Gober, 2000). The transcript was a total of 115 

nucleotides from the mapped transcriptional start site, which included 17 codons and 63 

5’ untranslated nucleotides (Figure 14) (Minnich and Newton, 1987). Primers were also 

designed to create a DNA fragment that could be used to generate a fliF transcript, that 

could be included in experiments as a non-specific control.  

The forward primer of each DNA fragment was constructed such that it 

contained a T7 RNA polymerase site that could be utilised for in-vitro transcription. A 

Roche DIG-labelling (Digoxigenin) kit was used as opposed to the common method of 

using radiolabeled nucleotides. A DNA fragment was generated by PCR and confirmed 

to be correct by DNA sequencing. The PCR DNA was then incubated for 3 hr at 37 °C 

in a 20 µl reaction that contained the following: 10 µl DNA (approx 200 ng), 2 µl T7 

buffer, 2 µl T7-RNA polymerase, 2 µl NTP-mix (DIG-UTP/UTP ATP/GTP/CTP), 3 µl 

Sterile water and 1 µl or 4 units of RNAse inhibitor (RNasin, Promega). After 

incubation, 2 µl DNase I was added to the reaction and incubated for a further 15 min at 



	   83 

 
 

Figure 14: RNA transcripts used in electromobility shift assays 

Both RNA transcripts were created by in vitro transcription and labeled using DIG-

UTP. The fljK RNA was designed to include the first 17 codons of the ORF and 63 

nucleotides upstream. The fliF RNA was designed in a non-biased fashion. A random 

ORF sequence was generated and used as a non-specific control in the RNA binding 

experiments. 
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37 °C. The reaction was stopped with 2 µl EDTA (pH8.0, 0.2 M) and 2.5 µl LiCl (4 M). 

The RNA was then precipitated in 0.75 ml 100 % Ethanol overnight at 4 °C. The RNA 

was pelleted by centrifugation for 15 min at 15000 x g at 4 °C and the supernatant was 

discarded. The pellet was washed once in 1 ml 70 % Ethanol and centrifuged for 15 min 

at 12000 x g at RT. The supernatant was then discarded and the RNA pellet was air-

dried in a 60 °C oven. The RNA was resuspended in 100 µl sterile water and 2 µl 

RNasin (4 units). RNA concentration was measured by UV-spectrophotometry at an 

absorbance of 260 nm and stored at -80 °C until required. 

3.31.2  RNA electromobility shift assay 

Labeled RNA was incubated with 200-fold molar excess of tRNA (Sigma-Aldrich, 

R4251-100UN) in RNA binding buffer for 3 min at 95 °C and then cooled on ice for 30 

min. Proteins were diluted to 5 µM in RNA binding buffer, pre-mixed and incubated on 

ice for 30 min. The appropriate concentration of protein was then added to the 

appropriate concentration of labeled RNA, and 2 units of RNasin in a 15 µl reaction. 

After 30 min incubation on ice, 2.5 µl of 6 x loading dye (Promega) was added to each 

reaction and they were subjected to Native-PAGE for 4-5 hrs at constant 60 V at 4 °C. 

RNA was then transferred to a positively charged nylon membrane (Roche) by 

electroblotting for 45 min at a 200 mA in cold Native running buffer. Membranes were 

then dried on paper towel before being UV-crosslinked (Stratagene, UV Stratalinker 

1800- Auto cross link). Membranes were washed for 5 min in 30 ml Tween washing 

buffer on a platform shaker under high agitation at RT. The wash buffer was then 

removed and the membranes were blocked for 30 min in 30 ml Blocking Buffer under 

gentle agitation at RT. The blocking buffer was then replaced with fresh 20 ml Blocking 

Buffer and 2 µl anti-DIG-AP antibody (Roche), and incubated for a further 30 min. 

Buffer was drained off and the membranes were washed for 90 min in 30 ml Tween 

washing buffer, under high agitation. The wash buffer was then removed and the 

membranes were incubated in 30 ml Equilibration buffer for 5 min before being dried 

on paper towel. 500 µl of CDP-star detection reagent (Roche- ready to use) was spread 

evenly over a membrane and incubated in the dark for 5 min. Membranes were then 

dried off and exposed to hyperfilm for approximately 5 min. 
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Chapter 4. Characterisation of the Caulobacter crescentus Flagellar 

Filament 

4.1  Introduction 

A plausible explanation for the use of multiple flagellins is that there exists a flagellin 

bias with respect to different environmental conditions. Bacteria inhabit many diverse 

ecosystems and the ability to adapt to their surroundings and survive in the most 

inhospitable environments is quite remarkable. The utilisation of multiple flagellin 

species may give a selective advantage to a bacterial cell in the avoidance of a predator 

or increased swimming ability in differing environments. An alternative possibility for 

the use of multiple flagellins is a requirement for structural integrity during filament 

assembly. In order to investigate the use of multiple flagellins we have focused on the 

flagellar system of Caulobacter crescentus. 

4.1.1  Caulobacter crescentus flagellins 

There are seven flagellin genes annotated in the C. crescentus CB15 genome (Figure 

15). One, CC2976 is a designated putative flagellin gene predicted to encode a flagellin 

of approximately 44 kDa (Figure 15) (Nierman et al., 2001). Protein sequence analysis 

matches CC2976 with bacterial N-terminal and C-terminal flagellin helical regions 

(Pfam Sanger; Finn et al., 2010). Sequence alignment with the other six annotated 

flagellins shows that it shares 93 amino acids in similarity with FljM, 87 with FljK, 103 

with FljL, and 95 with FljJ (CC2976 is 424 amino acids in length). A deletion of 

CC2976 has no obvious effect on motility (Faulds-Pain, unpublished). Therefore since 

it has never been isolated in filaments and is not located with other flagellar genes on 

the genome; CC2976 was not included in this investigation.  

The other six flagellin genes are found on the genome in two unlinked loci 

(Figure 15). The α-flagellin cluster includes fljJ (29 kDa), fljK (25 kDa) and fljL (27 

kDa) as well as other flagellar genes (Figure) (Nierman et al., 2001). The β-flagellin 

cluster comprises only of fljM (25 kDa), fljN (25 kDa) and fljO (25 kDa) (Figure 15) 

(Nierman et al., 2001). Minnich et al., 1988 were the first to investigate the role played 

by individual flagellins in the regulation and assembly of the flagellar filament in C. 

crescentus (Minnich et al., 1988). Previous studies had utilised large deletions of the 

genome incorporating flagellin genes along with other flagellar genes (Johnson and Ely, 
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Figure 15: Genetic organisation of the α- and β-flagellin gene loci in Caulobacter 

crescentus 

Flagellin genes are coloured red. Other known flagellar genes are coloured white, and 

hypothetical genes are grey. A. The three α-flagellins; fljL, fljK, and fljJ are found 

among a cluster of nine known flagellar genes. Upstream of fljL are two flagellar 

regulators: flbT and flaF. B. The three β-flagellins; fljM, fljN and fljO are located at an 

unlinked location on the genome. C. The hypothetical flagellin CC2976. 
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1979; Minnich et al., 1988). They demonstrated using a combination of insertion 

mutations and deletions, that the genes of the α-flagellin cluster were not essential 

(Minnich et al., 1988). However, it was concluded that FljL and FljJ were required to 

maintain a level of wild type motility. Importantly, they observed wild type levels of 25 

kDa flagellin even when fljK was inactivated thus confirming the presence of the β-

flagellins.  

The amino acid sequences derived from the individual flagellin genes exhibit 

variation (Figure 16) (Ely et al., 2000). FljJ is the most divergent of all the flagellins 

exhibiting approximately 50% sequence similarity to FljM. The β-flagellins possess 

94.5% sequence similarity and their divergence from FljK and FljL extends to 18% (Ely 

et al., 2000).  

4.1.2  Flagellin gene deletions  

Previous studies have shown that fljJ and fljL mutants exhibit altered motility 

phenotypes and a fljK mutant has no effect, however the extent of redundancy in the 

system has not been fully elucidated (Minnich et al., 1988; Schoenlein and Ely, 1988). 

Therefore this led us to investigate why C. crescentus maintains the use of multiple 

flagellins. We chose to address this question by making a complete collection of 

flagellin in-frame deletions.  

Prior to the start of this research project, southern hybridisation analysis of the 

then current mutant collection, of 13 strains, revealed that the ∆fljK strain (TPA599) 

was incorrect as a result of an upstream deletion of > 5 Kb. The motility phenotype of 

this ∆fljK strain was non-motile which correlated with a statement that the 25 kDa 

flagellin was essential for motility (Llewellyn et al., 2005). In contrast, previous work 

had shown that a ∆fljK mutant should retain motility (Minnich et al., 1988). A number 

of flagellin deletion combinations were yet to be constructed in order to investigate the 

aspect of flagellin redundancy more rigorously. Prior to this project, attempts by our 

laboratory to create single deletions of fljN and fljO were not successful. The β-flagellin 

cluster exhibits significant homology with respect to the coding and non-coding 

(intergenic) regions (Figure 16). It is plausible that fljN and fljO are duplications of fljM 

or another ancestral sequence, and therefore their retention on the genome there may be 

due to a selective pressure to oppose genetic recombination in the region. However, 

deletion of the whole region and fljM alone was successful.  

Consequently, at the beginning of this project the following 10 mutants were 

created: ∆fljK, ∆fljKM, ∆fljJM, ∆fljJMNO, ∆fljKMNO, ∆fljLMNO, ∆fljJKMNO, 
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Figure 16: Primary sequence alignment of the six Caulobacter crescentus flagellins 

The multiple alignment was assembled using ClustalW and the similarity shading was 

performed using BoxShade. The β-flagellins, FljM-O, possess 94.5 % sequence 

similarity. FljJ is the most divergent exhibiting 50 % similarity to FljM (Ely et al., 

2000). The region marked in red indicates the sequence used to generate flagellin 

specific peptide-derived antibodies.  

(http://www.clustal.org/) (http://www.ch.embnet.org/software/BOX_form.html) 
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∆fljJLMNO, ∆fljLKMNO and ∆fljJKLMNO. The strains were confirmed to be correct by 

DNA sequencing of a PCR fragment from the region of the deleted gene(s) and 

southern hybridisation (Data not shown). The effect of flagellin gene deletions was 

measured in motility agar assays and quantified more accurately using microscopy. This 

results section will consider the mutants created during this project only, however some 

figures present data relating to strains created and analysed previously. The data from 

these strains are there as a reference for analysis and interpretation in the summary. 

4.2  Motility Phenotypes of Flagellin Gene Deletions 

The in-frame deletion mutants were tested for their ability to swim in low percentage 

agar motility assays (Figure 17). The newly created ΔfljK mutant (TPA2234) was 

motile, which is consistent with previous experiments (Minnich et al., 1988). In fact the 

ΔfljK mutant along with all single flagellin deletions showed no remarkable difference 

in swarm size when compared to wild type, ≤ 18 % (Table 4). This is consistent with 

previous studies in demonstrating that no one flagellin is essential for motility.  

The double deletion mutant ∆fljJM produced a swarm size that was reduced by 

approximately 20 % when compared to wild type (Table 4). This reduction correlates to 

an additive effect of the two single deletions ∆fljJ and ∆fljM, which were reduced by 18 

±4 % and 7 ±7 % respectively (Table 4). However, the ∆fljKM mutant had a reduction 

in swarm size of 42 % when compared to wild type (Table 4). This intermediate 

motility phenotype suggests that both FljK and FljM play an important role in filament 

assembly.  

The ∆fljKMNO mutant was severely impaired for motility with a reduction in 

swarm size of 60 % (Table 4). This large reduction correlates with the removal of 4 

flagellin genes. Interestingly, two other quadruple deletion mutants (∆fljLMNO and 

∆fljJMNO) did not show a similar reduction in motility; 19 % and 23 % respectively 

(Table 1).  

Importantly however, both the ΔfljJLMNO and ΔfljJKMNO mutants retained the 

ability to swim even though only one flagellin gene was present. When fljL was the only 

remaining flagellin gene (ΔfljJKMNO) a severely reduced phenotype was observed. In 

fact, on motility agar the mutant appears to be non-motile with a reduction in swarm 

size of 67 % compared to wild type, which is similar to that of the non-motile mutant 

ΔfliF (Table 4). However, microscopic analysis revealed that the strain is indeed motile. 

When fljK is the only remaining flagellin gene (ΔfljJLMNO) a much more intermediate 
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Figure 17: Motility phenotypes of wild type Caulobacter crescentus and flagellin 

gene deletion mutants 

Motility agar assays were imaged after 5 days growth at 30 ºC. The genotype of the 

strain is indicated in white text. Strains boxed in blue were created during this project. 

A. Wild type and the single flagellin gene deletion mutants. B. The double flagellin 

gene mutants. C. The triple flagellin gene deletion mutants. D. The quadruple flagellin 

gene mutants. E. The quintuple flagellin gene mutants and the mutant with all six 

flagellins removed. 
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Genotype Remaining 
Flagellins 

Mot 
Phenotype 

Relative 
Swarm 
Size % 

Wild type 6 + 100 ±3 
ΔfliF 6 - 24 ±1 
ΔfljJ 5 + 82 ±4 
ΔfljK 5 + 85 ±2 
ΔfljL 5 + 85 ±4 
ΔfljM 5 + 93 ±7 
ΔfljJL 4 + 68 ±3 
ΔfljJK 4 + 77 ±1 
ΔfljKL 4 + 74 ±2 
ΔfljJM 4 + 80 ±1 
ΔfljLM 4 + 79 ±0 
ΔfljKM 4 +/- 58 ±4 
ΔfljJKL 3 +/- 59 ±3 
ΔfljJKM 3 -/+ 46 ±7 
ΔfljJLM 3 + 63 ±1 
ΔfljKLM 3 -/+ 38 ±2 
ΔfljMNO 3 + 88 ±7 
ΔfljJKLM 2 -/+ 32 ±2 
ΔfljJMNO 2 + 77 ±3 
ΔfljKMNO 2 -/+ 40 ±3 
ΔfljLMNO 2 + 81 ±4 
ΔfljJKMNO 1 -/+ 33 ±1 
ΔfljJLMNO 1 + 61 ±2 
ΔfljLKMNO 1 - 22 ±1 
ΔfljJKLMNO 0 - 25 ±1 

 

Table 4: Summary of motility phenotypes for the flagellin gene deletion mutant 

collection 

The associated motility phenotypes of flagellin gene deletion mutants: scored and 

measured as compared to wild type. Phenotype scoring as follows: + (motile), +/- 

(intermediate motility), -/+ (severely impaired motility) and - (non-motile). The relative 

swarm size (as compared to wild type) was calculated by measuring the swarm size 

using ImageJ software (n=3 independent measurements). 
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motility phenotype was observed, with a reduction in swarm size of only 36 %. This 

further suggests that FljK plays an important role in filament assembly.  

Remarkably out of the 10 strains made (and the whole mutant collection of 23 

strains), a non-motile phenotype was observed for only two mutants: ∆fljLKMNO and 

∆fljJKLMNO. Therefore we can define that for the C. crescentus flagellar system, the 

flagellins demonstrate extensive structural redundancy and that one flagellin is 

sufficient to support motility. Furthermore, it is apparent that fljJ alone is unable to 

support motility. When all six flagellins (∆fljJKLMNO) were removed from the 

genome, C. crescentus is non-motile. This data strengthens the view that the putative 

flagellin, CC2976, is not actually utilised in flagellar assembly under normal laboratory 

growth conditions.  

4.3  Analysis of Filament Composition 

The motility analysis of the mutant collection has revealed that the flagellins of C. 

crescentus exhibit a higher degree of structural redundancy than was previously 

understood. However, from this type of analysis we cannot be certain if all remaining 

flagellins are being utilised. Previous studies had observed ordered assembly of 

flagellins in a wild type filament; with FljJ and FljL located at the proximal region 

closest to the hook and the rest of the filament made from 25 kDa flagellin (Driks et al., 

1988; Weissborn et al., 1981). The hypothesis of these early investigations was that 

ordered assembly was a reflection of the temporal expression of the flagellin genes, but 

also that one particular flagellin species can only assemble next to another specific 

flagellin species. Therefore, it is plausible that in our mutants only a subset of flagellins 

are being used to make a filament.  

4.3.1  Flagellin specific peptide derived antibodies 

One method of identification of the individual species of flagellin in the mutant and 

wild type filament is by that of immunoblot analysis. However, this would be arduous 

as the only flagellin antibody available, α-Fla, recognises the six flagellins 

indiscriminately (Anderson and Gober, 2000). FljJ (29 kDa) and FljL (27 kDa) can be 

resolved using Glycine SDS-PAGE gel electrophoresis, however, the four 25 kDa 

flagellins cannot (Llewellyn et al., 2005). Therefore, in order to identify individual 

flagellins within the assembled filament we decided to design and generate peptide 

derived antibodies that would be flagellin specific. We would then use these specific 
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Figure 18: Immunoblot analysis of the α-FljJ peptide derived antibody 

A. Analysis of the α-FljJ antibody with (1) wild type whole cell lysates (2-5) Increasing 

concentrations of His-FljJ protein. B.  In comparison, analysis of the α-Fla antibody. 

The arrows point to flagellin protein.  
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Figure 18C: Immunoblot analysis of the α-FljK peptide derived antibody 

Analysis of the α-FljK antibody with (1) wild type whole cell lysates: 1 µg (2) wild 

type whole cell lysates: 2 µg (3) ΔfljJKL whole cell lysates: 1 µg (4) ΔfljJKL whole cell 

lysates: 2 µg (5) ΔfljMNO whole cell lysates: 1 µg (6) ΔfljMNO whole cell lysates: 2 µg 

(7) ΔfljJKLMNO whole cell lysates: 1 µg (8) ΔfljJKLMNO whole cell lysates: 2 µg. The 

arrow points to flagellin protein. 
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antibodies to test isolated filaments populations for their composition by immunoblot. 

We highlighted a region within the aligned primary sequences of all six flagellins that 

gave acceptable dissimilarity to enable specific recognition (Figure 16). Two 16 amino 

acid long peptides were synthesised in vitro and used to create specific antibodies to 

FljJ and FljK (Cambridge Research Biochemicals). FljJ and FljK were initially the only 

flagellins selected in order to establish whether or not this methodology could be a 

success. In addition, FljJ was included as it is the most divergent flagellin at the 

sequence level, thus in theory it should be easier to generate a specific antibody to. The 

FljJ antibody (α-FljJ) was found to react with purified His-FljJ protein (Figure 18A). It 

did not react with wild type whole cell lysates or isolated flagellar filaments. It is likely 

that the latter is a consequence of low levels of the intracellular FljJ and additional low 

levels of FljJ in the filament (Driks et al., 1989; Jones et al., 2001). Surprisingly, the 

FljK antibody (α-FljK) cross-reacted with both wild type and ∆fljJKL isolated filaments 

(Figure 18C). This suggests that α-FljK is in fact recognising one or more of the β-

flagellins and not FljK exclusively. One explanation for this unexpected outcome is the 

possibility of post-translational modification of the flagellins in the region the peptide 

was designed, which would have consequences for in vivo recognition by the antibody 

(See section summary).  

4.3.2  MALDI-TOF analysis 

As the results from the peptide-derived antibodies were ambiguous we decided to 

analyse filament composition of the mutant collection using MALDI-TOF. Filament 

isolation confirmed that the only mutants not to produce a filament were the non-motile 

strains:  ∆fljLKMNO and ∆fljJKLMNO. As the mutants, ∆fljJLMNO and ∆fljJKMNO, 

were motile, our initial investigation was to confirm that these two mutants were 

producing a filament comprising of just FljK or FljL, respectively. MALDI-TOF 

analysis can confirm the presence of a specific flagellin by identifying a series of 

signature tryptic peptides (Figure 19A); Trypsin cleaves at the C-terminal end of 

Arginine and Lysine residues (Olsen et al., 2004). For example, FljK, FljL and FljM/N 

can be differentiated by the N-terminal peptides: 3257 m/z (FljK), 3240 m/z (FljL) and 

3296 m/z (FljM/N) (Figure 19A). Analysis of the mass spectrum confirmed that the 

strains ∆fljJLMNO and ∆fljJKMNO produced filaments comprised of only FljK and 

FljL respectively (Figure 19B).  

The analysis of the outstanding motile mutants showed that all remaining 

flagellins were utilised in a population of filaments (See Appendix C). FljM and FljN 
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Figure 19: A summary of the MALDI-TOF analysis of wild type and mutant 

filaments after tryptic digestion (Faulds-Pain et al., 2011) 

A. A scaled schematic illustrating the signature peptides detected during MALDI-TOF 

analysis. The numbers stated are the approximate m/z values of these tryptic peptides. 

The 2538 peptide is predicted to possess an N-terminal pyroGlu conversion and 

therefore was not detected. B. A comparison of the MALDI-TOF analysis of central 

tryptic peptides from FljM/N (1424), FljL (1449), FljK (1452) from wild type (blue), 

ΔfljJLMNO (green) and ΔfljJKMNO (red). C. A comparison of the MALDI-TOF 

analysis of N-terminal tryptic peptides from FljM/N (3296), FljL (3240), FljK (3257) 

from wild type (blue), ΔfljJLMNO (green) and ΔfljJKMNO (red). 
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exhibit the highest level of similarity (95%) and differ only by 2 detected peptides; 1878 

m/z (FljM) versus 1934 m/z (FljN), and the C-terminal FljN/O 2390 m/z peptide that is 

absent from FljM (Ely et al., 2000; Faulds-Pain et al., 2011). A comparison of the 3296 

m/z FljM/N N-terminal peptide throughout the data set for all mutants identified a 

consistent drop in the intensity of this peptide in all ∆fljM mutants, suggesting that FljM 

is the major contributor to this peptide peak (Faulds-Pain et al., 2011). Furthermore, 

integration and subsequent quantification of the peptide peaks from LC/MS/MS 

analysis revealed that both FljM and FljK are the most abundant flagellins and that FljM 

always outscored FljK (C. Birchall MRes, unpublished; Faulds-Pain et al., 2011).  

FljJ and FljO were detected with the least efficiency by MALDI-TOF 

(Appendix C). This is consistent with previous data on fljJ and fljO expression levels 

and suggests that they are present in the filament in small amounts (Jones et al., 2001; 

Laub et al., 2000).  The only time FljJ was detected by MALDI-TOF was in the ∆fljKL 

mutant combinations i.e. when the other α-flagellins are absent (Faulds-Pain et al., 

2011). However, utilising the more sensitive and quantitative analysis of nanospray 

LC/MS/MS, we were able to observe FljJ and FljO at a higher frequency (C. Birchall 

MRes, unpublished). Importantly, the analysis showed that for every mutant, all 

remaining flagellins could be identified in isolated filament populations. It therefore 

appears that potential effects of specific flagellin deletions on filament assembly is null, 

and thus, there is no preference for a subset of flagellins to be utilised during filament 

assembly.  

4.4  Analysis of Swimming Speeds 

The MALDI-TOF analysis demonstrated that all remaining flagellins are utilised to 

assemble the filaments of the mutant strains. Therefore, each mutant filament has a 

different composition; which potentially may result in alterations in the physical 

structure of the filament. One consequence of physical alterations could be a change in 

swimming speed. To determine whether a variation in swimming speed correlated with 

the observed motility phenotypes and loss of flagellin genes, the swimming speed of 

individual cells was measured (Table 5 and Figure 20). P values were calculated using 

ANOVA for the swimming speed of WT versus each mutant. 

Consistent with the observed motility phenotypes there was no significant 

difference in the swimming speed of the ∆fljK mutant when compared to wild type; 

both with speeds of approximately 55 µm/sec (Table 5). The swimming speed of the 
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Average Filament Parameters (µm) Swimming Speed 

Mutant 

R
em

aining 

Flagellins 

M
ot Phenotype 

Filament 

Length 

Pitch 

Length 

Pitch 

Height 
µm/sec 

P- 

Value* 

Wild type 6 + 4.15 ± 2.17 0.99 ± 0.16 0.18 ±0.05 54.78 ± 5.23  

∆fliF 6 -    0  

∆fljJ 5 + 4.17 ± 2.22 1.03 ± 0.16 0.26 ± 0.08 53.11 ± 7.54 0.281 

∆fljK 5 + 4.60 ± 1.67  0.88 ± 0.06 0.15 ± 0.04 54.66 ± 7.16 0.809 

∆fljL 5 + 4.63 ± 1.75 1.00 ± 0.16 0.20 ± 0.07 51.52 ± 5.96 0.006 

∆fljM 5 + 3.90 ± 2.04 1.08 ± 0.37 0.28 ± 0.12 57.30 ± 4.43 0.003 

∆fljJL 4 + 3.12 ± 1.77 0.91 ± 0.17 0.26 ± 0.11 50.27 ± 4.9 < 0.001 

∆fljJK 4 + 4.18 ± 1.93 1.03 ± 0.16 0.25 ± 0.11 51.31 ± 5.88 0.007 

∆fljKL 4 + 1.55 ± 2.08 1.02 ± 0.17 0.36 ± 0.12 47.95 ± 5.11 < 0.001 

∆fljJM 4 + 3.11 ± 1.48 0.96 ± 0.30 0.21 ± 0.07 52.52 ± 6.36 0.083 

∆fljLM 4 + 1.38 ± 1.44 1.02 ± 0.13 0.24 ± 0.08 51.25 ± 6.62 0.017 

∆fljKM 4 +/- 3.38 ± 0.32 0.77 ± 0.05 0.17 ± 0.04 41.86 ± 12.82 < 0.001 

∆fljJKL 3 +/- 4.13 ± 1.43 0.92 ± 0.16 0.26 ± 0.06 46.16 ± 10.65 < 0.001 

∆fljJKM 3 -/+ 2.05 ± 1.17 0.94 ± 0.20 0.18 ± 0.06 27.96 ± 11.61 < 0.001 

∆fljJLM 3 + 1.32 ± 1.52 1.14 ± 0.13 0.24 ± 0.07 52.13 ± 9.38 0.104 

∆fljKLM 3 -/+ 1.72 ± 1.19 0.99 ± 0.11 0.30 ± 0.10 12.40 ± 2.64  

∆fljMNO 3 + 4.11 ± 2.38 1.11 ± 0.22 0.25 ± 0.06 53.74 ± 4.76 0.522 

∆fljJKLM 2 -/+ 0.27 ± 0.32 0.07 ± 0.05 0.25 ± 0.09 18.78 ± 8.02  

∆fljJMNO 2 + 3.54 ± 0.57 1.12 ± 0.23 0.29 ± 0.07 53.36 ± 5.18 0.328 

∆fljKMNO 2 -/+ 3.02 ± 0.40 0.92 ± 0.03 0.17 ± 0.02 20.21 ± 5.84 < 0.001 

∆fljLMNO 2 + 3.87 ± 0.61 1.22 ± 0.08 0.28 ± 0.05 54.61 ± 8.65 0.853 

∆fljJKMNO 1 -/+ 1.81 ± 0.44 0.80 ± 0.11 0.15 ± 0.02 19.58 ± 6.47 < 0.001 

∆fljJLMNO 1 + 2.99 ± 0.50 1.22 ± 0.07 0.29 ± 0.04 49.35 ± 6.57 < 0.001 

∆fljLKMNO 1 -    0  

∆fljJKLMNO 0 -    0  

 

Table 5: Summary of filament parameters and swimming speeds of flagellin gene 

mutant combinations and the associated Mot Phenotypes 

* Calculated using ANOVA for the swimming speed of WT versus each mutant.  

Where necessary the calculated P-value is shown.  
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∆fljKM mutant was reduced to 41.86  µm/sec, which appears a moderate reduction but 

was in fact significantly lower than wild type (Table 5) (P < 0.001, calculated by 

ANOVA).  

In contrast, the double deletion mutant, ∆fljJM, had a swimming speed of 52.52 

µm/sec. The quadruple mutants, ∆fljLMNO and ∆fljJMNO, were comparable to wild 

type: 54.61 µm/sec and 53.36 µm/sec respectively. However, the ∆fljKMNO mutant was 

significantly reduced to 20.21 µm/sec (P < 0.001). This slow swimming speed 

correlates with the severely impaired motility phenotype observed for this mutant. The 

quintuple mutant, ∆fljJLMNO, swam at 49.35 µm/sec, which was comparable to wild 

type but statistically a significant change (Table 5) (P < 0.001). This data is further 

evidence that FljK plays a major role in filament assembly and functionality, as the 

filament produced is sufficient to generate a good swimming speed. The ∆fljJKMNO 

mutant exhibited a reduced speed, 19.58 µm/sec, which was comparable to that of the 

∆fljKMNO mutant. However, in retaining the ability to swim this suggests that FljL 

does play an important role in filament assembly and function.  

4.5  Analysis of the Physical Parameters of Filaments 

It is plausible that changes in filament composition could affect both filament length 

and pitch. The pitch is a measurement of the helical packing of the flagellins into the 

filament (Samatey et al., 2001). Changes in pitch can effect the rotation of the filament 

and torque generation, resulting in changes in swimming speed (Magariyama et al., 

1995). We therefore considered whether the reduced swarm size of the flagellin mutants 

and reduced swimming speeds correlated to any alterations in the physical properties of 

the filaments. The physical parameters of isolated filaments were measured from 

Transmission Electron Micrographs using ImageJ, and the average filament, pitch 

lengths and pitch heights were calculated (Table 5 and Figure 20) (Abramoff et al., 

2004). P values were calculated using calculated by a pairwise t-Test for parameter 

measurement of WT versus each mutant. See methods for details of how the 

measurements were taken and Appendix D for example images. 

4.5.1  Filament length  

The filament lengths for the ΔfljK, ΔfljKM and ΔfljJM mutants, did not significantly 

change compared to wild type; 4.60 µm, 3.38 µm and 3.11 µm, compared to 4.15 µm (P 

> 0.001) (Table 5). This data is consistent with the motility phenotypes and swimming 
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Figure 20: A comparison of the swimming speeds and the physical parameters of 

flagellar filaments of wild type and motile flagellin deletion mutants (Faulds-Pain 

et al., 2011) 

The average values for each strain are shown and error bars represent standard 

deviations. Those mutants that were significantly different when compared to wild type 

are marked with an asterisk (P < 0.001, calculated by pairwise t-Test). The strains 

created for this project are highlighted in blue. The key at the bottom represents the 

presence or absence of a flagellin gene. A black box indicates a gene, while a blank 

space indicates a gene deletion.  
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speed data, however, it is in contrast to the observed impaired motility phenotype for 

ΔfljKM strain. This suggests that in this mutant there could be other factors determining 

the ability to swim. 

The quadruple mutants ΔfljLMNO, ΔfljJMNO and ΔfljKMNO, also did not 

significantly change, although the ΔfljKMNO mutant (3.02 µm) appeared to be 

considerably reduced in length (Table 5). The ΔfljJKMNO mutant had a filament length 

of 1.81 µm, which was drastically and significantly shorter than wild type (P < 0.001). 

This data correlates with the severely impaired motility phenotype and the slow 

swimming speed when FljL is the only remaining flagellin. The ΔfljJLMNO mutant was 

moderately reduced in filament length, however the reduction was not statistically 

significant. This further confirms that FljK is a major functional component of the 

filament.  

A number of features could be observed when plotting filament parameter 

measurements as scatter plots (Figure 21). The whole data set exhibited a good 

correlation between the number of flagellins present on the genome and the distribution 

around the average filament length (Figure 21). For example, filaments of the two 

mutants with only one remaining flagellin (ΔfljJLMNO and ΔfljJKMNO) showed a lot 

less variation than the filaments of the single flagellin deletion mutants. In fact, the 

distributions only became tight when four or more flagellins were deleted. The 

ΔfljMNO mutant exhibited much more variation than the ΔfljJKL mutant. This 

potentially is a result of the clear differences between the α- and β-flagellins i.e. in 

regulation of the expression of, and protein stability (Faulds-Pain et al., 2011). The 

ΔfljKL mutant was an obvious anomaly within the data set. The majority of ΔfljKL 

filaments clustered at below 2 µm while there were a few outlying filaments at 

approximately 5 µm. The ΔfljKL mutant has a recorded swimming speed of 47 µm/s. It 

is plausible that these filaments are fragile and vulnerable to breaking during the 

isolation procedure. Furthermore, it could be possible that the mutants with few 

flagellins have stronger filaments, due to the better packing of flagellins into the 

filament, and thus have tighter distributions. The ΔfljK mutant exhibited a similar 

distribution to that of the other single flagellin deletion mutants that were created prior 

to this project. This is important as it demonstrates consistency in the analysis of the 

whole data set.  
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Figure 21: Distribution of filament length, pitch length and pitch height for wild 

type and motile flagellin deletion mutants (Faulds-Pain et al., 2011) 

Each grey dot represents a single measurement. The data points have been scattered on 

the x-axis for presentation purposes. The red and blue squares indicate the average 

value for each data set. The strains created for this project are highlighted blue. The key 

at the bottom represents the presence or absence of a flagellin gene. A black box 

indicates a gene, while a blank space indicates a gene deletion. 
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4.5.2  Pitch length 

The average pitch length of a wild type filament was 0.99 µm, which was consistent 

with previous measurements (Koyasu and Shirakihara, 1984). The pitch lengths of both 

the ΔfljK and the ΔfljJM mutant were comparable to wild type. The pitch lengths of the 

ΔfljKM and the ΔfljJKMNO mutants were significantly shorter than wild type, 0.77 µm 

and 0.80 µm respectively (P < 0.001). While the ΔfljLMNO and the ΔfljJLMNO mutants 

both had pitch lengths of 1.22 µm, which were significantly longer than wild type (P < 

0.001). In contrast to filament length, the distributions of pitch length for the whole 

flagellin gene mutant data set were much tighter (Figure 21). However, the data set was 

defined as significant (P=0.006 as calculated by ANOVA). 

4.5.3  Pitch height 

The average pitch height of a wild type filament was 0.18 µm, compared to the ΔfljK 

mutant, which was significantly reduced at 0.15 µm (Table 5) (P < 0.001). In contrast 

the pitch heights of the ΔfljJMNO, ΔfljLMNO and ΔfljJLMNO mutants were all 

significantly larger compared to wild type; 0.29 µm, 0.28 µm and 0.29 µm respectively. 

The ΔfljJM, ΔfljKM, ΔfljKMNO and ΔfljJKMNO mutants, were all comparable to wild 

type. Overall the pitch height fluctuated more and the whole data set was significant 

(Figure 21) (P < 0.001 as calculated by ANOVA). 

4.6  Analysis of Flagellin Levels in Flagellin Deletion Mutants 

Flagellar assembly in C. crescentus is integrated into the cell cycle with one polar 

flagellum being produced per cell division by the SW cell. The flagellum is then shed 

upon the differentiation from SW to ST cell. It is plausible then that this defined time 

limit on flagellar utilisation and thus filament assembly may be sensitive to the 

availability and stability of the flagellins. Mutants with shorter filaments may have 

reduced protein levels or the flagellins remaining may exhibit an altered stability 

profile. We therefore determined the concentration of flagellins by immunoblot assay in 

the mutant collection.  

Wild type and the ΔfliF mutant were used as controls and the α-Fla antibody 

was utilised to determine the concentration of the total flagellin pool (Figure 22) (Jenal 

and Shapiro, 1996). A ΔfliF mutant should not produce flagellin protein, as the absence 

of the MS ring should result in no flagellar basal-body formation (Ueno et al., 1992). 
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Interestingly, however, the ΔfliF mutant did produce a small amount of flagellin. The 

transcription of both fliF and the β-flagellins is controlled by CtrA / σ73 (Laub et al., 

2000). In contrast, expression of the 〈-flagellins, occurs as a result of the flagellar-

dependent activation of σ54. Therefore, the presence of detectable levels of flagellin in 

the ∆fliF mutant can be attributed to the β-flagellins. The immunoblot analysis showed 

that in most mutants there were approximately wild type levels of flagellins (Figure 22). 

However, the ∆fljKMNO and the ∆fljJKMNO showed a significant decrease in flagellin 

level when compared to wild type (P < 0.01, calculated by pairwise t-Test). For the 

∆fljJKMNO this data is consistent with a significantly shorter filament and slower 

swimming speed (Figure 20). No detectable levels of flagellin could be observed for the 

two non-motile flagellin gene deletion mutants; ∆fljLKMNO and ∆fljJKLMNO. 

4.7  Flagellar-Independent Expression of Flagellin 

When undertaking a mutagenesis study such as this, one should always be considerate 

of downstream polar effects of any gene deletions. Complementation analysis of the 

minus genotype is classically carried out by re-introducing the deleted gene in trans 

from an exogenous plasmid. The removal of the gene’s native promoter and placing it 

under the control of one that is chemically-inducible would allow us to determine the 

effect of flagellar-independent expression of flagellin genes. Therefore, we decided to 

try and restore motility in the two non-motile mutants: ∆fljLKMNO and ∆fljJKLMNO as 

any resultant positive phenotype should be easily indentified using microscopy and 

motility agar assays. This would also allow us to completely answer the question of 

redundancy by confirming if each individual flagellin can support motility alone. 

fljJ, fljK, fljL, fljM, fljN and fljO were individually cloned into two xylose-

inducible overexpression vectors, one high copy (pBX) and one low copy (pRX) 

number (Thanbichler et al., 2007). Constructs were then transformed into the two 

mutants (ΔfljLKMNO, ΔfljJKLMNO) and assayed for motility, swimming speed and 

flagellin expression by immunoblot.  

4.7.1  Complementation of the ΔfljJKLMNO mutant 

Motility in the ΔfljJKLMNO mutant could be restored when the flagellins FljK, FljL, 

FljM, FljN and FljO were overexpressed (Figure 23). However, when the mutant was 

complemented with FljJ the cells remained non-motile which is consistent with the 



	   105 

 
 

Figure 22: Quantification of flagellin protein levels in the flagellin deletion gene 

mutants and wild type (Faulds-Pain et al., 2011) 

Relative flagellin levels (%) from three independent repeats of whole-cell lysate 

immunoblots are shown. The error bars indicate the standard deviation. A fliF mutant 

produced very low levels of what we believe to be the β-flagellins. The strains created 

for this project are highlighted blue. 
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ΔfljLKMNO strain. The ΔfljJLMNO mutant had a recorded swimming speed of 49 ±6.6 

µm/sec while the ΔfljJKLMNO pRX-fljK strain swam slower at 36.9 ±7.7 µm/sec, even 

though there appeared to be more FljK protein expressed in the cell (Figure 23). The 

ΔfljJKMNO mutant had a swimming speed 19.6 ±6.5 µm/sec while the ΔfljJKLMNO 

pBX-fljL strain was swimming at 33.8 ±5.9 µm/sec, which is considerably faster and is 

thus reflected in an increased level of FljL production, however it is still not wild type 

swimming speed (Figure 23). Previously we had been unsuccessful in creating a 

ΔfljJKLNO mutant, which could possibly be due to the high intergenic homology in the 

β-cluster flagellin loci (Nierman et al., 2001). By overexpressing FljM, FljN and FljO in 

the ΔfljJKLMNO mutant we were able to show that individually each of the β-flagellins 

can support motility (Figure 23).  

4.7.2  Complementation of the ΔfljLKMNO mutant 

We have demonstrated that fljJ complementation does not result in the restoration of 

motility in a mutant absent of all α- and β-flagellins. Equally when fljJ is the only 

remaining flagellin on the genome, motility cannot be sustained. We asked the question: 

can we restore motility in the non-motile ΔfljKLMNO by overexpression of individual 

flagellins? 

Motility in the ΔfljLKMNO mutant was restored by overexpression of the 

flagellins FljK, FljL, FljM, FljN, and FljO (Figure 24). However, consistent with 

previous observations, the overexpression of FljJ did not result in motile cells. 

4.8  Summary 

We now have a comprehensive flagellin deletion mutant collection comprising of 23 

strains. The mutants exhibit a number of motility phenotypes on low percentage 

motility agar (Figure 17). These phenotypes range from wild type motility, intermediate 

motility, severely impaired motility and non-motile. Both the ΔfljJLMNO and 

ΔfljJKMNO mutants were motile while the ΔfljLKMNO and ΔfljJKLMNO mutants were 

non-motile. In fact, the level of observed structural redundancy is that, FljK, FljJ, FljM, 

FljN or FljO alone can support motility.  

The flagellin FljJ is unable to form a filament by itself although mass 

spectrometry analysis showed that it is utilised as a structural subunit in wild type and 

in other mutants. Flagellar independent overexpression of FljK, FljL, FljM, FljN and 
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Figure 23: Flagellar independent overexpression of flagellins in the non-motile 

ΔfljJKLMNO mutant (Faulds-Pain et al., 2011) 

The motility agar assays were inoculated on a single plate and imaged after 5 days 

growth at 30 ºC. The agar contained kanamycin and xylose to induce plasmid 

expression of flagellin. A. Motility swarms of ΔfljJKLMNO pBX- fljJ, fljK, fljL, fljM, 

fljN, fljO, ΔfljJKLMNO pBX vector control, and wild type. B. Motility swarms of 

ΔfljJKLMNO pRX- fljK, fljM; ΔfljJKLMNO pRX vector control; and wild type. C. 

Immunoblot analysis of flagellin levels in those strains used in the motility assays (α-

Fla antibody). The motility phenotype of each strain is marked below. The swimming 

speeds of selected mutants are shown. The mutants, ΔfljJLMNO and ΔfljJKMNO, are 

included for comparison. The arrows point to flagellin protein. 
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Figure 24: Flagellar independent overexpression of flagellins in the non-motile 

ΔfljKLMNO mutant 

The motility agar assay was innoculated on a single plate and imaged after 5 days 

growth at 30 ºC. The agar contained kanamycin and xylose to induce plasmid 

expression of flagellin. A. Motility swarms of ΔfljKLMNO pBX- fljJ, fljK, fljL, fljM, 

fljN, fljO; ΔfljJKLMNO pBX vector control; and wild type. B. Immunoblot analysis of 

flagellin levels in those strains used in the motility assay (α-Fla antibody). The motility 

phenotype of each strain is marked below.  
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FljO could restore motility in both non-motile strains however FljJ overexpression 

could not (Figure 23 and 24). This suggests that FljJ is different from the other 

flagellins. It is plausible that the non-motile phenotype observed for both the 

ΔfljLKMNO and the ΔfljJKLMNO pBX-fljJ strains is as a result of low levels of 

flagellin expression. No quantifiable amounts of protein were detectable the 

ΔfljLKMNO mutant. However, overexpression of FljJ resulted in observable levels of 

protein that were comparable to the motile ΔfljJKMNO mutant. It could be that FljJ is 

less stable than the other flagellins. Faulds-Pain et al., demonstrated that as a group the 

α-flagellins are more stable than the β-flagellins, however, they did not investigate the 

stabilities of the flagellin proteins individually (Faulds-Pain et al., 2011). It would be 

interesting to examine this and furthermore whether or not the stability of FljJ is altered 

when in the presence of another flagellin. This could be easily achieved by pulse-chase 

analysis utilising Glycine SDS-PAGE in order to separate FljJ (29 kDa) from the other 

flagellin proteins (27 kDa, 25 kDa). 

Interestingly, during flagellar-independent overexpression of flagellin, wild type 

swimming speeds could not be achieved, even though wild type levels of flagellin 

protein production were observed. This could suggest that there is a requirement by the 

bacterium to have more than one flagellin gene present in order to achieve wild type 

motility. It is plausible that this would function to achieve optimal motility in the short 

window available to C. crescentus. Equally, having flagellar-dependent expression of 

flagellin genes could be just as important.  

MALDI-TOF analysis of mutant filaments demonstrated that all remaining 

flagellins are utilised in filament assembly (Faulds-Pain et al., 2011). These data 

demonstrate that the flagellins can assemble together in any order. This stochastic 

incorporation is in contrast to the observed ordered assembly in wild type (Driks et al., 

1988; Weissborn et al., 1982). Could it be that, when order is present we are observing 

regulation of the system prior to or during secretion? If correct this could also explain 

flagellin species bias in the filament; we know that of the six flagellins it is FljK and 

FljM that are utilised at the highest levels (Faulds-Pain et al., 2011). Two likely 

candidates to play a role in such a regulatory mechanism are FlbT and FlaF, which are 

involved in the post-transcriptional regulation of fljK (Anderson and Gober, 2000; 

Llewellyn et al., 2005). A plausible explanation for the use of multiple flagellins is that 

there exists a flagellin bias with respect to different environmental conditions. Previous 

experiments carried out on various motile species of bacteria, demonstrated that 

filament pitch length and pitch height are critical determinants that influence the ability 
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of a bacterial cell to swim in viscous environments (Schneider and Doetsch, 1974). It 

was argued that on encountering higher viscosity’s pitch length and height were 

modified to maintain swimming efficiency. Our analysis has shown that overall the 

pitch lengths and the pitch heights did not change dramatically, however, statistically 

some were significant. Importantly, there was no consistent change in both pitch height 

and pitch length. Therefore, it suggests that in C. crescentus no specific flagellin 

combination would present a selective advantage if the filament composition could be 

altered in response to environmental signals. Furthermore, no flagellin deletion mutant 

exhibited greater swimming speeds than that of wild type. It would, however, be 

interesting to observe the direct effect of viscosity on the motility of our flagellin 

mutants. In addition, it would also be interesting to examine the ability of the flagellar 

specific bacteriophage, φCbK, to infect the cells of each of our flagellin mutants 

(Guerrero-Ferreira et al., 2011). 

 A general trend throughout the whole mutant collection (23 strains) was the 

increase in number of flagellin deletions resulted in a greater reduction of swimming 

speed (Figure 20). A strong correlation was observed between the reduction in 

swimming speed, shorter filaments and reduced flagellin protein levels for all ΔfljKMX 

(where X stands for any other α- or β-flagellin). This indicates that FljK and FljM are 

major functional components of the filament. This is consistent with mass spectrometry 

data showing that FljM and FljK are the most abundant flagellins in a population of 

isolated filaments (Data not shown, C. Birchall MRes: unpublished). Interestingly, low 

levels of β-flagellin protein were observed in a ΔfliF mutant (Figure 22). The flagellar-

independent production of β-flagellin suggests a possible role in the maintenance of the 

filament during the SW cell stage of the life cycle. 

It would be interesting to look at individual filament composition rather than 

populations. We hoped that by designing peptide derived antibodies we would be able 

to achieve this, however it appears that their design and subsequent use is complicated. 

It is predicted that the flagellins of C. crescentus are glycosylated prior to secretion and 

their subsequent assembly into the filament (Faulds-Pain et al., 2011; Johnson et al., 

1983, Leclerc et al., 1998). Bacteria favour O-linked modification during the addition of 

glycan molecules to either serine or threonine residues (Logan, 2006). The chemical 

synthesis of a peptide would not contain the correct post-translational modifications and 

thus the peptide-derived antibody would not recognise such additions. It is plausible 

that glycosylation in the flagellin region chosen for these experiments is affecting 

antibody recognition. The post-translational modification of flagellins has been shown 
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to be important for protein stability (Faulds-Pain et al., 2011). Therefore, it is likely that 

the observable differences in protein levels during immunoblot analysis of flagellin 

overexpression are a result of stability. It is possible that the flagellins of C. crescentus 

are differentially glycosylated, although this would require further experimental 

investigation. 
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Chapter 5. Subunit Feedback into the Regulation of Filament 

Assembly 

5.1  Introduction 

We have demonstrated that there is extensive structural redundancy present in the 

flagellins of Caulobacter crescentus. A working flagellum can be constructed from just 

one species of flagellin. However, when the only remaining flagellin is FljJ, motility 

cannot be sustained. FljJ is the most divergent flagellin with respect to nucleotide and 

amino acid sequence (Figure 16) (Ely et al., 2000), this therefore could suggest an 

alternative role for FljJ from the rest of the flagellins. In all flagellar systems there is a 

level of system regulation that couples gene expression with assembly utilising defined 

assembly checkpoints. This control is constructed from regulatory feedback loops 

involving flagellar-associated T3S-chaperones that couple flagellar gene expression to 

assembly through interactions with secretion substrates (Aldridge and Hughes, 2002). 

This regulation is exemplified by the canonical Salmonella regulatory circuit of 

FlgM:σ28, whose combined action co-ordinates the transition from HBB completion to 

filament assembly. Another example is the Salmonella regulatory circuit of 

FliT:FliD:FlhD4C2 that has been recently implicated in the control of flagellar number 

(Aldridge et al., 2010). FliT is a T3S-chaperone that interacts with the filament cap 

protein FliD (Fraser et al., 1999). FliT also binds to the flagellar master transcriptional 

regulator FlhD4C2 and prevents it from activating early flagellar gene promoters 

(Yamamoto and Kutsukake, 2006). Prior to HBB completion FliD is bound to FliT 

however upon completion, FliD is secreted out of the cell, the action of which is 

facilitated by FliT in its role as a T3S-chaperone, thus freeing FliT to then bind to and 

negatively regulate the activity of FlhD4C2.  

Filament assembly in C. crescentus can take place only upon HBB completion. 

In the majority of flagellar systems this assembly checkpoint is sensed and overcome by 

the secretion of FlgM. Bioinformatic analysis of bacterial flagellar systems has revealed 

that FlgM and σ28 are absent from the genomes of the majority of α-proteobacterial 

species (Faulds-Pain et al., 2011). However, when both FlgM and σ28 are present in an 

α-proteobacteria genome there is evidence to suggest that horizontal gene transfer has 

occurred resulting in two separate flagellar systems. For example, Rhodobacter 

sphaeroides has a second flagellar system acquired from γ-proteobacteria that is 
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Figure 25: C-terminal primary sequence alignment of the six flagellins of 

Caulobacter crescentus 

The multiple alignment was assembled using ClustalW and the similarity shading was 

performed using BoxShade. 
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induced under anaerobic growth (Poggio et al., 2007). Outside of the α-proteobacteria 

all flagellar systems characterised to date have FlgM and σ28 (Brown et al., 2009; 

Faulds-Pain et al., 2011). Interestingly, bioinformatic analysis has also highlighted the 

absence of FliD (filament cap) from many α-proteobacteria including C. crescentus 

(Figure 8) (Faulds-Pain et al., 2011). This suggests that flagellin polymerisation in those 

bacteria must be coordinated by a yet unidentified protein or by a different mechanism.  

The absence of FlgM:σ28 from the C. crescentus genome raises an important 

question; how does C. crescentus couple the switch HBB completion to filament 

assembly? Two proteins have been implicated to function in this switch and they are 

both involved in the post-transcriptional regulation of flagellin. FlbT has been shown to 

be a negative regulator of fljK mRNA preventing translation. In contrast, FlaF acts as a 

positive regulator of flagellin translation (Anderson and Gober, 2000; Llewellyn et al., 

2005; Mangan et al., 1999; Schoenlein and Ely, 1989). It is so far unclear as to the exact 

mechanisms by which these two proteins co-ordinate their regulation with HBB 

completion. However, it is plausible that like in other flagellar systems, HBB 

completion is sensed and overcome by the secretion of a flagellar-associated secretion 

substrate. In the absence of a filament cap and as the flagellins themselves are being 

secreted we asked the logical question: are the flagellins involved in subunit feedback 

control of the regulation of filament assembly? 

5.2  Bacterial Two-Hybrid Analysis 

We chose to investigate this question by looking for interactions between the flagellins 

and other known regulators of the system. To test this we performed a bacterial two-

hybrid assay (BACTH Euromedex) using full length open reading frame constructs of 

fljJ, fljK, fljL, fljM, flaF, flbT, flbD and fliX. CC1462 (A hypothetical open reading 

frame located between fljK and fljL on the annotated genome) and flgL (Hook 

associated protein) were also included in the assay. fljM was the only β-flagellin gene 

included do to the high sequence similarity between itself and fljN and fljO. The 

protein-protein test interactions (transformations) were plated out individually on 

selective media and the phenotype scored after 48 hrs. 

In flagellar systems subunit-regulator interactions often occur at the C-terminus 

of the subunit (Ozin et al., 2003). An amino acid sequence alignment of the six 

flagellins suggests some variability at the C-terminus, particularly in FljJ (Figure 25). 

Therefore, we constructed N-terminal fusions of all candidate proteins in order to leave 
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Figure 26: Bacterial two hybrid analysis of Caulobacter crescentus flagellar genes 

A. A schematic presentation of the results from all possible interaction combinations 

tested (144 in total). pKT25 constructs are labeled along the top and pUT18C constructs 

are labeled up the side. A white box with a minus symbol represents a negative 

interaction. A blue box with a plus symbol represents a positive interaction. B. A 

summary of the interactions tested. FljJ interacted with both FlbT and FlaF. The internal 

positive control of FlbD:FliX is included. The BACTH controls are shown in the black 

box. 
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Figure 27: A summary of the β-galactosidase activities of a subset of Caulobacter 

crescentus flagellin interactions tested by bacterial two-hybrid analysis (BACTH) 

The data presented is an average measurement calculated from three independent 

repeats. Error bars represent the standard deviations. An asterisks above a data point 

indicates that the measurement was significant when compared to the negative control 

(P < 0.001, calculated by pairwise t-Test). White data set: Internal BACTH controls 

and the known interaction between the C. crescentus flagellar proteins FliX and FlbD. 

Blue data set: pUT18C-flaF tested against all other pKT25- constructs. Red data set: 

pUT18C-flbT tested against all other pKT25- constructs. Green data set: Self:Self. 
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the C-termini free. The plasmids pUT18C and pKT25 both allow in-frame fusions to the 

C-termini of the T18 and T25 fragments. The known interaction of FlbD and FliX was 

used as an internal positive control alongside the controls of the system (BACTH 

Euromedex; Muir et al., 2005). 144 interactions in total were tested including all 

possible combinations of plasmid constructs (Figure 26). Both system controls behaved 

as expected; pUT18C-zip:pKT25-zip produced a positive result due to the presence of 

the leucine zipper region of the yeast protein GCN4 (Figure 26). The empty vectors 

pUT18C:pKT25 produced a negative result. We identified a number of previously 

unknown interactions (Figure 26). FlbT was found to interact with itself suggesting it 

may function as a protein dimer. FlbD also interacted with itself, which confirms what 

is currently predicted in the literature (Benson et al., 1994). However, to our surprise we 

observed a positive interaction between the flagellin FljJ, and both FlbT and FlaF 

(Figure 26). All other interactions tested resulted in a negative white colony phenotype. 

5.2.1  β-galactosidase quantification 

The observed interactions were quantified by measuring β-galactosidase in 3 

independent liquid cultures using ONPG as a colorimetric substrate (Miller 1972). 

pUT18C-zip:pKT25-zip had an average measurement of 657 ±62 miller units where as 

pUT18C:pKT25 was 27 ±1 (Figure 27). The internal control of FliX:FlbD gave a 

measurement of 575 ±82 miller units which was comparable to the positive zip system 

control. FlbD:FlbD and FlbT:FlbT gave measurements of 666 ±24 and 513 ±77 

respectively. FlaF:FljJ and FlbT:FljJ gave measurements of 737 ±63 and 727 ±23 

respectively. Slightly higher activities than the positive zip system control suggests 

strong interactions. The positive interactions were significant when compared to the 

negative zip system control (P < 0.01, calculated by a pairwise t-Test). All other 

interactions were comparable to the negative system control. These data suggest that 

FljJ is playing both a structural and regulatory role in the feedback control of flagellin 

translation. As the other flagellins did not interact with FlbT or FlaF it would suggest 

that they are only structural components of the filament.  

5.3  Biochemical Characterisation of Protein-Protein Interactions 

It is possible for false positive results to occur when using a bacterial two-hybrid assay. 

These can occur for a variety of different reasons such as; mis-folded proteins or non-

specific spurious binding to DNA leading to alterations of transcriptional activation. 



	   118 

 
 

Figure 28: Small-scale overexpression of FljJ, FlbT and FlaF 

pET28b constructs of fljJ, flbT and flaF were overexpressed in BL21 (DE3). Samples 

were run on a 12 % tricine SDS-PAGE gel and visualised using Coomassie Blue stain. 

The white arrows indicate unique protein bands. (1) FljJ soluble fraction. (2) FljJ 

insoluble fraction. (3) FlaF soluble fraction. (4) FlaF insoluble fraction. (5) FlbT soluble 

fraction. (6) FlbT insoluble fraction. (7) BL21 (DE3) soluble fraction. (8) BL21 (DE3) 

insoluble fraction. 
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Figure 29: Large-scale (1L) purification of FljJ, FlbT and FlaF by nickel affinity 

chromatography 

Protein samples were collected using an AKTA purification system, run on a 12 % 

tricine SDS-PAGE gel and visualised using Coomassie Blue stain. The approximate 

MW of protein marker is indicated. The arrows point to the correct protein band 

identified by MALDI-TOF. A. FljJ. B. FlbT. C. FlaF. 
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Because of this, it was important to confirm the FljJ:FlaF/FlbT interactions 

biochemically by other methods. Full length N-terminal 6 x histidine-tagged constructs 

of FljJ, FlbT and FlaF were created utilising the vector pET28b by subcloning gene 

fragments from the corresponding pUT18C plasmids. Small-scale overexpression tests 

revealed that all three proteins were insoluble (Figure 28). Both FlbT and FlaF 

expressed to a high level when compared to the BL21 (DE3) background (Figure 28). In 

contrast, overexpression of FljJ resulted in a low level protein visible as a small band in 

the insoluble fraction (Figure 28). Additional attempts to gain solubility were 

unsuccessful (data not shown). Therefore, a denaturing purification protocol was 

attempted.  

Briefly, overexpression of all three proteins was carried out in 1 litre culture, 

then under denaturing conditions of 8 M urea samples were purified by nickel affinity 

chromatography (Figure 29). The denatured proteins were then refolded using an 

adaption of a published method (Hager and Burgess, 1980; Lowe et al., 1979). This 

refolding protocol was based on original work carried out by Richard Burgess and 

colleagues on the purification of insoluble sigma factors from E. coli. Protein samples 

were purified further and tested for interactions using gel filtration. Identification of the 

protein was confirmed by MALDI-TOF (See Appendix E). A high salt concentration 

(500 mM NaCl) was maintained in the mobile phase gel filtration buffer throughout all 

experiments, as the solubilised proteins were un-stable (degradation after approximately 

48 hrs). All experiments were carried out at room temperature. 

5.3.1  Gel filtration analysis 

FljJ is predicted to have a molecular weight of 29 kDa and it eluted as a single narrow 

peak (Figure). FlbT is predicted to have a molecular weight of approximately 16 kDa 

and it eluted as two consecutive peaks (Figure 30). This could be explained by the 

observation that in the bacterial two-hybrid experiment FlbT interacted with itself. 

Under the conditions used in this experiment it is possible that FlbT was present in both 

a dimeric and monomeric form. Theoretically a dimer of FlbT should have a molecular 

weight of approximately 32 kDa. The first FlbT peak, however, appeared to have a 

similar retention time to that of FljJ (Figure 30). It is possible that under the mobile 

phase conditions used, and resolution of the column, we are unable differentiate a 

difference of 2-3 kDa. FlaF is the smallest of the three proteins with a predicted 

molecular weight of 11 kDa and it eluted as a single peak with a longer retention time 

than that of FljJ indicative of its smaller size (Figure 31).  
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Figure 30: Gel filtration analysis of FljJ and FlbT 

Protein fractions were collected using an AKTA purification system, run on a 12 % 

tricine SDS-PAGE gel and visualised using Coomassie Blue stain. For comparison, gels 

are aligned vertically by fraction number. The arrows point to the correct protein band. 

The total protein concentration in each sample is 13 µM. A. FljJ. B. FlbT C. FljJ:FlbT 

mixed in a 1:1 molar ratio. D. Gel filtration trace aligned vertically by fraction number 

for comparison. The arrow indicates a unique protein peak. 
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Figure 31: Gel filtration analysis of FljJ and FlaF 

Protein fractions were collected using an AKTA purification system, run on a 12 % 

tricine SDS-PAGE gel and visualised using Coomassie Blue stain. For comparison, gels 

are aligned vertically by fraction number. The arrows point to the correct protein band. 

The total protein concentration in each sample is 23 µM. A. FljJ. B. FlaF C. FljJ:FlaF 

mixed in a 1:1 molar ratio. D. Gel filtration trace aligned vertically by fraction number 

for comparison. 
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5.3.1.1 Gel filtration analysis of protein-protein interactions 

To confirm the interactions observed in the bacterial two-hybrid screen, FljJ was mixed 

with both FlbT and FlaF in a molar ratio of 1:1 and subjected to gel filtration under 

native conditions. The experiments demonstrated that FljJ could co-elute with FlbT and 

FlaF. When FljJ and FlbT were mixed together, a new peak with a shorter retention time 

was observed (Figure 30). The peak contained both FljJ and FlbT. A longer tail 

following the peak suggests the presence of a smaller species or possibly protein 

degradation. It is difficult to say whether or not FljJ was interacting with a FlbT dimer. 

If this was true then we would have expected to observe an even shorter retention time 

due to a large complex.  

When FljJ and FlaF were mixed, the FlaF peak almost completely disappeared 

and the FljJ peak increased proportionally (Figure 31). Surprisingly, the retention time 

of the FljJ-FlaF complex did not change when compared to FljJ alone (Figure 31). An 

explanation for this observation could be that the binding of FlaF does not significantly 

change the overall shape of FljJ enough to be resolved on the gel filtration column used. 

However, confirmation of this would require the use of other analytical methods such 

as; Circular Dichroism, Dynamic Light Scattering and Analytical Ultra-centrifugation. 

Although the data strongly suggests that both FlbT and FlaF can interact with FljJ it is 

clear that a more quantitative experimental approach is needed in order to understand 

the stoichiometry and dynamics of the interactions.  

5.3.2  Native-PAGE analysis 

The analytical spectroscopic methods mentioned above require the analyte to be in strict 

buffer conditions. One such requirement is that of a low concentration of chloride ions 

(NaCl) as these show high absorbance in the far UV region, consequently reducing the 

size of the available spectra. Attempts to dialyse the protein samples into more suitable 

buffers were however unsuccessful. Therefore, in order to indirectly test that the 

proteins had refolded correctly and were functional, Native-PAGE was performed. This 

would confirm whether the proteins had intrinsic charge indicative of tertiary structure 

and also confirm whether they could interact and form a complex with each other. The 

theoretical pI’s of FljJ, FlbT and FlaF were calculated to be: 4.68, 7.01 and 4.86 

respectively (Table 6). Therefore, a Native-PAGE gel with a > pH 7 was used to allow 

all three proteins to migrate in the same direction during electrophoresis.  

All three proteins individually migrated at different positions within the gel 

(Figure 32). FlaF moved the furthest distance away from the wells, then next was FljJ 
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followed by FlbT, which moved the shortest distance. As FlbT is predicted to possess a 

smaller MW than FljJ, it would suggest that FlbT is forming a dimer, which is 

consistent with the gel filtration profile. When FljJ and FlbT were mixed in a 1:1 molar 

ratio, both the individual protein bands disappeared and a new one appeared that could 

not migrate into the gel (Figure 32). This indicated that a FljJ:FlbT complex had 

formed. However, from this data we are unable to confirm whether FljJ is interacting 

with a FlbT dimer or monomer. When FljJ and FlaF were mixed in a 1:1 molar ratio, a 

new protein band appeared and the bands corresponding to the individual proteins 

disappeared (Figure 32). The new band migrated differently to the individual proteins 

indicating an interaction had occurred. These data would suggest that FljJ interacts with 

FlaF in a stoichiometry of 1:1.  

5.3.3  His-FljJ pull down assay 

Further confirmation was sought by removing the N-terminal his-tag of FlbT and FlaF, 

thus ensuring that the tag was not influencing any interaction. FlbT and FlaF were 

subjected to Thrombin protease digestion and tested for their ability to bind to 

immobilized FljJ using Ni-NTA agarose. Following incubation with Thrombin, both 

FlbT* and FlaF* (* refers to non-tagged protein) were subjected to gel filtration to 

remove the protease. SDS-PAGE analysis of the collected fractions revealed that the 

digestion was successful (Figure 33).  

After incubation with Ni-NTA agarose, FljJ was bound by the N-terminal His-

tag and could not be removed by washing. However, upon incubation with 500 mM 

imidazole, FljJ was eluted from the agarose (Figure 34). In contrast, after incubation 

with the agarose, FlaF*, was still present in the supernatant and any bound protein was 

removed by washing alone (Figure 34). This confirmed the absence of a His-tag. FljJ 

and FlaF* were then mixed in a molar ratio of 1:1 and incubated with the Ni-NTA 

agarose. Surprisingly, FljJ was prevented from binding to the agarose suggesting that a 

FljJ:FlaF complex had formed but also that FlaF* had interfered with the ability of FljJ 

to bind the agarose (Figure 34). This is however, consistent with the bacterial two-

hybrid data and other biochemical data that FljJ can interact with FlaF. Unfortunately, 

FlbT* bound strongly to the agarose and could not be removed by washing, even 

though the incubation and washing steps were carried out in the presence of 10 mM 

imidazole (Figure 34) (in order to prevent non-specific interactions). This suggests that 
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Protein Theoretical 
pI 

FljJ 4.68 
FljK 8.75 
FljL 7.86 
FljM 9.07 
FljN 9.27 
FljO 9.10 
FlbT 7.01 
FlaF 4.86 

 

Table 6: Theoretical isoelectric point (pI) of Caulobacter crescentus flagellar 

proteins 

Amino acid sequences were taken from the NCBI database and analysed using the 

ProtParam software tool (http://expasy.org/tools/).  



	   126 

 
 

Figure 32: Native-PAGE analysis of FljJ, FlbT and FlaF 

Protein samples were first gel filtrated and then used for Native-PAGE analysis. A total 

protein concentration of 10 µM was present in each sample. The gels were visualised 

using Coomassie Blue stain. A. 7.5 % Native-PAGE gel. (1) FljJ. (2) FlbT. (3) FlaF. (4) 

FljJ:FlbT mixed in a 1:1 molar ratio. (5) FljJ:FlaF mixed in a 1:1 molar ratio. B. 12 % 

tricine SDS-PAGE gel analysis of the same protein samples for comparison. 
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FlbT* binds strongly in a non-specific way to the Ni-NTA agarose. A reasonable 

explanation could be that the agarose presents a structure that is RNA-like, similar to 

that of heparin. Therefore, the RNA-binding domain of FlbT could be interacting with 

the agarose matrix. However, due to the project time constraints it was not possible to 

confirm this. 

5.3.4  In vivo co-immunoprecipitation 

We decided to attempt to isolate the FljJ:FlbT and FljJ:FlaF interactions in vivo using 

Co-immunoprecipitation (CoIP). If successful this would allow us to investigate the 

timing of the interactions with respect to the C. crescentus cell cycle. We hoped that this 

would help us to identify the biological function and significance of the interactions. 

We focused first on isolating the interactions from asynchronous culture, utilising FljJ 

as the ‘bait’ protein. A full length N-terminal 3 x FLAG tagged FljJ construct was 

created by overlap extension PCR. The tagged gene was placed on the genome of the 

ΔfljJ mutant by allelic exchange, under the control of the native fljJ promoter. Positive 

genetic recombinants were identified by PCR and screened for FLAG-FljJ expression 

by immunoblot using an α-FLAG antibody (Figure 35). Immunoprecipitation was 

performed on wild type cells expressing untagged FljJ and on cells expressing FLAG-

FljJ using ANTI-FLAG M1 agarose affinity gel. Samples were then subjected to Tricine 

SDS-PAGE and immunoblot analysis using α-Fla, α-FlbT and α-FlaF antibodies (J. 

Gober).  

Neither FlbT nor FlaF was detected in the wild type or the FLAG-FljJ sample 

(Figure 35). Surprisingly however, flagellin protein was detected in both samples 

(Figure 35). This suggests that flagellin protein is binding non-specifically to the ANTI-

FLAG M1 agarose and is not removed during washing. It is also possible that flagella in 

the cell culture are binding to the agarose. It is plausible that this type of experiment 

may need to be completed in an alternative genetic background to that of wild type C. 

crescentus i.e. one with no other flagellin genes. However, due to the time constraints of 

this project this could not be realised. Furthermore, with additional time it would be 

important to investigate the functionality of the FLAG-fljJ allele, by testing if the hybrid 

protein can be secreted and interact in vitro with FlbT/FlaF. 
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Figure 33: The removal of the his-tag from FlbT and FlaF by thrombin digestion 

Tricine-SDS-PAGE analysis of protein thrombin digestion visualised using Coomassie 

Blue stain. Preliminary time course experiments were carried out in order to establish 

the amount of thrombin protease to use and the duration of the digestion reaction. (1) 1 

unit of thrombin. (2) 0.5 unit (3) 0.2 unit (4) 0.1 unit (5) 0.05 unit (6) 0 unit. A. FlbT. 

The first set of six reactions (left hand side) were incubated for 0 min before the 

reaction was stopped. The second set of six reactions (right hand side) were incubated 

for 30 min. B. FlaF. C. Gel filtration of FlbT after Thrombin digestion (0.5 unit for 30 

min). D. Gel filtration of FlaF after Thrombin digestion (0.5 unit for 30 min). Con: 

protein sample prior to digestion. 
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Figure 34: His-FljJ pull down assay 

Tricine-SDS-PAGE analysis of the His-FljJ pull down experiment, visualised using 

Coomassie Blue stain. (1) FljJ (2) FlbT* (3) FlaF* (4) FljJ:FlbT* (5) FljJ:FlaF*. An 

asterisk represents a non-tagged protein. The supernatant of each sample was run on the 

gel. A. Prior to incubation with Ni-NTA agarose. B. After incubation. C. Wash. D. 

Elution. 
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5.4  Summary 

We began by asking the question: how does C. crescentus couple the switch from HBB 

completion to filament assembly? Our rationale for investigating whether or not the 

flagellins were interacting with a regulatory factor was based on the following logic. In 

all flagellar systems, HBB completion is sensed and overcome by the secretion of 

FlgM. In the absence of FlgM, and an incomplete model of FlbT/FlaF regulation, our 

hypothesis was that one or more of the flagellins of C. crescentus may be involved in 

the switch from HBB to filament assembly. Using a bacterial two-hybrid assay we have 

shown to our surprise, that FljJ is the only C. crescentus flagellin to play a previously 

unknown role through interactions with the flagellin post-transcriptional regulators, 

FlbT and FlaF. These interactions were confirmed biochemically and the data suggests 

that the FljJ:FlaF could interact in a stoichiometry 1:1. How exactly FljJ, FlbT and FlaF 

function together to achieve this goal is still unclear. Driks et al., 1989 suggested that 

the flagellins of C. crescentus are assembled in an ordered fashion, by demonstrating 

that at FljJ and FljL are proximal components of the filament in wild type (Driks et al., 

1989). Our flagellin deletion data however, suggests that order of flagellins is not a 

strict requirement for assembly and that flagellin incorporation could be stochastic. An 

explanation that correlates with both sets of data is that the apparent ordered assembly is 

a result of the system coupling flagellin synthesis to filament assembly through the 

secretion of FljJ. 
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Figure 35: In-vivo co-immunoprecipitation using FLAG tagged fljJ 

An N-terminal 3 x FLAG tag fljJ construct was made and placed on the chromosome of 

a ΔfljJ mutant under the control of the fljJ promoter. A. Immunoblot analysis of the 

screen for positive FLAG-FljJ recombinants using a commercial α-FLAG antibody. 

The numbers, 23, 24, 26, 28 and 29 refer to the clone number. B. The positive ΔfljJ 

FLAG-FljJ strain (24) was then used in a FLAG Co-IP experiment. Immunoblot 

analysis was carried out using α-Fla, α-FlbT, and α-FlaF antibodies. A 1 % control was 

performed in order to demonstrate the enrichment of protein within a sample. 
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Chapter 6. Mechanism of the Regulation of Filament Assembly 

6.1  Introduction 

Flagellar assembly in C. crescentus is regulated in response to two distinct checkpoints: 

rod completion and HBB completion. It has been previously demonstrated that not all 

six flagellin genes are translated until the second assembly checkpoint of HBB 

completion has been passed (Mangan et al., 1999). Therefore, the second assembly 

checkpoint functions to regulate flagellin expression at a post-transcriptional level. The 

flagellar protein FlbT has been identified as playing a critical role in the control of this 

assembly checkpoint. It has been shown to interact with the 5’ untranslated region of the 

fljK transcript (Anderson and Gober, 2000). It is hypothesised that FlbT stabilises an 

RNA secondary structure that does not favour translation (Anderson and Gober, 2000). 

Importantly, a fljK RNA shift was observed in a flbT mutant which suggests that an 

additional unidentified protein may be required to allow FlbT to form a stable complex 

or conversely act as a positive factor in translation utilising some or all of the same 5’ 

RNA binding site (Anderson and Gober, 2000). The mechanism of regulation has not 

been fully elucidated. Based on current understanding and experimental evidence, a 

model with respect to FljK expression has been put forward (Anderson and Gober, 

2000). The post-transcriptional regulation of fljK mRNA is coordinated by the action of 

two proteins interacting with the RNA. Prior to HBB completion, when the developing 

flagellum structure is not ready for flagellin assembly, FlbT is bound to the RNA. When 

the hook structure is completed, negative repression is removed and the second protein 

binds to the RNA acting as a positive factor. It is currently not known how FlbT senses 

HBB completion or what the identity of the secondary positive factor is. Whether or not 

FlbT can interact with the mRNA of the other flagellins has to date, not been tested.  

Downstream of flbT is located another flagellar gene, flaF. At HBB completion 

the inhibitory activity of FlbT is opposed by FlaF, which positively affects flagellin 

protein expression (Llewellyn et al., 2005). A ΔflaF mutant was shown to be non-motile 

and possessed only trace amounts of 25 kDa or 27 kDa flagellin. However, it did exhibit 

an increased rate of 29 kDa (FljJ) protein synthesis (Llewellyn et al., 2005; Schoenlein 

and Ely, 1989). It is important to note that the trace amounts of flagellin were detected 

using a different flagellar antibody to that of the α-Fla antibody we used in our 

experiments. Interestingly, a flbT deletion in the ΔflaF mutant restored protein 

expression but not motility (Llewellyn et al., 2005). Furthermore, electron microscopy 
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of ΔflaF cells showed an intact hook structure (Llewellyn et al., 2005). This would 

therefore suggest that FlaF is playing a role in filament assembly upstream of FlbT. 

Llewellyn et al., discarded the possibility that FlaF was acting as a T3S-chaperone 

based on protein stability experiments (Llewellyn et al., 2005). Instead they suggested 

that FlaF was required for flagellin translation and possibly for flagellin secretion. FlbT 

may also play a positive role in fljK transcription. In a flbT mutant, a fljK-lacZ 

transcriptional fusion exhibited approximately nine-fold lower activity when compared 

to wild type (Llewellyn et al., 2005). In comparison, it was demonstrated that flaF was 

not required for fljK transcription. It is hypothesised that, FlbT, when bound to the 5’ 

fljK transcript functions as an antitermination factor thus promoting transcription while 

preventing translation (Llewellyn et al., 2005). 

It is important to note that previous experiments in C. crescentus have 

demonstrated that not all the flagellins are regulated in the same manner. The rate of 

protein synthesis of the 29 kDa flagellin (FljJ) is increased in by flaF mutation and 

decreased in flbT mutant strains (Llewellyn et al., 2005; Schoenlein and Ely, 1989) 

which is in contrast to the regulation of fljK and fljL. Furthermore, there is evidence 

available to suggest that transcription of the FljJ and the β-flagellins is dependent on 

CtrA and not σ54 (Jones et al., 2001; Laub et al., 2002). 

As we have identified FljJ:FlbT/FlaF interactions we asked the question; Does 

FljJ influence the regulatory activities of FlbT and FlaF via a protein-protein 

interaction? It is plausible that FlaF could be exerting its positive regulation by binding 

flagellin mRNA and thus acting as the additional unidentified positive factor. To our 

knowledge this has never been experimentally tested. It is important to note that 

Anderson and Gober could only demonstrate an interaction between FlbT and in vitro 

transcribed RNA in electro-mobility shift assays when using S30 cell extracted protein 

(Anderson and Gober, 2000). The addition of purified FlbT did not result in retardation 

of the RNA; therefore, it is plausible that one or both of the protein complexes are 

required for binding. We decided to investigate this possibility by testing the ability of 

FljJ, FlbT, FlaF and the protein-protein complexes to bind fljK transcript in vitro. 
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Figure 36: fljK transcript electromobility shift assay with FljJ, FlbT and FlaF 

Native-PAGE analysis of the protein:RNA reactions. Detection of the RNA was carried 

out using Anti-Digoxigenin antibody. The concentration of fljK transcript in each 

reaction was 1 nM. (1). No protein (2). FljJ, 500 nM (3). FlbT, 500 nM (4). FlaF, 500 

nM (5). FljJ:FlbT, 250 nM each (6). FljJ:FlaF, 250 nM each (7). FlbT:FlaF, 250 nM 

each (8). FljJ:FlbT:FlaF, 167 nM each. (a) and (b) points to free RNA. (c) points to 

shifted RNA (protein:RNA interaction). 
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6.2  RNA electro-mobility shift assays 

6.2.1  fljK transcript 

We constructed a wild type fljK transcript identical in sequence to that used by 

Anderson and Gober (Anderson and Gober, 2000). The transcript was synthesised from 

a DNA PCR template utilising T7 RNA polymerase and DIG-labeled UTP. The final 

transcript was a total of 115 nucleotides, which included 17 codons and 63 5’ 

untranslated nucleotides (Figure 14). The RNA electromobility shift assays were carried 

out using Native-PAGE and RNA detection by Northern blot using Anti-Digoxigenin 

antibody. Preliminary experiments determined that excess of 700 nM protein in a 

reaction would cause precipitation (Data not shown). Therefore, in the following 

experiments 700 nM protein in each reaction was never exceeded. All protein-protein 

combinations were premixed prior to incubation with the RNA.  

In all reactions, free RNA (no protein present) appeared as two bands that 

migrated very close to each other (Figure 36). Interestingly, when 500 nM FljJ and FlbT 

were incubated individually with the RNA, they produced a shifted band of similar size 

(Figure 36). This would suggest that both purified FljJ and FlbT can bind fljK transcript. 

However, no shift was observed in the presence of 500 nM FlaF. This data for FlbT is 

consistent with previous studies (Anderson and Gober, 2000). The addition of FljJ and 

FlbT mixed together, each at 250 nM final concentration, produced the same shifted 

band which suggests that a FljJ:FlbT:RNA complex had not formed under the 

experimental conditions used (Figure 36). Likewise, no additional shift was observed 

when a combination of FljJ and FlaF were added to the RNA (Figure 36). This suggests 

that no FjJ:FlaF:RNA complex had formed but also that FlaF had not inhibited FljJ 

from binding the RNA. A combination of FlbT and FlaF did not produce an additional 

shift, although this was not surprising considering that they did not form a protein-

protein interaction in the bacterial two-hybrid experiment (see section 5.2). When all 

three proteins were mixed sequentially in the following order: FljJ, FlaF, FlbT; the only 

shifted band was that can be attributed to either FljJ:RNA or FlbT:RNA complexes, 

which is consistent with the other reactions (Figure 36). The observed FlbT:RNA 

complex using purified protein is in contrast to previous work that demonstrated FlbT 

binding using only S30 extract (Anderson and Gober, 2000). An explanation for this 

could be differences in the methodology of FlbT purification. Our method utilised a N-

terminal 6-histidine tag, while in comparison, a C-terminal 6-histidine tag was 

previously utilised by others (Anderson and Gober, 2000). 
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Figure 37: fliF transcript electromobility shift assay with FljJ, FlbT and FlaF 

The concentration of fliF transcript in each reaction was 1 nM. (1). No protein (2). FljJ, 

500 nM (3). FlbT, 500 nM (4). FlaF, 500 nM (5). FljJ:FlbT, 250 nM each (6). FljJ:FlaF, 

250 nM each (7). FlbT:FlaF, 250 nM each (8). FljJ:FlbT:FlaF, 167 nM each. 
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6.2.2  fliF transcript 

In order to demonstrate that the shifts were authentic, we synthesised a non-specific 

transcript; using a 115 nucleotide sequence from the fliF coding sequence (fliF encodes 

the MS-ring protein of the flagellar basal body). If the fljK transcript binding by FljJ and 

FlbT was specific then the same shift should not be produced with fliF transcript. 

Addition of all three proteins and protein-protein combinations there of, to the fliF 

transcript did not produce any additional bands to that of the free RNA (Figure 37). This 

data confirms that the binding of fljK transcript by FljJ and FlbT is authentic.  

6.2.3  fljK transcript concentration curve 

We next tested whether or not the interactions were RNA concentration dependent. 500 

nM FljJ was added to an fljK RNA concentration curve of the following concentrations; 

20, 10, 5, 2, 1, 0.5 nM. The same shifted band was produced in every reaction apart 

from free RNA (Figure 38). Importantly, for the first 3 reactions where the RNA 

concentration differed over a range of 4 fold, there appeared to be the same amount of 

RNA shifted in each reaction (Figure 38). This would suggest that in each of these 

reactions, the same amount of RNA is bound by FljJ. This demonstrates that if the 

protein is always in the presence of excess RNA the binding is dependent on protein 

concentration and not the amount of RNA. 

6.2.4  Quantification of protein:RNA interactions 

We next decided to examine the relationship between the observed protein-protein 

interactions and the protein:RNA interactions by introducing varying concentrations of 

protein. We hoped that this would give us quantifiable data thus allowing us to calculate 

binding constants between the protein:RNA interactions. A FlbT concentration 

dependent effect could be observed on a fixed amount of RNA, demonstrating that FlbT 

is binding fljK transcript (Figure 39A). A similar effect could be observed for FljJ, 

although it appears that FlbT binding of the RNA is stronger (Figure 39A). No 

concentrations of FlaF resulted in an RNA shift, which is consistent with our previous 

results (Figure 39B).  

We feel that the quality of the blots is not of a standard for accurate 

quantification this is after numerous attempts at this experiment. The outside edges of 

the blots appear to have not transferred correctly. One possible alternative experiment to 

investigate the interactions would involve the use of Surface Plasmon Resonance, which 
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Figure 38: fljK transcript electromobility shift assay with FljJ 

A fixed amount of FljJ (500 nM) was added to increasing concentrations of fljK 

transcript. (1). 20 nM (2). 10 nM (3). 5 nM (4). 2 nM (5). 1 nM (6). 0.5 nM (7). 20 nM, 

no FljJ. (a) and (b) points to free RNA. (c) points to shifted RNA (FljJ:RNA 

interaction). 
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would give more quantitative data. However, due to the time constraints of this project 

this could not be realised. We decided to keep a constant concentration of one protein 

while increasing the concentration of the other. This would allow us to investigate the 

potential influence of protein-protein competition with the protein:RNA complex. For 

example; FljJ at a constant concentration of 100 nM was tested against a concentration 

curve of FlaF at the following concentrations, 0, 50, 100, 250 and 500 nM. This allowed 

us to investigate the influence of defined molar ratios such as 2:1 and 1:5 of those 

interacting protein partners on the protein:RNA complex.  

The addition of increasing concentrations of FlaF did not inhibit the ability of 

FljJ to bind the RNA (Figure 39C). Likewise, the addition of molar excess FljJ did not 

appear to increase or decrease the ability of FlbT to bind the RNA (Figure 39C). It is 

plausible that in each of the reactions, FljJ is binding the RNA, however, it is difficult to 

quantitate the exact amount of RNA in the shifted band. Furthermore, it is clear that 

FlbT binds the RNA more strongly than FljJ. When increasing concentrations of FlbT 

were mixed with constant FljJ; the effect of FlbT binding could still be observed due to 

excess RNA in the reactions (Figure 39B). When increasing concentrations of FljJ were 

mixed with constant FlaF; a FljJ concentration effect was observed (Figure 39D). This 

is consistent with our previous data in suggesting that FlaF does not inhibit the ability of 

FljJ to bind the RNA. Increasing concentrations of FlaF did not prevent FlbT binding 

the RNA (Figure 39D), which is not surprising considering we did not observe a 

FlaF:FlbT protein interaction in the bacterial two-hybrid assay (see section 5.2). 

Furthermore, when increasing concentrations of FlbT were mixed with constant FlaF; a 

FlbT concentration effect was observed (Figure 39E).  

It is possible that in vivo, there exists interplay between all three proteins and 

RNA. Therefore, we decided to test the binding of fljK transcript in vitro by mixing all 

four components together (FljJ, FlbT, FlaF and fljK RNA). Firstly, we mixed with a 

fixed amount of RNA: constant FljJ, increasing concentrations of FlbT and decreasing 

concentrations of FlaF i.e. when the concentration of FlbT was 50 nM, the 

concentration of FlaF was 500 nM and when the concentration of FlbT was 100 nM, the 

concentration of FlaF was 250 nM (Figure 39E). FlaF did not affect the ability of FljJ 

and FlbT to bind the RNA, which is consistent with our previous results. Secondly, we 

mixed with a fixed amount of RNA: constant FlbT with increasing concentrations of 

FljJ and decreasing concentrations of FlaF (Figure 39F). Once again, FlaF did not affect 

the ability of FlbT to bind the RNA, although it was difficult to determine whether FljJ 

was binding, as no concentration dependent effect could be clearly seen. This is 
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Figure 39: The dynamics of increasing protein concentrations and protein:RNA 

interactions 

The concentration of fljK transcript in each reaction was 1 nM. The concentration (nM) 

and species of protein in each reaction is indicated above the gel. 
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consistent with FlbT binding the RNA more strongly than FljJ. Finally, we mixed with a 

fixed amount of RNA: constant FlaF with increasing concentrations of FljJ and 

decreasing concentrations of FlbT (Figure 39F). FlaF did not bind the RNA and a FlbT 

concentration effect was observed.  

6.2.5  Antibody supershift of fljK transcript 

Although we were confident that the FljJ:fljK and FlbT:fljK interactions were real; we 

attempted to observe a supershift of the fljK transcript utilising α-Fla and α-FlbT 

antibodies. In theory, the addition of protein antibody to the protein:RNA reaction 

should result in retardation of the complex thus confirming the specificity of the 

interaction. When α-Fla was added to a FljJ/fljK reaction, a supershift was observed, 

confirming that FljJ is bound to the RNA (Figure 40). Unfortunately, when α-FlbT was 

added to the FlbT/fljK reaction the RNA was degraded (data not shown). It is plausible 

that something contained within the α-FlbT plasma has RNase activity and is destroying 

the transcript. Importantly, this data is consistent with our previous data in 

demonstrating a FljJ:fljK interaction. 

6.3  Deletion and Characterisation of flbT and flaF 

We wanted to construct ΔflbT and ΔflaF mutants so that we could investigate the effect 

of those mutations on filament assembly in light of our protein-protein interaction data. 

It has been previously shown that flbT and flaF are transcribed from the same promoter, 

upstream of the flbT start codon (Llewellyn et al., 2005). Successful complementation 

of a ΔflaF mutant was achieved by providing a construct in trans containing both genes 

and the promoter region (Llewellyn et al., 2005). We created the same plasmid, pBX-

flbT_flaF; containing the entire flbT and flaF coding sequences and 199 nucleotides 

upstream of the flbT start codon. In-frame deletions of the two genes were created by 

allelic exchange utilising the same method as the one used to create flagellin deletions.  

The ΔflaF mutant was non-motile which is consistent with previous studies (Figure 41) 

(Llewellyn et al., 2005). Surprisingly, the ΔflbT mutant was also non-motile, which is in 

contrast to previous studies that showed a flbT null mutation to be weakly motile 

(Figure 41) (Anderson and Gober, 2000). Motility was restored in both the ΔflaF and 

the ΔflbT mutants upon complementation with the pBX-flbT_flaF plasmid (Figure 41). 
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Figure 40: A FljJ:fljK supershift 

The α-Fla antibody was added to the FljJ:fljK interaction in order to demonstrate that 

FljJ was bound to the RNA. The concentration of fljK transcript in each reaction was 1 

nM. (1). no protein (2). 500 nM FljJ (3). 500 nM FljJ and α-Fla (3 µl). 
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As DNA sequencing confirmed both strains to be correct we decided to examine FlbT, 

FlaF and flagellin protein levels in both mutants by immunoblot. 

6.3.1  Immunoblot analysis of the ΔflaF and ΔflbT mutants  

FlbT and FlaF were detected in both wild type and the ΔfljJKLMNO mutant (Figure 42). 

FlbT was not detected in the non-motile ΔflbT mutant, and FlaF was not detected in the 

non-motile ΔflaF mutant. However, when both mutants were complemented with the 

pBX-flbT_flaF plasmid, protein levels were restored to higher than that of wild type, 

correlating with the observed motility phenotype (Figure 42). The amount of FlbT in the 

ΔflaF mutant was comparable to that of wild type suggesting that the absence of FlaF 

does not effect flbT expression. Also there was no detectable flagellin, which is 

consistent with the non-motile phenotype and previous studies (Llewellyn et al., 2005). 

Flagellin was restored to a wild type level in the complemented ΔflaF pBX-flbT_flaF 

strain, which correlates with the observed motile phenotype (Figure 42). Importantly, 

and consistent with previous experiments this demonstrates that FlaF does not effect 

flagellin gene transcription or mRNA stability (Llewellyn et al., 2005); there were 

higher levels of FlaF in the ΔflaF pBX-flbT_flaF strain when compared to wild type, 

although this did not result in higher levels of flagellin. It appeared that there were no 

detectable levels of FlaF in the ΔflbT mutant suggesting that the mutant is incorrect. 

Although DNA sequencing showed that the flaF coding and promoter sequence was 

correct, it is possible that as expression of the two genes is coupled, the deletion of flbT 

has somehow adversely affected the expression of FlaF. The ΔflbT mutant had flagellin 

levels comparable to wild type but also had high levels of a smaller molecular weight 

degradation product, which is consistent with the absence of FlaF in a double ΔflbT 

ΔflaF mutant (Llewellyn et al., 2005). On complementation with the pBX-flbT_flaF 

plasmid, the degradation product disappeared (Figure 42).  

6.4  Flagellin Overexpression in a ΔflaF Mutant 

Our data and previous studies have demonstrated that a ΔflaF mutant is non-motile 

(Llewellyn et al., 2005). The mutant appears to only generate trace amounts FljK, FljL 

or β-flagellin protein (Schoenlein and Ely, 1989). The fact that FljJ synthesis is 

increased in a ΔflaF mutant but the cells remain non-motile is consistent with both our 

flagellin gene deletion and flagellin over-expression data in that FljJ alone cannot 
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Figure 41: Complementation of a ΔflaF and ΔflbT mutant 

The pBX-flbT_flaF plasmid containing the promoter region and full ORF’s was utilised 

to complement a ΔflaF and ΔflbT mutant. The motility agar assay was inoculated on a 

single plate and imaged after 5 days growth at 30 ºC. The agar contained kanamycin to 

select for the plasmid, but no xylose was added. flbT and flaF expression occurred from 

the native promoter.  
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Figure 42: Immunoblot analysis of wild type, ΔflbT and ΔflaF mutant strains 

Comparison of flagellin, FlbT and FlaF protein levels in C. crescentus strains. Using the 

α-flagellin, α-FlbT and α-FlaF antibodies. 
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support motility. It has been predicted that FlaF is somehow regulating flagellin 

translation either directly or indirectly or is involved in flagellin secretion (Llewellyn et 

al., 2005). The post-transcriptional regulation of FlbT on fljK occurs through a protein-

binding site in the 5’ UTR. However, our data suggests that FlaF does not bind the RNA 

to affect its positive activity on translation. We also now know that FlaF is interacting 

with a T3S substrate, FljJ, which is itself binding the fljK transcript. Importantly, a 

FljJ:FlaF:fljK interaction was not indentified suggesting that FlaF is not directly or 

indirectly affecting translation through the 5’UTR. Therefore, we decided to see what 

would happen if we remove flagellar assembly dependent regulation of flagellin and 

overexpress flagellin in a ΔflaF mutant using our pBX constructs. pBX-fljJ -fljK -fljL -

fljM -fljN -fljO were conjugated into the ΔflaF mutant, induced with xylose and tested 

for motility. 

 Flagellar-independent overexpression of all 6 flagellins individually in the ΔflaF 

mutant did not restore motility (Figure 43A). Furthermore, no swimming cells were 

observed in the strains using microscopy. This is consistent with the previous 

observations that FlaF is required for motility (Llewellyn et al., 2005; Schoenlein and 

Ely, 1989). We then decided to analyse flagellin overexpression in the ΔflaF mutant by 

immunoblot in order to determine whether the observed non-motile phenotypes were as 

a result of low protein levels due to the absence of FlaF. Surprisingly, wild type levels 

of flagellin were observed in the ΔflaF pBX-fljK -fljL -fljM -fljN and -fljO strains and 

low levels of FljJ in the ΔflaF pBX-fljJ (Figure 43B). However, importantly all these 

strains were non-motile suggesting that FlaF is responsible for the secretion of all six 

flagellins. This is consistent with previous observations that cells of a non-motile 

double ΔflbT /ΔflaF mutant produce flagellin protein but do not assemble filaments 

(Llewellyn et al., 2005). FlbT does not regulate our flagellin expression constructs as 

they lack a 5’ UTR. 

6.5  Summary 

Consistent with previous experiments that identified FlbT as a post-transcriptional 

regulator of fljK mRNA; we have demonstrated that FlbT can bind to the 5’ leader 

sequence of fljK transcript. We have also tested our hypothesis that FljJ:FlbT, and/or 

FljJ:FlaF could be involved in the regulation of filament assembly by interacting with 

flagellin mRNA. Our results show that no protein-protein:RNA complexes were formed 

under the experimental conditions used. We base this conclusion on the fact that no 
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Figure 43: Flagellin overexpression in a ΔflaF mutant 

The motility agar assays were innoculated on a single plate and imaged after 5 days 

growth at 30 ºC. The agar contained kanamycin and xylose to induce plasmid 

expression of flagellin. A. Motility swarms of ΔflaF pBX- fljJ, fljK, fljL, fljM, fljN, fljO, 

ΔfljJKLMNO pBX vector control, and wild type. B. Immunoblot analysis of flagellin 

levels in the strains used in the motility assays (α-Fla antibody). Flagellin indicated by 

white arrows. 
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unique fljK mRNA shifts were identified when compared to FljJ:fljK and FlbT:fljK 

alone. However, to our great surprise, we identified a previously unknown interaction 

between FljJ and the fljK transcript; although the affinity of FljJ for the RNA appears to 

be weaker than that of FlbT. Our original hypothesis was based on testing FlaF:fljK 

binding in order to establish whether or not FlaF was exerting its positive regulation 

through a physical interaction with the RNA transcript. We included FljJ as a control 

and therefore did not expect to observe a FljJ:fljK interaction. Anderson and Gober 

hypothesised that both FlbT and an unidentified secondary factor utilised the same 

binding site on the fljK transcript (Anderson and Gober, 2000). Our experimental data 

supports this hypothesis; when the RNA was incubated with both FljJ and FlbT, no 

extra shift could be observed; suggesting that only one species of protein was bound to 

a molecule of RNA.  

FlbT and FljJ individually produced an identical shift, which was surprising due 

to FljJ possessing a greater molecular weight than FlbT (29 kDa and 15 kDa 

respectively). One plausible explanation for this discrepancy can be found in our 

biochemical data for both proteins: FljJ and a FlbT dimer both eluted with the exact 

same retention time during gel filtration. The data therefore suggests that it is a FlbT 

dimer and not a monomer that binds the fljK transcript. We will discuss the implications 

of FljJ binding fljK mRNA in the general discussion. 

Due to the labeling technique of using DIG-UTP it is plausible that Digoxigenin 

molecules could potentially be influencing protein interaction. Given more time, it 

would have been satisfying to repeat these experiments using 5’ end labeling of the 

RNA, in order to discard the possibility of an indirect effect on protein binding. 

The positive regulation of flagellin translation by FlaF does not appear to be achieved 

through the binding of RNA; at least not fljK transcript. Flagellar-independent 

expression of flagellin in a ΔflaF mutant resulted in flagellin protein being produced but 

as the mutant remained non-motile it appears that the protein was not being secreted. 

This suggests that FlaF is acting as a general flagellin T3S chaperone. It is therefore 

surprising that in our bacterial two-hybrid experiments we observed only a 

protein:protein interaction between FlaF and FljJ. One plausible explanation for the two 

contrasting data sets is that FljK, FljL and FljM are not folding correctly when 

expressed in the BACTH system. This is consistent with the theoretical pI values for 

each C. crescentus flagellin protein and FlbT and FlaF (Table 6). FljJ is the only 

flagellin that has a low pI of 4.68, which is similar to FlaF. The other flagellins all have 

pI values of greater than 7.5. We did not test fljN and fljO in the BACTH system due to 
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high sequence similarity between the β-flagellins. However, based on their pI values 

and the likelihood that they would not fold correctly in the BACTH system, a negative 

result when tested against FlaF would not be surprising. Importantly though, this also 

suggests the possibility that all six flagellins could interact with FlbT: the only positive 

flagellin interaction observed with FlbT in the BACTH system was with FljJ. 
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Chapter 7. Regulation of Filament Assembly in the α-Proteobacteria 

7.1  Introduction 

We have identified two independent and novel protein-protein interactions in C. 

crescentus. The flagellin FljJ can bind FlbT and FlaF, both key post-transcriptional 

regulators involved in the regulation of flagellar filament assembly, suggesting it could 

be playing a regulatory feedback role within the flagellar system. We have also shown 

that FlaF appears to essential for the secretion of all six flagellins in C. crescentus. 

Bioinformatical analysis shows that homologues of flbT and flaF are conserved 

throughout the flagellated α-proteobacteria (Llewellyn et al., 2005). Thus far, the most 

extensively studied flagellar system of that group is that of C. crescentus. However, a 

recent study carried out in Brucella melintensis identified FlbT as a positive regulator of 

flagellin translation and FlaF was shown to play a negative regulatory role (Ferooz et 

al., 2011). This is in contrast to C. crescentus, suggesting that although the presence of 

flbT and flaF is conserved throughout the α-proteobacteria, their regulatory activities 

may not be. Interestingly, the absence of flbT in B. melintensis could be overcome by 

complementation with flbT from Sinorhizobium meliloti but not with flbT from C. 

crescentus (Ferooz et al., 2011). Both B. melintensis and S. meliloti are members of the 

α-proteobacterial order Rhizobiales where as C. crescentus is a member of the order 

Caulobacterales. This suggests that the function of the FlbT may be similar in only 

closely related species. Therefore, in light of our protein-protein interaction data we 

asked the question: Is one or more of the flagellins playing a regulatory subunit 

feedback role by binding FlbT and FlaF in other α-proteobacterial flagellar systems?  

We chose to investigate this in two closely related bacteria; Sinorhizobium 

meliloti 1021 and Agrobacterium tumefaciens C58. S. meliloti is a soil-borne bacterium 

that participates in a symbiotic relationship with its legume host (Jones et al., 2007). A. 

tumefaciens is a soil-borne bacterium that causes tumor formation in a broad range of 

plant hosts (Pitzschke and Hirt, 2010). The genomes of both organisms contain flbT, 

flaF and four flagellin genes (Capela et al., 2001, Goodner et al., 2001). As previously 

mentioned, all multiple flagellin systems that have been experimentally tested possess 

flagellins that differ by only 2-5 kDa in size. S. meliloti and A. tumefaciens both have 

one flagellin that is theoretically greater than 5 kDa different in size from the other three 

flagellins. However, experimental studies have determined that the molecular weights 

of the four flagellins in each system are actually much more uniform in size (Deakin et 
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al., 1999; Scharf et al., 2001). The flagellin genes flaA, flaB, flaC, flaD of S. meliloti are 

all located close together on the genome and are transcribed from individual σ28-

dependent promoters (Scharf et al., 2001). The three flagellin genes fla, flaB and flaA of 

A. tumefaciens are clustered together while flaD is located on a unlinked locus (Deakin 

et al., 1999). FlaA is considered to be the major flagellin utilised during filament 

assembly by both species (Deakin et al., 1999; Scharf et al., 2001). In both of these 

flagellar systems the functions of FlbT and FlaF have not been investigated. 

Therefore, we decided to utilise the bacterial two-hybrid system to screen for 

protein-protein interactions between flagellins, FlbT and FlaF in S. meliloti and A. 

tumefaciens.  

7.2  Bacterial Two-Hybrid Analysis 

To be consistent with the C. crescentus experiment we created N-terminal fusions of all 

candidate proteins in order to leave the C-termini free. The plasmids pUT18C and 

pKT25 both allow in-frame fusions to the C-termini of the T18 and T25 fragments. C. 

crescentus proteins were used as internal controls alongside the controls of the system 

(Euromedex). Full length open reading frame constructs of flbT, flaF, fla, flaA, flaB, 

flaD (Agrobacterium tumefaciens C58) and flbT, flaF, flaA, flaB, flaC, flaD 

(Sinorhizobium meliloti 1021) were created and tested for intra species interactions 

along with internal and C. crescentus controls. The interactions (transformations) were 

plated out individually on selective media and phenotype scored after 48 hrs. 

Both the internal positive and negative controls behaved as expected (Figure 

44). The C. crescentus controls were consistent with the previous experiment (See 

section 5.2). When FlbT was tested for a self:self interaction the result was negative 

(Figure 44). This is in contrast to C. crescentus FlbT, which produced a positive 

interaction. Furthermore, FlbT did not interact with any of the A. tumefaciens flagellin 

proteins. Once again this is in contrast to C. crescentus FlbT which interacted with the 

flagellin FljJ. Strikingly however, FlaF produced a positive interaction with all four 

flagellin proteins; Fla, FlaA, FlaB and FlaD (Figure 44). In comparison, C. crescentus 

FlaF interacted with only the flagellin FljJ. No flagellin:flagellin or FlaF:FlaF 

interaction was observed, which is consistent with C. crescentus. Consistent with A. 

tumefaciens, FlaF from S. meliloti interacted with all four of its flagellins, and no FlbT 

interaction was observed (Figure 44).  
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Figure 44: Bacterial two-hybrid analysis of Flagellin, FlbT and FlaF interactions 

A. A summary of the C. crescentus interactions that were tested in Chapter 5. FljJ 

interacted with both FlbT and FlaF. B. Flagellin and FlbT/FlaF interactions in A. 

tumefaciens. C. Flagellin and FlbT/FlaF interactions in the S. meliloti. FlaF interacts 

with all four flagellins in both flagellar systems. 
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7.3  Summary 

Using a bacterial two-hybrid assay we have shown that in two closely related species 

belonging to the α-proteobacteria, the flagellar protein FlaF binds to all flagellin 

proteins in the system. This is in contrast to C. crescentus where FlaF interacts with 

only one flagellin, FljJ. Importantly however, when comparing the theoretical pI values 

of the flagellins from A. tumefaciens and S. meliloti they are all low, similar to that of 

FljJ in C. crescentus (Table 7) (see section 5.3.2 Table 6). Therefore, the results from 

the bacterial two-hybrid analysis in C. crescentus, with respect to flagellin and FlaF 

interaction, appear to be mis-leading. It is more than likely that the other five flagellins 

of C. crescentus can interact with FlaF, but not, however, under the experimental 

conditions that were used. Based on this data and the observations that flagellin 

overexpression does not restore motility in a C. crescentus ΔflaF mutant, we propose 

the following: FlaF is playing a general regulatory role in being responsible for the 

secretion of flagellin in the three species of bacteria tested, and possibly throughout all 

the α-proteobacteria. In both A. tumefaciens and S. meliloti, no FlbT interaction was 

observed. It would appear that the role of FlbT in C. crescentus is unique among the 

three bacterial species investigated.  
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Protein 
Theoretical 

MW 
kDa 

Theoretical 
pI 

Fla (Atu0542) 32864.0 4.77 
FlaB (Atu0543) 32986.9 4.73 
FlaA (Atu0545) 31656.4 4.75 
FlaD (Atu0567) 45135.3 4.59 
FlbT (Atu0578) 17058.9 8.76 
FlaF (Atu0577) 13361.3 6.59 
FlaA (SMc03037) 40718.0 4.19 
FlaB (SMc03038) 40742.3 4.18 
FlaD (SMc03039) 42040.9 4.19 
FlaC (SMc03040) 33829.8 4.52 
FlbT (SMc03051) 16976.8 6.74 
FlaF (SMc03050) 13464.4 5.30 

 

Table 7: Theoretical isoelectric point (pI) of Sinorhizobium meliloti and 

Agrobacterium tumefaciens flagellar proteins 

Amino acid sequences were taken from the NCBI database and analysed using the 

ProtParam software tool. Atu: Agrobacterium tumefaciens. SMc: Sinorhizobium 
meliloti. 
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Chapter 8. General Discussion 

8.1  Discussion 

The bacterial flagellum is a complex macromolecular organelle comprised and 

assembled from many structural subunits together with an array of additional regulatory 

factors. Flagellin is the major flagellar structural protein that polymerises together to 

form the flagellar filament. Essential for the functionality of the flagellum, the flagellins 

are also a major recognition target for host defense systems or predators alike. 

Interestingly, approximately 45 % of annotated flagellar systems possess more than one 

flagellin gene; ranging between two and 15 flagellin genes per genome (Faulds-Pain et 

al., 2011). However, our current understanding of flagellar structure and assembly, 

combined with our knowledge of the environments inhabited by bacteria encoding 

multiple flagellins does not satisfactorily explain why their utilisation is an advantage. 

Bacterial flagellar systems couple flagellar gene expression and flagellar assembly 

using a regulatory network of multiple components. The assembly process is 

coordinated in response to a transcriptional temporal hierarchy. The α-proteobacteria 

are a unique group of gram-negative bacteria in that many have σ28-indepenent flagellar 

systems. One member of this group, Caulobacter crescentus, utilises six flagellins 

during filament assembly.  

In this project we have asked the question; how does C. crescentus manage the 

incorporation of six flagellins into the flagellar filament? Using flagellin gene deletion 

mutants we have demonstrated that the system exhibits extensive structural redundancy; 

to the point that one flagellin is enough to form a functional flagellum and sustain 

motility. However, when FljJ is alone, a filament is not made. We have shown that 

flagellin protein levels and filament length correlate and it is likely that in the short 

window of opportunity available to make a functional flagellum, this is crucial for the 

production of a filament of optimal length for optimal swimming speeds. We argue that 

FljJ is unique among the six flagellins in that it plays both a structural and regulatory 

role. We base this hypothesis on the experimental evidence that FljJ is the only flagellin 

to interact with two key post-transcriptional regulators of flagellin synthesis; FlbT and 

FlaF. Furthermore, our data in Chapter 4 demonstrates that in a comprehensive flagellin 

gene deletion mutant collection, every remaining flagellin is utilised in filament 

assembly. This suggests that the system has the ability to undertake stochastic 

incorporation of flagellin species into the growing filament. However, this is in stark 
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contrast to previous observations of ordered assembly, with FljJ and FljL the proximal 

components of a wild type filament (Driks et al., 1989). This strongly suggests that 

when order is observed it is a reflection of a regulatory input during or prior to 

secretion. Based on the evidence it is plausible that the system is coupling flagellin 

synthesis to filament assembly through the secretion of FljJ.  

In Chapter 5 we tested the ability of a FljJ:FlbT complex to bind fljK mRNA, as 

it has been previously demonstrated that FlbT binds to the 5’ leader sequence of fljK 

mRNA. No FljJ:FlbT:RNA complex could be isolated. However, to our surprise we 

identified that FlbT and FljJ can bind fljK mRNA individually. It would be interesting 

to see whether or not FljJ and FlbT can bind the mRNA of the other flagellins. It is 

currently not known whether FlbT regulates the expression of other flagellin mRNA in 

the same manner as it does with fljK. Three adenine bases upstream of the fljK 

ribosomal binding site have been shown to be essential for FlbT binding (Figure 45) 

(Anderson and Gober, 2000). It is predicted that these residues form a binding site for 

FlbT, which upon binding stabilises a RNA secondary structure conformation that 

prevents translation (Anderson and Gober, 2000). A DNA sequence alignment of all six 

flagellin genes highlights the conservation of the three adenine bases and surrounding 

sequence in the flagellins apart from fljJ and possibly fljL (Figure 45). This suggests 

that FlbT and plausibly FljJ could bind to the other flagellin mRNA transcripts. 

Importantly, both a fljJ mutant and a flbT mutant are motile. This indicates that neither 

gene is essential for flagellar assembly and motility. A flbT null mutant (flbT650) is 

however, severely impaired in motility and chemotaxis. The flbT mutant also exhibits a 

number of differing morphological defects, including: the generation of filamentous 

cells, abnormal or absent stalks, and the failure to eject the flagellum (Driks et al., 

1990). In contrast, a ΔfljJ mutant shows only a small reduction in motility. It is 

plausible that the regulation of flagellin synthesis and filament assembly by FlbT and 

FljJ is in place to increase the efficiency of those mechanisms. This is consistent with 

the observation that flagellar independent overexpression of flagellin, in the absence of 

a 5’ untranslated region, results in a 40 % reduction in swimming speed compared to 

wild type. It would be interesting to see if the swimming speed could be increased by 

flagellar independent expression of a plasmid construct possessing the 5’ untranslated 

region. The biological function of the FljJ:FlbT interaction is still yet to be determined. 

It is tempting to say that somehow the complex is sensing HBB completion through the 

secretion of FljJ. The filaments of a flbT mutant do not possess FljJ, even though the 

protein is present inside the cell at wild type levels (Driks et al., 1990). This would
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Figure 45: Regulatory features of C. crescentus flagellin mRNA 

At the top are two predicted structures for the fljK transcript used in our in vitro assays 

(figure taken from Anderson and Gober, 2000). Each structure shows 63 nucleotides of 

untranslated sequence and the first 17 codons. Shown in both are the positions of site-

directed mutagenesis carried out in the study (Anderson and Gober, 2000). Mutations 

that prevent FlbT binding are highlighted in green. (A) The structure is predicted to 

support translation due to little basepairing near the ribosome binding site (AGGA in 

bold). (B) In contrast, translation of this structure is predicted to be inefficient due to the 

secondary structures created around the ribosome binding site and the start codon (AUG 

in bold). (C) A DNA alignment of the fljK transcript region for all six flagellin genes. 

The nucleotides marked with a green line correspond to those marked green in (A) and 

(B). The ribosome-binding site is marked with a blue line. The start codon is marked 

with a red line. The multiple alignment was assembled using ClustalW and the 

similarity shading was performed using BoxShade.  
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suggest that the relationship between the two proteins is important and that possibly a 

physical protein:protein interaction is biologically relevant, however, this will require 

further investigation.  

As C. crescentus FlaF is needed for the translation of 5 out of the six flagellins 

we decided it would be interesting to see whether or not flagellar-independent 

expression still falls into the grasp of FlaF regulation by testing our overexpression 

constructs in the ΔflaF mutant. Surprisingly, we observed levels of intracellular 

flagellin protein comparable to that of wild type, however, the cells still remained non 

motile. This combined with the bacterial two-hybrid data for C. crescentus, A. 

tumefaciens and S. meliloti, strongly suggests that FlaF is acting as a general flagellin 

T3S chaperone, and is required for flagellin secretion. In C. crescentus we only 

identified an interaction between FljJ and FlaF. It is plausible that the other 

FlaF:flagellin interactions were not observed due to misfolding of the flagellin proteins 

in the E. coli test strain. This would be consistent with the high theoretical PI values of 

FljK, FljL and FljM compared to FljJ. Alternatively, it is possible that C. crescentus is 

different among the α-proteobacteria, due to the regulation of flagellar biogenesis being 

tightly integrated into its cell cycle. This is consistent with the fact that a FlbT:Flagellin 

interaction was not observed in A. tumefaciens and S. meliloti. Furthermore, both our 

data and other work suggests that the exact regulatory actions of FlbT in other bacteria 

may differ (Anderson and Gober, 2000; Ferooz et al., 2011). In C. crescentus the 

cellular levels of FlaF reflect the same pattern of flagellin levels during the cell cycle, 

peaking in expression when flagellar assembly is initiated in a pre-divisional cell 

(Llewellyn et al., 2005). In contrast, FlbT concentrations are constant throughout the 

cell cycle (Llewellyn et al., 2005). It is therefore likely that FlaF is temporally regulated 

in a way such that it is made only when the flagellins need to be secreted. Importantly, 

we have shown that FlaF could potentially be acting as a general flagellin secretion 

chaperone, however; this would require further investigation.  

One extremely surprising result from this investigation was the observation that 

FljJ can bind fljK mRNA. Importantly, this is consistent with previous models that 

suggest the possibility of localised translation of T3S substrates (Aldridge and Hughes, 

2001; Cheng and Schneewind, 2000). Cheng and Schneewind proposed two models for 

substrate recognition by a T3SS based on YOP virulence protein secretion in pathogenic 

Yersinia spp. (Cheng and Schneewind, 2000). The first model relies on an mRNA signal 

to facilitate the coupling of translation and secretion. Cytosolic translation of yop 

mRNA is repressed by a negative factor and the co-translational secretion of YOP 
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occurs through ribosomes located near the T3SS (Cheng and Schneewind, 2000). The 

second model describes the utilisation of T3S chaperone that delivers the unfolded 

polypeptides to the T3SS for export from the cell (Cheng and Schneewind, 2000). 

Subsequent work investigating the YOP secretion signal established that it was an N-

terminal amino acid sequence and not an mRNA signal (Lloyd et al., 2001). Our results 

appear to be consistent with the first model proposed by Cheng and Schneewind, in 

demonstrating that a C. crescentus T3S secretion protein, FljJ, is binding to the RNA 

transcript of another T3S substrate. However, we do not have evidence for co-

translational secretion in our system. Could it be that FljJ is helping to localise flagellin 

mRNA to the flagellar-T3SS so that translation and secretion can occur in close 

proximity to each other thus increasing the efficiency of filament assembly? If this were 

true it would require the ribosomes to be located at the base of the flagellum. Aldridge 

and Hughes predicted that the space within the C-ring cavity could accommodate up to 

three ribosomes (Aldridge and Hughes, 2001). They propose that the ribosomes would 

create a gate preventing the secretion of substrates at the wrong time. During flagellar 

assembly, ribosomes associate with a flagellar-specific protein, which brings them near 

to the basal body. When the substrate specificity switch occurs the ribosomes are moved 

into the C-ring cavity and directly pass the actively translating polypeptide to the T3SS 

(Aldridge and Hughes, 2001). This process couples together translation and secretion of 

late flagellar subunits. Importantly, their gated model allowed chaperones to fit into the 

C-ring space around the ribosomes (Aldridge and Hughes, 2001). Therefore, 

alternatively, it could be that translation is localised and secretion occurs after the 

polypeptide is completed. To our knowledge these results present the first evidence for 

a T3SS substrate binding a secretion substrate mRNA prior to its secretion. This 

hypothesis requires further experimental testing but the scope for investigation of a 

potential mechanism of localised translation is great considering the complexity of both 

flagellar and virulence T3SS. If localised translation is occurring in C. crescentus, it 

would be interesting to see if FlaF can be found at the flagellar pole. 

Based on the data we now have available we propose a tentative model for the 

regulation of filament assembly in C. crescentus (Figure 46). Based on the observed 

FljJ:FlbT protein interaction, FljJ somehow interacts with FlbT and replaces it at a 

specific sequence upstream of the ribosomal binding site of the flagellin mRNA. It has 

to be noted here that our in vitro data appears to suggest that FljJ has a lower affinity for 

fljK mRNA than FlbT. We therefore predict that an unknown component may be 

required for FljJ to replace FlbT on the mRNA. It may be a flagellar protein or the 
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Figure 46: A proposed model for coupling flagellin expression to filament assembly 

in C. crescentus 

The flagellar basal body first assembles into the inner-membrane (IM). The rod 

traverses across the periplasm through both the peptidoglycan (PG) and the outer-

membrane (OM). Upon hook completion (hook not shown), a substrate specificity 

switch occurs and the system begins to secrete late flagellar subunits. Three proteins are 

responsible for co-ordinating the assembly of the filament. (i) In the cytoplasm, FlbT 

(dark blue triangle) binds to and prevents the translation of fljK mRNA. FljJ (red circle) 

can bind to the same sequence on the RNA displacing FlbT, and localises with the 

mRNA to the base of the flagellum. (ii) FljJ is then secreted out of the cell presumably 

being donated to the T3SS by FlaF (brown square). In doing so FljJ leaves behind the 

flagellin mRNA to be translated by ribosomes (light blue) located at the beneath the 

flagellum base. (iii) The translated flagellin polypeptide (green circle) is bound by FlaF 

and passed directly to the T3SS for export into the filament. 
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flagellar itself i.e. a functional T3SS. Therein may lay a limitation of this type of in 

vitro experiment. FljJ then localises the mRNA to the base of the flagellum, where FlaF 

and the ribosomes are located. FlaF binds to FljJ and passes it to the T3SS in order to be 

secreted out of the cell thus assembling first into the filament (Figure 46). In doing so 

FljJ leaves behind the mRNA, which local ribosomes process into flagellin polypeptide. 

The flagellin protein is then picked up by FlaF, which donates it directly to the T3SS for 

export (Figure 46). This way, FlaF can then exert its positive regulation in the vicinity 

of the ribosomes and T3SS, thus localising the process of flagellin translation and 

secretion. It is important to note that this model is based only on the confirmation of 

protein:protein interactions between FljJ and the two regulators. Likewise, we have only 

tested the ability of FljJ and FlbT to interact with fljK and have not tried other flagellin 

transcripts.  

Llewellyn et al., discounted that FlaF is acting as a typical T3S chaperone based 

on the fact that flagellin protein stability in a double ΔflbT/ΔflaF mutant showed no 

difference to that of a flbT mutant or wild type (Llewellyn et al., 2005). However, the 

double mutant exhibited a reduced rate of 25 kDa flagellin synthesis suggesting that 

FlaF is required for maximal protein synthesis (Llewellyn et al., 2005). Importantly 

even though the addition of a mutation in FlbT in a ΔflaF mutant restored flagellin 

synthesis, the strain still did not make a filament and thus remained non motile. 

Therefore, it was concluded that FlaF is involved in both the activation of translation 

and secretion of flagellin.  

 How FlaF would function to activate flagellin translation in our model is 

unclear. It is tempting to suggest that the key is having FlaF localised to the flagellum 

pole and its absence from there is what is causing the observed reduced rate of 25 kDa 

synthesis in the ΔflbT/ΔflaF mutant. For example, in a ΔflaF background, FljJ would 

still localise the flagellin mRNA to the base of the flagellum however, in the absence of 

FlaF, cannot release the RNA for translation, which ultimately leads to its degradation. 

A ΔflbT/ΔflaF mutant does not express FljJ (Llewellyn et al., 2005). Based on our 

model, cells possessing this double mutant phenotype would not have the ability to 

localise flagellin mRNA to the flagellum for translation. However, the lack of negative 

regulation by FlbT would result in translation occurring regardless of this fact. Faulds-

Pain et al., recently demonstrated that flagellin glycosylation is important for protein 

stability in C. crescentus (Faulds-Pain et al., 2011). A deletion of the glycosyl 

transferase enzyme, flmD, resulted in a dramatic reduction of intracellular flagellin 

protein (Faulds-Pain et al., 2011). In other bacteria, flagellin glycosylation is considered 
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essential for secretion (Goon et al., 2003). To our knowledge in these bacteria, 

glycosylation and flagellin stability has not been investigated. This work has led to the 

hypothesis that glycosylation machinery is located at the base of the flagellum (Logan, 

2006). Therefore, with respect to our model of filament regulation in C. crescentus it is 

plausible that flagellin glycosylation is important. However, this will require further 

investigation. Our data strongly suggests that FlbT, FlaF and FljJ are coordinately 

regulating filament assembly in C. crescentus. However, it is still not exactly clear how 

they are doing this. Importantly, it is very likely that our in vitro assays are not 

completing the picture, due to the fact that they are missing an important component of 

the regulatory mechanism, such as an active T3SS.  

 The α-proteobacteria is a subdivision of bacteria that exhibits huge variation in 

lifestyle characteristics. A recent study into the evolution of the α-proteobacterial 

genome highlighted a correlation between horizontal gene transfer, deletions and 

duplications and bacterial lifestyle (Boussau et al., 2004). It has been predicted that the 

regulatory circuit of FlgM/σ28 could modulate the expression of late flagellar subunits 

in response flagella abundance and by doing so control flagella numbers (Saini et al., 

2011). However if we consider the bacterial species in this project: S. meliloti and A. 

tumefaciens possess > 1 flagella per cell, where as C. crescentus has only one (Faulds-

Pain et al., 2011; Hoang et al., 2008; Oberpichler et al., 2008). It is tempting to 

speculate that the α-proteobacteria have evolved to regulate filament assembly in a 

different manner to those bacteria that possess FlgM/σ28 based on differences in 

lifestyle, however there is currently no experimental evidence to back this notion. 

We feel that our findings have opened up the door to many more lines of future 

investigation that are still within the scope of this project. Probably the most important 

of these would be to test the ability of FlbT and FljJ to bind the other flagellin mRNA’s. 

This experiment is crucial in order to understand how the six flagellins are being 

regulated with respect to filament assembly. We would also like to see if FlaF can 

interact with components of the flagellar-T3SS in its role as a T3S chaperone. As 

previously mentioned it would be interesting to observe flagellar-dependent expression 

of flagellin in the ΔfljJKLMNO mutant. It is plausible that flagellin expression in this 

way, i.e. with constructs possessing an intact 5’ transcript, would allow the system to 

generate wild type swimming speeds. One experiment we were unsuccessful in 

obtaining a result in was when trying to identify whether or not FljJ is secreted from the 

cell when there are no other flagellins present. Based on our data we would speculate 

that it is not secreted, and that for FljJ export to occur, at least one other flagellin is 
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required to be present. It would be possible to determine this using Mass Spectrometry 

to analyse the filament composition of the ΔfljKLMNO strain complemented with one of 

the other flagellins in trans. It is possible that if FljJ has no flagellin mRNA to bind to 

then it is not efficiently localised for secretion. Other experiments we would be 

interested in carrying out are (i) blocking FljJ secretion in wild type C. crescentus in 

order to investigate the secretion substrate switch to flagellin from middle to late 

flagellar subunits, (ii) the testing of secretion substrates in other T3SS systems for the 

ability to interact with mRNA (localised translation), (iii) the biochemical confirmation 

of FlaF:Flagellin interactions in S. meliloti, A. tumefaciens, and C. crescentus. 
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Chapter 9. Appendix A 

A.1  Bacterial Growth Media 

All bacterial growth media was solubilised in MilliQ water and sterilised in an 

autoclave. Antibiotics and growth supplements were added after, to the cooled media. 

 

Table 8: Luria-Bertani (LB) liquid medium 

Luria-Bertani (LB) liquid medium (Per litre) 

Bacto Tryptone 10 g 
Bacto Yeast Extract 5 g 
Sodium Chloride 5 g 

 

Table 9: Luria-Bertani (LB) solid medium 

Luria-Bertani (LB) solid medium (Per litre) 
Bacto Tryptone 10 g 
Bacto Yeast Extract 5 g 
Sodium Chloride 5 g 
Bacto Agar 15 g 

 

Table 10: Peptone Yeast Extract (PYE) liquid medium 

Peptone Yeast Extract (PYE) liquid medium (Per litre) 
Bacto Peptone 2 g 
Bacto Yeast Extract 1 g 
Calcium Chloride 1 ml 
MgSO47H2O 0.2 g 

 

Table 11: Peptone Yeast Extract (PYE) solid medium 

Peptone Yeast Extract (PYE) solid medium (Per litre) 
Bacto Peptone 2 g 
Bacto Yeast Extract 1 g 
MgSO47H2O 0.2 g 
Bacto Agar 15 g 

 

Table 12: Tryptone Yeast Extract (TY) liquid medium 

Tryptone Yeast Extract (TY) liquid medium (Per litre) 
Bacto Tryptone 5 g 
Bacto Yeast Extract 3 g 

 

Table 13: Tryptone Yeast Extract (TY) solid medium 

Tryptone Yeast Extract (TY) solid medium (Per litre) 
Bacto Tryptone 5 g 
Bacto Yeast Extract 3 g 
Bacto Agar 15 g 
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A.2  Antibiotics 

All antibiotics were solublised according to manufacturers instructions and filter 

sterilised. 

 

Table 14: Antibiotic concentrations for the growth of Escherichia coli 

Antibiotic Stock Concentration Working Concentration 
Kanamycin 10 mg/ml 50 µg/ml 
Ampicillin 20 mg/ml 100 µg/ml 

 

Table 15: Antibiotic concentrations for the growth of Caulobacter crescentus 

Antibiotic Stock Concentration Working Concentration 
Kanamycin 10 mg/ml 20 µg/ml – Solid medium 
Kanamycin 10 mg/ml 5 µg/ml – Liquid medium 
Naladixic Acid 2.5 mg/ml 20 µg/ml  

A.3  Growth Supplements 

All growth supplements were solublised according to manufacturers instructions and 

filter sterilised. 

 

Table 16: Concentrations of bacterial growth supplements 

Supplement Stock Concentration Working Concentration 
Sucrose 50 % 0.2 % 
Xylose 50 % 0.3 % 
IPTG 1 M 1 mM 
X-Gal 2 % 0.004 % 

A.4  Preparation of Plasmid DNA by Alkaline Lysis with SDS 

Table 17: Alkaline Lysis Solution I 

Alkaline Lysis Solution I 
Glucose 50 mM 
Tris.HCl (pH 8.0) 25 mM 
EDTA (pH 8.0) 10 mM 
RNase A  0.1 mg/ml 
Sterile water Up to 50 ml 

 

Table 18: Alkaline Lysis Solution II 

Alkaline Lysis Solution II (10 ml) 
NaOH 1 M 2 ml 
SDS 10 % 1 ml 
Sterile water - 7 ml 
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Table 19: Alkaline Lysis Solution III 

Alkaline Lysis Solution III 
Potassium Acetate 3 M 
Glacial Acetic Acid 9 % 
Sterile water Up to 500 ml 

A.5  Alkaline Dephosphorylation of Digested Plasmid DNA 

Table 20: TNE Buffer 

TNE Buffer 
Tris.HCl (pH 8.0) 10 mM 
NaCl 100 mM 
EDTA (pH 8.0) 1 mM 
Sterile water Up to 2 ml 

Stored at 4 °C 

A.6  Agarose Gel Electrophoresis 

Table 21: 10 x DNA Loading Buffer 

10 x DNA Loading Buffer 
Tris Acetate 200 mM 
EDTA (pH 8.0) 5 mM 
Glycerol 50 % 
Bromophenol Blue 0.1 % 
Xylene Cyanole FF 0.1 % 
Orange G 0.2 % 
Sterile water Up to 50 ml 

A.7  Tricine SDS-Polyacrylamide Gel Electrophoresis 

Table 22: Tricine Gel Buffer 

Tricine Gel Buffer 
Tris (pH 8.45) 3 M 
SDS 0.3 % 
Sterile water Up to 200 ml 

Solution was then filter sterilised 

 

Table 23: 12 % Separating Gel 

12 % Separating Gel (15 ml) 
Separating Acrylamide  
(49.5 %-16.5 % T 3% C) 

3.6 ml 

Tricine Gel Buffer 5 ml 
Glycerol (50 %) 5 ml 
Sterile water 1.4 ml 
APS (10 %) 75 µl 
TEMED 7.5 µl 
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Table 24: 3.96 % Stacking Gel 

3.96 % Stacking Gel (12.5 ml) 
Stacking Acrylamide  
(49.5 %-4 % T 3% C) 

1 ml 

Tricine Gel Buffer 3.1 ml 
Sterile water 8.4 ml 
APS (10 %) 100 µl 
TEMED 10 µl 

 

Table 25: 10 x Cathode Running Buffer 

10 x Cathode Running Buffer 
Tris (pH 8.25) 1 M 
Tricine 1 M 
SDS 10 % 
Sterile water Up to 1 Litre 

 

Table 26: 10 x Anode Running Buffer 

10 x Anode Running Buffer 
Tris (pH 8.9) 2 M 
Sterile water Up to 1 Litre 

 

Table 27: 2 x SDS Sample Buffer 

2 x SDS Sample Buffer 
Tris. HCl (pH 6.8-7.0) 62.5 mM 
Glycerol 10 % 
SDS 2 % 
β-Mercaptoethanol 5 % 
Bromophenol Blue A few grains 
Sterile water Up to 50 ml 

 

Table 28: Coomassie Blue Solution 

Coomassie Blue Solution 
Ethanol 50 % 
Acetic Acid 5 % 
Coomassie Blue 0.02 % 
Sterile water Up to 1 litre 

 

Table 29: Destaining Solution 

Destaining Solution 
Ethanol 50 % 
Acetic Acid 5 % 
Sterile water Up to 1 litre 
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A.8  Native-Polyacrylamide Gel Electrophoresis 

Table 30: Native Separating Buffer 

Native Separating Buffer 
Tris (pH 8.8) 1.5 M 
Sterile water Up to 200 ml 

Solution was then filter sterilised 

 

Table 31: Native Stacking Buffer 

Native Stacking Buffer 
Tris (pH 7.5) 0.5 M 
Sterile water Up to 200 ml 

Solution was then filter sterilised 

 

Table 32: 50 x Native Running Buffer 

50 x Native Running Buffer 
Tris 312.5 mM 
Glycine 2.5 M 
Sterile water Up to 200 ml 

Solution was then filter sterilised 

 

Table 33: 3 x Native Sample Buffer 

3 x Native Sample Buffer (10 ml) 
Glycerol 30 % 
50 x Native Running Buffer 0.6 ml 
Sterile water 6.4 ml 
Bromophenol Blue 1 grain 

 

Table 34: 7.5 % Separating Gel 

7.5 % Separating Gel (10 ml) 
Acrylamide-Bis (40%) (29.1:0.9) 2.5 ml 
Native Separating Buffer 1.875 ml 
Sterile water 5 ml 
APS (10 %) 50 µl 
TEMED 10 µl 

 

Table 35: 5 % Stacking Gel 

5 % Stacking Gel (5 ml) 
Acrylamide-Bis (40%) (29.1:0.9) 1.25 ml 
Native Stacking Buffer 0.625 ml 
Sterile water 3.1 ml 
APS (10 %) 30 µl 
TEMED 15 µl 
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A.9  Immunoblot Analysis 

Table 36: 10 x Phosphate Buffered Saline 

10 x Phosphate Buffered Saline (PBS) (per litre) 
NaCl 80 g 
KCl 2 g 
Na2HPO4 14.4 g 
KH2PO4 2.4 g 
Sterile water Up to 1 litre 

pH 7.4 Autoclaved 

 

Table 37: PMT 

PMT 
Milk Powder 5 % 
PBS 1 x 
Tween 20  0.1 % 
Sterile water Up to 200 ml 

 

Table 38: 1 x Immunoblot Transfer Buffer 

1 x Immunoblot Transfer Buffer 
CAPS (pH 11.0) 10 mM 
Methanol 10 % 
Sterile water Up to 2 Litre 

A.10  Protein Over-Expression and Purification 

Table 39: His-Loading Buffer 

His-Loading Buffer 
HEPES 50 mM 
NaCl 150 mM 
Imidazole 20 mM 
Sterile water Up to 1 litre 

pH 7.5 Filter sterilised and degassed 

 

Table 40: His-Elution Buffer 

His-Elution Buffer 
HEPES 50 mM 
NaCl 150 mM 
Imidazole 1 M 
Sterile water Up to 1 litre 

pH 7.5 Filter sterilised and degassed 
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Table 41: 10 x IB Wash Solution 

10 x IB Wash Solution 
Tris 200 mM 
EDTA (pH 8.0) 100 mM 
Trition X-100 10 % 
Sterile water Up to 1 litre 

pH 7.5 Filter sterilised 

 

Table 42: Burgess Regeneration Buffer 

Burgess Regeneration Buffer 
Tris 50 mM 
NaCl 15 mM 
EDTA (pH 8.0) 0.1 mM 
Triton X-100 0.01 % 
Glycerol 20 % 
DTT 2 mM 
Sterile water Up to 200 ml 

pH 7.9 Filter sterilised and degassed 

 

Table 43: Burgess Dialysis Buffer 

Burgess Dialysis Buffer 
Tris 10 mM 
NaCl 500 mM 
EDTA (pH 8.0) 0.1 mM 
Trition X-100 0.01 % 
Glycerol 5 % 
DTT 1 mM 
Sterile water Up to 4 litre 

pH 7.9 Filter sterilised and degassed 

 

Table 44: Burgess Gel Filtration Buffer 

Burgess Gel Filtration Buffer 
Tris 10 mM 
NaCl 500 mM 
EDTA (pH 8.0) 0.1 mM 
Triton X-100 0.01 % 
Glycerol 5 % 
Sterile water Up to 2 litre 

pH 7.9 Filter sterilised and degassed 
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A.11  His-Tag Pull Down Assay 

Table 45: His Pull Down Loading Buffer 

His Pull Down Loading Buffer 
Tris 10 mM 
NaCl 500 mM 
Triton X-100 0.01 % 
Glycerol 5 % 
Imidazole 20 mM 
Sterile water Up to 200 ml 

pH 7.9 Filter sterilised and degassed 

 

Table 46: His Pull Down Elution Buffer 

His Pull Down Elution Buffer 
Tris 10 mM 
NaCl 500 mM 
Trition X-100 0.01 % 
Glycerol 5 % 
Imidazole 500 mM 
Sterile water Up to 200 ml 

pH 7.9 Filter sterilised and degassed 

A.12  In-vivo Co-Immunoprecipitation 

Table 47: CoIP Buffer 

CoIP Buffer 
HEPES (pH 7.5) 20 mM 
NaCl 100 mM 
Glycerol 20 % 
Sterile water Up to 1 litre 

 

Table 48: CoIP Wash Buffer 

CoIP Wash Buffer 
Tris.HCl (pH 7.4) 50 mM 
NaCl 150 mM 
Sterile water Up to 1 litre 

A.13  RNA Electromobility Shift Assay 

Table 49: 10 x Buffer I 

10 x Buffer I 
Maleic acid 166g 
NaCl 87.66 g 
NaOH 72 g 
Sterile water Up to 1 litre 

pH 9.5 
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Table 50: Tween Washing Buffer 

Tween Washing Buffer 
10 x Buffer I  100 ml 
Tween 20 0.3 % 
Sterile water Up to 1 litre 

 

Table 51: 10 % Blocking Reagent 

10 % Blocking Reagent (200 ml) 
Blocking Reagent (Milk) 20 g 
10 x Buffer I  200 ml 

Solubilised at 65 °C 

pH 7.5 adjusted using NaOH 

Autoclaved and stored at 4 °C 

 

Table 52: Blocking Buffer 

Blocking Buffer (50 ml) 
10 % Blocking Reagent 5 ml 
10 x Buffer I 5 ml 
Sterile water 45 ml 

 

Table 53: Equilibration Buffer 

Equilibration Buffer 
Diethanol Amine 9.63 ml 
Sterile water Up to 1 litre 

pH 9.5 

 

Table 54: RNA Binding Buffer 

RNA Binding Buffer 
HEPES 20 mM 
KCl 100 mM 
MgCl2 1 mM 
Glycerol 5 % 

pH 7.9 Filter sterilised 

A.14  β-Galactosidase Assay 

Table 55: Z-Buffer 

Z-Buffer (1 Litre) 
Na2HPO4 16.1 g 
NaH2PO4 5.5 g 
KCl 0.75 g 
MgSO4.7H20 0.248 g 
Sterile water Up to 1 litre 

pH 7.0 Autoclaved 
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Table 56: Saline 

Saline (1 Litre) 
Na2HPO4.7H2O 11 g 
KH2PO4 3 g 
NaCl 8.5 g 
Sterile water Up to 1 litre 

pH 7.0 Autoclaved 

A.15  Chemical Reference Table 

Table 57: Chemical/Reagent suppliers and catalogue numbers 

Chemical Manufacturer Cat/Ref number 
10 x Tris Acetate Buffer (TAE) SIGMA-ALDRICH T9650-4L 
Acetic Acid  VWR 20103.330 
Acetic Acid (Glacial) SIGMA-ALDRICH 64-19-7 
Acrylamide-Bis (40%) (29.1:0.9) MERCK 1.00641.1000 
Agarose PEQLAB 35-1020 
Ammonium Persulfate (APS) SIGMA-ALDRICH A9164-100G 
Ampicillin (Sodium salt) SIGMA-ALDRICH A-9518100G 
Bacto Agar BD 214030 
Bacto Peptone DIFCO 0118-07-2 
Bacto Tryptone BD 211699 
Bacto Yeast Extract BD 212720 
Bromo-Chloro-Indolyl-
Galactopyranoside (X-Gal) 

MELFORD MB1001 

Bromophenol Blue BDH 443053A 
Calcium Chloride (CaCl2) MELFORD C1103 
CDP-Star® Reagent NEB N7001S 
Chloroform SIGMA-ALDRICH 24216 
Coomassie Blue FLUKA 27816 
Diethanol Amine SIGMA-ALDRICH D8,330-3 
DIG RNA Labeling Kit (SP6/T7) ROCHE 11175025910 
Dimethylformamide VWR 23470.293 
Dithiothreitol (DTT) MELFORD MB1015 
ECL-Plus AMWESHAM RPN2132 
Ethanol UNIVERSITY STORES - 
Ethylenediaminetetraacetic acid 
(EDTA) 

SIGMA-ALDRICH EDS-500G 

Glucose (D-Glucose) MELFORD G1400 
Glycerol SIGMA-ALDRICH 15523-5L-R 
Glycine MELFORD  
Hydrochloric Acid (HCl) VWR 285074V 
Imidazole SIGMA-ALDRICH I0125-1KG 
Isopropyl β-D-1-
thiogalactopyranoside 
(IPTG) 

MELFORD K0126 

Kanamycin (Mono-sulphate) MELFORD K0126 
Magnesium Sulphate Heptahydrate 
(MgSO47H2O) 

BDH 101514Y 

Maleic Acid CARL ROTH K304.1 
Methanol UNIVERSITY STORES - 
Milk Powder NESTLE Carnation instant nonfat dry 

milk 
Blocking Reagent (Milk) ROCHE 11886600 
N-2-Hydroxy ethayolpiperazine-N’-2 
(HEPES) 

BDH 441475K 
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N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS) 

MELFORD B4016 

Naladixic Acid (Sodium salt) SIGMA-ALDRICH N4382-25G 
Orange G BDH 43725Q 
Ortho-Nitrophenyl-β-Galactoside 
(ONPG) 

MELFORD M1202 

Potasium Acetate (CH3CO2K) FLUKA 60035 
Potassium di-hydrogen 
Orthophosphate (KH2PO4) 

BDH 102034B 

Potassium Chloride (KCl) FLUKA 60132 
Propanol-2 (Isoproponal) VWR 20839.322 
RNase A SIGMA-ALDRICH R6148-1.5ML 
Separating Acrylamide  
(49.5 %-16.5 % T 3% C) 

SEVERN BIOTECH LTD - 

di-Sodium hydrogen orthophosphate 
(Na2HPO4) 

BDH 301584L 

Sodium Acetate  BDH 301045M 
Sodium Chloride (NaCl) VWR 27810.364 
Sodium Dodecyl Sulfate (SDS) SIGMA-ALDRICH L3771-1KG 
Sodium Hydroxide (NaOH) VWR 28245.289 
Stacking Acrylamide  
(49.5 %-4 % T 3% C) 

SEVERN BIOTECH LTD - 

Sucrose BDH 302994G 
Tetramethylethylenediamine 
(TEMED) 

BDH 303853V 

Tricine MELFORD T2400 
Tris (Base) MELFORD B2005 
Triton X-100 SIGMA-ALDRICH 9002-93-1 
Tween 20 BDH 663684B 
Urea VWR 28876.367 
Xylene Cyanole FF BDH 439612F 
Xylose  MELFORD W360600 
β-Mercaptoethanol VWR 80501-154 
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Chapter 10. Appendix B 

B.1  A Typical Example of DNA Agarose Gel Electrophoresis 

 
Figure 47: PCR confirmation of the flagellin overexpression constructs 

PCR confirmation of the six flagellin overexpression (pBX) plasmids created (see 

section 3.21). The DNA sequences of the primers numbered can be found in the primer 

table (see section 3.5). The DNA was measured alonside a 100 bp marker on both ends 

of the gel. 
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B.2  Analysis of Caulobacter crescentus Isolated Filament Preparations 

 
 

Figure 48: Isolated flagella filament preparations 

All samples were run on a 12 % Tricine SDS-PAGE gel and visualised using 

Coomassie Blue stain. The six flagellins of C. crescentus migrate together when using 

Tricine SDS-PAGE. The approximate MW of protein marker is indicated. The arrow 

points to flagellin protein. (1) Wild type. (2) ΔfljJKL. (3) ΔfljMNO. 
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Chapter 11. Appendix C 

C.1  Mass Spectrometry Analysis of Caulobacter crescentus Flagellar Filaments 

Unique Peptides (m/z ratio) 

FljJ FljK FljL FljM FljN FljO 

Strain 

1243 

1956 

2050 

1452 

1891 

2003 

3257 

1449 

1923 

2019 

2538* 

3240 

1424 

1878 

3296 

1424 

1934 

2390 

3296 

2390 

2389 

WT                      

∆fljJ                      

∆fljK                      

∆fljL                      

∆fljM                      

∆fljJL                      

∆fljJK                      

∆fljKL                      

∆fljJM                      

∆fljKM                      

∆fljLM                      

∆fljJKL                      

∆fljJKM                      

∆fljJLM                      

∆fljKLM                      

∆fljMNO                      

∆fljJKLM                      

∆fljJMNO                      

∆fljKMNO                      

∆fljLMNO                      

∆fljJKMNO                      

∆fljJLMNO                      

 

Table 58: Summary of the identification of signature peptides from the six 

flagellins in filament preparations of wild type and flagellin gene mutants (Faulds-

Pain et al., 2011) 

The locations of the peptides indicated can be found in Figure 19A. A grey box 

indicates the presence of a peptide and an empty box signifies that peptides absence. * 

This peptide is defined by MASCOT (MALDI-TOF analysis) as possessing an N-

terminal pyroGlu conversion. 
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Chapter 12. Appendix D 

D.1  Electron Microscopy of Caulobacter crescentus isolated filaments 

 
 

Figure 49A: Electron micrographs of isolated flagellar filaments 

A. Wild type. The white arrows indicate the hook structure still attached to the filament. 

B. ΔfljK. C. ΔfljKM. D. ΔfljJMNO 
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Figure 49B: Electron micrographs of isolated flagellar filaments 

E. ΔfljJKMNO. F. ΔfljLKMNO. G. ΔfljLMNO. H. ΔfljKMNO. 
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Chapter 13. Appendix E 

E.1  MALDI-TOF Confirmation of His-FljJ 

 
Figure 50A: Mass Spectrum of His-FljJ 
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Figure 50B: Protein summary report for His-FljJ (MASCOT) 
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E.2  MALDI-TOF Confirmation of His-FlbT 

 
 

Figure 51A: Mass Spectrum of His-FlbT 
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Figure 51B: Protein summary report for His-FlbT (MASCOT) 
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E.3  MALDI-TOF Confirmation of His-FlaF 

 
Figure 52A: Mass Spectrum of His-FlaF 
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Figure 52B: Protein summary report for His-FlaF (MASCOT) 
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