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Abstract

ABSTRACT

The DNA upstream of the gene encoding the Helicobacter mustelae surface ring (Hsr)
protein of the ferret gastric pathogen Helicobacter mustelae was shown to contain
several uncharacterised hsr-like repeat sequences in a total of 12 kb of Asr-related DNA,
including the hsr gene (the hsr locus). The primary objective of this study was to
analyse the hsr locus of H. mustelae strain 4298, in particular, to determine the extent

and possible function of the isr-related DNA repeat sequences.

H. mustelae was isolated from the stomachs of six New Zealand ferrets. This study
represents the first successful isolation of H. mustelae from ferret stomachs from at least
two geographically distinct locations in New Zealand. The Hsr proteins of the different
H. mustelae strains exhibited variability in protein size and reactivity to anti-Hsr
antisera. The DNA sequence of the strain 4298 15-kb Asr locus was completed and
analysed for DNA repeats. There were 343 perfectly repeated sequences 12 — 741 bp in
length, with up to 11 copies of each. Within the hsr gene of strain 4298, a 2.4 kb repeat
region, the variable repeat region, was defined. The flanking hsr-related sequences
were equally distributed and mostly (96%) inverted with respect to the hsr gene. DNA
sequence alignments of nine different H. mustelae strains, showed a high level of
sequence variation in the variable repeat region of the Asr gene, in contrast to the central
and B domains. Alignment of sequenced DNA from the variable repeat region of
different strains identified conserved-variable-conserved blocks (CVCs) of sequence,
which may facilitate a recombination-based antigenic variation mechanism.
Approximately 7 kb upstream and 3 kb downstream hsr-related flanking sequence may
serve as a reservoir for sequence variation of the hsr gene. The searches for repeat
elements have facilitated the identification of potential DNA regulatory elements

involved in the abundant production of the Hsr protein.

The HSRL also contained an unrelated open reading frame, encoding Orf2, which had
significant identity with LolA , a periplasmic lipoprotein carrier protein, but containing
an N-terminal extension of 14 charged and polar amino acids. Insertional inactivation

of orf2 had no detectable effect on Hsr expression in the Hsr' strain 4298.
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Introduction

1.0 INTRODUCTION

1.1 The genus Helicobacter

1.1.1 General history

The first observations of spiral-shaped bacteria in animal stomachs were made by
Rappin (1881), Bizzozero (1893) and Salomon (1896) (reported in Fox and Lee, 1997).
Doenges was first to report a high incidence (103/242) of spiral bacteria in sections of
gastric mucosa from human stomachs (Doenges, 1938). Steer and Colin-Jones (1975)
described the presence of spiral organisms closely associated with the gastric mucosa
from patients with gastritis while absent in non-inflamed stomach tissue. Warren and
Marshall (1983) also observed these spiral bacteria associated with chronic inflamed
gastritis, and noted a physical resemblance to Campylobacter jejuni. Subsequently,
Campylobacter isolation techniques were employed to yield the first successful culture
of the Campylobacter-like organisms (CLOs) from human antral biopsy specimens
(Marshall and Warren, 1984). These organisms were classified as belonging to the
Campylobacter genus until biochemical, physical, and finally phylogenetic 16S rRNA
gene sequence analysis (Goodwin er al., 1985; Jones et al., 1985; and Romaniuk et al.,
1987) resulted in the creation of a new genus, Helicobacter (Goodwin et al., 1989). To
date more than 20 species of Helicobacter have been isolated from various hosts (Table

1.1), including Helicobacter species found in organs other than the stomach.

1.1.2 General characteristics of members of the genus Helicobacter

The Gram-negative Helicobacters exhibit varied morphological forms from spiral to rod
shaped (3 x 0.5 uM). The cells are relatively slow growing (2 — 5 days), have relatively
fastidious nutrient needs, and requires both a microaerobic atmosphere (5% CO,, 90%
N2, 5% H;), and a pH environment of pH 4.5 - 8.0 for successful culture.
Helicobacters are motile, having one to several sheathed flagella per cell. A strong
urease activity is a major property of Helicobacters associated with the host stomach,
while most of those isolated from other organs do not generally exhibit urease activity

(Table 1.1; Fox and Lee, 1997). Beyond the common characteristics, various

1



Introduction

Helicobacter species presumably evolved specialised adaptive features in response to

host natural selection.

Table 1.1 List of Helicobacter species and their hosts.

Species Hosts Primarv site  Urease (+/-) _ Other sites

H. pylori* Human, macaque, cat Stomach +

H. mustelae Ferret, mink Stomach -

H, felis* Cat, dog Stomach +

H. bizzozeronii™ Dog, human Stomach B

“H. heilmannii"™®  Dog, cat, human, monkey  Stomach ?

H. nemestinae Pig-tailed macaque Stomach +

“H. suis" Swine Stomach ?

H. acinonyx Cheetah Stomach +

“H. rappini"“ Sheep, dog, human, mice Intestine + Liver (sheep), stomach
H. canis® Dog, human Intestine - Liver (dog)

H. hepaticus Mice Intestine + Liver

H. bilis Mice, dog Intestine - Liver, stomach (dog)
H. rodentium Mice Intestine

H. trogontum Rat Intestine g

H. muridarum Mice, rat Intestine + Stomach (mice)

H. cinaed!® Human, hamster Intestine

H. fennelliae Human Intestine

H. pullorum” Chicken, human Intestine - Liver (chicken)

H. pametensis Bird, swine Intestine -

H. chlolecystus Hamster Liver ?

H. suncus® House musk shrew Stomach +

H. winghamensis®  Human Intestine

H. aurati® Syrian Hamster Stomach +

Table data is mostly taken from Fox and Lee, 1997 (and references therein). ‘Some data suggest zoonotic potential; "Closely
related, may be same species; ‘Goto et al., 1998; "Melito et al., 2001; *Patterson et al., 2000,

1.1.3 Medical sienificance of Helicobacters to Humans

Helicobacter pylori cells inhabit the protective mucus layer covering the gastric
epithelium, and a proportion are intimately associated with the gastric epithelium of
susceptible human hosts (Blaser, 1993; Hessey et al., 1990). Approximately 30% of the
adult population in developed countries and 80 - 90% of the adult population in
developing countries are infected by Helicobacter pylori, with the incidence of infection
depending on factors such as age, socioeconomic status, and ethnicity (Dunn et al,
1997, Blaser, 1996). H. pylori is an important causative agent of peptic ulcer disease in
humans (Marshall, 1995) and is also associated with other gastric diseases, ranging from
mild, asymptomatic superficial gastritis to gastric carcinogenesis, all of which may take
years to manifest (Lee e al., 1993; Blaser, 1993, Forman, 1993). At the turn of the 20"
century, stomach cancer was the leading cause of death in the USA, on average 32

deaths per 100,000 people. These rates have reduced over time as hygiene and living
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conditions have improved, although stomach cancers are still significantly represented

in the cancer statistics (Blaser, 1996).

H. pylori induces a strong, yet relatively ineffectual immune response (Ferrero, 1997).
These factors have motivated the intensive study of Helicobacters, in particular H.
pylori, with many animal models employed to investigate various aspects of
Helicobacter infection. These animal models include gnotobiotic piglets, primates, cats,
dogs, ferrets and various rodents. Among these, the murine model has an advantage,
since it can be infected with adapted H. pylori strains and there are many

immunological reagents and mutant or transgenic strains available to exploit (Lee,

2000).

1.2  Helicobacter mustelae

1.2.1 General backeround

H. mustelae was the second member of the Helicobacter genus to be isolated. This
species was cultured from the stomachs of ferrets (Section 1.2.2) (Fox et al., 1986; Cave
et al., 1986; Fig. 1.1a). Up until 1997, H. mustelae had been isolated from stomachs of
ferrets inhabiting America, England, Canada and Australia (Tompkins er al., 1988; Fox
and Lee, 1997). However, H. mustelae organisms were not detected in the stomaths of
a group of New Zealand ferrets (Morris, et al., 1988). Besides ferrets, H. mustelae has
been isolated from the stomachs of other Mustelids (Section 1.2.2), including Mustelae
vison (mink) (Fox er al, 1993), and most recently, Mustela ermina (stoat) (O’ Toole and
Forester, unpublished results), but has not been isolated from non-Mustelid animals. H.
mustelae naturally infects ferrets, and virtually all ferrets with gastritis are infected with
the bacterium (Fox and Lee, 1997). The disease induced by H. mustelae in ferrets
mimics chronic diffuse (superficial) type gastritis in humans, caused by Helicobacter

pylori (Fox et al., 1990).
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Figure 1.1 H. mustelae cell morphology and Hsr protein rings

Electron micrograph of H. mustelae cell morphology and flagellar configuration stained with 1%
phosphotungstic acid. The figure is reproduced, with permission from the New Zealand Veterinary
Association (copyright holder), from Forester er al., 2000. B. High magnification electron micrograph of
ammonium molybdate-stained membrane preparations showing the Hsr ring structures of H. mustelae

strain 4298 (modified from O’ Toole et al., 1994).
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1.2.2 Ferrets and the ferret animal model

Ferrets (Mustela putorius furo) belong to the subfamily of small carnivores (Mustelinae)
within the Mustelidae family. Other members of the genus include weasels, stoats,
mink, otters, badgers, skunks and wolverines (Fox, 1998). People have exploited ferrets
for centuries, breeding for pelts, for hunting uses (“ferreting™), for biomedical research,
and as cherished pets. In some countries ferrets are considered pests. For example,
ferrets, along with stoats and weasels were released in New Zealand (1880s, Fox, 1998)
in an attempt to reduce the population of rabbits, which were originally introduced as
game, but bred uncontrollably in the absence of natural predators. However, the
introduction of the new predators did not result in the decline of the rabbit population as

expected, but have rather devastated the native bird population (Fox, 1998).

Ferrets are being used with an increasing frequency in almost all aspects of biomedical
research, since the establishment of commercial breeding farms makes ferrets readily
available. In addition, many similarities of the ferret anatomic, metabolic, and
physiological features to those of humans, has seen the ferret being promoted as an
animal model for disease in humans. The similarity of gastric anatomy, physiology and
causative agent of gastric mucosal disease, lead to the suggested use of the ferret as an
animal model for Helicobacter-induced pathogenesis and transmission (Cave er al.,
1986; Fox, et al 1992; O'Rourke et al., 1992). Almost ten years later, this ferret model
has largely been replaced by Helicobacter-adapted murine models (Section 1.1.3).
Nevertheless, the ferret model has contributed valuable information, including the
ability of Helicobacters to induce gastric adenocarcinoma (Fox et al, 1997), and
allowed the testing of the effectiveness of antimicrobial chemotherapy (Otto et al.,

1990).

1.2.3 Characteristic features of H. mustelae

A general description of Helicobacters is given in Section 1.1.2. H. mustelae is
morphologically distinct to H. pylori (Fox et al 1989). A summary of some important

similarities and differences between H. mustelae and H. pylori are listed in Table 1.2.
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Table 1.2 Characteristics of H. mustelae compared with H. pylori
Characteristic H. mustelae H. pylori
Culture/ Morphology
Growth temperature, microaerobic conditions® 37°C, 42°C 3TE
Shape of Gram negative rods slightly curved (2 x  spiral

0.5 uM)
Flagella (essential for colonisation) sheathed sheathed
Type and distribution of flagellae” 4-8 peritrichous 4-8 bipolar
Biochemistry
Rapid urease activity" + +
Nitrate reduction® + -
Nalidixic acid (30ug disc)® sensitive resistant
Cephalothin (30pg disc)’ resistant sensitive
Predominating fatty acids Cl16>C19>C14 Cl14>C19
Lipid A’ different structures
DNA characteristics
GC% (mol %)’ 36 35-37
Proteins® <40% similarity®
Urease (essential for colonisation) + (yes) + (yes)
Cytotoxin - +
8.5 nm surface rings (150 kDa monomer) present absent
Histology
Cellular sites* surface epithelium intracellular junctions
Cell adherence "pcdeslals"‘j[%) almost all 3-19%¢

Dense inclusion bodies associated with the + -
basal body of the flagellum®
Gastric Disease

Naturally infected yes ?
Inflammation — diffuse antral gastritis in host + +
Hypergastrinemia® + +
MALT lymphoma® 3 +

“Tompkins ef al., 1988. "Fox and Lee, 1997, “Morgan ef al., 1991, "O’Rourke ef al., 1992, Perkins er al., 1996. Therisod et al.,
2001. *Erdman er al., 1997.

O’Rourke and colleagues (1992) performed a detailed examination of the ultrastructure
of H. mustelae. H. mustelae (Fig. 1.1a) is a short, slightly curved bacilli (2 x 0.5uM),
with peritrichous sheathed flagella, and is found almost exclusively closely associated
with the ferret gastric epithelium, forming adhesion “pedestals”, with bacterium seldom
found free in the overlying gastric mucus (in contrast to H. pylori). Significant numbers
are found intracellularly, both endocytosed and invading. Coccoid forms have been
detected in gastric sections with flagella grouped to one end. Dense inclusion bodies
noted associated with the base of flagella were suggested to be involved in generation of
energy for motility and cell wall formation (O’Rourke et al., 1992). H. mustelae
movement is distinct from other Helicobacters, with an efficient spinning motility rather
than the classical movement of the spiral forms. This motility was thought to be linked
to the aforementioned basal bodies and peritrichous flagellae, and may explain how H.
mustelae achieved efficient movement through the thick epithelial mucus lining in the

absence of spiral morphology (O’Rourke et al., 1992). Another apparently unique
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feature of H. mustelae is the Helicobacter mustelae surface ring protein (Hsr, Fig. 1.1;

Section 1.3).

1.3  The Helicobacter mustelae surface ring protein (Hsr)

1.3.1 The Hsr protein

The Hsr protein was first observed, using electron microscopy, forming a regular array
of 8-nm diameter ring-shaped structures covering the H. mustelae cell surface (O’Rouke
et al., 1992). The Hsr protein was further characterised using biochemical procedures
by O'Toole et al. (1994). Protein monomers with an apparent molecular mass of 150
kDa were presumed to assemble together to form the 8.5 nm diameter ring-shaped
structures. The number of monomers in a ring could not be accurately determined
because of poor resolution at high magnification (Fig. 1.2). Each ring structure has an
internal diameter of 4.25 nm and extends 6 nm from the outer membrane of the
Helicobacter mustelae cells (O'Toole et al., 1994). Loose association of many ring
structures produced the regular arrays previously mentioned, and these Hsr rings
constituted approximately 25% of the total cellular membrane proteins (O’ Toole er al.,
1994). This collection of ring structures was originally suggested to be an S-layer
(O'Rourke et al., 1992), but was later shown to be distinct from classical S-layers
(O'Toole et al., 1994). The Hsr protein is most likely specific for H. mustelae, and has
not been detected in H. pylori or H. felis (O’Toole et al, 1994).

Each Hsr monomer is produced as a preprotein, with a signal peptide of 47 amino acids,
as determined by N-terminal amino acid sequencing (O’Toole et al., 1994). At the time
of discovery, it was considered unusually long for typical signal sequences from Gram-
negative bacteria (O’Toole er al., 1994; Pugsley 1993). The discovery of a group of
proteins known as the autotransporters has suggested the mechanisms of signal peptide
processing in these proteins (Section 1.3.2). The Hsr precursor is cleaved, presumably
by a signal peptidase, to yield a mature Hsr protein (153 kDa) composed of 1472 amino
acids, the general properties of which are listed in Table 1.3. Overall, the Hsr protein is

large and generally hydrophilic.
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Table 1.3 Summary of the amino acid characteristics of the Hsr protein
CHARACTERISTIC/ PROPERTY

Preprotein 1519 aa
Molecular weight 158.0 kDa
Signal peptide® 47 aa
Molecular weight 5.4 kDa
Mature Hsr protein 1472 aa
Molecular weight 152.6 kDa
pl* 6.06
Charge at pH 7.0° -4.19
Kyte & Doolittle average hydrophobicity score® -3.06
Polar uncharged amino acids (C, G, N, Q, S, T, Y)® 52.2%
Aliphatic sidechains (A, G, I, L, P, V)" 42.9%
Non polar/ Hydrophobic amino acids (A, F, [, L, M, P, V, W)™ 35.9%
Aromatic sidechains (F, W, Y)® 8.5%
Basic (H, K, R)* 6.1%
Acidic (D, E)® 5.9%

Cys (1)* 0.1%
Peripheral: Integral odds® 2,73

‘0" Toole er al, 1994, "Letters in parentheses represent the single letter amino acid code, “Number in parentheses indicate the
incidence of the item in the mature Hsr protein.

The Hsr protein is anchored in the outer membrane presumably via a hydrophobic [3-
barrel structure located in the C-terminal domain of the protein. This B-barrel modular
structure is the common feature unifying autotransporter proteins (Henderson et al.,
1998) and is described in Section 1.3.2. Hsr lacks both the catalytic triad and
appropriate cleavage sequence for proteolytic digestion, consistent with its retention on
the cell surface (Forester er al., 2001). The function of the Hsr protein is unknown, but
it is speculated that the protein may be a potential virulence factor. It has been
discounted as a haemagglutinin (Forester and O’Toole, unpublished previous work), and
is unlikely to possess anti-phagocytic properties. The latter function was tested on a
non-Hsr expressing variant of H. mustelae strain 4298, that spontaneously reverted to
wild type expression upon passaging (O’Toole et al, 1994). The mechanism of this
phase type variation is unclear. The protein has been shown to be a strong immunogen
in rabbits (O’ Toole et al., 1994) and elicits antibody production in ferrets (Forester et
al., 2000). The relative abundance of the Hsr protein in the outer membrane and
exposure to the external environment make it an obvious target for host immune attack.
Investigations of the function, efficient production, export and variability of this major

surface antigen are ongoing.
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1.3.2 Hsr belongs to the family of Autotransporter proteins

The Hsr protein has been proposed as a member of the expanding family (>40
members) of secreted autotransporter proteins from Gram-negative bacteria (Henderson
et al., 1998) (Table 1.4). Although striking sequence heterogeneity of all
autotransporter proteins is evident, the converging feature of these proteins is the
presence of the mechanism for efficient outer membrane localisation integrated into
each of the secreted protein precursor, hence the descriptive term ‘autotransporter’. The
general structure of autotransporters comprises three functionally distinct domains: an
amino-terminal signal peptide; the passenger (¢t) domain, conferring the major function
of the protein; and the B domain, involved in pore formation and the mechanism of
exporting the passenger domain to the external surface of the bacterium (Fig. 1.2). This
mechanism was first described for the immunoglobulin A1 (IgAl) proteases (Klauser et

al., 1993).

Most autotransporter signal sequences resemble the Sec-dependent signal sequences,
with a positively charged N domain, a hydrophobic H region and C-domain containing
the signal peptidase cleavage site. These sec-dependent leader peptides are unusually
long, with extended N-domains containing many charged amino acids, the suggested
functions of which are to recruit accessory proteins involved in the secretion process, or
to determine protein localisation (Henderson et al., 1998). Autotransporter secretion
employs the first step of the type II Sec-dependent secretion pathway (GSP, general
secretory pathway) for export of the protein precursors from the cytoplasm to the

periplasm (Pugsley, 1993, Hueck, 1998).

The carboxyl terminal B domain is assumed to form a pore by the spontaneous assembly
of 10 — 18 (14 is most common) amphipathic 9-residue [-sheets in an antiparallel
organisation, into a B-barrel conformation. Pore formation has been demonstrated for
the Bordetella pertussis BrkA protein (Shannon and Fernandez, 1999). The extreme C-
terminus of each protein shares a family signature motif, which is conserved and has
suggested involvement in the efficient outer membrane localisation of the B-domain
(Loveless and Saier, 1997). Interestingly, unlike other autotransporter proteins, the Hsr

protein monomer has 34 amino acids following the end of the signature motif. The
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Figure 1.2 Autotransporter domains and membrane topology.

General structural organisation of the three structural domains and membrane topology of the B-domain

of autotransporter proteins.

Top: The three main domains are indicated (signal sequence, passenger

domain, and B-domain). Each domain is described in the corresponding text. Proteolytic cleavage sites

are indicated with arrowheads. Structural and functional motifs (e.g., active site motifs) are indicated.

Bottom: The predicted membrane integration of the B-barrel structure is shown in relation to the outer

membrane. This figure is a modified version of that which appears in Henderson et al., 1998.

Table 1.4

Autotransporter proteins occur in many Gram-negative bacteria and have

functions promoting disease in host organisms.

Protein functions

Microorganism (Autotransporter examples)

Adhesins

Proteases

Invasins

Mediators of Motility
Serum resistance
Toxins

Unknown

Escherichia coli (AIDA-I, Tsh, Agd3, TibA); Bordetella pertussis (Pertactins, TcfA),
Haemophilus influenzae (Hia) Helicobacter pylori (AlpAB?)

Neisseria gonorrhoeae, Neisseria meningitidis, H. influenzae (IgA1 protease); E. coli
(EspP, Pic); Serratia marcescens (Ssp, Ssp-hl, Ssp-h2); Shigella flexneri (SigA, Pic)

H. influenzae (Hap)

S. flexneri (IcsA)

B. pertussis (BrkA)

E. coli (EspC, Pet, Sat); Helicobacter pylori (VacA)

Helicobacter mustelae (Hsr); H. influenzae (Hsf); S. flexneri (SepA, ShMu);
Rickettsia ssp (rOmpA, rOmpB; SIpT)

*Odenbreit ef al., 1999
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significance of this has not been investigated.

The passenger (o) domain contains the least conserved amino acid sequence of the
autotransporter protein domains. Sequence divergence is attributed to the range of
diverse functions of each protein, which include: adhesins, proteases, toxins, invasins,
motility mediators, and serum resistance (Henderson et al., 1998). The transfer of the
passenger domain transfer to the outer surface of the bacterium is often followed by
specified proteolytic release of this domain into the external milieu. The proteolytic
determinants, if present, are frequently carried in the passenger domain itself, thus
leading to autoproteolysis. The exceptions are the adhesins; AIDA-I protein, E. coli
Agd43, and the B. pertussis pertactin proteins, which may require a separate membrane-
associated protease for cleavage (Henderson er al., 1998). Interestingly, in this group of
proteins, the passenger domain remains associated with the membrane bound -domain
after proteolysis of the peptide chain between them. The Hsr protein does not undergo
proteolysis and its equivalent a-domain is exposed to the surface and presumably
anchored by the B-domain (O'Toole er al., 1994). A noteworthy feature of the
passenger domain is the conserved scarcity of cysteine residues. Formation of
disulphide bonds in the passenger domain have been shown to prevent or reduce (three-
fold) its localisation to the outer membrane (Jose et al., 1996; Veiga et al., 1999).
These results imply that extensive tertiary structure impairs efficient translocation of the
o-domain through the proposed B-barrel pore. The minimal complete translocation unit
(TU) has been demonstrated to include the B-domain and a linker region extending into
the a-domain of the AIDA-I protein (Maurer et al., 1999). It appears likely that the

complete TU functions have been conserved across autotransporters.

The current model of autotransporter secretion is as follows: The nascent polypeptide
chain is exported from the cytoplasm to the periplasm in a Sec-dependent manner. The
C-terminal residues integrate into the outer membrane, followed by spontaneous pore
formation via membrane spanning antiparallel amphipathic [-sheets, and finally
translocation of the passenger domain onto the outer surface of the bacterium.
Threading of the ‘unfolded’ N-terminal passenger domain through the B-barrel pore is
thought to occur via a hairpin-like structure, which is most likely guided by the linking

region.
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The autotransporter proteins have been phylogenetically separated by DNA and protein
homology into individual subfamilies (Henderson et al., 1998). The Hsr passenger
domain has no significant homology to other autotransporters. Hsr lacks the consensus
serine protease active site motif (GDSGSP), consistent with its retention on the cell
surface. It does not have RGD motifs associated with attachment to the plasma
membrane of mammalian cells (D'Souza, et al., 1991). Consequently, the Hsr protein

has been singled out as the single protein in the Hsr family or family III (Henderson et
al., 1998).

1.3.3 The Asr gene and generation of the sequence of the 12 kb Asr locus —

preliminary information

The sequence of the 4557 bp hsr and upstream elements was previously identified,
isolated, and sequenced by O’Toole et al. (1994). The area housing the upstream
elements was scrutinised for —10 and —-35 promoter sequences, and was apparently
expressed from non-typical upstream transcription/translation elements. Re-
examination of these hsr upstream elements, as part of a study into the efficient Hsr
export, lead to the discovery of a DNA rearrangement introducing 22 bp of EMBL3
cloning vector DNA and other unknown sequence into the immediate upstream of the
hsr gene sequence (Fig. 1.3). This insertion effectively removed the native ribosome
binding site and transcription start site, and was assumed to have occurred during the
generation of the EMBL3 lambda clone, AE2 (Fig. 1.3). Consequently, a new Hm4298
genomic library was prepared and screened for Hsr expression, using polyclonal

antibody to Hsr (JA6, O’Toole et al, 1994). The lambda clone AP1C was expanded and

mapped by restriction enzyme analysis. Strategically placed AP1C sub-fragments were
then subcloned into general cloning vectors for DNA sequence analysis (Figure 1.3).
DNA fragments containing the native hsr upstream DNA sequence were apparently
lethal using a number of different cloning strategies. However, the sequence of
neighbouring clones allowed for the identification of primers that could be used to
amplify connecting DNA fragment from AP1C DNA that contained the putative
upstream elements. Confirmation of this DNA sequence was performed using H.
mustelae strain 4298 genomic DNA as the PCR template in place of the AP1C derived

sequences (Forester and O’ Toole, previous unpublished work).
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DNA sequencing of this fragment resulted in the identification of a consensus ribosome
binding site (AGGAGA) seven nucleotides upstream of the translational start site.
Primer extension analysis was performed on strain 4298 total RNA. The transcription
initiation site was located 56 bp upstream of the translation start site (O’Toole and

Forester, unpublished).

12 kb hsr locus

gyed  hpd702 TR upstream sequence repaat region hsr

APIC clone insert

‘ ]
éfy AE2 clone insert

Figure 1.3 Genomic organisation of the lisr locus of H. mustelae strain 4298.

The genetic arrangement of the Asr locus (knobbed line) is shown. Putative genes (unfilled arrows)
neighbouring the repeat region (black box) are labelled according to the most related protein according to
BLAST protein and nucleotide homology searches. The gap between the descending marker lines
denotes 5000 bp of DNA sequence. The horizontal lines directly below the markers represent a summary
of the DNA sequencing performed in this area of the strain 4298 genome, with the top line + strand and
bottom - strand with respect to the hsr gene. The two indicated lambda clones, AP1C and AE2, are
indicated below representative lines depicting the regions carried within each clone insert. The AE2 clone
is ‘arrowed’ to show a continuation of sequence beyond the end of the hsr gene. The looped region
shown at the 5" end of the AE2 clone represents DNA that was scrambled during the generation of the

original EMBL3 lambda library prior to the original sequencing project.

DNA sequencing of other subclones of APIC insert surprisingly revealing DNA
sequence containing previously unidentified hsr-like repeat sequences upstream of the
hsr gene. Sequencing 5’ of the hsr gene, to the nearest gene neighbour, resulted in a

region of approximately 7.0 kb of upstream hsr-like sequence being detected (Forester,
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previous work). A total of approximately 12 kb (Fig. 1.3) constituted an area named the
hsr locus (HSRL), which included the hsr gene plus the upstream repeats, and provided

the starting material for this study.

1.4 Functional roles of surface exposed proteins of Gram-negative

mucosal pathogens

Surface exposed bacteria are in constant contact with the external host environment.
The Majority of these surface proteins contribute, at least in part, to bacterial
pathogenicity.  Abundantly expressed S-layer proteins (SLPs) of Gram-negative
bacteria are involved in bacterial protection and virulence. For example,
Campylobacter fetus, Aeromonas salmonicida, A. serpens, and Caulobacter crescentus
SLPs shield attack from bacterial parasites, such as Bdellovibrio bacteriovorus
(reviewed in Sara and Sleytr, 2000). The C. fetus Sap proteins and A. salmonicida A-
layer prevent complement binding (serum resistance) and both proteins exhibit antigenic
variation (Section 1.5.2). In addition, post-translational modification (tyrosine
phosphorylation) of the AhsA S-layer protein of the Aeromonas hydrophila has been
implicated in sensing and signalling events (Thomas and Trust, 1995). Other functions
have been described for SLPs in other bacteria from distinct ecological niches, but not
an integrative function for all (Boot and Pouwels, 1996; Sara and Sleytr, 2000). Surface
exposed autotransporter proteins, like SLPs, are implicated in bacterial virulence via a

broad spectrum of adaptive functions (refer to Section 1.3.2).

Analysis of the genome of H. pylori, the closest sequenced relative to H. mustelae,
identified several outer membrane proteins demonstrating a large range of functions for
cell maintenance within the host stomach (Tomb et al., 1997; Alm et al., 1999). These
functions include porins / adhesins (colonisation), siderophores (iron uptake), antigenic
variation (colonisation / persistence), transporters, pilin (colonisation), flagella
components (motility), toxins, restriction modification components (protection), and
proteases (evasion). Often, more than one functional activity is presented in a single
protein. For example, the H. pylori VacA autotransporter has roles in gastric epithelial
cell toxicity and antigenic variation (Atherton, et al., 1995; Cover and Blaser, 1992).

The more distantly related Campylobacter jejuni has distinct surface properties from
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those of H. pylori, with large numbers of surface polysaccharides and
lipooligosaccharide structures predominating over surface proteins (Parkhill er al,
2000a), but serving similar functions associated with evasion of host immune
surveillance. Despite diverse surface structures, the overall functions of surface

proteins are conserved in most Gram-negative mucosal pathogens.

1.5 Generation of bacterial protein variability

1.5.1 Repeats sequences in prokaryotes

Repeat sequences are ubiquitously present in the genomes of all organisms. Genomic
sequencing has facilitated the detection of repeat sequences. Clues from the genomic
incidence and positioning of sequence repeats are unravelling the functions of these
repeat sequences together with the molecular mechanisms that generate them. Seven
distinct repeat types were detected in the meningococcal genome, comprising: insertion
sequence (IS) elements, repetitive extragenic palindromic sequences (REPs), AT rich
repeats (ATR), Correia elements (CE), neisserial intergenic mosaic elements (NIMEs),
prophage sequences, and DNA uptake sequence (Parkhill er al., 2000b). The 10-bp
DNA uptake recognition sequence (5’-GCCGTCTGAA-3") is abundant in the Neiserria
genome (almost 2000 times) functioning in recognition of homospecific DNA during
natural transformation. Prokaryotic interspersed repetitive DNA has important roles in
chromosome structure, regulating gene expression and can contribute to virulence
(Lupski and Weinstock, 1992). A single type of repetitive sequences, the stem loop
forming REP sequences of S. typhimurium and E. coli, have been implicated in gene
regulation (mRNA stabiliser, differential translation (Newbury et al., 1987)),

chromosome folding and chromosome rearrangements (Stern et al, 1984).

Short tandemly repeated DNA sequences are divided into three general classes.
Homogeneous repeats comprise homopolymeric runs of a single nucleotide or short
sequence repeats 1-6 nucleotides in length. Heterogeneous repeats consist of mixed
homogeneous repeats, while degenerate repeats are tandem repeats with small
nucleotide changes in the consensus repeat sequence (van Belkum et al., 1998). Short

sequence repeats have roles in bacterial phase variation (Section 1.5.2) and gene
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regulation mediated by the formation of hairpin structures. Degeneracy in tandem
repeats provides a mechanism for antigenic variability in H. influenzae, the longer the
repeat, the higher the incidence of sequence heterogeneity (van Belkum, et al., 1997).
Large repeat sequence arrays (1 - >2001 kb) are almost exclusively involved in cell-
surface functions in N. meningitidis. Repeat arrays were found flanking the genes of
outer membrane porins (e.g. porAB, IbpAB, tbpAB and hpuAB) (Parkhill et al., 2000b).
Repeat sequences thus far have been associated with genes involved in bacterial
pathogenesis and when present around genes can be positive indicators of potential

virulence factors.

1.5.2 Pathoadaptive DNA rearrangements and mutations

The adaptive host immune system functions to eliminate or restrict pathogen replication.
In the process it selects for pathogens with the ability to evade host defences and
replicate, thus persisting within a population of susceptible or at least partially
susceptible hosts (Brunham et al., 1993). Small apparently non-programmed DNA
changes, such as point mutations, small insertions and/or deletions in DNA sequences
facilitate antigenic drift of a protein through natural selection and can lead to increased
bacterial infectivity. These mutations may also confer a selective advantage, in
appropriate conditions, by changing (modification or loss) a function of protein
enhancing pathogenesis without gaining DNA encoding for specific virulence factors

(Sokurenko et al., 1999).

Examinations of genome sequences have noted that antigenic variation is a common
feature among mucosal pathogens (Wren 2000). Antigenic variation comprises DNA
alterations, generally associated with host immune evasion and, less frequently, niche-
determined adaptative features such as tissue tropism (Seifert and So, 1988; Conner et
al., 1998). Strictly speaking, antigenic variation arises from a single bacterial strain that
is capable of expressing several variants of a cellular component, not due to
unprogrammed background mutation (Seifert and So, 1988). However, homologous
recombinations between cellular DNA and donor DNA taken up during autolysis of
neighbouring cells have been included in the description of antigenic variation related

mechanisms (antigenic shift) of some Gram-negative bacteria (Gilsdorf, 1998;).
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Horizontal DNA transfer, leading to a gain in antigenic diversity/ function, occurs upon
transposition into an expressed gene sequences (Seifert er al, 1988). Phase variation
mostly involves a simple “on” or “off”” switching of expression of the particular protein,
and is viewed as distinct from, but a subset of, the mechanisms related to antigenic

variation (reviewed in Henderson, et al., 1999).

Phase variation is widespread in Gram-negative bacteria, with roles in immune evasion
of surface components, adhesin shedding, sensor / regulator systems and restriction/
modification. The function of phase variation is thought to be to provide a ‘rapid’ and
reversible strategy of phenotype switching that permits the survival of the bacterial
population in more than one environment. Phase variation mechanisms include site
specific DNA inversions, recombination, slipped strand mispairing of small repetitive
DNA during replication, and epigenetic variation involving differential methylation of
DNA (Henderson et al., 1999; Borst and Greaves, 1987). Site-specific DNA inversion
is described for the type I fimbriae of Escherichia coli (Blomfield et al., 1997), the
flagellar of Salmonella typhimurium (Komano, 1999), and SIpAB proteins of
Lactobacillus acidopilus (Boot, et al., 1996b). Phase variation-related recombination is
highlighted by the generation of non-piliated L-pilin and S-pilin variants of N.
gonorrhoeae (Haas and Meyer, 1986; Haas et al., 1987; Gibbs et al., 1989). Slipped
strand mispairing (SSM) during replication of small tandem repeats can lead to two
functional outcomes depending on the placement of the slipped element. Truncated or
aberrant frameshift products can be produced when the SSM occurs within in a gene,
particularly for dimeric, tetrameric and pentameric repeats. Examples of this type of
mechanism are the Lipopolysaccharide (LPS) of H. pylori (Marshall et al., 1998), LPS
biosynthesis proteins of H. influenzae (Weiser et al., 1990), and the opacity protein
(Opa) of N. gonorrhoeae (Meyer et al., 1990). Strand slippage of small sequence
repeats (SSRs) in proximity to promoter or other regulatory elements usually results in a
more complexed expression of the cellular component than the simple OFF and ON
switch. This type of volume-controlled phase variation mechanism occurs in the LKP-
fimbriae of H. influenzae, the PorA porin (van der Ende, et al., 1995) and the Opc
adhesin of N. meningitidis (Henderson et al., 1999). The amount of cell component
expression is dependent on the resulting spatial arrangement of upstream elements after
SSM has occurred. Of the sequenced genomes, N. meningitidis encodes 142 potentially

phase-variable proteins, more than any other pathogen to date (Tettelin et al., 2000).
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Phase variation may also be achieved by modification of the original genotype.
Differential methylation of GATC sequence is involved in the expression of antigen 43
autotransporter protein of E. coli ((Ag43) Henderson et al., 1997; Owen et al., 1996).
All systems employ a number of auxiliary proteins, and switching of phenotypes

appears to be globally regulated (Henderson et al., 1999).

Other recombination-based mechanisms of antigenic variation include homologous
recombination, DNA inversion, gene amplification, gene conversion, and horizontal
DNA transfer. The mechanisms employed differ according to individual gene
arrangements all resulting in antigenic variability. N. gonorrhoeae pilin antigenic
variation occurs by multiple recA-dependent unidirectional gene conversions of partial
silent genes in pilS loci to the functionally expressed recipient pilE loci via a pilE/pilS
hybrid molecule, most likely following replication of recipient pilE (Zhang et al., Mehr
and Seifert, 1998; Hamrick er al., 2001; Howell-Adams and Seifert, 1999; Howell-
Adams and Seifert, 2000). This is the only description of a molecular mechanism of
gene conversion for a bacterium to date (Howell-Adams and Seifert, 2000). Similar
multiple gene conversion events are presumed to occur for the Mycoplasma synoviae

vlhA haemagglutinin gene (Noormohammadi et al., 2000).

Antigenic variation and phase variation of the surface layer proteins (Sap) of C. fetus is
mediated by DNA inversion recombination (not site-specific) of a promoter sequence in
located within a 6.2-kb invertible element (Dworkin and Blaser, 1996). recA-dependent
DNA inversion recombination ‘delivers’ the promoter sequence to one of multiple silent
genes, independent of the distance between inversion sites (Dworkin et al., 1997,
Dworkin and Blaser, 1997a; reviewed in Dworkin and Blaser 1997b). Likewise, a site-
specific DNA-inversion model has been described for the control of Ompl major
surface protein phase and antigenic variation in Dichelobacter nodosus (Moses, et al.,
1995). Silent copies of variable major protein of Borrelia hermsii are located on storage
plasmids. Site specific recombination between silent plasmid and expression plasmid
vmp gene result novel structural gene in the plasmid expression site (Plasterk, et al.,
1985).

Horizontal DNA transfer can be carried out by transformation, conjugation or

transduction. Horizontal transfer is a common feature of naturally transformable
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mucosae-inhabiting Gram negative bacteria such as Haemophilus influenzae,
Helicobacter pylori, Neisseria gonorrhoeae, and H. mustelae. H. influenzae, N.
gonorrhoeae, and N. menigitidis. Transformation, in these bacteria, is dependent on
invariant DNA uptake sequences (9 or 10 bp) (Gilsdorf, 1998; Parkhill er al., 2000b).
These sequences appear randomly distributed across the respective genomes. However,
these sequences have not been identified for Helicobacter pylori (Section 1.5.3).
Horizontal transfer between mixed strains of Helicobacter has been demonstrated
during co-colonisation (Kersulyte et al., 1999), although it is not known whether
transformation or a conjugation-like mechanism is employed (Marshall et al., 1998). In
addition, horizontal DNA transfer (Lateral transfer) between different bacteria has been
demonstrated to occur. For example, Pathogenicity islands (PAIs) carry assemblies of
genes implicated in virulence functions and are associated with more virulent variants of
a species. PAIs can spread through bacterial populations by horizontal gene transfer

(e.g. E. coli, Yersinnia spp, Heliobacter pylori) (Hacker et al., 1997).

Frequent gene amplifications are observed of the H. influenzae type b capsule (Cap b
locus) Hib capsular genes in chromosome region characterised by two tandem 18-kb
repeats and up to a max of 5 identified (Corn et al., 1993). The quantity of capsule is
pfoportionui to number of tandem repeats. Loss of capsule expression is attributed to
rec-dependent recombination between repeats deleting a region containing essential

genes for capsule expression (Hoseith, et al., 1986).

1.5.3 Helicobacter natural competence

Very little is known about how DNA is taken up during transformation of the naturally
competent Helicobacter species. Naturally transformable H. pylori lacks a
transformation-targeting system like those found associated with Neisseria DNA uptake
recognition sequences (Saunders et al., 1999). Horizontal DNA transfer occurs
frequently between H. pylori strains during mixed infections (Kersulyte et al., 1999).
Characterised components essential for natural transformation of H. pylori to date
comprise proteins encoded by the comB operon (Hofreuter et al., 1998), rdpA (Smeets
et al., 2000), and comH (Smeets et al., 2001. Homologues of the comH and comB were

not detected in H. mustelae or H. felis genomes by hybridisation studies (Hofreuter et
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al., 1998; Smeets et al., 2001). These results suggested a lack of conservation of
transformation genes, and hence mechanisms of DNA transformation in other naturally

competent Helicobacter species (Smeets et al., 2001).

1.6 Preliminary research objectives

Investigations into the efficient export of the Hsr protein to the external surface of
Helicobacter mustelae cells have revealed extensive hsr-like repeats located in the
upstream DNA sequence of the hsr gene and has defined an hsr locus of 12 kb. These
findings have added another dimension to the Hsr story and warrant investigation to
gather evidence for the function of the H. mustelae surface ring protein in H. mustelae
infection in ferrets. The surface exposure of this abundantly expressed protein makes it
a distinct target for host immune selection. A notion that the upstream repeats could
function as a reservoir for potential sequence variation in the hsr gene sequence was

used as a starting concept to direct experiments.

The principal objective of this study was to analyse the uncharacterised features of the
12 kb hsr locus of the H. mustelae strain 4298, in particular, to find out the extent and
purpose of the recently discovered hsr-related repeat DNA sequences. Use of computer
analysis software would be initially utilised to identify and organise all DNA repeats in
the hsr locus. The information gathered would be used to identify key regions of the
hsr gene homologous to the repeat sequences. These regions, thus identified, may yield
clues as to the purpose of the Asr locus repeat sequences and the Hsr protein domain
comprising them. Comparisons of the corresponding regions in different strains may
further facilitate the determination of repeat function. A secondary aim was to identify
putative open reading frames within the hsr locus and their relationship to the hsr gene
and to Hsr production, using knockout mutagenesis and subsequent protein analysis

tools.

During the course of the study, objectives were appropriately adjusted to accommodate

expanding goals that were determined by the findings of the preliminary experiments.
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2.0 MATERIALS AND METHODS

2.1 Bacterial strains, culture, and storage conditions

2.1.1 Bacterial strains

Bacterial strains used in this study are listed in Table 2.1.

Table 2.1. Bacterial strains used in this study.
Bacterial strain Characteristics or genotype Source / reference
E. coli ER2206 endAl thil supE44 mcr67(merA-) A(merBC-  New England Biolabs

hsdRMS-mrr)i 14::1S10 (lac) UI69F’ proAB
laclqgZAM 15 Tnl0 (Tet")
H. mustelae 4298 Laboratory-passaged strain (ferret isolate) J.G. Fox, Division of Comparative
Medicine, Massacusetts Institute

of Technology, Cambridge, Ma.,

USA
H .mustelae F6 New Zealand colony raised ferret isolate This study
H. mustelae F7 New Zealand colony raised ferret isolate This study
H. mustelae F8 New Zealand wild ferret isolate This study
H. mustelae F11 New Zealand wild ferret isolate This study
H. mustelae F15 New Zealand wild ferret isolate This study
H. mustelae F21 New Zealand colony raised ferret isolate This study

Escherichia coli was grown at 37°C on Luria-Bertani agar (LBA, Section 2.2), or in
Luria-Betani broth (LB, Section 2.2) with shaking at approximately 200 rpm. Frozen
stocks were kept at =70°C in Luria-Bertani broth (LB, Section 2.2) containing 20%

glycerol.

Helicobacter cultures were grown on Chocolate blood agar (CBA, Section 2.2), or
Columbia serum agar (CSA, Section 2.2) in an atmosphere containing 5% CO,,
provided by a CO; incubator (Revco Scientific) at 37°C. Alternatively, liquid cultures
were grown in Brain Heart Infusion broth (BHI, Section 2.2) supplemented with 5%
sterile heat-treated horse serum in microaerobic conditions generated by CampyGen

sachets (Oxoid). Horse serum was obtained commercially (Life Technologies) and
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complement inactivated prior to use by incubation at 60°C for at least 30 min after
equilibrating to temperature. Culture stocks of cells were made by aseptically
harvesting a plate of a two-day-old culture into sterile BHI/Glycerol mix [1 x BHI/20%

glycerol] and kept at -70°C for long term storage.

2.1.2 Helicobacter isolation from ferret stomachs

2. 1.2.1 Processing of ferret stomachs

The stomachs of 21 New Zealand ferrets were obtained from two separate sources.
Four ferrets were from a breeding colony being sacrificed as part of an investigation
into the cause of an illness unrelated to the ferret stomach. The remaining 17 ferrets
were gathered from the lower Hawkes Bay region and trapped as part of an Agriquality
New Zealand study, to assess ferrets as reliable indicator animals for the early diagnosis
of livestock tuberculosis. The stomachs were dissected from the ferret carcasses prior to
delivery. The time from stomach collection until processing ranged from an hour to at
least three days depending on how long before traps were checked. The body condition

and sex of each ferret was assessed when stomachs were collected,

Ferret stomachs were rinsed with sterile distilled water before opening with a clean
sterile scalpel to release and discard the contents of the stomach. The exposed tissue
was rinsed with sterile distilled water and the excess mucus was removed with a sterile
loop. An area from the middle of the stomach (spanning all divisions of the stomach)
was scraped firmly with a sterile loop to collect cells beneath the mucus layer and
transferred into an eppendorf tube containing 1ml of BHI broth. Half of the sample of
the tissue was pelleted at 20,800 x g, | min at room temperature (RT) and the pellet was
stored at =20 °C until required for DNA extraction (Section 2.6.3). The remainder of the
stomach was kept in buffered formalin [10% formalin (v/v), 3.98 g/LL NaH,PO4.H,0, 6.4
g/L Na,HPO,] at RT.

Serial 10-fold dilutions of the tissue suspension were prepared and 50 pl of each was
spread in duplicate onto CBA plates up to 10° dilution. The sample plates were

incubated at 37°C in 5% CO, for 5§ - 7 days until colonies began to appear. Colonies
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that matched the morphological appearance of Helicobacter were streaked onto fresh
CBA plates and incubated as above for 2 - 3 days. The 2 - 3 day old cells were tested
for urease, oxidase and catalase activity (Section 2.1.2.2). Those that were positive in
all three tests were checked by phase contrast microscopy (Section 2.12) for cellular
morphology and characteristic Helicobacter motility. One representative isolate was

chosen for further investigations.

2.1:2:2 Biochemical analysis of putative Helicobacter isolates

cultured from ferret stomachs

For determination of urease activity, part of a test colony was suspended in 50 pl of
filter-sterilised urease medium [1% peptone, 5% NaCl, 1% glucose, 2% KH,PO,,
0.012% Phenol red, 2% (w/v) Urea, pH6.8]. Urease-positive cultures changed the

urease medium from an orange colour to a vivid pink/red colour.

For assessment of oxidase activity, part of a test colony (taking care not to carry over
any blood agar) was smeared onto a piece of filter paper slightly dampened with freshly
made oxidase reagent [~1% aqueous tetramethyl p-phenylenediamine dihydrochlorate].

A deep purple colour (within ~15 seconds) was produced by oxidase positive colonies.

2.2 Media and additives

Media used in this study are listed in Table 2.2. All media were made up to volume
using water purified by the Milli-Q Reagent Water System (Millipore). Sterilisation of
media was either by autoclaving at 121°C for 20 minutes with 15 pounds pressure or by
passing media, or media components through a 0.2 uM or a 0.4 uM porosity sterile
filter in to a pre-sterilised vessel. Supplements and antibiotics added aseptically to the

growth media (£50°C) when required.
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Table 2.2. Recipes for media used in this study.

Medium Recipe Reference / supplier
Brain heart infusion Brain heart infusion broth (Oxoid) made to 95% Oxoid

broth (BHI) volume with water as per supplier directions. Sterilise. )

Columbia agar base
(CA)

Columbia blood agar
(CBA)

Columbia serum agar
(CSA)

Luria-Bertani agar
(LBA)

Luria-Bertani broth
(LB)

Columbia agar base made to 95% volume with water as
per supplier directions. Sterilise. Store RT and
microwave heat for later use.

Sterile CA cooled to 70°C, add 5% (final
concentration) defibrinated horse blood (Life

Technologies), cook at 70°C for 20 minutes for
haemolysis (chocolate brown appearance) to occur and

complement inactivation. Cool to approximately 50°C
and pour.

Sterile  CA cooled to 50°C, add 5% (final
concentration) defibrinated horse serum (complement
inactivated 30 minutes at 60°C) and pour.

LB with 1.5% (w/v) bacto-agar (Oxoid). Sterilise, cool
to approximately 50°C and pour.

19 (wiv) tryptone (Difco), 0.5% (w/v) yeast extract
(Merck), 0.5% NaCl; pH 7.0 with NaOH.

Difco or Oxoid

Difco or Oxoid

Difco or Oxoid

Sambrook er al., 1989

Sambrook er al., 1989

Kanamycin sulphate was used for selection of clones possessing resistance gene, aph3A.
Titration of kanamycin concentration from two commercial sources (Roche and Sigma)
was required during the course of this study, due to poor selectivity at initial kanamycin
concentrations of 20 pg/ml usually used for selection of E. coli clones. Dilutions of the
sterile kanamycin stock solution were performed to the following final concentrations in
CBA agar plates: 10; 20; 25; 50; 80; 100; 160 pug/ml. 100 pl of a suspension of H.
mustelae strain 4298 and E. coli ER2206 at approximately OD(600) ~1.5 was spread
and grown for 2 days under appropriate growth conditions (Section 2.1). For Roche
kanamycin sulphate, the cells died between 100 and 160 w/ml. For Sigma, the cells died
between 50 and 80 pg/ml. Therefore, 60 pg/ml final concentration of Sigma antibiotic
was used in all the respective experiments.

2.3 Oligonucleotide primers

Oligonucleotides used during this study are listed in Table 2.3. Lyophilised primers
were obtained commercially and reconstituted in 200 pl sterile PCR grade Milli-Q

water.

24



Materials and Methods

Table 2.3. Oligonucleotide primers used in this study.
Primer Sequence 5" 3’ Priming region Application in this study / Section
reference
HS16sF aggctatgacgggtatccgge  Helicobacter-specific  16S 16§ rRNA  gene sequence determination,
rRNA sequence Section 3.2.1
HS16sR ggtctageaagetagacacte  Helicobacter-specific 165 168 rRNA  gene sequence determination,
c rRNA sequence Section 3.2.1
Kan2 gegaaccatttgaggtgatag  Start of aphA3 gene + PCR check for aphA3 insertion into orf2 of
g strain 4298, Section 3.5.3
ntf005 attgctactactettgeattite HSRL+ 7575 -97 hsr variability (repeat region), Section 3.2.4.1
HSRL- 1736 — 58; 3376 -
98, 13154-76
ntf008 tttcgatcgagtctcaataagg  HSRL+ 11016 - 33 hsr variability (B-domain), Section 3.2.4.1
cglatgg
nttong tttcgatcgatcgatgtitgeta HSRL- 10997 - 1015 hsr variability (central region), Section 3.2.4.1
gglag
ntfO11 tttagatctagtctcaataagge  HSRL+ 11016 - 33 PCR check of the 3" sequence of the hsr gene,
g{a[gg Section 3.3.5
ntf0l6 geeccagagtggetitgtge HSRL + 6058 - 77 Check for aphA3 insertion in orf2 of strain
4298, Section 3.5.3
ntf026 gaacttctageectggeage HSRL+ 8977 — 96; 9823 —  hsr variability (central region), Section 3.2.4.1
42
HSRL- 6 - 26; 719 - 39;
4247 - 67,2625 - 44
ntf031 ttggatectcaaatgecgege HSRL +7330-48 Probe amplification, Section 3,2.3
cglg
ntf034 cattgattacaggcecteege  HSRL+ 938 — 77, 6533 — pUCI9-AE2Z/El DNA  sequencing, Section
52; 13805 - 24, 3.3.4; Probe amplification, Section 3.2.3; PCR
HSRL- 8065 - 84 check of the 3' sequence of the hsr gene,
Section 3.3.5; hsr variability (repeat region),
Section 3.2.4.1
ntt037 ceecteagateteecctegtge HSRL- 12082 -101 hsr variability (B-domain), Section 3.2.4.1;
ttacticage PCR check of the 3’ sequence of the /isr gene,
Section 3.3.5
ntf0s0 cglttccagtaageaaaatgg  HSRL+ 14790 - 810 pUC19-AE2/E2 sequencing, Section 3.3.5
HSRL- 8899 - 919
ntf051 geacclglitgagtetagg HSRL+ 12318-35 pUC19-AE2/E! sequencing, Section 3.3.4
ntf052 gceatgeacaaageegeg 3" HSRL sequence - pUCI19-AE2/E2sequencing, Section 3.3.5;
PCR check of the 3" sequence of the hsr gene,
Section 3.3.5
ntf033 tgctagtagtggecctge HSRL+ 13939 -56 pUCI19-AE2/E] sequencing, Section 3.3.4
ntf054 gacatgcaataaagcagege 3" HSRL sequence - pUC19-AE2/E2sequencing, Section 3.3.5
ntf055 cgetettggegeaaaaltge HSRL- 12728 - 47 pUC19-AE2/E| sequencing, Section 3.3.4;
PCR check of the 3" sequence of the hsr gene,
Section 3.3.5
ntf056 geatcccggggagetatcac HSRL- 18488 — 67,3488 - pUC19-AE2/EI sequencing, Section 3.3.4
507; 13265 - 84
ntf057 glgatagetcecegggatge  HSRL+ 18488 — 67; 3488  pUCI19-AE2/El sequencing, Section 3.3.4
-507; 13265 - 84 PCR check of the 3' sequence of the hsr gene,
Section 3.3.5
ntf064 ccgeageaccagtaacage HSRL- 14614 - 32 Sequencing primer; Section 3.3.5
pUC/M13 gttttcccagteacgac PUCI8/19 +/- pUC19-AE2/El and pUC19-AE2/E2sequencing,
FP Sections 3.3.4 and 3.3.5
pUC/M13  caggaaacagctatgac PUCI18/19 +/- pUC19-AE2/E1 and pUC19-AE2/E2sequencing,
RP Sections 3.3.4 and 3.3.5

Underlined sequence indicates additional nucleotides incorporating a restriction endonuclease target sequence. HSRL = hsr locus
co-ordinates. +, - denotes priming orientations relative to respective gene orientations.
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2.4 Vectors and recombinant plasmids

Materials and Methods

Vectors and recombinant plasmids constructed and used in this work are summarised in

Table 2.4. See Appendix 1 for plasmid maps of constructs made during this study.

Table 2.4.

Plasmids and other vectors used in this study.

Plasmid/ vector

Characteristics

Source reference
Appendix 1 reference
Section reference

pHM205 A 2.9 kb HSRL fragment from strain 4298 in pUCI18. (Forester, previous work) :
Al.6 : Section 3.6.2
pHM205A0RF2  The aphA3 gene inserted into the Msc I site of plasmid This study : AL.7 : Section
pHM205 3.6.2
pILL600 Kan®, pBR322 ori; aphA3 of C. coli plasmid pIP1433 in (Labigne er al., 1992):. -
construct containing pBR322 and C. coli pIP1455 :Section 3.6.2
sequence
pUCI1S Ap"; colEl ori; blue/white; MCS (Yanisch-Perron er al., 1985)
: Al.5 : Section 3.6.2
pUC19 ApR: colEl ori; blue/white; MCS (Yanisch-Perron et al., 1985)
: Al.2 : Section 3.3.2
pUCI19/AE2/E] A 2.2 kb AE2 fragment (strain 4298 genome derived) in This study : Al1.3 : Section
the Eco Rl site of pUC19 332
pUCI9/AE2/E2 A 1.7 kb AE2 DNA fragment (4298 genome derived) in This study : Al.4 : Section
the Eco RI site of pUC19 333
AE2 A 22 kb genomic fragment from H. mustelae 4298 (O’Toole et al., 1994) : Al.1
inserted into the EMBL3 replacement vector. : Section 3.3.1
2.5 Antisera

Table 2.5 lists the antisera used in this study.

Table 2.5.

Antisera used in this study.

Name

Function Source

Relevant characteristics

anti-Hsr (JAG)

anti-rabbit IgG — horse

radish peroxidase
conjugate

primary antibody in
Western blots (Section
2.11.2)
secondary antibody in
Western blots (Section
2.11.2)

P.W. O'Toole, Massey
University, Palmerston
North, New Zealand
Sigma Aldrich

rabbit polyclonal antibody
raised against H. mustelae
4298 Hsr protein

goat  polyclonal  antibody

raised against rabbit [gG
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2.6 DNA preparation

2.6.1 Plasmid preparation

2.6.1.1 Easy plasmid minipreparation (Easyprep)

The Easy Plasmid Minipreparation was performed as described by Berghammer and
Auer (Berghammer and Auer, 1993). The method is a crude plasmid preparation,
achieved by incubating the cell pellet in a single buffer [10 mM Tris-Cl pH 8.0/ | mM
EDTA / 15% (w/v) sucrose / 2 mg/ml lysozyme / 0.2 mg/ml Rnase A / 0.1 mg/ml
bovine serum albumin (BSA), stored at =20 °C] for lysis and resuspension of the final
DNA solution. This procedure was used for simply and quickly screening many

recombinant E. coli clones after transformation.
2.6.1.2 WIZARD™ plasmid minipreparation

Rapid purification of high purity DNA was carried out using the WIZARD™ Plus
Miniprep DNA Purification System (Promega) according to the manufacturer
instructions. This method was based on alkaline/SDS lysis (Birnboim and Doly, 1979)
of the bacterial cells, followed by selective binding plasmid DNA to a resin, and finally
elution with Milli-Q-treated water or TE [10 mM Tris-HCI pH7.5 / | mM E]-DTA].
Typical yields of approximately 10 — 30 pg was obtained from 1.5 — 1.7 mls of an

overnight culture.
2:6:1.3 CONCERT™ Rapid Plasmid Purification Miniprep System

An alternative method for rapid purification of pure plasmid from E. coli cells was the
CONCERT™ minipreparation system (Life Technologies), a modification of the
alkaline/SDS lysis procedure (Birnboim and Doly, 1979). Lysis was followed by
selective adsorption to a silica-based membrane, washing of DNA and then elution of
DNA in a low salt solution i.e. TE or Milli-Q-treated water. The manufacturer
instructions were observed, and typical yields of 10- 30 pg of purified plasmid DNA,

from 1.5 — 1.7 mls of E. coli cells, were obtained.
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2.6.2 Preparation of genomic DNA from Helicobacter cells

Genomic DNA was isolated from Helicobacter cells using the chromosomal quick
preparation for Helicobacter, a modification of the method of Pitcher er al. (1989).
Growth from an 18 — 48 hour plated Helicobacter culture was harvested with a sterile
swab into 1.5 ml of phosphate buffer saline (PBS) [0.1M Na,HPO, / 0.1 M NaH,PO,
pH 7.4] and pelleted by centrifugation for 1 min at 20,800 x g, RT. The cell pellet was
then resuspended in 100 pl TE [10 mM Tris-HCI pH8.0 / | mM EDTA]. Lysis of cells
and degradation of RNA was performed by adding 500 pl GES [5 M guanidium
thiocyanate / 0.1 M EDTA / 0.5% (w/v) sarkosyl] and mixing togethér with 2 ul of a 10
mg/ml solution of Rnase and incubating for 10 min at RT. Genomic DNA was
precipitated with Iml of —=20°C absolute ethanol, inverting the eppendorf tube and then
harvesting by spooling the precipitating DNA onto a pre-made glass hook. The DNA
was washed by dipping the DNA into Iml of =20°C 70% ethanol and then resuspended
in 200 pul TE. To digest away proteins associated with the DNA, 20 pl of a 50 mg/ml
proteinase K solution was added and incubated at 50°C for 2 - 3 hours. The DNA was
recovered from the protease solution by using the precipitation and wash steps as above

and then resuspended in 200 - 500 ul for storage at —20°C.

2.6.3 Extraction of bacterial DNA from stomach tissue for PCR analy:c,is

Approximately 30 mg of pelleted ferret stomach tissue, collected as described in Section
2.1.2, was defrosted from —20°C and rinsed twice with 1 ml of sterile PCR grade Milli-
Q water by centrifugation at 20,800 x g for 1 min at RT. Subsequently the DNA was
extracted as described by the sample processing method of Hammar et al. (Hammar et
al., 1992). Briefly, the sample was deproteinized by proteinase K digestion followed by
phenol-chloroform extraction and finally the DNA was ethanol precipitated (-20°C
overnight) and resuspended in 10ul 0.1 x TE [ImM Tris-HCI, 0.1mM EDTA pH 8.0].
DNA precipitation was achieved by addition of 1/10 volumes of 3M Sodium acetate pH
5.6, and then 2.5 volumes of —20°C absolute ethanol. The tube was incubated overnight

at —20°C and then pelleted at 20,800 x g for 20 min at room temperature, followed by
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washing in 500 pl of —=20°C 70% ethanol 20,800 x g, S min. The pellet was air dried
and resuspended in an appropriate storage solution (see above). Sample aliquots of 50
ul were withdrawn from the procedure at different stages of the preparation and stored

at —20°C until required.

2.7 DNA analysis methods

2.7.1 DNA agarose gel electrophoresis

The examination of size, concentration and condition of DNA was performed using
horizontal agarose gel electrophoresis following standard methodology (Sambrook et
al., 1989). DNA fragments were separated on 0.8 — 1.5% TAE agarose in 1 x TAE
buffer [40 mM Tris acetate and | mM EDTA] in a Horizon® 58 (minigel) or Horizon®
11.14 gel electrophoresis apparatus (Life Technologies) or a Minicell EC370M (Savant
Instruments) at RT. Prior to separation, samples were mixed 1/10 final loading volume
of 10 x loading dye [0.5% Bromophenol blue, 0.5% Xylene cyanol, 50% Glycerol, 50
mM EDTA, | x TAE]. Running conditions ranged from 50 - 100V for 30 — 120 min
RT. Gels were stained with ethidium bromide at approximately 5 pg/ml and then
destained briefly in distilled water before examining under UV irradiation on a TMW-
20 Transilluminator (Alpha Innotech). Images were captured with an IS-1000 Digital
Imaging System (Alpha Innotech). Molecular mass was determined using the 1kb or
kb plus ladder (Life Technologies) spanning the size range 100bp to 12kb. On
occasion lambda DNA was digested with Hind III or Ava Il enzymes for use as size

markers using the protocols outlined in Section 2.7.2.

2.7.2 DNA restriction endonuclease treatment

Restriction enzymes were obtained commercially from Boehringer Mannheim (Roche),
Life Technologies, and/or New England Biolabs (NEB). Restriction digests were
carried out from 1 — 2 hours in their respective buffers according to the manufacturer
guidelines. When double digests were required, a buffer to yield optimal enzyme
activity for both was used or the supplier’s guidelines for double digests were consulted.

The enzyme volume in the reaction never exceeded 10% of the total reaction volume
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(i.e. 5% glycerol). Typically a concentration of 0.2 U/ul of enzyme was maintained
for test restrictions. For digestions that were required for subsequent cloning
applications, an enzyme concentration of 0.5 — 1.0 U/ul in the reaction was used.
Digestion progress was followed by analysis of 1ul of sample on an agarose gel.

Enzymes were usually heat-inactivated at 65°C for 20 min once digestion was complete.

2.7.3 DNA guantification

DNA concentration was estimated by comparing the intensity of ethidium bromide
stained bands of the linearised sample DNA to known concentration standards after
DNA electrophoresis (Section 2.7.1). DNA standards were made by completely
linearising 2 pug of commercially obtained pUC18 DNA (NEB) with Bam HI enzyme

followed by two fold serial dilutions to give DNA concentrations ranging from 5 - 20

ng/pl.

DNA concentration was determined spectrophotometrically at 260nm using a Shimadzu
UV-160 Spectrophotometer with quartz cuvettes (Starna) with l-cm light path. The
concentration was calculated on the basis that one Ao unit is equal to 50 pg/ml (double
stranded DNA) or 33 pg/ml (single stranded NA) taking into account any dilution factor
involved in the absorbance reading. The 260/280 absorbance ratio was also calculated
to examine the purity of the sample was about 1.8 or above for pure DNA sample-s with

low protein contamination.

2.7.4 Southern blotting and hybridisation

Southern blotting was performed to search for regions amid DNA fragments separated
by agarose electrophoresis that were homologous to the probing DNA. The procedure
was based on the method of Southern (Southern 1975) and was carried out using the
reagents and directions described by the ECL™ direct nucleic labelling and detection
systems (Amersham LIFE SCIENCE).

DNA was digested as in Section 2.7.2, subjected to agarose gel electrophoresis, and

photo image capture (Section 2.7.1). For size reference marking, 10 ng of /kb plus
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ladder (Life Technologies) was loaded alongside test samples. The gel treatment,
capillary blot assembly and disassembly was done according to the ECL manual
(Amersham). Overnight transfer of DNA to positively charged Hybond-N+ membrane
(Amersham) was facilitated using 20 x SSC buffer transfer medium.  After the
completion of the transfer, the marker lanes were cut away from the rest of the sample
for separate processing. The transferred DNA was covalently fixed to the nylon filter
by exposure to UV light for 30s on the blotted side of the membrane using a TMW-20

transilluminator (Alpha Innotech).

The principle of labelling and detection of the ECL kit is based on enhanced
chemiluminescence. The denatured single stranded probe was labelled by forming
covalent crosslinks with a positively charged polymer, which is complexed with
horseradish peroxidase. Once the probe has hybridised to immobilised target DNA and
the excess unbound probe was removed, the enzymatic action of the horseradish
peroxidase is coupled to a light producing reaction, which produces blue light that gave

a signal on an autoradiograph.

Probe DNA was generated by PCR amplification (Section 2.8) followed by purification
from an agarose gel (Section 2.9.1.1). The sample was then concentrated to 10 ng/ul by
evaporation of water in a Speedvac (Savant Corporation). The probe DNA for the
marker lane was 100 ng of /kb plus ladder in 10 pl final volume. The probe was freshly
prepared each time. Unlabelled probe DNA was stored at —20°C. Hybridisation and
washes were carried out at 42°C as per supplier recommendations. Instructions were
strictly observed for conducting the detection reaction. The length of exposure to X-ray
film (Fuji) that gave the best signals was approximately 30s before developing for 2 min
in each of the Kodak developer and fixer with a brief tap water rinse in between.
Finally the autoradiographs were washed under running water and then air dried at

37°C.

2.7.5 DNA sequencing

DNA sequence determination of plasmid or PCR templates was performed at the

Massey University DNA sequencing Facility (Massey University, Palmerston North,
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New Zealand) on an ABI Prism 377 DNA sequencer (Applied Biosystems).
Sequencing reactions were performed based on the method of Sanger et al. (Sanger et
al., 1974) with the resulting sequence data received in the form of chromatograms