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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. pylori genome in 1996 identified homologues of the majority
of the flagellar genes found in S. enterica serovar typhimurium. These included genes
encoding the flagellum ATPase, Flil 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 Flil and homologues such as Fi-ATPase a- and B-subunit. In particular, residues 2-
91 of Flil resemble the N-terminal domain of the F;-ATPase a- and p-subunits.
Biochemical analyses reported in this thesis showed that a truncated Flil-(2- 91) protein
was folded, although the N-terminal 18 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
Flil-FliH complex. The scanning mutagenesis of this interaction segment of Flil identified a
cluster of conserved hydrophobic residues that was critical for the interaction with FliH.
Thus, the interaction between Flil and FliH has similarities to the interaction between the
N-terminal a-helix of the a-subunit and the globular domain of the &-subunit of the Fi-
ATPase. This similarity suggests that FliH, by analogy with the &-subunit of the F;-
ATPase, may function as a molecular stator of the flagellum. The findings presented above
have been published (96).



il

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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Introduction 1

1. Introduction

1.1 Characteristics of the human gastric
pathogen, Helicobacter pylori

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 (138). 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 (110)

1.1.1 General metabolism
H. pyloriis a spiral-shaped Gram-negative bacterium, 2.5-5.0 pm in length and 0.5-1.0 um

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 12-16kPa and human body temperature is 37 °C. 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 CO; incubator in the presence of 5% CO>, at 37 °C, 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-Doudoroft (ED) 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 perform 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 of these enzymes.

1.1.2 Virulence Factors
H. pylori has a number of virulence factors that contribute to this organism’s ability 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 cag 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).

1.1.21 Urease

H. pylori is a neutralophile but it can colonise and survive in 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)
(165).
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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. Urel is a proton-gated channel for uptake of
the urea into the bacterial cytoplasm. H. pylori expresses the urease at higher levels than
any other known bacterial species (123). Urease can account for up to 15% of the total H.
pylori protein content. Although the UreA/B 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 Urel channel (particularly at pH 5.0 and below) to
increase the uptake of urea (163) (194) and of Ure A/UreB association with Urel at the inner
membrane (189) (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 CO; to HCO5’, with a pKa of 6.1 (108). Thus the urease has dual roles of
producing ammonia to buffer the cytoplasm and CO, such that carbonic anhydrase can

buffer the periplasm.

1.1.2.2 Adhesins

H. pylori 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) (106).

Adherence to the gastric lining of healthy individuals occurs via the binding of BabA to the
fucosylated blood group antigens Hl and Lewis b (Leb). The HI1 antigen is the
carbohydrate that defines the O blood group of the ABO blood group system and the Lewis
antigen is formed by the addition of a branched fucose residue to H1. Amongst H. pylori
strains with fucosylated blood group antigen binding activity, 95% can also bind the A, B
and O antigens (13).



Introduction 4

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(106).

1.1.2.3 VacA and CagA
H. pylori strains with the vac4®, cag-PAI" and babA" genotype are associated with more

severe disease in comparison to the strains negative for these loci (136). Both the VacA and
the cag pathogenicity island (cag-PAl) secreted protein CagA cause changes in pathology,
histology and also modify (attenuate) the host immune response to allow persistent

infection (146) (24). The effects of these proteins on the host epithelium are summarised in

Figure 1.1.



Introduction 5

Submucosa

Cell elongation, motility

G-‘-? %“ \ ?/" Intraepithelial (d)
c-Met Sre M Tecel
o) !
« G2 OF e 5 N\ o CagAoo
PLC-y / CagA oP ?
Z20-1/ R \ /‘
JAM prd P C
i CC)OR_Pam? 5 l o Dendritic cell
MEK© =—  gHnp.2 @
l Rac1
ERK Cdc42
MALT
< AP-1
| h ?
=b:l NF-x8 @ S
: pon Antigen
Proliferation L8 o @ presentation
——/ \ ; J / Neutrophil
& ' recruitment

Currernt Coinsan In Vicrotlology

Figure 1.1. A schematic representation of the important events during H. pylori
interaction with the host. Taken from Rieder et a/ (146). (a). H. pylori enters the mucous
layer overlaying the gastric epithelial cells and adheres to the epithelial cells. (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 VacA on immune cells.

Upon contact with host cells, VacA secreted from H. pylori inserts into the host membrane
to form anion-selective hexameric channels (183) (179). These subsequently become
endocytosed and cause the formation of membrane-bounded vacuoles from fusion events

involving lysosomes and endosomes (124). As a consequence, VacA partially neutralises



Introduction 6

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 (125). 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 (126).

The cag-PAIl is associated with the stimulation of proinflammatory cytokine release
following infection particularly IL-8 (57). The cag-PAI encodes a type IV secretion system
that forms an extracellular needle complex which mediates translocation of CagA into the

host cells (149). CagA is thus far the only known cag-PAl secretion substrate.

Following translocation into host cells, CagA is tyrosine-phosphorylated (171) and disrupts
a number of signaling pathways leading to modification of the host immune response by
inhibiting the proliferation of B-lymphocytes (184). 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 (180).

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 TLRS
receptor and stimulates an innate immune response, in H. pylori, this region of flagellin is
different from other bacteria and it is not recognised by the TLRS receptor (8). This allows

H. pylori to evade a TLRS-mediated initiation of the innate immune response.
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1.2 Protein Export in Gram-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 Il
pathway. The third class of export pathways initially allows the passage of proteins which
assemble into a structure that forms 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 conformation 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 membrane

1.2.1.1 The SecYEG/YidC 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 (186). Proteins recognised by this export system contain an N-

terminal 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 SecYEG inner membrane channel, the SecB

molecular chaperone and the SecA ATPase (186).

There is also an accessory heterotrimeric membrane complex associated with SecYEG,
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 (186).

Following translation the N-terminal 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 ef a/ (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 ATPases. Although SecA has been visualised as tetrameric and higher
order structures, it is currently thought to function as a dimer (44) (200) (80) (45) (191).
This is in contrast to other ATPases such as the type IV ATPase VirB11 and the flagellar
ATPase Flil, both functioning as hexamers (31) (206). Each SecA monomer is a 102 kDa
protein consisting of three domains. An N-teriminal motor domain, a Substrate Specificity
Domain (SSD) and a C-terminal domain. The N-terminal 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 forms 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 ef a/ (190). 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 Fi-ATPase, the tertiary structure of these enzymes is quite different.
Within the F;-ATPase each F; a- and B-subunit only contains one RecA-like domain as
opposed to two, and the N- and C-terminally attached domains of F; 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 SecYEG

translocase. The C-terminal 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 SecB passes the preprotein to SecA and co-insertion of
20-30 amino acids of the preprotein occurs. Subsequent ATP hydrolysis then partially
dissociates the preprotein from SecA and leads to SecA deinsertion from the membrane.
Repeated cycles of SecA 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 of the preprotein translocation (190).

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 (190).

The linear threading of the preprotein through the inner membrane by cycles of insertion
and deinsertion of SecA is in stark contrast to the rotary mechanism of type III and Flil

hexameric ATPases 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) (39).
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 (170).

The TAT proteins
The TAT translocon is formed by three proteins encoded by the tatABC operon (197).

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

form the pore of the TatABC translocase (155) (141).

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 Class 2: Export pathways across the outer
membrane

1.2.2.1 Type Il or the Main terminal branch of the
General 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 pseudopilus that spans the periplasm and a secretin in the outer
membrane (56). The pseudopilus is so named as it is composed of pseudopilins which
contain a typical pilin N-terminal leader peptide that is processed before being helically
packed into a pilus structure. Pili are fibrous organelles that can mediate attachment of
bacteria to host tissue. Each pilus type differs slightly in structure (53). Unlike the pili,
pseudopili are not extruded from the cell surface in wild-type cells. A schematic of the

proposed structure of the 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 traftic ATPase, GspE, associates with the membrane via interactions with GspL and
GspF, and energises the translocation of pseudopilins across the cytoplasmic membrane.

The manner in which GspE couples ATP hydrolysis to psuedopilin translocation remains to
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be determined, but the crystal structure of V. cholerae type 11 ATPase, EpsE, has offered
some insight (147). The protein consists of an N-terminal and a C-terminal domain. The
closest structural homologue of these domains are the N- and C-terminal 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 linker. This assembly was proposed to energise and gate the

translocation of pseudopilins across the inner membrane (see the VirB11 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) (187). 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 of the type I, type 1V pilus (TFP), and type IV secretion machinery. Pili extruded by the type IV pilus and
the type IV secretion systems have been observed. The type 11 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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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
cluster) and P pilus (pap gene cluster) assembly in E. coli (Reviewed by Sauer and
colleagues (156). 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 (16) (157). Folded
pilin subunits are assembled into the pilus and secreted through the usher, which forms a
pore in the outer membrane (98) (129) (158). 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,
autotransporter 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 LIAVSELAR (67). The function of this additional
sequence 1s unknown. Unlike the other export pathways such as the type II, III and IV
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-terminal substrate can pass (137). 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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[t is unknown how the secretion process is 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 HMW1 adhesin from Haemophilus influenzae
and the cytolysin of Proteus mirabilis. The AT and Tps pathways were reviewd by Jacob-
Dubuisson et al (76).

1.2.3 Class 3: Export pathways that cross both
membranes in a single 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 al, 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 is 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.

VirB11, a cytoplasmic protein peripherally associated with the inner
membrane

Mutagenesis studies suggest that VirB11 energises pilus assembly and the assembly or
function of the type IV secretion machinery (Figure 1.3; (153)). VirBll forms a
homohexameric ring structure with a central 50 A cavity similar to type Il ATPases, but
quite obviously different from SecA. The VirBl1 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) (159). 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 closed and compact symmetrical hexamer.
Furthermore, ATP binding and hydrolysis influences the association of VirB11 with the
inner membrane as a Walker A mutant of VirB11 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 ofsubstrates to the secretion machinery. Unlike VirB11, 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-terminus which is rich in positively
charged amino acids. Furthermore, the C-termninal domain of VirE2 can drive the secretion
of chimeric fusion proteins. 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 signal 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 VirB11. The crystal structure of VirB11 bound to
ATPyS, 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
Figure 1.4 below (159). 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 ATP
hydrolysis is assumed to generate the necessary mechanical force to drive translocation of

an export substrate (159) (206).
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Figure 1.4. Model for the mode of action of VirB11 ATPases. Taken from Figure 6 of
Savvides, et al (159), the N-terminal domains are pink in panel one the C-terminal domains
are blue. The N-terminal domains become locked into a rigid conformation by binding

ATP.

Following assembly of the pilus, the substrate is secreted and it enters the target cell,
this may also be energised by VirB11. 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 (19).
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1.2.3.2 Type | 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 ATP-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) (10). The ABC protein recognises export substrates and
energises export (86) (21) while the MFP connects the ABC protein and TolC (181). 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 (185).

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) (161).
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1.3 Type lll virulence export system

A number of Gram-negative bacterial pathogens use type III secretion systems (TTSSs) to
transfer effector proteins to the eukaryotic cells of mammalian hosts, where they have a
variety of effects. Intracellular pathogens such Sal/monella and Shigella use type III
secretion systems to invade and multiply within host cells (60) (113), whereas the
extracellular pathogen Yersinia causes changes in the cytoskeleton, apoptosis of host cells
and ultimately avoids phagocytosis (34). There are a number of similarities between the
type III 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 IIl 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 (109) (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) (91) (109). A pore of

approximately 2 nm runs through the centre of the structure.
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Figure 1.5. A. Schematic comparison of the S. &yphimurium TTSS needle complex, and

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

Marlovits et a/ (109). ORI and 2 are rings associated with the outer membrane and are

composed of InvG. IR1 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 (109).
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Mutation of the structural counterparts in these two systems block their assembly 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) (176). 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 III and flagellum export apparatus, (YscN/Flil, LcrD/FIhA,
YscR/FliP, 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. flexneri, S.
typhimurium and the S. typhimurium flagellar secretion system that share sequence

similarity.*

Shigella flexneri Salmonella SPI-1 Flagellar proteins Localisation

MxiA InvA FIhA Inner membrane

Spad7 InvC Flil Cytoplasm/inner
membrane

Spa33 SpaO FliN Inner membrane
(SpaO is secreted)

Spa24 SpaP FliP Inner membrane

'Spa9  [SpaQ @ |FlQ T [Innermembrane

Spa29 SpaR FliR Inner membrane

Spa40 SpaS FlhB Inner membrane

MxiJ Prgk FliF Inner membrane

/needle base

MxiD InvG Outer membrane

/needle base

MxiH Prgl FIgE Needle

Spa32 Inv] FliK Secreted, needle
length control

MxiG PrgH Needle base

Mxil PrgJ Needle, cap protein

*This table is an abbreviated version of Table 1 from He et al (66).
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1.3.1 The Type lll 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 of the signal.
It has been suggested that the signal may be within the mRNA, because if a single
synonymous change is made in codon three of Yersinia yop(), it destroys the capacity of the
first 10 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 17 of the 27
nucleotides in codons 2-10 of the YopE signal are changed export of this protein is not
affected (100). Regardless of its nature, the signal has been localised to approximately the

first 15 amino acids or codons of type I1I virulence effectors (11) (160) (168).

1.3.2 Substrate-specific chaperones of the Type lll
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 15
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 lll Flagellum 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 termed the hook. This in tum 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 plasma 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 significant differences in H. pylori flagellar gene regulation that will be

discussed later.

1.4.1 Morphological assembly pathway and structure
of the bacterial flagellum
The flagellum organelle consists of several substructures. A basal body, consisting of the

MS 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 of flagellin 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 10 nm in diameter (82). The MS ring was thought to be a passive
mounting plate, but recent structural studies have revealed that the FIiF pore is tightly
closed by domains contributed by FliF (177) (178). Therefore, it seems that FIiF 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 F1iG, FliM and F1iN. This complex associates with
the cytoplasmic membrane via an interaction with the MS ring mediated by FIiG and this
interaction is independent of other flagellar proteins (92) (103). The interaction involves the
N-terminal domain of FliG. The C-terminal domain of FliG is essential for flagellar rotation
(101) 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 FliG/M/N (Figure 3.1) (210). FliG also interacts with FliM (112), a protein
important for control of CW/CCW switching of rotation of the flagellum (167) following
the binding of chemotaxis response regulator CheY-P in a phosphorylation dependent
manner (152). FliM in tum interacts with FliN. The function of FliN in switching is

unknown (75) but it is essential for flagellum assembly (188).

The export apparatus is formed by the integral membrane proteins FIhA, FIhB, FliO, FliP,
FliQ, FliR and the soluble components Flil, FliH, FliJ, F1iS, FIiT, and FigN (90) (117)
(134). 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 (51) and mutations in the FIhA integral
membrane domain that suppress mutations in F1iF (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 F1iF pore is closed or very narrow and it is difficult to see how the export apparatus
could be accommodated (178). 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 is rigid, both are tubular structures consisting of 11 helical
protofilaments formed from the hook and flagellin subunits respectively (209) (154). 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 Flil.

1.4.2 The Flagellum Export Pathway

As can be seen in the previous section, the flagellum is a complex structure involving the
coordinated export and assembly of 12 axial proteins: FliE (rod adaptor), FlgB (rod), FlgC
(rod), FlgF (rod), FlgG (rod), FlgJ (muramidase), FlgD (hook cap), FIgE (hook), Figk
(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 120 copies of the hook subunit precedes the massive export of
20,000 copies of the flagellin to form the filament (104). Furthermore, these proteins must
be in a partially-unfolded secretion competent state as the intemal 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 rod/hook 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 Flagellar Gene Regulation

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 (105). At the first level of
the hierarchy class 1 genes fIhC and flhD of the master operon are expressed. The
heterotetrameric complex FlhD,C; 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 class 2 genes encode the proteins of the flagellum export
apparatus and the basal body in addition to two regulatory proteins, FigM and ¢** (RpoF).
0%, encoded by flid, 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 6°* and prevents the interaction of the RNA-polymerase-6™ holoenzyme with class 3
promoters (135) (94) (133). Following expression of the class 2 genes and export and
assembly of the basal body and hook, FlgM is exported through the BBH (basal-body
hook) to the extracellular medium (73). This relieves the inhibition of czs-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 (105).

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 czr 4, a regulator that controls the ¢”°
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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 FIbD, an activator of ¢>*-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 (201) (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 (130). Although there is a
clear three-tier expression hierarchy differentiated by different sigma factor requrements,
there is also an intermediate class of genes that are transcribed by both sigma factor 6** and
6>, Furthermore, H. pylori regulatory cascade contains some regulatory proteins
homologous to those of S. typhimurium and C. crescentus, such as a o -associated
transcription activator, FIgR of the NtrC family and the anti-sigma factor FigM. 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 ¢ promoter in
response to an unlmown signal. The class 1 genes encode chemotaxis and motor proteins,
the MS ring protein FliF, the L- and P-ring proteins FilgH and I respectively, the rod
proteins, proteins of the export apparatus such as FliH, Flil, and FlhB, and regulatory
proteins such as sigma factor 6™, FIgR, FlgS, and FlhA. FIhA is a part of the export
apparatus, but it also appears to be a master regulator. A knock-out mutant of /744 exhibits
decreased transcription of class 2, 3 and intermediate H. pylori flagellar genes.
Surprisingly, in an flhA/fIlgM double mutant the transcription of these genes is upregulated,
suggesting the involvement of FigM in a negative feedback mechanism of regulation when
the flagellum structure is compromised by the absence of FIhA. The transcription profile of
an fIhF and an fIhF/flgM double mutant is similar to that of the /744 and fIhA/flhM mutants
(130).
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The class 2 genes include the fIgK and L (hook-associated proteins or HAPs), the hook
protein fIgE, the flagellin flaB, a flgJ-like gene (muramidase) and proteins that may be
involved in the synthesis of the lipid sheath of the flagellum. Intermediate genes include the
rod proteins, the flagellar cap protein fIiD, and the flagellum-specific chaperones fIiS and
fIiT, flhF and flgM. Class 2 and intermediate gene expression is activated by the
phosphorylation of FIgR of the NtrC family by an NtrB-like histidine kinase FlgS. While
o**-associated transcription occurs in other bacteria with polar flagella, both FIgR and FigS
are atypical. FlgS lacks a transmembrane domain and the signal that stimulates its activity
is unknown. FIgR does not contain a known DNA binding domain and it engages in DNA-
independent activation of transcription by 6°* and RNA polymerase. FIgR also suppresses
transcription from the 6® promoter of the flagellin gene, flad. As novobiocin, a repressor
of bacterial gyrases, suppresses expression from the o™ promoter of flaB but not the ¢™
promoter of fla4, DNA supercoiling may regulate expression from the flaB promoter (169)
(17) (26).

The only class 3 H. pylori tlagellar gene is the major flagellin, flad. 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 o™ anti-sigma factor FIgM to allow expression of late flagellar
genes from o promoters. Recent experiments with the H. pylori hook-length control
protein, fliK, suggest that this protein is necessary to turn off expression from the class 2
regulon (151), but the mechanism by which o**-based flagellum gene expression is
upregulated is less clear. As the H. pylori flagellum is sheathed it may not be possible to
export FlgM via the flagellum. Furthermore, FlgM lacks the N-terminal 20 amino acids
present in the S. gyphimurium FIgM, required for interaction with the FlgM chaperone,
FlgN.
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Figure 1.6. Current model of gene regulation pathways of flagellum biogenesis in H.

pylori. Taken from Niehus ef a/ (130).
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1.4.4 Flagellum-specific chaperones
Four flagellum-specific chaperones, FigN, FliS, FliT and FliJ, 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 FIigM as a class 3
transcript, and FIiT has been shown to be a negative regulator of transcription from class 2
promoters (93) (81) (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 f7iT exhibit a motility defect due to decreased export of FliD. FliD does not
accumulate intracellularly in this mutant strain suggesting that F1iT has a role in protecting
FliD from degradation. Consistent with this role, the C-termini of FliT homodimers bind
FliD in vitro (18). Similar genetic and biochemical observations were made for the
chaperone FIgN, which is essential for motility, binds FlgK and FIgL in vitro, and inhibits
FlgK aggregation in vitro (18). Mutants of the chaperone FliS produce short flagella and
therefore also display defective motility (208). It has subsequently been shown that F1iS
binds to the disordered DO domain at the C-terminus of flagellin. Such binding inhibits
polymerisation of F1iC in vitro and protects the C-terminus from degradation in vivo. Thus,
the role of F1iS is to prevent premature polymerisation of F1iC prior to export and to protect
it from degradation (15) (139). FliJ is also classified as a flagellar chaperone as mutants
have a defective motility phenotype and co-overexpression with FIiE or FIgG 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 F1iJ
interacts with the soluble components of the export apparatus, the flagellum-specific

ATPase Flil, FliH, and the cytoplasmic domain of FIhA (119) (114) (58).
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1.4.5 Flagellum N-terminal secretion signal

Although the N-terminal segments of a number of the exported flagellar proteins can be
aligned, no clear signal sequence has been identified for flagellar proteins (71) (70).
Furthermore, most of the axial proteins contain heptad repeats within their N-termini
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 (71) (70) (36). Intriguingly, Salmonella type 11l 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 F1hB.

FliK is a sensor of flagellum hook length and it relays this information by interacting with
FIhB to induce a conformational change (120). This change is associated with the
autoproteolytic cleavage of the cytoplasmic domain of F1hB into two fragments that remain

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

polyhooks and filaments do not assemble (140).

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 (107). Furthermore, the hook assembly is also influenced by
the concentration of hook subunits (FIgE) as superpolyhooks are formed if FIgE is
overexpressed (128). This has led to a model of substrate specificity switching in which
FIgE fills the C-ring and is exported allowing FliK to interact with FIhB, change the export
specificity and be exported itself.

1.5 Function of Flil and FliH in flagellar export
1.5.1 Flil

As previously discussed, flagellum assembly is regulated at the level of 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 Flil. To perform this role, Flil is thought to interact with both components of the
export apparatus and export substrates (119), and ATPase activity is predicted to be
regulated to ensure ATP hydrolysis is coupled to export. This regulatory function is

currently thought to be performed by FliH (118).

Both S. typhimurium and H. pylori Flil share 26% sequence identity with the B-subunit of
Bovine F{-ATPase, and contain the Walker A and B motifs. When the following mutations
were made in S. typhimurium Flil: K188 to [ (Walker A), D272 to N (Walker B) and Y363
to S (adenine binding pocket), the ATPase activity dropped 100-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 Flil produced mutant strains that were non-motile and
aflagellate (77). This mutagenesis data supports a role for Flil energising flagellar protein

export.

However, the Walker A and B motifs are very common in ATP-utilising enzymes and
therefore to verify that Flil has a homologous structure to the F; 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 Flil has shown that like
the F;-ATPase, Flil assembles as a hexamer, and Flil demonstrates positive catalytic

cooperativity (Vmax = 0.28 pmol ATP hydrolysed min™ mg™).

In addition to the catalytic residues, a temperature-sensitive L12P mutation of S.
typhimurium Flil has also been identified, that shows that the residues of the 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 °C. An R7C/L12P
mutation was also created that has an even greater defect in motility at the permissive
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 L12P and R7C/L12P
mutations were not dominant in trans (52), but interestingly when mutant proteins were
created that contained both the R7C/L12P mutation and the Y363S or KI88I catalytic
mutations the dominance of the catalytic mutations was lost (118). It was subsequently
demonstrated that these N-terminal mutants and N-terminally truncated Flil cannot interact
with FliH (118) (121).
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1.5.2 FliH

S. typhimurium FliH has been classified as a soluble component of the export apparatus
because it interacts with other cytoplasmic components, Flil and the cytoplasmic domains
of FIhA and FIhB. 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 (116). Deletions of
FliH 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 2-100 was found to be primarily responsible for the
elongated shape of FliH (64), whereas deletion of residues 100-140 defined the
dimerisation interface by abolishing dimerisation. Furthermore, FliH lacking residues 100-
140 was unable to complement a fIliff 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 Flil and consists of residues 100-235.

At the beginning of'this project no dataon H. pylori FliH had been published.

1.5.3 The FliH-Flil complex

FliH and Flil of S. #yphimurium form an elongated (FliH),Flil complex in solution that
involves the C-termini of both FliH subunits and protects the N-terminal 26 amino acids of
Flil in limited proteolysis experiments (118) (121) (116). Flil in this complex exhibits a 10-
fold decrease in ATPase activity (118), but this result is hard to interpret as Flil was not a
hexamer in this complex. Interestingly, following the binding of ATP, AMP-PNP or ADP
to Flil, the N-terminal 26 residues become susceptible to proteolysis as they are in the

absence of FliH (121), suggesting that conformational changes are coupled to ATP binding.
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The molecular details of the role of Flil and FliH in the export apparatus are still being
characterised. Both proteins have been shown to interact with the cytoplasmic domains of
FIhA and FIhB, albeit weakly, and export substrates such as the hook FIgE and flagellin
FliC which also require Flil for their export (117) (119) (211). These and the previous
observations regarding Flil, FliH and the (FliH)2FIlil 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);Flil complex forms in the cytoplasm. In this complex FliH holds Flil 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 Flil have an intrinsic ability to associate with the membrane
(14) (115) and this leads to stimulation of Flil oligomerisation and ATPase activity (31).
The binding of ATP changes the conformation of the N-terminal domain of Flil (121) and
allows either the binding of the substrate to Flil and/or the association of the complex with
FlhA and B of the export apparatus. Association of the complex with FIhA and FIhB 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 Flil

Significant alignments of Flil homologues and the known structure of the F, B subunit
(Figure 1.7) allow the modeling of the three-dimensional structure of Flil. Such a model is

presented in Figure 1.8.
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I pvlori [lil

C. crescentus Flil

S. typhimurium Flil
Y. enterocolitica Flil
P. aeruginosa Flil

S. typhimurium InvC
X campestris HrpBB6
Y. pestis YscN

P. ueruginosa PscN
B. pertussis BscN

Bovine F, Beta

Bacillus PS3 F, Beta

Bovine F, Alpha

Bacillus PS3 F; Alpha

E. coli Rho

I cholerae Rho
B. subtilis Rho

B. pertussis Rho
P. aeruginosa Rho

—————————— MPLKSLKNRLNQHEDLSPRYGSVKKIMPNIVYADG------FNPSVGDVV
———————————— MRSLIAAVER-IDPLTIYGRVAAVNGLLIEVRGGL----TRLAVGARV
-MTTRLTRWLTALDNFEAKMAL-LPAVRRYGRLTPATGLVLEATG-~~--- LOLPLGATC
—————— MLSLDQIPHHIRHGIVGSRLIQIRGRVTQVTGTLLKAVVP------GVRIGELC
--MRLERTSFARRLEGYTEAVSLPAQPVVEGRLLRMVGLTLEAEGLQ—----AAVGSRCNV
———————————————————— MKTPRLLQYLAYPQKITGPIIEAELR------DVAIGELC
————————— MLAEMPLLQTTLERELAALAFGRRYGKVVEVIGTMLK--VAGVQVSLGEVC
—————— MLSLDQI PHHIRHGIVGSRLIQIRGRVTQVTGTLLKAVVPG------VRIGELC
————— MPAPLSPLIVRMRHAIEGCRPIQIRGRVTQVTGTLLKAVVPG------VRIGELC
------ MRQYHYITEMMRVALQDLSTLRIKGRVVQVVGTIIKAVVPM------VKIGEVC
———————————————————— SPSPKAGATTGRIVAVIGAVVDVQFDEG----LPPILNAL
——————————————————————————— MTRGRVIQVMGPVVDVKFENGH---LPATIYNAL
--QKTGTAEVSSILEERILGADTSVDLEETGRVLSIGDGIARVHGLRN----- VOAEEMV
--MSIRAEEISALIKQQIENYESQIQVSDVGTVIQVGDGIARAHGLDN---—-- VMSGEAV

————— MNLTELKNTPVSELITLGENMGLENLARMRKQDIIFAILKQHAKS-GEDIFGDGV
————— MNLTELKNTPVSDLVKLGESLGLENLARLRKQDITIFAILKAHAKS-GEDIFGDGV
---MKDVSISSLENMKLKELYELARHYKISYYSKLTKKELIFAILKANAEQEDLLFMEGV
---MHLNELKALHVSQLLEMAAGLEIENANRLRKQELMFAIMKRRAKQGEQIFGDGVLEV
---MNLTELKQKPIAELLEMSDAMGLENMARSRKQDIIFALLKKHAKSGEEISGDGVLEI

44
43
52
48
54
34
49
48
49
48

36
30
53
53

54
54
57
57
57
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N-terminal 3-Barrel Domain
o —————————————————————— e ——

H. pylori Ilil KIEKSDG------~ SECVGMVVVAEKEQFGFTPFNFIEGARAGDKVLFL-KEGLNFPV-~- 94
C. crescentus Flil EIERFGQ---——-~--- KPLPAEVVGFRETRALLMPFGPVEGVGPGAEIRIV-PEGAVVRP-- 93
S. typhimurium Flil IIERQDGP----ETKEVESEVVGFNGQRLFLMPLEEVEGILPGARVYAR-NGHGDGLQSG 107
Y. enterocolitica Flil YLRNPDNS~----- LSLQAEVIGFAQHQALLIPLGEMYGISSNTEVSPT-GTMHQVGV-- 99
P. aeruginosa I°lil INESGY------ HPVQVEAEVMGFSGSKVYLMPVGSLAGIAPGARVVPL-PDTGRLPM-- 105
S. typhimurium lovC EITPWLAP----KTGCCTCAGGWLTAGTHRADAYRNCQGLSRDVVLYPT-GRALSAWV-- 87
X campestris HrpB6 ELRQRDGT ------ LLQRAEVVGFSRTLALLAPFGELVGLSRQTRVIGL-GRPLAVPV-- 100
Y. pestis YseN YLRNPDNS--—---- LSLQAEVIGFAQHQALLIPLGEMYGISSNTEVSPT-GTMHQVGV-- 99
P. aeruginosa PscN QLRNPDQS-~—---- LALLAEVIGFQQHQALLTPLGEMLGVSSNTEVSPT-GGMHRVAV-- 100
B. pertussis BscN LLRNPGED-=--—--- FEMHGEVVGFVRDAALLTPIGDMYGISSATEVIPT-GRTHMVPV-- 99
Bovine F; Beta EVQGR------- ETRLVLEVAQHLGESTVRTIAMDGTEGLVRGQKVLDS-GAPIRIPV-- 86
Bacillus PS3 F Beta KIQHKARNENEVDIDLTLEVALHLGDDTVRTI ASTDGLIRGMEVIDT-GAPISVPV-- 87
Bovine F, Alpha ERSSi==-=-"5-== GLKGMSLNLEP-DNVGVVVFGNDKLIKEGDIVKRT-GAIVDVPV-- 99
Bacillus PS3 F, Alpha EFAN--—-—-—-———- AVMGMALNLEE-NNVGIVILGPYTGIKEGDEVRRT-GRIMEVPV-- 100
Significant alignment of rho only occurs after the B-barrel domain
E. coli Rho LEILODG----- FGFLRSADSSYLAGPDDIYVSPSQIRRFNLRTGDTIS-GKIRPPKE-- 106
I. cholerae Rho LETLODG-—-~--- FGFLRSADSSYLAGPDDIYVSPSQIRRFNLRTGDSIA-GKIRPPKE-- 106
B. subtilis Rho LEIIQSE--———- GFGFLRPINYSPSSEDIYISASQIRRFDLRNGDKVS-GKVRPPKE-- 108
B. pertussis Rho i) 2 B} €)] S Ea s GFLRSPDTSYLASTDDIYISPSQIRRFNLHTGDSIE-GEVRTPKD-- 106

P. aueruginosa Rho )0 Bl€) 3o GFLRSADSSYLAGPDDIYVSPSQIRRFNLRTGDTII-GKIRPPKE-- 106
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H. pyvlori Flil

C. crescentus Flil

S oyphimurium Flil
Y. enterocolitica Flil
P. aeruginosa Flhl

S. oyphimurium InvC
X campestris HrpB6
Y. pestis YscN

P. aeruginosa PscN
B. pertussis BscN

Bovine F, Beta

Bacillus PS3 F; Beta

Bovine F; Alpha

Bacillus PS3 F; Alpha

E. coli Rho

I cholerae Rho

B. subtilis Rho

B. pertussis Rho
P. aeruginosa Rho

o—f ATP Binding Domain

————— GRNLLGRVLNPLGQVIDNKGALDY---ERLAPVITTPIAPLKRGLIDEIFSVGVKS
————— TKAWLGRIINAFGEPIDGLGPLPQ--GEVPYPLKTAPPPAHARGRVGERLDLGVRS
KQLPLGPALLGRVLDGGGKPLDGLPAPDT---LETGALITPPFNPLORTPIEHVLDTGVRA
————— GEHLLGQVLDGLGQPFDGGHLPEP---AAWYPVYQDAPAPMSRKLITTPLSLGIRV
————— GMSMLGRVLDGAGRALDGKGGMRA---EDWVPMDGPTINPLKRHPISEPLDVGIRS
----- GYSVLGAVLDPTGKIVERFTPEVAPI-SEERVIDVAPPSYASRVGVREPLITGVRA
————— GSALLGRVLDGLGEPADGOGPLAG=--DDWVQIQAQAPDPMRRRLIEQPLPTGVRI
————— GEHLLGQVLDGLGQPFDGGHLPEP---AAWYPVYQDAPAPMSRKLITTPLSLGIRV
————— GEHLLGQOVLDGLGRPFDGSPPAEP---AAWY PVYRDAPQPMSRRLIERPLSLGVRA
————— GPGLLGRVLDGLGRPLDAAESGPLHA-HKFYPVFADAPDPLTRRIIHAPLELGVRV

————— GPETLGRIMNVIGEPIDERGPIKT---KQFAAIHAEAPEFVEMSVEQEILVTGIKV
————— GQVTLGRVFNVLGEPIDLEGDIPA--DARRDPIHRPAPKFEELATEVEILETGIKV
————— GEELLGRVVDALGNAIDGKGPIGS---KARRRVGLKAPGI I PRISVREPMQTGIKA
————— GETLIGRVVNPLGQPVDGLGPVET---TETRPIESRAPGVMDRRSVHEPLOTGIKA

————— GERYFALLKVNEVNFDKPENARNKILFENLTPLHANSRLRMERGNGST-EDLTARV
————— GERYFALLKVNTVNDDRPDNARNKILFENLTPLHANERMVMERGNGST-EDITARV
————— NERYYGLLHVEAVNGDDPESAKERVHFPALTPLYPDROMVLETKPNFL-STRIMDM
————— GERYFALVKVDKVNGSPPEAIKHRIMFENLTPLHPNQVMRLERDIKSE-ENLTGRI
————— GERYFALLKVDSINFDRPENAKNKILFENLTPLEPNERMKMEAGNGST-EDLTGRV

147
147
165
152
158
142
153
152
153
154

139
141
152
152

161
161
163
161
161
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- - —J —

H. pylori Flil IDGLLTCGKGQKLGIFAGSGVGKSTLMGMITR-—-=-~--——-~ GCLAPIKVIALIGERGRE 197
C. crescentus Flil MNVETTTCRGQRLGIFAGSGVGKSVLLSMLAK-——--—--—-- EATCDAVVVGLIGERGRE 197
S. typhimurium 1l INALLTVGRGQRMGLFAGSGVGKSVLLGMMAR-————--—-——— YTRADVIVVGLIGERGRE 215
Y. enterocolitica Flil IDGLLTCGEGQRMGIFAAAGGGKSTLLASLIR-—---————-- SAEVDVI!VLALIGERGRE 202
P. aeruginosa Flil INGLLTVGRGQRLGLFAGTGVGKSVLLGMMTR----—--—-—-— FTRADIIVVGLIGERGRE 208
S. tvphimurium InvC IDGLLTCGVGQRMGIFASAGCGKTMLMHMLIE----—------ QTEADVEFVIGLIGERGRE 192
X campestris HrpB6 VDGLMTLGEGQRMGIFAAAGVGKSTLIGMFAR--—-————---— GTQCDVNVIVLIGERGRE 203
Y. pestis YseN IDGLLTCGEGQRMGIFAAAGGGKSTLLASLIR-———--—-———- SAEVDVTVLALIGERGRE 202
P. aeruginosa PscN IDGLLTCGEGQRMGIFAAAGGGKSTLLASLVR———-—-—————-— NAEVDVTVLALVGERGRE 203
B. pertussis BscN LDGLLTCGEGQRLGIFAAAGGGKSTLLGMLVKGAA-—-—-—————- VDVTVVALIGERGRE 204
Bovine F; Beta VDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVA--———-—- KAHGGYSVFAGVGERTRE 192
Bacillus PS3 F, Beta VDLLAPY I KGGKIGLFGGAGVGKTVLIQELIHNIA----—-—- QEHGGISVFAGVGERTRE 194
Bovine F; Alpha VDSLVPIGRGQRELIIGDRQTGKTSIAIDTIINQKRFNDGTDEKKKLYCIYVAIGQKRST 212
Bacillus PS3 F Alpha IDALVPIGRGQRELIIGDRQTGKTSVAIDTIINQKD---—-—---- ONMICIYVAIGQKEST 204
E. coli Rho LDLASPIGRGQRGLIVAPPKAGKTMLLONIAQSIAYN------ HPDCVLMVLLIDERPEE 215
. cholerae Rho LDLAAPIGKGQRGLIVAP PKAGKTMLLONIAQSIASN-————— HPECVLMVLLIDERPEE 215
B. subtilis Rho ---MAPVGFGQRGLIVAPPKAGKTMLLKEIANSITAN------ QPEAELIVLLIDERPEE 214
B. pertussis Rho LDIFAPIGKGQRGLIVAPPKSGKTVMMQHVAHAITTN-—-——-— YPDAVLIVLLVDERPEE 215
P. aueruginosa Rho IDLCAPIGKGQRGLIVAPPKAGKTIMLONIASNITRNN------ PECHLIVLLIDERPEE 215
h W N

Walker A motif (P-loop)
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H. pylori Flil

C. crescentus Flil

S oyphinurium Il
Y. enterocolitica Flil
P. aueruginosa Flil

S. typhimurivm InvC
X campestris HrpB6
Y. pestis YscN

P. aeruginosa PscN
B. pertussis BscN

Bovine F; Beta
Bacillus PS3 F| Beta
Bovine F; Alpha
Bacillus PS3 F, Alpha

E. coli Rho

I cholerae Rho
B. subtilis Rho

B. pertussis Rho
P. aeruginosa Rho

o— ATP Binding Domain

_

IPEFIEKNLKGDL------- SSCVLVVATSDDSPLMRKYGAFCAMSVAEYFKNQ-GLDVL
VREFVEETLGEEGL------ RRAVVVVATSDEPALTRROQAAYMTLAISEEFMRDQ-DOEVL
VKDFIENILGPDGR-~-~-—- ARSVVIAAPADVSPLLRMOGAAYATRIAEDFRDR-GQHVL
VREFIESDLGEEGL------ RKAVLVVATSDRPSMERAKAGEVATSIAEYFRDQ-GKRVL
VKEFIDEILGEEGL------ KRSVVVASPADDAPLMRLRAAQYCTRIAEYFRDK-GKNVL
VTEFVDMLRASHKK------ EKCVLVFATSDEPSVDRCNAAQLAT TVAEYFRDQ-GKRVV
VREFIEMILGPDGL------ ARSVVVCATSDRSSIERAKAAYVGTAIAEYFRDR-GMRVL
VREFIESDLGEEGL------ RKAVLVVATSDRPSMERAKAGEVATSIAEYFRDQ-GKRVL
VREFIESDLGEQGL------ RRSVLVVATSDRPAMERAKAGEVATSIAEYFRDQ-GRRVL
VREFLEHELGPEGR------ RKSVIVCATSDKSSMERAKAAYVATAIAEYFRDQ-GQRVL
GNDLYHEMIESGVINLKDATSKVALVYGOMNEPPGARARVALTGLTVAEYFRDQEGQODVL
GNDLYHEMKDSGVI------ SKTAMVFGOMNEPPGARMRVALTGLTMAEYFRDEQGQODGL
VAQLVKRLTDADAM-—-——-~ KYTIVVSATASDAAPLQYLAPYSGCSMGEYFRDN-GKHAL
VATVVETLAKHGAP------ DYTIVVTASASQPAPLLFLAPYAGVAMGEYFMIM-GKHVL
VTEMQR---—-—-=-=--—-—- LVKGEVVASTFDEPASRHVQVAEMVIEKAKRLVEH-KKDVI
VTEMQR-----------—- LVKGEVVASTFDEPASRHVQVAEMVIEKAKRLVEH-KKDVV
\Y A1l D1 ) 3 N e eSS o SVAGDVVSSTIDEVPENHIKVAELVLERAMRLVEHKKYVII
VTEMQR--=-====--—---- TVRGEVVASTFDEPATRHVQVAEMVIEKAKRLVEMKKDVVI
VTEMQR---—---—--—--—-— TVRGEVVASTFDEPPTRHVQVAEMVIEKAKRLVEHKKDVVI

AVAVaS

249
250
268
255
261
245
256
255
256
257

252
248
265
257

261
261
261
262
262

Walker B motif
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I pylori Flil

C. crescentus Ilil

S. yphimurium Flil
Y. enterocolitica Flil
P. aeruginosa Flil

S. typhimurium InvC
X campestris Hrp36
Y. pestis YseN

P. aeruginosa PscN
B. pertussis BseN

Bovine Fy Beta
Bacillus PS3 F, Beta
Bovine Fy Alpha
Bacillus PS3 F; Alpha

E. coli Rho

I cholerae Rho
B. subtilis Rho

B. pertussis Rho
P. aeruginosa Rho

FIMDSVTRFAMAQREIGLALGEPPTSKGYPPSALSLLPQLMERAGKE------ ENKGSIT
CLMDSVTRFAMAQREIGLAAGEPPTTKGYTPTVFTELPKLLERAGPGPIRPDGTTAAPIT
LIMDSLTRYAMAQREIALAIGEPPATKGYPPSVFAKLPALVERAGNG--—-—-- ITHGGGSIT
LLMDSVTRFARAQREIGLAAGEPPTRRGYPPSVFAALPRLMERAGQS---—-—--- SKGSIT
LLMDSLTRYAQAQREIALAIGEPPATKGYPPSVFAKLPKLVERAGNAEA----- GGGSIT
LFIDSMTRYARALRDVALASGERPARRGYPASVFDNLPRLLERPGGT--—----- SEGSIT
LMMDSLTRFARAQREIGLAAGEPPTRRGEFPPSVFAELPRLLERAGMG———-—-——— ETGSIT
LLMDSVTRFARAQREIGLAAGEPPTRRGYPPSVFAALPRLMERAGQS-------— SKGSIT
LLMDSLTRFARAQREIGLAAGEPPTRRGYPPSVFAALPRLMERAGQS--—----- ERGSIT
FLMDSVTRFARAQREIGLAAGEPPTRRGYPPSVFATLPKLMERAGMN———-—--- QTGSIT
LFIDNIFRFTOQAGSEVSALLGRIPSAVGYQPTLATDMGTMQERITTT—----—-- KKGSIT
LFIDNIFRFTQAGSEVSALLGRMPSAIGYQPTLATEMGQLQERITST--—----- AKGSIT
ITYDDLSKQAVAYROMSLLLRRPPGREAYPGDVFYLHSRLLERAAKMNDAF---GGGSLT
VVIDDLSKQAAAYRQOLSLLLRRPPGREAYPGDIFYLHSRLLERAAKLSDAK---GGGSLT
ILLDSITRLARAYNTVVFPASGKVLTGGVDANALHRPKRFFGAARNVEE------ GGSLTI
ILLDSITRLARAYNTVVPASGKVLTGGVDANALHRPKRFFGAARNVEE--~--- GGSLTII
-LMDSITRLARAYNLVIPPSGRTLSGGIDPAAFHRPKRFFGAARNIEE-——-- GGSLTIL
-LLDSITRLARAYNTVVPASGKVLTGGVDANALQRPKRFFGAARNLEE-—--—-- GGSLTIL
;BﬁgsITRLARAYNTVIPSSGKVLTGGVDAHALEKPKRFFGAARNIEE ————— GGSLTIL

Walker B motif Q-loop

303
310
323
308
316
298
309
308
309
310

305
301
322
314

315
316
315
316
316
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H. pylori Flil

C. crescentus Flil
S.nvphimurium Flil
Y. enterocolitica Flil
P. aeruginosa Flil

S. nvphimurium InvC
X campestris HrpB6
Y. pestis YscN

P. aeruginosa PscN
B. pertussis BscN

Bovine F, Beta
Bacillus PS3 F, Beta
Bovine F; Alpha
Bacillus PS3 F| Alpha

E. coli Rho

. cholerae Rho
B. subtilis Rho

B. pertussis Rho
P. aeruginosa Rho

o—[3 ATP Binding Domain

—i-

AFIFSVLVEGDDLSDPIADQTRSILDGHIVLSRELTDYGIYPPINILNSASRVAKDII-SE
ALFTVLVDGDDHNEPIADATRGILDGHIVMERAIAERGREFPAINVLKSISRTMPGCQ-HP
AFYTVLTEGDDQODPIADSARAILDGHIVLSRRLAEAGHYPAIDIEASISRAMTALI-TE
ALYTVLVEGDDMTEPVADETRSILDGHIILSRKLAAANHYPAIDVLRSASRVMNQIV-SK
AFYTVLSEGDDQQODPIADAARGVLDGHFVLSRRLAEEGHYPAIDIEASISRVMPQVV-EA
AFYTVLLESEEEADPMADE IRSILDGHLYLSRKLAGQGHYPAIDVLKSVSRVEGQVT-TP
AFYTVLAEDDTGSDPIAEEVRGILDGHLILSREIAARNQYPAIDVLGSLSRVMSQIV-SA
ALYTVLVEGDDMTEPVADETRSILDGHIILSRKLAAANHYPAIDVLRSASRVMNQIV-SK
ALYTVLVEGDDMSEPVADETRSILDGHIVLSRKLAAANHYPAIDVLHSVSRVMNQIV-DD
ALYTVLVEGDDMNEPVADETRSILDGHIVLSRKLGAANHYPAVDVLASASRVMNAVV-SP

SVQAIYVPADDLTDPAPATT FAHLDATTVLSRAIAELGIYPAVDPLDSTSRIMDPNIVGS
SIQAIYVPADDYTDPAPATTEFSHLDATTNLERKLAEMGIYPAVDPLVSTSRALAPEIVGE
ALPVIETQAGDVSAYIPTNVISITDGQIFLETELFYKGIRPAINVGLSVSRVGSAAQ-TR
ALPFVETQAGDISAYIPTNVISITDGQIFLOSDLFFSGVRPAINAGLSVSRVGGAAQ-IK

IATALIDTGSKMDEVIYEEFKGTGNMELHLSRKIAEKRVEPAIDYNRSGTRKEELL-TTQ
-ATALVDTGSKMDEVIYEEFKGTGNMELHLNRKIAEKRVEFPAIDENRSGTRREELL-TKT
-ATALVDTGSRMDDVIYEEFKGTGNMELHLDRSLAERRIFPAIDIRRSGTRKEELLVPKE
~GTALIETGSRMDEVIYEEFKGTGNSEVHLERRLAEKRVYPSINLNKSGTRREELLIKPE
—ATALVE{EEE%E?VIYEEFKGTGNMELPLDRKIAEKRVFPAININRSGTRREELLTSED

R-loop

362
369
382
367
375
357
368
367
368
369

365
361
381
373

374
374
374
375
375
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H. pylori Flil

C. crescentus Flil

S. typhimurium Flil
Y. enterocolitica Il
P. aeruginosa Flil

S. oyphimurium InvC
X campestris HrpB6
Y. pestis YscN

P. aeruginosa PscN
B. pertussis BscN

Bovine F, Beta
Bacillus PS3 F, Beta
Bovine F; Alpha
Bacitlus PS3 F, Alpha

E. coli Rho

I cholerae Rho
B. subtilis Rho

B. pertussis Rho
P. aeruginosa Rho

Bundle of Helices, C-terminal Domain

SONLCARKFRRLYALLKENEMLIRIGSYQMG--NDKELDEAIKKKALMEQFLAQD----- 415
HERDIVKGARQVMSAYSNMEELIRIGAYRAG--ADPVVDRAIRLNPAIEAFLSQD----- 422
QHYARVRLFKQLLSSFQRNRDLVSVGAYAKG--SDPMLDKAITLWPQLEAFLOQG-————-— 435
EHKTWAGDLRRLLAKYEEVELLLOQIGEYQKG--ODKEADQAIERIGAIRGWLCQG-—-——-— 420
EHLRCAQRFKQLWSRYQQSRDLISVGAYVAGG--DPETDLAIARFPVMRQFLRQG————-— 428
THAEQASAVRKLMTRLEELQLFIDLGEYRPCA-KISITIGRCRCGDSLKARLCQP----- 411
EQRQYAGQLRRLLAKHNEVETLLQVGEYRHGS--DAVADEAIARIDAIRDFLSQP----- 421
EHKTWAGDLRRLLAKYEEVELLLOQIGEYQKG--ODKEADQAIERMGAIRGWLCQG——-—-- 420
DORHAAGRLREWLAKYEEVELLLKIGEYQKG--QODSEADRAIEKIGAIRQWLRQG-—-—-—— 421
RHKYLAGRMRELMAKYQDVELLVKIGEYKQG--ADASTDEAIQKIGQINAFLRQL----- 422

EHYDVARGVQKILQDYKSLQDITIAILGMDEL---SEEDKLTVSRARKIQRFLSQPFQVAE 422
EHYQVARKVQQTLERYKELQDIIAILGMDEL---SDEDKLVVHRARRIQFFLSQNFHVAE 418

AMKQVAGTMKLELAQYREVAAFAQ-FGSDLD---AATQQLLSRGVRLTELLKQGQ----- 432
AMKKVAGTLRLDLAAYRELEAFAQ-FGSDLD---KATQANVARGARTVEVLKQDL----- 424
EELOKMWILRKIIHPMGEIDAME FLIN-————————=—--m e __ 401
DELOKMWILRKIVHPMGETDAMEFLID— === == =————————— o ____ 401
-HLDRLWSIRKTMSDSPDFAEKFMRKM === == - oo ____ 400
~LLOKVWVLRKFIHDMDEIQSMEFILD-——-===——ccooom oo __ 401

~ELORMWILRKILHPMDEISAIEFLID-—==—=—— === ———— oo ____ 401
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_ . - o

I pylosi THL - T ENALQPFETSFQQLEEILR--————————— o ______ 434
C crescentys FIL T KEEATSLDDSFGMLGQILQSEY ——— === === o _____ 444
S tvphimurivm Flit -~ === IFERADWEDSLQALDLIFPTV === === == e oo ___ 456
Y. enterocolitica Flil -~ ————= THELSHENETLNLLETLTQ=========c o oo oo e 439
P. aeruginosa Tl —7—=- LDESESLAESRARLASLLAGGQA - ————==— e mm e o __ 451
S, yphimurivm lnvC - T VAQYSSFDDTLSGMNAFADQON - — - —————— e 432
X campestris HrpB6 - —=——~ TDQLSDYDTILEQLAGVIDDA - === == ———— e 442
Y. pestis YseN - TT7=- THELSHFNETLNLLETLTQ--———— === e~ 439
P. aeruginosa PseN —---- THETSDYAQACAQLRSLCA-—————————mm o __ 440
B. pertussis BseN T TDEREAFEDTVLRMAEIIGPES - ———————— = e ___ 444
Bovine F; Beta VFTGHLGKLVPLKETIKGFQQILAGEYDHLPEQA---FYMVGPIEEAVAKADKLAEEHS- 478
Bacillus PS3 F, Beta QFTGQPGSYVPVKETVRGFKEILEGKYDHLPEDR---FRLVGRIEEVVEKAKAMGVEV-- 473
Bovine Fy Alpha - ———-- YSPMAIEEQVAVIYAGVRGYLDKLEPSK-—------ ITKFENAFLSHVISQHQAL 460
Bacillus PS3 Fy, Alpha - ---—-- HQPIPVEKQVLIIYALTRGFLDDIPVED------- VRRFEKEFYLWLDONGQHL 452
E. coli Rho ----KLAMTKTNDDFFEMMKRS - = - - = — === —— - ____ 419
- cholerae Rho ——--KLAMTKTNDEFFDAMRRQ-===—=———— == o o o oo 419
B. subtilis Rho - - - "KKTKTNQEFFDILNQEWKQANLSSARR-——=———————co—— o _____ 427
B. pertussis Rho ——--KMRATKTNAEFFDMMKK-——————===com e e __ 418

P. aeruginosa Rho —==--KLKQTKTNDEFFDSMKRK-——— == - - - - e ___ 419
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Figure 1.7. Multiple alignment of the primary sequence and secondary structure elements of homologues of Flil, the Type 111
export ATPases, the Rho transcription terminator and the F;-ATPase a- and B-subunits. The NCBI gi numbers for these protein
sequences are: 15646029, H. pylori Flil, 16127270, C. crescentus Flil, 120332, S. typhimurium Flil; 732261, Y. enterocolitica Flil,
730791, P. aeruginosa Flil; the Type III export system ATPases, 497222 S. typhimurium InvC, 21112282 X. campestris HipB6,
16082728 Y. pestis YscN, 9947670 P. aeruginosa PscN, 29603230 B. pertussis BscN; 1943080, 114543, Bovine F,-ATPase a- and -
subunits respectively; 114531, 114571, B. subtilis PS3 F;-ATPase a- and B-subunits respectively; 26110951 E. coli Rho, 9654720 V.
cholerae Rho, 2636233 B. subtilis Rho, 33602207 B. pertussis Rho, 15600432 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 al/, 1994. 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 B-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 B-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 labeled A-H, in the C-terminal domain the helices are numbered 1c-3¢c. These are the
same designations used by Abrahams et a/, 1994 for the Bovine F|-ATPase structure and by Miwa et al/, 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 Flil sequence is from strain 26695. The DNA used in the
cloning and mutagenesis of f1i/ was from strain 17874. Strain 17874 contains the following point mutations 1,40-V and T3;3-A (142). In
addition three mutations were introduced during cloning, Ss,-T, I360-T and T424-Q.
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Figure 1.8 Model of the three dimensional structure of H. pylori Flil. This model is
based on the structure of the Bovine F|-ATPase B-subunit as published by Abrahams e a/,
1994. Following alignment of the primary sequences of a number of Flil homologues and
the known secondary structural elements of Bovine F-ATPase B-subunnit in Figure 1.7, the
amino acids of Bovine F|-ATPase B-subunit were substituted for those of Flil or deleted
where appropriate, and the torsion angles were adjusted where necessary to accommodate
these changes without steric clashes. The B-strands are coloured yellow and numbered 1-9,
the helices are red and labeled A-H and 1c-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 B-subunit of the F,-ATPase, the three-dimensional structure of H. pylori Flil is
predicted to consist of three domains: an N-terminal B-barrel of six strands, a central
nucleotide binding domain containing a nine-stranded B-sheet with nine associated helices,
and a C-terminal bundle of helices. However, the C-terminal domain of Flil consists of four
helices rather than the five seen in the C-terminal domain of F|-ATPase a- and B-subunits.
The model also suggests that the catalytic site is conserved with the residues of the
conserved P-oop (Walker A motif) positioned to bind the phosphates of ATP, and
Glutamate 193 is appropriately positioned to activate a water molecule for a nucleophilic

attack on the terminal phosphate leading to ATP hydrolysis.

1.6 Flil Homologues

1.6.1 FoF1 ATP-synthase

Given the predicted structural homology of the F{-ATPase B-subunit to Flil (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 of these to enzyme function.

Oxidative phosphorylation establishes transmembrane proton gradients. When protons
move down this concentration gradient via the Fy subunit, releasing free energy, the FoF,
ATP-synthase couples this free energy release to ATP synthesis (Figure 1.9). Disruption of
the stalk connecting the F, and F, releases the F, catalytic subunit of the enzyme from the
membrane bound Fo component responsible for proton conductance. The F; subunit
consists of five different proteins present in the following stoichiometry: 3a:3B:1y:18:1¢€.
The a- and B-subunits alternate to form a roughly spherical complex with y helices at the

centre (Figure 1.10).
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Figure 1.9. Model of the synthesis of ATP by the E. coli FoF, ATP-synthase. From
Fillingame ez al. (55).
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Figure 1.10. The structure of the af-hexamer of the Fi-ATPase. In this figure the a-
subunits are shown in green, B-subunits in red, the central y-subunit is shown in blue. This
structure was generated with the PDB file of Abrahams er a/ (1), that contains the

coordinates for the crystal structure of the Bovine apy-complex of the F-ATPase.

1.6.1.1 Structure of the F,-ATPase

The Bovine F;-ATPase consists of three o- and three B-subunits arranged in a
pseudohexameric fashion around a y-subunit in the core of the structure. The a- and B-
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 B-subunits form a continuous 24-stranded p-sheet. The first 18-24 residues of

the N-terminus are disordered and not visible in the crystal structure of F;-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 o-subunit in the complete FoF; 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 B-subunits respectively.
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Figure 1.11. An F;-ATPase f-subunit and the y-subunit. The B-subunit is shown in red
and ADP is bound in the catalytic site. This structure was generated with the PDB file of
Abrahams et al (1), that contains the coordinates for the crystal structure of the afy-

complex ofthe F;-ATPase.
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1.6.1.2 Catalytic sites ofthe F-ATPase

The catalytic sites of the F|-ATPase are formed primarily by residues of the B-subunit and
lie at the interface of the a- and B-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-loop (Walker A motif) with the consensus sequence
GXXXXGKTY/S, while the adenine moiety binds in a hydrophobic pocket formed by a-
Y345, 0-F424 and o-F418. The octahedral coordination of the Mg™* in the active site
involves the hydroxyl oxygen of B-T163 (Walker A), a water molecule hydrogen bonded to
B-D256 (Walker B), two water molecules hydrogen bonded to B-E192 and the B- and y-
phosphate oxygens of ATP. The only significant contribution from the a-subunit to the
catalytic sites i1s a-R373. The guanidinium group of a-R373 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 B-E188. The absence of a functional equivalent of -

E 188 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;-ATPase are in different conformations despite the
similarities of the a- and B-subunits because the quarternary structure of the F;-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 1.11). For example in the
crystal structure of Abrahams and colleagues (1), the R-loop of the Bg-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-loop
from the active site. Experiments have shown that rotation of the y-subunit occurs in
response to ATP hydrolysis (131). As the y-subunit rotates during hydrolysis the interaction
with the R-loop will be broken, allowing the Pe active site to adopt a different
conformation, and in this manner the R-loop is thought to couple ATP hydrolysis to the

rotation of the y-subunit.
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1.6.2 Rho transcriptional terminator

Transcription termination in bacteria occurs by two mechanisms (Richardson and
Greenblatt, 1996). One of these involves the formation of a 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 (ruf) (127) (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 a- and B- subunits of
the F1-ATPase (Figure 1.11). It shares 17% and 21% 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 1.12). However, the
N-domain of Rho is significantly different from the N-domain of the F,-ATPase catalytic
subunits. It contains two sub-domains: an N-terminal bundle of three a-helices and a C-
terminal B-barrel domain. This five-stranded B-barrel has an oligosaccharide/olignucleotide
(OB) fold and it contains an RNP [-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 B- subunits of the F,-ATPase, and
the Flil model already mentioned, it is comprised of seven parallel B-strands sandwiched
between seven a-helices. This domain contains the Walker A and B motifs important for
the function of the catalytic sites, and as such mutations within these motifs cause a drastic
decrease in ATP hydrolysis and transcription termination by Rho (42). Like F;-ATPase,
Rho contains three catalytic sites in different conformations that lie at the interface of two

subunits (164), and these catalytic sites act sequentially in a cooperative manner (174) (25).
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Figure 1.12. The structure of Rho transcription termination factor. From Skordalakes

et al (164).

The crystal structure of Rho also shows that the subunits form a hexameric ring 120 A
wide, with an intemal 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 1.12, 1.13). 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 (164) (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 15 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 - 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 (164). This binding leads to the
opening of the hexameric ring, and the RNA inserts through the side of the ring and binds
to the Q-loop as the secondary low affinity binding site (195) (196). RNA binding
stimulates the closing of the hexameric ring (63) and cooperative sequential ATPase
activity at the three active sites (174) (173). Within this catalytic cycle the R-loop would
function in a similar manner to the F,-ATPase R-loop by periodically contact the RNA and
concomitantly dissociate the P-loop from the active site (122). Thus, the catalytic
mechanisms of F;-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 of the enzyme hexamer.
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Figure 1.13. The quarternary structure of Rho transcription termination factor. From
(164). 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

flagellum substrates, unfolds them and energises their export.

When this project began S. typhimurium Flil 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. fyphimurium and H. pylori
(43) (188) (142) (77) (52). Furthermore, Sa/monella researchers had also acknowledged
significant sequence identity between Flil and the F;-ATPase B-subunit. But, these

researchers also disregarded any structural or functional relationship between the proteins.

The overriding hypothesis of this thesis is that the F|-ATPase and to a lesser extent the Rho
transcriptional terminator are indeed structural homologues of Flil. Furthermore, these

proteins are functionally analogous although in different biological contexts.

This hypothesis has several implications for the structure and function of Flil. Firstly, in the
absence of a homologue of the a-subunit, Flil must assemble as a homohexamer and during
the course of this project this was demonstrated for the S. typhimurium Flil (31). Secondly,
the Flil hexamer will demonstrate catalytic cooperativity, and such catalytic cooperativity
was also demonstrated for S. fyphimurium during the course of this project (31). Thirdly, in
the absence of a homologue of the y-subunit, a rotary catalysis mechanism for the
hydrolysis of ATP will be coupled to the movement, unfolding and export of flagellar
proteins through the centre of the Flil hexamer. This coupling of the ATP hydrolysis cycle
to the movement and unfolding of flagellar proteins will involve the Flil R-loop contacting

the proteins. This third point has yet to be demonstrated.

When Flil and the rotary catalytic mechanism are considered in the broader context of the
Fi-ATPase model a second hypothesis can be proposed. That is, another protein of the
export apparatus must interact with Flil 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;-ATPase stator within the N-terminal half of the
protein (212). There is also some sequence identity shared between the C-terminal half of
FliH and the 8-subunit of the F,-ATPase stator.

When this project began FliH was known to be important for flagellum biogenesis as
mutants are non-motile and defective in flagellation due to a failure export flagellar
proteins (188) (117). A specific function for FIiH 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 Flil ATPase activity by FliH was demonstrated with the S. fyphimurium
proteins during the course of this project (118). Furthermore, if FliH is analogous to the
stator it will form an elongated dimer (213) and exert this inhibitory effect by interacting
with Flil. This interaction was demonstrated concurrently in this project and with the S.

typhimurium FliH and Flil (118).

The interaction of the d-subunit of the stator with the N-terminus of the a-subunit is quite
well characterised (213) (193) (214) (215) (216) in our F,-ATPase model. Therefore if we
extend this analogy it is possible to hypothesize the molecular nature of the FliH-Flil
interaction. We would expect this interaction to involve a hydrophobic interface and a helix

atthe N-terminus of Flil. The major findings of this project support this hypothesis.
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2. Materials and Methods

2.1 Bacterial strains and growth conditions

E. coli strains (Table 2.1) were grown in either Luria Bertani (LB) broth at 37°C in an
Innova 4330 Refrigerated Incubator Shaker (New Brunswick Scientific) at 220rpm, or on
solid LB Agar at 37°C in an incubator. Following growth on LB agar plates, the plates were
stored at 4°C for no longer than three weeks. The growth temperature of liquid cultures was

varied during protein expression, as described below.

The LB Broth was made in 1 L of deionised H,O by adding 10 g of Bacto™ Tryptone
(Becton, Dickinson and Company, BD), 5 g of Bacto™ Yeast Extract (BD), 10 g of NaCl
and stirring to dissolve on a magnetic stirrer. To make LB Agar, 15 g of Difco™
Granulated Agar was additionally added to LB broth. LB broth and LB Agar were sterilised
at 121 °C for 40 min in an autoclave. The LB agar was allowed to cool to approximately 50

°C before being poured into petri dishes.

H. pylori strains (Table 2.1) were grown on Chocolate Blood Agar (CBA) at 37 °C in a CO,
incubator with 5% CO,. CBA was made with 4.4% (w/v) columbia blood agar base
(Difco), after sterilisation the media was allowed to cool to approximately 70 °C, and
defibrinated horse blood (Life Technologies) was added to a final concentration of 5%. The
media was then placed in a 70 °C 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 37 °C shaker for 24-48 hours.

For long term storage of E. coli, 600 pl of a liquid culture were mixed with an equal

volume of 70% glycerol and frozen at -80 °C. 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 (TSB, Difco).

Table 2.1. Bacterial strains used in this study

Bacterial strain Characteristics Source / reference
H. pylori CCUG 17874 H. pylori type strain, motile Culture collection University of
Gothenburg, Sweden
H. pylori 26695 H. pylori genome strain, non- (182)
motile
E. coli DH5aq™ F~ ¢80lacZAMI15 A(lacZY A- (Invitrogen™ Life
argF)U169 deoR recAl endAl Technologies)
hsdR17(r,, my") phoA supE44
thi-1 gyrA96 relA1 N

E. coliRosetta™ F ompT hsdSg (tymg’) galdem | (Novagen)
PRARE (argU, argV, ileX, gh'T,

leuW, prol) - _J

2.2 DNA Methods
2.2.1 DNA preparation

2.2.1.1 Plasmid purification
Plasmids 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® 18 microcentrifuge at top
speed (14,000 x g). The supernatant was discarded and the cells were resuspended in 100 pl
of 1 x TE (10 mM Tris, pH 8.0, | mM EDTA). Then 100 pl of GES (5 M Guanidinium
thiocyanate, 100 mM EDTA, 0.5% (w/v) sarkosyl) and 2 pul of 10 mg/ml RNase was added,

and mixed thoroughly by inversion of the tube until 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 °C) 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 gl of
1 x TE in an eppendorf tube. Following the addition of 20 pl of Proteinase K (50 mg/ml,
Sigma), the tube was incubated at 50 °C 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 100% ethanol, and
the precipitated DNA was washed again in 70% ethanol before being resuspended in 100-
200 plof 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 1xTAE (40 mM Tris-acetate, | mM
EDTA) 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 10-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 1xTAE.

DNA samples, 1-5 pl, 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 pg/ml ethidium bromide. The DNA in the gel was then

visualised and photographed on an IS-1000 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



Materials and Methods 65

vectors, to linearise plasmid vectors, and check potentially recombinant plasmids for the
presence of an inserted fragment of DNA. A typical reaction mixture consisted of 0.5 pl-1
ul of the restriction endonuclease (such that the glycerol concentration was always less than
10% of the total reaction volume), 1-10 ul target DNA (usually less than 1 ug of total
DNA), 2 ul of 10X reaction buffer, H,O to a final volume of 20 pl.

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 Cloning procedures
2.3.1 DNA amplification by PCR

PCR was performed in a MyCycler™ Thermal Cycler (Bio-Rad) in a total reaction volume
of 20 pl. Each reaction contained 1x reaction buffer (20 mM Tris-HCI (pH 8.8 at 25 °C), 10
mM (NH4),SO04, 10 mM KCl, 0.1% Triton X-100, 0.1 mg/ml BSA, 2 mM MgS0O), 0.2 mM
dNTPs, 0.2 uM of the forward primer and 0.2 pM of the reverse primer, 1 ng of template
DNA, 0.2 ul (0.5 U) of Pfu polymerase (Fermentas), H,O was added to reach the final

volume. A list of primers is presented in Table 2.2.

A typical amplification program consisted of 30 cycles. Each cycle consisted of a 1 min
denaturation step at 95 °C, a 30s annealing step at 56 °C, and a 1 min elongation step at 72
°C. In the first cycle 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. If a genomic
DNA template was used the denaturation steps were longer, the annealing temperature was
adjusted to keep it at 4 °C below the Tm of the primer, the elongation time was adjusted to

allow two minutes for the polymerase to amplify e very kb of DNA.
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Table 2.2. Oligonucleotides used in this study

Name Restriction Sequence® Application
Sites
pUC/ na GTT TTCCCAGTCACGAC Sequencing the pUC based plasmids used for
M13 FP HPO0256 knock-out mutagenesis
pUC/ na CAGGAAACAGCTATGAC Sequencing the pUC based plasmids used for
MI3 RP HP0256 knock-out mutagenesis
MLO022 BamH1 CGGGATCC CGGGGCGAAAGATTGGAGATTT | Forward primer used for the PCR amplification of
arm 1 for the HP02 56 knock-out mutagenesis
ML023 EcoRI CGGAATTCCGTTACGCATGCAAGCCCTC Reverse primer used for the PCR amplification of
arm 2 for the HP0256 knock-out mutagenesis
MLO027 Bglll CCATCGTAGATCTGGGCTGCAGCGAATTTTT | Reverse primer used for the PCR amplification of
TCATAGAAAAATCG arm 1 for the HP0256 knock-out mutagenesis
ML028 Bgill GCAGCCCAGATCTACGATGGGCAATTAAAA | Forward primer used for the PCR amplification of
AGCGCTCTAAGAAT arm 2 for the HP0256 knock-out mutagenesis
ML024 na GCTAGTAGCTGGCGATGATT Mutagenesis of the f1i/ R-loop, E3;;-A, forward
primer
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Table 2.2 continued

MLO025 na GCTAGTAGAGGCTGATGATT Mutagenesis of the f7i/ R-loop, G1,-A, forward
primer
MLO026 na AGTAGAGGGCGCTGATTTGA Mutagenesis of the fIif R-loop, Ds)3-A, forward
primer
ML043 na CAAATCATCGCCAGCTACTAGC Mutagenesis of the f7i/ R-loop, Esii-A, reverse
primer
ML044 na CAAATCATCAGCCTCTACTAGC Mutagenesis of the flil R-loop, Ga)2-A, reverse
primer
ML045 na GCTCAAATCAGCGCCCTCTACT Mutagenesis of the f1i] R-loop, D33-A, reverse
primer
ML047 Bgll GAAGATCTTTATCTTAAGATTTCTTCTAATT Reverse primer for the PCR amplification of full-
GCTGAAAGC length i/ for R-loop mutagenesis
ML048 na ATTCAATAAGGTAATTTAATGCCCCTAAAAT | Forward primer for the PCR amplification of full-
CCTTAAAAAACCG length fli/ for R-loop mutagenesis, it also anneals
to the 3’ end of the rec4 promoter
ML049 Sall ACGCGTCGACAAGCTGATTGCGCTCACATC | Forward primer for the amplification of the recA
ATAA promoter used for the expression of R-loop
mutants of f1i/
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Table 2.2 continued

MLO050 na AGGATTTTAGGGGCATTAAATTACCTTATTG | Reverse primer for the amplification of the rec4
AATTTGATTTGTTTATTCTATCAAA promoter used for the expression of R-loop
mutants of fJil, it also anneals to the 5’ end of fIif
MLO51 na CGATTAGCGCCTGTCATTACA Sl sequencing primer
MLO0S52 na GAATTTATAGAGAAAAACCTGAAAGGG il sequencing primer
MLO053 na CTTTCCTTATTGCCTCAATTAATGGAG il sequencing primer
SAMO003 BamH]1 GACCTGGGATCCCGCTATGGGAGCGTGAAA | Forward primer used for the PCR amplification of
AAAATC S1il DNA encoding the N-terminal domain of Flil
without the first 18 amino acids
SAMO00S EcoR1 GCGCCGGAATTCTCAATTCAACCCCTCTTTT | Reverse primer used for the PCR amplification of
AAGAACAG flil DNA encoding the N-terminal domain of Flil
MLO057 BamH1 CGGGATTCCCCGCGAAATCCTTAAAAAACC | Forward primer for the PCR amplification and
GCTTGAAT mutagenesis of the DNA encoding the f1i/ N-
terminal domain, L;-A
MLO058 BamH]1 CGGGATCCCCCCTAAAATCCGCGAAAAACC | Forward primer for the PCR amplification and
GCTTGAAT mutagenesis of the DNA encoding the fif N-
terminal domain, L¢-A
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Table 2.2 continued

MLO059 BamHI CGGGATCCCCCCTAAAATCCTTAAAAAACG | Forward primer for the PCR amplification and
CGTTGAAT mutagenesis of the DNA encoding the f7if N-
terminal domain, Re-A
MLO060 BamHI CGGGATCCCCCCTAAAATCCTTAAAAAACC | Forward primer for the PCR amplification and
GCGCGAATCAG mutagenesis of the DNA encoding the f7i/ N-
terminal domain, L;;-A
MLO063 BamHI CGGGATCCCCCCTAAAATCCGAAAAAAACC | Forward primer for the PCR amplification and
GCTTGAAT mutagenesis of the DNA encoding the f7i/ N-
terminal domain, L¢-E
ML064 BamHI1 CGGGATCCCCCCTAAAATCCTTAGCGAACC | Forward primer for the PCR amplification and
GCTTGAAT mutagenesis of the DNA encoding the f7i/ N-
terminal domain, K;-A
MLO065 BamHI CGGGATCCCCCCTAAAATCCTTAAAAAACG Forward primer for the PCR amplification and
AATTGAAT mutagenesis of the DNA encoding the f7il N-
terminal domain,Ry-E
MLO066 BamH1 CGGGGATCCCCCCTAGCGTCCTTAAAAAAC | Forward primer for the PCR amplification and
CGCTTGAAT mutagenesis of the DNA encoding the f1i] N-
terminal domain, K4-A
MLO020 BamH]I GGTTTGGATCC Forward primer for the PCR amplification of f/liH
TCATTGAATAGCCGTAAGAACTTG
MLO61 BamHI GACCTGGGATCCGAAAACGCTAAAAACGAC | Forward primer for the PCR amplification of flif
GGCTATAAA DNA encoding FliH 94-258
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Table 2.2 continued

ML062 BamH]1 GACCTGGGATCCACTCACAGCGTGAATGAA | Forward primer for the PCR amplification of fliH
GAAAAAAAC DNA encoding FliH 117-258
MLO21 EcoRI GGTTTGAATTCTCACACCTTAAAATTTTCCA | Reverse primer for the PCR amplification of fliff

ACAC

“Restriction 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 1l of 5X reaction buffer (250 mM Tris HCI (pH
7.6), SO0 mM MgCl,, S mM ATP, S mM DTT, 25% (w/v) PEG-8000), I ul DNA ligase,
insert and vector DNA at a molar ratio of 3:1, H,O to a final volume of 20 pl. The ligation
mixture was incubated at 14 °C for 12 hours in the MyCycler™ Thermal Cycler (Bio-Rad),

then used to transform 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 °C glycerol stock, and grown ovemight in a 37 °C
incubator. The next day a single colony was used to inoculate a 5 ml LB broth culture that
was then grown ovemight in a shaker at 37 °C. The next day this 500 pl of the overnight
culture was diluted in 50 m1 of LB broth and grown at 37 °C in a shaker until an ODggg ym Of
0.4-0.6. The cells were then harvested by centrifuging at 6000 x g for 5 min at 4 °C. 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 10 ml of CM1 (10 mM NaOAc,
pH 5.6, 50 mM MnCl,, S mM NaCl). The cells were then centrifuged again at 6000 x g for
5 min at 4 °C, the supemnatant decanted and the pellet resuspended in 1 ml of CM2 (10 mM
NaOAc, pH 5.6, 5 mM MnCl,, 5% glycerol, 70 mM CaCl,). The cells were then transferred
to eppendorftubes in 50 ul aliquots, and frozen at -80 °C until needed.

Throughout this protocol the cells were kept cold following 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 °C, allowed to thaw on ice and then 50

1l of cells were added to the plasmid DNA or ligation in an eppendorf tube. The cells and



Materials and Methods 72

the DN A were incubated on ice together for 30 min. The cells were then heat shocked for 1
min at 42 °C in a water bath, then placed back on ice for 2 min. Then 450 pl of LB broth
was added to the cells and they were allowed to recover for 40 min at 37 °C in a shaker,
before the cells were spread on LB agar containing the appropriate antibiotic to select for
transformants. The LB agar plate was placed at 37 °C overnight to allow transformant cells

to grow.

2.3.5 Preparation of electrocompetent H. pylori
H. pyloricells 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 °C), sterile deionised water in a centrifuge tube. The cells were then centrifuged
at 8,000rpm (9,610 xg) for 15 min at 4 °C. The supernatant was discarded and the cell pellet
was resuspended in 15 ml of cold (4 °C) electroporation buffer (15% glycerol, 10%
sucrose). The cells were then centrifuged again at 8,000 rpm (9,610 x g) for 15 min at 4 °C,
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 (12,200 x g) for 10 min at 4 °C,
the supematant discarded and the cell pellet resuspended in 300 pl of cold electroporation
buffer, dispensed in 50 pl aliquots and frozen at -80 °C 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 pg of recombinant plasmid DNA was added to 100 pl of electrocompetent cells on ice.

The mixture was then transferred to an electroporation cuvette on ice, the cuvette had been
stored at -20 °C. The electroporation cuvette was then pulsed in the electroporator (Gene
Pulser, Bio-Rad) with the settings 200 Q, 25 uF, 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 pl of CO, equilibrated TSB broth (Difco). The cells were

spread the cells on a non-selective CBA plate and allowed to recover in the CO; incubator
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at 37 °C and 5% CO, 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 plate. Once a lawn of cells had grown on this plate, they were used to

make a glycerol stock for long tem storage at -80 °C.



Materials and Methods 74

Table 2.3. Plasmids used in this study

Plasmid Characteristics Reference/source

pUCI19 Ap'; oriColE ! ; blue/white; MCS (204)

pRY109 Ap'; Cm'; Campylobacter coli cat gene in | (205)
BamH 1 site of pUC18

pHel3 Kan' by virtue of aphA-3 from pILL550; (68)
oriColE1; oriT; repA.

pGEX Ap"; pBR322 ori; tac promoter; lac I (166)
inducer; PreScission, thrombin and factor
Xa protease recognition site; glutathione-
S-transferase; MCS

pMLO16 Ap'; internally deleted HP0256 PCR This study
product in pUCI19 cut with BamHI and
EcoRI

pMLO17 Ap"; Cm'; cat gene from pRY109 in Bgl/I | This study
digested pMLO16

pMLO15 Ap'; full-length f/IiH PCR from H. pylori This study
26695 in BamH1/EcoRI digested pGEX

pML023 Ap'; recA promoter fused to the full-length | This study
Slil in pGEX digested with BamHV/EcoR]1

pML024 Ap'; recA promoter fused to the full-length | This study
il containing the E3; -A mutation, in
pGEX digested with BamHV/EcoRI

pML025 Ap'; recA promoter fused to the full-length | This study
il containing the G;);-A mutation, in
pGEX digested with BamHI/EcoR1

pMLO026 Ap'; recA promoter fused to the full-length | This study
Uil containing the D3;3-A mutation, in
pGEX digested with BamHI/EcoRI
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Table 2.3 continued

pML040

Ap"; /lil PCR product encoding amino
acids 2-91 and the L;-A in pGEX digested
with BamHU/EcoR1

This study

pMLO041

Ap"; Jlil PCR product encoding amino
acids 2-91 and the K4-A in pGEX digested
with BamHLEcoRI

This study

pML042

pML043

Ap"; /1il PCR product encoding amino
acids 2-91 and the L¢-A in pGEX digested
with BamHI/EcoR1

This study

Ap"; /il PCR product encoding amino
acids 2-91 and the L4-E in pGEX digested
with BamHI/EcoR1

This study

pML044

Ap'; /il PCR product encoding amino
acids 2-91 and the K,-A in pGEX digested
with BamHU/EcoRI

This study

pML045

Ap"; flil PCR product encoding amino
acids 2-91 and the Ry-A in pGEX digested
with BamHI/EcoRI

This study

pML046

Ap"; flil PCR product encoding amino
acids 2-91 and the Ro-E in pGEX digested
with BamHVEcoR|

This study

pML047

Ap"; /i PCR product encoding amino
acids 2-91 and the L;o-A in pGEX digested
with BamHI/EcoR1

This study

pML048

Ap"; /liH PCR productencoding amino
acids 92-258 in pGEX digested with
BamHV/EcoR1

This study

pML049

Ap'; f/IiHH PCR product encoding amino
acids 117-258 in pGEX digested with
BamHV/EcoR1

This study
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Table 2.3 continued

pSP110a

Ap", Cm'; cat gene from pRY 109 in a
primer introduced BamHI site of pSP106
(pUC based plasmid containing a f7i/ PCR
fragment)

(142)

pSMO01

Ap"; flil PCR product encoding amino
acids 19-91 in pGEX digested with
BamHI/EcoR1

Moore Lab

pSM002

Ap’; flil PCR product encoding amino
acids 19-434 in pGEX digested with
BamHV/EcoR]

Moore Lab

pSM004

Ap'"; /il PCR product encoding amino
acids 2-91 in pGEX digested with
BamHI/EcoRI

Moore Lab

pSMO005

Ap"; flil PCR product encoding amino
acids 2-434 in pGEX digested with
BamHI/EcoR]

Moore Lab

pSMO06

Ap"; fliH PCR product encoding amino
acids 55-258 in pGEX digested with
BamHI/EcoR1

Moore Lab
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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 pl of the culture was placed 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 Electron Microscopy (EM)

Electron microscopy was used 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 plate of cells
was then harvested using a swab and resuspended in 1 ml of sterile H,O. Three drops of
this preparation was added to three drops 1% phosphotungstic acid (PTA, 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 parafilm. 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 Philips 201C 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 Protein Methods

2.5.1 Protein Purification
All liquid chromatography was performed using an AKTA 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 (100 pg/ml, Amp'*®) and
Chloramphenicol (34 pg/ml, Cm**) 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 Amploo broth culture which was then grown ovemight at 37 °C in the shaker. The
following day 10 mL of the overnight culture was used to inoculate 1L of LB Amp'®® Cm**
LB broth. This culture was grown at 37 °C in the shaker to an optical density at 600 nm
(ODe¢0p am) of 0.6, as measured by the Beckman 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 16

hours.

For expression of Flil 2-434 and Flil 19-434, an overnight culture was used to inoculate 1L
of 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-16.250 rotor for 30 min at 6000 x g at 4
°C to pellet the cells. The supernatant was then decanted and the pellet resuspended in 3 ml
of lysis buffer (50 mM Tris-HCI (pH 7.0), 150 mM NaCl, | 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 cells
Cells were lysed by two passes in a French Press at 6,000 psi. The lysate was centrifuged at

10000 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 supernatant from this centrifugation was
decanted and centrifugation was repeated under the same conditions. The supernatant 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 supernatant was then subjected to glutathione affinity purification.

2.5.1.4 Affinity 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 16/5 column (Amersham Biosciences)
packed with 10 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 H,O to remove the ethanol, and then equilibrated in three column volumes of 1 x
PBS (Phosphate buffered saline: 140 mM NacCl, 2.7 mM KCl, 10 mM Na,;HPO4, 1.8 mM
KH2POq4, pH 7.3).

Clarified lysate supernatant (equivalent to 500 ml of culture) was applied to the column
using the 50 ml Superloop™ (Amersham Pharmacia Biotech) at a flow rate of 1 ml/min.

The column was then washed with three column volumes of 1 x PBS at 3 ml/min. The
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bound GST-fusion protein was then eluted using glutathione elution buffer (50 mM Tris-
HCI, 10 mM reduced glutathione, pH 8.0). The GST-fusion protein was detected as it was
being eluted by the change in UV absorbance at 280 nm as measured by the UV monitor
attached to the FPLC. The eluted fusion protein was collected in 1 ml fractions by the

fraction collector.

The Glutathione Sepharose column was cleaned with the following cycle of washes: three
column volumes of water, followed by two column volumes of 6M guanidine
hydrochloride, five column volumes of water, three column volumes of 70% ethanol, and

three column volumes of 20% 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 clip. The protein solution was added and the tube closed by
tying. The protein solution was then dialysed in 3L of the appropriate buffer, with slow
stirring, for five hours at 4 °C. The buffer was then changed and the protein solution

dialysed for a further 15 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), 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT)), the GST tag
is proteolytically removed by transferring the fusion protein to a 50 ml tube, adding 40 pl
(80 units) of PreScission Protease and DTT to a final concentration of 1 mM, and allowing
the solution to mix gently at 4 °C on a Speci-Mix Aliquot Mixer (Bamstead International)

for 15 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 previously.
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 °C 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 Chromatography (HIC)
HIC was performed using a HiPrep 16/10 Phenyl FF (high sub) column, with 20 ml of bed

volume. The column was pre-equilibrated in 50 mM Sodium phosphate, pH 8.0, | M
(NH4)2S0s, 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 ml/min.

2.5.1.8 lon Exchange Chromatography (IEC)

Anion exchange chromatography was performed using SOURCE™ 15 Q ion exchange
media (Amersham Pharmacia Biotech) packed in an HR 16/5 column (Amersham
Biosciences) with a bed volume of 7.5 ml. The column was pre-equilibrated in 50 mM
Sodium phosphate, pH 8.5, 100 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 100 mM to 500 mM over five column volumes at a flow rate of 1 ml/min. At the end
of the gradient the column was regenerated with 50 mM Sodium phosphate, pH 8.5, 1 M
NaCl for three column volumes, before being washed with three column volumes of water

followed by three column volumes of 20% ethanol for storage.
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2.5.1.9 Size Exclusion Chromatography (SEC)

SEC was peformed on either a Superdex™ 75 10/300 GL (Amersham Biosciences) or a
Superdex 200 10/300 (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, 150 mM NaCl. The sample was loaded using a sample loop, the sample

was injected and eluted at a flow rate of 0.5 ml/min.

2.5.1.10 Concentration of proteins
Small volumes of protein were concentrated using regenerated cellulose Centricon® YM-

10 (10 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-15 centrifugal filter devices with either

a 10 kDa or 5 kDa molecular weight cut off (Millipore).

2.6 Protein Analysis

2.6.1 SDS-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 12% or 15%
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 15 pl, but in most cases the samples of 5 11l or less were
loaded. Samples were mixed with 5 pl of sample loading buffer (62.5 mM Tris-HCI pH 6.8,
10% glycerol, 2% SDS (w/v), 5% B-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
10% 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-1000 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 blanked 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-10 mm), and an absorbance spectrum measured between the wavelengths of 200
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-180 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 8-10 L/min,
and Nitrogen was pumped through the cell while CD spectra were collected at a flow rate
of 5-6 L/min. 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 180 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 determination 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 pl each)

were analysed in a quartz cuvette, with a 0.1 mm pathlength (Hellma, QS-106P).

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 performed in a Dyna Pro MS-800 (Protein Solutions). Prior to
analysis, protein samples were filtered using a 100 pu syringe (SGE Australia) and 13 mm
Whatman Anodisc filters with a 0.02um pore size. The samples (12 pl 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 exclusion
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 Pharmacia
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 (158 kDa).
The low molecular weight kit contains Albumin (67 kDa), Ovalbumin (43 kDa),
Chymotrypsinogen A (25 kDa), and Ribonuclease A (13.7 kDa). These samples were
eluted from the size exclusion columns and their elution volume was used to calculate a K,
for each protein, K,, = Ve-Vo/Vt-Vo. This was then used to generate a calibration curve by
plotting the K, vs the log molecular weight. To estimate the molecular weight of a protein
of interest, the K,, was calculated based on the elution volume of the protein. Then by
using the equation describing the calibration curve it was possible to the K,, calculate the

unknown molecular weight of a protein of interest.
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2.6.6 Limited Proteolysis

To perform a limited proteolysis experiment 100 ng of Trypsin (1 pl of the stock solution)
was added to 100 pg of the protein of interest in an eppendorf tube. Following the addition
of the protease the tube was placed at 4 °C and at timed intervals, 5, 10, 30, 60, 120, 240
min 10 pg of the protein was removed from the reaction. This aliquot was immediately
mixed with an equal volume of SDS-PAGE loading buffer, boiled for 1 min and then
frozen at -20 °C 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 °C, in 1 x PBS containing 10%

glycerol, at a concentration of 0.1 mg/ml.

2.6.7 GST-pull-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 pg of eluted GST-fusion protein was added to two of the tubes, 60 pg of GST was added
another tube, no protein was added to the fourth tube. The volume in tubes was made up to
200 ul with 1 x PBS, and they were incubated with gentle rocking for 30 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 supernatant removed.
The sepharose in each tube was then washed three times by with 500 ul of 1 x PBS,
pelleting the sepharose in a microfuge (Beckman Coulter Microfuge® 18 Centrifuge), and

removing the supernatant.
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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 of the purified protein to GST. The tubes were made to an equal
final volume of 200 pul with 1 x PBS, and incubated for 30 min at room temperature on the
Aliquot Mixer. The sepharose was then washed again as above, the supernatant removed
and 30 pl of SDS-PAGE loading buffer added to the sepharose. The sepharose loading
buffer mixture was resuspended and 20 pl run on an SDS-PAGE gel.

2.6.8 Protein sequencing
Following a GST pull-down experiment, an SDS-PAGE gel was run. The proteins were

transferred from this SDS-PAGE gel to a PVDF membrane (Bio-Rad) using a Bio-Rad
transblot apparatus. The transfer buffer was 10mM CAPS, pH 11.0, 10% 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

of Otago, Dunedin, New Zealand.
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3. Results

3.1 Bioinformatic Analyses of the H. pylori
Genome

The sequencing of the H. pylori genome in 1996 (182) 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) (132). 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 (61) (175) (182).

Based on structural similarity to the S. typhimurium flagellum, the assembly of the H.
pylori tflagellum 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
FIiF of the MS ring, the P-ring protein Flgl and the L-ring lipoprotein FlgH, 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 determined. There are six integral membrane proteins, FlhA, FIhB, FliO, FliP,
FliQ and FliR. The soluble proteins include the specific chaperones FliS, FigN and FIiT,
and the more general components Flil, FliH and FliJ which are involved in the export of all

substrates.
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S. typhimurium H. pylori
protein homologue
). FIiD [HPO0752]

k). FliC [HP0O601. HPO115]
Not annotated [HP0327. HPO751|

J. FlgL [HP0295]
i). FlgK [HPI119]

h).  FIgE [(HP0870. HP0908]
g).  FlgG [HPT092][HP1585]

0. Flall [HP0325]

e).  FlgF Not annotated

Flgl [HP0246]

FlgB [HP1559]

d|  FlgC [HP1558]

FIiE [HP1557]

—1 ¢). FIiFf [HPO351]

MotB [HPO816]

N MotA [HPO815]

b) FliG. [FIP0O352]
— — VIFIMLFIN [HPOS84][HP1031]

MotA MotB FIiO Not annotated

: FliP HP068S

FQ HP1419

a). FliR [HPO173]

FIhA [HP1041]

I'l1hB (HP0770]

FliHl [[1P0353

Flil HP1420)

Figure 3.1. Schematic diagram of the major structural components of the H. pylori
flagellum 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 F1iJ 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 (192).
Subsequent experiments have demonstrated a role for S. fyphimurium FliJ that is consistent
with this proposition. FliJ interacts with, and is necessary for the export of rod/hook and
filament type substrates in addition to interacting with export apparatus components FlhA,
Flil, and FliH (119) (114) (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 19 FliJ homologues and their derived sequence characteristics, from a diverse
set of organisms, are listed in Table 3.1. FliJ is usually encoded by a gene immediately
downstream of flil. Like other Type III substrate specific chaperones the FliJ homologues
are small but in contrast to Type III chaperones most have a basic pl. It has also been
implied previously that FliJ homologues contain a coiled-coil domain within their N-
terminus (172) (114). Table 3.1 shows that only 11 of the homologues have a high
probability of forming a coiled coil domain as predicted by the Multicoil algorithm (199)
and some of the predicted coiled-coils are not N-terminal. Furthermore, in studies of S.
typhimurium F1iJ the N-terminal coiled-coil domain is not essential for the function of FliJ
or its interactions with itself or FIiH (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 FliJ Homologues

Organism® Size pl Coiled-coil 5'gene | 3'gene
(kDa)
S. typhimurium [1253494] | 17.3 8.5 80% N-terminus Sil K
S. flexneri [1025160] 13.7 9.9 - il SliK
Y. pestis [1174662] 17.5 6.5 - il MK
E. carotovora [2882111] 17.5 10 60% N-terminus il fliK
B. pertussis [2665502] 17.1 8.5 80% N-terminus JliK il
P. aeruginosa [879381] 17.4 9.7 80% N-term., >70% C-terminus | fli/ hypothetical
V. cholerae [2613385] 17.9 8.7 80% N-terminus Jlil SJliK
P. profundum [3125099] 17.6 7.6 - Slil hypothetical
S. oneidensis [1170916] 17.6 10.1 |- Slil SliK
N. europaea [1083048] | 174 |94 |- . il MK
L. pneumophila 7 10:1 4% Sil conserved hypothetical
X. campestris [998649] 17.3 9.6 80% N-terminus il JliK
C. acetobutylicum 17.2 9.6 - il SliK
[1118341]
T. denticola [2740113] 18.3 9.1 >70% Central il conserved hypothetical
T. tengcongensis [997886] | 17.6 8.6 100% N-term., 80% C-terminus | folC hypothetical
G. sulfurreducens 174 94 70% C-terminus il hypothetical
[2686520]
L. interrogans [1151936] 223 9.1 - il hypothetical
B. subtilis [2633997] 179 8.7 - Slil VIxF
C. crescentus [942501] 15.7 S19 80% N-terminus Slil xynA
HP0256 [899183] 16.7 6.2 >80% C-terminus purAd conserved hypothetical
secreted protein

*The NCBI-GenelD numbers for each f/i/ homologue are indicated in square brackets.
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H. pylori fliJ has not been annotated. The lack of clustering of the flagellar genes in H.
pylori complicates gene annotation efforts and furthermore, the F1iJ 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 FliJ homologue. While PSI-BLAST is designed to identify
protein sequences that are distantly related to the query sequence, it begins with the same
BLAST algorithm that is used by BLAST-P to search databases for significant similarities.
Consequently, it was decided to explore the effects of search parameters using BLAST-P
and the S. &yphimurium F1iJ 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 utilised the
default parameters, Expect 10 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 of 204 hits but only identified nine of the FliJ 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, 100 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 F1iJ 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 FliJ homologues in the multiple alignment, Figure 3.2

Query/Hit 1 [2 (3 |4 |5 |6 |7 |8 (9 |10 |11 [12 |13 [14 |15 |16 (17 (18 |19 |20
1. S. typhimurium - |68 5133|2918 |14 ]|14]16 |56 |25 |23 |10 |17 |21 |14 15|28 [2] |16
2. 8. flexneri 68 | - |45 |25|24 | 1S5| 10| 13|16 |17 [21 |20 (23 |19 |9 [14 |19 |11 [2]1 |13
3. Y. pestis 54145] - [36 (32| 19|14 |16| 15|65 [27 |19 (24 |18 |10 |14 |17 |22 |26 |14
4. B. pertussis 33125(36| - | 3022|1614 ] 11 [39 [28 |25 [25 (17 [14 [16 [I5 |31 [26 |15
5. P. aeruginosa 29124 32130 - | 22|10 14|13 |31 [27 |28 |29 |16 |14 |16 |17 |25 |23 |14
6. V. cholerae 1811519 (22122 - (13|12 9 (24 |31 |23 (21 (17 [15 [15 |17 |24 [60 [18
7. B. subtilis 1411014 |16 | 10| 13 15112 |18 J18/]] 1S Jl16 |20 |18 |15 191117 J19 ] 18

.H. pylori 1413|1614 ]14]12] 15

8 - 161619 |13 116 |16 |15 |14 |12 |13 |13 |11
9. C. crescentus 16|16 | 1S[11 13| 9 [12]|16| - |16 |30 |17 |14 |12 |12 (14|14 |12 |24 |10
10. E. carotovora 56 | 17 |65 [39 [31 |24 |18 [19 |16 |- 30 |19 |25 |19 |16 |12 |16 [26 [24 |14
11. S. oneidensis 25 121 [27 128 |27 [31 |18 [18 ]9 [30]- 17 122 |20 |17 | 18 | 18 | 29 [ 38 | 17
12. X. campestris 237120119 125 |28 23 | 1S 13 [J 1719 17] - 20 |17 |15 |18 |18 |23 |15 |15
13. L. pneumophila 10 [23 |24 [25 |29 |21 |16 (16 |14 |25 (22 |20 |- 16 [ 13 |16 [ 1322 |24 |19
14. C. acetobutylicum |17 |19 |18 |17 |16 |17 [20 |16 [12 |19 [20 |17 |16 |- 24 |25 (22 |17 |16 |26
15. L. interrogans 21 |9 10 [14 |14 |15 |18 |15 |12 |16 [17 |15 |13 |24 |- 25 (25 |14 |13 |21
16. T. tengcongensis 14 114 |14 |16 |16 [ 15 |15 (14 [14 |12 |18 |18 |16 |25 [25 |- 26 |16 (17 |21
17. G. sulfurreducens |15 [19 [ 17 [ 15 [17 [ 17 |19 |12 |14 |16 [ 18 [18 [ 13 |22 [25 [26 |- 13 119 |18
18. N. europaea 28 | 11 [22 |31 |25 (24 |17 |13 |12 {26 |29 (23 |22 [17 |14 |16 |13 |- 23 |23
19. P. profundum 21 |21 |26 |26 [23 |60 [19 |12 [13 [24 |38 [15 |24 |16 |13 (17 |19 |23 |- 22

20. T. denticola 16 |13 [14 |15 [ 14 |18 [ 18 |11 |10 |14 (17 |15 [19 |26 |2] [2] |18 [23 [22 |-




Results 93

Salmonella enterica serovar Typhimurium LT2

Shigella flexneri 2a str.
Yersinia pestis C092

301

Bordetella pertussis Tohama I
Pseudemonas aeruginosa PAOL

Vibrio cholerae 01 biovar
Bacillis subtilis subsp.

eltor str.

subtilis str.

Hel:icobacter pylori 26695 AAD07334

Caulobacter crescentus CR1
Erwinia carotovora subsp.

5
atroseptica

Photebacterium profundum SS9®

Shewanella oneidensis MR-1

Nitrosomonas euromaea ATCC 19718

Legionella pneumophila subsp. pneumophila str.
campestris

Xantnhomonas campestris wv.

Clostridium acetolmutylicum ATCC 824

Trepenema denticola ATCC 3

5405

Thermo tengcongensis MB4 (T)
Geobacter sulfurreducens PCA
Leptospira interrogans serovar Copenhageni Fiecruz L1-130

N16961
168

str.

Philadelphia 1
ATCC 33913

[NT01ST2463]
[NTO1SF2408]
[NTO1YP2106]
[NTO3RP1444)]
(NTO3PA1215]
[VC2129]
(NTO1BS2069]
(HP0256]
(CC3041]
(NTO6EC1784]
(NTOLPP0972]
(S03224]
[(NTOINE2308)
(NTO4LP1847]
[NTOL1XC2620]
(NTO1CA2380]
(TDE1219]
(NTO1TT0852]
(GSU0414]
(NTO3LI1681]
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N NNOXEEZNIEARDS TS0

679999876889**999999+**9998*9*9*8**9999899990888

typhimurium = =  ———=———==—=—--—- MAQHGALETLKDLAEKEVDDAARLLGEMRRGCQQOAEEQLKMLI DYQNEYRS 51
flexneri = @ memmm e - MAEEQLKMLIDYQNEYRN 18
oeisp¥s L SERRSD) SIS MKSQSPLVTLCDLAQKAVEQASTQLGHVRQOSYONAEQQLTMLLTYQDEYRE 51
pertussis = = 0 =—==—————e--- MPSQLPLDMLIGLAKDSTDEAARELGRLSAERNNAEQQLNMLODYRODYLQ 51
aeruginosa = ———————==—— MEKRAARLAPVVDMASKAERDAATQLGRCQQQLLAAQQKLAELERYRNDYQQ 52
cholerae HAAPCTQLITWSIEMDNALDFLLEQAQESEDKAVLALSKARSELDSYYHQLRQIEQYRLEYCQ 66
subtilis = =  —==--—————-- MAYQFRFOKLLELKENEKDQSLSEYQQSVSEFENVAEKLYENMSKKELLEQ 51
pylori =0 @memmmmmm————— MKKFASVLVQLKTLALEKIEQKLESKRLELQONEREVLDKQAQLSAFKN 49
grescenEysl 00 SSE=-SSEEC JISEk MTKWAASLIRISNHEVETLQKRLAEITERRMAAEMRVTLLDAEAEAEAK 49
el OV - — i ——— MKTQSPLVTLRELAQKDVEKAAGQLGQVRQAHQQAEQQLNMLLNYQDDYRQ 51
profundum = ————————————- MSNNALNLILEHAKEEEHQASLALNQARIERQNYLQQLOOIEQYRLDYCK 50
oneidensis = =  —-—-=————----- MANTDPLLLVLKLALDAEEQAALLLKSAQLECQKRONQLDALNNYRLDYMK 51
eyrepaeadl $@@=@=Zz020l0z0 92———m-————- MATPHSLKLLLDHARKQTDDAAINLGKLNLKQQEAEKTLQLLVEYRENYQS 51
pneumophila W =—-=====----- MSDRLDRLIQLLKIKQEATQQAYIELVKAREQFNONKARHEQLVGYRQDYLQ 52
campestris = -————-———————- MMQSKRIDPLLRRAQEQEDKVARDLAERQRALDTHQSRLEELRRYAEEYAS 51
acetobutylicum - —-——=-—-—-———- MAGFGFRLOKLLDLRIQKEEESKIEFKKSQDVKKEIEKNLLSMTENYHEYSL 52
denticola =  —-—-——==———-- MKRFEFRLEKLLNLREFYEHQAEIDLAHAIAHKDY IDLQLKQIAKLKVKTGT 52
tengcongensis = ————-——————- MKKFEFTLQSVLNLKEQSEKIEKENLAKIMKEIEREREKLENLKKHLQEVTK 52
sulfurreducens  ---------- MTHKHGFQLQQVLNYRKEVEKVKKLEFATARHEFEHATDVLSRHEAEADRARV 53

interrogans = -—-—-————=——- MKRFQFSLEPVLNLRKKKEDEKLKAFSKVAGEINQIRNSILENEKQIEHLTG 52
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CANNAXEZOTEOEDS NS00

typhimurium
flexneri
pestis
pertussis
aeruginosa
cholerae
subtilis
pylori
crescentus
carotovora
profundum
oneidensis
europaea
pneumophila
campestris
acetobutylicum
denticola
tengcongensis
sulfurreducens
interrogans

I —— T Y <

8865 58888888888999*9**999999*99****x99g89***999777888888
NLNTDMGNGIASNRWINYQOFIQTLEKAIEQHRLOLTQWTOXKVDLALKSWREKKQRLOAWQTL
NLNSDMSAGMTSNRWINYQOFIQTLEKAITQHROQOLNQWTQKVDIALNSWREKKQRLOAWQTL
RLNDTLCNGMASS SWONYQOFIQTLEQAIDQHRKQLAQWS I KVEQAVKYWQEKQQORLNAFETL
RMQTAMQSGMSAADCHNYQRFIATLDCAIGQQRHVLHRAEAHLNDGRLNWQQQKRKLNSFDTL
QWISQGOKGVSGOWLMNYQRFLSQLETAVAQQANSVTWHREAVDKARLNWQER YARLEGLRKL
QLVERGKSGLTASQYGHLNRFLTQLDETLAKQKSAEQHFRLOVENCEQHWMNMRQKRKSYQWL
NKEKKLKSGMSVQEMRHYQOFVSNLDNTIYHYQKLVIMKRNQMNQKQEILTEKNIEVKKFEKM
PELG~mm——— GMSLFLOTQOLKSALRMEIEYYQQESENLNKDLKILEKDYLLANOELEKAKTI
NAEGDPSAGWYMIGYRE------ GSKRRRADMLVQIEQCQQEEAGARDALSEAFENLKKYEHV
KLNSTMSSGMANNSWONYQOFIRTLDCAIEQHRQQLSQWTSRLDLAMKTWOEKQORLNAFEKL
QLSTRGQEGLTASSYGHLQKFLTQLDETLAKQKEAGHQFEFQIEQCSEHWNEVRKKRRSIEWL
OMQOSQOGQAISASHYHQFHRFIRQIDEATIAQQORVVADGEKQKNYRQHYWLEKQKKRKAVELL
QFMESAGSGISPVEWRNFKAFICKLDTAIQSQORLVTMTQQHTEAGSTQYHAHRQKLKSYDTL
QLEVLGQQOGSYVGPLRNRINFINHLDTALVQINS YLSQLAKNRMKADLNYKQAKTSEEGISKL
SQMS----GTSAVALSNRRAFLDRLDSAVLQQAQTVESNRAKVEAERTRLLLASREKQVLEQL
KRLSG----- TVIEQKITQNYLNALNVLIDEASDNLEKQKKVVEDKRNVLIKKQVERKTVEVL
EFNPET-DKIDITDLHNAQNYIILLDKKKDELLEKLVLAEQIIEEKRKIYIEAASKRKVISKL
RAKEEVEEGTLMY KLAETEAYIMKIREMIEKQANYILKLEKEAEKTIREGLLKVSKEKKALENL
EYNNKQAAGTTANELQLYADFFARKHMDIQFQRIEVDNLNRKMSEKREDLMDAAKDKKALELL
--ESHTLHGASLRDYQLHQGYIRSLITKNENLESDIENRKSELDSKRADLILAQKDRKILEIL

114
81

114
114
115
129
114
106
106
114
113
114
114
115
110
110
114
115
116
113
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998898****88888764 3 98889 8

S. typhimurium ODRQTAAALLAENRMDQKKMDE FAQRAAMRKPE - - —— === ——=———————mmmmm e~ 147
S. flexneri QERQSTAALLAENRLDQKKMDE FAQRAAMRKPE - ——————————————mm——mm— oo — 114
Y. pestis QERAETTQRQQENRLDQKLMDEFAQRASQRSLNL-—————=—=——————mmmmmmmm o —— =~ 148
B. pertussis AQRESRTQALLEARREQRVNDEYSARLVRRQAGF - ———————————————————————————— 148
P. aeruginosa VERYLEEARQAEDKREQKQLDELAQRTRRQDD-————————————— e e e e —— o — 147
V. cholerae MEKKQTERQLLQEKREQKQMDEFSTLMFNRRRLSS - ——————————=———————comoe——— 164
B. subtilis REKQFKMFALEDKAAEMKEMDDISIKQFMIQGH-————————====—— e e e o 147
H. pylori LEKEKQKEQKILEKKEQALLDENAMILHWQKEGLHA-————--———————————————————- 142
C. crescentus AEQAKILAAKKMNAFEAAQMDELSTRRAAVGGR-———————— == —mmm e — 139
E. carotovora QDREVTRQLAKENKIEQKQMDE FAQRASQRKAES———-—==——————-—— e mm e ———— 148
P. profundum LEKKQTERQKML DRQEQKMMDEFSTLQFARRNL -~ ————=————————— e ————— 146
S. oneidensis LDNKEKKRQAIELKKEQKMTDEFASQQFYRRNK ———~—=——————— e mmmmmm—— - — —— 147
N. europaea SQRAELHHQARLQKQEQRQLDEHTAHNFSKQQKNAD-——————==—==——————————————— 150
L. pneumophila IERVKRAELKQLQRIEQKETDE YAQKQWYSSLKHDR-———————=—==—————=————————— 151
X. campestris AASYRAQENKVIERRDQREMDDLGARRVRLARSEDATGESA--———-=-=-————-————————- 151
C. acetobutylicum  KDKQKLEFEKNENLKEQRVNDELALYSFIRNIERG----—----—-—————————————————— 145
T. denticola KEKKRALWEKENIKAEETYIDDIVIYKFGONKTIAVNNYN-=-=-=---——==--————cc—-———— 154
T. tengcongensis KERQFSEYLYLLNLEQSRVIDEHVSYKVAKSY-———=— - e e e e — 147
G. sulfurreducens KEKQMLAFRREMAERERAFLDEMALQKVAR-——————————————m e e e m e — - — —— 146
L. interrogans KENQYKDYKRLYFKKEKFELEEHYNQLKSIERREINESSEPTPRVFTYDTGSNPESSNDDSGA 176

Figure 3.2 CLUSTAL W (1.82) multiple sequence alignment of FliJ 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%, *=100%.
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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 19 aligned and annotated FliJ
homologues was used as the query sequence with an Expect value of 10 and the BLOSUM
45 matrix. The results are summarised in Table 3.3 Under these conditions 18 of the 19 FliJ
homologues were identified in 4 iterations or less. C. crescentus Fli]J 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 18 of the 19
homologues were consistently identified above the significance threshold in 4 iterations or
less, but with an Expect value of 100 the S. flexneri and X. campestris FliJ query sequences
identified C. crescentus FliJ above the significance threshold. Furthermore, 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 |10 |11 (12 |13 [14 |15 |16 (17 |18 [19 |20
1. S. typhimurium N B L w21 2 - 1 1201120 [0 Ji2e §30 §i3 i3 i1 2 )3
2. S. flexneri 1 |1 |t |1 |3 |3 |3 |- |- |1 (3 ]2 13 |3 - [4 [4 [3 |3 |4
3. Y. pestis 1 =231 w22 |3 |- - =i 2= == 33 }3 42 2 |3
4. B. pertussis 1 1 1 1 1 1112 1}- - 1 1Ll |25 JIZ. |58+ IjI3f (1531 |5l 1 |3
5. P. aeruginosa 1 |- - 1 1 |- [2 |- - - - - 3 |8 |3 13 V- - 3
6. V. cholerae 20121 2l I 2T = - N2 252 g2 |3 §3—§3 $2—11 13
7. B. subtilis 3=a3= P32 13— 3 g4 =33 H=3=—F3—f3- |3 N33 A3-u]-3-sf3
8. H. pylori 0256 - - - |- - |- |- 1 (- (- |- [- f[- |- |- |- - p- - lF-
9. C. crescentus - - - - - - - - 1 |- - - - - - - - - - -
10. E. carotovora 1 1 1 1 {2 |2 2 §- - 1 ot I T (TG ) (T (T (| i
11. S. oneidensis D= =42 1 2 1 |2 |- - 2 1 2—1.2_§2 13 18 3. 32 1 143
12. X. campestris 3 03 133 4o [i3T fi3t 1431 gl - |3 (3 |1 (3 (4 |4 (4 (4 |3 (3 |4
13. L. pneumophila 29002 01120 120 fl2e 12 m3 0= - Il 2l g e 4 ns 4322 s
14. C. acetobutylicum |3 |4 |3 |3 |3 |3 |4 |- - 3 1313 14 |1 13 |13 |3 13 {3 |2
15. L. interrogans 4 |4 [4 [3 |3 |4 |3 |- - 4 |4 |4 |4 |3 1 |3 [2 (4 |4 |3
16. T. tengcongensis 3 ()3°(p3 3. 130 13 I3 N- - 3 Uf 3= 3o 3t Lz e g2 43 N3 (1153
17. G. sulfurreducens |4 |4 |4 |3 |4 |3 |4 |- |- [3 |3 |4 |4 [3 (3 [3 |1 |4 |3 |3
18. N. europaea 212 W 122z = = 2 22 iz 3313 —3=F1—1{2 13
19. P. profundum 2= 2=af 2 2—h2—F 1 = d=a——ri2- 2ot 2|4 13 §3 12 1 13
20. T. denticola 3 04 13 13 3 K3 113 N- - 13 43013 1y3 2 )13 13 I3 13 /I3 |11
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Table 3.4 Iterations required to identify FliJ homologues above the significance threshold using PSI BLAST searches
(Expect 100, BLOSUM 45, threshold of 0.005).

Query/Hit 1 ]2 |3 |4 |5 |6 (7 |8 |9 (10|11 12 |13 |14 |15 |16 |17 |18 |19 |20
1. S. typhimurium 1 1 1 1 N2 2 - 1 12 12 12 (2 3 |3 43 |1 J2 |4
2. S. flexneri 1 1 1 1 |2 [2 |3 [- [3 |1 (2 |2 |2 [3 [4 |4 |4 |2 |2 |4
3. Y. pestis 1 1 1 112 §2 42 }- |- 1 |2 J2 [2 |2 3 [3 }3 12 |2 |3
4. B. pertussis 1 1 | 1) 1 1 J2 - |- 1 LIUN2 12 12 33 (2 g3 i |48
S. P. aeruginosa I I2e w2 i1 " 12 12 []- - 2 12 ]2 |2 |2 3 12 @3 12 12 113
6. V. cholerae 2 232 pl 2. L 32 - - 42 41 |2 |2 [2 §3 |2—§2 ]2 31 13
7. B. subtilis Lot Nl il Yok 2= i1 2 A= =2 =2=—| 2 |Z—=|2—}2—| 212212 }2
8. H. pylori 0256 - - - |- - = = R = - |- - - |- - - - |- -
9. C. crescentus - - - - - - - - 1 - - - - - - = = = = &
10. E. carotovora 1 1 1 1 {2 |2 |- - 42— |2 |2—|2—}3 §2 3 42 |3
11. S. oneidensis 2 .12 §2 1 2 1 2 |- - 2 1 2 2|2 _gat=j2={3="12 1 3
12. X. campestris 2 12 32 12 12 )2 §3 |- 3 142 |1I§2 I Ji28 138 (138 §I31 '8 ji2 "2 |3
13. L. pneumophila 202 12 12 12 2 §2 |- - 2 72 (2 |1 k3 3 U3 13 |12 |2 13
14. C. acetobutylicurm |3 |3 [3 |3 [3 |3 |4 |- - (3 (3 [3 [4 |1 {3 (3 |3 [3 |3 |3
15. L. interrogans 3 43 13 13 113 {3 ¥3_[4 |- 3=3—(3 |3-—12 = pe sl By il B
16. T tengcongensis 3 #3 /13 I3 43 13 §3 |4 |- 3 813 (3 |3 k3 Q2 1 2 J3 13 i3
17. G. sulfurreducens |3 |3 |3 |3 |3 |3 |3 |- - §3 (3 |3 p8r N2 f2f 12T T B3 0fiS ips
18. N. europaea P2 aio Fr o o2 - |— 12 42 |2 F2—§2 |3 |2 §3 }1 42 i3
19. P. profundum 2 12 12 2 {2 |1 J2 |- f{- 12 J1V j2 42 }2 §3 {3 }3 j2 }1 |3
20. T. denticola 3 I3 (1135 u3s e fi31 131 6 |- [§a i3 isrLRizn j2n ji §2 2l {53 43Il
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An alternative approach to searching for a potential /. 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 D130, D135 and E136. At the
equivalent positions in all of the other FliJ sequences in the multiple alignment the amino
acids are either D or E. This conservation can be converted to the following pattern for use
with PHI-BLAST: [ED]x(4)[ED][ED], where any four amino acids separate an E or a D
from two consecutive residues that are either E or D. 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 Table 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 17874 respectively. An alternative to the PHI-
BLAST 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-
BLAST 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 17874
unknown were identified with highly significant scores of 1x10® 1x107, and 1x10”
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 it

had a score between 0.001 and 0.005, barely above the threshold.
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Table 3.5 BLAST searches incorporating sequence patterns

Search Database Expect | Query Significant hits E-value
algorithm value | sequence
PSI/PHI-BLAST | NR-Bacteria | 100 S. typhimurium | S. typhimurium | 4x107°
S. flexneri 4x10°%
E. carotovora 9x107*°
Y. pestis 1x1034
B. pertussis 3x107°
P. aeruginosa 1x10°"2
N. europaea 4x10™"2
S. oneidensis 2x107°
V. cholerae 3x10°®
P. profundum 6x*10"2' ™
L. pneumophila g
1x107" (2™
X. campestris it)
5x1070 (2™

it)
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Table 3.5 continued

C. acetobutylicum
T. tengcongensis
B. subtilis

T. denticola

L. interrogans

G. sulfurreducens

5x107 (2™ it)
1x10° 2™ it)
2x10%° (2™ it)

9x107™* (3" it)

Ix10" 3%it) |

3x10" 3¥it) |

NR- 100 T. denticola No significant | -
Bacteria sequence
similarity
BLAST- H. pylori 100 S. tyyphimurium | JHP240 0.38
P/PHI
H. pylori 100 T. denticola No significant | -

sequence

similarity
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Table 3.5 continued

PSSM, iteration
7.

significance
threshold, no
HP0256

BLAST- H. pylori 100 S. typhimurium HP0256 1x10°
P/PSSM PSSM, iteration unannotated 1x107
4 17874 protein
JHP0240 1x107
H. pylori 100 T. denticola 36 hits below the | -

*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 16.7 kDa
protein with a pI of 7.8 that was found to be 15% identical to B. subtilis FliJ. It is
also predicted to be a-helical (150) and has a high probability of forming a C-
terminal coiled-coil between amino acid residues 100 and 130 (199). 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
fliJ is flil. Although H. pylori flagellar genes are not clustered, when the genes
surrounding HP0256 are examined it is found that HP0257 shares 24% identity with
frzCD, the gene immediately downstream of B. subtilis fliJ (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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Figure 3.3 Synteny of flagellar genes in B. subtilis and H. pylori.
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To investigate the role of HP0256 in flagellar assembly and motility, a deletion strain has
been created by allelic exchange. Briefly, HP0256 was cloned into pUCI19, internally
deleted by PCR, and a chloramphenicol resistance cassette was cloned into the centre of the
gene (Figure 3.4). Following transformation 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. #yphimurium have shown that all FliJ mutations are “leaky” and
flagellar export still occurs (114). 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 form of motility, providing further evidence that HP0256 could indeed be a FliJ

homologue, or at the very least is involved in motility.
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Figure 3.4 Internal deletion and cloning of HP0256 from H. pylori 26695.
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Figure 3.5 Electron micrographs of the HP0256 deletion mutant and wild type H.
pylori strain 17874. Panel A, HP0256 flagellum filament; B, HAP0256 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 17874 with the flagellum attached.
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3.2 Characterisation of H. pylori Flil

As described in detail in the introduction (Sections 1.5 and 1.6), Flil of H. pylori is a

cytoplasmic membrane-associated protein required for flagellar assembly (142) (77).

Given the predicted tertiary structure of Flil (Figure 1.7 and 1.8) and our understanding
of the function of the homologues Rho transcriptional terminator and F;-ATPase, it is
possible to suggest a hypothesis for the structure and function of H. pylori Flil. This
hypothesis has three tenets. Firstly Flil will oligomerise to form a hexamer analogous to the
pseudo-hexamers of Rho and F;-ATPase, and secondly hexameric Flil will demonstrate
cooperative ATPase activity. Third, Flil 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 Flil was undertaken using

genetic and biochemical approaches.

3.2.1 The role of the Flil R-loop in H. pylori flagellar
assembly and function
The R-loop in Rho and the F|-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 (Esj1, G312, and D3i3) are
also required for the function of H. pylori Flil , they were each mutated to Ala, and the
mutant proteins were examined for their ability to complement a flil 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 pHel3, introduced into the fli/ knock-out mutant (142) by
transformation and finally the flagellation of the transformed strains was examined by

electron microscopy.

The R-loop of H. pylori Flil (residues 308-318, see alignment in Figure 1.7) was mutated
using a PCR-based method of directed mutagenesis (Figure 3.6). For this method of
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mutagenesis/cloning, four consecutive rounds of PCR were used. The objective of this
exercise was to generate and clone three mutant f/i/ genes, with mutations of E311-A, Gsj2-
A, and D3;3-A. In addition the PCR was designed to fuse the H. pylori recA promoter to the

mutant genes to allow expression in vivo.

The first round of PCR involved the amplification of the rec4 promoter from H. pylori
26695 genomic DNA (see the sequence for this promoter in Figure 3.7), and flil was
amplified as two arms from H. pylori 17874 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-loop with a mismatch that introduces one of the three mutations. Arm 2 was
amplified with a forward primer that anneals to the R-loop 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 of flil. 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 PCR annealed arm | and 2 of fli/ to generate a PCR template for
creation of the full-length fli/ containing R-loop mutations. The third round of PCR

annealed the rec4 promoter to the 5° end of mutated f1il.

The 1586 bp products of the three rounds of PCR and wild-type flil fused to the recA
promoter were then digested with Bg/II and EcoRI, and ligated to gel-purified linear pHel3
digested with the same enzymes, and therefore with compatible ends. This gave plasmids of

7.1 kb designated pML023-26.
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Figure 3.6 PCR based strategy for the mutagenesis of the fli/ R-loop and cloning of
the mutants. The rec4 gene is indicated in green, fli/ 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.



Results 112

61

121

181

241

aagcttatcg
tttagggctt
tcaagggcaa
ttaatggggc
atcgcataat

tcagggctat

=35

cgctcacatc
cttggtttag
tgttgtggaa
aatctatcca
acatgaaaat

gagcgacact

aaatcctt_tagggt

-10

agaataaaca

Start —»

ttta

attttaggct

aatcaaattc

ataagtgttt
ggtttcaata
tgttttattc
gccaaactta
atcatcagca

aatcaaagta
aagtcctttt

aggatttgat

RBS

Figure 3.7 H. pylori recA Promoter Sequence Used to Express Flil R-loop

Mutants (From rec4 sequence from H. pylori strain 69A as submitted by

Schmitt, W, et al, NCBI accession number Z35478 (162)).
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Table 3.6. Oligonucleotides used for R-loop mutagenesis in this study

Name | Ty Restriction Annealing Sequence® Description
°O) Sites Position in
Sequence®
ML024 | 57.3 | na 924 flil 5" GCTAGTAGCTGGCGATGATT (forward primer) Ejn-A
MLO025 | 55.3 | na 924 flil 5" GCTAGTAGAGGCTGATGATT (forward primer) Ga1-A
MLO026 | 57.3 | na 927 flil 5> AGTAGAGGGCGCTGATTTGA (forward primer) Dsi3-A
MLO043 | 60.3 | na 946 flil 5 CAAATCATCGCCAGCTACTAGC (reverse primer) Es-A
MLO044 | 60.3 | na 946 flil 5 CAAATCATCAGCCTCTACTAGOC (reverse primer) GaA
MLO045 | 62.3 | na 949 flil 5> GCTCAAATCAGCGCCCTCTACT (reverse primer) Diis-A
ML047 | 60.5 | Bglll 1306 fIil 5" GAAGATCTTTATCTTAAGATTTCTTCTAATTGCTGAAAGC (reverse na
primer)
MLO048 | 61.8 | na 256 recA 5> ATTCAATAAGGTAATTTAATGCCCCTAAAATCCTTAAAAAACCG na
promoter, | | (forward primer)
Sl
MLO049 | 59.3 | Sall 1 recA 5> ACGCGTCGACAAGCTGATTGCGCTCACATCATAA (forward primer) na
MLO050 | 60.2 | na 1 11il, 274 5’AGGATTTTAGGGGCATTAAATTACCTTATTGAATTTGATTTGTTTA na
recA TTCTATCAAA 3’ (reverse primer)
promoter

*Primer annealing positions are relative tom the ATG codon (A=1) See Figure 3.6 for a schematic of the annealing positions and
directions of the primers.

PRestriction sites and codon changes are in bold type.
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To examine the accuracy of constructs, the insert DNA in pML023, pML024, pMLO025
and pML026 was amplified by PCR using the primers ML049 and ML047 (see Tables 3.6
and 3.8 for the primer details and Table 3.7 for the plasmid details) and the PCR products
submitted for sequencing. The primers used for sequencing were at nucleotide sequence
positions 256 of recA, and positions 1, 358, 598, and 847 of flil, and produced overlapping
sequence data. The sequence data demonstrated that the rec4 promoter sequence is correct,
and that the f1il sequence in each of the recombinant plasmids contains five point mutations
relative to the H. pylori 26695 flil sequence. Two of these mutations, [140-V and Tsx-A
have already been published by Porwollik and colleagues for the H. pylori strain 17874
(142), and are assumed to represent typical strain to strain variation. Three point mutations,
Ss2-T, Lzeo-T and Ts24-Q, have not been noted before. As they are present in all inserts, each
of which was created by an independent PCR reaction, it could be concluded that these
mutations are due to colony vanation within the strain. The other point mutations are those
deliberately introduced by PCR to mutate the R-loop: pML023 f1il is wild type, pML024
il has an E3;;-A mutation, pML025 fIil has a G3;2-A mutation, and pML026 fIi/ has a
Ds13-A mutation (Table 3.7).

Table 3.7. Plasmids created for Flil R-loop mutagenesis studies

Plasmid name Vector Mutagenic Mutation
primers

pMLO023 pHel3 na None, wild-type

pML024 pHel3 ML024,ML043 | E3;-A

pMLO025 pHel3 MLO025,ML044 | G3j;2-A

pML026 pHel3 ML026, ML045 | D3i3-A
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Table 3.8. Oligonucleotides used for Flil mutant sequencing

Name | Tn | Annealing Sequence
(°C) | Position

n

Sequence

MLO048 | 61.8 | 256 5S’ATTCAATAAGGTAATTTAATGCCCCTAAAATCCTTAAA
(recA) AAACCG

MLO049 | 59.3 | 1 (flil) 5> ACGCGTCGACAAGCTGATTGCGCTCACATCATAA

MLOS1 | 57.8 | 358 (f1il) 5" CGATTAGCGCCTGTCATTACA

MLO052 | 58.9 | 598 (f1il) 5" GAATTTATAGAGAAAAACCTGAAAGGG

MLO053 | 60.4 | 847 (f1il) 5° CTTTCCTTATTGCCTCAATTAATGGAG

3.2.2 Testing the effect of the R-loop mutations on
motility
Plasmids pML024-26 which express Flil R-loop mutants and pML023 which expresses
the wild-type Flil were introduced in trans into a flil knock-out strain, H. pylori A pSP110
(142). The same plasmids were also introduced into wild type H. pylori 17874. The
transformants were selected for acquisition of the kanamycin resistance marker encoded by
the vector portion of the plasmids. The success of transformation was confirmed by
purification of plasmids of the correct size from bacteria grown on selective media, by

alkaline lysis.
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Figure 3.8 Electroporation mediated allelic exchange of f1i/
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To examine the influence of the R-loop mutations on motility and flagellation, the H.
pylori flil knock-out strain ApSP110a, carrying pML023-026 plasmids were observed by
confocal light microscopy and electron microscopy (EM). All of the recombinant strains
containing flil R-loop mutants were motile and flagellated (Figure 3.9). However, the
negative control, f7il knock-out strain ApSP110a, transformed with the vector pHel3 (no fli/
insert) was also motile and flagellated. The motility and flagellation of the flil 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 pUC19-based suicide plasmid which carried a flil 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 flil 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 fIil 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-loop mutants have a dominant effect over the wild-
type flil, the wild-type H. pylori 17874 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 Gsj2-A and Dsj3-A, respectively) were motile and flagellated, showing no
influence on the phenotype. Surprisingly, the pML024 transformant (carrying E3i;-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 Ky for RNA and a higher RNA (substrate)-dependent ATPase
activity. By analogy, Flil mutant could be hyperproductive in flagellar protein export and

flagellation in the Flil E3;;-A R-loop mutant.
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Another unexpected observation was the hypo-flagellation of the wild-type strain

transformed with the plasmid pML023 which expresses the wild-type Flil. This observation

was difficult to explain.

At this stage, due to the unexpected phenotypes of the wild-type and the fIil knock-out
strains carrying the plasmids pML023 and pMLO024, the interpretation of the
complementation data could only be extremely speculative. Therefore, further research was
focused on biochemical characterisation of Flil, with the aim of demonstrating functions

such as multimerisation and ATPase activity.
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Figure 3.9 Electron Micrographs of wild-type H. pylori and flil mutants
A. H. pylori 17874.
B. H. pylori 17874 A pSP110a (f1if knock-out mutant)
C. H. pylori 17874(pML023).
D. H. pylori 17874 A pSP110a(pML023)
E. H pylori 17874(pML024).
F.H. pylori 17874 A pSP110a(pML024)
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G. H. pylori 17874(pML025)
H. A. pylori 17874 A pSP110a(pML025).

L. H. pylori 17874(pML026)
J. H. pylori 17874 A pSP110a(pML025)

The bar in each electron micrograph is equivalent to 1 pm. The magnifications were
15,300, 11,200, 21,200, 15,300, 15,300, 15,300, 15,300, 21,200, 11,200, 15,300X for
panels A-J respectively. The cells were negatively stained with 1% PTA and visualised on a
Philips 201C transmission electron microscope.
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3.2.3 In vitro Characterisation of H. pylori Flil

3.2.3.1 Affinity Purification of Flil

The gene encoding full-length Flil and truncated versions of the flil gene were cloned 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-Flil
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 Flil, to release free Flil
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 3.10.
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Figure 3.10 GST Affinity purification of Flil (Pharmacia Biotech)
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3.2.3.2 Over-expression of Flil 2-434 and Flil 19-434

The F;-ATPase a- and B- subunits contain an N-terminal extension that is disordered in
the crystal structure and protease sensitive in vitro (1). Based on the Flil multiple alignment
with the F;-ATPase subunits (Figure 1.7) this disordered region may correspond to the first
18 residues of H. pylori Flil. As these residues may affect the behaviour of the protein, /il
was also cloned using the same method with a forward primer annealing at position 55 of
the DNA sequence (Table 2.3, Methods section). When expressed, this truncated Flil will
lack the first 18-residues. Flil expressed from this construct is termed Flil 19-434. Members
of the Moore lab created both the Flil 2-434 and Flil 19-434 plasmids before this project
began, and the constructs were sequenced to confirm that flil has no PCR-induced

mutations.

For expression purposes, E. coli Rosetta strain was transformed with the Flil 19-434 or 2-
434 plasmids, and the transformant E. coli streaked for single colonies on LB Agar Amp'®
Cm'® plates. These plates were incubated at 37 °C overnight. A single colony was then used
to inoculate 50 ml of LB Amp'® Cm'® that was grown ovemight at 37 °C in a shaking
incubator. The next day 2L of Amp'® Cm'® Hyper broth was inoculated with 20 mL of this
ovemnight and grown in a 37 °C shaking incubator until an ODgpo om 0f 0.6 AU. Expression
of Flil 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 18 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 supematant and lysate pellet were kept for analysis and run on an SDS-PAGE gel
(Figure 3.11). This gel shows that Flil 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-FIil 19-434. Flil 19-434 was expressed in

E. coli Rosetta grown at 20 °C for 18 hours after induction with 0.1 mM IPTG at an ODsg
nm Of 0.6. Samples were analysed by 12% SDS-PAGE.
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The GST-Fll fusion was then bound to 3 ml of washed Glutathione-sepharose, by
mixing the lysate supernatant with the glutathione sepharose in a 50 ml tube on a rocker at
4 °C for 4 hours. The lysate supernatant was then removed and the sepharose washed ten
times with 10 volumes of GST cleavage buffer: 50 mM Tris, 150 mM NaCl, 1 mM EDTA,
pH 8.0. When a sample of the glutathione sepharose is run on an SDS-PAGE gel after
GST-Flil 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-Flil bound sepharose was either washed with varying concentrations of Tween-20
(Figure 3.12), or varying concentrations of Triton X-100 (not shown) were added while

GST-Flil was incubated with the glutathione sepharose.

However, treatment with these weak detergents had little eftect 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 3.13). As seen
in this gel, this was also ineffective and actually added further impurities. It was decided

that the Flil 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-FlI binding. GST-Flil 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 °C. The next day the supematant containing
the free Flil was removed and placed at 4 °C until it was subjected to further purification by
chromatography. A small aliquot of the washed cleavage supematant containing Flil was

kept for analysis on by SDS-PAGE (Figure 3.14).
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Figure 3.14 Separation of F1Lil 19-434 from the GST tag. 12% SDS-PAGE gel of the Flil
19-434 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 Flil 2-434 and Flil 19-434 by fast
protein liquid chromatography (FPLC)
Flil 2-434 and Flil 19-434 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, 100 mM NaCl, pH 8.0. Although
this buffer differs from the cleavage buffer by S0 mM NaCl, it was found that this made no
difference to the purification of Flil 2-434 or 19-434. Consequently, cleaved Flil was
injected onto the column without prior equilibration into start buffer. In the example below,
2.25 ml of Flil 2-434 cleaved from 3 ml of glutathione sepharose was injected onto the
Source-Q column at a flow rate of 1 ml/min (Figure 3.15). Following injection, the flow-
rate was changed to 2 ml/min 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 100-500 mM NacCl over 50 ml of elution
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buffer: 50 mM Tris-HCl, 1 M NaCl, pH 8.0. The column was then stripped of any

remaining protein with 1 M NaCl by pumping elution buffer alone.
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Figure 3.15 Purification of FLI 2-434 wusing Source-Q Anion Exchange
Chromatography.

The start buffer was S0 mM Tris-HCI, 100 mM NaCl, pH 8.0; the elution buffer was 50
mM Tris-HCl, 1 M NaCl, pH 8.0; the flow rate of injection was | ml/min all other steps
were performed at 2 ml/min. The bed volume of the column was 10 ml.

As can be seen in Figure 3.15 and Figure 3.17, Flil 2-434 (and 19-434) 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 3.17
shows that a degree of purification is still achieved, presumably because other protein

contaminants bind to the column.

Following anion exchange chromatography Flil 2-434 was concentrated using a
Millipore Amicon Ultra-4 10,000 Molecular Weight Cut Off (MWCO) centricon to a final
volume of 390 ul. 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 Flil is behaving as a hexamer in solution.
To this end, Flil was incubated under conditions thought to be conducive to the formation

of hexamers at 4 °C on a rocker ovemight prior to size exclusion chromatography. The

buffer was 50 mM Tris-HCI, 100 mM NaCl, 5 mM MgCl,, 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, 150 mM NaCl, S mM MgCl,, pH 8.0 buffer. Then Flil 2-434 was
injected and eluted from the Superdex 200 column at a flow rate of 0.5 ml/min (Figure
3.16).
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Figure 3.16 Purification of Flil 2-434 using a Superdex 200 Size Exclusion Column.

The column was equilibrated in 50 mM Sodium phosphate, 150 mM NaCl, 5 mM MgCl,,
pH 8.0 buffer. The volume of Flil injected was 320 pl, and the flow rate of the injection and
elution was 0.5 ml/min.

The SDS-PAGE gel in Figure 3.17 illustrates that Source-Q anion exchange
chromatography followed by size exclusion chromatography has resulted in purification of
Flil 2-434 almost to homogeneity. The same purification method has also been used
successfully to purify Flil 19-434. But this purification demonstrates two important points
that are worth noting. Firstly, although the purification produces very pure protein the yield
1s low and this problem is due to the poor solubility of Flil which seems to be an inherent
problem with H. pylori Flil and its homologues (eg. S. typhimurium Flil (43) (52)). This
can be illustrated by reference to the Figure 3.17, 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 ul of the lysate supernatant 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 Flil is in the pellet, and after the supernatant 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-Flil protein in the lysate supernatant, GST-Flil
from the lysate supernatant does bind to the glutathione sepharose and the GST tag can be
removed by proteolysis (Lane 3). The cleaved protein visible in Lane 5 is purified from 4L
of E. coli and thus the yield is low, furthermore the free Flil precipitates during cleavage of
the GST tag. This precipitate was pelleted prior to the Source-Q step, resuspended in 2.25
ml of cleavage buffer, and a 5ul aliquot loaded in Lane 4 of the gel in Figure 3.17. After the
Source-Q step, Flil 2-434 was concentrated to 370 pl using a centricon and the
concentration was estimated to be 19.7 mg/ml by UV absorbance at 276 nm (Absorbance of
a 1 mg/ml solution@276 nm=0.312, based on the abundance of Tyrosine and Tryptophan
residues in the Flil amino acid sequence). The concentration of Flil in the proteolysis
supernatant could not be determined by similar UV spectroscopy because of protein
contaminants, but 5 11l was loaded in lane 5 and the intensity of the Coomassie-stained band
gives a rough estimate of the relative protein concentration. Assuming that the
concentration of Flil is half the concentration of Flil after Source-Q anion exchange, and
the volume of the cleavage supernatant is seven times greater, then there was approximately
20 mg of protein in the cleavage supernatant. Therefore, approximately two thirds of the
protein have been lost during either during the chromatography steps or as a precipitate
when the Flil was stored at 4 °C between purification steps. Indeed after the size exclusion
chromatography and subsequent concentration of Flil (Lane 8), the protein continues to
precipitate at 4 °C until it reaches a concentration of 2 mg/ml. Precipitation of S.

typhimurium Flil has also been observed (43).
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Figure 3.17 Purification of FIlil 2-434. Purity of the Flil 2-434 at various stages of
purification is monitored by analysis on 15% SDS-PAGE

Lane: 1, E. coli lysate supernatant, 1 pl;
2, E. coli lysate supernatant after incubation with glutathione sepharose, 1 pl;

3, glutathione sepharose after PreScission protease cleavage of the GST affinity tag,
S ul;

4, protein precipitate from the GST cleavage supernatant, 5 pul;
5, GST cleavage supematant, 5 pl;

6, flow-through peak from Source-Q anion exchange of Flil 2-434 (Figure 3.2.8)
after concentration, 5 ul;

7, first size exclusion peak after concentrated, 10 pl;

8, second size exclusion peak concentrated, 5 pl.

Attempts were also made to purify Flil using hydrophobic interaction chromatography
(Figure 3.18 A and B). This was very effective for purifying Flil 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 Flil 19-434 by Hydrophobic Interaction Chromatography.
A. Chromatogram of Flil 19-434 purification using a 1 ml HiTrap Phenyl HP HIC column
equilibrated in 50 mM Sodium phosphate, 800 mM Ammonium sulphate, pH 7.0. A
volume of 500 pl of partially purified Flil was injected at a flow-rate of 1 ml/min, Flil 19-
434 was eluted in 2 ml at the end of an 800 mM-0 mM gradient over five column volumes.
B. 15% SDS-PAGE gel of Flil 19-434 HIC purication.

Lane: 1, Partially purified Flil after GST affinity chromatography and proteolytic cleavage,
10 pl;

2, HIC peak concentrated to 200 pul, 4 pl; 3, 10ul of the HIC peak.
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The second point to note from the purification of Flil 2-434 is the elution volume of Flil
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 of K,,.
If proteins of known molecular weight are plotted 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 3.19 and the values from which it was derived in Figure 3.20.
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Figure 3.19. Superdex 200 Size Exclusion Column calibration curve
Kaw= Ve-Vo/Vi Vo

V.= elution volume, Vo= column void volume, V= column volume.
The void volume is determined by the elution volume of Blue Dextran.

1= Ferritin, 2= Catalase 3= Aldolase, 4= Albumin, 5= Ovalbumin, 6= Chymotrypsinogen
A, 7= Aprotinin.

The equation of the line: y=-0.3442x + 2.0313 R*=0.986.
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1 Ve | Vo [ Vi | Ko | MW | logMW |
Peak 1 Ferritin 9.12 8.04 24 0.07 440,000 5.64
Peak 2 Catalase 10.64 8.04 24 0.16 232,000 5.37
Peak 3 Aldolase 12.40 8.04 24 0.27 158,000 5.20
Peak 4 Albumin 14.00 8.04 24 037 67,000 4.83
Peak 5 Ovalbumin 15.12 8.04 24 044 43,000 4.63
Peak 6 16.80 8.04 24 0.55 25,000 4.40
Chymotrypsinogen
Peak 7 Aprotinin 19.01 8.04 24 0.69 6,500 3.81

Figure 3.20. Superdex 200 Size Exclusion Column calibration data used in Figure 3.19

Most of the Flil 2-434 eluted at a volume of 14.7 ml in Figure 3.16 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, Flil remains primarily
monomeric in solution. However there was a second peak of 10mAU that eluted at a
volume of 13.3 ml, but this is not visible in Figure 3.16 because of the scale. At this elution
volume the size of Flil would be 88 kDa, and therefore a small percentage of Flil may have
been present as a dimer. This is unlikely to be physiologically relevant as a Flil 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 Flil 2-434 is eluted from the size
exclusion column. To explore the possibility that the buffer conditions were inappropriate
for hexamerisation, purified Flil 2-434 was also incubated with AMP-PNP instead of ATP,
and also with a different buffer: S0 mM HEPES, 150 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 Flil 2-434 hexamer,

Hughes and colleagues have recently demonstrated the formation of S. typhimurium Flil
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hexamers under similar experimental conditions (31). 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. fyphimurium Flil involved refolding the protein from
insoluble inclusion bodies formed during overexpression (43). Flil purified in this manner
could bind ATP but it was not a functional ATPase, and may have been misfolded. Given
the failure to observe Flil hexamers, the folding of purified Flil 2-434 was investigated by
Far UV Circular Dichroism (CD) Spectroscopy. The major feature of the CD spectrum of
purified Flil 2-434 is a trough with two minima, the firstis -1.36 mdeg at 220.5 nm then the
elipticity rises slightly to -1.27 mdeg before dropping to the second minimum of -1.31
mdeg at 210.5 nm. The spectrum then rises to a maximum elipticity of 1.43 mdeg at 190
nm without reaching a discemnable peak. The spectrum may have peaked around 190 nm
but measurements could not be obtained between 180 and 190 nm. For comparison the
characteristic CD spectrum of an a-helical secondary structure consists of a trough with two
minima at approximately 225 and 210 nm. An anti-parallel B-sheet has a trough at 215 nm
and a peak at 195 nm (78). Therefore, the Flil spectrum suggests Flil is folded with
elements of both a-helical and B-sheet secondary structure. This assertion is supported by
analysis of the F1il CD spectrum with two deconvolution algorithms, CDNN and K2d (23)
(12). These predict Flil has 7-11% helical content, 45% B-structure (parallel, anti-parallel
and tum) and 33-48% random coil. Although the model of H. pylori Flil based on the
structure of Fi-ATPase suggests 31% a-helix, 24% B-sheet and 44% random coil (loop),
this discrepancy could be error due to the lack of data between 180 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 197.5 nm. Neither
of these features are evident in the Flil CD spectrum. The CD spectrum of Flil 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 210 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 Flil is probably folded but this data is not robust enough to

be conclusive.

3.2.3.4 Over-expression of the Flil N-terminal Domain
Given the poor solubility of Flil and the low yield from the purification, it was decided to

clone the N-terminal domain of Flil, 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 (118). Based on a FlilF,-ATPase multiple sequence
alignment (Figure 1.7) and the known structures of the F;-ATPase subunits, the N-terminal
domain extends from residue 2 to 91 of H. pylori Flil and consists of two sub-structures.
Residues 2-18 of H. pylori Flil are predicted to correspond to the N-terminal extension that
is disordered and protease sensitive in the Bovine Fa and B structures (1). Residues 19-91
of H. pylori Flil are predicted to form a six-stranded B-barrel structure. In E. coli rho the
strands of this B-barrel 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 InvC loss of function mutations have been identified within the sequence
corresponding to our predicted B-barrel domain (2). Furthermore a temperature sensitive
L12P mutation of Flil has also been identified in S. typhimurium that results in reduced
filament regrowth after shearing, implicating the N-terminal extension in the function of
Flil. However, the significance of this mutation requires further investigation as it will

likely have changed the structure of the Flil N-terminus dramatically.

To investigate the structure and function of the H. pylori Flil N-terminal domain the
DNA sequences encoding amino acid residues 2-91 and 19-91, were amplified and cloned
as N-terminal GST fusions in the pGEX-6P3 over-expression vector in the same manner as

Flil 2-434 and 19-434. This cloning was completed by our technician Stacey McDonald.

Flil 2-91 and 19 -91 were expressed under the same conditions as Flil 2-434 and 19-434,
with the only difference being the use of LB instead of Hyper Broth for growth of cells and
expression of protein. A small sample of the lysate supernatant from the second spin and

the pellet from the first spin were analysed by SDS-PAGE (Figure 3.21). This gel shows



Results 137

that, in contrast to Flil 2-434 and 19-434, both of the N-terminal constructs Flil 2-91 and

19-91 are moderately soluble.
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Figure 3.21 GST-FLI 2-91 and GST-FllI 19-91 expression. The proteins in the lysate are
analysed by 12% SDS-PAGE.

Lane 1, Lysate supematant from E. coli cells expressing GST-F1il 19-91
Lane 2, Lysate pellet from E. coli cells expressing GST-Flil 19-91

Lane 3, Lysate supematant from E. coli cells expressing GST-Flil 2-91
Lane 4, Lysate pellet from E. coli cells expressing GST-Flil 2-91

Both Flil 2-91 and 19-91 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 cleaving the GST tag with PreScission protease, in the
same manner already described for Flil 2-434 and 19-434 (Figure 3.10). Due to the much
greater solubility of Flil 2-91 and 1991, the lysate from 500 ml of bacterial culture is
sufficient to saturate 10 ml of glutathione sepharose. Recently GST-Flil 2-91 and 19-91
have been purified from the supernatant 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 Flil 2-91 or 19-91 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 cleavage of GST from a fusion protein
and re-application of the sample to a glutathione sepharose column is shown in Figure 3.22.
Small 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 Flil 2-91 using a GST tag The flow-rate was 1
ml/min and the bed volume was approximately 10 ml. A). Elution profile of GST-Flil 2-91.
Approximately 20 ml of lysate supernatant was loaded on the column. The elution volume
of the fusion protein was 73 ml. B). Elution profile of Flil 2-91 after cleavage of the GST
tag. The elution volume of Flil 2-91 was 16 ml, GST eluted at 50 ml.
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Figure 3.23. Affinity purification of FIlil 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-FIlil 2-91 after it had been dialysed and cleaved.

4. Flil 2-91 peak that flowed through the glutathione-sepharose column when the
cleaved fusion protein (lane 3) was applied.

Following affinity purification both FIlil 2-91 and 19-91 were further purified by HIC
using a HiPrep Butyl FF 16/10 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 ml/min 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 of Flil 2-91 and a gel of the purified protein are shown below (Figure 3.24).
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Figure 3.24 HIC Purification of FIil 2-91. A). Elution profile of Flil 2-91 from the Butyl
FF 16/10 HIC column, Flil 2-91 eluted at 164 ml. The peaks that were analysed by SDS-
PAGE are designated by numbers. B). 20% SDS-PAGE analysis of Flil 2-91 before HIC,
and the peaks that eluted from the HIC column.

As can be seen from the gel above, HIC purified Flil 2-91 and Flil 19-91 (not shown)
almost to homogeneity. Despite this Flil 2-91 and 19-91 were purified further by SEC using
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the Superdex 75 HR 10/30 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 FIil 2-91 and 19-91 by Size Exclusion Chromatography
using a Superdex 75 HR 10/30 gel filtration column. Flil 2-91 eluted as two peaks
designated 1 and 2 on the elution profile, with elution volumes of 9.92 and 13.1 ml
respectively. Flil 19-91 eluted as a single peak with an elution volume of 11.9 ml.
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Peak 5 Ribonuclease 13.8 7.84 24 037 13,700 4.14
Peak 6 Aprotinin 15.73 7.84 24 0.49 6,500 381
Peak 7 Vitamin B12 19.15 7.84 24 0.70 1,355 3.13

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-Vo/V,-Vy V= elution volume, Vo= column void volume, V, = column volume.
The void volume is determined by the elution volurne of Blue Dextran.
The equation of the line: y=-0.3393x + 1.7729 R*=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 Flil 2-91(3.27 A) and Flil 19-91 (3.27 B) have been
purified to homogeneity. Flil 19-91 elutes at a volume of 11.9 ml as a single peak, and
although the Flil 19-91 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 Flil 2-91 eluted from the size
exclusion column in two peaks. These two peaks were combined before being examined by
SDS-PAGE, and Flil 2-91 is the only protein evident suggesting that Flil 2-91 interacts
with itself in solution. Furthermore, Flil 2-91 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 18 kDa species
respectively. Assuming peak 2 is the Flil 2-91 monomer, then peak 1 represents trimeric
Flil 2-91 in solution. For reference, the predicted masses of Flil 2-91 and 19-91 oligomers

are tabulated in Figure 3.28.
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Figure 3.27 A. 20% SDS-PAGE of Flil 2-91 B. 15% SDS-PAGE of FIil 19-91 after
SEC.

FliI 2-91 peaks 1 and 2 were pooled before a sample was loaded on this gel.
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Oligomer Flil 2-91 predicted Flil 19-91 predicted
molecular mass molecular mass

Monomer 18 8

Dimer 36 16

Trimer 54 24
Tetramer 72 32
Pentamer 90 40
Hexamer 108 48

Figure 3.28. Predicted molecular mass of Flil 2-91 and 19-91 oligomers based of
the presumed elution volumes (predicted masses) of the monomers

To further verify the predicted size of Flil 2-91, dynamic light scattering (DLS) was also
performed with this protein (Figure 3.29). Like SEC, DLS suggests that Flil 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 Flil 2-91 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 Flil 2-91 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 Flil 2-91 molecular mass abundance profile as predicted by DLS

To further characterise the structure of the Flil N-terminal domain and verify that Flil 2-
91 and 19-91 are folded, the CD spectra of these proteins were measured (Figure 3.30 A).
Based on the model of H. pylori Flil, if the over-expressed and purified N-terminal domain
is folded correctly it should be predominantly B-sheet. The CD spectrum of both Flil 2-91
and 19-91 display a trough and peak with elipticity minimum and maximum at 210 nm and
195 nm respectively, characteristic of B-sheet (Figure 3.30 A). Furthermore, deconvolution
of the CD data estimates that F1il 2-91 and 19-91 contain 52 and 58% anti-parallel B-sheet
respectively (Figure 3.30 B).

However, there is considerable error in the CD deconvolution data because the model of
H. pylori Flil predicts the Flil N-terrninal domain contains approximately 45% B-sheet, and
the total secondary structure predicted is greater than 100%. Furthermore, the
deconvolution estimates that the the secondary structure of Flil 2-91 and 19-91 is
approximately the same while there is a significant difference between the two spectra.
While the elipticity of the Flil 19-91 CD spectrum remains positive between 260 and 205
nm, the elipticity of Flil 2-91 is negative and has a trough with a minimum at
approximately 210 nm. Such a trough is characteristic of a-helical secondary structure, and
as this trough is absent in the spectrum of Flil 19-91, may indicate that the first 19 amino

acids of H. pylori Flil form an a-helix.
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Figure 3.30 A. Far-UV CD Spectrum of FIil 19-91 and 2-91
B. CDNN Deconvolution of Flil 2-91 and 19-91
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To investigate the structure and folding of the N-terminal domain Flil 2-91 was also
subjected to Trypsin limited proteolysis and samples of the protein analysed by SDS-PAGE

at various time points during the proteolysis (Figure 3.31).
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Figure 3.31 SDS-PAGE of Trypsin limited proteolysis of Flil 2-91

Flil 2-91 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 SDS-PAGE
at approximately 8 kDa and corresponding in size to Flil 19-91. After 120 minutes almost
all of the Flil 2-91 is proteolysed to this 8 kDa species. As residues 2-18 are thought to
correspond to the disordered N-terminal extension of Bovine Fja and B, and are therefore
likely protease sensitive, this 8 kDa species i1s assumed to be the product of proteolysis of

the first 17 residues of F1il 2-91 by Trypsin, resulting in F1il 19-91.

In summary, the Flil 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 B-sheet and may oligomerise to form trimers. However, the stoichiometry of the
H. pylori Fli1 2-91 and 19-91 oligomers await further experimental characterisation because
estimates of protein mass based on size exclusion and DLS are not independent of protein

shape and therefore do not correspond to the theoretical mass of the protein.
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3.3 Characterisation of H. pylori FliH

FliH of Salmonella typhimurium is located in the same structure with Flil. Furthemmore,
genes encoding these two proteins are located next to each other in the S. fyphimurium

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 (188) (90). These observations failed to distinguish between a
role for FliH in flagellar assembly or flagellar export, and subsequent experiments have

shown that S. typhimurium F1iH is required for the export of FIgE, FlgD and flagellin (117).

It is possible that Flil 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 Flil and FliH.

A multiple alignment of the H. pylori FliH and other FliH homologues is shown in Figure
3.33. The N-terminus of the FliH homologues is divergent in sequence and consequently
difficult to align. For example, H. pylori has 10% identity with S. #yphimurium FliH from
residue 1 to 150. Secondary structure predictions by the PHD algorithm predict residues 1-
119 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 FIiH 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 F1iH share 20% identity from residue 151 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 120-187 of H. pylori are a-helical and residues 188-

258 are a mixture of a-helix and B-sheet.
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Figure 3.32 Genes surrounding FliH in twenty organisms. 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 flagellum or the flagellum export
apparatus, dxs = |-deoxyxylulose-5-phosphate synthase, perd4= peroxide stress regulator, ubiE = ubiquinone/menaquinone
biosynthesis methyltransferase, ice= nucleation protein, ylxF= ?, lepA= GTP-binding membrane protein.
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H. pylori

C. jejuni

L. interroguans
T. denticola
P. profundum
I cholerae

S. oneidensis
S. typhimurium
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FliH 94-258 FliH 117-258
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SFVEDLLKKT-DEMSSNIIKLQOMQIESQENEFNNRLNSELENA------- KEKFTKEGYEKAKEEFQKE 140
RAFQMIQDSK-EKVKLEEDTGKAKAEQILDRAKMEVERMIKEAEMKVAEIEHEAYLKGYDAGREVGFKK 161
AAFDEVKRQT-DEAQVIAQNAKKDAEDI IAEAEQKARDIIADSEKNKDSVNRDAYKEGFNRGREEGFKE 153
EEEEQGPPPL-TAADLEHIRQSASDEGFNEGKVTGHTEGFDVGKIEG---LEAGHAEGLEQGLAQGLEQ 117
EPEQVVEHEF-SEEEIALIRTAAQQEGFEAGQAEGYQQGFEQGKAEG---FQAGHQEGQTQGYQDGVAE 122
VETVAPP----TMAEIEDIRAQAEEFEGFNEGKTQGHIEGLEQGRLEG---LEQGHKEGFTQGHEEQGLET 121
PELTAEQQL---EQELAQLKIQAHEQGYNAGLAEGRQKGHAQG-----———-—-—— YQEGLAQGLEQGQAQ 93
----AEPSL---EQQLAQLQMQAHEQGYQAGI AEGRQQGHEQG-----——--—— YQEGLAQGLEQGLAE 86
NEENAVPTL---EDELASLRESMMQQARETGFSQGHQQGYDAG---—-—-—-—--— YQEGLAKGQQQGLQN 98
KANEVLEAAK-QEADLLQKEAIYKKESIETESNAEIERLAREYEEKLKTDLEIAIAKGREEGYSKGYES 159
LEPEPEPAPD-PEELLREWRATAERAGHAAGHQAGQEQGOREGYAAG---HAQGLAAGRAEGHAEGLAQ 104
KTPHTARSADQPENQIAAGAKTTAHEAIVLPTAEQIEQIYQQAR-——---—--——— EEGKTAGYQEGMQQ 94
VPAVAEPAPA--PPAVEEVELETVKPPTLEEIEAIRQDAYNEG---—-——— FATGERDGFHAGQLKARQE 104
ARVKEEADRISEQANSHIENIRRQIEQEKNDWAAEKQKLIEEAK-——-——-—----- AEGFEQGVALGKAE 59
TLAKEMIERARQVQREILSKTREDIEKMLKEAEERAHEIEEKYRIKG-——---- YEEGYRAGYEEGYKK 109
PDLHMAPALP----—- EAEFDEPAVYEPVLRPPTLEEIQAIEDAAQ---—--———- QEGFARGHAEGFAQ 64
GFVPFALGTPVPLPGLQSAFEPDPDPVVPFNLEGKVVLAEDELQAR-------- VDEVFRNGMDEGRRQ 102
IGEAIIKKARHEAEYIKNKALEESREFYKKAYDEGLEEGRKKG-—-------—- YEDAYNETVVKGNME 103
- -MTDIPHRKFAFDTVFDDHGGVAYTAPRVKKSFTPEEVEAAK------=-=--- AQAYAEGERSALVR 55
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Figure 3.33 Multiple alignment of FliH homologues. The NCBI-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 B-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.
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To begin the characterisation of FliH, the encoding sequence was cloned in 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 55-258 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 Flil, it was discovered that these recombinant
proteins elute in the void volume when purified by size exclusion chromatography. A size

exclusion profile for FliH 55-258 is shown in Figure 3.34.
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Figure 3.34 Elution profile of FliH 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 3.35),
which allows a size estimate of 900-1600 kDa. Therefore, FliH and FliH 55-258 expressed

and purified in this manner were not useful for further study.
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Figure 3.35 DLS profile of FliH 55-258

In an attempt to purify FliH in a form that is functional and physiologically relevant FliH
94-258 and FliH 117-258 truncated mutants were cloned as GST fusions in pGEX-6P3.
These fusion proteins were expressed in E. coli as previously outlined, and at least 50% of
the over-expressed recombinant protein was found to be in the soluble fraction of the cell

lysates (Figure 3.36).
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Figure 3.36 Analysis of GST-FIiH 94-258 and 117-258 expression by SDS PAGE on a
15% gel.

Lane 1, GST-FIliH 94-258 lysate supernatant.
Lane 2, GST-FliH 94-258 lysate pellet.

Lane 3, GST-FIiH 117-258 lysate supematant.
Lane 4, GST-FIiH 117-258 lysate pellet.

Following expression in E. coli the GST-FliH 94-258 and 117-258 were purified by
affinity chromatography via the GST tag as outlined previously for GST-Flil fusions (
section 3.2.3). The FliH proteins were eluted from glutathione sepharose using reduced
glutathione, and the GST tag was cleaved by the addition of PreScission protease and

removed by reapplication of the cleaved mixture to a glutathione sepharose column (Figure

3.37).



Results 161

FliH 94-258 FliH117-258

Figure 3.37 Analysis of FliH 94-258 and 117-258 affinity purification by SDS-PAGE
on a 15% gel

Lane 1. FliH 94-258, lysate supernatant before purification
Lane 2. FliH 94-258, lysate supernatant flow-through after 10 ml of lysate was applied
Lane 3. FliH 94-258, after glutathione elution and cleavage of the GST tag
Lane 4. F1iH 94-258, after the removal of free GST.
Lane 5-8. The same as the first four lanes but with FliH 117-258.

After the affinity chromatography both FIiH 94-258 and 117-258 were purified further
using the same methods employed for Flil with essentially the same results. Firstly, both
proteins were subjected to Source-Q anion exchange chromatography. The chromatogram

for FliH 94-258 is shown in Figure 3.38 A, and the SDS-PAGE analysis of the Source-Q
peaks for F1iH 94-258 and 117-258 are shown in Figure 3.38 B and C respectively.



Results 162

A
900.00 - —— Gradient % - 120.00
— 800.00
E l <} 100.00
S 700.00 -
[e0) —_
& 600.00 1 48000 &
2 =
X 500.00 - @
£ +6000 ©
o 400.00 4 2 o
v} (&)
é 300.00 1 14000 T
S 200.00 - 3 =
2 + 20.00
< 100004 1
0.00 - : - 0.00
0.00 50.00 100.00 150.00 200.00
Volume (ml)
B @ C &
\% o
2 ©
é\o 0‘2;
X ®
<P WV
~'  IEC 7 IEC
& ]
A 1 2 3 N 1 2 3
kDa p a kDa S
o= — o — e
15— - . = - &=
o= - p==== =
T cm— -—

20— ﬂ’ ey !— 20—

6.5=— 6.5=—

Figure 3.38 Source-Q Ion Exchange Chromatography (IEC) purification of FliH 94-
258 and 117-258. 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). 15% SDS-PAGE of IEC peaks for FliH
94-258 and 117-258 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 94-258 and 117-258, but there were
still some protein impurities and it was desirable to remove these. To this end F1iH 94-258
and 117-258 were subsequently subjected to hydrophobic interaction chromatography
(HIC) (Figure 3.39).
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Figure 3.39 Hydrophobic interaction chromatography (HIC) purification of FliH 94-
258 and 117-258. Elution profile of FIiH 94-258 from the Butyl FF 16/10 HIC column.
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Figure 3.40 20% SDS-PAGE of FliH 94-258 and 117-258 after HIC

Although HIC did remove some of the protein impurities there are still some major
contaminants in both FliH 94-258 and 117-258 that are visible by SDS-PAGE (Figure
3.40). Consequently, to attempt further purification of FliH 94-258 and 117-258, both
proteins were subjected to size exclusion chromatography using the Superdex 200 column,

the combined elution profiles of the two proteins are shown in Figure 3.41 below.
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Figure 3.41 Superdex 200 elution profiles of FliH 94-258 and 117-258

The size exclusion chromatography did not improve the purity of FliH 94-258 or 117-258
significantly, but it did allow an estimation of the masses of these proteins by calibrated
size exclusion. Based on the calibration curve in Figure 3.19, FliH 94-258 and 117-258
have predicted molecular masses of 60 kDa and 47 kDa respectively. As monomeric FliH
94-258 and 117-258 are predicted to have masses of 17 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 117-258 (Figure 3.42).
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Figure 3.42 Far-UV CD Spectrum of FliH 94-258 and 117-258. 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 illustrates 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 195 nm. This indicates that FliH 94-258 and 117-258
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 210 nm, and a peak of positive elipticity at 195 nm. These features of the CD spectra
are in agreement with the predominantly o-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 117-258 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 Flil CD spectral deconvolution there is obviously a large
amount of error as the total secondary structure is 125% and 109% for FliH 94-258 and

117-258 respectively.
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FliH 94-258 FliH 117-258
Anti-parallel B-sheet 3% 10%
Parallel B-sheet 4% 3%
B-turn 14% 17%
Random coil 47% 37%
a-helix 57% 42%
Total % 125% 109%

Figure 3.43. CDNN Deconvolution for FliH 94-258 and 117-258.

Anti-parallel B-sheet, minimum at 215 nm, peak at 195 nm.

a -helix trough with two minima, 222.5 nm and 210 nm, peak at 190 nm.

Random colil, peak at 220 nm, trough minimum at 195 nm.
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3.4 Interaction of H. pylori Flil and FliH

Given that both the FIlil N-terininal domain and FliH could be over-expressed and
purified it was decided to test for an interaction between the two proteins in order to leam
more about the function of both. Initially the interaction of full-length FliH and FliH 55-
258 with Flil 2-91 and 19-91 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 untagged
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 pull-downs.

A.GST-FliH and Flil 2-91.

Lane 1. Fli[ 2-91, 10 pg.

Lanes 2-5: pull-down experiment with:

Lane 2. Flil 2-91 and glutathione sepharose

Lane 3. GST bound glutathione sepharose and Flil 2-91.
Lane 4 GST-FliH bound sepharose.

Lane 5. GST -FliH bound sepharose and FIil 2-91.

B. The lanes are the same as A, but the sepharose was incubated with FIil 1991 instead of

2-91.
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Flil 2-91

Figure 3.45 Coomassie Blue Stained 15% SDS-PAGE of GST-FliH 55-258 GST pull-
downs.

A. GST-FIiH 55-258 and Flil 2-91.

Lane 1. Flil 2-91, 10ug.

Lanes 2-5: pull-down experiment with:

Lane 2. Flil 2-91 and glutathione sepharose

Lane 3. GST bound glutathione sepharose and Flil 2-91.
Lane 4 GST-FliH 55-258 bound sepharose.

Lane 5. GST-FIliH 55-258 bound sepharose and Flil 2-91.

B. The lanes are the same as A, but the sepharose was incubated with Flil 19-91 instead of
291.
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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
Flil 2-91 remains associated with the FliH/FliH 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 Flil 2-91 band
in lane 5 of Figure 3.39 A was sequenced to confirm that it is in fact Flil 2-91. This
indicates that Flil 2-91 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-Flil 2-91 fusion can pull down
both FliH and F1iH 55-258 (not shown). Furthermore, there was no evidence that Flil 19-91
interacts with full-length FliH or FliH 55-258, suggesting that the first 18 residues of Flil

are necessary for interaction with FliH.

To verify that the observed interaction was not an artifact of FliH aggregation and to
further define the domain of FIiH necessary to interact with Flil, the interaction of FliH 94-
258 and 117-258 with Flil 2-91 was also investigated using the same GST pull-down

method. The results of this 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 94-258/Flil 2-91
pull-down

Lane 1. Flil 2-91, 10 pg.

Lanes 2-5: pull-down experiment with:

Lane 2. Flil 2-91 and glutathione sepharose

Lane 3. GST bound glutathione sepharose and F1il 2-91.
Lane 4 GST-FIliH 94-258 bound sepharose.

Lane 5. GST-FliH 94-258 bound sepharose and Fl1il 2-91.
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Figure 3.47 Coomassie Blue Stained 15% SDS-PAGE of GST-FIliH 117-258/FLI 2-91
pull-down

Lane 1. F1il2-91, 10 pg.

Lanes 2-5: pull-down experiment with:

Lane 2. Flil 2-91 and glutathione sepharose

Lane 3. GST bound glutathione sepharose and Flil 2-91.
Lane 4 GST-FliH 117-258 bound sepharose.

Lane 5. GST-FliH 117-258 bound sepharose and Flil 2-91.

As can be seen Flil 2-91 interacts with both FIiH 94-258 and 117-258, suggesting that the
first 117 residues of FliH are not necessary for an interaction with Flil. Furthermore, FliH
94-258 and 117-258 also failed to interact with Flil 19-92 by this method, (these results are
not shown) and this again indicates the first 18 residues of Flil are necessary for an

interaction with F1iH.

To further demonstrate the interaction of the H. pylori Flil N-terminal domain and FliH,
and to investigate the size and stoichiometry of the FliH 117-258/Flil 2-91 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 FliH 117-258/F1il 2-91 complex

A. Superdex 200 elution profile of a mixture of FIiH 117-258 and Flil 2-91. Both proteins
were at a concentration of 2 mg/ml before they were mixed, the mixture contained 500 pg
of FliH 117-258 and 370 pg of Flil 2-91, 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. 15% SDS-PAGE of the eluted peaks from A. The peaks were concentrated to the same
volume and then 5 pul 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
132, 48 and 16 kDa respectively. Based on these estimated molecular weights and the SDS-
PAGE, Peak 3 and 2 probably represent monomeric Flil 2-91 and dimeric FliH 117-258
respectively. The presence of Flil 2-91 in lane 2, and the small quantity of FliH 117-258 in
lane 3 of the SDS-PAGE are probably due to incomplete separation of peaks 2 and 3. Peak
1 contains the Flil 2-91/FliH 117-258 complex.

Based on the predicted molecular mass of the complex and the predicted molecular
masses of Flil 2-91 and FliH 117-258 of 18 kDa and 23.5 kDa respectively, a number of

different complexes are possible. Some of the possible complexes are listed in Figure 3.49.

FliI 2-91:FliH 117-258 Complex | Predicted molecular mass (kDa)
22 83
23 106.5
2:4 130
3:2 101
33 124.5
34 148
4:2 119
4:3 142.5
4:4 166
5:2 137
6:2 155
6:3 178.5

Figure 3.49 Predicted molecular mass of theoretical Flil 2-91/FliH 117-258 complexes
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It is impossible to determine 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 determination 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 FIlil 2-91/FliH 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 117-258 and Flil 19-91 were also mixed in a 1:1 molar ratio and applied to the
Superdex 200 column (Figure 3.51).
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Figure 3.51 Calibrated SEC of a mixture of Flil 19-91 and FliH 117-258

A. Superdex 200 elution profile of a mixture of FliH 117-258 and FIil 19-91. Both proteins
were at a concentration of 2 mg/ml before they were mixed; the mixture contained 500 pg
of FliH 117-258 and 373 g of Flil 2-91, 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. 15% SDS-PAGE of the eluted peaks from A. The peaks
were concentrated to the same volume and then 5 pl from each loaded on the gel.
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In contrast to Flil 2-92, when Flil 19-91 is mixed with FliH 117-258 only 2 peaks are
seen during size exclusion (Compare Figures 3.48 A and 3.51 A). These correspond to the
presumed dimeric FliH 117-258 observed previously (Figure 3.48 A) and trimeric Flil 19-
91. A significant proportion of the FliH 117-258 is found in the same peak as trimeric FIil
19-91, 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 Flil 19-91 and FliH 117-258. This again illustrates the
importance of the first 18 residues of Flil 2-91 for the F1il 2-91/F1iH 117-258 interaction.

In agreement with these findings, similar but less comprehensive evidence for the FliH-
Flil interaction in S. #yphimurium has been published (119). These authors did not show
that the first twenty residues of Flil were critical for the interaction with FliH, but it had
previously been shown that an L12P temperature sensitive mutation of Flil affected
flagellum assembly (79) (188) (52). Subsequently, the purification of a His-tagged Flil-
FliH complex from S. typhimurium and the failure to purify a His-FIil L12P/R7C-FliH
complex demonstrated the formation of a complex in vivo and the importance of the N-

terminus of Flil for this interaction (118).
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3.4.1 Chracterisation of the Flil N-terminal Extension

Previous experiments in this project have demonstrated that the first 18 residues of Flil
are important for the interaction of the Flil N-terminal domain with FliH. A multiple
alignment of the N-terminal extension of Flil homologues is presented in Figure 3.52.
Although the average identity to the first 18 residues of H. pylori Flil to other homologues
is only 19%, 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 Flil 2-91-FliH
interaction, a PCR based method was used to create seven point mutations of the N-
terminal extension of H. pylori Flil 2-91. These mutations were L3A, K4A, L6A, L6E,
K7A, R9A, RYE, and L10A. The PCR amplified DNA encoding Flil residues 2-91and
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 Flil 2-91.
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 Flil 2-91, and that

they exhibit the same tendency to form trimers (Figure 3.53).
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Helicobacter pylori Flil MPLKSLKNRLNQH------ FDLSPRYGSVKKTIMPNIVYADG 35
Campylobacter jejuni 1'lil MNLEKLRSKLGKE---—---- NLSAIFGEITKISATSIEIRG 34
Caulobacter cresentus Flil RSLIAAVERI~---——- DPLTIYGRVAAVNGLL IEVRG 32
Salmonella typhimirium Flil MTTRLTRWLTALDNFEAKMALLPAVRRYGRLTRATGLVLEATG 43
Pseudomonas aeruginosa Flil MRLERTSFARRLEGYTEAVSLPAQPVVEGRLLRMVGLTLEAEG 43
Borrelia burgdorferi Flil MSNFFENYLRQVDDI----ETVSFVGRVQKIKGLLVESLG 36
Yersinia enterolitica Flil MLSLDQIPHHTRHGIVGSRLIQ---IRGRVTQVTGTLLKAVV 39
Pseudomonas aeruginosa PscN MPAPLSPLIVRMRHAIEGC---RPIQIRGRVTQVTGTLLKAVV 40
Sualmonella typhimirium InvC MKTPRLLQYI AYPQ--=--------—————- KITGPIIEAE 25
Bovine I'l Beta ATPase  —cemm SPSPKAGATTGRIVAVIGAVVDVQF 25
Bacillus PS3 F1 Beta e MTRGRVIQVMGPVVDVKF 18
Bovine F1 Alpha A'lTPase QKTGTAEVSSILEERILGADTSVDLEETGRVLSIGDGIARVHG 43
Bacillus PS3 F1 Alpha MSIRAEEISALIKQQIENYESQIQVSDVGTVIQVGDGIARAHG 43
——- ...

Figure 3.52 N-terminal alignment of Flil homologues, Type 111 export ATPases and F,-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 Flil 2-91 point mutants

The buffer was 1 x PBS containing 150 mM NaCl, 0.5 ml of each protein was injected, the
flow rate was 0.5 ml/min (Flil 2-91= 2.2 mg/ml, L3-A= 2 mg/ml, L6-A= 2 mg/ml, R9-A=
1.3 mg/ml, L10-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 Flil 2-91 point mutants was determined by their UV
absorbance at 280 nm and then 5 pg of each protein was analysed by SDS-PAGE to
demonstrate that their concentration can be estimated accurately. The interaction of these
point mutants with FIiH 117-258 was then tested using the same GST pull-down method
used for wild-type Flil 2-91 and the truncated FliH proteins (Figure 3.54).
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Figure 3.54 Interaction of GST-FIiH 94-258 and FIilI 2-91 point mutants

A. 15% SDS-PAGE gel showing that the concentration Flil 2-91 point mutants can be
estimated accurately and equivalent quantities loaded on a gel or added to a GST

pull-down reaction.

B. 15% SDS-PAGE gel of FliH 94-258/mutant Flil 2-91 GST pull-downs
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The GST-FliH 94-258 pull-downs with the mutant Flil 2-91 proteins (Figure 3.54 B)
show that within the N-terminal extension of H. pylori Flil the hydrophobic residues L3, L6
and L10 are important for the interaction with FliH. If any of these residues are changed to
alanine, a much smaller hydrophobic residue, the interaction with FIiH 94-258 does not
occur above the background. Furthermore, Flil 2-92 and FliH 94-258 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 94-258 are as strong with wild-type Flil 2-
91. But when R9 is changed to a glutamate, the mutant Flil 2-91 and FliH 94-258 do not
interact. Together these data suggest that the interaction between F1il 2-92 and F1iH 94-258
involves the N-terminal Flil extension and the interaction is primarily hydrophobic in
nature. There is may be a small contribution from the charged residues of the N-terminal
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 Flil
N-terminal extension for the interaction with FliH, the L3A Flil 2-9]1 mutant was mixed in

a 1:1 molar ratio with FliH 117-258 and calibrated SEC was performed (Figure 3.55).
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Figure 3.55 Calibrated SEC of a mixture of Flil 2-91 L3A and FIiH 117-258

A. Superdex 200 size exclusion elution profile of Flil 2-91 L3A and FliH 117-258
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 pg of FliH 117-258 and 370 pg of Flil
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 pul samples of each peak was loaded on
the gel.
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When wild-type Flil 2-91 and FliH 117-258 were mixed (Figure 3.48) there were three
peaks in the elution profile. The first peak, thought to represent the Flil 2-91/FliH 117-258
complex had an elution volume of 12.21 ml and a predicted molecular weight of 132 kDa.
This peak is absent when Flil 2-91 L3 A is mixed with FliH 117-258 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 Flil 19-91 was mixed with FliH 117-258 in Figure 3.51. In that experiment Peak 1
and 2 had elution volumes of 14.8 and 17.4 ml respectively, and predicted molecular
masses of 44 and 15 kDa respectively. When Flil 2-91 L3A and FliH 117-258 were mixed
(Figure 3.55) the peaks 1 and 2 eluted from the Superdex 200 column with volumes of 14.8

and 17.3 respectively, and predicted molecular masses of 45 and 16 kDa respectively.
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3.4.2 Investigation of the structure of the Flil N-
terminal extension
Although the N-terminal extensions of the a- and B-subunit are disordered in the crystal

structure of the Bovine F;-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 d-subunit (193). Theoretically the first 18 residues of H. pylori Flil could
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 Flil 2-91 previously discussed in
this project (Figure 3.31), suggests that the N-terminal 18 residues of H. pylori Flil are

loosely folded enough to be accessible to proteases and they may be disordered.

Hydrophilic

19

Hydrophobic

18

Figure 3.56 Helical wheel for the residues 2-18 of H. pylori Flil
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Although FIliI residues 2-18 are likely to be disordered, it is also possible that they
become helical upon interaction with FliH. To investigate this possibility Flil 2-91 and F1iH
94-258 were combined in a 2:1 molar ratio and the CD spectra of the mixture was measured

(Figure 3.57 A and B).

[f 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 Flil 2-91/F1liH 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 210 nm.

The second feature is a peak with a maximum elipticity at approximately 190 nm.

Interestingly, when F1il 2-91 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 Flil 2-91/FliH 94-258 complex. At the same time there is also a decrease in the
elipticity of the peak at 190 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 Flil 19-91 and FliH 94-258 are combined the spectra are almost
identical at 220 nm and the trough has the same shape. Like the Flil2-91/FliH 94-258
spectrum there is also a significant decrease in the elipticity at 190 nm that is difficult to

interpret.
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Figure 3.57 Investigation of the Flil/FliH interaction by CD spectroscopy

A. CD spectrum of FliH 94-258 alone, mixed with Flil 2-91 or summed with Flil 2-91.

B. CD spectrum of FliH 94-258 alone, mixed with Flil 19-91 or summed with Flil 19-
91.
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FliH 94-258 Flil2-91 and | FliI2-91 and
FliH 94-258 FliH 94-258
mixture summed
a-helix 29 33 34
Anti-parallel B-sheet 11 10 9
Parallel B-sheet 5 5 5
B-turn 19 17 18
Random coil 31 30 29
Total % 95% 95% 95%

Figure 3.58 CDNN Deconvolution of FliH 94-258/FIliI 2-91 mixed CD spectra

F1iH 94-258 | Flil 1991 and | Flil 19-91 and
FliH 94-258 FliH 94-258
mixture summed
a-helix 32 30 33
Anti-parallel B-sheet 9 10 10
Parallel B-sheet 5 5 5
B-turn 20 19 18
Random coil 30 31 30
Total % 96% 95% 96%

Figure 3.59 CDNN Deconvolution of FliH 94-258/FIlil 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 Flil 2-91 and FliH 94-258 are added (Figure 3.58). Furthermore, the
deconvolution of the Flil 19-91/FliH 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 185 to 260 nm is
used the difference between the FliH 94-258 spectrum and the FliH 94-258/Flil 2-91

combined spectrum drops to less than 1%.

In summary the CD spectra provide some evidence for an increase in helicity when Flil
2-91 and FliH 94-258 are incubated together, but the data are not conclusive and further
experiments are required. To this end a synthetic peptide comprising Flil 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 Flil 2-14 synthetic peptide
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Contrary to our expectations, the CD spectrum of the Flil 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 Flil 2-14 by

calibrated size exclusion (Figure 3.61).
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Figure 3.61 Interaction of FliH 94-258 and FIlil 2-14 synthetic peptide
A. Superdex 200 elution profile of a mixture of FliH 94-258 and F1il 2-14
B.20% SDS-PAGE gel o fthe F1iH 94-258/F1il 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-PAGE, 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 Flil 2-14 do interact,

but the structure of Flil 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 F1iJ. A
potential homologue, HP0256, was identified using PSI BLAST, but it only has an E-value
< the 0.005 significance threshold with the appropriate combination of query sequence,
Expect value and number of iterations. That is, 7. denticola, T. tengcongensis, and L.
interrogans F1iJ homologues, are identified with an Expect value of 100 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 7. 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 F1iJ for example. Examination of the motility and flagellation of HP0256 null
mutants of H. pylori strain 17874, 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 Flil
and FliH, and the interactions of these two proteins. Data presented here suggests this
interaction is analogous to the interaction between the Fi-ATPase a-subunit and the -

subunit of the F;-ATPase stator.

Due to the apparent structural homology of H. pylori Flil model to both F-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-loop and observing the effect on

H. pylori motility. In dominance experiments one interesting result was obtained, the Esj-
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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 f7i/ knock-out strain was
still flagellated and motile and therefore the effect of the R-loop mutagenesis could not be
evaluated by complementation. Thus, the function of the R-loop in the Flil catalytic

mechanism remains of future interest but the experiments in this study were inconclusive.

When appropriate controls are found such that the effect of mutating the R-loop of H.
pylori Flil 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 Flil was
overexpressed and a purification strategy involving Source-Q anion exchange
chromatography was developed. Like S. typhimurium Flil (43), the H. pylori Flil is poorly
soluble but purification of this protein did allow limited in vitro characterisation by
calibrated SEC and far UV CD spectroscopy. The spectrum of Flil by far UV CD
spectroscopy suggests that the protein has a mixture of a-helical and B-sheet secondary
structure. Furthermore, the addition of Urea caused changes in the spectrum that suggested
the protein was unfolding. Therefore, H. pylori Flil as purified in this study is assumed to
be folded. However, calibrated size exclusion in the presence of ATP indicated the size of
Flil was 48 kDa. This suggests that although the protein is folded it is primarily a monomer
in solution and does not oligomerise under the conditions used. Claret and colleagues (31)
have shown that S. typhimurium Flil 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 Flil 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 Flil 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
120 kDa and 169 kDa represented 22.5 and 12% 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
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of H. pylori Flil is present as a hexamer in solution and SEC is not sensitive enough to
detect this minor species. Another technique that fixes Flil like EM may be necessary to
visualise the hexamer. Another possible explanation for the failure of Flil oligomerise
could be partial misfolding of the protein. Previous experiments with S. typhimurium Flil
illustrated that although it could be purified, the enzyme could bind but not hydrolyse ATP
(43). This S. typhimurium Flil was purified by refolding inclusion bodies, subsequent
purifications of soluble Flil could hydrolyse ATP and the protein was folded as evaluated
by far UV CD spectroscopy (52) (118). A third possible explanation for the failure to
observe Flil oligomers concemns the oligomerisation characteristics of the protein. H. pylori
Flil 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. yphimurium fliH mutants
are non-motile and aflagellate (188) (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. #yphimurium FliH (118), but this small
(though undisclosed) fraction of the expressed protein that was removed by centrifugation
at 130,000 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 forms of FliH were cloned and over-expressed, FIliH 55-258, 94-258 and
117-258. FliH 55-258 was also found to aggregate, but FliH 94-258 and 117-258 were

found to be soluble and consequently these two proteins were used in further study.

Far UV CD spectroscopy was performed with both FliH 94-258 and 117-258 and based on
the spectra both proteins are predicted to be predominantly a-helical, with CDNN

deconvolution estimating 57% and 42% o-helix respectively. Intriguingly, when these
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proteins were subjected to calibrated SEC FIiH 94-258 and 117-258 had estimated masses
of 60 kDa and 47 kDa. The theoretical masses of FliH 94-258 and 117-258 are 17 kDa and
15 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
(118). However, another S. typhimurium study has shown that the elongated shape of FliH
is primarily due to the N-terminal 102 residues (116). In this thesis, however, the N-
terminal residues of H. pylori Flil 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 F1iH forms a trimer or

an elongated dimer. These two possibilities cannot be resolved without further experiments.

H. pylori Flil was modeled on the F|-ATPase ATPase atomic coordinates and this model
structure is consistent with the formation of a hexamer. Each Flil monomer was predicted
to consist of three domains, a C-terminal bundle of five helices, a central catalytic domain
formed by a B-sheet sandwiched by a-helices, and an N-terminal B-barrel with a disordered
N-terminal extension. As full-length Flil was difficult to work with it was decided to clone
and express the N-terminal B-barrel (residues 2-91) and characterise this domain
independently of the remainder of the protein. Flil 2-91 was cloned and expressed and
found to be soluble and stable, but limited proteolysis suggested that an N-terminal
extension of 19 residues was protease sensitive and therefore possibly disordered.
Therefore Flil 19-91 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, Flil
2-91 and 19-91. In this study the far UV CD spectra of Flil 2-91 and 19-91 have been
interpreted to suggest that both proteins are folded and predominantly B-sheet, with a
CDNN deconvolution of 52 and 58% anti-parallel B-sheet respectively. Despite similar
deconvolution the spectra of Flil 2-91 and 19-91 are significantly different. Between 260
and 205 nm the elipticity of the CD spectrum of Flil 19-91 remains positive, while the

spectrum of Flil 2-91 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 18 residues of Flil
form an a-helix, but this is difficult to confinn without further experiments. However, by
analogy to the Flil homologues, F;-ATPase a-subunit and Rho, it might be expected that
the N-terminus of Flil will form an a-helix. N-terminal 22 residues of the Fi-ATPase a-
subunit are predicted to forin an a-helix by far UV CD spectroscopy (193), and the N-

terminal residues of Rho form a three helix bundle (164).

FIiI 2-91 and 19-91 were also examined by calibrated SEC. Flil 2-91 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 18 kDa. This indicates that the N-terininal domain of
Flil 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 Flil N-terminal
domain must be elongated to explain the anomalously fast elution that leads to a larger than
expected size prediction. Flil 19-91 eluted as a single peak with a predicted molecular mass
of 28 kDa, and therefore it is also assumed to form 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 Flil 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 Flil homologues. In Rho there are interactions between the N-
terminal domains that involve a loop connecting a2 and a3 of the three-helix bundle and

the linker that joins the N- and C-terminal domains of the adjacent subunit (164).

A GST pull-down assay was used to investigate the possibility of an interaction between
FliH and Flil 2-91 N-terminal domain. This assay demonstrated that FliH does interact with
Flil 2-91. Furthermore Flil 2-91 also interacts with FliH 55-258, 94-258 and 117-258 in
GST pull-downs. In contrast Flil 19-91 did not interact with Fl1iH or the truncated variants
of this protein. This demonstrated that the 18 N-terminal residues of the Flil N-terminal
domain are required for the interaction with FliH, whereas the N-terminal 117 residues of
FliH appear dispensable for this interaction. To further demonstrate the interaction and

investigate the stoichiometry of the complex, a mixture of FIiH 117-258 and Flil 2-91 were
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examined by calibrated SEC. The resulting elution profile consisted of three peaks with

estimated molecular masses of 132,48 and 16 kDa.

Concurrently with this study in H. pylori the homologous interaction of S. typhimurium
full-length Flil and FliH was demonstrated (118). The S. typhimurium studies illustrated
that like H. pylori FliH, the C-terminal half of S. typhimurium FliH is important for the
interaction with Flil. Unlike this H. pylori study the S. typhimurium study isolated a
(FliH)2Flil complex. Based of SEC-estimated molecular masses of H. pylori FliH 117-258
and Flil 2-91 of 23.5 kDa and 18 kDa respectively, the equivalent complex in H. pylori
would have a molecular mass of 65 kDa. 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 FIlil 2-91/FliH 117-258 complex of
132 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 (130 kDa), 3:2 (101 kDa), 3:3 (124.5
kDa) and 4:2 (119 kDa). Further experiments are required to determine the exact

stoichiometry of the complex.

The S. typhimurium studies identified L12P and R7C/L12P mutants of Flil that displayed a
temperature sensitive loss of motility (188). It was subsequently shown that these mutants
fail to interact with FliH (118). Thus, the involvement of the N-terminus of Flil 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 Flil is 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 Flil 2-91-FliH interaction. To this end the Flil 2-91 DNA sequence was mutated such
that the encoded protein contained one of the following mutations: L3A, K4A, L6A, L6E,
K7A, R9A, R9E or L10A. These mutants had the same molecular mass as wild-type Flil 2-
91 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 Flil 2-91 L3A, L6A, L6E, and L10A mutants was
reduced to the level of background. This indicates that large hydrophobic sidechains at
these positions are important for the FliH-Flil 2-91 interaction. However, mutating the K4,
K7 and R9 to A had no effect on the interaction of Fl1il 2-91 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 §-subunit, which involves the
hydrophobic residues of the §-subunit and the N-terminal residues of the a-subunit (215)
(216). The significance of these mutations was further demonstrated by mixing Flil 2-91
L3-A and FliH 117-258 and performing calibrated SEC. The 132 kDa peak formed by
wild-type FliI 2-91 and FLiH 117-258 was absent, illustrating that the proteins do not

interact.

As previously mentioned it is possible that the N-terminal 18 residues of H. pylori Flil
form an a-helix. Again this would be analogous to the N-terminus of the F,-ATPase a-
subunit, which is predicted to form an a-helix upon interaction with the 3-subunit (216)
(193). To investigate this further a synthetic peptide was purchased that consisted of
residues 2-14 of H. pylori Flil, 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 B-subunit of the F;-ATPase (216). Despite the synthetic peptide being
random coil, when FliH 94-258 and Flil 2-14 were mixed and examined by calibrated SEC,
the F1iH 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 Flil 2-91 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 Flil

19-91 and F1iH 94-258 are mixed there is no change in the shape of the spectrum relative to
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FliH 94-258 alone, just slight differences in the magnitude of the signal. Therefore, the
addition of F1il 2-91 to F1iH 94-258 causes a change in elipticity, and this may be indicative
of an increase in Flil 2-91 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 directions

Further experiments are required to determine the composition of the FliH 117-258-Flil 2-
91 complex. In line multi-angle light scattering will be effective to this end as it determines

molecular mass independently of shape.

There is limited evidence for the N-terminal extension of Flil forming an a-helix. The best
way of being certain of this will be to determine the crystal structure of Flil 2-91. Crystal
screens of Flil 2-91 and FliH 94-258/117-258 have thus far yielded no crystals. It is
interesting to note that the optimal crystallisation of Rho required co-crystallisation with
mild detergents and nucleic acid substrate (164). Co-crystallisation of Flil 2-91 with FliH
94-258 or 117-258 may prove to be a productive line of investigation. Furthermore, the N-

terminal extension of Flil 2-91 is more likely to be folded in such a complex.
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