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Abstract 

The bacterium Helicobacter pylori is a human pathogen that infects a large proportion of 

the world's population and is associated with serious diseases such as gastric ulcers and 

adenocarcinoma. The motility of this organism, by virtue of sheathed polar flagella is 

essential to colonisation and persistence in the human host. 

The sequencing of the H. pylor i genome in 1996 identified homologues of the majority 

of the flagellar genes found in S. enter ica serovar typhimurium. These included genes 

encoding the flagellum ATPase, FliI and FliH a presumptive inhibitor, the primary focus of 

this study. Sequencing did not originally identify an H. pylori homologue of the flagellar 

chaperone FliJ, and this is also considered in this study. 

Bioinformatic analysis and modeling suggests a structural and functional relationship 

between FliI and homologues such as F I -ATPase a- and �-subunit . In particular, residues 2 -

91  of F l i I  resemble the N-terminal domain of  the F I-ATPase a- and �-subunits . 

B iochemical analyses reported in this thesis showed that a truncated FliI-(2- 9 1 )  protein 

was folded, although the N-terminal 1 8  residues were likely unstructured. Furthermore ,  

deletion mutagenesis showed that this disordered segment of the protein mediates 

interaction with FliH and very likely forms an amphipathic a-helix upon forming of the 

FliI-FliH complex. The scanning mutagenesis ofthis interaction segment of FliI identified a 

cluster of conserved hydrophobic residues that was critical for the interaction with FliH. 

Thus, the interaction between FliI and FliH has similarities to the interaction between the 

N-terminal a-helix of the a-subunit and the globular domain of the o-subunit of the F 1-

ATPase. This similarity suggests that F liH, by analogy with the 8-subunit of the F1-

ATPase, may function as a molecular stator ofthe flagellum. The findings presented above 

have been published (96). 



11 

The function of a putative H. pylori FliJ homologue, HP0256, was also investigated by 

knock-out mutagenesis. Disruption of this gene does not abolish flagellar assembly, 

however further research continued beyond this thesis showed that the knock-out mutant 

results in impaired motility. 
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1. Introduction 

1 . 1 Characteristics of the h um an gastric 
pathogen, Helicobacter pylori 

Introduction 1 

Helicobacter pylori is a human gastric pathogen associated with chronic gastritis, duodenal 

and gastric ulcer disease, and two types of malignancies: lymphoma of the mucosa­

associated lymphoid tissue (MALT) and adenocarcinoma. H. pylori infection occurs during 

childhood and persists for decades . Transmission has been proposed to occur within 

families, but while related strains can be identified within infected families this is not 

always the case (13 8). The current route of transmission is proposed to be faecal-oral and 

this has been lent indirect support by the association of infection with lower socio­

economic status and associated poor hygiene, and the high occurrence of infection in the 

developing world. For example in West Africa infection amongst children can be as high as 

80% whereas in the developed world infection rates are 5-20% amongst people younger 

than 40 ( 1 1 0) 

1 . 1 . 1 General metabolism 
H. pylori is a spiral-shaped Gram-negative bacterium, 2 .5 -5 .0 !lm in length and 0.5-1.0 !lm 

wide, with 4-6 polar flagella (111). The niche of the bacterium is the mucous layer 

overlaying the human gastric epithelium. The gastric mucosa has a pH of 7.0, an oxygen 

tension of 1 2-16kPa and human body temperature is  37  QC .  These characteristics of H. 
pylori's niche are reflected in the in vitro growth conditions of the organism. The bacterium 

is a microaerophile and thus requires an oxygen tension less than air. Consequently, it is 

grown in a C02 incubator in the presence of 5% C02, at 37  QC, and optimal growth occurs 

in a pH range of 6.8-7 .5 . 

With a few variations there are broad similarities between the metabolism of H. pylori and 

other bacteria (41). Like other organisms H. pylori has the enzymes of a 
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glycolytic/gluconeogenesis pathway and a TCA cycle. While all the genes required for 

gluconeogenesis are present, pyruvate kinase and phosphofructokinase are absent from the 

glycolytic pathway. Consequently, H pylori uses the Entner-Doudoroff (EO) pathway for 

the catabolism of glucose. Furthermore, only one sugar transporter, a glucose/galactose 

transporter has been identified in H pylori suggesting a limited capacity for sugar 

catabolism. However, H pylori does have a number of amino acid transporters and may use 

amino acids as an energy source. 

Despite being a microaerophile H pylori can perfonn aerobic respiration with oxygen as a 

terminal electron acceptor. It can also perform anaerobic respiration using N-oxides and 

fumarate as terminal electron acceptors. 

To protect itself against reactive oxygen species H pylori contains a catalase, superoxide 

dismutase and a peroxidase. Therefore, H pylori microaerophily is not a consequence of 

the absence ofthese enzymes. 

1.1 .2 Viru lence Factors 
H. pylori has a number of virulence factors that contribute to this organism's abi lity to 

colonise and survive in the harsh gastric environment. The most significant of these are the 

urease, adhesins BabA and SabA, the vacuolating cytotoxin VacA, the eag pathogenicity 

island (cag-PAI) that encodes a type IV secretion system and a secreted protein CagA. 

Motility can also be considered a virulence factor, as it is required for colonisation and 

persistence in the host (48) (49) (50). 

1.1.2.1 Urease 

H. pylori is a neutralophile but it can colonise and survive III the stomach by acid 

acclimation involving an urea-importing channel and two enzymes, urease and a carbonic 

anhydrase. All three of these proteins are required to colonise animal models (47) (37 )  

( 1 65) .  
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Urease is a cytoplasmic enzyme composed of two subunits, UreA and UreB. It buffers the 

cyotoplasm by converting urea to ammonia. UreI i s  a proton-gated channel for uptake of 

the urea into the bacterial cytoplasm. H pylor i expresses the urease at higher levels than 

any other known bacterial species ( 1 23). Urease can account for up to 1 5% of the total H 
pylori protein content. Although the UreAIB urease exhibits optimal activity at neutral pH, 

urease activity inside the bacterial cell increases dramatically as pH decreases. This 

increase is a result of opening of the UreI channel (particularly at pH 5 .0 and below) to 

increase the uptake of urea (1 63) ( 1 94) and of UreAl UreB association with UreI at the inner 

membrane ( 1 89) (72) to increase the turnover of the ammonia-producing urease activity. 

The rapid production of ammonia buffers the pH of the cytoplasm. 

The periplasm is buffered by the second enzyme, carbonic anhydrase, to around neutral pH 

by converting CO2 to HC03·, with a pKa of 6 . 1 ( 1 08). Thus the urease has dual roles of 

producing ammonia to buffer the cytoplasm and CO2 such that carbonic anhydrase can 

buffer the periplasm. 

1.1.2.2 Adhesins 

H pylor i colonises the gastric mucosa and epithelium by binding to the mucus and 

epithelial cells of the gastric mucosa. Thus far two adhesins have been shown to be 

significant for this binding activity, blood group antigen-binding adhesin (BabA) and sialic 

acid-binding adhesin (SabA) (74) ( 1 06). 

Adherence to the gastric lining of healthy individuals occurs via the binding ofBabA to the 

fucosylated b lood group antigens H I  and Lewis b (Leb). The H I  antigen is the 

carbohydrate that defines the 0 blood group of  the ABO blood group system and the Lewis 

antigen is formed by the addition of a branched fucose residue to H l .  Amongst H pylori 

strains with fucosylated blood group antigen binding activity, 95% can also bind the A, B 

and 0 antigens ( 1 3) .  
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SabA adhesin binds to sialyl-Lewis a (sLea) and sialyl-Lewis x (sLex) glycosphingolipid. 

Such adhesion is  proposed to have a role in chronic inflammation and possibly cancer as 

these lipids are expressed in inflamed tissue and tumors, respectively(l 06). 

1.1.2.3 VacA and CagA 

H. pylor i strains with the vaeA+, cag-PAT and babA+ genotype are associated with more 

severe disease in comparison to the strains negative for these loci ( 1 36). Both the VacA and 

the eag pathogenicity island (eag-PAI) secreted protein CagA cause changes in pathology, 

histology and also modify (attenuate) the host immune response to allow persistent 

infection ( 1 46) (24). The effects of these proteins on the host epithelium are summarised in 

F igure 1 . 1 .  
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Figure 1 . 1 .  A schematic representation of the important events during H. pylori 
interaction with the host. Taken from Rieder et al ( 146). (a). H pylori enters the mucous 

layer overlaying the gastric epithelial cells and adheres to the epithelial cel ls. (b). Close-up 

of H pylori secreting virulence factors and adhering to cells using surface exposed 

adhesins. (c). Close-up of the signal transduction cascade modulated by translocated CagA. 

(d). Influence of Vac A on immune cells .  

Upon contact with host cells, VacA secreted from H pylori inserts into the host membrane 

to form anion-selective hexameric channels ( 1 83)  ( 1 79). These subsequently become 

endocytosed and cause the formation of membrane-bounded vacuoles from fusion events 

involving lysosomes and endosomes ( 1 24). As a consequence, VacA partially neutralises 
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these acidic intracellular compartments. This probably explains the observed inhibition of 

antigen processing by B-cells exposed to VacA and poor presentation to T -cells ( 1 25). In 

this manner VacA can suppress the development of an adaptive immune response and 

contribute to the establishment of a chronic infection. VacA can also loosen cell junctions 

and induce apoptosis. The molecular mechanisms of VacA have been reviewed by 

Montecucco et al ( 1 26). 

The eag-PAI is associated with the stimulation of pro inflammatory cytokine release 

following infection particularly IL-8 (57). The eag-P AI encodes a type IV secretion system 

that forms an extracellular needle complex which mediates translocation of CagA into the 

host cells ( 1 49). CagA is thus far the only known eag-PAI secretion substrate . 

Following translocation into host cells , CagA is tyrosine-phosphorylated ( 1 7 1 )  and disrupts 

a number of signaling pathways leading to modification of the host immune response by 

inhibiting the proliferation of B-Iymphocytes ( 1 84). CagA can also disrupt cell-cell 

adhesion independently of phosphorylation (7). 

1.1.2.4 Motility 
Although motility is a trait that is not attributable to a single factor it is well established as a 

virulence factor that is necessary for both colonisation and persistence of an H pylori 

infection in animal models (48) (49) (50) . Furthermore, a recent animal infection study 

showed that chemotactic motility is necessary to colonise all the available niches i .e .  to 

establish an infection, to maintain high numbers of bacteria and to compete against other H. 

pylori strains ( 1 80). 

Further illustrating the importance of motility, H. pylori has also adapted the flagellum so 

that it is not a target for the innate immune response. Whereas the flagellin of S. 

typhimurium contains a conserved N-terminal D1 domain that is recognised by the TLR5 

receptor and stimulates an innate immune response, in H. pylori, this region of flagellin is 

different from other bacteria and it i s  not recognised by the TLR5 receptor (8) .  This allows 

H. pylori to evade a TLR5-mediated initiation of the innate immune response. 
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1 .2 Prote in Export in G ram-Negative Bacteria 

Protein export is essential for bacterial membrane biogenesis and communication with the 

extracellular environment. The export pathways of Gram-negative bacteria can be broadly 

classified into three groups according to the membranes crossed. The first class of export 

pathways facilitate the passage of proteins across the cytoplasmic membrane and includes 

the SecYEG/YidC pathway and the TAT ABC pathway. The second class of export 

pathways allows the passage of proteins from the periplasm across the outer membrane . 

This group includes the autotransporters, the chaperone-usher pathway, and the Type 11 
pathway. The third class of export pathways initially allows the passage of proteins which 

assemble into a structure that fonns a continuous passage that traverses both membranes, 

and then subsequent export of proteins occurs across both membranes in a single step. This 

group includes the Type I, III and IV secretion pathways. 

In all of these export pathways there are three common elements: recognition of protein 

substrates, maintenance or conversion of substrates to an appropriate confonnation for 

export, and energisation of the translocation process. It is the variation of these three 

elements that distinguishes the export pathways . Schematic representations of some of 

these export pathways are shown in Figures 1 .2 and 1 .3 .  

1 .2 . 1  Class 1 :  Export pathways across the 
cytoplasmic mem brane 

1.2.1.1 The SecYEGNidC pathway 

The Sec pathway is the principal route for the insertion or translocation of proteins across 

the cytoplasmic membrane of bacteria, and this pathway has been shown to be essential for 

the viability of E. coli ( 1 86). Proteins recognised by this export system contain an N­

tenninal signal sequence consisting of a hydrophilic segment with one or more positively-
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charged amino acids, followed by a hydrophobic H domain (33) (62). The export system is 

comprised of three main components, the Sec YEG inner membrane channel ,  the SecB 

molecular chaperone and the SecA ATPase (186). 

There is also an accessory heterotrimeric membrane complex associated with Sec YEG, 

SecDF-YajC .  The exact role of this complex is unknown but it  may mediate the interaction 

of YidC with SecYEG. YidC is involved in the biogenesis of both sec-dependent and 

independent membrane proteins ( 1 86). 

Following translation the N-tenninal signal of proteins destined for secretion is recognised 

by SecB and trigger factor (TF) and targeted to the SecYEG translocon. Alternatively, 

proteins with a more hydrophobic signal sequence are recognised by the Signal Recognition 

Particle (SRP) chaperone and the SRP receptor, FtsY, and targeted to SecYEG translocon 

co-translationally. The SRP pathway was reviewed by Luirink et af ( 102 )  and it will not be 

considered further here. 

SecA 

SecA energises protein translocation by the hydrolysis of ATP, but the structure of this 

enzyme, and the mechanism by which energy release is coupled to translocation is different 

from other export A TPases. Although SecA has been visualised as tetrameric and higher 

order structures, it is currently thought to function as a dimer (44) (200) (80) (45) ( 19 1 ) .  

This i s  in contrast to other A TPases such as the type IV ATPase VirB 1 1  and the flagellar 

ATPase FliI, both functioning as hexamers (3 1 )  (206). Each SecA monomer is a 102 kDa 

protein consisting of three domains. An N-tenninal motor domain, a Substrate Specificity 

Domain (SSD) and a C-tenninal domain . The N-tenninal motor domain is referred to as the 

DEAD motor due to the conservation of the DEAD amino acid motif also known as Walker 

box B, and this domain is homologous to the ATPase domains of the DEAD box nucleic 

acid helicases. The DEAD motor consists of two subdomains that have RecA-like folds, 

NBD (nucleotide binding domain) and IRA2 (intramolecular regulator of ATPase). A 

nucleotide binding cleft fonns between these two subdomains . ATP is bound in a cleft 
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between the two RecA-like subdomains within the motor domain. The structure of SecA 

has been reviewed by Vrontou et al ( 1 90). While ATP binding involves the Walker A and 

B motifs of the NBD and occurs between the two RecA-like domains, similar to other 

ATPases such as F I -ATPase, the tertiary structure of these enzymes is quite different. 

Within the F I-ATPase each F I a- and j3-subunit only contains one RecA-like domain as 

opposed to two, and the N- and C-terminally attached domains ofF I bear no resemblance to 

the structure of the SSD and C-terminal domains of SecA (1). The DEAD motor domain 

also contains a binding site for the signal sequence of preproteins and the Sec YEG 

translocase . The C-termina1 22 amino acids contain the SecB binding site. 

SecA-mediated pre-protein translocation 

Following the formation of a translocation pre-initiation complex at the inner membrane, 

consisting of SecYEG, SecA and SecB-preprotein, SecA binds ATP. ATP binding causes 

SecA to adopt a more extended conformation that drives insertion of SecA into the 

membrane . As this insertion begins Se cB passes the preprotein to SecA and co-insertion of 

20-30 amino acids of the preprotein occurs. Subsequent A TP hydro lysis then partially 

dissociates the preprotein from SecA and leads to SecA deinsertion from the membrane. 

Repeated cycles of Sec A binding ATP, inserting into the membrane, hydrolysing ATP and 

deinsertion from the membrane eventually lead to threading of the preprotein through the 

SecYEG translocase. If SecA becomes dissociated from SecYEG, proton motif force 

(PMF) is capable of energising the final steps ofthe preprotein translocation ( 1 90). 

After translocation is complete, the signal sequence is  removed by signal peptidase and the 

protein folds into its native conformation and remains in the periplasm. Alternately it may 

be subsequently exported further by insertion into or by translocation across the outer 

membrane ( 1 90). 

The linear threading of the preprotein through the inner membrane by cycles of insertion 

and de insertion of SecA is in stark contrast to the rotary mechanism of type III and FliI 

hexameric A TPases being proposed in this study. 
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1.2.1.2 The TAT Export Pathway 

The TAT (twin arginine translocation) export pathway functions to translocate folded 

preproteins across the inner membrane of Gram-negative bacteria ( 148). The proteins 

translocated are often those that require the insertion of heavy metal cofactors in the 

cytoplasm and therefore must be folded prior to export. An example is E. coli NapG, a 

member of the MauM family of ferredoxins (20). Some TAT pathway substrates do not 

require metal cofactor insertion, and these may simply fold too rapidly for export via other 

pathways .  

Export substrates of the TAT pathway have traditional signal sequence similar to the one 

used by the Sec translocon (62). The distinguishing features of TAT signal peptides are an 
H region of lower hydrophobicity and an N-region sequence motif SRRXFLK (20) (3 5). 

The arginines of the motif give the pathway its name as they are invariant; the other 

residues occur in more than 50% of the TAT signal peptides (20). If either arginine is 

substituted by lysine, the subsequent export of TAT substrates is less efficient ( 1 70). 

The TAT proteins 
The TAT translocon is fonned by three proteins encoded by the tatABC operon ( 1 97). 

The TatBC complex is currently thought to be a recognition complex. TatC contacts a 

discrete area around the consensus sequence (SRRXFLK) whereas TatB contacts the entire 

TAT signal sequence and the adjacent parts of the mature protein (3) .  TatA is assumed to 

fonn the pore of the TatABC translocase (155)  (14 1 ). 

The mechanism of protein translocation via the TAT pathway is still very poorly 

understood. As the TAT substrates come in a range of sizes it is hypothesised that the 

translocon is adaptive and the pore size can be adjusted to accommodate different size 

substrates. The energy for translocation is assumed to come from proton motive force . 
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1 .2.2 C lass 2 :  Export pathways across the outer 
membrane 

1 .2.2.1 Type 11 or the Main terminal branch of the 
Genera l  Secretory Pathway (GSP) 

The aforementioned Sec system by which proteins  containing an N-terminal signal 

peptide are translocated across the bacterial inner membrane is also known as the General 

Export Pathway. This is the first step of the General Secretory Pathway for proteins that are 

destined to be secreted from the cell .  Following the cleavage of the signal peptides, proteins 

entering the periplasm via the Sec pathway often enter the Type II  secretion pathway 

(reviewed by Filloux (56» . This is the main terminal branch of the GSP, but additional 

terminal branches have been identified such as the chaperone�usher pathway, the 

autotransporter (AT) and Two-Partner Secretion (TPS). Proteins secreted by the GSP and 

other terminal branch pathways are folded, and the secretion process is specific, but the 

secretion signal that targets these proteins to the outer membrane is not well defined. 

The machinery of the Type II secretion system consists of three substructures, an inner 

membrane platform, a pseudopi lus that spans the periplasm and a secretin in the outer 

membrane (56). The pseudopilus is so named as it is composed of pseudopi lins which 

contain a typical pilin N�terminal leader peptide that is processed before being helically 

packed into a p ilus structure. Pili are fibrous organelles that can mediate attachment of  

bacteria to host tissue. Each p ilus type differs slightly in  structure (53) .  Unlike the pil i ,  

pseudopili are not extruded from the cell  surface in wild-type cells . A schematic of the 

proposed structure ofthe type II secretion machinery is shown in Figure 1 .3 below. 

The inner membrane platform consists of three inner membrane proteins GspF, L and M .  

The traffic ATPase, GspE, associates with the membrane via interactions with GspL and 

GspF, and energises the translocation ofpseudopilins across the cytoplasmic membrane. 

The manner in which GspE couples ATP hydrolysis to psuedopilin translocation remains to 
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be detennined, but the crystal structure of V. cholerae type I I  ATPase, EpsE, has offered 

some insight ( 147). The protein consists of an N-tenninal and a C-tenninal domain. The 

c losest structural homologue of these domains are the N- and C-tenninal domains of the 

type IV ATPase, VirB11 of H. pylori (HP0525) (206). Based on this homology EpsE is 

expected to assemble as a hexamer, with the N- and C-terminal domains forming rings 

separated by a flexible tinker. This assembly was proposed to energise and gate the 

translocation ofpseudopilins across the inner membrane (see the VirB l l discussion below). 

The pseudopilus 

The translocated pseudopilins assemble into the pseudopilus in the periplasm, but these 

pseudopili are not extruded onto the surface of wild-type cells. However, when the 

pseudopilus subunit GspG is overexpressed in P. aeruginosa , thick pseudopili can be 

observed on the surface of cells (46) ( 1 87). It has been proposed that the extension of the 

pseudopilus through the outer membrane pore formed by GspD pushes exoproteins through 

the secretin into the extracellular environment. 
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Figure 1 .3 .  Models o f  the type 1 1, type I V  pilus (TFP), and ty pe I V  secretion machinery. Pili extruded by the type IV pilus and 

the type IV secretion systems have been observed . The type 1 1  pili are only observed in mutants. The models are based on interaction 

and localisation studies . This figure is based on figures presented in: (30, 40, 56). 
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Extracel l ular medium 

Cyloplasm G pL 
Type 1 1  secretion system Type IV secretion system 

VirD4 



Introduction 1 5  

1 .2.2.2 The Chaperone-Usher Pathway 

Gram-negative bacteria use the chaperone-usher pathway as another terminal branch of 

the general secretion pathway, following Sec-dependent export, to  secrete proteins across 

the outer membrane. This pathway is best characterised in the context of Type I (fim gene 

c luster) and P pilus (pap gene cluster) assembly in E. coli (Reviewed by Sauer and 

colleagues ( 1 56) .  Pilus assembly requires a periplasmic chaperone, PapD/FimC, and an 

outer membrane usher, PapC/FimD. The chaperone assists the folding of the pilins and then 

prevents their premature association while they are targeted to the usher ( 1 6) ( 1 57). Folded 

pilin subunits are assembled into the pilus and secreted through the usher, which forms a 

pore in the outer membrane (98) ( 1 29) ( 1 58) .  The secretion of the pilus is thought to be 

energised by conformational changes during pilus assembly. 

1.2.2.3 The Autotransporter and Two-partner secretion 
pathways 

Following translocation across the inner membrane via the Sec pathway, both the 

Autotransporter (AT) and Two-partner secretion (TPS) pathways facilitate the secretion of 

substrates across the bacterial outer membrane . Preceding the typical Sec secretion signal, 

auto transporter and component A of the TPS pathway contain an extended signal consisting 

of a sequence rich in aromatic and hydrophobic amino acids of approximately 25 residues 

that terminates with the consensus motif L IA VSELAR (67). The function of this additional 

sequence is unknown. Unlike the other export pathways such as the type II ,  III and N 
pathways, there is no complex secretion machinery assembled in these pathways. Once in 

the periplasm, AT protein passenger domains are secreted via their own transporter domain 

in the C-terminus of the protein. The transporter domain forms a pore in the outer 

membrane through which the N-tenninal substrate can pass ( 1 37). TPS systems consist of 

two components, the secretion substrate TpsA and the partner protein TpsB which forms a 

pore in the outer membrane for secretion and in some cases its role is the activation of 

TpsA (85) (203).  
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I t  i s  unknown how the secretion process i s  energised in  these pathways, but as the 

passenger domain and TpsA are thought to fold during secretion into the extracellular 

environment, this may provide energy to power secretion. Following secretion, many 

passenger domains and TpsA proteins undergo proteolytic maturation which, in the case of 

the AT pathway, releases the passenger domain from the translocator domain. The mature 

protein may then be released into the extracellular milieu or remain associated with the 

membrane . 

Proteins secreted by the AT and TPS pathways have diverse functions. AT passenger 

proteins include the vacuolating cytotoxin VacA of H. pylori and Yersinia enterocolitica 

adhesin YadA. TpsA proteins include the HMWl adhesin from Haemophilus injluenzae 

and the cytolysin of Proteus mirabilis . The AT and Tps pathways were reviewd by Jacob­

Dubuisson et al (76). 

1 .2.3 C lass 3 :  Export pathways that cross both 
membranes in  a s ingle step 

1 .2.3.1 The Type IV secretion pathway 
The type IV secretion systems translocate DNA and protein substrates across the bacterial 

cell envelope. The archetype type IV secretion system is the virB/virD4 system found in the 

plant pathogen Agrobacterium tumefaciens which uses this secretion system to translocate a 

T -DNA protein complex into host cells causing the crown galls seen on infected plants . 

Homologous type IV secretion systems are also found in bacterial conjugation systems and 

human pathogens such as the causative agent of whooping cough Bordetella pertussis, the 

intracellular pathogens Brucella suis, Legionella pneumophila and H pylori. In these 

pathogens the type IV secretion system translocates effector proteins rather than DNA into 

eukaryote host cells. The Type IV secretion pathway has been reviewed by Yeo et aI, Ding 

et al and Christie (207) (40) (30). 

The structure of the type IV secretion machinery is poorly characterised. The hypothesised 
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architecture i s  based on the prediction of transmembrane spans, interaction studies, and 

fractionation studies that localise the various Vir proteins to the outer membrane, 

periplasm, inner membrane or cytoplasm. Some Vir proteins co-partition with both the 

inner and outer membranes. This suggests that a transenvelope structure is formed similar 

to the type III needle complex or the flagellum basal body (207). However, such a structure 

has not been observed yet. A proposed assembly of the secretion machinery is presented in 

Figure 1 .3 ,  for comparison with the type II  and TFP (not considered here) secretion 

machinery. 

VirB 1 1 ,  a cytoplasmic protein peripherally associated with the inner 

membrane 

Mutagenesis studies suggest that VirB 1 1  energises pilus assembly and the assembly or 

function of the type IV secretion machinery (Figure 1 .3 ;  ( 1 53» . VirB l l forms a 

homohexameric ring structure with a central 50 A cavity similar to type 11 ATPases, but 

quite obviously different from SecA. The VirB 1 1  hexamer appears to be made of two 

stacked rings in electron micrographs (88). In fact the first of the two rings is formed by the 

N-terminal domain which has a unique fold. The other ring is formed by the C-terminal 

domain which has a RecA-like fold. Nucleotide is bound at the interface of the two 

domains. The structure of the protein has been determined in the absence of nucleotide and 

in the presence of ADP and non-hydrolysable ATPyS (206) ( 1 59). In these studies 

nucleotide is bound at the interface of the N - and C-domains, and binding of nucleotide is 

associated with a swiveling of the N-terminal domain which converts the complex from an 

open asymmetric hexamer to a more c losed and compact symmetrical hexamer. 

Furthermore, ATP binding and hydrolysis influences the association of VirB 1 1  with the 

inner membrane as a Walker A mutant of VirB 1 1  binds the inner membrane more tightly 

( 144). 

There are two other ATPases involved in type IV secretion, VirB4 and VirD4. The exact 

role of these proteins in secretion is unknown. VirD4 may be involved in the recognition 
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and delivery o f  substrates to the secretion machinery. Unlike VirB 1 1 , VirD4 and VirB4 are 

inner membrane proteins rather than being peripherally associated with the membrane (30) . 

Secretion by the Type IV Secretion System machinery 

Secretion substrates such as VirE2 contain a C-tenninus which is rich in positively 

charged amino acids. Furthermore, the C-tenninal domain ofVirE2 can drive the secretion 

of chimeric fusion prote ins. This indicates that the Type IV secretion signal is formed by C­

terminal positive charges and VirD4 can recognise the C-terminus of proteins to be  

secreted. Interestingly, the Type IV  secretion system of  B .  pertussis does not contain a 

VirD4 homologue and the secretion substrate of this system, the pertussis toxin, contains a 

typical general export pathway (GEP) N-terminal s ignal peptide. This suggests that the B. 

pertussis Type IV secretion system operates by a different mechanism from that of A.  

tumifaciens (40). 

Following the recognition of the Type IV secretion substrate by VirD4 and the entry of this 

protein into the secretion channel, the Type IV pilus is assembled and extruded. It does not 

function as a conduit ( 19), and is currently assumed to draw the target cell closer. The 

assembly of the pilus is energised by VirB 1 1 . The crystal structure of VirB 1 1  bound to 

A TPyS, ADP and free nucleotide has allowed a model to be generated to explain the 

coupling of the ATP hydrolysis cycle to protein translocation . This is  summarised in 

F igure 1 .4 below ( 1 59). Each N-terminal domain (NTD) of the hexamer can move about a 

flexible linker between the NTD and C-terminal domain (CTD), to form an opening 50 A in 

diameter. In contrast the CTDs combine to form a closed hexameric ring with a "six­

clawed" grapple around a central pore of approximately 10 A. Following ATP binding, the 

NTDs adopt a more rigid closed conformation. Then by an unknown mechanism A TP 

hydrolysis is  assumed to generate the necessary mechanical force to drive translocation of 

an export substrate ( 1 59) (206). 



Introduction 1 9  

6 ADP 

3 ATP
1 r 3 PO, 3 

Figure 1 .4. Model for the mode of action of VirB1 1 ATPases. Taken from Figure 6 of 

Savvides, et al ( 1 5 9), the N-tenninal domains are pink in panel one the C-tenninal domains 

are blue. The N-terminal domains become locked into a rigid confonnation by binding 

ATP. 

Following assembly of the pilus, the substrate is secreted and it enters the target cell, 

this may also be energised by VirB 1 1 . However, the pilus is not used as a conduit to 

transfer the secretion substrate to the target cell. This is deduced from the phenotype of 

mutants that do not produce pili, but still secrete substrates ( 1 9) .  
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1.2.3.2 Type I Secretion 
Type I secretion systems secrete cognate substrates to the extracellular environment in a 

single step without a periplasmic intermediate. The secretion signal is C-terminal, however 

it varies and it is hence poorly understood. The substrates vary in function and include 

toxins, proteases and phosphatases. Despite unrelated primary structures and functions, 

these substrates have some common characteristics. Many contain glycine-rich repeats, few 

or no cysteines and with the exception of one substrate, they all have an acidic pI around 4 

(39).  

The secretion machinery consists of  three components; an A TP-binding cassette (ABC) 

protein associated with the inner membrane, a membrane fusion protein (MFP) that is 

anchored in the cytoplasmic membrane and traverses the periplasm, and an outer membrane 

channel of the TolC class (9) (87) ( l 0). The ABC protein recognises export substrates and 

energises export (86) (2 1 )  while the MFP connects the ABC protein and T olC ( 1 8 1 ). The 

MFP may also open TolC following recognition of the substrate . Although substrates are 

exported across the cytoplasmic membrane in an unfolded state (38), experiments suggest 

that proteins fold within the TolC channel ( 1 85) .  

The ABC protein functions as a dimer and consist of two nucleotide binding domains 

(NBDs) and two transmembrane domains (TMDs) . Thus, unlike other export ATPases 

considered here it is an integral membrane protein rather than being peripherally associated 

with the inner membrane (69) ( 1 6 1 ). 
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1 .3 Type I I I  viru lence export system 

A number of Gram-negative bacterial pathogens use type I I I  secretion systems (TTSSs) to 

transfer effector proteins to the eukaryotic cells of mammalian hosts, where they have a 

variety of effects . Intracellular pathogens such Salmonella and Shigella use type III 

secretion systems to invade and multiply within host cells (60) ( 1 1 3 ), whereas the 

extracellular pathogen Yersin ia causes changes in the cytoskeleton, apoptosis of host cells 

and ultimately avoids phagocytosis (34). There are a number of similarities between the 

type 111 virulence secretion machinery and the bacterial flagellum. These include the 

ultrastructure of the transenvelope secretion machinery, the ordered assembly of this 

machinery and the components of the export apparatus. These similarities have led to the 

classification of the flagellar export system as a type III pathway. 

The TTSSs of Shigella and Salmonella form the so-called needle complex that traverses 

both bacterial membranes. In this introduction, the emphasis will be on the Shigella or 

Salmonella TTSS needle complex (89). As viewed by electron microscopy the 

ultrastructure of this needle complex is remarkably similar to the basal body complex of the 

flagellum ( 1 09)  (Figure 1 .5 ). Furthermore, recent studies of the Shigella needle have shown 

that it bears a close resemblance to the flagellum filament, with the MxiH subunit proteins 

packing in a helical manner, 5 .6 units/turn. The needle complex consists of four distinct 

substructures. Two inner membrane rings 40 nm in diameter formed by PrgH and PrgK, 

two outer membrane rings formed by InvG a protein of the secretin family, a central rod 

formed by PrgJ that connects the two pairs of rings, and an external needle extension 

formed by Prgl that is 80 nm in length and 8 nm in diameter (89) (9 1 )  ( 1 09). A pore of  

approximately 2 nrn runs through the centre ofthe structure . 
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Figure 1 .5 .  A. Schematic comparison of the S. typhimurium TTSS needle complex, and 

the S. typhimurium flageUum. The schematic representation of the needle complex is from 

Marlovits et al ( 1 09). ORI and 2 are rings associated with the outer membrane and are 

composed of InvG. IR I  and IR2 are rings associated with the inner membrane and they are 

composed of proteins PrgH and PrgK. B. Electron micrograph of the needle complex ( 1 09). 
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Mutation of  the structural counterparts in these two systems block their assemb ly at the 

equivalent steps, further emphasising the similarities of the type III virulence and flagellum 

export pathways . These observations indicate the assembly pathway of the needle complex 

proceeds with the formation of defined substructures like the flagellum (90) ( 1 76). The first 

components of the needle-complex to be assembled are the base substructure consisting of 

the inner membrane PrgH-K rings, and the outer membrane InvG ring. These proteins are 

exported in a sec-dependent manner. The PrgH-K rings act as a mounting plate for the 

assembly of other proteins to build the complete type III  export apparatus. Subsequent 

protein export to assemble the inner rod and needle and the secretion of effectors from the 

needle, proceeds via a sec-independent type III mechanism. Export via this pathway is 

energised by an ATPase (InvC) of the export apparatus. 

Perhaps most significantly, a number of the export apparatus components of the virulence 

associated TTSSs have significant sequence similarities with the flagellar export system, 

including the ATPase InvC (Table 1 . 1 ) .  This led to the assumption that virulence TTSS 

evolved from the flagellum TTSS. However, phylogenetic analysis of four of the core 

components of the Type HI and flagellum export apparatus, (Y scN/FliI, LcrD/FlhA, 

YscRlFliP, YscS/FliQ), placed doubt on this assumption. In contrast,it suggested that they 

both evolved from a common ancestral structure (65). 
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Table 1 .1 .  Proteins of the type III virulence secretion systems of S. jlexneri, S. 
typhimurium and the S. typhimurium flagellar secretion system that share sequence 

similarity.a. 

Shigella flexneri Salmonella SPI-l Flagellar proteins Localisation 

MxiA InvA FlhA Inner membrane 

Spa47 InvC FliI Cytop lasmfinn er 

membrane 

Spa33 SpaO FliN Inner membrane 

(SpaO is secreted) 

Spa24 SpaP FliP Inner membrane 
--f----

Spa9 SpaQ FliQ Inner membrane 

Spa29 SpaR FliR Inner membrane 

Spa40 SpaS FlhB Inner membrane 

MxiJ PrgK FliF Inner membrane 

Ineedle base 

MxiD InvG Outer membrane 

!needle base 

MxiH PrgI FlgE Needle 

Spa32 InvJ FliK Secreted, needle 

length control 

MxiG PrgH Needle base 

MxiI PrgJ Needle, cap protein 

aThlS table IS an abbrevIated versIOn of Table 1 from He et at (66). 
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1 .3 . 1  The Type II I  virulence secretion signal 
There is  specific recognition of the type III export substrates by  the export apparatus. The 

type III secretion signal has been most extensively studied in the virulence export systems, 

but parallels with putative flagellar signal sequences are emerging. There is no clear 

consensus sequence motif and there is some controversy regarding the nature ofthe signal .  

I t  has been suggested that the signal may be  within the mRNA, because if a single 

synonymous change is made in codon three of Yersinia yopQ, it destroys the capacity of the 

first 1 0  codons to direct secretion via the type III pathway when fused to Npt ( 143). At the 

same time there are examples of dramatic changes in the mRNA sequence that leave 

protein sequence intact and secretion still occurs . For example, when 1 7  of the 27 

nucleotides in codons 2- 1 0  of the YopE signal are changed export of this protein is not 

affected ( 1 00). Regardless of its nature, the signal has been localised to approximately the 

first 1 5  amino acids or codons of type III virulence effectors ( 1 1 )  ( 1 60) ( 1 68). 

1 .3.2 Substrate-specific chaperones of the Type I I I  
virulence secretion system 

An additional type III secretion signal may be present in the type III substrate specific 

chaperones. For example, a mutant of the secreted protein YopE lacking the N-terminal 1 5  

residues is exported in a SycE (chaperone) dependent manner (29). Targeting to the export 

apparatus is just one of the roles suggested for substrate specific chaperones, others include 

passive protection, secretion competence and unfolding. Holding the protein in an unfolded 

state is particularly important as the pore in the centre of the needle structure is only 2 nm 

in diameter. 
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1 .4 The Type I I I  Flagel l um Export System 

The flagellum is a cell surface organelle that mediates bacterial motility. Proton motive 

force or sodium motif force provide the energy for motor rotation. Rotation of  the motor 

leads to the rotation of a rod which functions as drive shaft, then to rotation of a flexible 

universal joint tenned the hook. This in turn leads to the rotation of the helical filament that 

results in thrust to propel the cell. The motor rotation and consequently the filament 

rotation will occur in a counter-clockwise direction if the chemoreceptors for attractants in 

the p lasma membrane are occupied, resulting in directional bacterial movement or 

"swimming". When the occupancy of these receptors drops the motor rotation changes to a 

clockwise direction and causes the cell to tumble randomly rather than swim. 

The model organism for the study of bacterial motility and flagellum protein export is 

Salmonella enterica serovar typhimurium, commonly referred to as S. typhimurium in the 

literature.  As can be seen in Figure 3 . 1  of the results chapter, the majority of the structural 

genes of the S. typhimurium flagellum have been annotated in the genome of  H. pylori. 
There are some s ignificant differences in H. pylori flagellar gene regulation that will be 

discussed later. 

1 .4. 1 Morphological assembly pathway and structure 
of the bacterial flagel lum 

The flagellum organelle consists o f  several substructures. A basal body, consisting of  the 

M S  ring in the cytoplasmic membrane; the attached rod that traverses the periplasm, and L­

(LPS) and P-(peptidoglycan) rings that assemble around the rod in the outer membrane; the 

hook containing the hook protein and the hook-associated proteins; and the filament 

consisting offlagellin and the filament capping protein. 

Like the assembly of the type III virulence needle complex, the first step of flagellum 

assembly involves the Sec-dependent export and assembly of two inner membrane rings. 
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Twenty six copies of FliF oligomerise in the cytoplasmic membrane to form the M and S 

rings with a central pore 1 0  nm in diameter (82). The MS ring was thought to be a passive 

mounting plate, but recent structural studies have revealed that the FliF pore is tightly 

closed by domains contributed by FliF ( 1 77)  ( 1 78). Therefore, it seems that FliF also has a 

gating function. Unlike the needle complex, the flagellum rotates. This requires the 

mounting of the switch complex or C-ring on the MS ring in addition to the export 

apparatus. 

The rotor/switch complex is formed by FliG, FliM and FliN. This complex associates with 

the cytoplasmic membrane via an interaction with the MS ring mediated by FliG and this 

interaction is independent of other flagellar proteins (92) ( 1 03 ). The interaction involves the 

N-terminal domain ofFliG . The C-terminal domain of FliG is essential for flagellar rotation 

( 1 0 1 )  and it contains some conserved charged residues that are proposed to interact with the 

cytoplasmic loop of the stator protein MotA, an inner membrane protein peripherally 

associated with FliG1M1N (Figure 3 . 1 )  (2 1 0). FliG also interacts with FliM (1 12), a protein 

important for control of CW/CCW switching of rotation of the flagellum ( 1 67) following 

the binding of chemotaxis response regulator Che Y -P in a phosphorylation dependent 

manner ( 1 52) .  FliM in turn interacts with FliN. The function of FliN in switching is 

unknown (75) but it is essential for flagellum assembly ( 1 88) .  

The export apparatus is formed by the integral membrane proteins FlhA, FlhB, FliO, FliP, 

FliQ, FliR and the soluble components FliI, FliH, FliJ, FliS, FliT, and FlgN (90) ( 1 1 7) 

( 1 34).  The integral membrane components are assumed to assemble in a patch of 

specialised membrane within the pore of the MS ring. This is supported by the experiments 

that localise FliP and FliR to the basal body (5 1 )  and mutations in the FlhA integral 

membrane domain that suppress mutations in FliF (83). In spite of this evidence, an export 

apparatus complex has not been isolated and a recent structure of the basal body suggests 

that the FliF pore is closed or very narrow and it is difficult to see how the export apparatus 

could be accommodated ( 1 78). Following completion of the export apparatus, assembly of 

the rod, hook and filament proceed via the type III pathway, in a proximal to distal fashion . 

The structures of the hook and filament have been determined. Although the hook is 
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flexible and the filament i s  rigid, both are tubular structures consisting of  1 1  helical 

protofilaments formed from the hook and flagellin subunits respectively (209) ( 1 54). The 

rod, hook and flagellin subunits are assembled following the translocation and diffusion of 

unfolded proteins through the central 2 nm pore in the central channel . The translocation of 

these proteins is energised by FliI .  

1 .4.2 The F lagel lum Export Pathway 
As can be seen in the previous section, the flagellum is a complex structure involving the 

coordinated export and assembly of  1 2  axial proteins : FliE (rod adaptor), FlgB (rod), FlgC 

(rod), FlgF (rod), FlgG (rod), F lgJ (muramidase), FlgD (hook cap), FlgE (hook), FlgK 

(hook-filament junction protein), FlgL (hook-filament junction protein), FliD (filament 

cap),  FliC (flagellin, FlaA and B in H. pylori Figure 3 . 1 ). As shown in the mutagensis 

studies that defined the assembly pathway, these proteins are assembled into substructures 

in a defined order. This presents a logistical problem for the export apparatus as there are 

multiple different proteins to be exported in various copy numbers, and at defined times . 

For example, export of 1 20 copies of the hook subunit precedes the massive export of 

20,000 copies of the flagellin to form the filament ( 1 04). Furthermore, these proteins must 

be in a partially-unfolded secretion competent state as the internal diameter of the hook, 

filament and presumably the rod through which the axial proteins are exported is only 20 A.  
Finally, this export must be energised. 

To deal with this logistical problem the flagellum has multiple levels of regulation that 

include transcriptional control of export substrates, and translational control and 

recognition of substrates by the export apparatus. The transcriptional control coordinates 

gene expression with the stage of assembly; this ensures that only some of the flagellar 

proteins are present in the cytoplasm competing for export prior to the next morphological 

check-point. This gene regulation is different in H. pylori as compared to S. typhimurium. 

Following transcription of an export substrate gene, flagellum-specific chaperones are 

involved in both the regulation of  translation and stabilisation of partially folded flagellum 

proteins in a secretion competent state prior to docking with the export apparatus. At the 

export apparatus, recognition presumably involves a poorly defined N-terminal signal and 

possibly a chaperone or a substrate-chaperone complex signal. The interaction of the export 
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apparatus with the rodlhook subunit-chaperone complexes changes the recognition 

interface of the apparatus allowing it to recognise and export the late filament-type protein­

chaperone complexes, and consequently change the specificity of  the export process 

following hook completion. 

1 .4.3 F lagel lar Gene Regu lation 
The regulation of bacterial flagellar gene expression is best characterised in S. typhimurium. 

The flagellar genes of S. typhimurium are clustered in three regions of the chromosome and 

these clusters represent three levels of an expression hierarchy ( l 05). At the first level of 

the hierarchy class 1 genes flhC and flhD of the master operon are expressed. The 

heterotetrameric complex FlhD2C2 binds to an imperfect palindrome that contains two 

inverted repeats within the promoters of class 2 flagellar genes and activates their 

transcription (99) (32) . The c lass 2 genes encode the proteins o f  the flagellum export 

apparatus and the basal body in addition to two regulatory proteins, FlgM and (528 (RpoF). 

(5
28, encoded by fliA, is necessary for the transcription of class 3 genes in the subsequent 

level of the hierarchy and it is negatively regulated by FlgM, an anti-sigma factor which 

binds (528 and prevents the interaction of the RNA-polymerase-(528 holoenzyme with class 3 

promoters ( 1 3 5 )  (94) ( 1 33) .  Following expression of the class 2 genes and export and 

assembly of the basal body and hook, F lgM is exported through the BBH (basal-body 

hook) to the extracellular medium (73). This relieves the inhibition of (528 -dependent 

transcription of the class 3 flagellar genes. The class 3 genes encode the so-called "late" 

flagellar genes, the HAPs (hook-associated proteins), the filament, the hook capping protein 

and the chemotaxis and motor proteins ( 1 05) .  

The regulation of flagellar gene expressIOn of C. crescentus has also been well 

characterised. As opposed to S. typhimurium in which the flagella are peritrichous 

(distributed around the periphery of the cell) the single flagellum of C. crescentus is polar 

(located at one of the poles of the cell). Different regulation in the two bacterial species 

may be representative of differences between the gene expression in polar vs. peritrichous 

flagellated micro-organisms. The gene expression hierarchy of C. crescentus consists of 

four levels. Class 1 of the hierarchy consists solely of  ctrA, a regulator that controls the (J70 
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dependent transcription of class 2 genes in response to signals associated with the 

progression of the cell cycle. Class 2 genes encode the MS ring complex and the export 

apparatus in addition to FlbD, an activator of (j54-associated transcription of class 3 and 4 

genes. The class 3 genes encode the hook and basal body proteins and class 4 genes encode 

the three flagellin genes of the flagellar filament (20 1 )  (202). 

H. pylori has 4-6 polar flagella. Interestingly, the regulation of H. pylori flagellar gene 

expression is not alike that of  C. crescentus, but appears to be unique. The H pylori 

regulatory pathways are summarised below in Figure 1 .6 taken from a genome-wide 

analysis of flagellar gene expression by Niehus and colleagues ( 1 30). Although there is a 

clear three-tier expression hierarchy differentiated by different sigma factor requrements, 

there is also an intennediate class of genes that are transcribed by both sigma factor (j28 and 

(j54. Furthennore, H. pylori regulatory cascade contains some regulatory proteins 

homologous to those of S. typhimurium and C. crescentus, such as a (j54-associated 

transcription activator, FlgR of the NtrC family and the anti-sigma factor FlgM .  However, 

the place of these proteins in H. pylori regulatory cascade and the manner in which the gene 

expression hierarchy is regulated appears to be unique . 

At the first level of the hierarchy, class 1 genes are expressed from a (j80 promoter in 

response to an unknown signal. The class 1 genes encode chemotaxis and motor proteins, 

the MS ring protein FliF, the L- and P-ring proteins FlgH and I respectively, the rod 

proteins, proteins of the export apparatus such as FliH, FliI, and FlhB, and regulatory 

proteins such as sigma factor (j54, FlgR, FIgS, and FlhA. FlhA is a part of the export 

apparatus, but it also appears to be a master regulator. A knock-out mutant ofjlhA exhibits 

decreased transcription of class 2, 3 and intermediate H. pylori flagellar genes . 

Surprisingly, in anjlhA/jlgM double mutant the transcription of  these genes is upregulated, 

suggesting the involvement of Fig M in a negative feedback mechanism of regulation when 

the flagellum structure is compromised by the absence of FlhA. The transcription profile of  

an jlhF and anjlhF/jlgM double mutant i s  similar to that of the jlhA and jlhA/jlhM mutants 

( 1 30). 
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The class 2 genes include the flgK and L (hook-associated proteins or RAPs), the hook 

protein flgE, the flagellin flaB, a flgJ-like gene (muramidase) and proteins that may b e  

involved in the synthesis o f  the lipid sheath ofthe flagellum. Intermediate genes include the 

rod proteins, the flagellar cap protein fliD, and the flagellum-specific chaperones fliS and 

jliT, flhF and flgM. Class 2 and intermediate gene expression is activated by the 

phosphorylation of  FlgR of the NtrC family by an NtrB-like histidine kinase FIgS . While 

0'54 -associated transcription occurs in other bacteria with polar flagella, both FlgR and FIgS 

are atypical. FIgS lacks a transmembrane domain and the signal that stimulates its activity 

is unknown. FlgR does not contain a known DNA binding domain and it engages in DNA­

independent activation of transcription by 0'54 and RNA polymerase. FlgR also suppresses 

transcription from the 0'28 promoter of the flagellin gene, jlaA . As novobiocin, a repressor 

of bacterial gyrases, suppresses expression from the 0'54 promoter of flaB but not the (J28 

promoter ofjlaA, DNA supercoiling may regulate expression from the flaB promoter ( 1 69) 

( 1 7) (26) .  

The only class 3 H pylori flagellar gene is  the major flagellin, flaA . The transition from 

class 2 to class 3 flagellar gene expression is particularly interesting in H pylori. In S. 

typhimurium this transition involves the completion of the flagellar hook which in turn 

allows the export of the 0'28 anti-sigma factor FlgM to allow expression of late flagellar 

genes from 0'28 promoters . Recent experiments with the H pylori hook-length control 

protein, jliK, suggest that this protein is necessary to turn off expression from the class 2 

regulon ( 1 5 1 ), but the mechanism by which (j28 -based flagellum gene expression is 

upregu1ated is less clear. As the H pylori flagellum is sheathed i t  may not be possible to 

export FlgM via the flagellum. Furthermore, FIgM lacks the N-terminal 20 amino acids 

present in the S. typhimurium F1gM, required for interaction with the FIgM chaperone, 

FlgN. 



class 1 
genes O unknown (180 � I nput signal 

Introduction 32 

H P0244 (histid ine kinase, F leS) } 
ffgR (response regulator, FleR) llagellar 
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HP0472 omp l 1  
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Figure 1 .6. Current model of gene regulation pathways of flageUum biogenesis in H. 
pylori. Taken from Niehus et at ( 1 30). 
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1 .4.4 F lagel lum-specific chaperones 
Four flagellum-specific chaperones, FlgN, FliS , FliT and F liJ, have been identified in S. 

typhimurium. Recently another role for flagellar chaperones in addition to post-translational 

functions similar to Type III virulence chaperones, has begun to emerge. It appears 

chaperones can also have a role in regulating gene expression at both the transcriptional and 

translational levels. For example, FlgN is required for regulation of FlgM as a class 3 

transcript, and FliT has been shown to be a negative regulator of transcription from class 2 

promoters (93) (8 1 )  (4) . 

The post-translational role of flagellar chaperones in flagellar assembly involves stabilising 

and protecting export substrates from aggregation/polymerisation and degradation. Null 

mutants of fliT exhibit a motility defect due to decreased export of FliD. FliD does not 

accumulate intracellularly in this mutant strain suggesting that FliT has a role in protecting 

FliD from degradation. Consistent with this role, the C-termini of FliT homodimers bind 

FliD in vitro ( 1 8) .  Similar genetic and biochemical observations were made for the 

chaperone FlgN, which is essential for motility, b inds FlgK and FlgL in vitro, and inhibits 

FlgK aggregation in vitro ( 1 8) .  Mutants of the chaperone F liS produce short flagella and 

therefore also display defective motility (208). It has subsequently been shown that FliS 

binds to the disordered DO domain at the C-terminus of flagellin. Such binding inhibits 

polymerisation of FliC in vitro and protects the C-terminus from degradation in vivo. Thus, 

the role of FliS is to prevent premature polymerisation of FliC prior to export and to protect 

it from degradation ( 1 5 )  ( 1 39) .  FliJ is also c lassified as a flagellar chaperone as mutants 

have a defective motility phenotype and co-overexpression with FEE or FlgG hindered the 

aggregation of  these proteins. But unlike other flagellar chaperones FliJ is more 

promiscuous as it interacts with flagellin, and both hook and rod proteins. In addition F liJ 

interacts with the soluble components of the export apparatus, the flagellum-specific 

ATPase FliI, FliH, and the cytoplasmic domain of FlhA ( 1 1 9) ( 1 14) (58). 
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1 .4.5 F lagel lum N-terminal secretion s ignal 

Although the N-terrninal segments of a number of the exported flagellar proteins can be 

aligned, no clear signal sequence has been identified for flagellar proteins (7 1 )  (70). 

Furthermore, most of the axial proteins contain heptad repeats within their N-terrnini 

indicative of amphipathic helix formation. However, all of  the axial proteins that are 

exported by the flagellum are disordered at their respective N-termini and have no 

observable secondary/tertiary structure in this region. This has led some researchers to 

propose that the terminal disorder is the secretion signaL The heptad repeats probably 

indicate the helical structure of termini following the assembly of the axial proteins into the 

flagellum (7 1 )  (70) (36).  Intriguingly, Salmonella type I II virulence secretion substrates can 

be secreted by the flagellum suggesting that both systems use a common N-terminal 

secretion signal (97) .  

1 .4.6 Substrate-specificity switching by the export 
apparatus 

Export substrates are recognised by an N-terminal signal. This signal is still poorly 

characterised, and it is not known if it can allow differentiation of different export 

substrates. But it has been determined that the export apparatus can switch between 

exporting class 2 substrates and class 3 substrates or late flagellar genes, because hook­

length is controlled. This change in export specificity involves the export of a hook-length 

control protein and a change in the cytoplasmic domain of FlhB. 

FliK is a sensor of flagellum hook length and it relays this information by interacting with 

FlhB to induce a conformational change ( 1 20). This change is associated with the 

autoproteolytic cleavage of the cytoplasmic domain of FlhB into two fragments that remain 

associated, FlhBn and FlhBc (59) (54). This c leavage results in a switch from exporting 
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rod/hook-type substrates to  filament substrates . Consequently, fliK null mutants produce 

polyhooks and filaments do not assemble ( 1 40). 

The assembly of the hook is also influenced by the capacity of the export apparatus, and 

this is currently assumed to be defined by the C-ring, as mutations in any of the switch 

proteins lead to short hooks ( l 07). Furthermore, the hook assembly is also influenced by 

the concentration of hook subunits (FlgE) as  superpolyhooks are formed if FlgE is  

overexpressed ( 1 28). This has led to  a model of substrate specificity switching in which 

FlgE fills the C-ring and is exported allowing FliK to interact with FlhB, change the export 

specificity and be exported itself. 

1 . 5 F u n ction of Fl i I  and F I i H  i n  flagel lar  export 

1 .5 . 1 F l i I  
As previously discussed, flagellum assembly i s  regulated at the level o f  transcription and 

post-transcriptionally. The studies of hook-length control show that the export apparatus 

can change . Perhaps it is a dynamic structure involved in the post-translational regulation of 

export, by changing in response to different N-terminal secretion signals. However, this 

remains to be determined. Very little is currently known about the structure of the export 

apparatus or the translocation events following recognition of the substrate. The C-rod 

extending from the C-ring has been visualised and this is thought to constitute the export 

apparatus . The translocation process is expected to be energised by the flagellum-specific 

ATPase FliI. To perform this role, FliI is thought to interact with both components of the 

export apparatus and export substrates ( 1 1 9), and ATPase activity is predicted to be 

regulated to ensure A TP hydro lysis is coupled to export. This regulatory function is 

currently thought to be performed by FliH ( 1 1 8) .  

Both S. typh imurium and H pylori FliI share 26% sequence identity with the p-subunit of 

Bovine F l-ATPase, and contain the Walker A and B motifs. When the following mutations 

were made in S. typhimurium FliI: K1 88 to I (Walker A), D272 to N (Walker B) and Y363 

to S (adenine binding pocket), the ATPase activity dropped 1 00-fold .  All three mutations 
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also rendered S. typhimurium aflagellate and non-motile. Similarly, mutations of  the 

Walker A and B residues of H. pylori FliI produced mutant strains that were non-motile and 

afiagellate (77). This mutagenesis data supports a role for FliI  energising flagellar protein 

export. 

However, the Walker A and B motifs are very common in A TP-utilising enzymes and 

therefore to verify that FliI has a homologous structure to the F I ATPase catalytic subunits 

and a similar catalytic mechanism, further structural studies are required. These structural 

studies are in progress. A recent structural study of S. typhimurium FliI has shown that like 

the F I -ATPase, FliI assembles as a hexamer, and FliI demonstrates positive catalytic 

cooperativity CV max = 0 .28 /lmol ATP hydrolysed min-I mg- I) .  

In addition to the catalytic residues, a temperature-sensitive L 1 2P mutation of  S. 
typhimurium FliI has also been identified, that shows that the residues ofthe N-terminus are 

also important for the function of Flil. This mutant has a defect in flagellation and motility 

that becomes more prominent when cells are shifted from 30 °C to 42 QC.  An R7CIL 1 2P 

mutation was also created that has an even greater defect in motility at the pennissive 

temperature. Despite the defective motility these proteins exhibited wild-type ATPase 

activity (52).  This suggested that their aberrant function may be due to the disruption of an 

interaction with another protein of the export apparatus . The L 12P and R7CIL 1 2P 

mutations were not dominant in trans (52), but interestingly when mutant proteins were 

created that contained both the R7C/L 12P mutation and the Y363S or K188I  catalytic 

mutations the dominance of the catalytic mutations was lost ( 1 1 8). It was subsequently 

demonstrated that these N-terminal mutants and N-tenninally truncated FliI cannot interact 

with FliH ( 1 1 8 )  ( 1 2 1 ). 
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1 .5.2 FI iH 
S. typhimurium FliH has been classified as a soluble component of  the export apparatus 

because it interacts with other cytoplasmic components, FliI and the cytoplasmic domains 

of FlhA and FlhB . Furthermore, fliH null mutants fail  to export flagellar proteins and 

consequently they are non-motile. 

In vitro characterisation of S. typhimurium FliH has revealed that it forms a dimer in 

solution. The dimer has an elongated shape as it elutes with an estimated molecular mass of  

232 kDa by gel filtration despite having a theoretical mass of  56 kDa (1 16) .  Deletions of 

F liH were also made to functionally dissect the protein. This identified three domains, an 

N-terminal domain, a dimerisation domain or interface and a C-terminal domain. The N­

terminal domain consisting of residues 2 - 1 00 was found to be primarily responsible for the 

elongated shape of FliH (64), whereas deletion of residues 1 00- 1 40 defined the 

dimerisation interface by abolishing dimerisation . Furthermore, FliH lacking residues 1 00-

1 40 was unable to complement a fliH null mutant, indicating that the FliH dimer is  the 

functionally relevant form of the protein in vivo. The C-terminal domain is critical for the 

interaction with FliI and consists of re si dues 1 00-235 .  

At the beginning o f  this project no data o n  H. pylori FliH had been published. 

1 .5.3 The FI iH-Fl i I  complex 
FliH and FliI of S. typhimurium form an elongated (FliH)2FliI complex in solution that 

involves the C-tennini of both FliH subunits and protects the N-terminal 26 amino acids of 

FliI  in limited proteolysis experiments ( 1 1 8) ( 1 2 1 )  ( 1 1 6) .  Fl i I  in this comp lex exhibits a 1 0-

fold decrease in ATPase activity ( 1 1 8), but this result is hard to interpret as FliI was not a 

hexamer in this complex. Interestingly, following the binding of ATP, AMP-PNP or ADP 

to FliI, the N-terminal 26 residues become susceptible to proteolysis as they are in the 

absence ofFliH ( 1 2 1 ), suggesting that conformational changes are coupled to ATP binding. 
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The molecular details of the role of FliI and FliH in the export apparatus are still being 

characterised. Both proteins have been shown to interact with the cytoplasmic domains of  

FlhA and FlhB, albeit weakly, and export substrates such as  the hook FlgE and flagellin 

FliC which also require F liI for their export ( 1 17)  ( 1 1 9) (2 1 1 ) .  These and the previous 

observations regarding FliI, FliH and the (FliH)2FliI complex allow a model to be proposed 

for the function of a soluble export complex that forms before the translocation of flagellar 

export substrates. 

A (FliH)2FliI complex forms in the cytoplasm. In this complex FliH holds F liI  in a 

conformation which allows substrate/chaperone complex binding but reduces ATP 

hydrolysis to prevent futile ATP hydrolysis when the ATPase is not coupled to substrate 

translocation. Both FliH and FliI have an intrinsic ability to associate with the membrane 

( 14)  (1 1 5 )  and this leads to stimulation of FliI o ligomerisation and ATPase activity (3 1 ) .  

The binding of ATP changes the conformation of  the N-terminal domain of FliI ( 1 2 1 )  and 

allows either the binding of the substrate to FliI and/or the association of the complex with 

FlhA and B of the export apparatus. Association of the complex with FlhA and F lhB could 

then trigger the dissociation of FliH, and stimulated ATPase activity ensues to translocate a 

flagellar protein into the MS ring pore. 

1 .5.4 Structure of F l i I  
Significant alignments o f  FliI homologues and the known structure o f  the FJ  � subunit 

(Figure 1 .7) allow the modeling of the three-dimensional structure of FliI. Such a model is 

presented in Figure 1 . 8 .  
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- - - - - -M RQ y H Y I T EMMRVALQ DL S T L R I KGRVVQVVGT l l KAVVPM - - - - - - VK I GEVC 4 8  

- - - - - - - - - - - - - - - - - - - - S P S P KAGAT TGRI VAVI GAVVDVQ F DE G - - - - L P p ILNAL 3 6  
- - - - - - - - - - - - - - - - - - - - - - - - - - - MT RGRVI QVMGPVVDVK FENG H - - - L PAI Y N AL 3 0 

- - QKT G TAEV S S I L E E R I LGADT S V DL E E TGRVL S I G DG IARVHG L RN - - - - - VQAEEMV 5 3  
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N-terminal �-Barrel Domain 

K I E K S DG - - - - - - - S E CVGMVVVAEKEQFG FT PFN F I EGARAGD KVL FL - K EG LN FPV- - 9 4 

E I E R FGQ- - - - - - - K P L PAEVVGFRET RALLMPFGPVEGVG PGAE I R I V - P EGAVVR P - - 9 3  

I I E RQ DG P - - - - E T K EV E SEVVGFN GQRLFLMPLEEVEGI L PGA RVyAR- N G H G DG LQ S G  1 0 7  
yLRN P DN S - - - - - - L S LQAEVIGFAQHQALL I PLGEMyGI S S N TEVS P T - GTMHQVGV- - 9 9  

I N E S Gy - - - - - - H PVQVEAEVMGFS G S KVy LMPVGSLAGIAPGARVVPL - P DTG RLPM - - 1 0 5  

E IT PWLA P - - - - KT G C C T CAGGWLTAGT H RADAyRN C QGLSR DVVLy PT - GRAL SAWV- - 8 7  

ELRQRDGT - - - - - - LLQRAEVVGFSRTLALLAPFGEL VGLS RQTRVI G L - GR PLAVPV- - 1 0 0  

yLRN P DN S - - - - - - LS LQAEVIGFAQ H QALLI PLGEM yG I S SN TEVS P T- GTMHQVGV- - 9 9  

QL RN P DQS - - - - - - LALLAEVIGFQQHQALLTPLGEMLGVS SN TEVS PT - GGMH RVAV- - 1 0 0  

LLRN PG E D - - - - - - FEMH GEVVGFV R DAALLTPIGDMy GISSATEVI PT - GRT HMVPV- - 9 9  

Bovine F .  Beta EVQ G R - - - - - - - E T RLVLE VAQ H LG E S TVRT IAMDGTEGLVRGQ KVL DS - GA P I RI Pv- - 8 6  
Bacilllls PS3 F .  Beta K IQH KARN EN EV D I DLTLEVALHLGDDTVRT IAMASTDGL I RGMEVI DT-GA P I SVPV- - 8 7  
Bovine F .  Alpha E FS S - - - - - - - - - - G L KGMSLN L E P - DNVGVVVFGN D K L I K E G D IVKRT-GA I V DVPV- - 9 9  
Bacillus PS3 F .  Alpha E FAN - - - - - - - - - - AVMGMALN L E E - N NVG IV ILGP y TGI K EG DEVR RT - GR I MEVPV- - 1 0 0  

E. coli Rho 

V cholerae Rho 

13. subtilis R ho 

B. pertussis Rho 
P. aeruginusa R ho 

Significant a l ignment of rho only occurs after the �-barrel domain 
L E I LQDG - - - - - F G FL R SA D S S y LAG P D D l y V S P S Q I RR FN L RTG DT I S - GKIRPPKE - - 1 0 6  

LE I LQDG - - - - - FG FLRSA D S S yLAG P DD l y VS P S Q I R R FNL RTG DS I A- GKIRPPKE - - 1 0 6  
L E I I QS E - - - - - - G FG FLR P I N y S P S S E D I y I SASQ I R R F DL RN G DK VS - GKVRPPKE - - 1 0 8  

L P DG F - - - - - - - - G F L R S P DT S y LA S T D D l y I S P S Q I R R F N LH T G D S I E - GEVRTPKD - - 1 0 6  

L Q DG F - - - - - - - - G FL R SADS S y LA G P D D l yVS P S Q I R R FN L RTG DT I I -GKIRPPKE - - 1 0 6  
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a-� AlP Binding Doma in 

- - - - - GRNLLGRVLN PLGQVIDN K GAL D Y - - - E RLAPVI T T P I A PL KRGL I DE I FSVGVKS 1 4 7  
- - - - - T KAWLGRI I NA FGE PIDGLG PL PQ - - G EV P Y PLKTA PP PAHARG RVG E RL DLGVRS 1 4 7  

KQL P LG PALLGRVLDGGGKPLDGL PA P DT - - - L ETGAL I T P P FN PLQRT P I E H VL DTGVRA 1 6 5 
- - - - - GE H LLGQVLDGLGQPFDGGH L P E P - - - AAWYPVYQDAPA PM SRKL I TT PL S LGIRV 1 5 2 
- - - - - GM SMLGRVLDGAGRALDGKGGM RA - - - E DWVPM DG P T I N P L KRH P I S E PL DVGIRS 1 5 8  

- - - - -GY SVLGAVLD P TGK lVER FT P E VA P I - S E E RV I DVA P P S YASRVGVR E PL I TGVRA 1 4 2  

- - - - -GSALLGRVLDGLGEPADGQGPLAG - - - D DWVQIQAQAP D PMRRR L I E Q PL PTGVRI 1 5 3  

- - - - - GE HLLGQVLDGLGQPFDGGH L P E P - - - AAW Y PVY Q DAPA PM SRKL I T T PL S LGIRV 1 5 2 

- - - - - GEHLLGQVLDGLGRPFDGS P PAE P - - - AAWY PVY RDAPQPM S RRL I E R PL S L GVRA  1 5 3 

- - - - - GPGLLGRVLDGLGRPLDAA E S G P L HA - H K FYPVFADAP D PLTRR I I HA PLELGVRV 1 5 4 

- - - - -G P ETLGRIMNV IGEPIDERGP I KT - - - KQ FAA I HAEAP E FV E M S V EQ E I LVTGIKV 1 3 9  

- - - - - GQVTLGRVFN VLGEPIDLEGD I PA - - DA R R DP I H R PAPK FEELAT E V E I L ETGIKV 1 4 1 

- - - - - GE ELLGRVVDALGNAIDGKG P I G S - - - KARRRVGL KAPG I I PRI SVR E PMQTGIKA 1 5 2  

- - - - - GETLIGRVVN PLGQ PVDGLG PVET - - - TET RPI E S RAPGVM DRRSVH E PLQTGlKA 1 5 2 

- - - - - GE Ry FALLKVN EVN F D K PENARN K I L FEN LT PL HA N S RL RME RGN G S T - E DLTARV 1 6 1  
- - - - - GE R YFALLKVN T VN D DR P DNARN K I L FEN LT PLHAN E RMVME RGN G S T - E D I TARV 1 6 1  

- - - - -NE R y yGLL HVEAVN G DD P E SA K E RVH F PALT P L y P DRQMV L ET K P N FL - ST R I MDM 1 6 3 

- - - - - GERyFALVKVDKVN G S P PEA I KH R I M FEN L T PL H PNQVM RLERDI KS E - EN LTGRI 1 6 1  
- - - - - GE R yFALLKVDS I N F DR PENAKN K I L FEN LT PL F P N E RMKM EAGN G S T - E DLTGRV 1 6 1 
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.- -11 
IDGLLTCGKGQKLGI FAGSGVGKSTLMGM I T R- - - - - - - - - - GCLAP I KVIALIGERGRE 1 9 7 

MNV FTTTCRGQRLGIFAGSGVGKSVLLS MLAK- - - - - - - - - - EATCDAVVVGLIGERGRE 1 9 7 

INALLTVGRGQRMGLFAGSGVGKSVLLGMMAR - - - - - - - - - -Y T RADVIVVGLIGERGRE 2 1 5  

IDGLLTCGEGQRMGIFAAAGGGKSTLLASLI R - - - - - - - - - - SAEVDVTVLALIGERGRE 2 0 2  

INGLLTVGRGQRLGLFAGTGVGKSVLLGMMT R- - - - - - - - - - FT RAD I IVVGLIGERGRE 2 0 8  

IDGLLTCGVGQRMGI FASAGCGKTMLM HMLI E - - - - - - - - - -QT EADVFVIGL IGERGRE 1 9 2 

VDGLMTLGEGQRMGIFAAAGVGKSTLIGMFAR- - - - - - - - - -GTQCDVNVIVL IGERGRE 2 0 3  

IDGLLTCGEGQRMGIFAAAGGGKSTLLA SLI R - - - - - - - - - - SAEVDVTVLALIGERGRE 2 0 2  

IDGLLTCGEGQRMGIFAAAGGGKSTLLASLVR - - - - - - - - - -NAEVDVTVLALVGERGRE 2 0 3  

LDGLLTCGEGQRLGIFAAAGGGKSTLLGMLVKGAA- - - - - - - - - -VDVTVVALIGERGRE 2 0 4  

VDLLAPYAKGG K I GLFGGAGVGKTVLIM ELINNVA- - - - - - - KAHGG Y SVFAGVGERTRE 1 9 2 

VDLLAPY I KGGK I GLFGGAGVGKTVLIQELI HN IA- - - - - - -QEHGG I SVFAGVGERTRE 1 9 4 

VDSLVP I GRGQRELI I GDRQTGKTS IAI DTI I NQ K R FN DG T D E K KKLYCI YVAI GQ K R S T  2 1 2 

IDALVP I G RGQREL I I GDRQTGKTSVAI DT I I NQ K D- - - - - - - - QNM I C I YVAI GQ K E S T  2 0 4  

LDLAS P I GRGQRGLIVAP P KAGKTMLLQN IAQS IAYN- - - - - - H P DCVLMVLLI DERP EE 2 1 5  

LD LAAP I GKGQRG LIVAP PKAGKTMLLQN IAQS IASN- - - - - - H PECVLMVLLI DERP EE 2 1 5  

- - -MAPVGFGQRGL I VAP P KAGKTMLLK E IAN S ITAN- - - - - - Q PEAELIVLLI DERPEE 2 1 4  

LD I FAP I GKGQRGLI VAP PK SGKTVMMQHVAHAI TTN- - - - - - ¥ P DAVL IVLLVDERP EE 2 1 5  

IDLCAP I GKGQRGLI VAP P KAGKT I MLQN IASN I T RNN - - - - - - PECHL IVLLI DERP EE 2 1 5  
� 

Walker A motif (P-Ioop) 



H. pylori F l i l  
C. crescenlus F l i I  

S. typhimurium F l i l  
Y enleroc.:olilica Fl i l  

P. aeruginosa F l i I  

S. Iyphimurium I nvC 
,,-"t campeslris HrpB6 
Y pes/is YscN 
P. aeruginosa PscN 
B. pertussis BscN 

Bovine F I Beta 

Bacillus PS3 F I Beta 

Bovine F I Alpha 

Bacilllls PS3 F I Alpha 

E. coli Rho 

V. c.:holerae Rho 

B. subtilis Rho 

B. perlussis Rho 

P. aeruginosa Rho 
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a-� ATP B ind ing Domain  

I PEFIEKNLKG DL - - - - - - - SSCVLVVATSDDS PLMRK yGAFCAMSVAEYFKNQ- GL DVL 2 4 9  

VREFVEETLGEEGL - - - - - - R RAVVVVATSDEPALTRRQAAyMT LAI SE FMRDQ- DQEVL 2 5 0  

VKDFIEN I LGP DGR - - - - - -ARSVVlAAPADVS PLLRMQGAAyAT R lAE DFRDR - GQHVL 2 6 8 

VREFIE S DLGE EGL - - - - - - RKAVLVVATSDRPSMERAKAGFVAT S lAEYFRDQ- GK RVL 2 5 5  

VK EFIDE ILGE EGL - - - - - - KR SVVVAS PADDA P LM R LRAAQyCTR lAEYFRDK -GKNVL 2 6 1  

VTEFVDML RAS H K K - - - - - - E KCVLVFATSD FPSV DRCNAAQLAT TVAEYFRDQ- GK RVV 2 4 5  

VREFIEM ILGP DGL - - - - - -AR SVVVCATSDR S S I ERAKAAyVGTAlAEYFRD R -GMRVL 2 5 6  

VREFIES DLGE EGL - - - - - - R KAVLVVATSDRPSMERAKAGFVAT S lAEYFRDQ- GK RVL 2 5 5  

VREFIE S DLGEQGL - - - - - - RRSVLVVATSDRPAMERAKAGFVAT S lAEYFRDQ- GRRVL 2 5 6  

VREFLEHELGP EGR - - - - - - RK SVIVCATSDK S SMERAKAAyVATAlAEYFRDQ- GQRVL 2 5 7  

GNDL Y H EM I E S GV I N L K DAT S KVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVL 2 5 2 

GNDL y H EMK D S G V I - - - - - - S KTAMVFGQMNEP PGARMRVALTGLTMAEYFRDEQGQDGL 2 4 8  

VAQLVK RLT DA DAM - - - - - - KyT IVVSATASDAAP LQyLAPy SGC SMGEYFRDN - GKHAL 2 6 5 

VATVVET LAKH GAP - - - - - - DyT IVVTASAS QPAPLL FLAPyAGVAMGEYFM I M - GKHVL 2 5 7  

VTEMQR - - - - - - - - - - - - - LVKGEVVASTFDEPAS R HVQVAEMVI E KAK RLVEH - K KDVI 2 6 1 

VTEMQ R- - - - - - - - - - - - - LVKG EVVAST FDEPAS RHVQVAEMVI E KAKRLVEH - K K DVV 2 6 1 

VTD I E R- - - - - - - - - - - - - S VAG DVVS STFDEV PENH I KVAELVL E RAMRLVEHKKyV I I  2 6 1  

VTEMQ R - - - - - - - - - - - - - TVRG EVVAST FDEPAT RH VQVAEMVI E KAKRLVEMK KDVVI 2 6 2 

VTEMQR - - - - - - - - - - - - - TVRG EVVAST FDEP P T RHVQVAEMVI E KAK RLVEH K K DVVI 2 6 2 
VV\. 

Walker B motif 



H. pylori Fli I  
C.  crescenlus Fl i I  
S. fyphimurium Fl i l  
Y. enleroco/ilica Fl i I  
P.  aeruginosa Fl i l  
S. typhimurium lnve 
X. campeslris H rp86 
Y pestis YscN 

P. aeruginosa PscN 

B. perlussis BscN 

Bovine F. Beta 

Bacillus PS3 F. Beta 

Bovine F. Alpha 

Bacilllls PS3 F. Alpha 

E. coli Rho 

V choleroe Rho 

B. sl/btitis Rho 

B. pertussis Rho 

P. aeruginosa R ho 

---------------------------------- .--
Introduction 44 

FIMDSVTRFAMAQREI GLALGEPPTS KGYPPSALS LLPQLMERAGK E - - - - - - EN K GS IT 3 0 3  

CLMDSVTRFAMAQREIGLAAGEPPTT KGYTPTVFT ELPKLLERAG PG P I R P DGTTAAP IT 3 1 0  

LIMDSLTRyAMAQREIALAIGEPPAT KGYPPSVFA KLPALVERAGN G - - - - - I HGGGS IT 3 2 3  

LLMDSVTRFARAQREIGLAAGEPPTRRGYPPSVFAALP RLMERAGQS - - - - - - - S KGS IT 3 0 8  
LLMDSLTRyAQAQREIALAI GEPPAT KGYPPSVFAKLPKLVERAGNAEA- - - - - GGGS IT 3 1 6  

LFIDSMTRyARALRDVALASGERPARRGYPASVFDNLPRLLERPGGT - - - - - - - SEGS IT 2 9 8 

LMMDSLTRFARAQREIGLAAGEPPTRRGFPPSVFAELPRLLERAGMG- - - - - - - E TGS IT 3 0 9  

LLMDSVTRFARAQREIGLAAGEPPTRRGYPPSVFAALPRLMERAGQS - - - - - - - S KGS IT 3 0 8  

LLMDSLTRFARAQREIGLAAGEPPTR RGYPPSVFAALPRLMERAGQS - - - - - - - E RGS IT 3 0 9  

FLMDSVTRFARAQREIGLAAGEPPTRRGYPPSVFATLPKLMERAGMN - - - - - - -QTGS IT 3 1 0  

LFIDN I FRFTQAGSEVSALLGR I PSAVGYQPTLAT DMGTMQERIT T T - - - - - - - K KGS IT 3 0 5  

LFIDN I FRFTQAG SEVSALLGRMPSAI GYQPTLATEMGQLQERITST - - - - - - -AKGS IT 3 0 1  

I I YD DLSKQAVAYRQMSLLLRRPPG REAYPGDVFYL H S RLLERAAKMN DA F- - -GGGSLT 3 2 2  

VVID DLSKQAAAYRQLSLLLRRPPGR EAYPGDI FYLH S RLLERAAK L S DA K- - -GGGSLT 3 1 4  

ILLDSITRLARAYNTVVPASGKVLTGGVDANALH R PK R FFGAARNVEE - - - - - -GGSLT I 3 1 5  

ILLDS ITRLARAYNTVVPASGK VLTGGVDANALH R P K R FFGAARNVEE - - - - - GGSLT I I  3 1 6  

- LMDS ITRLARAYN LVI P PSGRTLSGG I DPAAF H R P K RFFGAARN I EE - - - - -GGSLTIL 3 1 5  

-LLDS ITRLARAYNTVVPASGK VLTGGVDANALQ R P K R FFGAARN L E E- - - - -GGSL TIL 3 1 6  

-LLDS ITRLARAYNTVI P S SGKVLTGGVDAHAL E K P KR FFGAARN I E E - - - - -GGSLTIL 3 1 6  
VV\. � 

Wal ker B motif Q-Ioop 



H. pylori F l i l  

C .  crescenflls FliI 
S. Iyphimurium F l i l  
Y. enlerocolilica F l U  
P. aeruginosa F l i T  

S. typhimurium InvC 
X campeslris HrpB6 
Y. pestis YscN 

P. aeruginosa PscN 
B. pertussis Bsc 

Bovine F. Beta 

B(I(:illlIs PS3 F I Betn 

Bovine F. Alpha 

BlIcillus PS3 F .  Alpha 

E. coli Rho 

V. cholerae Rho 
B. suhtilis Rho 
B. perlussis Rho 
P. aeruginosa Rho 
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a-p ATP Binding Domain 

--
AFFSVLVEGDDLSDPIADQTRS ILDGHIVLSRELTDY G IYP P IN I LN SASRVA K DI I - S E 3 6 2 

ALFTVLVDGDDHNEPIADATRGILDGHIVMERAlAERGR FPAI NVLK S I SRTM PGC Q- H P  3 6 9  

AFYTVLTEGDDQQDPIADSARAILDGHIVLSRRLAEAGHYPAID I EAS I SRAMTALI - T E  3 8 2  

ALYTVLVEGDDMTEPVADETRS ILDGH I I LSRKLAAAN H YPAIDVLR SASRVMNQ IV- S K  3 6 7 

AFYTVLSEGDDQQDPIADAARGVLDGHFVLSRRLAEEGHYPAID I EAS I SRVM PQVV- EA 3 7 5  

AFYTVLLESEEEADPMADE I RS ILDGHLYLSRKLAGQGHYPAIDVLK SVSRVFGQVT -T P  3 5 7  

AFYTVLAE DDT GSDPlAEEVRGILDGHLILSRE lAARNQYPAIDVLGSLSRVMS QIV- SA 3 6 8 

ALYTVLVEGDDMTEPVADETRS ILDGH I I LSRKLAAANHYPAIDVLRSASRVMNQ IV- S K  3 6 7 

ALYTVLVEGDDM SEPVADETRS ILDGHIVLSRKLAAAN HYPAIDVLH SVSRVMNQ IV- D D  3 6 8 

ALYTVLVEGDDMNEPVADETRS ILDGHIVLSRKLGAANHYPAVDVLASASRVMNAVV- S P 3 6 9 

SVQAI YV PADDLTDPAPATT FAHLDATTVLSRAlAELGIYPAVD PL DSTSRI M D P N IVGS 3 6 5  

S IQAI YV PADD YTDPAPATT FSHLDATTNLERKLAEMG IYPAVD PLVSTSRALA P E IVGE 3 6 1  

ALPVIETQAGDVSAY I PT N V I SITDGQ I FLETELFYKGI RPAINVGLSVSRVGSAAQ - T R  3 8 1  

AL P FVETQAGD I SA Y I P T N V I S I TDGQ I FLQ S DLF FSGVRPAI NAGL SVSRVGGAAQ - I K  3 7 3  

IATALI DTGS KM DEV I Y E E FKGTGNMELHLSRKlAEKRVFPAIDYN RSGTRKE E L L-TTQ 3 7 4 

-ATALVDTGS KM DEVI YEE FKGTGNMELHLNRKlAEKRVFPAID FN RSGTRRE ELL- T KT 3 7 4 

- ATALVDTGSRMDDVI YEE FKGTGNMELHLDRS LAE R R I FPAIDI RRSGTRKE E LLVP KE 3 7 4 

- GTALIETGS RM DEV I YEE FKGTGN S EVHLERRLAEKRVYPS INLNKSGTRR E E LL I K P E  3 7 5  
-ATALVETGS KM DEVI YEE FKGTGNMELPLDRKlAEK RVFPAI N I N RSGTRRE ELLT S E D  3 7 5  

� 
R-loop 



H. pylori F l i I  
C. crescent us F l i I  
S. typhimurium F l i l  
Y .  enterocolilica Fl i J  

P. aeruKinosa F l i l  
S. fyphimurillm I nvC 

X campestris HrpB6 

Y. pesTis YscN 
P. aeruginos(.( Psc 

B. pertussis Bsc 

Bovine F, Beta 

BlIcillus PS3 F, Beta 

Bovine F, Alpha 

BlIcillus PS3 F ,  Alpha 

E. coli Rho 

V. cholerae RJlO 
B. suhtilis Rho 
B. pertussis Rho 
P. aeruginosa Rho 
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Bundle of Hel ices, (-terminal Domai n  

SQNLCAR K FR RLYALL KEN EML I R IGSYQMG- - NDK E LDEAI K K KALMEQFLAQ D - - - - - 4 1 5  

H E R D IVKGARQVM SAYS NM E EL I R I GAYRAG- -AD PVVDRAI RLN PAI EAFLSQD - - - - - 4 2 2  

QH YARVR L FKQLL S S FQRN R DLVSVGAYAKG- - SD PMLDKAIT LW PQL EAFLQQG - - - - - 4 3 5  

E H KTWAG DLRRLLAKYEEVE LLLQ IGEYQ KG- - QDK EADQAI E R I GAI RGWLCQG - - - - - 4 2 0 

EH LR DAQR FKQLW S RYQQ S R DL I SVGAYVAGG - -D P E TDLA IA R F PVMRQFLRQG - - - - - 4 2 8  

T HAEQASAVRKLMT RLEELQLFI DLGEYR PCA - K I S I T I G RC RC G DSLKARLCQ P - - - - - 4 1 1  

E Q RQ YAGQL R RLLA K H NEVE TLLQVGEY RH GS - -DAVADE AIAR I DAI R DFLSQ P - - - - - 4 2 1  
E H KTWAG DL RRLLAKYEEVE LLLQ I GEYQ KG- - QDK EADQAI E RMGAI RGW LCQG - - - - - 4 2 0 

DQRHAAGRLREWLAKYEEVE LLLK I GEYQ KG- - QDS EADRAI E K I GAI RQWL RQG - - - - - 4 2 1  

R H K Y LAGRMRELMAKYQDVE LLVK I GEYKQG- -ADAS TDEAIQ K I G Q I NAFLRQL - - - - - 4 2 2  

E H Y DVARGVQK ILQ DYK SLQ DI IA I LGM DE L - - - S E E DKLTVS RA RK I Q RFLSQ P FQVAE 4 2 2  

E H YQVARKVQQTLERYKELQ D I IA I LGM D E L - - - S DE DK LVVH RAR RI Q FFLSQN FH VAE 4 1 8 

AMKQVAG T M KL ELAQYREVAAFAQ - FGS DL D- - -AATQQL L S RGV RLT E LLKQGQ - - - - - 4 3 2 

AMKKVAGT L R L DLAAYRELEAFAQ - FGS DL D- - - KATQAN VARGARTVEVLKQDL - - - - - 4 2 4  

E E LQ KMW I LR K I I H PMGEI DAM E FL I N - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 0 1 
DELQKMW I LR K IVH PMGET DAM E FL I D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 0 1  
- H L DRLW S I RK T M S DS PD FAE K FM R KM - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 0 0  
- LLQKVWVLRK F I H DM DE I Q SM E F I L D- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 0 1 
- ELQRMW I L R K ILH PM DE I SAI E FL I D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 0 1  



H. pylori F l i I  
C .  crescenttt F l i !  
S. typhimllrium Fli i  
Y. enlerocolilica Fl i l  

P. aeruginosa Fl i l  

S. Iyphimurillm l nve 

X campeslris H rpB6 

Y. pestis Ysc 

P. aeru�in()sa Psc 

B. pertussis Bsc 

Bovine F I Beta 

Bacil/lIs PS3 F I Beta 

Bov ine F I Alpha 

Bttcil/lIs PS3 F I Alpba 

E. coli Rho 

V. cholerae Rho 

B. subtilis Rho 

B. pertussis Rho 

P. aeruginosa Rho 
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- - - - - ENALQ P FE T SFQQLE E ILR - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 4 
- - - - - K E E AT S L DDSFGMLGQILQ S E Y - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 4 4  
- - - - - 1 E RADWEDSLQALDLI FPTV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 5 6 
- - - - - TH E L S H FNETLN LLETLTQ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 9  
- - - - - LDE SE S LAESRA RLAS LLAGGQA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 5 1 
- - - - -VAQy S S FDDTLS GMNAFADQN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 2 
- - - - -T DQL S Dy DT 1 LEQLAGVI DDA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 4 2  
- - - - -T H EL S H FNETLN LLE TLTQ- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 3 9  
- - - - - T H ET S DyAQACAQLR SLCA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 4 0  
- - - - -T DEREA FEDTVLRMAE I I G PE S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 4 4  

V FTGHLGKLV PL KETI KGFQQI LAGE YD HL PEQA- - - FY MVG P 1 EEAVAKADKLAE E H S - 4 7 8  

Q FTGQ PG S YV PVKETVRGFKE ILEGKYD HL P E DR- - - FRLVGR 1 EEVVEKAKAMGVEV- - 4 7 3  
- - - - - - y S PMA 1 EEQVAVI YAGVRGYLD KL E PS K- - - - - - - 1 T K FENA FL S HV I SQHQAL 4 6 0  

- - - - - - HQ P 1 P V E KQVL 1 l yALT RGFLD D 1 PVE D- - - - - - - VRR FEKE Fy LWLDQNGQ HL 4 5 2 

- - - - KLAMT KTN DD FFEMMK RS - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 1 9 
- - - - KLAMT KTN DE FFDAMRRQ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 1 9  
- - - -KKT KTN Q E F FDI LNQEWKQANL S S ARR - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 2 7  
- - - - KMRATKTNAE FFDMMKK- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 1 8  
- - - - KLKQT KT N DE FFDSMKRK- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 1 9  
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Figure 1 .7. Multiple alignment of the primary sequence and secondary structure elements of homologues of FIiI, the Type III 
export ATPases, the Rho transcription terminator and the FrATPase (l- and p-subunits. The NCBI gi numbers for these protein 
sequences are : 1 5646029, H pylori FliI, 1 6 1 27270, C. crescentus FIiI, 1 20332, S. typhimurium Flil; 73226 1 ,  Y. enterocolitica FliI, 
73079 1 ,  P. aeruginosa FliI; the Type III export system A TPases, 497222 S. typhimurium InvC, 2 1 1 12282 X campestris HrpB6, 
1 6082728 Y. pestis YscN, 9947670 P. aeruginosa PscN, 29603230 B. pertussis BscN; 1 943080, 1 1 4543, Bovine F ) -ATPase u- and �­
subunits respectively; 1 1453 1 ,  1 1457 1 ,  B. subtilis PS3 F) -ATPase u- and �-subunits respectively; 261 1 095 1 E. coli Rho, 9654720 V. 
cholerae Rho, 2636233 B. subtilis Rho, 33602207 B. pertussis Rho, 1 5600432 P. aeruginosa Rho. The initial alignment of the 
sequences was made using Clustal W.  The boundaries of the secondary structure elements were determined by reference to the 
reported structure of Bovine F )-ATPase as reported by Abrahams et ai, 1 994 . The alignment accommodates poorly aligning sequence 
by introducing gaps, and the alignment could be adjusted such that these gaps lie in the loops between secondary structure elements. 
The blue lines indicate the predicted domain boundaries, the red boxes represent helices, the yellow arrows represent �-strands, and the 
green lines indicate loops .  The red boxes shaded with a red gradient and the pale green lines indicate helices and loops respectively 
that are present in the F ) -ATPase �-subunit structure but are not predicted in the Flil structure. Within the ATP binding domain the 
strands are numbered 1 -9, and the helices are labeIed A-H, in the C-terminal domain the helices are numbered l c -3 c. These are the 
same designations used by Abrahams et ai, 1 994 for the Bovine F )-ATPase structure and by Miwa et ai, for a model of the E. coli rho 
structure. Helix I appears to be absent in the FIil structure prediction, it should be short helix following strand 9 .  The sequence names 
in bold type indicate proteins of known tertiary structure. Note: The H. pylori Fli I  sequence is from strain 26695 .  The DNA used in the 
cloning and mutagenesis ofjlil was from strain 1 7874. Strain 1 7874 contains the following point mutations 1 )4o-V and T m-A ( 1 42). In 
addition three mutations were introduced during cloning, S52-T, I36o-T and T424-Q . 
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R-Ioop 

... -- P-Ioop 

Figure 1 .8 Model of the three dimensional structure of H. pylori FliI .  This model is 
based on the structure of the Bovine F I -ATPase �-subunit as published by Abrahams et ai, 
1 994 . Following alignment of the primary sequences of a number of FliI  homologues and 
the known secondary structural elements of Bovine F I -ATPase �-subunnit in Figure 1 .7 ,  the 
amino acids of Bovine F I -ATPase �-subunit were substituted for those of Fli I  or deleted 
where appropriate, and the torsion angles were adjusted where necessary to accommodate 
these changes without steric clashes. The �-strands are coloured yellow and numbered 1 -9 ,  
the helices are red and labeled A-H and 1 c-3c, and the loops are green .  Some elements of  
the structure such as helix C are difficult to see as they lie behind other elements of  the 
three dimensional structure. 
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Like the �-subunit of the F) -ATPase, the three-dimensional structure of H. pylori FliI  is 

predicted to consist of three domains: an N-terminal �-barrel of  s ix strands, a central 

nucleotide binding domain containing a nine-stranded �-sheet with nine associated helices, 

and a C-terminal bundle of helices. However, the C-terminal domain of FliI consists of four 

helices rather than the five seen in the C-terminal domain of F ) -ATPase a- and �-subunits . 

The model also suggests that the catalytic site is conserved with the residues of the 

conserved P -loop (Walker A motif) positioned to bind the phosphates of ATP ,  and 

Glutamate 1 93 is appropriately positioned to activate a water molecule for a nucleophilic 

attack on the terminal phosphate leading to ATP hydrolysis. 

1 .6 F l i I  Homolog ues 

1 .6. 1 FoF1 ATP-synthase 
Given the predicted structural homology of the F 1-ATPase �-subunit to FliI (and to a lesser 

extent the a-subunit), it is worthwhile considering the catalytic cycle of this enzyme, the 

structural transitions involved and the coupling ofthese to enzyme function. 

Oxidative phosphorylation establishes transmembrane proton gradients. When protons 

move down this concentration gradient via the F 0 subunit, releasing free energy, the FoF I 

ATP-synthase couples this free energy release to ATP synthesis (Figure 1 .9). Disruption of 

the stalk connecting the Fa and F I releases the F 1 catalytic subunit of the enzyme from the 

membrane bound Fo component responsible for proton conductance. The F J  subunit 

consists of five different proteins present in the following stoichiometry: 3a:3� :  1 y: 1 8 : 1 E .  

The a - and �-subunits alternate to form a roughly spherical complex with y helices at the 

centre (Figure 1 . 1 0) .  
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Figure 1 .9. Model of the synthesis of ATP by the E. coli FoF. ATP-synthase. From 

Fillingame et al. (55). 
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N-terminal y �-barrel 
\ \ domains 

of hel ices 
� y-subunit 

NBD 

Figure 1 . 1 0. The structure of the ap-hexamer of the Ft-ATPase. In this figure the a­

subunits are shown in green, p-subunits in red, the central y-subunit is shown in blue. This 

structure was generated with the PDB file of Abrahams et al ( 1 ), that contains the 

coordinates for the crystal structure of the Bovine apy-complex of the F I -ATPase. 

1 .6.1 .1  Structure of the F1 -ATPase 

The Bovine F I -ATPase consists of three a- and three p-subunits arranged in a 

pseudohexameric fashion around a y-subunit in the core of the structure. The a- and p­

subunits only share 20% identity but they have almost identical folds consisting of three 

domains. The N-terminal domain consists of a six stranded p-barrel which together with the 

other a- and p-subunits form a continuous 24-stranded p-sheet. The first 1 8-24 residues of 

the N-terminus are disordered and not visible in the crystal structure of F I -ATPase, but the 
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22 N-terminal residues of the a-subunit have been shown to form an a-helix that interacts 

with the 8-subunit in the complete FoF 1 complex ( 193 )  ( 1 ). Following the N-terminal 

domain is a central nucleotide binding domain (NBD) containing a nine-stranded p-sheet 

with nine associated helices. This is followed by a C-terminal bundle of helices consisting 

of seven and six helices in the a- and p-subunits respectively. 
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R- Ioop 

P-l oop 
and bound 
A D P  

� y-subunit 

Figure 1 .1 1 .  An Ft-ATPase p-subunit and the y-subunit. The �-subunit is shown in red 

and ADP is bound in the catalytic site.  This structure was generated with the POB file of 

Abrahams et al ( 1 ), that contains the coordinates for the crystal structure of  the a�y­

complex ofthe F I -ATPase. 
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1.6.1.2 Catalytic s ites of the F1 -ATPase 

The catalytic sites of the F I-ATPase are formed primarily by residues of the �-subunit and 

lie at the interface of the a- and p-subunits in the NBD. The a-subunits do not contain 

active catalytic sites. The residues involved in binding the phosphates of ATP are 

contributed by the conserved P-Ioop (Walker A motif) with the consensus sequence 

GXXXXGKT IS, while the adenine moiety binds in a hydrophobic pocket formed by a­

Y345, a-F424 and a-F4 1 8 .  The octahedral coordination of the Mg
2+ in the active s ite 

involves the hydroxyl oxygen of �-T 163 (Walker A), a water molecule hydrogen bonded to 

�-D256 (Walker B), two water molecules hydrogen bonded to P-E l 92 and the p- and y­

phosphate oxygens of A TP. The only significant contribution from the a-subunit to the 

catalytic sites is a-R3 73 . The guanidinium group of a-R3 73 serves to stabilise the negative 

charge on the terminal phosphate following nucleophilic attack by a water molecule that is 

activated by the carboxylate group of p-E 1 88 .  The absence of a functional equivalent of �­

E 1 88 in the nucleotide binding sites of the a-subunit renders these sites inactive ( 1 ). 

1.6.1.3 Rotary Catalysis 

The three active catalytic site of the F I -ATPase are in different conformations despite the 

similarities of the a- and p-subunits because the quartemary structure of the F I -ATPase is 

asymmetric .  The asymmetry is because the subunits differ in their interactions with each 

other and make unique contacts with the central y-subunit (Figure 1 . 1 1 ) . For example in the 

crystal structure of Abrahams and colleagues ( 1 ), the R-Ioop of the PE-subunit (empty 

catalytic site) forms hydrogen bonds with y-R254 and y-Q255 .  This interaction disrupts the 

interaction between strands three and seven of the NBD, which in turn dislocates the P-Ioop 

from the active site. Experiments have shown that rotation of the y-subunit occurs in 

response to ATP hydrolysis ( 1 3 1 ). As the y-subunit rotates during hydrolysis  the interaction 

with the R-Ioop will be broken, allowing the PE active site to adopt a different 

conformation, and in this manner the R-Ioop is thought to couple ATP hydrolysis to the 

rotation of the y-subunit. 
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1 .6.2 Rho transcriptional term inator 

Transcription termination in bacteria occurs by two mechanisms (Richardson and 

Greenblatt, 1 996). One of these involves the formation ofa  stem loop in the mRNA which 

dissociates the RNA polymerase from the DNA template, whereas the other mechanism 

relies on Rho, an RNA-DNA helicase. Rho binds to mRNA at a cytidine rich Rho 

utilisation sequence (rut) ( 1 27) ( 145 )  and translocates along the RNA in a 5 '-3 ' direction 

until it dissociates the DNA-RNA hybrid. 

Structurally the Rho transcription termination factor is similar to the (J.- and P- subunits of 

the F l-ATPase (Figure 1 . 1 1 ) . It shares 1 7% and 2 1  % sequence identity with these subunits 

respectively, and adopts a similar tertiary structure. This consists of an N-terminal RNA 

binding domain and a C-terminal nucleotide binding domain (Figure 1 . 1 2) .  However, the 

N-domain of Rho is significantly different from the N-domain of the F I -ATPase catalytic 

subunits. It contains two sub-domains : an N-terminal bundle of three a-helices and a C­

terminal p-barrel domain. This five-stranded p-barrel has an oligosaccharide/olignucleotide 

(OB) fold and it contains an RNP I -like nucleotide binding motif that forms the primary, 

high affinity, binding site (27) (5) .  The C-terminal nucleotide binding domain of Rho is  

similar to the nucleotide binding domain of the a- and P- subunits of the F I -ATPase, and 

the FliI model already mentioned, it is comprised of seven parallel p-strands sandwiched 

between seven a-helices. This domain contains the Walker A and B motifs important for 

the function of the catalytic s ites, and as such mutations within these motifs cause a drastic 

decrease in ATP hydrolysis and transcription termination by Rho (42). Like F I-ATPase, 

Rho contains three catalytic sites in different conformations that lie at the interface of two 

subunits ( 1 64), and these catalytic sites act sequentially in a cooperative manner ( 1 74) (25) .  



Introduction 57  

Figure 1 .1 2. The  structure of Rho transcription termination factor. From Skordalakes 

et al ( 1 64) .  

The crystal structure of Rho also shows that the subunits form a hexameric ring 1 20 A 
wide, with an internal hole that varies in diameter from 20-35 A.  The R- and Q-loops line 

the internal hole of the Rho hexamer. The Q-loops form a constriction in the hole in the 

centre of the Rho hexamer 20 A in diameter, and are thought to be a secondary low affinity 

RNA binding site. The R-loop is important for both ATP and RNA binding and given the 

proximity of  the R- and P-loops, the R-loop may couple ATP hydrolysis to RNA 

translocation .  

The structure of Rho has given considerable insight into the mechanism of RNA binding 

and translocation (Figures l . 1 2 ,  l . 1 3 ). Firstly, the N-terminal primary RNA binding sites 

face inwards and down such that the 3 '  end is oriented towards the interior of the hexamer 

channel where RNA is known to bind ( 1 64) (84). Secondly, the hexameric ring was 

crystallised in the open "lock washer" conformation that is often seen by electron 

microscopy, and this is thought to allow RNA entry to the Rho channel from the side 
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following binding to the primary binding site. The 12 A opening is formed by the upward 

rotation of one subunit with respect to another by 1 5  degrees, and the perpetuation of this 

rotation around the ring. Thirdly, the three catalytic sites each have different conformations 

and binding involves the residues of the Walker A and B motifs, but in the open 

conformation these residues do not make contact with the y- and J3- phosphates. These 

structural observations and other data lead to the following mechanistic model. The 

transcript mRNA binds to the N-terminal high affinity primary binding sites (22), and the 

3 'end of the RNA is directed towards the Rho channel ( 1 64). This binding leads to the 

opening of the hexameric ring, and the RNA inserts through the side of the ring and b inds 

to the Q-loop as the secondary low affinity binding site ( 1 95 )  ( 1 96) .  RNA binding 

stimulates the closing of the hexameric ring (63) and cooperative sequential ATPase 

activity at the three active sites ( 1 74) ( 1 73 ). Within this catalytic cycle the R-loop would 

function in a similar manner to the F I-ATPase R-loop by periodically contact the RNA and 

concomitantly dissociate the P-loop from the active site ( 1 22). Thus, the catalytic 

mechanisms of F 1 -ATPase and Rho are likely to be very similar, with the main differences 

being that the Rho hexamer consists of a single subunit and translocates RNA rather than 

having a rotating y-subunit inserted in the central channel ofthe enzyme hexamer. 



Introduction 59 

Figure 1 . 1 3. The quarternary structure of Rho transcription termination factor. From 

( 1 64). A. Loading of RNA into the Rho hexamer. B. Ribbon diagram of the crystal 

structure of Rho in the "lock washer" conformation . C.  Schematic showing the relative rise 

and offset of Rho subunits in the "lock washer" conformation . 
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The structure of the flagellum export apparatus is unknown. Functionally the export 

apparatus can be regarded as a complex which recognises and distinguishes exported 

flageUum substrates, unfolds them and energises their export. 

When this project began S. typhimurium FliI had been proposed to be an ATPase that 

energises flagellum protein export. This was supported by catalytic mutations in the Walker 

A and B boxes that led to aflagellate, non-motile cells in both S. typhimurium and H. pylori 

(43) ( 1 88) ( 142) (77) (52). Furthermore, Salmonella researchers had also acknowledged 

significant sequence identity between FliI and the F I -ATPase �-subunit. But, these 

researchers also disregarded any structural or functional relationship between the proteins. 

The overriding hypothesis of this thesis is that the F I-ATPase and to a lesser extent the Rho 

transcriptional terminator are indeed structural homologues of FliI .  Furthermore, these 

proteins are functionally analogous although in different biological contexts . 

This hypothesis has several implications for the structure and function ofFliI. Firstly, in the 

absence of a homologue of the a-subunit, FliI must assemble as a homohexamer and during 

the course of this project this was demonstrated for the S. typhimurium FliI (3 1 ). Secondly, 

the FliI hexamer will demonstrate catalytic cooperativity, and such catalytic cooperativity 

was also demonstrated for S. typhimurium during the course of this project (3 1 ). Thirdly, in 

the absence of a homologue of the y-subunit, a rotary catalysis mechanism for the 

hydrolysis of A TP will be coupled to the movement, unfolding and export of flagellar 

proteins through the centre of the FliI hexamer. This coupling of the ATP hydrolysis cycle 

to the movement and unfolding of flagellar proteins will involve the FliI R-loop contacting 

the proteins. This third point has yet to be demonstrated. 

When FliI and the rotary catalytic mechanism are considered in the broader context of the 

F I-ATPase model a second hypothesis can be proposed. That is, another protein of the 

export apparatus must interact with FliI and act as a stator to prevent rotation of the 

hexamer with respect to the flagellum substrate being exported. We propose this function is 

fulfilled by FliH. Indeed, it has been previously recognised that FliH contains amino acid 
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sequence identity to the b-subunit of the F I-ATPase stator within the N-tenninal half of the 

protein (2 1 2) .  There is also some sequence identity shared between the C-terminal half of 

F liH and the 8-subunit of the F I -ATPase stator. 

When this project began F liH was known to be important for flagellum biogenesis as 

mutants are non-motile and defective in flagellation due to a fai lure export flagellar 

proteins ( 1 88) ( 1 1 7 ). A specific function for FliH to explain these observations had not 

been suggested other than a role in protein export. If FliH is assumed to function as a stator 

this would imply that it will inhibit ATPase activity to prvent futile uncoupled hydrolysis of 

ATP. Inhibition of FliI ATPase activity by Fl iH was demonstrated with the S. typhimurium 

proteins during the course of this project ( 1 1 8) .  Furthermore, if FliH is analogous to the 

stator it will form an elongated dimer (2 1 3) and exert this inhibitory effect by interacting 

with Fli! . This interaction was demonstrated concurrently in this project and with the S. 

typhimurium FliH and FliI ( 1 1 8 ). 

The interaction of the 8-subunit of the stator with the N-tenninus of the a-subunit is quite 

well characterised (2 1 3 ) ( 1 93 )  (2 14) (2 1 5) (2 1 6) in our F I-ATPase model. Therefore if we 

extend this analogy it is possible to hypothesize the molecular nature of the FliH-FliI 

interaction. We would expect this interaction to involve a hydrophobic interface and a helix 

at the N-terminus ofFli I. The major findings of this project support this hypothesis. 
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2.  Materials and Methods 

2 . 1  Bacterial  strains and g rowth cond it ions 

E. coli strains (Table 2 . 1 )  were grown in either Luria Bertani (LB) broth at 37DC in an 

Innova 4330 Refrigerated Incubator Shaker (New Brunswick Scientific) at 220rpm, or on 

solid LB Agar at 37QC in an incubator. Following growth on LB agar p lates, the plates were 

stored at 4DC for no longer than three weeks . The growth temperature ofl iquid cultures was 

varied during protein expression, as described below. 

The LB Broth was made in 1 L of deionised H20 by adding 1 0  g of Bacto™ Tryptone 

(Becton, Dickinson and Company, BD), 5 g of Bacto™ Yeast Extract (BD), 1 0 9 of NaCI 

and stirring to dissolve on a magnetic stirrer. To make LB Agar, 1 5  g of Difco™ 

Granulated Agar was additionally added to LB broth. LB broth and LB Agar were sterilised 

at 1 2 1  QC for 40 min in an autoclave. The LB agar was allowed to cool to approximately 50 

QC before being poured into petri dishes. 

H. pylori strains (Table 2 . 1 )  were grown on Chocolate Blood Agar (CBA) at 37 QC in a CO2 

incubator with 5% CO2• CBA was made with 4 .4% (w/v) columbia blood agar base 

(Difco), after sterilisation the media was allowed to cool to approximately 70 QC, and 

defibrinated horse blood (Life Technologies) was added to a final concentration of5%. The 

media was then placed in a 70 DC and stirred periodically until haemolysis occurred. Cells 

were also grown in Tryptic Soy Broth (Difco) supplemented with 5% FCS (fetal calf 

serum, Life Technologies) in bottles placed in anaerobic jars containing CampyGen sachets 

(Oxoid) to generate the necessary microaerobic atmosphere. The anaerobic jars were then 

placed in a 3 7  DC shaker for 24-48 hours. 

For long term storage of E. coli, 600 �l of a liquid culture were mixed with an equal 

volume of 70% glycerol and frozen at -80 DC . Similarly, H. pylori was mixed with an equal 
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volume of 70% glycerol and frozen at -80 °C, but the cells were first harvested from a CBA 

plate with a swab and resuspended in Tryptone Soya Broth (ISB, Difco). 

Table 2.1 .  Bacterial strains used in this study 

Bacterial strain C haracteristics Source / reference 
H. pylori CCUG 1 7874 H. pylori t)pe strain, motile Culture collection University o f  

Gothenburg, Sweden 
H. pylori 26695 H. pylori genome strain, non- ( 1 82) 

motile 
E. coli DH5 a™ P- <p801acZilM1 5  il(lacZYA- (Invitrogen ™ Life 

argF)U 169 deoR recAl endAl Technologies) 
hsdR1 7(rk-, mk') phoA supE44 
thi- l gyrA96 relA l 'A-

E. coli Rosetta™ P- ompT hsdSB (rB-mB-) gal dcrn (Novagen) 
pRARE (argu, arg w,  ileX, glyT, 

�- leu W, proL) - -

2 . 2  DNA Methods 

2.2.1 DNA preparation 

2.2.1.1 Plasmid purification 

P lasmids were purified using the QIAprep® Spin Miniprep Kit, and when a larger scale 

plasmid preparation was needed for plasmid stocks the plasmid was purified using the 

QIAGEN® Plasmid Maxi Kit. 

Refer to Table 2 .3 below for a list of plasmid vectors used in this study and recombinant 

plasmids created. 

1.6.2.2 Preparation of H. pylori chromosomal DNA 
H. pylori cells were grown on a CBA plate for two days and then harvested with a swab 

and resuspended in 1 .5 ml of 1 x PBS in a sterile cryotube. The cells were then pelleted by 

centrifugation for 20 seconds in a Beckman Coulter Microfuge® 1 8  microcentrifuge at top 

speed ( 14,000 x g). The supematant was discarded and the cells were resuspended in 100 III 

of 1 x TE ( 1 0  mM Tris, pH 8.0,  1 mM EDTA). Then 1 00 III of GES (5 M Guanidinium 

thiocyanate, 1 00 mM EDTA, 0 .5% (w/v) sarkosyl) and 2 III of 1 0  mg/ml RNase was added, 

and mixed thoroughly by inversion of the tube unti l the mixture became completely clear. 
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The DNA was then recovered by adding 1 ml of ice cold ethanol (stored at -20 DC) and 

mixing gently by inversion. The precipitated chromosomal DNA was then removed with a 

hooked glass capillary, dunked in cold 70% ethanol, and then resuspended in 100-200 III of 

1 x TE in an eppendorf tube. Following the addition of 20 III of Proteinase K (50 mg/ml, 

Sigma), the tube was incubated at 50 DC for 8 hours in a waterbath to remove protein 

associated with the DNA. The solution became clear during this incubation and the DNA 

was recovered by precipitation as before by the addition of 1 ml of cold 1 00% ethanol, and 

the precipitated DNA was washed again in 70% ethanol before being resuspended in 1 00-

200 III of 1 x TE. 

2.2.2 DNA analysis 

2.2.2.1 Agarose gel electrophoresis 
DNA was sized during cloning by agarose gel electrophoresis. Agarose gels were made by 

the addition 1 .5% agarose (mass/volume) to 30 ml of 1 xT AE (40 mM Tris-acetate, 1 mM 

EDT A) gel running buffer, heated to dissolve the agarose for two minutes in a microwave, 

allowed to cool and then poured into an Easycast™ Horizontal Electrophoresis (Owl 

Separation Systems) gel casting tray containing a l O-well comb. Agarose gels were allowed 

to set for 20 min before the comb was removed, and the gel was placed in the 

electrophoresis apparatus and submerged in I xT AE. 

DNA samples, 1 -5 Ill, were mixed with an equal volume of loading buffer (0.25% 

bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol in water) and loaded on the gel .  

A DNA molecular weight marker (DirectLoad™ Wide Range DNA Marker, Sigma) was 

also loaded on the gel .  The gel was run at 100 V for 45 min. After electrophoresis the gel 

was stained in water containing 0.5 Ilg/ml ethidium bromide. The DNA in the gel was then 

visualised and photographed on an IS- l OOO Digital Imaging System (Alpha Innotech). 

2.2.2.2 Restriction Digestion 

Restriction endonucleases (from Fermentas, New England Biolabs or Roche) were used 

according to manufacturers instructions, to prepare PCR products for ligation to plasmid 
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vectors, to linearise plasmid vectors, and check potentially recombinant p lasmids for the 

presence of an inserted fragment of DNA. A typical reaction mixture consisted of 0 .5  �1- 1 

�I of the restriction endonuclease (such that the glycerol concentration was always less than 

1 0% of the total reaction volume), 1 - 1 0 �l target DNA (usually less than 1 �g of total 

DNA), 2 �l of 1 0X reaction buffer, H20 to a final volume of20 �l . 

2.2.2.3 DNA sequencing 
Recombinant plasmids (Table 2.3) were sequenced by the MUSEQ, the Massey University 

Sequencing Facility. The oligonucleotides used for the sequencing reactions either annealed 

to the DNA sequence of interest or to the vector DNA flanking the multiple cloning site 

(Table 2.2). Sequences were analysed using the GeneJockey analysis software (Biosoft) . 

2 . 3  Clon ing procedures 

2.3.1 DNA ampl ification by peR 
PCR was performed in a MyCyelerTM Thermal Cyeler (Bio-Rad) in a total reaction volume 

of 20 Ill. Each reaction contained 1 x reaction buffer (20 mM Tris-HCI (PH 8 .8  at 25 DC), 1 0  

mM (NH4hS04, 1 0  mM KCI ,  0 . 1 %  Triton X-lOO, 0 . 1  mg/ml BSA, 2 mM MgS04), 0.2 mM 
dNTPs, 0 .2 � of the forward primer and 0.2 � of the reverse primer, 1 ng of template 

DNA, 0.2 �l (0 .5 U) of Pfu polymerase (Fermentas), H20 was added to reach the final 

volume. A list of primers is presented in Table 2 .2 .  

A typical amplification program consisted o f  30 cycles. Each cycle consisted of a 1 min 

denaturation step at 95 DC, a 30s annealing step at 56 DC, and a 1 min elongation step at 72 

Dc. In the first cyele the denaturation step is extended to 1 min. In the last cycle the 

elongation step was extended to 3 min. Adjustments were made to these conditions to 

accommodate the Tm of the primers and the nature and length of the template. Ifa  genomic 

DNA template was used the denaturation steps were longer, the annealing temperature was 

adjusted to keep it at 4 DC below the Tm of the primer, the elongation time was adjusted to 

allow two minutes for the polymerase to amplifY every kb of DNA. 
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Table 2.2. Oligonucieotides used in this study 

Name Restriction Sequencea Application 

Sites 

pUCI na GTT TTCCCAGTCACGAC Sequencing the pUC b ased plasmids used for 

M 1 3  FP HP0256 knock-out mutagenesis 

pUCI na CAGGAAACAGCTATGAC Sequencing the pUC based plasmids used for 

M l 3  RP HP0256 knock-out mutagenesi s  

ML022 BamHI CGGGATCC CGGGGCGAAAGATTGGAGATTT Forward primer used for the PCR amplification o f  

arm I for the HP0256 knock-out mutagenesis 

ML023 EcoRI CGGAATTCCGTTACGCATGCAAGCCCTC Reverse primer used for the PCR amplification o f  

arm 2 for the HP0256 knock-out mutagenesis 

ML027 BglII CCATCGTAGATCTGGGCTGCAGCGAATTTTT Reverse primer used for the PCR amplification o f  

TCATAGAAAAATCG arm 1 for the HP0256 knock-out mutagenesis 

ML028 BglII GCAGCCCAGATCTACGATGGGCAATTAAAA Forward primer used for the PCR amplification o f  

AGCGCTCTAAGAAT arm 2 for the HP0256 knock-out mutagenesis 

ML024 na GCTAGTAGCTGGCGATGATT Mutagenesis of thefliI R-Ioop, E3l l-A, forward 

primer 
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ML025 na 

ML026 na 

ML043 na 

ML044 na 

ML045 na 

ML047 BglII 

ML048 na 

ML049 San 

- - --- -------------------
Materials and Methods 67 

GCTAGTAGAGGCTGATGATT Mutagenesis of thejliI R-Ioop, Gm-A, forward 

pnmer 

AGTAGAGGGCGCTGATTTGA Mutagenesis of thejliI R-Ioop, D313-A, forward 

primer 

CAAATCATCGCCAGCTACTAGC Mutagenesis o f the./liI R-Ioop, E3l! -A, reverse 

primer 

CAAATCATCAGCCTCTACTAGC Mutagenesis of the./liI R-Ioop, G3l2-A, reverse 

primer 

GCTCAAATCAGCGCCCTCTACT Mutagenesis of the./liI R-Ioop, D313-A, reverse 

primer 

GAAGATCTTTATCTTAAGATTTCTTCTAATT Reverse primer for the PCR amplification o f  full-

GCTGAAAGC length fliI for R-Ioop mutagenesis 

ATTCAATAAGGTAATTTAATGCCCCTAAAAT Forward primer for the PCR amplification of full-

CCTTAAAAAACCG length fliI for R-Ioop mutagenesis, it also anneals 

to the 3 '  end of the recA promoter 

ACGCGTCGACAAGCTGATTGCGCTCACATC Forward primer for the amplification of the recA 
ATAA promoter used for the expression of R-loop 

mutants o fjliI 
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Table 2.2 continued 

ML050 na AGGATTTTAGGGGCATTAAATTACCTTATTG Reverse primer for the amplification of the recA 
AATTTGATTTGTTTATTCTATCAAA promoter used for the expression o fR-loop 

mutants ofjliJ, it also anneals to the 5 '  end ofjlil 
ML05 1 na CGATTAGCGCCTGTCATTACA .llil sequencing primer 

ML052 na GAATTTATAGAGAAAAACCTGAAAGGG jliJ sequencing primer 

ML053 na CTTTCCTTATTGCCTCAATTAATGGAG .flU sequencing primer 

SAMOO3 BamHI GACCTGGGATCCCGCTATGGGAGCGTGAAA Forward primer used for the PCR amplification o f  

AAAATC fliI DNA encoding the N-terminal domain ofFliI 

without the first 1 8  amino acids 

SAMOO5 EeoRl GCGCCGGAATTCTCAATTCAACCCCTCTTTT Reverse primer used for the PCR amplification of 

AAGAACAG fliI DNA encoding the N-terminal domain o f FliI 

ML057 BamHl CGGGATTCCCCGCGAAATCCTTAAAAAACC Forward primer for the PCR amplification and 

GCTTGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain, LrA 

ML058 BamHI CGGGATCCCCCCTAAAATCCGCGAAAAACC Forward primer for the PCR amplification and 

GCTTGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain, L6-A 



Materials and Methods 69 

Table 2.2 continued 

ML059 BamHI CGGGATCCCCCCTAAAATCCTTAAAAAACG Forward primer for the PCR amp lification and 

CGTTGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain, R9-A 

ML060 BamHI CGGGATCCCCCCTAAAATCCTTAAAAAACC Forward primer for the PCR amplification and 

GCGCGAATCAG mutagenesis of the DNA encoding thejliI N -

terminal domain, LlO-A 

ML063 BamHI CGGGATCCCCCCTAAAATCCGAAAAAAACC Forward primer for the PCR amplification and 

GCTTGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain, L6-E 

ML064 BamHI CGGGATCCCCCCTAAAATCCTTAGCGAACC Forward primer for the PCR amplification and 

GCTTGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain, KrA 

ML065 BamHI CGGGATCCCCCCTAAAATCCTTAAAAAACG Forward primer for the PCR amplification and 

AATIGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain,R9-E 

ML066 BamHI CGGGGATCCCCCCTAGCGTCCTTAAAAAAC Forward primer for the PCR amplification and 

CGCTTGAAT mutagenesis of the DNA encoding thejliI N-

terminal domain, Kt-A 

ML020 BamHI GGTTTGGATCC Forward primer for the PCR amplification ofjliH 

TCATTGAATAGCCGTAAGAACTIG 

ML0 6 1  BamHI GACCTGGGATCCGAAAACGCTAAAAACGAC Forward primer for the PCR amplification ofjliH 

GGCTATAAA DNA encoding FliH 94-258 
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Table 2.2 continued 

ML062 BamHI GACCTGGGATCCACTCACAGCGTGAATGAA Forward primer for the PCR amplification ofjliH 

GAAAAAAAC DNA encoding FJiH 1 1 7-258 

ML02 1 EcoRI GGTTTGAATTCTCACACCTTAAAATTTTCCA Reverse primer for the PCR amplification ofjliH 

ACAC 

aRestriction sites and codon changes are in bold type, the sequences are written in the 5 '-3 ' direction 
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2.3.2 Ligation 
PCR products were ligated to linearised plasmid vectors using T4 DNA ligase (Invitrogen). 

A typical reaction mixture consists of 4 III of 5X reaction buffer (250 mM Tris HCI (pH 

7 .6), 50 mM MgCh, 5 mM ATP, 5 mM DTT, 25% (w/v) PEG-8000), 1 III DNA ligase, 

insert and vector DNA at a molar ratio of 3 : 1 ,  H20 to a final volume of20 Ill . The ligation 

mixture was incubated at 14  DC for 1 2  hours in the MyCyelerTM Thermal Cyeler (Bio-Rad), 

then used to transfonn E. coli DH5a.  

2.3.3 Preparation of competent E. coli 
The E. coli strain to be used as the recipient for transformation was streaked for single 

colonies on LB agar from a -80 DC glycerol stock, and grown overnight in a 3 7  DC 

incubator. The next day a single colony was used to inoculate a 5 ml LB broth culture that 

was then grown overnight in a shaker at 37 DC.  The next day this 500 III of the overnight 

culture was diluted in 50 ml of LB broth and grown at 37 DC in a shaker until an OD6oo nm of 

0.4-0.6 .  The cells were then harvested by centrifuging at 6000 x g for 5 min at 4 Dc .  The 

supernantant was decanted and the cell pellet was kept on ice at all times during the 

remainder of the protocol .  The cells were resuspended in 1 0  ml of  CM 1 ( 1 0  mM NaOAc, 

pH 5 .6 , 50 mM MnClz, 5 mM NaCI). The cells were then centrifuged again at 6000 x g for 

5 min at 4 DC, the supernatant decanted and the pellet re suspended in 1 ml of CM2 ( 1 0  mM 
NaOAc, pH 5 .6 ,  5 mM MnCh, 5% glycerol, 70 mM CaCh). The cells were then transferred 

to eppendorftubes in 50 III aliquots, and frozen at -80 QC unti l needed. 

Throughout this protocol the cells were kept cold fol lowing harvesting, all centrifuge tubes 

were sterile and cold, and all pipette tips were sterile. 

2.3.4 Transformation of E. coli 
Competent E. coli cells were transformed using a heat shock method. Briefly, the 

competent cells were removed from storage at -80 DC, allowed to thaw on ice and then 50 

III of cells were added to the plasmid DNA or ligation in an eppendorf tube. The cells and 
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the DNA were incubated on ice together for 30 min . The cells were then heat shocked for 1 

min at 42 DC in a water bath, then placed back on ice for 2 min. Then 450 III of LB broth 

was added to the cells and they were allowed to recover for 40 min at 37 DC in a shaker, 

before the cells were spread on LB agar containing the appropriate antibiotic to select for 

transformants. The LB agar p late was placed at 37 DC overnight to allow transformant cells 

to grow. 

2.3.5 Preparation of electrocompetent H. pylori 
H. pylori cells grown on a CBA plate for 2 days were harvested by swabbing the plate into 

1 .3 ml of TSB. These cells were then spread on 6 fresh CBA plates and allowed to grow for 

24 hours . The cells were then harvested once more with a swab and resuspended in 30 ml 

of cold (4 DC), sterile deionised water in a centrifuge tube. The cells were then centrifuged 

at 8 ,000rpm (9,6 10  xg) for 1 5  min at 4 DC .  The supematant was discarded and the cell pellet 

was re suspended in 1 5  ml of cold (4 DC) electroporation buffer ( 1 5% glycerol, 1 0% 

sucrose). The cells were then centrifuged again at 8 ,000 rpm (9 ,6 10  x g) for 1 5  min at 4 DC ,  

the supematant discarded and the cells then resuspended in 1 ml  of  cold electroporation 

buffer. The cells were then centrifuged again at 9 ,000 rpm ( 1 2 ,200 x g) for 1 0  min at 4 DC,  

the supernatant discarded and the cell pellet resuspended in 300 III  of cold electroporation 

buffer, dispensed in 50 III aliquots and frozen at -80 DC until needed. 

Throughout this protocol the cells were kept cold following harvesting, all centrifuge tubes 

were sterile and cold, all pipette tips were sterile . 

2.3.6 Transformation of H. pylori by electroporation 
1 Ilg  of  recombinant plasmid DNA was added to 1 00 II I  of  electrocompetent cells on ice . 

The mixture was then transferred to an electroporation cuvette on ice, the cuvette had been 

stored at -20 Dc. The electroporation cuvette was then pulsed in the electroporator (Gene 

Pulser, Bio-Rad) with the settings 200 n, 25 J..lF, and 1 .5 kV. The time constants were 

usually around 4.8 .  The electroporated cells were then removed from the cuvette, placed in 

an eppendorf tube with 800 III of CO2 equilibrated TSB broth (Difco). The cells were 

spread the cells on a non-selective CBA plate and allowed to recover in the CO2 incubator 
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at 37  DC and 5% CO2 for 24 hours. After 24 hours the cells were collected and spread on to 

selective CBA containing the appropriate antibiotic. After 48-78 hours antibiotic resistant 

colonies were apparent on the selective CBA. A single colony was picked and spread on a 

fresh selective CBA p late . Once a lawn of cells had grown on this p late, they were used to 

make a glycerol stock for long tern storage at -80 DC. 
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Table 2.3. Plasmids used in this study 

Plasmid Characteristics Reference/source 
pUC I 9  Apf; oriCo/El ; blue/white; MCS (204) 
pRY 1 09 Apf; Cmf; Campylobacter coli cat gene in (205) 

BamHI site of pUC 1 8  
pHe13 Kanf by virtue of aphA-3 from pILL5 50; (68) 

orieo/El ; oriT; repA . 
pGEX Apf; pBR322 ori; tac promoter; lac 14 ( 1 66) 

inducer; PreScission, thrombin and factor 
Xa protease recognition site; glutathione-
S -transferase; MCS 

pML0 1 6  Apf; internally deleted HP0256 PCR This study 
product in pUC l 9  cut with BamHI and 
EcoRJ 

pMLO I 7  Apf; Cmf; cat gene from p RYI 09 in BglIJ This study 
digested pMLO I 6 

pML0 1 5  Apf; full-lengthjliH PCR from H. pylori This study 
26695 in BamHl/EcoRl digested pGEX 

pML023 Apf; recA promoter fused to the full-length This study 
flil in pGEX digested with BamHIIEcoRI 

pML024 Apf; recA promoter fused to the ful l-length This study 
fliJ containing the E31 1-A mutation, in 
pGEX digested with BamHIIEcoRI 

pML025 Apf; recA promoter fused to the ful l-length This study 
jlil containing the G3I2-A mutation, in 
pGEX digested with BamHIIEcoRI 

pML026 Apf; recA promoter fused to the ful l-length This study 
jlil containing the Dm-A mutation, in 
pGEX digested with BamHliEcoRI 



----------------- - - - - -- -
Materials and Methods 75 

Table 2.3 continued 

pML040 Apf;jlil PCR product encoding amino This study 
acids 2-91 and the L3-A in pGEX digested 
with BamHVEcoRl 

pML04 1 Apf;jliJ PCR product encoding amino This study 
acids 2-9 1 and the Kt-A in pG EX digested 
with BamHVEcoRl 

pML042 Apf;jlil PCR product encoding amino This study 
acids 2-9 1 and the L6-A in pGEX digested 
with BamHIlEcoRl 

pML043 Apf;jlil PCR product encoding amino This study 
acids 2-91 and the L6-E in pGEX digested 
with BamHIlEcoRl 

p ML044 Apf;flil PCR product encoding amino This study 
acids 2-9 1 and the KrA in pGEX digested 
with BamHIlEcoRl 

pML045 Apf;flil PCR product encoding amino This study 
acids 2-9 1 and the R9-A in pGEX digested 
with BamHIlEcoRl 

pML046 Apf;jliJ PCR product encoding amino This study 
acids 2-9 1 and the Rg-E in pGEX digested 
with BamHVEcoRI 

pML047 Apr;jlil PCR product encoding amino This study 
acids 2-91 and the Lw-A in pGEX digested 
with BamHVEcoRl 

pML048 Apf;jliH PCR product encoding amino This study 
acids 92-258 in pGEX digested with 
BamHVEcoRl 

pML049 Apf;jliH PCR product encoding amino This study 
acids 1 1 7-258 in pGEX digested w ith 
BamHVEcoRI 
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Table 2.3 continued 

pSP I I 0a Apr; Cmr; cat gene from p RY I 09 in a (1 42) 
primer introduced BamHI site ofpSP I 06 
(pUC based plasmid containing a flil PCR 
fragment) 

pSMOO l Apr;jlil PCR product encoding amino Moore Lab 
acids 1 9-9 1 in pGEX digested with 
BamHIIEcoRI 

p S MOO2 Apr;jlil PCR product encoding amino Moore Lab 
acids 1 9-434 in pGEX digested with 
BamHIIEcoRI 

pSMOO4 Apr;jliI PCR product encoding amino Moore Lab 
acids 2-91 in pGEX digested with 
BamHI1EcoRI 

pSMOO5 Apr;jliI PCR product encoding amino Moore Lab 
acids 2-434 in pGEX digested with 
BamHIIEcoRI 

pSMOO6 Apf;jliH PCR product encoding amino Moore Lab 
acids 5 5-258 in pGEX digested with 
BamHI1EcoRI 
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2.4 Microscopy 

2.4.1 Phase contrast microscopy 
To evaluate motility H. pylori cells were grown for 24 hours in liquid culture under 

microaerobic conditions. Then 10  III of the culture was p laced on a glass slide, covered 

with a cover-slip, and examined at 400 x magnification using a Nikon Diaphot phase 

contrast microscope . 

2 .4.2 E lectron M icroscopy (EM) 
Electron microscopy was u sed to evaluate the flagellation of H. pylori cells. Prior to EM 

cells were grown for 24 hours on a CBA plate in microaerobic conditions. A p late of  cells 

was then harvested using a swab and resuspended in 1 m1 of sterile H20.  Three drops of 

this preparation was added to three drops 1 % phosphotungstic acid (PT A, adjusted to pH 

7 .0 with potassium hydroxide) in a test tube. A single drop of this mixture was then placed 

on a piece of para film. A 200-mesh grid (Agar Scientific) covered with Formvar film (0.5% 

formvar in  ethylene dichloride) was then floated on this drop for 1 min. The excess sample 

was then removed by touching the edge of the EM grid with a piece of filter paper. The grid 

was then observed using a Phi lips 20 1C  transmission electron microscope operated at an 

accelerating voltage of 60 kV under conventional transmission electron microscopy 

conditions. Photographs of the cells were taken using Agfa Copex Positive PET 10 film. 

These photos were kindly developed by Doug Hopcroft, at The Horticultural and Food 

Research Institute of New Zealand, Palmerston North, New Zealand. 
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2 . 5  Protei n  Methods 

2.5. 1 Protein Purification 
All liquid chromatography was performed using an A.KTA FPLC (Fast Protein Liquid 

Chromatography) instrument from Amersham Pharmacia Biotech. The instrument included 

a UPC-900 Monitor, a P920 pump and a Frac-950 fraction collector. 

2.5.1.1 Expression of GST -fusion proteins 

N-terminal Glutathione-S-transferase-fusions to the proteins of interest were created by 

cloning the gene of interest into the multiple cloning site of the pGEX-6P-3 expression 

vector (Pharmacia Biotech). 

E. coli Rosetta strains containing the recombinant pGEX plasmid of interest were streaked 

for single colonies on LB Agar supplemented with Ampicillin ( 1 00 Ilg/ml, Amp
IOO) and 

Chloramphenicol (34 Ilg/ml, Cm
34

) and grown overnight at 37 °C .  The following day a 

single colony was picked with a flame sterilised inoculation loop and used to inoculate a 50 

ml LB Amp
lOo broth culture which was then grown overnight at 37 °C in the shaker. The 

following day 10 mL ofthe overnight culture was used to inoculate l L  ofLB ArnplOo Cm
34 

LB broth. This culture was grown at 37 °C in the shaker to an optical density at 600 nm 

(00600 run) of 0.6, as measured by the Beckrnan Coulter DU 640 Spectrophotometer. At this 

OD, expression of the GST -fusion protein was induced by the addition of IPTG 

(Ultrapure™ IPTG, Invitrogen Life Technologies) to a final concentration of 0 . 1  mM . The 

temperature of the shaker was then decreased to 20 °C and the cells grown for a further 1 6  

hours. 

For expression of FliI 2 -434 and FliI 1 9-434, an overnight culture was used to inoculate l L  

o f  Hyper Broth™ (Athena Enzyme Systems™). The cells were subsequently grown and 

protein expression induced under the same conditions as cells grown in LB broth. 
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2.5.1.2 Harvesting cells 

To recover the cells and the expressed protein they contain, liquid cultures were spun in a 

Beckman Coulter J2-HS Centrifuge using the JLA- 1 6 .250 rotor for 30 min at 6000 x g at 4 

°c to pellet the cells . The supematant was then decanted and the pellet resuspended in 3 ml 

of lysis buffer (50 mM Tris-HCl (pH 7 .0), 1 50 mM NaCI, 1 mM EDTA) per gram of cell 

pellet. The cells were then frozen at -80 °C until lysis and purification at a later date . 

2.5.1.3 Lysis of cel ls 
Cells were lysed by two passes in a French Press at 6 ,000 psi .  The lysate was centrifuged at 

1 0000 x g for 30  min at 4 °c in the JA-200 rotor to separate the soluble fraction of the 

lysate from unlysed cells and cell debris. The supematant from this centrifugation was 

decanted and centrifugation was repeated under the same conditions . The supematant from 

this second spin was decanted and then passed through glass wool in a syringe to remove 

any flocculant material that may have been resuspended from the pellet during decanting. 

This clarified lysate supematant was then SUbjected to glutathione affinity purification. 

2.5.1.4 Affin ity purification of GST -fusion proteins 

Over-expressed GST -fusion proteins were purified from E. coli cell lysates by affinity 

chromatography using the .AKTA FPLC and an HR 1 6/5 column (Amersham Biosciences) 

packed with 1 0  ml of Glutathione Sepharose™ 4B (Amersham Pharmacia Biotech). The 

column was stored in 20% ethanol .  Prior to use, it was washed with three column volumes 

of filtered H20 to remove the ethanol, and then equilibrated in three column volumes of 1 x 

PBS (Phosphate buffered saline: 1 40 mM NaCI, 2 .7 mM KCI, 1 0  mM Na2HP04, 1 .8 mM 

KH2P04, p H  7 .3) .  

C larified lysate supematant (equivalent to 500 ml of culture) was app lied to the column 
using the 50 ml SuperloopTM (Amersham Pharmacia Biotech) at a flow rate of 1 mllmin. 

The column was then washed with three column volumes of 1 x PBS at 3 mllmin .  The 
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bound GST -fusion protein was then eluted using glutathione elution buffer (50 mM Tris­

HCI, 1 0  mM reduced glutathione, pH 8.0). The GST-fusion protein was detected as it was 

being eluted by the change in DV absorbance at 280 nm as measured by the UV monitor 

attached to the FPLC. The eluted fusion protein was collected in I ml fractions by the 

fraction collector. 

The Glutathione Sepharose column was cleaned with the following cycle of washes : three 

column volumes of water, fol lowed by two column volumes of 6M guanidine 

hydrochloride, five column volumes of water, three column volumes of 70% ethanol, and 

three column volumes of20% ethanol for storage. 

2.5.1.5 Buffer exchange by dialysis 

The buffer change necessary to cleave the GST tag from eluted GST fusion proteins and for 

other chromatography steps were achieved by dialysis using BioDesign Dialysis Tubing™ 

with either a 3 ,500 or 8,000 Molecular Weight Cut Off (MWCO). An appropriate length of 

the tubing was cut, pre-soaked in the dialysis buffer for an hour, then one end of the tubing 

was tied and sealed with a c lip . The protein solution was added and the tube closed by 

tying. The protein solution was then dialysed in 3 L  of the appropriate buffer, with slow 

stirring, for five hours at 4 QC .  The buffer was then changed and the protein solution 

dialysed for a further 1 5  hours against the 3L of fresh buffer. 

2.5.1.6 Removal of the GST tag from eluted GST -fusion 
proteins 

Following dialysis of an eluted fusion protein into PreScission Cleavage Buffer (50 mM 

Tris-HCI (PH 7 .0), 1 50 mM NaCI, 1 mM EDT A, 1 mM dithiothreitol (DTT)), the GST tag 

is proteolytically removed by transferring the fusion protein to a 50 ml tube, adding 40 III 
(80 units) of PreScission Protease and DTT to a final concentration of 1 mM, and allowing 

the solution to mix gently at 4 QC on a Speci-Mix Aliquot Mixer (Bamstead International) 

for 1 5  hours. 
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The free GST was then removed from the protein of interest by re-applying the solution to 

the Glutathione Sepharose 4B column in the same manner as described previous ly. 

However, in this case the free protein of interest was expected to be in the column flow­

through fractions and therefore these were collected, pooled and placed at 4 DC for further 

purification and analysis. The free GST binds to the glutathione sepharose, it was eluted 

with elution buffer and discarded. The column was then cleaned as described previously. 

2.5.1.7 Hydrophobic Interaction C hromatography (HIC) 

H IC was performed using a HiPrep 1 6/ 10  Phenyl FF (high sub) column, with 20 ml of bed 

volume. The column was pre-equilibrated in 50 mM Sodium phosphate, pH 8 .0, 1 M 

(NH4)zS04, and the protein sample to be purified was dialysed into this buffer before HIC 

began (check). The sample was loaded onto the column using the superloop at a flow rate 

of 1 ml/min. After loading the protein was eluted using an ammonium sulfate gradient from 

800 mM to 0 mM over five column volumes at a flow rate of 3 mVmin. 

2.5.1.8 Ion Exchange Chromatography (lEe) 

Anion exchange chromatography was performed using SOURCETM 1 5  Q ion exchange 

media (Amersham Pharmacia Biotech) packed in an HR 1 6/5 column (Amersham 

B iosciences) with a bed volume of 7 .5 ml. The column was pre-equilibrated in 50 mM 
Sodium phosphate, pH 8 .5 ,  1 00 mM NaCl, and the protein to be purified was dialysed into 

this buffer before chromatography began. The sample was injected onto the column from a 

sample loop at a flow rate of 1 ml/min. The proteins were eluted using an NaCl gradient 

from 1 00 mM to 500 mM over five column volumes at a flow rate of 1 mllmin. At the end 

of the gradient the column was regenerated with 50 mM Sodium phosphate, pH 8.5 ,  1 M 

NaCI for three column volumes, before being washed with three column volumes of water 

followed by three column volumes of20% ethanol for storage. 
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2.5.1.9 Size Exclusion Chromatography (SEC) 

SEC was peformed on either a SuperdexTM 75 1 0/300 GL (Amersham Biosciences) or a 

Superdex 200 1 0/300 (Amersham Biosciences) depending on the size of the protein or 

complex being examined. The SEC columns were equilibrated in 50 mM Sodium 

phosphate, pH 7 .0 ,  1 50 mM NaCl. The sample was loaded using a sample loop, the sample 

was injected and eluted at a flow rate of 0 .5  mllmin. 

2.5.1.10 Concentration of proteins 

Small volumes of protein were concentrated using regenerated cellulose Centricon® YM-

10 ( l 0 kDa molecular weight cut off) or YM-5 (5 kDa molecular weight cut off) centrifugal 

filter devices (Amicon Bioseparations, Millipore) for volumes up to 2 ml. Larger volumes 

of protein were concentrated using Amicon® Ultra- 1 5  centrifugal filter devices with either 

a 1 0  kDa or 5 kDa molecular weight cut off (Millipore). 

2 . 6  Protei n  Analysis  

2.6.1 SOS-PAGE 
Proteins were separated by Sodium-dodecyl-sulfate Polyacrylamide gel electrophoresis 

(SDS-PAGE) by the method of Laemli (95). Gels were cast with either a 1 2% or 1 5% 

separating gel, and a 4% stacking gel using the Hoefer SE245 Mighty Small Dual Gel 

Caster (Amersham Biosciences), 0 .75 mm spacers and 10-well combs. 

The capacity of the wells is around 1 5  Ill, but in most cases the samples of 5 III or less were 

loaded. Samples were mixed with 5 III of sample loading buffer (62 .5 mM Tris-HCI pH 6 .8 ,  

1 0% glycerol, 2% SDS (w/v), 5% p-mercaptoethanol, 1 % (w/v) Bromophenol blue), boiled 

for 1 min, allowed to cool and then loaded on the gel .  

Gels were run at 20 mA constant current for approximately 50 min or until the dye front ran 

off the bottom of the gel .  The running buffer was 25 mM Tris-HCI, 200 mM glycine, 0 . 1  % 

(w/v) SDS. To visualise the protein bands, the gels were stained with Coomassie blue 
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(0. 1 % Coomassie blue, 40% methanol, 10% acetic acid) for 45  min, the stain was then 

discarded and the gel destained with several changes of a solution of 40% methanol and 

1 0% acetic acid over three hours at room temperature. During staining and destaining the 

gels were agitated gently on an IKA ® VIBRAX VXR Basic Orbital Shaker. 

Coomassie blue-stained gels were either photographed on an IS- I OOO Digital Imaging 

System (Alpha Innotech) or dryed on a Bio-Rad Gel Dryer and scanned. 

2.6.2 Determination of protein concentration 
Protein concentration was estimated using a Beckman Coulter DU 640 Spectrophotometer. 

The spectrophotometer was b lanked using the protein buffer. Then an aliquot of the protein 

of interest was diluted in a quartz cuvette (Bio-Rad, quartz spectrophotometer cell semi 

micro 9-Q- I 0  mm), and an absorbance spectrum measured between the wavelengths of200 

and 300 nm. The concentration of the protein was then calculated using the theoretical 

absorbance of 1 g/L of protein at 276 nm (ProtParam at the Expasy web site), and the 

absorbance of the diluted sample at 276 nm. 

2.6.3 Far UV CD spectroscopy 
Far UV CD spectroscopy was performed on a PiStar- 1 80 Spectrometer (Applied 

Photophysics Limited, UK), and the data was collected on an attached Acorn computer. 

Prior to CD spectroscopy the cell was purged with Nitrogen at a flow rate of 8 - 1 0  Llmin, 

and Nitrogen was pumped through the cell while CD spectra were collected at a flow rate 

of 5 -6 Llmin. Prior to gathering CD spectra the lamp intensity was also allowed to stabilise 

for 30 min. 

The experimental parameters were as follows : elipticity was measured between the 

wavelengths of 1 80 and 260 nm, at 0.5 nm intervals over this range. The entry and exit slits 

were 4 nm wide. Proteins were in a 20 mM Bis-Tris, pH 6 .5 ,  50 mM NaCl buffer. The CD 

spectrum of each sample was measured five times. 
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Prior to detennination of the CD spectrum, the protein sample was degassed for 30 min in a 

jar under a vacuum. Water used to dilute protein samples was also degassed for 30 min in a 

Falcon tube attached to a vaccum in a sonicating water bath .  Protein samples (30 III each) 

were analysed in a quartz cuvette, with a 0 . 1  mm path length (Hellma, QS- l 06P). 

CD spectra were smoothed using the Savitsky Golay algorithm and 10 reference points in 

the Origin 7 software package (OriginLab Corporation). The CDNN (23 )  software was 

used for the deconvolution of CD spectra. 

2.6.4 Dynamic Light Scattering (DLS) 
Dynamic light scattering was perfonned in a Dyna Pro MS-800 (Protein Solutions). Prior to 

analysis, protein samples were filtered using a 100 III syringe (SGE Australia) and 1 3  mm 

Whatman Anodisc filters with a 0.021lm pore size . The samples ( 1 2  III each) were analysed 

in the appropriate quartz cuvette . Data was collected and visualised using Dynamics 

V5.26.60 software. 

2.6.5 Calibration of the size excl usion 
chromatography (SEC) columns 

The Superdex 200 and Superdex 75 size exclusion columns were calibrated using High 

Molecular Weight and Low Molecular Weight Gel Calibration kits (Amersham Phannacia 

Biotech). The high molecular weight kit contains Blue Dextran (elutes in the void volume), 

Thyroglobulin (669 kDa), Ferritin (440 kDa), Catalase (232 kDa), and Aldolase ( 1 5 8  kDa). 

The low molecular weight kit contains Albumin (67 kDa), Ovalbumin (43 kDa), 

Chymotrypsinogen A (25 kDa), and Ribonuclease A ( 1 3 .7 kDa). These samples were 

eluted from the size exclusion columns and their elution volume was used to calculate a Kav 
for each protein, Kav = Ve-Vo/Vt-Vo. This was then used to generate a calibration curve by 

plotting the Kav vs the log molecular weight. To estimate the molecular weight of a protein 

of interest, the Kav was calculated based on the e lution volume of the protein. Then by 

using the equation describing the calibration curve it was possible to the Kav calculate the 

unknown molecular weight of a protein of interest. 
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2.6.6 Limited Proteolysis 
T o  perform a limited proteolysis experiment 1 00 ng o f  Trypsin ( l  III of the stock solution) 

was added to 100 Ilg of the protein of interest in an eppendorf tube. Following the addition 

of the protease the tube was placed at 4 DC and at timed intervals , 5, 1 0, 30, 60, 1 20, 240 

min 1 0  Ilg of the protein was removed from the reaction . This aliquot was immediately 

mixed with an equal volume of SDS-P AGE loading buffer, boiled for 1 min and then 

frozen at -20 DC until the end of the time course.  At the end of the time course the 

proteolysis samples were loaded on an SDS-PAGE gel with a molecular weight marker and 

undigested protein. Trypsin protease was stored at -80 DC, in 1 x PBS containing 1 0% 

glycerol, at a concentration of 0 . 1  mg/ml. 

2.6.7 GST -pul l -downs 
In this assay the interaction between purified proteins (the prey) and a GST -fusion protein 

(the bait) bound to glutathione sepharose is tested. Glutathione Sepharose 4B was washed 

with 1 x PBS to remove the 20% ethanol and aliquoted into four eppendorf tubes. The 

assay consists of two 30 min room temperature incubations, a GST only control, a 

sepharose only control, and a third control where a GST -fusion protein is bound to 

sepharose but no prey protein is added. 

60 Ilg of eluted GST -fusion protein was added to two of the tubes, 60 Ilg of GST was added 

another tube, no protein was added to the fourth tube. The volume in tubes was made up to 

200 III with 1 x PBS, and they were incubated with gentle rocking for 3 0  min at room 

temperature on a Speci-Mix Aliquot Mixer (Bamstead International), to allow binding of 

the protein to the sepharose. The sepharose was then pelleted and the supematant removed. 

The sepharose in each tube was then washed three times by with 500 III of 1 x PBS,  

pelleting the sepharose in a microfuge (Beckman Coulter Microfuge® 18 Centrifuge), and 

removing the supematant. 
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To test the interaction with the fusion protein, a purified (untagged) protein was added to a 

tube containing Glutathione sepharose-GST -fusion . The same purified protein was also 

added to a tube containing only washed Glutathione Sepharose, as a control to test 

background binding to the sepharose, and to the Glutathione Sepharose with GST bound as 

a control to test for binding ofthe purified protein to GST. The tubes were made to an equal 

final volume of 200 J..lI with 1 x PBS, and incubated for 3 0  min at room temperature on the 

Aliquot Mixer. The sepharose was then washed again as above, the supematant removed 

and 30 J..ll of SOS-PAGE loading buffer added to the sepharose . The sepharose loading 

buffer mixture was resuspended and 20 J..lI run on an SOS-PAGE gel .  

2.6.8 Protein  sequencing 
Following a GST pull-down experiment, an SOS-PAGE gel was run. The proteins were 

transferred from this SDS-PAGE gel to a PVOF membrane (Bio-Rad) using a Bio-Rad 

transblot apparatus . The transfer buffer was l OmM CAPS, pH 1 1 .0 ,  1 0% methanol, and the 

proteins were transferred for 45 min at 250 mA constant current with an ice pack for 

cooling and constant stirring of the buffer. The membranes were then stained with 

Coomassie blue and destained. The dry membranes were then sent for N-terminal 

sequencing at the Protein Microchemistry Facility, Department of Biochemistry, Universtiy 

ofOtago, Ounedin, New Zealand. 
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3 . 1 Bioi nformatic Analyses of the H. pylori 
Genome 
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The sequencing of the H pylori genome in 1 996 ( 1 82) has facilitated the identification of 

homologues of the majority of the S. enterica serovar typhimurium genes encoding flagellar 

proteins, on the basis of their sequence identity (Figure 3 . 1 )  ( 1 32) .  These include all of the 

proteins required for the assembly of the flagellum substructures- the motor/switch, basal 

body, the hook and the filament. The only variation upon the established flagellum 

structure of S. typhimurium revealed by sequencing and protein studies is the presence of 

three flagellins FlaA, FlaB and FlaG, and the lipid sheath which envelopes H. pylori 

flagellar the hook and filament (6 1 )  ( 1 75 )  ( 1 82). 

Based on structural similarity to the S. typhimurium flagellum, the assembly of the H. 

pylori flagellum is assumed to proceed in the established linear sequential manner from the 

proximal membrane proteins to the distal extracellular proteins of the filament. Apart from 

FliF of the MS ring, the P-ring protein FlgI and the L-ring lipoprotein F lgH, the flagellar 

proteins are exported via the flagellar Type III export pathway facilitated by a somewhat 

loosely defined export apparatus .  Both integral membrane proteins and soluble proteins are 

involved as part of an export apparatus complex, the stoichiometry and structure of which 

are still to be detennined. There are six integral membrane proteins, FlhA, FlhB, FliO, FliP, 

FliQ and FliR. The soluble proteins include the specific chaperones FliS, FlgN and FliT, 

and the more general components FliI, F liH and FliJ which are involved in the export of all 

substrates. 
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Figure 3 . 1 .  Schematic diagram of the major structural components o f the H. pylori 
OageUum compared to that of Salmonella. *Gene numbers from the TIGR sequence 
are used to indicate H pylori gene homologues encoding flagellar proteins, except where 
previously published studies had already named flagellar genes . Relative positions of 
outer membrane (OM), periplasmic space (P) and cytoplasmic membrane (CM) are 
indicated. 
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S. typhimurium FliJ had been proposed as a flagellum specific chaperone based on the 

physical characteristics of size and predicted a-helicity which had been previously noted as 

common features of Type III export system substrate-specific chaperones ( 1 92) .  

Subsequent experiments have demonstrated a role for S. typhimurium FliJ that is consistent 

with this proposition. FliJ interacts with, and is necessary for the export of rodJhook and 

filament type substrates in addition to interacting with export apparatus components FlhA, 

FliI, and FliH ( 1 1 9) (1 1 4) (59). Thus, the absence of an annotated FliJ gene in the H pylori 

genome was striking in the context of flagellar protein export and motility. 

A group of 1 9  FliJ homologues and their derived sequence characteristics, from a diverse 

set of organisms, are listed in Table 3 . 1 .  F liJ is usually encoded by a gene immediately 

downstream ofjlil. Like other Type III substrate specific chaperones the FliJ homologues 

are small but in contrast to Type III chaperones most have a basic pI. It has also been 

implied previously that FliJ homologues contain a coiled-coil domain within their N­

terminus ( 1 72 )  ( 1 14). Table 3 . 1  shows that only 1 1  of the homologues have a high 

probability of forming a coiled coil domain as predicted by the Multicoil algorithm ( 1 99) 

and some of the predicted coiled-coils are not N-terminal. Furthermore, in studies of S. 

typhimurium FliJ the N-terminal coiled-coil domain is not essential for the function of FliJ 

or its interactions with itself or FliH (58) .  Therefore the physical characteristics of FliJ 

homologues are of limited predictive value and a bioinformatics approach was taken to try 

and identify an H. pylori FliJ homologue . 
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Table 3.1  FIiJ Homologues 

Organisma Size pI Coiled-coil 5 ' gene 3 ' gene 
(kDa) 

S. typhimurium r 1 25 34941 1 7 .3 8 .5 80% N-terminus flil fliK 

S. jlexneri [ 1 025 1 60] 1 3 .7 9.9 - flU fliK 

Y. pestis [ 1 1 74662] 1 7 .5 6 .5 - flU fliK 

E. carotovora [2882 1 1 1 ] 1 7 .5 1 0  60% N-terminus flU fliK 
B. pertussis [2665502] 1 7 . 1  8 .5 80% N-terminus fliK flil 
P. aeruginosa [8793 8 1 ]  1 7 .4 9.7 80% N-term., >70% C-terminus flU hypothetical 
V cholerae [26 1 3385]  1 7 .9 8 .7  80% N-terminus jlil jliK 
P. profundum [3 1 25099] 1 7 .6 7.6 - jlil hypothetical 
S. oneidensis [ 1 1 709 1 6] 1 7 .6 1 0 . 1  - flU fliK 
N. europaea [ 1 083048] 1 7 .4 9 .4 - flU fliK 
L. pneumophila 1 7 .9 1 0 . 1  - fliJ conserved hypothetical 
X campestris [998649] 1 7 .3 9.6 80% N-terminus flU fliK 
C. acetobutylicum 1 7 .2 9.6 - jlil fliK 
[ 1 1 1 834 1 ]  
T denticola [2740 1 1 3 ]  1 8 .3 9. 1 >70% Central flU conserved hypothetical 
T tenf{conf{ensis [997886] 1 7 .6 8 .6 1 00% N-term., 80% C-terminus folC hypothetical 
G. su lfurreducens 1 7 .4 9.4 70% C-terminus flU hypothetical 
[2686520] 
L. interrogans [ 1 1 5 1 936] 22.3 9 . 1 - flU hypothetical 
B. subtilis [2633997] 1 7 .9 8 .7 - jlil ylxF 
C. crescentus [94250 I ]  1 5 .7 5 .9 80% N-terminus flU xynA 
HP025 6  [899 1 83] 1 6 .7 6.2 >80% C-terminus purA conserved hypothetical 

secreted protein 

aThe NCBI-GeneID numbers for eachflU homo]ogue are indicated in square brackets. 
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H. pylori flU has not been annotated. The lack o f  clustering o f  the flagellar genes i n  H. 
pylori complicates gene annotation efforts and furthermore, the FliJ amino acid sequence is 

generally poorly conserved as can be seen in the following multiple alignment and table of 

percentage identity (Figure 3 .2 and Table 3 .2) .  The web-based BLAST search engine at 

NCBI was used to search for a F liJ homologue. While PSI-BLAST is designed to identify 

protein sequences that are distantly related to the query sequence, it begins with the same 

B LAST algorithm that is used by BLAST -P to search databases for significant similarities .  

Consequently, it was decided to explore the effects o f  search parameters using BLAST-P 

and the S. typhimurium FliJ as a query sequence to identify the set of annotated FliJs in the 

multiple alignment, before using PSI-BLAST. There are two main parameters in BLAST 

searches, the search matrix and the Expect value. The first BLAST -P search util ised the 

default parameters, Expect 1 0  and BLOSUM 62, and the user-defined parameters of a non­

redundant database, low complexity filter, and bacterial genomes only. This search resulted 

in a total of204 hits but only identified nine of the FlU sequences above the threshold and a 

further three below the threshold of the nineteen that were used in the multiple alignment. 

The search was repeated using the BLOSUM 45 search matrix as this is designed to give 

higher E-values to more distantly related sequences, but this only changed the E-values of 

the FliJs slightly and did not identify any more FliJ homologues. The search was repeated 

with Expect values of 1 ,  1 00 and 1000 and this resulted in 93 , 508 and 534 hits 

respectively. While the expect value changed the number of hits it did not identify any 

further F liJ homologues either above or below the significance threshold. Subsequently, the 

non-redundant database was searched for FliJ homologues using PSI-BLAST. 
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Table 3.2 Percentage amino acid sequence identity of FIiJ homologues in the multiple alignment, Figure 3.2 

Query/Hit 1 2 3 4 5 6 7 8 9 1 0  1 1  12  13 14 1 5  1 6  1 7  1 8  1 9  20 
1 .  S. typhimurium - 68 54 33  29 1 8  1 4  1 4  1 6  56 25 23 10  1 7  2 1  1 4  1 5  28 2 1  1 6  
2 .  S. jlexneri 68 - 45 25 24 1 5  1 0  1 3  1 6  1 7  2 1  20 23 1 9  9 1 4  1 9  1 1  2 1  1 3  
3 .  Y pestis 54 45 - 36 32  1 9  1 4  1 6  1 5  65 27 1 9  24 1 8  1 0  1 4  1 7  22 26 1 4  
4 .  B. pertussis 33 25 36 - 30 22 1 6  1 4  1 1  39 28 25 25 1 7  1 4  1 6  1 5  3 1  26 1 5  
5 .  P. aerug inosa 29 24 32 30 - 22 1 0  1 4  1 3  3 1  27 28 29 1 6  1 4  1 6  1 7  25 23 1 4  
6 .  V. cholerae 1 8  1 5  1 9  22 22 - 1 3  1 2  9 24 3 1  23 2 1  1 7  1 5  1 5  1 7  24 60 1 8  
7 .  B. subtilis 1 4  1 0  1 4  1 6  1 0  1 3  - 1 5  1 2  1 8  1 8  1 5  1 6  20 1 8  1 5  1 9  1 7  1 9  1 8  
8 .  H pylori 1 4  1 3  1 6  1 4  1 4  1 2  1 5  - 1 6  1 6  9 1 3  1 6  1 6  1 5  1 4  1 2  1 3  1 3  1 1  
9. C. crescen Ius 1 6  1 6  1 5  1 1  1 3  9 1 2  1 6  - 1 6  30 1 7  1 4  1 2  1 2  1 4  1 4  1 2  24 1 0  
1 0 . E. carotovora 56 1 7  65 39  3 1  24 1 8  1 9  1 6  - 30 1 9  25 1 9  1 6  1 2  1 6  26 24 1 4  
1 1 . S. oneidensis 25 2 1  27 28 27 3 1  1 8  1 8  9 30 - 1 7  22 20 1 7  1 8  1 8  29 38 1 7  
1 2 .  X campestris 23 20 1 9  25 28 23 1 5  1 3  1 7  1 9  1 7  - 20 1 7  1 5  1 8  1 8  23 1 5  1 5  
1 3 .  L. pneumophila 1 0  23 24 25 29 2 1  1 6  1 6  1 4  2 5  22 20 - 1 6  1 3  1 6  1 3  22 24 1 9  
14 .  C. acetobutylicum 1 7  1 9  1 8  1 7  1 6  1 7  20 1 6  1 2  1 9  20 1 7  1 6  - 24 25 22 1 7  1 6  26 
1 5 .  L. interrogans 2 1  9 1 0  1 4  1 4  1 5  1 8  1 5  1 2  1 6  1 7  1 5  1 3  24 - 25  25  14  1 3  2 1  
1 6 . T. tengcongensis 1 4  1 4  1 4  1 6  1 6  1 5  1 5  14  14  1 2  1 8  1 8  1 6  25 25 - 26 1 6  1 7  2 1  
1 7 .  G. sulforreducens 1 5  1 9  1 7  1 5  1 7  1 7  1 9  1 2  1 4  1 6  1 8  1 8  1 3  22 25  26  - 1 3  1 9  1 8  
1 8 . N. europaea 28 1 1  22 3 1  25 24 1 7  1 3  1 2  26 29 23 22 1 7  1 4  1 6  1 3  - 23 23 
1 9. P. profundum 2 1  2 1  26 26 23 60 1 9  1 2  1 3  24 38 1 5  24 1 6  1 3  1 7  1 9  23 - 22 
20. T. denticola 1 6  1 3  1 4  1 5  1 4  1 8  1 8  1 1  1 0  1 4  1 7  1 5  1 9  26 2 1  2 1  1 8  23 22 -
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6 7 9 9 9 9 8 7 6 8 8 9 * * 9 9 9 9 9 9 * * 9 9 9 8 * 9 * 9 * 8 * * 9 9 9 9 8 9 9 9 9 8 8 8  
- - - - - - - - - - - - MAQ HGALE TLK DLAE KEVD DAARLLGEM R RGCQQAEEQL KML I DYQNEYR S  5 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MAEEQLKML I DYQNEYRN 1 8  
- - - - - - - - - - - -M K SQS PLVTLC DLAQKAVEQAS T QLGHVRQS yQNAEQQLTMLLT YQ DEYRE 5 1  
- - - - - - - - - - - -M P SQL PLDML I GLAK DS TDEAA R ELGR L S AERNNAEQQLN MLQ DYRQDYL Q  5 1  
- - - - - - - - - - -M E KRAARLA PVV DMAS KAE R DAATQLGRCQQQLLAAQQKLAE LE RYRNDYQQ 5 2  
HAA PC TQL I TWS I E M DNAL D FLLEQAQE S ED KAVLALS KAR S E L D S Y Y HQLR QI EQYRLEYC Q  6 6  

- - - - - - - - - - - -MAyQFRFQKLLELK EN EKDQS L S EYQQSVS E FENVAEKLyENMS KK E LLEQ 5 1  
- - - - - - - - - - - - - - M K K FASVLVQLKT LALE K I EQKLE S KRLELQQN EREVL D KQAQ LSAFKN 4 9  
- - - - - - - - - - - - - - MT KWAAS L I R I S N H E VET LQ K RLAE I T E R RMAAEMRVT LLDAEAEAEA K  4 9  
- - - - - - - - - - - - M KT Q S PLVTLR ELAQ K DVE KAAGQLGQVRQAHQQAEQQLN MLLN YQ DDYRQ 5 1  
- - - - - - - - - - - - - M S N NALN L IL E HAK E E E H QAS LALN QAR I E RQNy LQQLQQI E QYRLDYC K 5 0  
- - - - - - - - - - - - MAN T D PLLLVL KLAL DAEEQAALLLK SAQL ECQ KRQNQL DALN N YRLDYM K  5 1  
- - - - - - - - - - - -MAT P H SLKLLL DHAR KQTD DAA I NLGKLN LKQQ EAE KTLQLLV EYREN YQ S 5 1  
- - - - - - - - - - -MS D RL DRL I QLLK I KQ EAT QQAy I ELVKAREQ FNQN KAR H E QLVGYRQDYLQ 5 2  
- - - - - - - - - - - - MMQ S K R I D PLL RRAQEQED KVARDLAE RQRAL DT HQ S RLE ELR RYAEEYAS 5 1  
- - - - - - - - - - -MAG FG F RLQKLL DLR I QKEE ES K I EFK K S Q DVKKE I E KNLL SMT E N Y HEYS L 5 2  
- - - - - - - - - - -M K R FE F RLE KLLNLR E F Y E H QAE I DLAHA I AH K DY I DLQLK QIAKLKVKTGT 5 2  
- - - - - - - - - - -M K K FE FTLQSVLNLKEQS E K I E K E NLAK I M K E I E R E R E KLE NLKK H LQEVT K  5 2  
- - - - - - - - - -MT H K H G FQLQQVL N yRKEVE KVK K L EFATARH E FE HAT DVLS R H EAEAD RARV 5 3  
- - - - - - - - - - -M K R FQ FSLE PVLNLRKKKED E K L KAFS KVAG E I NQ I RN S I LE N E KQ I E H LT G 5 2  
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8 8 6 5  5 5 8 8 8 8 8 8 8 8 8 8 9 9 9 * 9 * * 9 9 9 9 9 9 * 9 9 * * * * 9 9 8 9 * * * 9 9 9 7 7 7 8 8 8 8 8 8  
s .  typh i m u ri um N LN T DMG NGI AS N R W INYQQFI QTLEKAI EQH R LQLTQWTQ KVDLAL KSWREKKQRLQAWQTL 1 1 4  
s .  fl exn eri N LN S DMSAGMTS N R W INYQQFI QTLE KAI TQH RQQLNQWTQ KVD I ALN SWRE K KQR LQAWQTL 8 1  
Y .  pes t i s  RLN D TLCN GMAS S SWQNYQQFI QTLE QAI DQH RK QLAQW S I KVEQAVKYWQE KQQRLNAFET L 1 1 4  
B .  per t us s i s RMQTAMQSGM SAADC HNYQRFIATLD DAI GQQRH VLH RAEAH LN DGRLNWQQQ KRKLN S FDTL 1 1 4  
P .  a e r u gi n osa QW I S QGQKGV SGQWLMNYQRFL SQLETAVAQQA N SVT WHREAVDKARLNWQER YARLEGLR KL 1 1 5 
v .  ch o l e ra e QLV E RG K SGLTAS Q Y G H LN RFLTQLD ETLA KQK S AE Q H FRLQVEN C EQ HWMN M RQKRKSYQWL 1 2 9 
B . s ub t i l i s  N KE KKL K SGMSVQE M RH YQQFVS NLDN T I YHYQ KLVI MKRN QMN QKQE I LT E K N I EVKKFE KM  1 1 4  
H .  pyl o ri P EL G - - - - - -GM S L FLQTQQLKSALRME I E Y YQQE S EN LN K DL K I L E K DYL LANQELE KAK I I 1 0 6  
C .  c r e s c e n t  u s  NAEG D P SAGWYM I G Y R E - - - - - - G S KR RRADMLVQI E QCQQE EAGAR DALSEA FENLKKYEHV 1 0 6  
E .  ca ro t ovo ra K LN S T M S S GMAN N S WQNYQQFI RTLDGAI EQH RQQLS QWT S RLDLAMKTWQE K QQRLNAFEKL 1 1 4  
P .  pro fun dum QLST RGQEGLTAS S Y G H LQKFLTQLDE TLAKQK EAGHQFE FQ IEQC S E HWNEVR KK R R S I EWL 1 1 3  
s .  on e i den s i s  QMQSQQGQA I SAS H YHQ FH RFI RQ ID EAIAQQQRVVA DG E KQK N Y RQHYWLE KQKKR KAVELL 1 1 4 
N .  e u ropa ea Q FM E S AG S GI S PVEWRN FKAFI C KLDTAI QS QQR LVT MTQQH TEAG S TQYHA H RQ K L K SYDTL 1 1 4  
L . pn e um oph i l a  QLEVLGQQGS YVG PLRNR I N FI N HLDTALVQLN S YLS QLAKN RM KADLNY KQAKT S E E G I S KL 1 1 5 
x .  campes t ri s  SQMS - - - -GT SAVAL SNR RAFL DRLD SAVLQQAQTVE S N RAKVEAERTRLL LA S R E KQVLEQL 1 1 0 
c .  a ce t ob u tyl i c um K RL S G - - - - - TV I EQK I TQN YLNALN VL I DEAS DNLE KQKKVVE DKRNVL I KKQVE R KTVEVL 1 1 0 
T .  den t i co l a  E FN PET - DK I D I T DLHNAQN Y I I LLD KKKDE LL E KLVLAEQ I IE E KR K I Y I EAAS KRKVI S KL 1 1 4  
T .  t en gcon gen s i s RAK E E VE EGT LMY KLAET EAYI M K I REM I E KQAN Y I L KL E K EAEK I REGLL KVS K E K KALEN L 1 1 5 
G .  s u l f ur reducen s E Y N N KQAAGT TAN E LQLYADFFARKHMDI Q FQR I EVDN LN RKM S E K R E DLMDAAK D K KALELL 1 1 6 
L . i n t e rroga n s  - - E S HT L HGASLR DYQLHQGY I RS L I T KN E N L E S D I E N R K S ELD S KRADL I LAQK DRK I LE I L 1 1 3 
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9 9 8 8 9 8 * * * * 8 8 8 8 8 7 6 4 3 9 8 8 8 9  8 
QDRQTAAAL LAENRMDQK KMDE FAQRAAMRK P E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

QE R Q S TAAL LA ENRLDQK KMDE FAQRAAMRK P E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

QE RAET TQRQQENRLDQK LMDE FAQRASQRS LN L - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

AQRES RTQALLEARREQRVNDEy SARLVRRQAG F- - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

VER y L E EARQAE DKREQKQLDE LAQ R T RRQ D D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

ME KKQT ERQLLQEKREQKQMDE FST LM FNRRRL S S - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

RE KQ FKM FAL E DKAAEM K EMDD I S I KQ FM I QG H - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

LEK E KQ KE QK I L EKKEQALLDENAM I L HWQ KEGL HA - - - - - - - - - - - - - - - - - - - - - - - - - - ­
AEQAK I LAAKKMNA FEAAQMDE LS I RRAAVGG R - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

QDREVT R QLAKENKI EQKQMDE FAQ RASQRKAE S - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

LE K KQT E RQ KML DRQEQKMMDE FST LQ FARRN L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

LDN KE K K RQA I E LKKEQKMTDE FAS Q Q FyRRNK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

S Q RAELH HQARLQKQEQRQLDEHTAH N FS KQQKNA D - - - - - - - - - - - - - - - - - - - - - - - - - - ­

I E RVKRAEL KQLQRI EQKETDE yAQKQWy S S LKH DR - - - - - - - - - - - - - - - - - - - - - - - - - - ­

AAS y RAQEN KV I ERRDQREMDD LGARRVRLAR S E DATGESA - - - - - - - - - - - - - - - - - - - - - ­

KDKQKLE FEKN EN L KEQRVNDELALy S F IRN I E RG - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

KEKKRALWEKEN l KAEET y I DD IVT y K FGQN KT I AVN N y N - - - - - - - - - - - - - - - - - - - - - - ­

KE RQ FS EyLyL LN L E Q S RV IDEHVS y KVAK S y - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

KE KQMLA FR R EMA E RERA FLDEMALQKVAR- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

KEN QY K DY KRLY FK�K FELtfH Y N Q LK S I E R R E I N E S S E PT P RV FT Y DT G S N P E S S N D DSGA 

1 4 7  
1 1 4  
1 4 8  
1 4 8  
1 4 7  
1 6 4 
1 4 7  
1 4 2  
1 3 9 
1 4 8  
1 4 6  
1 4 7  
1 5 0  
1 5 1 
1 5 1  
1 4 5  
1 5 4 
1 4 7  
1 4 6  
1 7 6  

Figure 3.2 CLUST AL W (1 .82) multiple sequence alignment of FIiJ homologues 

The gene numbers from the TIGR database are listed beside sequence names in square brackets. The secondary structure of FliJ as 

predicted using the PHD algorithm is indicated above the sequences: the red box represents helix, the black line loop. The probability 

of the indicated secondary structure at each position is indicated by the number, 9=90%, *= 1 00%. 
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Following this initial BLAST search, PSI-BLAST generates a Position Specific Scoring 

Matrix (PSSM) based on a mUltiple alignment from the first database search. This PSSM 

can then be iteratively improved by adding new sequences below the significance threshold 

and removing false positives at or above the threshold. Each of the iterations generates a 

new multiple alignment and PSSM, which is in turn used for a new database search (6). In 

the first round of PSI-BLAST searches, each of the 1 9  aligned and annotated FliJ 

homologues was used as the query sequence with an Expect value of 1 0  and the BLOSUM 

45 matrix. The results are summarised in Table 3 .3 Under these conditions 1 8  of the 1 9  FliJ 

homologues were identified in 4 iterations or less. C. crescentus FliJ was not identified by 

any of the query sequences under these conditions and it was also a poor query sequence as 

it only identified itself. 

The PSI-BLAST searches were then repeated with the same query sequences, but with an 

Expect value of  100. The results are summarised in Table 3 .4 Again 1 8  of the 1 9  

homologues were consistently identified above the significance threshold in 4 iterations or 

less, but with an Expect value of 1 00 the S. jlexneri and X campestris FliJ query sequences 

identified C. crescentus FliJ above the significance threshold. Furthetmore, when T. 
denticola, L. interrogans, or T. tengcongensis FliJs were used as the query sequence an H. 
pylori protein, HP0256, was identified above the significance threshold. 
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Table 3.3 Iterations required to  identify FliJ homologues above the significance threshold using PSI  BLAST searches. 

(Expect 10, BLOSUM 45, threshold of 0 .005). 

Query/Hit 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  
1 .  S typhimurium 1 1 1 1 1 2 2 - - 1 2 2 2 2 3 3 3 1 2 
2 .  S flexneri 1 1 1 1 3 3 3 - - 1 3 2 3 3 - 4 4 3 3 

3 .  Y. pestis 1 1 1 1 2 2 3 - - 1 2 2 2 2 3 3 3 2 2 

4. B. pertussis 1 1 1 I I 1 2 - - 1 1 2 2 2 3 3 3 1 1 

5 .  P. aeruginosa 1 - - 1 1 - 2 - - - - - - 3 3 3 3 - -
6. V cholerae 2 2 2 1 2 1 2 - - 2 1 2 2 2 3 3 3 2 1 

7 .  B. subtilis 3 3 3 2 3 3 1 - - 3 3 3 3 3 3 3 3 3 3 

8 .  H pylori 0256 - - - - - - - 1 - - - - - - - - - - -
9. C. crescen Ius - - - - - - - - 1 - - - - - - - - - -
10 .  E. carotovora 1 1 1 1 2 2 2 - - 1 2 2 2 3 3 3 3 2 2 
1 1 . S oneidensis 2 2 2 1 2 1 2 - - 2 1 2 2 2 3 3 3 2 1 
1 2 .  X campestris 3 3 3 2 3 3 3 - - 3 3 1 3 4 4 4 4 3 3 

1 3 .  L. pneumophila 2 2 2 2 2 2 3 - - 2 2 2 1 3 4 3 3 2 2 
14 .  C. acetobutylicum 3 4 3 3 3 3 4 - - 3 3 3 4 1 3 3 3 3 3 

1 5 .  L. interroRans 4 4 4 3 3 4 3 - - 4 4 4 4 3 1 3 2 4 4 
1 6. T tengcongensis 3 3 3 3 3 3 3 - - 3 3 3 3 3 2 1 2 3 3 

1 7 . G. sulfurreducens 4 4 4 3 4 3 4 - - 3 3 4 4 3 3 3 1 4 3 

1 8 . N. europaea 1 2 2 1 2 2 2 - - 2 2 2 2 3 3 3 3 1 2 

1 9. P. profimdum 2 2 2 2 2 1 2 - - 2 1 2 2 2 4 3 3 2 1 
20. T denticola 3 4 3 3 3 3 3 - - 3 3 3 3 2 3 3 3 3 3 

20 
3 
4 
3 
3 
3 
3 
3 
-
-
3 
3 
4 
3 
2 
3 
3 
3 
3 
3 
1 
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Table 3.4 I terations required to identify FliJ homologues above the significance threshold using PSI BLAST searches 

(Expect 1 00, BLOSUM 45, threshold of 0 .005). 

Query/Hit 1 2 3 4 5 6 7 8 9 1 0  1 1  12  13  14  1 5  1 6  1 7  1 8  19  
1 .  S. typhimurium I 1 1 I 1 2 2 - - 1 2 2 2 2 3 3 3 1 2 
2 .  S.flexneri I 1 1 1 2 2 3 - 3 1 2 2 2 3 4 4 4 2 2 
3 .  Y pestis 1 1 1 1 2 2 2 - - 1 2 2 2 2 3 3 3 2 2 
4. B. pertussis I 1 1 I 1 1 2 - - 1 1 2 2 2 3 2 3 1 1 
5 .  P. aerug inosa 1 2 2 1 1 2 2 - - 2 2 2 2 2 3 2 3 2 2 
6. V cholerae 2 2 2 1 2 I 2 - - 2 1 2 2 2 3 2 2 2 1 
7 .  B. subtilis 2 2 2 2 2 2 I - - 2 2 2 2 2 2 2 2 2 2 
8 .  H pylori 0256 - - - - - - - I - - - - - - - - - - -
9 .  C. crescen Ius - - - - - - - - 1 - - - - - - - - - -
1 0. E. carotovora I 1 I I I 2 2 - - 1 2 2 2 2 3 2 3 1 2 
1 1 . S. oneidensis 2 2 2 1 2 1 2 - - 2 I 2 2 2 3 2 3 2 1 
1 2 .  X campestris 2 2 2 2 2 2 3 - 3 2 2 1 2 3 3 3 3 2 2 
1 3 .  L. pneumophila 2 2 2 2 2 2 2 - - 2 2 2 I 3 3 3 3 2 2 
14 .  C. acetobutylicum 3 3 3 3 3 3 4 - - 3 3 3 4 1 3 3 3 3 3 
1 5 .  L. interrogans 3 3 3 3 3 3 3 4 - 3 3 3 3 2 1 2 2 3 3 
1 6 . T tengcongensis 3 3 3 3 3 3 3 4 - 3 3 3 3 3 2 1 2 3 3 
1 7 .  G. sulfurreducens 3 3 3 3 3 3 3 - - 3 3 3 3 2 2 2 1 3 3 
1 8 . N. europaea 1 2 2 1 2 2 2 - - 2 2 2 2 2 3 2 3 1 2 
1 9 . P. profundum 2 2 2 2 2 1 2 - - 2 1 2 2 2 3 3 3 2 1 
20. T denticola 3 3 3 3 3 3 3 6 - 3 3 3 3 2 2 2 2 3 3 

20 
4 
4 
3 
3 
3 
3 
2 
-
-
3 
3 
3 
3 
3 
2 
3 
3 
3 
3 
1 
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An alternative approach to searching for a potential H. pylori FliJ homologue is to use a 

pattern based search such as PHI-BLAST within BLAST -P or PSI-BLAST. The database is 

searched for sequences containing the PHI pattern and then BLAST searches any hits for 

further significant sequence identity around the pattern. Although there is limited sequence 

conservation to be observed in the multiple alignment of FliJ homologues presented here 

(Figure 3 .2), there are three residues near the FliJ C-terminus that are highly conserved. 

Within the S. typhimurium FliJ sequence these residues are 0 1 30,  0 1 3 5  and E 1 36. At the 

equivalent positions in all of the other F liJ sequences in the multiple alignment the amino 

acids are either 0 or E. This conservation can be converted to the following pattern for use 

with PHI-BLAST: [EO]x(4)[ED] [EO] , where any four amino acids separate an E or a D 

from two consecutive residues that are either E or O .  This pattern was used with BLAST-P 

or PSI-BLAST and either S. typhimurium FliJ or T. denticola FliJ as the query sequence , 

the results are summarised in Tab le 3 .5 .  

PHI-BLAST did not improve the effectiveness of either PSI or BLAST -P searches for 

identifying an H. pylori homologue of FliJ. But it did identify JHP0240 and an unknown H. 
pylori protein below the significance threshold. These proteins are both homologues of H. 
pylori 26695 HP0256 in strains J99 and 1 7874 respectively. An alternative to the PHI­

B LAST pattern search is the use of a saved PSSM from a PSI·BLAST search. To test this 

approach the position specific scoring matrices from iteration 4 of an S. typhimurium PSI­

B LAST search and a PSSM from a T. denticola PSI·BLAST search were used to search the 

H. pylori database. Using the S. typhimurium PSSM, HP0256,  JHP0240 and the 1 7874 

unknown were identified with highly significant scores of l x 10-8, 1 x l O-7, and l x 1 0-7 

respectively. A similar search with a T. denticola PSSM failed to identify any hits of 

significance.  When HP0256  was previously identified above the significance threshold i t  

had a score between 0 .00 1 and 0.005 , barely above the threshold. 



--- --- -- ---- ---

Table 3.5 BLAST searches incorporating sequence patterns 

Search Database Expect Query 

algorithm value sequence 

PSI/PHI-BLAST NR-Bacteria 1 00 S. typhimurium 

Significant hits 

S. typhimurium 

S flexneri 

E. carotovora 

Y. pestis 

B. pertussis 

P. aeruginosa 

N. europaea 

S. oneidensis 

V. cholerae 

P. projimdum 

L. pneumophila 

X campestris 

E-value 

4xl O- ru 

4xlO-45 

9xl O-39 

I x 10-34 

3x l O-1 6 

l x l O- 1 2 

4xl O- 1 2 

2xl O-9 

3 X 1 0-6 

6x lO-2 1 (2nd 
it) • 

l xl 0- 1 5 (2nd 

it) 

5x lO- J O  (2nd 
it) 

Results 1 0 1  



Table 3.5 continued 

NR- 1 00 T denticola 

Bacteria 

BLAST- H. pylori 1 00 S. typhimurium 

P/PHI 

H. pylori 1 00 T denticola 

C. acetobutylicum 

T tengcongensis 

B. subtilis 

T denticola 

L. interrogans 

G. sulforreducens 

No significant 

sequence 

similarity 

JHP240 

No significant 

sequence 

similarity 

- -

5x l 0-' (200 it) 

l xl 0-5 (21Yi it) 

2xl O-5 (21Yi it) 

9xl O-
14 (3rd it) 

l x l O-1 3  (3
rd it) 

3xl O-
1 3  

(3
rd it) 

-

0 .38 

-

Results 1 02 

I 
I 
I 
I 
I 
I I 

I 
I 
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Table 3.5 continued 

BLAST- H pylori 1 00 S. typhimurium HP0256 l xl O-1S 

P/PSSM PSSM, i teration unannotated l xl O-7 

4 1 7874 protein 

JHP0240 1 x l  0-7 

H pylori 1 00 T denticola 36 hits below the -

PSSM, iteration significance 

7 .  threshold, no 

HP0256 

'------ - - - -
*it is used in this table as an abbreviation of the word iteration 
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As HP0256 was the only H. pylori sequence that occurs above the significance 

threshold it was decided to investigate it further. HP0256 encodes a 1 6.7 kDa 

protein with a p I  of 7 .8 that was found to be 1 5% identical to B. subtilis FliJ. It i s  

also predicted to be a-helical ( 1 50) and has a high probability of forming a C­

terminal coiled-coil between amino acid residues 1 00 and 1 30 ( 1 99). Further 

investigation of B. subtilis FliJ reveals the characteristic flagellar gene organisation; 

FliJ is clustered with other flagellar genes, and the gene immediately upstream of 

flU is fliI. Although H. pylori flagellar genes are not clustered, when the genes 

surrounding HP0256 are examined it is found that HP0257 shares 24% identity with 

jrzCD, the gene immediately downstream of B. subtilis flU (Figure 3 .3) .  FrzCD is 

an atypical methyl-accepting chemotaxis protein that is involved in vegetative 

swarming and fruiting body formation in M xanthus (28). 
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fUG fliH flU flU jrzCD fliK fliF/G fUL 

Bacillus subtilis j1aA locus 
t t 

1 8% 24% 

0253 0254 purA 0256 025 7 0258 xseA 0260 
OMP OMP 

H el icobacter pylori 

Figure 33 Synteny of flagellar genes in  B. subtilis and H. pylori. 
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To investigate the role ofHP0256 in flagellar assembly and motility, a deletion strain has 

been created by allelic exchange. Briefly, HP0256 was cloned into pUC 1 9, internally 

deleted by PCR, and a chloramphenicol resistance cassette was cloned into the centre of the 

gene (Figure 3 .4). Following transfonnation of H pylori with the resulting plasmid, 

integration of the deleted gene and replacement of the wild type gene was confirmed by 

PCR. Examination of the mutant cells using a light microscope revealed they were still 

motile, and electron microscopy revealed that the mutant bacteria are flagellated (Figure 

3 .5 ). 

If HP0256  had a significant role in flagellar export, the HP0256 knock-out mutants 

would be expected to be non-motile and aflagellate, However, this was not the case. The 

observed results do not exclude the possibility that HP0256 is an H. pylori FliJ homologue, 

as experiments in S. typhimurium have shown that all FliJ mutations are "leaky" and 

flagellar export still occurs ( 1 14).  Therefore it is possible that flagellar protein export in the 

HP0256 mutant is reduced but still occurs to a significant degree such that flagellation and 

motility can still be observed but to a reduced degree . To investigate the possibility of such 

aberrant motility, Dr P.W. O'Toole and colleagues recently subjected the HP0256 knock­

out mutant created in this study to more detailed analysis using BacTracker, a system 

allowing direct microscopic observation and characterisation of the degree and type of 

motility. This investigation revealed that the HP0256 mutant of H pylori does exhibit an 

aberrant fonn of motility, providing further evidence that HP0256 could indeed be a Fli J  

homologue, or  at the very least i s  involved in  motility. 
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ML022 (BamHI) ML028 (BglI I )  

• HP0256 
3 '  

ML027 (BglI I )  I ML023 ( EcoRI )  

ML022 (BamHI) 

• 
1 st peR 

... .......... �-
2nd PC R with an anneal ing step I ML023 (EcoRI) 

EcoRflBamHT Digest and L i gation 

pMLO l 7 

BglI I 

P C 1 9  

Restriction digest 

and l igation 

pMLO l 6  

+ 

cal ( BamHI )  

Figure 3.4 Internal deletion and cloning o f  HP0256 from H. pylori 26695. 
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o 1 04,000 X mag. 

:� 2 1 ,200 X mag. 

Figure 3.5 Electron micrographs of the HP0256 deletion mutant and wild type H. 
pylori strain 17874. Panel A, HP0256 flagellum filament; B,  HP0256 mutant with 
attached flagella; C and D, HP0256 mutant with the flagellum attached and the L-ring and 
hook structure visible; E, wild type H. pylori 1 7874 with the flagellum attached. 
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3.2  C haracterisation of H. pylori F l i I  
As described in detail in the introduction (Sections 1 .5 and 1 .6), FliI o f  H. pylori is a 

cytoplasmic membrane-associated protein required for flagellar assembly ( 142) (77). 

Given the predicted tertiary structure of FliI  (Figure 1 .7 and 1 .8) and our understanding 

of the function of the homologues Rho transcriptional terminator and F I -ATPase, it is 

possible to suggest a hypothesis for the structure and function of H. pylori FliI. This 

hypothesis has three tenets. Firstly FIiI will oligomerise to form a hexamer analogous to the 

pseudo-hexamers of Rho and F I -ATPase, and secondly hexameric FliI will demonstrate 

cooperative ATPase activity. Third, FliI will couple ATP hydrolysis to protein export in a 

similar manner to the Rho transcriptional terminator, which couples ATP hydrolysis to 

translocation of RNA. 

To examine this set of tenets, structure-function analysis of FliI was undertaken using 

genetic and biochemical approaches. 

3.2 . 1  The role of the Fl i I  R-Ioop in  H. pylori flagellar 
assembly and function 

The R-loop in Rho and the F I-ATPase has a role in the coupling of ATPase activity to the 

movement of RNA through the centre of the pseudo-hexamer and the rotation of the y­
subunit, respectively. To test whether these conserved residues (Em, G3 1 2, and D313 )  are 

also required for the function of H. pylori FliI , they were each mutated to Ala, and the 

mutant proteins were examined for their abi lity to complement a flU knock-out mutant 

strain of H. pylori for flagellation. 

The mutations were first created by site-specific mutagenesis, then cloned into E. coli-H. 

pylori shuttle vector pHe13 , introduced into the fliI knock-out mutant ( 142) by 

transformation and finally the flagellation of the transformed strains was examined by 

electron microscopy. 

The R-Ioop of H. pylori FIiI (residues 308-3 1 8 ,  see alignment in Figure 1 .7)  was mutated 

using a peR-based method of directed mutagenesis (Figure 3 .6). For this method of 



Results 1 10 

mutagenesis/cloning, four consecutive rounds of peR were used. The objective of this 

exercise was to generate and clone three mutantfli! genes, with mutations of E31 1-A, Gm-
A, and D3 I3-A. In addition the peR was designed to fuse the H pylori recA promoter to the 

mutant genes to allow expression in vivo. 

The first round of peR involved the amplification of  the recA promoter from H pylori 

26695 genomic DNA (see the sequence for this promoter in Figure 3 .7), and fliI was 

amplified as two arms from H. pylori 1 7874 genomic DNA. Arm 1 was amplified with a 

forward primer containing a 5 '  non-annealing sequence complementary to the 3 '  end of the 

recA promoter sequence and a reverse primer that anneals to the DNA sequence encoding 

the R-Ioop with a mismatch that introduces one of the three mutations. Arm 2 was 

amplified with a forward primer that anneals to the R-Ioop sequence and contains the same 

mismatch and sequence complimentary to the 3 '  end of arm 1 ,  and a reverse primer 

annealing to the 5 '  end offliI. The recA promoter was amplified with a forward primer and 

a reverse primer containing non-annealing sequence complimentary to the 5 '  end of Arm 1 .  

The second round of peR annealed arm 1 and 2 of fli! to generate a peR template for 

creation of the full-length flU containing R-Ioop mutations. The third round of peR 

annealed the recA promoter to the 5 '  end of mutated fli!. 

The 1 586 bp products of the three rounds of peR and wild-type fliI fused to the recA 

promoter were then digested with BglII and EcoRI, and ligated to gel-purified linear pHe13 

digested with the same enzymes, and therefore with compatible ends . This gave plasmids of 

7 . 1  kb designated pML023-26. 
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I"(.'C-/ promoter 

ML049 (Sail ) 
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3 '  � 
M L047 (8g/T T) 

\M ... __ � � 
M L 047 

.. 
M L047 ( 8glT I )  

Restriction digest 

oriT � and l igation 

� Psll 
Hindl l • all gil l  

pML024-026 

Eeo R I -,-I --,-...1-1 -,--.1.-1 --,-L-I ....--'1'----r-lI----.-<.I--.-1.I--.-_ Eeo R I I I I I I I I I 
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Figure 3.6 peR based strategy for the mutagenesis of the fliI R-Ioop and cloning of 
the mutants. The recA gene is indicated in green, flU in red and the wavy lines indicate 
sequence added by the primers that is not present in  the target sequence, but required for 
annealing to PCR products from other reactions. The sequences of the oligonucleotides are 
shown in Table 3 .6 .  
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Figure 3.7 H. pylori recA Promoter Sequence Used to Express FlU R-Ioop 

Mutants (From recA sequence from H. pylori strain 69A as submitted by 

Schmitt, W, et ai, Ne BI accession number Z35478 ( 1 62)) .  
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Table 3.6. Oligonucleotides used for R-Ioop mutagenesis in this study 

Name Tm Restriction Annealing Sequenceb Description 

Cc) Sites Position in 

Sequencea 

ML024 57.3 na 924jliI 5 '  GCTAGTAGCTGGCGATGATT (forward primer) E31 1-A 

ML025 5 5 .3 na 924jliJ 5 '  GCTAGTAGAGGCTGATGATT (forward primer) G31 2-A 

ML026 57.3 na 927 jliI 5 '  AGTAGAGGGCGCTGA TTTGA (forward primer) Dm-A 

ML043 60.3 na 946 fliI 5 '  CAAATCATCGCCAGCTACTAGC (reverse primer) E31 1-A 

ML044 60.3 na 946jliI 5 '  CAAATCATCAGCCTCTACTAGC (reverse primer) G3 1 2-A 

ML045 62 .3 na 949 jliI 5 '  GCTCAAATCAGCGCCCTCTACT (reverse primer) D3 13-A 

ML047 60.5 BglIJ 1 306jliI 5 '  GAAGATCTTTATCTTAAGATTTCTTCTAATTGCTGAAAGC (reverse na 

primer) 

ML048 6 1 .8 na 256 recA 5 ' ATTCAATAAGGTAATTTAATGCCCCTAAAATCCTTAAAAAACCG na 

promoter, 1 (forward primer) 

jliI 

ML049 59.3 Sal! 1 recA 5 '  ACGCGTCGACAAGCTGA TTGCGCTCACATCA T AA ( forward primer) na 

ML050 60.2 na 1 jliI, 274 5 '  AGGATTTT AGGGGCATT AAA TT ACCTT ATTGAATTTGATTTGTTT A na 

recA TTCTATCAAA 3 '  (reverse primer) 

promoter 

aPrimer annealing positions are relative tom the ATG codon (A= l )  See Figure 3 .6 for a schematic of the annealing positions and 
directions ofthe primers. 
bRestriction sites and codon changes are in bold type. 
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To examine the accuracy of constructs, the insert DNA in pML023 ,  pML024, pML025 

and pML026 was amplified by peR using the primers ML049 and ML047 (see Tables 3 .6 

and 3 .8  for the primer details and Table 3 .7 for the p lasmid details) and the peR products 

submitted for sequencing. The primers used for sequencing were at nucleotide sequence 

positions 256 of recA, and positions 1 , 358 ,  598, and 847 offliI, and produced overlapping 

sequence data. The sequence data demonstrated that the recA promoter sequence is correct, 

and that the flU sequence in each of the recombinant plasmids contains five point mutations 

relative to the H. pylori 26695 flU sequence. Two of these mutations, I 140-V and T m-A 

have already been published by Porwollik and colleagues for the H. pylori strain 1 7874 

( 1 42), and are assumed to represent typical strain to strain variation. Three point mutations, 

SS2-T, hwT and T424-Q, have not been noted before. As they are present in all inserts, each 

of which was created by an independent peR reaction, it could be concluded that these 

mutations are due to colony variation within the strain. The other point mutations are those 

deliberately introduced by peR to mutate the R-loop : p ML023 fliI is wild type, pML024 

fliI has an E3 1 1 -A mutation, pML025 fliI has a G3l 2-A mutation, and pML026 fliI has a 

D3 l 3-A mutation (Table 3 .7). 

Table 3.7. Plasmids created for FIiI R-Ioop mutagenesis studies 

Plasmid name Vector Mutagenic Mutation 

pnmers 

pML023 pHel3 na None, wild-type 

pML024 pHe13 M L024, ML043 E3 1 1 -A 

pML025 pHe13 M L025 ,  ML044 G312-A 

pML026 pHe13 M L026, ML045 D313-A 
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Table 3.8. Oligonucleotides used for FliI mutant sequencing 

Name Tm Annealing Sequence 

(DC) Position 

In 

Sequence 

ML048 6 1 .8 256 5 '  ATTCAA T AAGGT AATTT AA TGCCCCT AAAATCCTT AAA 

(recA) AAACCG 

ML049 59 .3 1 (fliJ) 5 '  ACGCGTCGACAAGCTGATTGCGCTCACATCATAA 

ML05 l 57 .8 358 (fiil) 5 ' CGATTAGCGCCTGTCATTACA 
-----

ML052 5 8 .9 598 (fiil) 5 ' GAATTTATAGAGAAAAACCTGAAAGGG 

ML053 60.4 847 (fiil) 5 ' CTTTCCTTATTGCCTCAATTAATGGAG 

3.2.2 Testing the effect of the R-Ioop mutations on 
moti l ity 

Plasmids pML024-26 which express FliI R-Ioop mutants and pML023 which expresses 

the wild-type FliI were introduced in trans into afliI knock-out strain, H. pylori � pSP l l O  

( 142). The same plasmids were also introduced into wild type H. pylori 1 7874.  The 

transformants were selected for acquisition of the kanamycin resistance marker encoded by 

the vector portion of the p lasmids. The success of transformation was confirmed by 

purification of plasmids of the correct size from bacteria grown on selective media, by 

alkaline lysis. 



H. pylori Chromosome 

Results 1 1 6 

pSP I 1 0a 

�flil 

jliJ t Homo logous recombination 

�.flir 

Chromosomal integration 

and plasmid destruction 

Figure 3 .8 Electroporation mediated allelic exchange ofjliI 
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To examine the influence of the R-Ioop mutations on motility and flagellation, the H 
pylori jliI knock-out strain �pSP l l Oa, carrying pML023 -026 plasmids were observed by 

confocal light microscopy and electron microscopy (EM). All  of the recombinant strains 

containing jliJ R-Ioop mutants were motile and flagellated (Figure 3 .9) .  However, the 

negative control,fliI knock-out strain �pSP I I Oa, transformed with the vector pHe13 (no jliJ 

insert) was also motile and flagellated. The motility and flagellation of the jliJ deletion 

mutant contradicts observations for this very mutant strain created by Porwollik and 

colleagues ( 142). This strain was originally generated by electroporation-mediated allelic 

exchange, utilising a pUC1 9-based suicide plasmid which carried afliI gene interrupted by 

a chloramphenicol resistance gene (Figure 3 .8). The deletion strain was re-created in this 

work using the same method and constructs used by Porwollik and colleagues, however 

this new fliJ knock-out strain was also motile and flagellated. The reason for this 

discrepancy is not clear. One possibility is that there is redundancy in flil-like genes in H 
pylori, and the other possibility is that the flil deletion results in growth disadvantage and 

consequently intergenic compensatory mutation(s) that also restore flagellation and motility 

are rapidly selected. 

To investigate whether any of the R-Ioop mutants have a dominant effect over the wild­

type fliJ, the wild-type H pylori 1 7874 strain was also transformed with pML023-26 and 

the resulting transformants were observed by confocal light microscopy and EM to monitor 

motility and flagellation (Figure 3 .9). The pML025 and pML026 transformants (carrying 

mutations G3 I 2-A and D3\3-A, respectively) were motile and flagellated, showing no 

influence on the phenotype . Surprisingly, the pML024 transformant (carrying E3 1 1 -A 

mutation), was hyper-flagellated. In transcription terminator Rho, mutations of the 

equivalent glutamate produce hyper-terminating mutants .  These mutants are characterised 

by a decrease in their KM for RNA and a higher RNA (substrate)-dependent ATPase 

activity. By analogy, FliI mutant could be hyperproductive in flagellar protein export and 

flagellation in the FliI E3 J J -A R-Ioop mutant. 
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Another unexpected observation was the hypo-flagellation of the wild-type strain 

transfonned with the plasmid pML023 which expresses the wild-type FliI. This observation 

was difficult to explain. 

At this stage, due to the unexpected phenotypes of the wild-type and the fliI knock-out 

strains carrying the plasmids pML023 and pML024, the interpretation of the 

complementation data could only be extremely speculative. Therefore, further research was 

focused on biochemical characterisation of FliI, with the aim of demonstrating functions 

such as multimerisation and ATPase activity. 
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Figure 3 .9 Electron Micrographs o f  wild-type H. pylori andflil mutants 

A. H. pylori 1 7874 . 

B. H. pylori 1 7874 tl. pSP 1 l O a  (fliI knock-out mutant) 

C. H. pylori 1 7874(PML023) .  

D. H. pylori 1 7874 tl. pSP l l Oa(pML023) 

E. H. pylori 1 7874(PML024). 

F. H. pylori 1 7874 tl. pSP 1 1 Oa(pML024) 
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The bar in each electron micrograph is equivalent to 1 flm. The magnifications were 
1 5 ,300 , 1 1 ,200, 2 1 ,200, 1 5 ,300, 1 5 ,300, 1 5 ,300, 1 5 ,300,  2 1 ,200, 1 1 ,200, 1 5 ,300X for 
panels A-J respectively. The cells were negatively stained with 1 % PTA and visualised on a 
Philips 20 1 C transmission electron microscope. 
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3.2.3 In vitro Characterisation of H. pylori F l i I  

3.2.3.1 Affin ity Purification of FIi I  
The gene encoding full-length Fli I  and truncated versions of the flU gene were c loned as 

N-terminal fusions to the glutathione-S-transferase (GST) gene of S. japonicum in the 

pGEX-6P3 vector (GM Healthcare). When expressed from this plasmid, the GST -FliI  

fusion can be purified via the high affinity of GST for glutathione immobilised on 

sepharose beads. The GST tag can then be removed by PreScission protease that cleaves a 

specific recognition sequence within the linker between GST and FliI, to release free FliI 

for further purification. The same GST -affinity purification system was used to purify all 

proteins examined in this study. This purification is detailed in the Methods chapter and 

summarised in Figure 3 . 1 0. 
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F igure 3.10 GST Affinity pu rification of FliI (Pharmacia Biotech) 
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3.2.3.2 Over-expression of Fl i I  2-434 and F l i I  1 9-434 
The F I -ATPase a- and p- subunits contain an N-terminal extension that is disordered in 

the crystal structure and protease sensitive in vitro ( 1 ). Based on the FliI multiple alignment 

with the F I -ATPase subunits (Figure 1 .7) this disordered region may correspond to the first 

1 8  residues of H. pylori FhI. As these residues may affect the behaviour of the protein, jliI 

was also c loned using the same method with a forward primer annealing at position 5 5  of 

the DNA sequence (Table 2 .3 ,  Methods section). When expressed, this truncated FliI will 

lack the first 1 8-residues. FliI expressed from this construct is termed FliI 1 9-434. Members 

of the Moore lab created both the FliI 2-434 and FliI  1 9-434 plasmids before this project 

began, and the constructs were sequenced to confirm that jliJ has no PCR-induced 

mutations. 

F or expression purposes, E. coli Rosetta strain was transformed with the FliI 1 9-434 or 2 -

434 plasmids, and the transformant E. coli streaked for single colonies on  LB Agar Amp I 00 

CmlO plates. These plates were incubated at 37 °C overnight. A s ingle colony was then used 

to inoculate 50 ml of LB AmplOO Cm
1 0 that was grown overnight at 37 °C in a shaking 

incubator. The next day 2L of Amp 
1 00 

CmlO Hyper broth was inoculated with 20 mL of this 

overnight and grown in a 3 7 °C shaking incubator until an OD60o nm of 0.6 AU. Expression 

of FliI was then induced by the addition of IPTG to the flask to a final concentration of 0. 1 

mM. The incubator temperature was changed to 20 °C and the cells were grown for a 

further 1 8  hours . The cells were then harvested by centrifugation and lysed by French press, 

and separated into soluble and insoluble fractions by centrifugation. Samples of the lysate, 

lysate supernatant and lysate pellet were kept for analysis and run on an SDS-PAGE gel 

(Figure 3 . 1 1 ). This gel shows that F liI expression has occurred but most of the protein 

(possibly 90%) is insoluble and resides in the lysate pellet. 
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Figure 3.11  Expression and solubility of GST -FliI 19-434. FliI 1 9-434 was expressed in 
E. coli Rosetta grown at 20 QC for 1 8  hours after induction with 0 . 1  mM !PIG at an 00600 
nrn of 0 .6 .  Samples were analysed by 1 2% SOS-PAGE. 

Lane : 

1 ,  E. coli total cell lysate, 1 0  Ill ;  

2 ,  Lysate supematant (soluble proteins), 1 0  Ill; 

3 ,  Lysate pellet (insoluble proteins), l O III 

Tween 20 

0% 0. 1 %  0.5% 1 %  
kDa 98 - _ ;::::::::: 68- "' _  
43- " 11 ,. ' --
29 - __ _ 
1 8- tIII 
1 4--.. 

--
---

2% 

� GST 

Figure 3.12 The effect of Tween 20 concentration in the wash buffer on the impurities 
present in FliI purifications. 12% S DS-PAGE gel of GSI -Fli I  washed with buffer 
containing increasing concentration of Tween-20. 
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The GST -FliI fusion was then bound to 3 ml of washed Glutathione-sepharose, by 

mixing the lysate supematant with the glutathione sepharose in a 50 ml tube on a rocker at 

4 QC for 4 hours . The lysate supernatant was then removed and the sepharose washed ten 

times with 1 0  volumes ofGST cleavage buffer: 50 mM Tris, 1 50 mM NaCI, 1 mM EOTA, 

pH 8 .0 .  When a sample of the glutathione sepharose is run on an SOS-PAGE gel after 

GST -FliI is bound, significant non-specific protein binding can be seen. It is important to 

reduce this non-specific binding to improve the purity of the protein, and also to remove 

background proteins to facilitate interaction studies by GST -pulldown. To this end the 

GST -FliI bound sepharose was either washed with varying concentrations of Tween-20 

(Figure 3 . 12), or varying concentrations of Triton X- l OO (not shown) were added while 

GST -FliI was incubated with the glutathione sepharose. 

However, treatment with these weak detergents had little effect on non-specific binding 

of proteins to the glutathione sepharose . Another attempt to prevent non-specific protein 

binding was made by using gelatin as a non-specific blocking agent (Figure 3 . 1 3 ). As seen 

in this gel, this was also ineffective and actually added further impurities . It was decided 

that the FliI impurities would have to be removed in subsequent purification steps. 
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Figure 3.13 12% SDS-PAGE gel of glutathione-sepharose blocked with gelatin during 
GST -FIiI binding. GST -FliI was bound to glutathione-sepharose in the same manner as 
Figure 3 . 12 ,  except that a gelatin solution was added to the percentages stated during the 1 
hour binding step. 

Proteolytic cleavage of the GST -fusion protein was subsequently initiated by the addition 

of an equal volume of GST cleavage buffer containing 1 mM DTT, and 80 units of 

PreScission protease / ml of bed volume to the glutathione sepharose. Cleavage was 

allowed to continue overnight on a rocker at 4 DC .  The next day the supernatant containing 

the free Fli I was removed and placed at 4 DC until it was subjected to further purification by 

chromatography. A small aliquot of the washed cleavage supematant containing FliI was 

kept for analysis on by SDS-P AGE (Figure 3 . 14). 
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....... ------ F l i I  1 9-434 

------ GST 

Figure 3.14 Separation of FliI 19-434 from the GST tag. 1 2% SDS-PAGE gel of the FliI 
1 9 -434 after the GST tag has been cleaved away using the PreScission protease and then 
partially depleted using Glutathione sepharose . 

3.2.3.3 Purification of FI i I  2-434 and FI i I  1 9-434 by fast 
protein l iquid chromatography (FPLC) 

FliI 2-434 and FliI 1 9-434 have predicted isoelectric points of 6 . 0  and 5 .5 respectively. 

Consequently, it was decided that anion exchange using a 10  ml Source-Q ion exchange 

column at pH 8 .0 would be an appropriate first purification step. The column was 

equilibrated in 50 ml of start buffer, 50 mM Tris-HCI, 1 00 mM NaCI, pH 8 .0 .  Although 

this buffer differs from the cleavage buffer by 50 mM NaCI, it was found that this made no 

difference to the purification of FliI 2-434 or 1 9-434. Consequently, cleaved FliI was 

injected onto the column without prior equilibration into start buffer. In the example below, 

2 .25 ml of FliI 2-434 cleaved from 3 ml of glutathione sepharose was injected onto the 

Source-Q column at a flow rate of 1 mllmin (Figure 3 . 1 5 ). Following injection, the flow­

rate was changed to 2 mllmin and another 30 ml of start buffer was pumped down the 

column to remove any unbound protein and to re-equilibrate the column. Then any bound 

protein was eluted by applying a linear gradient of 1 00-500 mM NaCI over 50 ml of elution 
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buffer: 50 mM Tris-HCI, 1 M NaCl, pH 8 .0 .  The column was then stripped of any 

remaining protein with I M NaCI by pumping elution buffer alone. 
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Figure 3.15 Purification of FliI 2-434 using Source-Q Anion Exchange 
Chromatography. 

The start buffer was 50 mM Tris-HCI, 1 00 mM NaCI, pH 8 .0 ;  the elution buffer was 50 
mM Tris-HCI, 1 M NaCI, pH 8 .0;  the flow rate of injection was I ml/min all other steps 
were performed at 2 mllmin. The bed volume of the column was 1 0  ml. 

As can be seen in Figure 3 . 1 5  and Figure 3 . 17 ,  FliI 2-434 (and 1 9-434) do not bind to 

Source-Q sepharose under these conditions but rather pass through the column in the void 

volume, in a volume of approximately 6 ml. But in spite of this poor binding Figure 3 . 1 7  

shows that a degree of purification i s  still achieved, presumably because other protein 

contaminants bind to the column. 

Following anion exchange chromatography FliI  2 -434 was concentrated usmg a 

Millipore Amicon Ultra-4 10 ,000 Molecular Weight Cut Off (MWCO) centricon to a final 

volume of 390 �l . To purify FliI further it was decided to apply the protein to a Superdex 

200 gel filtration column. This column is also useful for determining the size of a protein or 

a protein complex, and therefore can indicate if Fli I  is behaving as a hexamer in solution . 

To this end, FliI was incubated under conditions thought to be conducive to the formation 

of hexamers at 4 QC on a rocker overnight prior to size exclusion chromatography. The 

buffer was 50  mM Tris-HCI, 1 00 mM NaCI, 5 mM MgCh, 100 mM Urea, 10  mM ATP, 1 
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mM DTT, pH 8 .0 .  The column was pre-equilibrated with three column volumes of a 50 

mM Sodium phosphate , 1 50 mM NaCl, 5 mM MgCh, pH 8 .0 buffer. Then FliI 2-434 was 

injected and eluted from the Superdex 200 column at a flow rate of 0.5 mllmin (Figure 

3 . 1 6) .  

1 600. 00 - 1400. 00 
E c: 0 1 200 . 00 00 
N 
@; 1 000 . 00 
=> 
« 
E 800 .00 � 
aJ 

600 .00 u c: ro ..Cl 400 .00 .... 0 
III ..Cl 200 . 00 « 

0 .00 
0 5 

Fl i 1 2-434 

"-
1 0  

Volume (ml) 

- Absorbance@280nm 

ATP ,,-

1 5  20 25 

Figure 3. 16  Purification of FliI 2-434 using a Superdex 200 Size Exclusion Column. 

The column was equilibrated in 50 mM Sodium phosphate, 1 50 mM NaCl, 5 mM MgCh, 
pH 8 .0 buffer. The volume of FliI injected was 320 �l, and the flow rate ofthe injection and 
elution was 0.5 mllmin. 

The SDS-PAGE gel in Figure 3 . 1 7  illustrates that Source-Q amon exchange 

chromatography followed by size exclusion chromatography has resulted in purification of 

FliI 2 -434 almost to homogeneity. The same purification method has also been used 

successfully to purify FliI 1 9-434. But this purification demonstrates two important points 

that are worth noting. Firstly, although the purification produces very pure protein the yield 

is low and this problem is due to the poor solubility of FliI which seems to be an inherent 

problem with H. pylori FliI and its homologues (eg. S. typhimurium FliI (43)  (52)). This 

can be illustrated by reference to the Figure 3 . 1 7, which shows the protein present at each 

stage of the purification as the gel is examined from Lanes 1 -8 .  Lanes 1 and 2 of the gel are 

1 �l of the lysate supematant before and after mixing with the glutathione sepharose. There 
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is no obvious over-expressed protein In the supematant before incubation with the 

glutathione sepharose (Lane 1 ). Most of the FliI is in the pellet, and after the supematant is 

removed from the sepharose there is no obvious decrease in any of the protein bands (Lane 

2). Despite the low levels of soluble GST -FliI protein in the lysate supematant, GST -Fli I  

from the lysate supematant does bind to the glutathione sepharose and the GST tag can be 

removed by proteolysis (Lane 3). The cleaved protein visib le in Lane 5 is purified from 4L 

of E. coli and thus the yield is low, furthermore the free FliI  precipitates during cleavage of 

the GST tag. This precipitate was pelleted prior to the Source-Q step, resuspended in 2 .25 

ml of c leavage buffer, and a 5ul aliquot loaded in Lane 4 ofthe gel in Figure 3 . 1 7 . After the 

Source-Q step, FliI 2-434 was concentrated to 370 /11 using a centricon and the 

concentration was estimated to be 1 9 .7 mg/ml by UV absorbance at 276 nm (Absorbance of 

a 1 mg/ml solution@276 nm=0.3 1 2 ,  based on the abundance of Tyrosine and Tryptophan 

residues in the FliI amino acid sequence). The concentration of FliI in the proteolysis 

supematant could not be determined by similar DV spectroscopy because of protein 

contaminants, but 5 /11 was loaded in lane 5 and the intensity ofthe Coomassie-stained band 

gives a rough estimate of the relative protein concentration . Assuming that the 

concentration of FliI is half the concentration of FliI after Source-Q anion exchange, and 

the volume of the cleavage supematant is seven times greater, then there was approximately 

20 mg of protein in the c leavage supematant. Therefore, approximately two thirds of the 

protein have been lost during either during the chromatography steps or as a precipitate 

when the FliI was stored at 4 QC between purification steps . Indeed after the size exclusion 

chromatography and subsequent concentration of FIiI (Lane 8), the protein continues to 

precipitate at 4 QC until it reaches a concentration of 2 mg/m!. Precipitation of S. 

typhimurium FliI has also been observed (43 ). 



Results 1 3 1  

� ·s � .,f ·s O <z,  s 
& g>  t7 

§ � i,ff 
o "S <ZI 

GST cleavage VJ i,ff � 
2 3 4 5 6 7 8 

kDa 

66- -

45 - . 
36- ... . 

.=..-- F l i l  2-434 

29- -
24- .. 

20- . 

1 4- '" 
6.5- ... 

............. - GST 

-
.. 

- . 

Figure 3.17 Purification of FliI 2-434. Purity of the FliI 2-434 at various stages of 
purification is monitored by analysis on 15% SDS-P AGE 

Lane : 1 ,  E. coli lysate supematant, 1 Ill ;  

2 ,  E. coli lysate supematant after incubation with glutathione sepharose, 1 Ill ;  

3 ,  glutathione sepharose after PreScission protease cleavage of the GST affinity tag, 
5 Ill ;  

4 ,  protein precipitate from the GST cleavage supematant, 5 Ill; 

5 ,  GST c leavage supematant, 5 Ill; 

6 ,  flow-through peak from Source-Q anion exchange of Fli I 2-434 (Figure 3 .2 . 8 )  
after concentration, 5 Ill; 

7 ,  first size exclusion peak after concentrated, 10 Ill ; 

8 ,  second size exclusion peak concentrated, 5 Ill . 

Attempts were also made to purify FliI using hydrophobic interaction chromatography 

(Figure 3 . 1 8  A and B). This was very effective for purifying FliI almost to homogeneity in 

a single step, but again the yield of purified protein was low. 
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Figure 3.18 Purification of FIiI 19-434 by Hydrophobic Interaction Chromatography. 
A. Chromatogram of FliI 1 9-434 purification using a 1 ml HiTrap Phenyl HP H IC column 
equilibrated in 50 mM Sodium phosphate, 800 mM Ammonium sulphate, pH 7.0.  A 
volume of 500 III of partially purified FIiI was injected at a flow-rate of 1 ml/min, FliI 1 9-
434 was eluted in 2 ml at the end of an 800 mM-O mM gradient over five column volumes. 
B.  1 5% SOS-PAGE gel ofFliI  19 -434 HIC purication . 

Lane : 1 ,  Partially purified FliI after GST affinity chromatography and proteolytic c leavage, 
10  Ill ; 

2 ,  HIC peak concentrated to 200 Ill, 4 Ill ; 3 ,  1 0ul of the HIC peak. 
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The second point to note from the purification of FliI 2-434 is the elution volume of FliI 

during size exclusion chromatography, which as previously mentioned, can be used to 

estimate the molecular mass of a protein. These predictions are based on the linear 

relationship between log molecular mass and normalised elution volume in the form ofKav. 
If proteins of known molecular weight are p lotted against their elution volumes, a linear 

equation can be used to determine an unknown molecular mass based on elution volume . 

Such a calibration curve for the Superdex 200 column used in this study is  shown below in 

Figure 3 . 1 9  and the values from which it was derived in Figure 3 .20. 

• Molecular weight 
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0. 70 Linear trend l ine 
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Figure 3 . 19. Superdex 200 Size Exclusion Column calibration curve 

Kav= Ve-VoIVt -Vo 

Ve= elution volume, Vo= column void volume, Vt = column volume. 

The void volume is determined by the elution volume of Blue Dextran. 

6 

1 = Ferritin, 2= Catalase 3= Aldolase, 4= Albumin, 5= Ovalbumin, 6= Chymotrypsinogen 
A, 7= Aprotinin. 

The equation of the line: y=-0 .3442x + 2 .03 1 3  R
2
=0 .986. 
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Ve Vo Vt Kav MW 10gMW 

Peak 1 Ferritin 9 . 1 2  8 .04 24 0 .07 440,000 5 .64 

Peak 2 Catalase 1 0 .64 8 .04 24 0 . 1 6 232,000 5 .37 

Peak 3 Aldolase 1 2 .40 8 .04 24 0 .27  1 58,000 5 .20 

Peak 4 Albumin 14 .00 8 .04 24 0 .3 7  67,000 4.83 

Peak 5 Ovalbumin 1 5 . 1 2  8 .04 24 0 .44 43 ,000 4.63 

Peak 6 1 6 .80 8 .04 24 0 .55  25 ,000 4.40 

Chymotrypsino gen 

Peak 7 Aprotinin 1 9 .0 1  8 .04 24 0.69 6 ,500 3 .8 1  

Figure 3.20. Superdex 200 Size Exclusion Column calibration data used in Figure 3.19 

Most of the FliI 2-434 eluted at a volume of 14.7 ml in Figure 3 . 1 6  and therefore has a 

predicted molecular weight of 48 kDa. This suggests that despite being incubated in a 

buffer that should be conducive to the formation of hexamers, FliI remains primarily 

monomeric in solution. However there was a second peak of 1 0mAU that eluted at a 

volume of 1 3 .3 ml, but this is not visible in Figure 3 . 1 6 because of the scale. At this elution 

volume the size ofFliI would be 88 kDa, and therefore a small percentage ofFliI may have 

been present as a dim er. This is unlikely to be physiologically relevant as a FliI dimer has 

been previously reported in S. typhimurium (52 )  as an experimental artifact in the absence 

of a reducing agent, and it is not seen every time H pylori FliI 2 -434 is eluted from the size 

exclusion column. To explore the possibility that the buffer conditions were inappropriate 

for hexamerisation, purified FIiI 2-434 was also incubated with AMP-PNP instead of ATP, 

and also with a different buffer: 5 0  mM HEPES, 1 50 mM Potassium acetate, 20 mM 

Magnesium acetate, pH 8.0 in the presence anionic phospholipids and ATP. Neither of 

these conditions was conducive to hexamerisation based on elution volumes from the size 

exclusion column. Yet, despite the lack of a demonstrable H pylori F liI  2-434 hexamer, 

Hughes and colleagues have recently demonstrated the formation of S. typhimurium FliI 
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hexamers under similar experimental conditions (3 1 ). In their study formation of hexamers 

was enhanced by the presence of AMP-PNP as an alternative to ATP and phospholipids. 

The first attempt to purify S. typhimurium FliI involved refolding the protein from 

insoluble inclusion bodies formed during overexpression (43) .  FliI purified in this manner 

could bind ATP but it was not a functional ATPase, and may have been misfolded. Given 

the failure to observe FliI hexamers, the folding of purified FliI 2-434 was investigated by 

Far UV Circular Dichroism (CD) Spectroscopy. The major feature of the CD spectrum of 

purified FliI 2-434 is a trough with two minima, the first i s  - 1 .36 mdeg at 220.5 nm then the 

elipticity rises slightly to - 1 .27  mdeg before dropping to the second minimum of - 1 .3 1  

mdeg at 2 10 .5 nm. The spectrum then rises to a maximum elipticity of 1 .43 mdeg at 1 90 

nm without reaching a discernable peak. The spectrum may have peaked around 1 90 nm 

but measurements could not be obtained between 1 80 and 1 90 nm. For comparison the 

characteristic CD spectrum of an a-helical secondary structure consists of a trough with two 

minima at approximately 225 and 2 10 nm. An anti-parallel �-sheet has a trough at 2 1 5  nm 

and a peak at 1 95 nm (78) .  Therefore, the FliI spectrum suggests FliI is folded with 

elements of both a-helical and �-sheet secondary structure . This assertion is supported by 

analysis of the FliI  CD spectrum with two deconvolution algorithms, CDNN and K2d (23 )  

( 1 2) .  These predict FliI has 7 - 1 1  % helical content, 45% �-structure (parallel, anti-parallel 

and turn) and 33-48% random coil. Although the model of H. pylori FliI based on the 

structure of F I-ATPase suggests 3 1% a-helix, 24% �-sheet and 44% random coil (loop), 

this discrepancy could be error due to the lack of data between 1 80 and 195 nm, as CD 

spectra of secondary structural elements contain a characteristic feature within this range. 

Furthermore, random coil secondary structure has a characteristic CD spectrum with a 

small positive peak at 220 nm and a trough with a minimum elipticity at 1 97.5 nm. Neither 

of these features are evident in the FliI CD spectrum. The CD spectrum of FIiI was also 

measured following the addition of Urea to 0.6 and 2 .4 M .  In both cases the trough changed 

shape such that there was only one minimum, and minimum elipticity decreased to 1 .9 and 

1 .98 mdeg at 2 1 0  and 206 nm respectively. This suggests that the protein is unfolding and 

possibly contains significant random coil in the presence of Urea. In conclusion our 
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purified recombinant H. pylori FliI is probably folded but this data is not robust enough to 

be conclusive. 

3.2.3.4 Over-expression of the F l i I  N-terminal Domain 
Given the poor solubility ofFliI  and the low yield from the purification, i t  was decided to 

clone the N-terminal domain of FliI, as a smaller, more soluble fragment should be easier to 

study. In addition less is known about this domain. It has previously been suggested that it 

may have a flagellum-specific function ( 1 1 8). Based on a FliIIF I -ATPase multiple sequence 

alignment (Figure 1 .7) and the known structures of the F I -ATPase subunits , the N-terminal 

domain extends from residue 2 to 9 1  of H. pylori FliI and consists of two sub-structures . 

Residues 2 - 1 8  of H. pylori FliI are predicted to correspond to the N-terminal extension that 

is disordered and protease sensitive in the Bovine F I a and � structures ( 1 ). Residues 1 9-9 1 

of H. pylori FliI are predicted to form a six-stranded �-baITel structure . In E. coli rho the 

strands of this �-baITel have a different connectivity and it resembles an OB-fold but it does 

contain a function-specific feature, the primary RNA binding site (42), and in the Type III 

ATPase Inve loss of function mutations have been identified within the sequence 

corresponding to our predicted �-baITel domain (2). Furthermore a temperature sensitive 

L 1 2P mutation of FliI has also been identified in S. typhimurium that results in reduced 

filament regrowth after shearing, implicating the N-terminal extension in the function of 

FliI . However, the significance of this mutation requires further investigation as it will 

likely have changed the structure of the FliI N-terminus dramatically. 

To investigate the structure and function of the H. pylori FliI N-terminal domain the 

DNA sequences encoding amino acid residues 2-9 1 and 1 9-9 1 ,  were amplified and cloned 

as N-terminal GST fusions in the pGEX-6P3 over-expression vector in the same manner as 

FliI 2-434 and 1 9-434 . This c loning was completed by our technician Stacey McDonald. 

FliI 2-9 1 and 1 9  -9 1 were expressed under the same conditions as FliI 2-434 and 1 9-434 , 

with the only difference being the use ofLB instead of Hyper Broth for growth of cells and 

expression of protein. A small sample of the lysate supematant from the second spin and 

the pellet from the first spin were analysed by SDS-PAGE (Figure 3 .2 1 ). This gel shows 
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that, in contrast to FliI 2-434 and 1 9-434,  both of the N-tenninal constructs FliI 2-9 1 and 

1 9-9 1 are moderately soluble. 
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Figure 3.21 GST -FIiI 2-91 and GST -FliI 19-91 expression. The proteins in the lysate are 
analysed by 1 2% SDS-PAGE. 

Lane 1 ,  Lysate supematant from E. coli cells expressing GST -FliI  1 9-9 1 
Lane 2 ,  Lysate pellet from E. coli cells expressing GST -FliI 1 9-9 1 
Lane 3 ,  Lysate supematant from E. coli cells expressing GST -FliI  2 -9 1  
Lane 4 ,  Lysate pellet from E. coli cells expressing GST -FliI 2-9 1  

Both FliI  2 -9 1  and 1 9-9 1 can be purified in the same manner, firstly GST affinity 

purification followed by hydrophobic interaction chromatography (HIC) and finally size 

exclusion chromatography (SEC) with the Superdex 75 column. Affinity purification can 

be achieved by incubating the cell lysate with glutathione sepharose to bind the fusion 

proteins to the sepharose and then c leaving the GST tag with PreScission protease, in the 

same manner already described for FliI  2 -434 and 1 9-434 (Figure 3 . 1  0). Due to the much 

greater solubility of FliI 2 -9 1  and 1 9 -9 1 ,  the lysate from 500 ml of bacterial culture is 

sufficient to saturate 10  ml of glutathione sepharose. Recently GST -FliI 2-9 1 and 1 9-9 1 

have been purified from the supematant of cell lysates by using reduced glutathione to elute 

the fusion proteins from a glutathione sepharose column using FPLC (Figure 3 .22). An 

example of a typical elution profile is shown below in Figure 3 .22 . Following buffer 

exchange to remove the glutathione and PreScission protease cleavage of the GST tag, the 

cleavage mixture is pumped onto the glutathione sepharose column to remove the free GST 
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tag, and the free FliI 2-9 1 or 1 9-9 1 flows through the column while the GST binds to the 

glutathione sepharose . The GST is then removed from the column with elution buffer. An 

example of a typical elution profile following the c leavage of GST from a fusion protein 

and re-application of the sample to a glutathione sepharose column is shown in Figure 3 .22 . 

Smal l  samples of the protein were also kept at the various stages of this purification and 

analysed by SDS-PAGE to monitor the effectiveness of the procedure (Figure 3 .23) .  

This method of removing the GST tag has been found to be more efficient as it  requires 

less protease and the glutathione sepharose can be reused after it has been washed with 6M 

Guanidinium-HCI and 70% Ethanol. 
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Figure 3.22 Affinity purification of FIiI 2-91 using a GST tag The flow-rate was 
ml/min and the bed volume was approximately 1 0  ml. A). Elution profile of GST -FliI 2-9 1 .  
Approximately 20 ml of lysate supematant was loaded on the column. The elution volume 
of the fusion protein was 73 ml. B). Elution profile of FliI 2-9 1  after c leavage of the GST 
tag. The elution volume ofFliI 2-9 1 was 1 6  ml, GST eluted at 50 ml. 
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Figure 3 .23. Affinity purification of FliI 2-91 .  Samples at successive steps during affinity 
purification were analysed by SDS-PAGE on 20% gel.  

Lane : 1 .  Lysate supematant before binding to the glutathione-sepharose column. 

2 .  The protein that flows through the column during binding, this sample was taken 
after approximately 10  ml of the sample had been loaded onto the column. 

3 .  A sample of the eluted GST -FliI 2 -9 1  after it had been dialysed and cleaved . 

4 .  FliI 2 -9 1  peak that flowed through the glutathione-sepharose column when the 
c leaved fusion protein (lane 3 )  was applied. 

Following affinity purification both FliI 2-9 1 and 1 9-9 1 were further purified by HIC 

using a HiPrep Butyl FF 1 61 10  column with a bed volume of 24 ml. The column was pre­

equilibrated with five column volumes of start buffer: 50 mM Sodium phosphate, 800 mM 

ammonium sulphate, pH 7 .0 .  Prior to loading the proteins on the column they were adjusted 

to 500 mM ammonium sulphate by slowly adding solid ammonium sulphate while stirring 

continuously. The sample was then loaded on the column using the superloop (capacity = 
50 ml) at a flow rate of 1 ml/min, and then the flow rate was changed to 3 mllmin and any 

protein that bound was eluted by applying a salt gradient from 800 mM to 0 mM 
ammonium sulphate over five column volumes. A chromatogram from one such HIC 

purification ofFli I  2-9 1  and a gel ofthe purified protein are shown below (Figure 3 .24). 
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Figure 3.24 me Purification of FliI 2-91.  A). Elution profile of FliI 2-9 1 from the Butyl 
FF 1 61 1  0 HIC column, FliI 2-9 1  eluted at 1 64 ml. The peaks that were analysed by SDS­
PAGE are designated by numbers. B). 20% SOS-PAGE analysis of FliI 2 -9 1  before HIC, 
and the peaks that eluted from the H IC column. 

As can be seen from the gel above, HIC purified FliI 2 -9 1 and FliI 1 9-9 1 (not shown) 

almost to homogeneity. Despite this FliI 2-9 1 and 1 9-9 1 were purified further by SEC using 
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the Superdex 75 HR 1 0/3 0 column (Figure 3 .25 and 3 .26), and this also allowed the size of 

the purified proteins to  be estimated by calibrated size exclusion. 
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Figure 3 .25  Purification of FliI 2-9 1 and 19-9 1 by Size Exclusion Chromatography 
using a Superdex 75 H R  1 0/30 gel fil tratio n column .  Fl i I  2-9 1 eluted as two peaks 
designated 1 and 2 on the elution profi le , with elution volumes of 9.92 and 1 3 . l  ml 
respectively. Fli I 1 9-9 1 eluted as a single peak with an elution volume of 1 1 .9 ml . 
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Figure 3.26 A. Calibration curve for the Superdex 75 HR 10/30 column 

B. The measurements from which the calibration curve was derived 

Kav= Ve-VoIVt -Vo Ve= elution volume, Vo= column void volume, Vt = column volume. 

The void volume is determined by the elution volume of Blue Dextran. 

The equation ofthe line : y=-0.3393x + 1 .7729 R
2
=0 .9947 
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The SDS-PAGE analysis of the protein that eluted from the size exclusion column 

(Figure 3 .27 A and B) shows that both FliI  2-9 1 (3 .27 A) and FliI 1 9-9 1 (3 .27 B) have been 

purified to homogeneity. FliI 1 9-9 1 elutes at a volume of 1 1 .9 ml as a single peak, and 

although the FliI 1 9-9 1 has a mass of approximately is approximately 8 kDa, mass 

estimates based on the gel filtration elution volume suggest that the protein species is 28 

kDa in mass and therefore most likely a trimer. Interestingly FliI 2-9 1 eluted from the size 

exclusion column in two peaks . These two peaks were combined before being examined by 

SDS-PAGE, and FliI 2-9 1 is the only protein evident suggesting that FliI 2-91 interacts 

with itself in solution. Furthermore , FliI 2-9 1 is approximately 10  kDa in mass based on the 

amino acid sequence, but estimates of the mass of the proteins in these peaks by calibrated 

size exclusion suggest that peak one and two contain 66 kDa and 1 8  kDa species 

respectively. Assuming peak 2 is the FliI 2 -9 1  mono mer, then peak 1 represents trimeric 

FliI 2-9 1 in solution. For reference, the predicted masses of F1iI 2-9 1 and 1 9-9 1 oligomers 

are tabulated in Figure 3 .28 .  
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Figure 3.27 A. 20% SDS-PAGE of FIiI 2-91 B. 15% SDS-PAGE of FIiI 19-91 after 
SEC. 

FliI 2-9 1 peaks 1 and 2 were pooled before a sample was loaded on this gel. 
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Oligomer FliI 2-9 1  predicted FliI 1 9-9 1 predicted 
molecular mass molecular mass 

Monomer 1 8  8 
Dimer 36 1 6  
Trimer 54 24 

Tetramer 72 32 
Pentamer 90 40 
Hexamer 1 08 48 

Figure 3.28. Predicted molecular mass of FliI 2-91 and 19-91 oligomers based of 
the presumed elution volumes (predicted masses) of the monomers 

To further verify the predicted size of FliI 2-9 1 ,  dynamic light scattering (DLS) was also 

performed with this protein (Figure 3 .29). Like SEC, DLS suggests that FliI 2-91  is larger 

than its estimated monomeric size in solution with all of the particles in solution estimated 

to have a molecular weight greater than 22 kDa. The DLS data also provides some evidence 

for a larger dimeric FliI 2-9 1 species in solution with approximately 40% of the particles 

predicted to be larger than 30 kDa. However, it is difficult to be conclusive about the 

oligomerisation state of FliI 2-9 1 in solution without further experiments to determine the 

shape and size of the protein such as inline multi-angle light scattering and analytical 

ultracentrifugation. 
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Figure 3.29 F1i I 2-91 molecular mass abundance profile as predicted by DLS 

To further characterise the structure of the FliI N-tenninal domain and verify that FliI 2 -

9 1  and 1 9-9 1 are folded, the C D  spectra of these proteins were measured (Figure 3 .30 A). 

Based on the model of H. pylori FliI, if the over-expressed and purified N-tenninal domain 

is folded correctly it should be predominantly �-sheet. The CD spectrum of both FliI 2-9 1 

and 19-9 1  display a trough and peak with elipticity minimum and maximum at 2 1 0 nm and 

1 95 nm respectively, characteristic of �-sheet (Figure 3 .30 A). Furthennore, deconvolution 

of the CD data estimates that FliI 2-9 1 and 19-9 1 contain 52 and 58% anti-parallel �-sheet 

respectively (Figure 3 .30  B). 

However, there is considerable error in the CD deconvolution data because the model of 

H. pylori FliI predicts the FliI N-tenninal domain contains approximately 45% �-sheet, and 

the total secondary structure predicted is greater than I OO%. Furthennore, the 

deconvolution estimates that the the secondary structure of FliI 2-9 1 and 19-9 1 is 

approximately the same while there is a significant difference between the two spectra. 

While the elipticity of the FIiI 1 9-9 1 CD spectrum remains positive between 260 and 205 

nm, the elipticity of Fli I 2 -9 1  is negative and has a trough with a minimum at 

approximately 2 1 0  nm. Such a trough is characteristic of a-helical secondary structure, and 

as this trough is absent in the spectrum of Fli I 1 9-9 1 ,  may indicate that the first 1 9  amino 

acids of H. pylori FliI fonn an a-helix. 
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To investigate the structure and folding of the N-terminal domain FliI 2-9 1 was also 

subjected to Trypsin limited proteolysis and samples of the protein analysed by SOS-PAGE 

at various time points during the proteolysis (Figure 3 .3 1 ) . 
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Figure 3.31 SDS-PAGE of Trypsin limited proteolysis of FIiI 2-91 

FliI 2 -9 1 usually migrates with a molecular weight of approximately 10  kDa on SDS­

PAGE. But after 10 minutes of Trypsin proteolysis a second band is visible by SOS-PAGE 

at approximately 8 kDa and corresponding in size to FliI 1 9-9 1 .  After 1 20 minutes almost 

all of the FliI 2 -9 1  is proteolysed to this 8 kOa species. As residues 2 - 1 8  are thought to 

correspond to the disordered N-terminal extension of Bovine F I a and p, and are therefore 

likely protease sensitive, this 8 kDa species is assumed to be the product of proteolysis of 

the first 1 7  residues ofFliI  2-9 1 by Trypsin, resulting in FliI 1 9-9 1 .  

In summary, the FIiI N-terminal domain can be expressed as a GST fusion, is soluble and 

can be purified to homogeneity. There is evidence that the purified protein is folded, 

contains p-sheet and may oligomerise to form trimers . However, the stoichiometry of the 

H. pylori FIiI 2 -9 1  and 1 9-9 1 oIigomers await further experimental characterisation because 

estimates of protein mass based on size exclusion and OLS are not independent of protein 

shape and therefore do not correspond to the theoretical mass of the protein . 
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3.3 C haracterisation of H. pylori F I iH 
F liH o f  Salmonella typhimurium is located in the same structure with Flil. Furthermore, 

genes encoding these two proteins are located next to each other in the S. typhimurium 

genome and at the flagellar loci of other bacteria (Figure 3 .32). 

When this project started very little was known about the structure or function of FliH. 

However, its importance for flagellation had been implied by non-motile and aflagellate S. 

typhimurium FliH mutants ( 1 88) (90). These observations fai led to distinguish between a 

role for FliH in flagellar assembly or flagellar export, and subsequent experiments have 

shown that S. typhimurium FliH is required for the export ofFlgE, FlgD and flagellin ( 1 1 7) .  

I t  is possible that Fl i I  and FliH cooperate in flagellar protein export and assembly, and 

therefore it was decided to investigate the structure and function of H pylori FliH and the 

interactions between FliI and FliH. 

A multiple alignment ofthe H pylori FliH and other FliH homologues is shown in Figure 

3 .3 3 .  The N-terminus of the F liH homologues is divergent in sequence and consequently 

difficult to align. For example, H pylori has l O% identity with S. typhimurium FliH from 

residue 1 to 1 50 .  Secondary structure predictions by the PHD algorithm predict residues 1 -

1 1 9 of H pylori FliH to be a mixture of a-helix and loop but there is  considerable variation 

in the structural predictions for the N-terminal region of the polypeptide amongst the 

homologues that reflects the sequence divergence in this part of the protein. In contrast to 

the N-terminus, the C-terminus of FliH homologues is more highly conserved and this 

conservation is apparent in the multiple alignment, but the sequence identity is still low. 

For example H pylori and S. typhimurium FliH share 20% identity from residue 1 5 1 to 

258 .  Furthermore the PHD secondary structure predictions for the twenty homologues are 

very consistent and allow a position-specific average PHD probability to be calculated 

(Figure 3 .33 ). PHD predicts residues 120- 1 87 of H pylori are a-helical and residues 1 88-

258 are a mixture of a-helix and p-sheet. 
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Figure 3.32 Genes surrounding FliH in twenty o rganisms. The arrows indicate genes in the 5 '  -3 ' direction. Black arrows represent 
hypothetical open reading frames. The gray arrows represent annotated genes that are not part of the tlageUum or the tlagellum export 
apparatus, dxs = I -deoxyxylulose-5-phosphate synthase, perA= peroxide stress regulator, ubiE = ubiquinone/menaquinone 
biosynthesis methyltransferase, ice= nucleation protein, ylxF= ?, /epA= GTP-binding membrane protein. 
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- - - - - - - - - - MS - - - - - - - - - - - - 2 
- - - - - - - - - - M S N - - - - - - - - - - - 3 
M P KVL Y K S S EVDN L V K F E FV E I A K  2 4  



H pylori 

C .  jejuni 

L. inten'oKw1s 

T. denlieo/a 
P. projil11c1um 

V. cholerae 

S. oneidensis 

S. Iyphimllrium 
S. flexneri 

E. carolOvoru 

B. hurgdOl:!eri 

B. perlllssis 

N. europaea 

P. aenlKinosa 

B. subtilis 

T tengcongensis 

X campeslris 

G. su(furreducens 

C .  acetohulyliclll11 

C .  erescenlus 

FI iH 55-258 begins  
• 

Results 1 5 3  

E FKNMAN L P - - - - - - - - - - - - - - - P KTN P N S A S L E T P N L E E P L E K KA I E N - - - - - - - - - - - - - - - - - - - 5 8  
R FKV I S E FDN H T - - - - - - - - - - - G E K KHTQT P DE E N TN I S LNDE K PVE E N QV I AS TQAVMETQ I PT FQP 7 9  
K Y K K F H R DE DA E E F E V DQEGN I I EQ Y QG P S I E E I EAE L N R Y RE E N E EQVRKLL E DA R R K S E E I E E EG R K  9 3  
L N K T FQ - - E E P E E I I E E K - - - - V PVYEG PTVE D L KKEAE D FK L E W E KQ K E KM I S DAKAEADK I I E DAQN 8 5  
- - - - - - - - - - - - - - - - - - - - - - - F L R- V S E H QA E E L E RWA Y PD Y - S K I Q E A P RDN ALN Y D PLWQPQELE 5 2  

- - - - - - - - - - - - - - - - - - - - - - - F I R PGT D DATVT PQRWG L PDYGA E S N KAAKQTA FNY D PGW I PN - FD 5 7  

- - - - - - - - - - - - - - - - - - - - - - - L S H RVVS DAE I E FS H WQL PDV- T ET E DV S I S N L FG Y SAQQAP KAVA 5 9  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - N E L PWQVWT P DDLA P P P ET FV P - - V E A DN VT LT E DT P E  3 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DN L PWKTW T P DDLA P P PA E FV P - -MVE S E ET I I E E - - - 3 5  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - -A P KN LAWQ PW K P NDLAE P I S KS V PT YQVN D E P E V PA I E R F 4 3  
PV F E S L E I K E K E G KVY D I E S - - Q I S N L K E E LQ L L R D E K L Q L E E E LAKRQELAK E E VQ I E S K R L I E EAKA 9 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - -M S EALARE PVAL P RS -AAW R RWQML S FD E PAEAET P E PAA 3 9  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MEAAY V I P K KE L S S WQKW E FG S L D P L K S RQKTE S PE 3 6  
- - - - - - - - - - - - - - - - - - - - - - - - -MV P H DK DK DN P S E L I RG K DVAA FGL W S L P S FDE P R DE PAVAA PQ 4 4  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -M 1 
- - - - - - - - - - - - - - - - - - - - - - M Y R Y Y K E REV S I S S PVL L K F EV P E K K RR I E G P L E E KE E G KN V KN E S L  4 7  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MN DVVT RWLA 1 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - M S S S KA S R I I KV DQ S PNQA I R S Y S FG F l AA DA PQEL P P EA D  4 1 
- - - - - - - - - - - - - - - - - - - - - - - -MQL FSN I I N N DRVL D E KKKQV I TVAN F KV E R T S K G E RAE S E S YNV 4 5  



H. pylori 

C jejuni 

L. inlerrogans 

T denlicola 
P. profimdum 

V. cholerae 

S. oneidensis 

S. typhimuriul11 

S. jlexneri 

£. carOIOllora 

B. bwxdOl/eri 

B. pertussis 

N. europaea 

P. aeruginosa 
B. subrilis 

T tengcongensis 

X campeslris 

G. su(fllrreducens 

C. acelohlllylicllm 

C cre.w.:enlus 

F l iH 94-258 
• 

Results 1 54 

F l iH 1 1 7-258 
• 

DL I DC LL KKT - DEL S S H LVK L QMQ fE KAQ E E S KVL I ENAKN DG- - - - - - - Y K I G fKEGE E KMRNE LT H S  

S FV E DLL KKT - DEM S S N I I KL QMQ I E S QEN E FN N RL N S E L ENA - - - - - - - K E K FT KEGY E KAKEE FQKE 

1 1 9  
1 4 0  

RAFQM I Q D S K - E KVKLE E DT G KAKAEQ I L DRAKMEV E RM I KEAEM KVAE I E H EAYL KGY DAGREVGF K K  1 6 1  
AA FDEVKRQT - DEAQV I AQNAKK DAE D I I AEAEQ KA R D I I A D S E K N K DSVN R DAY KEG fN RGR E EGF K E  1 5 3  
E EE E QG P P PL - TAA DLE H I RQ SAS DEG fN EGKVTGH T EG f DVGK I EG - - - L EAGHAEGL EQGLAQGLEQ 1 1 7  
E PEQVV E H E F - SE E E I AL I R TAAQQEGfEAGQAEGYQQG F E QGKAEG - - - FQAGHQEGQTQGYQ DGVAE 1 2 2  
VETVA P P - - - - T MA E I E D l RAQAE EEGfN EGKTQGH I EGL E QGRL EG - - - L EQGH KEG FT QGH EQGL E T  1 2 1 
P ELTAEQQL - - -EQ ELAQLK I QAH EQGY NAGLAEGRQKGHAQG- - - - - - - - - - - Y QEGLAQGL EQGQAQ 9 3  
- - - -A E P S L - - - EQQLAQLQMQAH E QGYQAGI AE GRQQGH EQG- - - - - - - - - - - YQEGLAQGL EQGLAE 8 6 

N E ENAV PT L - - -E DELASLR E SMMQQARETG F S QGHQQGY DAG- - - - - - - - - - - YQEGLA KGQQQGLQN 9 8  

KAN EVLEAAK - QEADLLQKEA I Y K KE S I E T E SNAE I E R LA R E Y E E KL KT DL E I A I AKGRE EGY S KGY E S  1 5 9  
L E PE P E PA P D- PE E LL REWRATAE RAGHAAGHQAGQ EQGQ REGYAAG - - - HAQGLAAGRAEGHAEGLAQ 1 0 4  
K T P HT AR SADQ PEN Q I AAGAKT TAHEA I VL P TAEQ I EQ I Y QQAR - - - - - - - - - - - EEGKTAGY QEGMQQ 9 4  
V PAVAE PA PA - - P PAVE EVE L E TV K P PT L E E I EA I RQ DA Y N EG- - - - - - - fATGE R DG FHAGQL KARQE 1 0 4  
ARVKEEA DR I S EQAN S H I EN I RRQ I EQ E KN DWAAEKQKL I E EAK - - - - - - - - - - - AEG fEQGVALGKAE 5 9 
T LAKEM I E RARQVQ RE I L S KT RE D I E KML KEAE E RA H E I E E KY R I KG - - - - - - - Y EEGY RAGY EEGY K K  1 0 9  
P DLHMAPAL P - - - - - EAEFDE PAV YE PVL R P P T L E E I QA I E DAAQ - - - - - - - - - - QEG FARGHAEG FAQ 6 4  
G FV P FALGT PV P L PGLQSAE E P D P D PVV P FN LE G KVVLAE DE LQAR- - - - - - - -V DEV FRN GM DEGRRQ 1 0 2 
I GEA I I KKARHEAE Y I KN KAL E E S RE FYKKAY DEGL E EGR KKG- - - - - - - - - - - Y E DAYN ETVVKGNM E  1 0 3  
- - MT D I P H R K FA F DTV F D DH G GVA Y T A P RVKKS FT P E EVEAAK - - - - - - - - - - - - AQAYA EGE RSALVR 5 5  



H. pylori 

C jejuni 

L interrogans 

T denticola 

P. projimdum 

V. cholerae 

S. oneidensis 

S. typhimurium 

S. jlexneri 

E. carotovora 

B. burgdOl:feri 
B. pertussis 

N. europaea 

P. aeruginvsa 

B. suh/ilis 

T lengcongensis 

X campes/ris 

G. suljilrreducens 

C. acelvbu/ylicum 

C. crescen/us 

Results 1 5 5  

9 9 * * * * * * * * * * * * * * * * * * 9 9 * 9 9 9 9 9 * * * * * * * * * * * * * * * * * * 9 9 9 9 * * 9 * * * * * * * * * * 9 
VN E E KNQLLHAI TTLD - E KMK K S E D H LMALE KEL SAIAI DIAK EVI LK EVE DNSQ KVALALAEELL KNV 1 8 7  
LS D FKDK YLK S IAKLD - NACEN LEN F I EKN E KELADTAI D IAK EVI LKELEL N S S K IAYALAK DL I G E L  2 0 8  

GQGEVRRL I D RLGT IVGKAI D I R E E I I QASE KQMVEMILI IAR KVI K DE I I - E RK EIVLNN I REAL K R I  2 2 9  

GN L EVQRLT DR LHT I I KTM DRR QE I L S ETEQ QIVDLVLLM TR KVVKV I S E - NQ RNVVV SN VVHAL R KV 2 2 1  

GQAQ I T EHVS HLTQLV E KLAN PLKQLDAEVE SQVLTLVT S LT RELI RVEVQT N P QVML NT I REVIAT L P 1 8 6  
GQAL I QEQVKTFMALANQFAQ PLDL LNAQVEKQLVDMVLALTKEVVH VEVQT N PQVIL DTVKASVEAL P 1 9 1  
GLA EAKALL S R FEGLL C QFE K PLQLLDG DIE HTLMSLT MALAK SVI GH ELKT H P E QIL SALRL GVE S L P 1 9 0  

AQT QQAP I HARMQQLV S E FQN TL DALDSVIA S RLMQMALEAARQVIGQT PAVDNS ALI KQ I QQLLQQE P 1 6 2 
AKAQQA P I HARMQQLVS E FQ T TL DALDS VI AS RLMQMALE AARQVIGQT PTVDNSALI KQ I QQLLQQE P 1 5 5  
S L QQQQ P I I EQMQQMVT EFQQTL DT LDSV I PARLMQLALTAAKQ ILGQ P P VC DGNALLGQ I QQLLQQE P 1 6 7 
G FE D F DKVMRKLHV I I ASL I AE R KG I L E S S S GQIVSLVMQ IAI KVI KR I T D- S QK DIVL EN VN EVL KRV 2 2 7  

GR E DARQQAE RLHALAQACAASVAR LE DNMGQ S LLT LAL D IAGQVLRTTLAE H P EAMVAAVR EVLQ I NP 1 7 3  
AK HAALVEVK HLQS LT GALE QELKQ I DQTMAQ DLLT LAI D LAR K I TS H ALE I K PEL IL PVVE EALRQ LP 1 6 3 
AEEAL KE RLQS LERLM TQLL E P IAEQDAL IEQGMVNLVN H VARQVIQ RELHM D S S HVRQVLR EALKL L P 1 7 3  
AMKQYAELI GQANT I T EM S R KAVE D K L E DAN E E IVELAVALAKKVWQ - - Q KS D DK EAFL LLVQQVI N EV 1 2 6  
GE E KAQALI E EARALK E E I L E E K KR LY KEAE S DMI NVI LEAVEK IVG KHVE - E DK DLI L SL I K KGME N Y 1 7 7  
GQ S EVRRLTAQ I DG I L DN FT R PLAR LEN EVVGALGE LAVR IAG S LVG RAYQAE PQLLADLVQEAI DAVG 1 3 3  
AERG LANVFK SLR DGVAALTGL R S RVMKE S E E DLL RLAVM IAR K IVQ REVAQD PQVLAA IVAAAVG G - C  1 7 0 
I E N L K S LAEQNVANMI K SAK FEVQE Y FN DMEAKI KS LS I E IAQ H ILK E R I K EADG- - I DNM I Y EALE I C 1 7 0  
TE Q EAAQALAEVAHAVQQAFGTLAHVAHE H RE G SAMLALAC G R KIADAALTH FP EA PVTAAL EALAR EV 1 2 4  



H. pylori 

C jejuni 
L. inlerrogllns 
T denticola 

P. projimdum 

V. cholerae 

S. oneidensis 

S. Iyphimurium 
S. flexneri 
E. carolovora 

B. burgdOl:feri 

B. pertussis 

N. europaea 

P. aeruginosa 

B. subtilis 

T Lengcongensis 

X. campeslris 

G. suljilrreducens 
C acelo!mtylicum 

C. crescenlus 

Results 1 5 6  

8 9  9 * * * 8 9 * * * * 9 9 9 * 9 9  * 8 9 8 8 d 8 R  9 9 8 8 8  8 9 * * * * * * *  

L DAT DI HLKVN PLD Y P YLN E RLQNAS - - - - - - - K I KLE S N EA I S KGGVM I T S S N GSLDGNLM ERFKTLK 2 4 9  
KGASA I ELKVNAED YEYLK EQFDQNA- - - - - - - H I KI S LD DAI S KGS VV I I S DAGN I E SN LN SRLT K I K 2 7 0 

K D R DRVDIRVN FADLELT TA H K D E L I KLM E S L RKVN I Y ED S RVD RGGV I IET DVGA IDAR I STQLK E I E 2 9 8 
KGRG DVVIRVN LADVKM T T E H IQN F I SAAE N I KN I TVVEDS TVDQGGC I IE T D FGAVDAR IASQLN ELE 2 9 0  

I A E RQ I RLSLH PDDLENVRQAY G D E  LVE R - - - KWTL I G E P SLN RGDLQVQSG D S TVDY Y I D DRI RHLL 2 5 2  

I AG HA I TLKLN PEDVE I I RQAYG E QE I E T R- - - NWT LL S E PALS RGDVQ IEAGE S SVS Y RME ERI RSVL 2 5 7  

I K EQTVNLRMH PDDVT LVE T L Y S S T QLTRN - - - QWQLEAD PSLTAGDC I I S S Q R S LVDLTLSSRI DAVF 2 5 6  

L FSGK PQLRVH PDDLQRVE EMLG -AT L S L H - - - GWRLRGD P TLH HGGCKVSA D EGDLDASVATRWQ ELC 2 2 7  
L FS G K PQLRVH PDDLQRVDDMLG -ATL S L H - - - GWRLRGD P TLH PGGC KVSA DEGDLDASVATRWQELC 2 2 0 

M F S G KTQLRVH P SDLERVE Q YLG - P T L S L H - - - GWRLLAD S QLH PGGCKVSA E EGDLDASLATRWH ELC 2 3 2  

K D KT QI T IRVN LDDL D IVR H K K S D F I S R F D I I E N L EI I ED PN I G KGGC I IETN FGE IDAR I S SQL DK I E 2 9 6 

AT GAAMRLWVHPDDLELVRTHLA D E L N EAN - - - -WRLQAD E S I T RGGCRTETAYGDVDATLQTRWRRVA 2 3 8  

AVS QS I RLTLH PDDAAR I R DH LE N H PAH P K - - - -WH I Y EDTQI E PGGCR IESGGC EVDATLATRWQ RTL 2 2 8  

MGAAN I R I HVN PQDFERVKALRE R H E E S - - - - - -WR I LEDDSLL PGGC R IETE H S R IDAT I ETRLAQAV 2 3 6  

K E Y D D I S I YVDPY Y YET I FQQKDE I QQLL Y KEC RLG I YAD E KAQ KGT C Y IET P FGRVDASVDTQLMQLK 1 9 5 
NA F DKVTVRVS E ED YEH CV KN K DK I L K DV E FL D E I N I VKDL S LR KGDC I IETN S GV I N SGVT TQLK TLK 2 4 6  

SAGR EVEVRL HPDD I TALL P H LAT S S T T - - - - - - - RVA PDLTLS RGDL RVHAE SV RVDGTLDARLRAAL 1 9 5 

T E R DRVVVRLN PDD YTQVSAN RQA FLAG LGEE SAITLA PD E S I G PGGCLVETATGTVDAR I EAQL D E I Y  2 3 9 

K KS KT I I I KC S SN H SEG I RKSLDNWK S TL P Y RG DFFVV DDGYMDEGSA I IES DS GKVKVS I D DALE K I K 2 3 9 

EAQ P R I FVRVS PE L EERTQQALE N VAAQ I G FQGQ I VARADGAMA PAA FT FDWG DGRAAFD P DGAAQRVA 1 9 3 



H. pylori 

C. jejuni 

L. inferrogans 

T denticola 
P. p/'vfimdum 

V. cholerae 

S. oneidensis 

S. typhimurium 

S. jlexneri 

E. carv/Ovoru 

B. hurgdOljeri 

B. pertussis 

N. eurupaea 

P. aeruginosa 

B. subtifis 

T lengcongensis 

X campeslris 

G. suljilrreducens 

C. acelohutyliclll11 

C. crescent liS 

* * 9  
E SVLE N F KV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 5 8 
KMVN N E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 7 6 
EAI RNAE P I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 0 7 

Q K I LE I S P I KT K I KT GN I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 0 8 
EQFS GVN SQR - G EAL - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 6 6  

K S FC G I N RH H P G E- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 7 0 

E SLRNQQ S H LALQQQQRQAAL DE E NAAK I VP E S I K DA D E LVAQY QG DG EQ DAQ S P P STAE 3 1 6 

R LAAPGVL - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 3 5 

R LAA PGVV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 2 8  
R LAA PG E L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 4 0 
EKFKN F S L L S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 0 6  

AS LG R SAAW E E TA- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 5 1  

AVLGQEQ PWLV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 3 9  

KQL FE QQREQAT H P LAS D I R I DL DA PG DV DA P - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 6 8 
DKLLTAL EAGAAE - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 0 8 
S LFAGVLN E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 5 5  
ETVMR K S GAGL - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 0 6  

R S LL EER SA PVE P SAS P DT D S RADLA fGG E ET I A P FKGQGAWVKG S E E K P R D DV- - - - - - 2 9 3  
EVLLKT E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 4 6 

EALEAA I AAEG L HAE P L fT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 1 2 

Results 1 57  

Figure 3.33 Multiple alignment of FliH homologues. The NeB l-GI numbers are listed beside the organism names in the first panel. 
The predicted secondary structure of H. pylori FliH is indicated above the alignment, loop is indicated by the green lines, a-helix by 
the red boxes and �-strand by the wavy blue lines. The coloured numbers indicate the average PHD probability for that position . The 
start positions of the expressed truncated proteins are shown. 



Results 1 5 8  

To begin the characterisation ofFliH, the encoding sequence was cloned i n  pGEX-6P3 and 

affinity purified as discussed previously (section 3 .2 .3) .  Limited proteolysis by another 

member of the Moore lab revealed the protein was protease sensitive. Consequently, a 

truncated form of FliH, FliH 55-25 8 was cloned as a GST fusion in pGEX-6P3 by the 

Moore lab .  Although both full-length FliH and FliH 55-258 were soluble and could be 

affinity purified and shown to interact with Fli I, it was discovered that these recombinant 

proteins elute in the void volume when purified by size exclusion chromatography. A size 

exclusion profile for FliH 5 5-258 is shown in Figure 3 .34.  

25.00 
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c 0 00 1 5.00 N 

@ 
:::) 
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ClJ u c 5.00 ro ..c ... 0 
III 0. 00 ..c 

« 5 1 0  1 5  20 25 30 35 

-5.00 
Volume (ml) 

Figure 3.34 Elution profile of FIiH 55-258 on Superdex 200 

As the exclusion limit of the column is 200 kDa the anomalous elution behaviour of full­

length FliH and FliH 55-258 suggests the proteins are at least 200 kDa and probably 

aggregating as the monomeric proteins have predicted masses of 29 kDa and 23 kDa 

respectively. The aggregation of FliH 55-258 was further illustrated by DLS (Figure 3 .3 5) ,  

which allows a size estimate of 900- 1 600 kDa. Therefore, FliH and FliH 55 -258 expressed 

and purified in this manner were not useful for further study. 
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Figure 3 .3 5  DLS profile of FIiH 55-258 

In an attempt to purify FliH in a fonn that is functional and physiologically relevant FliH 

94-25 8  and FliH 1 17 -258 truncated mutants were cloned as GST fusions in pGEX-6P3 . 

These fusion proteins were expressed in E. co li as previously outlined, and at least 50% of 

the over-expressed recombinant protein was found to be in the so luble fraction of the cell 

lysates (Figure 3 .36). 



Results 1 60 

1 2 3 4 

Figure 3.36 Analysis of GST -FliH 94-258 and 1 17-258 expression by SOS PAGE on a 
15% gel . 

Lane 1 ,  GST -FliH 94-258 lysate supematant. 

Lane 2, GST -FliH 94-258 lysate pellet. 

Lane 3 ,  GST -FliH 1 1 7-25 8  lysate supematant. 

Lane 4, GST -FliH 1 1 7-258 lysate pellet. 

Following expression in E. coli the GST -FliH 94-258 and 1 1 7 -258 were purified by 

affinity chromatography via the GST tag as outlined previously for GST -FliI fusions ( 

section 3 .2 .3) .  The FliH proteins were eluted from glutathione sepharose using reduced 

glutathione, and the GST tag was c leaved by the addition of PreScission protease and 

removed by reapplication of the cleaved mixture to a glutathione sepharose column (Figure 

3 .37) .  



kDa 
66-

20-

1 4-

FliH 94-258 

1 2 3 4 

Results 1 6 1  

F I iH  1 1 7-258 

Figure 3.37 Analysis of FliH 94-258 and 1 1 7-258 affinity purification by SDS-PAGE 
on a 15% gel 

Lane 1 .  FliR 94-258,  lysate supematant before purification 

Lane 2 .  FliR 94-258,  lysate supematant flow-through after 1 0  ml oflysate was applied 
Lane 3 .  FliR 94-258,  after glutathione elution and c leavage ofthe GST tag 
Lane 4 .  FliR 94-258,  after the removal of free GST. 
Lane 5 -8 .  The same as the first four lanes but with FliR 1 1 7-258 .  

After the affinity chromatography both Fl iR 94-258 and 1 1 7-258  were purified further 

using the same methods employed for FliI with essentially the same results . Firstly, both 

proteins were subjected to Source-Q anion exchange chromatography. The chromatogram 

for FliR 94-258 is shown in Figure 3 .38 A, and the SOS-PAGE analysis of the Source-Q 

peaks for FliR 94-258 and 1 1 7-258 are shown in Figure 3 .3 8  B and C respectively. 
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Figure 3.38 Source-Q Ion Exchange Chromatography (lE C) purification of FIiH 94-
258 and 1 1 7-258. A). FliH 94-258 elution profile from Source Q. Protein elution is 
monitored by Absorbance (mAu) at 280 nm, the peaks examined by SDS-PAGE are 
indicated with the appropriate numbers. B and C). 1 5% SOS-PAGE of lEe peaks for FliH 
94-258 and 1 1 7-258 respectively. 
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As can be seen from the above SDS-PAGE analysis a significant degree of purification 

was achieved by Source-Q ion exchange for both FliH 94-25 8  and 1 1 7-258 ,  but there were 

still some protein impurities and it was desirable to remove these. To this end FliH 94-258 

and 1 1 7-258  were subsequently subjected to hydrophobic interaction chromatography 

(HIC) (Figure 3 .39). 
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Figure 3.39 Hydrophobic interaction chromatography (HIC) purification of FUH 94-
258 and 1 17-258. Elution profile ofFliH 94-258 from the Butyl FF 1 6/10 HIC column. 



kDa ,�. 
66- ...... �l= _ 
29- ... 
24- .... 20- � 
1 4- "' � 

6.5- .. � 

Figure 3.40 20% SDS-PAGE of FliH 94-258 and 1 17-258 after HIe 
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Although HIC did remove some of the protein impurities there are still some major 

contaminants in both FliH 94-258 and 1 1 7-258 that are visible by SOS-PAGE (Figure 

3 .40) . Consequently, to attempt further purification of FliH 94-258 and 1 1 7-258, both 

proteins were subjected to size exclusion chromatography using the Superdex 200 column, 

the combined elution profiles ofthe two proteins are shown in Figure 3 .4 1  below. 
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Figure 3 .41  Superdex 200 elution profiles of FIiH 94-258 and 1 17-258 

The size exclusion chromatography did not improve the purity of FliH 94-258 or 1 1 7 -258  

significantly, but it did allow an estimation of  the masses of these proteins by calibrated 

size exclusion. Based on the calibration curve in Figure 3 . 1 9 , FliH 94-258 and 1 1 7 -258  

have predicted molecular masses of  60  kDa and 47 kDa respectively. As  monomeric FliH 

94-258 and 1 1 7 -258 are predicted to have masses of 1 7  kDa and 15  kDa respectively, the 

size exclusion data suggest that FliH is not monomeric in solution and is at least a dimer 

and possibly forms trimers. 

To investigate the structure of FliH and verify that the purified recombinant proteins are 

folded correctly (i .e. that they are not in a random coil conformation), far UV CD spectra 

were measured for both FliH 94-258 and 1 1 7-258  (Figure 3 .42) .  
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Figure 3 .42 Far-UV CD Spectrum of FliH 94-258 and 1 17-258. The proteins were added 
to degassed water to a final concentration of 0 .5 mg/ml in a quartz cuvette with a 
pathlength of 0 . 1  mm. The spectrum was obtained by five scans of the sample at 0 .5  nm 
intervals and then averaged and smoothed using adjacent averaging. 

Neither of the CD spectra il lustrates the characteristic spectral features of a random coil 

polypeptide, that is, a peak of positive elipticity at approximately 220 nm and a trough with 

negative elipticity with a minimum at 1 95 nm. This indicates that FliH 94-258 and 1 1 7 -258 

are indeed folded in solution. Furthermore, the spectra exhibit the characteristic features of 

a-helical secondary structure- a trough of negative elipticity with two minima at 222 .5  nm 

and 2 1 0  nm, and a peak of positive elipticity at 1 95 nm. These features of the CD spectra 

are in agreement with the predominantly a-helical secondary structure predicted by the 

PHD algorithm, and the CDNN CD-spectral deconvolution which predicts 57% and 42% a­

helix for FliH 94-258 and 1 1 7-258  respectively (Figure 3 .43). The deconvolution also 

predicts 47% and 37% random coil respectively and some of this could be accommodated 

within loops, but as for the Fli I  CD spectral deconvolution there is obviously a large 

amount of error as the total secondary structure is 1 25 %  and 1 09% for FliH 94-258  and 

1 1 7-258 respectively. 



FliR 94-258  FliR 1 17 -258 

Anti-parallel �-sheet 3% 1 0% 

Parallel �-sheet 4% 3% 

�-tum 14% 1 7% 

Random coil 47% 37% 

a-helix 57% 42% 

Total % 1 25% 1 09% 

Figure 3 .43. CDNN Deconvolution for FliH 94-258 and 1 17-258. 

Anti-parallel �-sheet, minimum at 2 1 5  nm, peak at 1 95 nm. 

a -helix trough with two minima, 222 .5 nm and 2 10 nm, peak at 1 90 nm. 

Random coil, peak at 220 nm, trough minimum at 1 95 nm. 
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3.4 I nteraction of H. pylori F l i I  and FI iH 
Given that both the FliI N-tenninal domain and FliH could be over-expressed and 

purified it was decided to test for an interaction between the two proteins in order to learn 

more about the function of both. Initially the interaction of full-length FliH and FliH 55-

258 with FliI 2-9 1 and 1 9-9 1 were tested by a GST pull-down method. This involved 

binding one of the proteins as a GST fusion to glutathione sepharose, then the sepharose 

was washed with 1 X PBS and subsequently incubated at room temperature after the 

addition of the second purified protein without the GST tag. As controls the un tagged 

protein was incubated with either glutathione sepharose or GST -bound glutathione 

sepharose, to check for any background non-specific interactions of the protein. Samples of 

the glutathione sepharose were then run on SDS-PAGE gels . The results are shown below 

in Figure 3 .44 A-B, and 3 .45  A-B. 
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Figure 3 .44 Coomassie Blue Stained 15% SDS-PAGE of GST-FliH GST puIJ-downs. 

A. GST-FliH and FIiI 2-9 1 .  

Lane 1 .  FliI 2-9 1 ,  1 0  J..lg. 

Lanes 2-5 : pull-down experiment with: 

Lane 2 .  FliI 2-9 1 and glutathione sepharose 

Lane 3 .  GST bound glutathione sepharose and FliI 2-9 1 . 

Lane 4 GST -FliH bound sepharose . 

Lane 5 .  GST -FliH bound sepharose and FliI 2-9 1 .  

B. The lanes are the same as A, but the sepharose was incubated with FliI 1 9-9 1 instead of 
2-9 1 .  



A 

B 

2 

43 

1 8 - , 

1 4 - ... d �  
- -->* 

kDa 
98 
68 

43 

2 

3 

3 

Results 1 70 

4 5 

.;� .. � \ � . '"� . .  � ' :. 

t 
" Fl i l 2-91  ..... � 

4 5 

... ......... -

Figure 3 .45 Coomassie Blue Stained 15% SDS-PAGE of GST -FliH 55-258 GST pull­
downs. 

A. GST -FliH 55-258 and FliI 2-9 1 .  

Lane 1 .  F li I 2-9 1 ,  10ug. 

Lanes 2-5 : pull-down experiment with: 

Lane 2 .  FliI  2-9 1 and glutathione sepharose 

Lane 3 .  GST bound glutathione sepharose and FliI 2-9 1 . 

Lane 4 GST -FliH 55-25 8 bound sepharose. 

Lane 5 .  GST -FliH 55-258 bound sepharose and FliI 2-9 1 .  

B. The lanes are the same as A, but the sepharose was incubated with FliI 1 9-9 1 instead of 
2 -9 1 .  
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As can be seen in Figure 3 .44 A and 3 .45 A, a band with the same molecular weight as 

FliI 2 -9 1  remains associated with the FliHIFliH 55-258 bound glutathione sepharose after 

extensive PBS washing (Lane 5 ), while being absent from the glutathione sepharose and 

GST -bound sepharose controls (Lanes 2 and 3 )  after washing. This proposed FliI 2-9 1 band 

in lane 5 of Figure 3 .39 A was sequenced to confirm that it is in fact FliI 2-9 1 .  This 

indicates that FliI 2-9 1  specifically interacts with FliH and FliH 55-258 in spite of the 

tendency for these proteins to aggregate . This interaction has also been shown to work in 

reverse using the GST pull-down method, that is a GST -FliI 2-9 1 fusion can pull down 

both FliH and FliH 55-258 (not shown). Furthermore, there was no evidence that FliI 1 9-9 1 

interacts with full-length FliH or FliH 5 5 -258, suggesting that the first 1 8  residues of F li I  

are necessary for interaction with F liH. 

To verify that the observed interaction was not an artifact of FliH aggregation and to 

further define the domain of FliH necessary to interact with FliI, the interaction of FliH 94-

258  and 1 17-258 with FliI 2 -9 1  was also investigated using the same GST pull-down 

method. The results ofthis experiment are shown below in Figures 3 .46 and 3 .47. 
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Figure 3 .46 Coomassie Blue Stained 15% SDS-PAGE of GST -FliH 94-2581F1iI 2 -91 
pull-down 

Lane 1 .  Fli I 2-9 1 ,  10  �g. 

Lanes 2-5 : pull-down experiment with: 

Lane 2 .  FliI 2-9 1 and glutathione sepharose 

Lane 3 .  GST bound glutathione sepharose and FliI 2-9 1 .  

Lane 4 GST-FliH 94-258  bound sepharose . 

Lane 5 .  GST -FliH 94-258 bound sepharose and FliI 2-9 1 .  
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Figure 3 .47 Coomassie Blue Stained 1 5 %  SDS-PAGE of GST -FliH 1 1 7-2581F1iI 2-91 
pull-down 

Lane 1 .  FliI 2-9 1 , 10  flg .  

Lanes 2-5 : pull-down experiment with: 

Lane 2 .  Fli I 2-9 1 and glutathione sepharose 

Lane 3 .  GST bound glutathione sepharose and FliI  2-9 1 . 

Lane 4 GST -FliH 1 17-258 bound sepharose. 

Lane 5 .  GST -FliH 1 1 7-25 8  bound sepharose and Fli I  2-9 1 .  

As can be seen FliI 2-9 1 interacts with both FliH 94-25 8 and 1 1 7-25 8 ,  suggesting that the 

first 1 1 7 residues of FliH are not necessary for an interaction with FliI. Furthermore, FliH 

94-258 and 1 1 7-258 also failed to interact with FliI 1 9-92 by this method, (these results are 

not shown) and this again indicates the first 1 8  residues of FliI are necessary for an 

interaction with FliH. 

To further demonstrate the interaction of the H. pylori FliI N-terminal domain and FliH, 

and to investigate the size and stoichiometry of the FliH 1 1 7 -258/FliI 2-9 1 complex, the 

two proteins were mixed and calibrated SEC was performed (Figure 3 .48). 
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Figure 3 .48 Calibrated SEC of the FUR 1 17-2581F1iI 2-91 complex 

A. Superdex 200 elution profile of a mixture of FliH 1 1 7-258 and FliI 2-9 1 .  Both proteins 
were at a concentration of 2 mg/ml before they were mixed, the mixture contained 500 �g 
of FliH 1 1 7-258 and 370 �g of FliI 2-9 1 ,  such that the two proteins were present at a 1 :  1 
molar ratio. The mixture was incubated for 30 min on a rocker at room temperature 
followed by injection into the SEC column. 

B. 1 5% SOS-PAGE of the eluted peaks from A. The peaks were concentrated to the same 
volume and then 5 III from each loaded on the gel. 
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Using the Superdex 200 calibration curve in Figure 3 . 19 the peaks 1 -3 are estimated to be 

1 32, 48 and 1 6  kDa respectively. Based on these estimated molecular weights and the S DS­

PAGE, Peak 3 and 2 probably represent monomeric FliI 2-9 1 and dimeric FliH 1 1 7-258 

respectively. The presence of FliI 2-9 1 in lane 2 ,  and the small quantity of FliH 1 17-258 in 

lane 3 of the SDS-PAGE are probably due to incomplete separation of peaks 2 and 3 .  Peak 

1 contains the FliI 2-9 1 1FliH 1 1 7-258  complex. 

Based on the predicted molecular mass of the complex and the predicted molecular 

masses of FliI 2 -9 1  and FliH 1 1 7-258 of 1 8  kDa and 23.5 kDa respectively, a number of 

different complexes are possible. Some of the possible complexes are listed in F igure 3 .49. 

FliI 2-9 1 :FliH 1 1 7-258 Complex Predicted molecular mass (kDa) 

2 :2 83 

2 :3 1 06 .5  

2 :4 1 30 

3 :2 1 0 1  

3 :3 1 24.5 

3 :4 148 

4 :2 1 1 9 

4 :3 142 .5 

4 :4 1 66 

5 :2 1 3 7  

6 :2 1 5 5  

6 :3 1 78 .5 

Figure 3 .49 Predicted molecular mass of theoretical FIiI 2-911F1iH 1 17-258 complexes 
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It is impossible to detennine the exact composition of the complex without further 

experiments such as multiangle light scattering to determine the exact molecular weight of 

the complex independently of its shape, and ultimately the detennination of the crystal 

structure of the complex. To this end Peak 1 (Figure 3 .48) was isolated, concentrated and 

then eluted from the Superdex 200 once more (Figure 3 .50) .  
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Figure 3.50 FliI 2-91IFIiH 117-258 complex peak reapplied and eluted from the 
Superdex 200 column 

This elution profile (Figure 3 .50) shows that the complex is stable enough to be purified 

for crystal screens . A significant proportion of the complex was lost between the first and 

second elution from the Superdex 200 size exclusion column, suggesting that the complex 

adheres to the centricon membrane . 

FliH 1 1 7-258 and FliI 1 9-9 1 were also mixed in a 1 : 1 molar ratio and applied to the 

Superdex 200 column (Figure 3 .5 1 ) .  
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Figure 3 .5 1  Calibrated SEC of a mixture of FliI 19-91 and FliH 1 17-258 

A. Superdex 200 elution profile of a mixture of FliH 1 1 7 -258 and FliI 1 9-9 1 .  Both proteins 
were at a concentration of 2 mg/ml before they were mixed; the mixture contained 500 Ilg 
of FliH 1 1 7-258 and 373 Ilg of FliI 2-9 1 ,  such that the two proteins were present at a 1 :  1 
molar ratio . The mixture was incubated for 30 min on a rocker at room temperature and 
injected into the SEC column. B. 1 5% SOS-PAGE of the eluted peaks from A. The peaks 
were concentrated to the same volume and then 5 III from each loaded on the gel. 
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In contrast to FliI 2-92, when FIi I  1 9-9 1 is mixed with FliH 1 17-258  only 2 peaks are 

seen during size exclusion (Compare Figures 3 .48 A and 3 .5 1  A). These correspond to the 

presumed dimeric FliH 1 1 7-25 8  observed previously (Figure 3 .48 A) and trimeric Fli I  19 -

9 1 .  A significant proportion of the FliH 1 17 -25 8 i s  found in the same peak as  trimeric FliI 

1 9-9 1 ,  this is not because they interact but rather because the two peaks overlap 

significantly. There is no higher molecular weight peak that would correspond to a complex 

formed by an interaction between FliI 19 -9 1  and FliH 1 1 7-258 .  This again illustrates the 

importance of the first 1 8  residues ofFliI 2-9 1 for the FliI 2-9 1 1F1iH 1 1 7-258 interaction. 

In agreement with these findings, similar but less comprehensive evidence for the FliH­

FliI interaction in S. typhimurium has been published ( 1 1 9) .  These authors did not show 

that the first twenty residues of FliI were critical for the interaction with FliH, but it had 

previously been shown that an L 12P temperature sensitive mutation of FliI affected 

flagellum assembly (79) ( 1 88) (52) .  Subsequently, the purification of a His-tagged FliI­

FliH complex from S. typhimurium and the failure to purity a His-FIiI L I2P/R7C-FliH 

complex demonstrated the formation of a complex in vivo and the importance of the N­

terminus ofFIiI  for this interaction ( 1 1 8) .  
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3.4. 1 Chracterisation of the Fl i I  N-terminal Extension 
Previous experiments in this project have demonstrated that the first 18  residues of FI i I  

are important for the interaction of the FliI N-terminal domain with FIiH. A multiple 

alignment of the N-terminal extension of FliI homologues is presented in Figure 3 .52 .  

Although the average identity to  the first 1 8  residues of  H. pylori FliI to other homologues 

is only 1 9%, alignment of  the sequences is facilitated by the periodicity with which 

hydrophobic residues such as Leucine occur, and to a lesser extent the occurrence of 

positively charged residues such as Lysine or Arginine. 

To determine the significance of this limited sequence conservation to the FliI 2-9 1 -FliH 

interaction, a PCR based method was used to create seven point mutations of the N­

terminal extension of H. pylori FliI 2-9 1 .  These mutations were L3A, K4A, L6A, L6E, 

K7A, R9A, R9E, and L l OA. The PCR amplified DNA encoding FliI residues 2-9 1 and 

containing these point mutations was cloned into pGEX-6P3 as N-terminal GST fusions 

and they were over-expressed and purified in the same manner as was wild-type FliI 2 -9 1 .  

The purification protocol included calibrated size exclusion using the Superdex 75 column. 

This demonstrated that the point mutants were the same size as wild type FliI 2 -9 1 ,  and that 

they exhibit the same tendency to form trimers (Figure 3 .5 3 ). 
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Figure 3.52 N-terminal alignment of FIiI homologues, Type I I I  export ATPases and Ft-ATPase subunits 

Hydrophobic residues are green, aromatic hyphobic residues are purple, positively charged residues are blue. 
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Figure 3 .53 Superdex 75 elution profile of FliI 2-91 point mutants 

The buffer was 1 x PBS containing 1 50  mM NaCI, 0.5 ml of each protein was injected, the 
flow rate was 0 .5 mllmin (FliI 2-9 1= 2 .2 mg/ml, L3-A= 2 mg/ml, L6-A= 2 mg/ml, R9-A= 
1 .3 mg/ml, L l O-A= 1 .5 mg/ml, L6-E= 1 .48 mg/ml, K7-A= 2 .2 mg/ml, R9-E= 1 .9mg/ml, 
K4-A= 1 .5 mg/ml). 

The concentration of the purified FliI 2-9 1  point mutants was determined by their UV 
absorbance at 280 nm and then 5 Ilg of each protein was analysed by SDS-PAGE to 

demonstrate that their concentration can be estimated accurately. The interaction of these 

point mutants with FliH 1 1 7 -258 was then tested using the same GST pull-down method 

used for wild-type FliI 2 -9 1  and the truncated FliH proteins (Figure 3 .54). 
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Figure 3 .54 Interaction of GST -FliH 94-258 and FIiI 2-91 point mutants 

A. 1 5% SDS-PAGE gel showing that the concentration Fli I 2-9 1 point mutants can be 
estimated accurately and equivalent quantities loaded on a gel or added to a GST 
pull-down reaction. 

B. 1 5% SDS-PAGE gel of FliH 94-258/mutant FliI 2 -9 1  GST pull-downs 
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The GST -FliH 94-25 8  pull-downs with the mutant FliI 2-9 1 proteins (Figure 3 .54 B) 

show that within the N-tenninal extension of H pylori FliI the hydrophobic residues L3 , L6 

and L 1 0 are important for the interaction with FliR. If any of these residues are changed to 

alanine, a much smaller hydrophobic residue, the interaction with FliH 94-258 does not 

occur above the background. Furthermore, FliI 2-92 and FliH 94-25 8 also fail to interact if 

L6 is changed to glutamate, a negatively charged residue. In contrast, when the positively 

charged residues K4, K7 and R9 are changed to alanine the pull-downs suggest the 

interactions of these mutant proteins with FliH 94-25 8  are as strong with wild-type FliI 2-

9 1 .  But when R9 is changed to a glutamate, the mutant FliI 2 -9 1  and FliH 94-258 do not 

interact. Together these data suggest that the interaction between Fli I  2-92 and FliH 94-258 

involves the N-tenninal FliI extension and the interaction is primarily hydrophobic in 

nature. There is may be a small contribution from the charged residues of the N-tenninal 

extension but a change to these residues can be tolerated as long as the charge is not 

reversed such that the proposed ionic interaction becomes repulsive. 

To further demonstrate the importance of the hydrophobic residues in the H pylori FliI  

N-tenninal extension for the interaction with FliH, the L3A FliI  2-9 1 mutant was mixed in 

a 1 : 1 molar ratio with FliH 1 17-258 and calibrated SEC was performed (Figure 3 .55 ). 
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Figure 3 .55 Calibrated SEC of a mixture of FIiI 2-91 L3A and FIiH 117-258 

A. Superdex 200 size exclusion elution profile of FliI 2 -9 1  L3A and FliH 1 1 7 -258 
mixed at a 1 : 1 molar ratio . Both proteins were at a concentration of 2 mg/ml before 
they were mixed, the mixture contained 500 Ilg of FliH 1 1 7-258 and 370 Ilg of Fli I 
2 -92, such that the two proteins were present at a 1 : 1 molar ratio . The mixture was 
incubated for 30 min on a rocker at room temperature and injected into a SEC 
column. 

B. 20% SDS-PAGE gel of the peaks in the elution profile (A), the peaks were 
concentrated to the same final volume and 5 III samples of each peak was loaded on 
the gel. 
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When wild-type FIiI 2 -9 1  and FliH 1 1 7-258  were mixed (Figure 3 .48) there were three 

peaks in the elution profile. The first peak, thought to represent the FliI 2 -9 1 1F1iH 1 1 7-258  

complex had an elution volume of  1 2 .2 1 ml  and a predicted molecular weight of 1 32 kDa. 

This peak is absent when FliI 2-9 1  L3A is mixed with FliH 1 1 7 -258  in Figure 3 .55  A, and 

this implies that the two proteins are not interacting following the mutation of L3 to 

alanine. Instead, the elution profile in Figure 3 .55 more closely resembles that produced 

when FliI 1 9-9 1 was mixed with FliH 1 1 7-258 in Figure 3 .5 1 .  In that experiment Peak 1 

and 2 had elution volumes of 14 .8 and 1 7 .4 ml respectively, and predicted molecular 

masses of 44 and 15  kDa respectively. When FliI 2 -9 1  L3A and FliH 1 1 7-258 were mixed 

(Figure 3 .5 5 )  the peaks 1 and 2 eluted from the Superdex 200 column with volumes of 14.8 

and 1 7 .3 respectively, and predicted molecular masses of 45 and 16 kDa respectively. 
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3.4.2 Investigation of the structure of the FI i I  N· 
terminal extension 

Although the N-terminal extensions of the u- and p-subunit are disordered in the crystal 

structure of the Bovine F I-ATPase ( 1 ), recent studies with the E. coli enzyme have 

suggested that the N-terminal 22 residues of the a-subunit form an a-helix that is involved 

in binding the 8-subunit ( 1 93) .  Theoretically the first 1 8  residues of H pylori FliI c ould 

form an amphipathic a-helix as suggested when these residues are used to create a helical 

wheel diagram (Figure 3 .56). But limited proteolysis of FliI 2-9 1 previously discussed in 

this project (Figure 3 .3 1 ), suggests that the N-terminal 1 8  residues of H. pylori Fli I are 

loosely folded enough to be accessible to proteases and they may be disordered. 

Hydroph i l i c  

1 9  

1 8  

Figure 3 .56 Helical wheel for the residues 2-18 of H. pylori FliI 
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Although FliI residues 2 - 1 8  are likely to be disordered, it is also possible that they 

become helical upon interaction with FliH. To investigate this possibility FliI 2-9 1 and FliH 

94-258 were combined in a 2 : 1  molar ratio and the CD spectra ofthe mixture was measured 

(Figure 3 .57  A and B). 

If two proteins are mixed and the CD spectrum of the mixture is measured the spectrum 

should be the sum of the spectra of the individual proteins if  there is no interaction 

occurring. If there is an interaction between the two proteins a change in the spectrum 

would be expected that reflected the structural transitions associated with the interaction, 

and therefore the spectrum would deviate from the sum of the individual spectra. In the 

case of the FIiI 2-9 11FliH 94-258 interaction an increase in the helical content might be 

reflected in the CD spectrum. The CD spectrum of a helix consists of two characteristic 

features. The first is a trough with two minima, the first is at approximately 225 nm, then 

the spectrum rises slightly before falling to a second minimum at approximately 2 1 0 nm. 

The second feature is a peak with a maximum elipticity at approximately 1 90 nm. 

Interestingly, when FliI 2 -9 1  and FliH 94-258 are combined (Figure 3 .57) there is a small 

but significant increase in the magnitude of the negative elipticity around 220 nm. This 

makes the first minimum more pronounced and may be indicative of an increase in helicity 

in the FliI 2 -9 1 /FliH 94-258 complex. At the same time there is also a decrease in the 

elipticity of the peak at 1 90 nm which could be indicative of a decrease in helicity, but 

changes in the solvent can also change the elipticity below 200 nm. 

In contrast when FliI 1 9-9 1 and FliH 94-258 are combined the spectra are almost 

identical at 220 nm and the trough has the same shape. Like the FliI2-9 1 /FliH 94-258 

spectrum there is also a significant decrease in the elipticity at 1 90 nm that is difficult to 

interpret. 
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Figure 3 .57 Investigation of the FliI/FliH interaction by CD spectroscopy 

A. CD spectrum of FliH 94-258 alone, mixed with FliI 2 -9 1  or summed with FliI 2 -9 1 .  

B. C D  spectrum of FliH 94-258 alone, mixed with FliI  1 9-9 1 or summed with FliI  1 9-
9 l .  
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F liR 94-258 FliI 2-9 1 and FliI 2 -9 1 and 

FliR 94-258 FliR 94-258 

mixture summed 

a-helix 29 33 34 

Anti-parallel �-sheet 1 1  1 0  9 

Parallel �-sheet 5 5 5 

�-tum 1 9  1 7  1 8  

Random coil 3 1  30 29 

Total % 95% 95% 95% 

Figure 3 .58 CDNN Deconvolution of FliH 94-258/F1iI 2-91 mixed CD spectra 

FliR 94-258 FliI 1 9-9 1 and FliI 1 9-9 1 and 

FliR 94-258 FliR 94-258  

mixture summed 

a-helix 32 30 33  

Anti-parallel �-sheet 9 10  1 0  

Parallel �-sheet 5 5 5 

�-tum 20 1 9  1 8  

Random coil 30 3 1  30 

Total % 96% 95% 96% 

Figure 3 .59 CDNN Deconvolution of FliH 94-258/F1iI 19-91 mixed CD spectra 
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The deconvolution of the CD spectrum suggests that the helical content of the proteins 

increases by 4% when FliI 2-9 1  and Flili 94-258 are added (Figure 3 .58). Furthermore, the 

deconvolution of the FliI 1 9-9 1 1F1iH 94-258  data does not show an increase in helical 

content when these two preoteins are mixed (Figure 3 .59) .  

But two points are of note with regard to this deconvolution, firstly the helical content of 

the summed spectra is also higher than the FliH 94-258 alone. Furthermore, this CD 

deconvolution only used the data from 200 to 260nm, when the data from 1 85 to 260 nm is 

used the difference between the FliH 94-258 spectrum and the FliH 94-2581F1iI 2-9 1 

combined spectrum drops to less than 1 %. 

In summary the CD spectra provide some evidence for an increase in helicity when FliI 

2-9 1 and FliH 94-258 are incubated together, but the data are not conclusive and further 

experiments are required. To th is end a synthetic peptide comprising FIiI residues 2 - 14  was 

purchased and the CD spectrum of this peptide was measured (Figure 3 .60). 
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Figure 3 .60 CD spectra of a FliI 2-14 synthetic peptide 
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Contrary to our expectations, the CD spectrum of the FliI 2 - 14  synthetic peptide was 

characteristic of a random coil not an a-helix. But it is common for short synthetic peptides 

to be unstructured and it was decided to test the interaction of FliH 94-258 and FliI 2- 1 4  by 

calibrated size exclusion (Figure 3 .6 1 ). 
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Figure 3 .61  Interaction of FliH 94-258 and FliI 2-14 synthetic peptide 

A. Superdex 200 elution profile ofa mixture ofFliH 94-258 and FliI 2- 1 4  

B .  20% SOS-PAGE gel o f  the FliH 94-2581F1iI 2 - 14  mixture before SEC and the first 
peak to elute during SEC. 

Although peak 2 in the SEC elution profile is probably the synthetic peptide and there is 

no evidence of the peptide being present in peak 1 by SDS-P AGE, peak 1 has a predicted 

molecular weight of approximately 68 kDa. FliH 94-258 alone has a predicted molecular 

weight of 60 kDa. This suggests that FliH 94-258 and the synthetic FliI 2- 1 4  do interact, 

but the structure ofFliI 2 - 14  still remains to be determined. 
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4. Discussion 

This project began with a search for an H. pylori homologue of S. typhimurium FliJ. A 

potential homologue, HP0256, was identified using PSI BLAST, but it only has an E-va1ue 

� the 0 .005 significance threshold with the appropriate combination of query sequence, 

Expect value and number of iterations. That is, T denticola, T. tengcongensis, and L. 
interrogans FliJ homologues, are identified with an Expect value of 1 00 and 6, 4 and 4 

iterations respectively. This bioinformatics search could probably be refined further by 

considering the phylogenetic relationships of the annotated FliJ homologues prior to 

searching. A phylogenetic analysis may demonstrate that T denticola, T tengcongensis, L. 
interrogans FliJ form a distinct and more closely related phylogenetic cluster within the 

FliJ  homologues. H. pylori FliJ may be more closely related to this group than S. 

typhimurium FliJ for example. Examination of the motility and flagellation ofHP0256 null 

mutants of H. pylori strain 1 7874, suggested that HP0256 is not involved in the motility or 

flagellar assembly. However, more detailed examination of this mutant strain in the lab of 

P. W. O 'Toole shows that the HP0256 null mutant does demonstrate defective motility 

(O 'Toole, personal communication). Therefore this protein remains of future interest ,  and 

requires further studies of its interaction with other flagellar proteins, and its effect on the 

aggregation and export competence of flagellar export substrates . 

The major findings of this project relate to the molecular characteristation of H. pylori FliI 

and FliH, and the interactions of these two proteins. Data presented here suggests this 

interaction is analogous to the interaction between the F I -ATPase a-subunit and the 8-

subunit ofthe F I -ATPase stator. 

Due to the apparent structural homology of H. pylori FliI model to both F I-ATPase and 

Rho transcription terminator, an attempt was made to extend this relationship further to the 

catalytic mechanism of the enzyme by mutating the Flil R-Ioop and observing the effect on 

H. pylori motility. In dominance experiments one interesting result was obtained, the E3 I I -
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A mutant appeared hyper-flagellated by electron microscopy when expressed in trans. The 

interpretation of this result was complicated by the finding that the flil knock-out strain was 

still flagellated and motile and therefore the effect of the R-Ioop mutagenesis could not be 

evaluated by complementation. Thus, the function of the R-Ioop in the FliI catalytic 

mechanism remains offuture interest but the experiments in this study were inconclusive. 

When appropriate controls are found such that the effect of mutating the R-Ioop of H. 
pylori FliI can be evaluated, in vitro experiments will be necessary to explain the observed 

phenotype in the context of aberrant enzyme activity. To this end H. pylori Fli! was 

overexpressed and a purification strategy involving Source-Q anion exchange 

chromatography was developed. Like S. typhimurium FliI (43), the H. pylori F li! i s  poorly 

soluble but purification of this protein did allow limited in vitro characterisation by 

calibrated SEC and far DV CD spectroscopy. The spectrum of FliI by far UV CD 

spectroscopy suggests that the protein has a mixture of a-helical and �-sheet secondary 

structure. Furthermore, the addition of Urea caused changes in the spectrum that suggested 

the protein was unfolding. Therefore, H. pylori Fli I  as purified in this study is assumed to 

be folded. However, calibrated size exclusion in the presence of ATP indicated the size of 

Fli I  was 48  kDa. This suggests that although the protein is folded it is primarily a monomer 

in solution and does not oIigomerise under the conditions used. Claret and colleagues (3 1 )  

have shown that S. typhimurium FliI forms a hexamer in the presence of ATP and this 

hexamerisation was promoted in the presence of the ATP analog AMP-PNP and E. coli 

phospholipids . Therefore, to test further for H. pylori FliI oligomerisation, size exclusion 

was performed in the presence of AMP-PNP instead of ATP and in the presence of ATP 

and phospholipids. Conditions were not identified that were conducive to hexamer 

formation. There are at least three possible explanations for the failure of FliI to 

oligomerise. One of these explanations involves the experimental conditions. Although 

Claret and colleagues observed oligomerisation by SEC and multi-angle light scattering, the 

monomeric peak represented 60% of  the protein, and the higher molecular mass peaks of 

1 20 kDa and 1 69 kDa represented 22.5 and 1 2% of the protein respectively. Furthermore, 

these higher molecular mass peaks do not represent a hexamer; heaxamerisation was 

observed by electron microscopy. Therefore it is possible that only a very small proportion 



Discussion 1 95 

of H. pylori FIiI is present as a hexamer in solution and SEC is not sensitive enough to 

detect this minor species. Another technique that fixes FliI like EM may be necessary to 

visualise the hexamer. Another possible explanation for the fai lure of FIiI oligomerise 

could be partial misfolding of the protein .  Previous experiments with S. typhimurium Fli I  

i llustrated that although it could be purified, the enzyme could bind but not hydrolyse ATP 

(43). This S. typhimurium FliI was purified by refolding inclusion bodies, subsequent 

purifications of soluble FliI could hydrolyse ATP and the protein was folded as evaluated 

by far DV CD spectroscopy (52) ( 1 1 8) .  A third possible explanation for the failure to 

observe FliI oligomers concerns the oligomerisation characteristics of the protein. H. pylori 

FliI may require the presence of another protein, such as an exported flagellar protein or a 

component of the export apparatus like FliH, to oligomerise. 

When this study began FliH was a poorly characterised protein. Homologues are now 

annotated in flagellar gene clusters in most motile organisms despite poor sequence 

conservation, and it was shown to be involved in motility as S. typhimurium fliH mutants 

are non-motile and aflagellate ( 1 88) (90). In this thesis H. pylori FliH was purified and 

characterised in vitro. 

Initially full-length FliH (2-258) was cloned and over-expressed but it was found by DLS 

and calibrated SEC that this protein although soluble was aggregated in solution. Some 

degree of aggregation has also been noted for S. typhimurium FliH ( 1 1 8), but this small 

(though undisclosed) fraction of the expressed protein that was removed by centrifugation 

at 1 30,000 xg. The purification protocol used in this study also included a high speed 

centrifugation step but this was insufficient to remove the aggregates. Subsequently, three 

more truncated fonns of FliH were cloned and over-expressed, FliH 5 5-258,  94-258 and 

1 17-258 .  FliH 55 -258 was also found to aggregate, but FliH 94-258  and 1 1 7-258 were 

found to be soluble and consequently these two proteins were used in further study. 

Far DV CD spectroscopy was performed with both FliH 94-258 and 1 1 7 -258 and based on 

the spectra both proteins are predicted to be predominantly a-helical, with CDNN 

deconvolution estimating 57% and 42% a-helix respectively. Intriguingly, when these 
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proteins were subjected to calibrated SEC FliH 94-258 and 1 1 7-258 had estimated masses 

of 60 kDa and 4 7  kDa. The theoretical masses of FliH 94-258 and 1 1 7-258 are 1 7  kDa and 

1 5  kDa respectively. This  suggests that either FliH is oligomerising in solution, is 

elongated, or a combination of the two. S. typhimurium F1iH has also demonstrated an 

anomalously rapid elution behavior in SEC, but in this case the SEC was combined with in 

line multi-angle light scattering to determine the mass of the complex independently of 

shape. This illustrated that the complex was a dimer, and FliH to be an elongated molecule 

( 1 1 8) .  However, another S. typhimurium study has shown that the elongated shape of FliH 

is primarily due to the N-terminal 1 02 residues ( 1 16) .  In this thesis, however, the N­

terminal residues of H. pylori FliI  have been removed, therefore it is possible that the shape 

of the resulting truncated FliH was not elongated. Taking the molecule shape bias into 

account, the SEC size estimation from this thesis suggest that either FliH forms a trimer or 

an elongated dimer. These two possibilities cannot be resolved without further experiments . 

H. pylori FliI was modeled on the F 1 -ATPase ATPase atomic coordinates and this model 

structure is consistent with the formation of a hexamer. Each FliI monomer was predicted 

to consist of three domains, a C-terminal bundle of five helices, a central catalytic domain 

formed by a p-sheet sandwiched by a-helices, and an N-terminal p-barrel with a disordered 

N-terminal extension. As full-length Fli I  was difficult to work with it was decided to clone 

and express the N4erminal p-barrel (residues 2-9 1 )  and characterise this domain 

independently of the remainder of the protein . FliI 2-9 1  was cloned and expressed and 

found to be soluble and stable, but limited proteolysis suggested that an N-terminal 

extension of 1 9  residues was protease sensitive and therefore possibly disordered. 

Therefore FliI 1 9-9 1 was also cloned and expressed such that the function of the N-terminal 

extension could also be examined by comparison between the two truncated proteins, FliI 

2 -9 1  and 19 -9 1 .  In this study the far UV CD spectra of Fli I  2-9 1 and 1 9-9 1 have been 

interpreted to suggest that both proteins are folded and predominantly p-sheet, with a 

CDNN deconvolution of 52 and 58% anti-parallel p-sheet respectively. Despite similar 

deconvolution the spectra of FliI 2-9 1 and 1 9-9 1 are significantly different. Between 260 

and 205 nm the elipticity of the CD spectrum of FliI 1 9-9 1 remains positive, while the 

spectrum ofFliI 2 -9 1  forms a trough of negative elipticity over the same wavelengths. This 
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trough is  indicative of a-helical structure and may imply that the first 1 8  residues of Fli I 

form an a-helix, but this is difficult to confinn without further experiments . However, by 

analogy to the FliI homologues, F I -ATPase a-subunit and Rho, it might be expected that 

the N-terminus of FliI will form an a-helix. N-terminal 22 residues of the F I -ATPase a­

subunit are predicted to fonn an a-helix by far UV CD spectroscopy ( 193 ), and the N­

terminal residues of Rho form a three helix bundle ( 1 64). 

FliI 2-91 and 1 9-91 were also examined by calibrated SEC. FliI 2-9 1 has a theoretical 

molecular mass of 10 kDa, but it elutes from the Superdex 200 column as two peaks with 

estimated molecular masses of 66 and 1 8  kDa. This indicates that the N-tenninal domain of 

FliI oligomerises, the 18 kDa peak is assumed to represent the monomeric form and 

therefore the 66 kDa peak is predicted to be a trimer. Furthermore , the FliI N-terminal 

domain must be elongated to explain the anomalously fast elution that leads to a larger than 

expected size prediction. FliI 1 9-9 1 eluted as a single peak with a predicted molecular mass 

of 28  kDa, and therefore it is also assumed to fonn a trimer with an elongated shape as the 

theoretical molecular mass of this protein is 8 kDa. To our knowledge this is the first 

evidence of the FliI N-terminal domain oligomerising, and suggests that the full-length 

protein may also oligomerise. However, interaction between the N-terminal domains is  not 

unheard of in full-length FliI homologues. In Rho there are interactions between the N­

tenninal domains that involve a loop connecting a2 and a3 of the three-helix bundle and 

the linker that joins the N- and C-tenninal domains ofthe adjacent subunit (1 64). 

A GST pull-down assay was used to investigate the possibility of an interaction between 

FliH and Fli I 2-9 1 N-tenninal domain. This assay demonstrated that FliH does interact with 

Fli I  2-9 1 .  Furthermore FliI 2-9 1  also interacts with FliH 55-258 ,  94-258 and 1 17-258  in 

GST pull-downs. In contrast FliI 1 9-9 1 did not interact with FliH or the truncated variants 

of this protein. This demonstrated that the 1 8  N-terminal residues of the FliI N-terminal 

domain are required for the interaction with FliH, whereas the N-terminal 1 1 7 residues of 

FliH appear dispensable for this interaction. To further demonstrate the interaction and 

investigate the stoichiometry of the complex, a mixture of FliH 1 1 7-258 and FliI 2-9 1 were 
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examined by calibrated SEC. The resulting elution profile consisted of three peaks with 

estimated molecular masses of 1 32 , 48 and 1 6  kOa. 

Concurrently with this study in H. pylori the homologous interaction of S. typhimurium 

full-length FliI and FliH was demonstrated ( 1 1 8). The S. typhimurium studies illustrated 

that like H. pylori FliH, the C-terminal half of S. typhimurium FliH is important for the 

interaction with FliI. Unlike this H pylori study the S. typhimurium study isolated a 

(FliH)2FliI complex. Based of SEC-estimated molecular masses of H pylori FliH 1 1 7-258  

and FliI 2-9 1 of 23 .5 kDa and 18  kDa respectively, the equivalent complex in  H pylori 

would have a molecular mass of 65 kOa. Therefore, unless the H. pylori complex is 

considerably more elongated, it has a different composition than the S. typhimurium 

complex. Given the estimated molecular mass of the FliI 2 -9 1 /FliH 1 1 7-25 8  complex of 

1 32 kDa, and the error in this estimation due to the elongated shape of the complex, the 

possible stoichiometries include 2 :3 ( 106 .5  kDa), 2 :4 ( 1 30 kDa), 3 :2 ( 1 0 1  kDa), 3 :3 ( 1 24 .5 

kOa) and 4 :2 ( 1 19  kDa). Further experiments are required to determine the exact 

stoichiometry of the complex. 

The S. typhimurium studies identified L 1 2P and R7C/L1 2P mutants ofFliI  that displayed a 

temperature sensitive loss of motility ( 1 88). It was subsequently shown that these mutants 

fail to interact with FliH ( 1 1 8) .  Thus, the involvement of the N-terminus of FliI in the 

interaction with FliH was implied, but not demonstrated directly as it  is here with the H. 
pylori proteins . 

The N-terminal extension of FliI i s  not highly conserved but it can be aligned by virtue of 

conserved hydrophobic amino acids such as  Leucine and positively charged residues such 

as Lysine and Arginine. It was decided to investigate the role of these residues in the H. 
pylori FliI 2-9 l -FliH interaction. To this end the Fli I 2-9 1 DNA sequence was mutated such 

that the encoded protein contained one of the following mutations : L3A, K4A, L6A, L6E, 

K7A, R9A, R9E or L l OA. These mutants had the same molecular mass as wild-type FliI 2-

9 1  when examined by calibrated SEC, and they exhibited the same tendency to form 

trimers. GST pull-down assays were subsequently performed with these mutants. The 
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interaction of FliH 94-258 with the FliI 2 -9 1  L3A, L6A, L6E, and L l OA mutants was 

reduced to the level of background. This indicates that large hydrophobic sidechains at 

these positions are important for the FliH-FliI 2-9 1  interaction. However, mutating the K4, 

K7 and R9 to A had no effect on the interaction ofFliI 2-9 1 with FliH 94-258,  but the R9-E 

mutation abolished the interaction. This suggests that the interaction is primarily 

hydrophobic, and although charged residues may not be directly involved in the interaction 

they are present in the vicinity and the nature of the charge is important. This is analogous 

to the interaction between the F)-ATPase a-subunit and the 8-subunit, which involves the 

hydrophobic residues of the 8-subunit and the N-terminal residues of the a-subunit (2 1 5 ) 

(2 1 6). The significance of these mutations was further demonstrated by mixing FliI 2-9 1 

L3-A and F1iH 1 1 7-258 and performing calibrated SEC. The 1 32 kDa peak formed by 

wild-type FliI 2-9 1 and F liH 1 1 7-258  was absent, i llustrating that the proteins do not 

interact. 

As previously mentioned it is possible that the N-terminal 1 8  residues of H pylori FliI 

form an a-helix. Again this would be analogous to the N-terminus of the F ) -A TPase a­

subunit, which is predicted to form an a-helix upon interaction with the 8-subunit (2 16) 

( 1 93) .  To investigate this further a synthetic peptide was purchased that consisted of 

residues 2- 14  of H pylori FliI, and the secondary structure examined by far UV CD 

spectroscopy. The spectrum indicated the synthetic peptide was predominantly random coil 

in aqueous solution. This result is not unexpected, it is consistent with previous 

observations of the structure of synthetic peptides comprising the N-terminal residues of 

either the a- or p-subunit of the F )-ATPase (2 1 6). Despite the synthetic peptide being 

random coil, when FliH 94-258 and FliI 2 - 14  were mixed and examined by calibrated SEC, 

the FliH peak had an estimated molecular mass of 68 kDa, 8 kDa larger than FliH 94-258 

alone . This suggests that the synthetic peptide can interact with FliH and likely acquires 

structure upon interaction. To investigate this possibility further FliH 94-258 was mixed 

with FliI 2-9 1 and examined by far UV CD spectroscopy. Relative to the spectrum of FliH 

94-258  the spectrum of the mixed proteins has difference in shape, which cannot be 

accounted for by summing the spectra of the two proteins alone . By comparison when FliI 

1 9-9 1 and F1iH 94-25 8 are mixed there is no change in the shape ofthe spectrum relative to 
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FliH 94-258 alone, just slight differences in the magnitude of the signal. Therefore, the 

addition of FliI 2 -9 1  to FliH 94-258 causes a change in elipticity, and this may be indicative 

of an increase in FliI 2-9 1  helicity upon interaction with FliH. However, the change is small 

and the error in the far UV CD spectroscopy deconvolution appears large so further 

experiments are required to confirm this .  

4. 1 Future d i rections 
Further experiments are required to determine the composition of the FliH 1 1 7 -258-FliI 2 -

9 1  complex. In line multi-angle light scattering will be effective to this end as it determines 

mo lecular mass independently of shape. 

There is limited evidence for the N-terminal extension of FliI forming an a-helix. The best 

way of being certain of this will be to determine the crystal structure of FliI 2-9 1 .  Crystal 

screens of Fli I 2-9 1 and FliH 94-258/1 1 7 -258 have thus far yielded no crystals. It i s  

interesting to note that the optimal crystallisation of Rho required co-crystallisation with 

mild detergents and nucleic acid substrate ( 164). Co-crystallisation of FIiI 2-9 1 with FIiH 

94-258 or 1 1 7-258 may prove to be a productive line of investigation. Furthermore, the N­

terminal extension ofFliI 2-9 1 is more likely to be folded in such a complex. 
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