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Abstract

Several key Helicobacter pylori virulence factors are encoded within
three major genomic islands namely, the cag pathogenicity island
(cagPAl), tfs3 and tfs4. Although the cagPAl is fairly well characterised,
understanding the functional role played by tfs3 and tfs4 in disease
outcomes remains unknown. Also, the possibility of functional
interchangeability between the components of both tfs3 and (fs4
subtypes by interacting with one another to form a functional type IV
secretion system (T4SS) remains to be investigated.

The main aim of this study was to investigate interactions between
proteins encoded by {fs3, tfs4 and tfs4 variant types that are important
for T4SS assembly and function. A second aim of this study was to
evaluate approaches for virulence typing, comparing genomics with PCR
typing using an available rich dataset including cagA and cagé PCR
typing data, and phenotypic data. Additionally, the study aimed to explore
the association of tfs T4SS genes in H. pylori strains isolated from
patients with their disease status.

Initially, the yeast two-hybrid assay (Y2H) was used to establish a
network of interactions between (fs3, tfs4 and tfs4 variant encoded
proteins comprising the T4SS structure. Other interactions involving
proteins that are not part of the T4SS assembly, {fs4 VirD2 and orphan
VirB11 together with proteins of {fs3, tfs4 and tfs4 variant were also
investigated using Y2H assay to assess whether the {fs T4SSs might be
functional for export/transfer of any ffs integrative and conjugative
elements (ICEs). The ABRicate tool was configured with custom scripts
of both #fs3 and tfs4 genes from reference H. pylori strains. Then, the
association between disease status and tfs3 and tfs4 clusters of genes
in genomic data from clinical isolates was examined using the ABRicate
bioinformatics tool to identify virulence genes. Prior to using ABRicate to
search for {fs3 and tfs4 genes in isolates, its efficacy was assessed by
comparing its output on the presence of cagA and cagE genes with PCR
genotype and phenotypic data available from clinical isolates from
patients.

The Y2H analyses identified several novel interactions between paired
proteins of tfs3, tfs4 and tfs4 variant type (tfs4VirB11/tfs4VirB11v,
tfs4VirB11/tfs4VirB4v,  tfs4VirB11v/tfs4VirB4,  tfs4VirB4/tfs4VirB4v,
tfs4VirB4/tfs4VirB11v,  tfs3VirB11/tfs4VirB8v, tfs3VirB11/tfs4VirB4v)
suggesting the possibility of functional complementation between tfs ICE
proteins in the assembly of a T4SS. Other interactions involving tfs4
VirD2, identified novel interactions with components of tfs3 T4SS
(tfs4VirD2/tfs3VirB4), which could suggest some functional flexibility of



the tfs T4SSs for inter ICE transfer especially when both ICEs are
present within a single strain.

The ABRicate tool detected the cagA gene in the genome of 17 out of 18
clinical isolates that were previously found to be cagA-positive by PCR.
Also, the tool found the cagE gene in the genome of all 15 isolates that
were previously reported to be cagE-positive by PCR. Additionally, PCR
typing, and genomic data were in agreement for 18 dupA-negative
isolates and for 6 dupA-positive isolates analysed.

The presence of dupA, a virB4 homolog in tfs4 and some tfs4 vir genes
(virB2, virB4, virB8 and virB10) that form the “dupA cluster”, in clinical
isolates was compared with disease status in the patients infected with
them. Although the ABRicate tool detected a dupA cluster in four strains
isolated from two patients, who presented with duodenal ulcer and
gastric ulcer disease, genome sequencing of isolates from many more
patients would be required to establish associations between disease
status and cluster of {fs4 genes in isolates.

Conclusions

The Y2H results provided an insight of system specificity in protein-
protein interactions of {fs3 and tfs4 and, variable cross-complementation
between tfs3 and tfs4 VirB proteins to form a functional T4SS. Also, the
comparison between genomic and PCR typing data in this study,
provides some support in the reliability of both PCR typing and genomics
analyses in the detection of virulence factors in H. pylori. Lastly, genomic
analysis could not be used to establish association between disease
status and tfs T4SS genes in isolates due to the small sample size but it
indicated the feasibility for using genomics in future studies. Therefore,
genomics analysis approaches can readily be used to investigate the
genes present in tfs ICEs.
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CHAPTER ONE

General Introduction



1.0 Introduction
1.1 Helicobacter pylori

1.1.1 The Discovery

Helicobacter pyloriis a spiral, Gram-negative bacterium believed to have
inhabited the stomachs of humans for millennia and co-evolved with
human populations. H. pylori was first discovered in 1982 by Marshall
and Warren following earlier reports of spiral shaped bacteria in the
stomachs of patients with peptic ulcer disease (Kusters et al., 2006).
They demonstrated positive culture and eradicated the bacteria with
amoxicillin and bismuth. Self-ingestion of the bacteria by Marshall made
it clear that the spiral-shaped organisms cause chronic gastritis (Yuan et
al., 2005) which, due to underlying persistent inflammation, was
presented as a likely cause for more serious outcomes such as peptic
ulcer disease and distal gastric adenocarcinomas (Kusters et al., 2006,
Ernst and Gold, 2000, Leonardo et al., 2014). The discovery of H. pylori
by Marshall and Warren led to them being awarded the Nobel Prize in

Medicine in 2005.

In the years following the discovery of H. pylori, several studies
characterised the organism (Anyanwu and Jukes, 1991). The bacterium
was originally named Campylobacter pylori and was later renamed under
the genus H. pylori based on its distinct features such as growth
requirements, cellular fatty acid, respiratory quinones analyses, enzyme
profiles and genetic composition. The new name originated from Latin
and means ‘spiral rod of the lower part of the stomach’ (Velazquez and

Feirtag, 1999).



1.1.2 Characteristics of H. pylori

The Gram-negative bacterium is microaerophilic and spiral-shaped in
nature (Ando et al., 2004, Robinson and Atherton, 2021) (Fig 1.1), but
when in culture, H. pylori can be seen in two different forms: bacillary and
coccoid forms (Baj et al., 2021, Robinson and Atherton, 2021). The cell
structure of the bacillary form is helical in shape, and it transforms to a
distinctly spherical coccoid form after many days in culture or with
antibiotic treatment (Sharndama and Mba, 2022) (Fig 1.2). The bacillary
forms have several unipolar flagella and are highly motile. The bacillary
type is reported to be the predominant viable, culturable form. The
unique ability of H. pylori to change from spiral to coccoid shape is one
of the major mechanisms that enables the bacterium to survive in the
stomach of the host (Sharndama and Mba, 2022). However, the
biological importance of the coccoid form is yet to be fully understood.
To date, the coccoid form of the bacterium continues to be difficult to

eradicate with treatment (Sharndama and Mba, 2022).



500 nm

Fig 1.1: Electron micrograph of H. pylori.

Several flagella at one pole allow motility of the bacterium in the gastric
mucosa. Reproduced from Robinson and Atherton, 2021.
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Fig 1.2: Microscopic images of coccoid forms of H. pylori.

Reproduced from Reshetnyak and Reshetnyak, 2017.

Successful colonization of H. pylori in the mucosal layer of the stomach
is achieved by producing enzymes such as phospholipase, catalase,

urease and thioredoxin reductase (Ernst and Gold, 2000, Robinson and



Atherton, 2021). Urease is abundantly produced by H. pylori and
contributes to the bacterium’s survival in the gastric environment of the
stomach by hydrolysing urea in the gastric juice to ammonia and carbon
dioxide (Hunt, 1996, Robinson and Atherton, 2021). This process of
hydrolysis has been reported to release hydrogen ions from the
cytoplasm which H. pylori uses to regulate gastric pH and create an acid-
neutral (alkaline) environment for itself, so that it survives the acidic
medium of the stomach. H. pylori also produces other enzymes including
phospholipase A2 and C, which break down phospholipids and gastric
mucus secreted by the gastric epithelial cells, to further aid H. pylori
colonisation (Hunt, 1996). After colonisation, H. pylori produces adhesins
such as BabA and SabA to mediate its attachment to gastric epithelial

cells (Cover and Blaser, 2009, Robinson and Atherton, 2021).

1.1.2 Epidemiology and transmission of H. pylori

H. pylori primarily resides in humans (Blaser, 1999, Leonardo et al.,
2014) although other known carriers of the bacterium include houseflies,
domestic cats and water (Ernst and Gold, 2000, Everhart, 2000). The
bacterium infects more than half of the world’s population, >4.4 billion
individuals, and its prevalence may be >80% among middle-aged adults
in developing countries (Miller and Williams, 2021). Epidemiological
studies have reported variable prevalence of H. pylori infection between
developing and developed countries (Perez-Perez et al., 2004, Robinson

and Atherton, 2021) as a consequence of socioeconomic differences.



High H. pylori infection rates have been reported in Africa (79.1%), Latin
America and the Caribbean (63.4%), and Asia (54.7%) compared to low
rates in Oceania (24.4%) and Northern America (37.1%) (Miller and
Williams, 2021). However, the H. pylori infection rate across different
regions is not strongly associated with gastric cancer development (Miller
and Williams, 2021). The reason for the manifestation of H. pylori
infection in some individuals and not others still remains unclear. This
prompted a proposal that the presence of H. pylori in the stomach is not
enough for disease manifestation (Alam et al., 2020). The lack of
correlation between disease development (gastric cancer) and infection

rate has led to the creation of different “Enigmas”.

In Africa, the majority of those infected with H. pylori remain
asymptomatic with only approximately 15-20% of infected individuals
going on to develop peptic ulcer in the long-term (Alam et al., 2020),
compared to in Asia, Europe, and the Americas (Smith et al., 2021). This
is termed the “African Enigma”. The “African Enigma” phenomenon was
first described by Holcombe as a situation of high prevalence of H. pylori
infection in the continent of Africa but without correlation with severe
pathology outcomes such as gastric cancer (Smith et al., 2019). This led
to the proposal that H. pylori infection in Africa has a different pattern to
that of the Western populations, in terms of genetic make-up,

environmental factors, age, sex, and dietary factors (Smith et al., 2019).



Despite the availability of population studies of people presenting with
disease related to H. pylori infection, only a few studies have reported
that gastritis is the most common health problem linked with H. pylori
infection in Africa, followed by peptic ulcer (Smith et al., 2019). For
example, a study by Boukhris and colleagues in Morocco (Boukhris et
al., 2012) reported an association between gastritis and H. pylori
infection and with peptic ulcer, but no correlation between infection and
gastric cancer. Another study in Ethiopia conducted by Alebie and Kaba
(Alebie and Kaba, 2016) reported an increase of H. pylori infection
(71.0%) among student populations who presented with gastritis. In
central African countries, data mining suggests H. pylori infection is
scarce especially among patients with gastroduodenal diseases (Smith
etal., 2019). However, studies from Cameroon have established a strong
association between H. pylori infection and gastritis. A study by
Ankouane and colleagues (Ankouane et al., 2015) found that 71.2% of
patients who presented with atrophic gastritis were positive for H. pylori
infection. The findings were supported by a study by Ebule and
colleagues from the same country (Ebule et al., 2017), where they
reported H. pylori infection in 72.8% of patients who presented with
superficial gastritis. In West African countries such as Ghana and
Nigeria, the most common reported health problem associated with H.
pylori infection is gastritis. A study in Nigeria by Harrison and colleagues
(Harrison et al., 2017) reported high prevalence of H. pylori infection in
patients with chronic gastritis, but no such correlation was reported with

other disease outcomes. Conversely, a study by Darko (Darko et al.,



2015) found gastritis and duodenal ulcer to be associated with H. pylori

infection among patients in Ghanian population.

In comparison with the “African Enigma” theory, the “Asian Enigma” is
more controversial because the actual distribution and association
between H. pylori infection and disease development is unclear in both
developing Asian countries, such as Thailand, Malaysia, Pakistan,
Bangladesh and India, and in developed Asian countries, such as Japan,
China and South Korea (Zaidi, 2016). H. pylori infection is more common
in developing Asian countries while prevalence has been reported to be
low in developed Asian countries. A high incidence of gastric cancer
associated with H. pylori infection has been reported in developed Asian
countries with low infection rates, whereas gastric cancer incidence is
low in developing Asian countries with high H. pylori infection levels
(Nguyen et al., 2021). For example, Japan has the highest prevalence of
gastric cancer while the incidence of gastric cancer has been reported to
be low in developing Asian countries such as India. These contradictory
findings have been attributed to H. pylori genetic types in these regions.
Different strains of H. pylori have been described and although not all
strains are pathogenic, its genetic diversity has been associated with

clinical outcomes in individuals (Zaidi, 2016).

The prevalence of H. pylori infection also differs within countries (Smith

et al., 2021) due to differences in age, ethnicity, diet and hygiene



standards (Alam et al., 2020). In developing countries, such as those in
South and East Europe, Southern America and Asia, the infection rate is
between 80-90% of the whole population (Leonardo et al., 2014). While
in developed countries, a lower rate of 40-50% among adults above 50
years and 5% among children below 10 years is more common (Hooi et

al., 2017).

H. pylori infection is usually acquired during childhood, with hosts
remaining largely asymptomatic until adulthood and the infection
invariably persists throughout the lifetime of the host (Malaty, 2007,
Bruce and Maaroos, 2008, Robinson and Atherton, 2021). H. pylori
infection varies between children according to geographical location and
socioeconomic factors. For example, histology screening of 129 children
aged between 2-19 years in Brazil revealed 41.1% had H. pylori
infection. Also histology screening of 1634 children aged between 1-18
years in China reported 32.1% had H. pylori infection (Leonardo et al.,

2014).

Although the mode of transmission of H. pylori remains unclear,
interpersonal transmission seems to be the major pathway (Leonardo et
al., 2014). The transmission of H. pylori during childhood is assumed to
occur via the orofaecal route involving parents to children or from
between children themselves (Sonnenberg, 2022). Also, transmission

has been attributed to drinking contaminated water soiled by faecal



waste in countries with poor public hygiene management (Sonnenberg,
2022). In Nigeria, the prevalence rate was reported as 87.8% among the
adult population in the northern region of the country, associated with
smoking, contaminated water sources and low socioeconomic status.
The prevalence rate in other countries in Africa such as Burundi,
Rwanda, Togo, Congo, Morocco, Ghana and Egypt have been reported
as 70.8%, 75%, 70.41%, 93.1%, 63.8%, 88% and 66.12%, respectively.
This is higher than in other locations such as Europe, North America,
Australia, and Asia, where H. pylori infection rate reported as 20—-40%

(Europe), 23.1% (North America), 24.6% (Australia) and 48.8% (Asia).

1.1.3 Disease Spectrum of H. pylori

A well-described disease spectrum following H pylori infection has been
reported across different populations even though not many of the
people infected develop a disease state such as gastritis (Yamaoka,
2010, Robinson and Atherton, 2021, Atherton, 2006). The bacterium
actively causes mucosal damage that may subsequently result in gastric
cancer, peptic ulcer disease and other gastric-related diseases (Fig 1.3).
H. pylori infection accounts for approximately 75% of gastric cancers
(Mégraud et al., 2015, Amieva and Peek Jr, 2016), 70-75% gastric
ulcers, and 90-95% of duodenal ulcers globally (Ernst and Gold, 2000).
The risk of developing peptic ulcer diseases has been recently reported
as approximately 7% in H. pylori infected individuals throughout their life

time (Lee et al., 2022).
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Fig 1.3: H. pylori disease spectrum showing stomach infection regions in
chronic infection states.

Reproduced from Mégraud et al., 2015.

1.1.3.1 Acute and chronic gastritis

The word “gastritis” has been defined as the inflammation of the gastric
mucosa (Jensen et al., 2019). H. pylori is one of the major pathogenic
organisms responsible for gastritis globally. Infections with H. pylori are
usually early in life (childhood) and capable of remaining throughout the
life span if no treatment or eradication therapy is administered (Robinson
et al., 2007). H. pylori-related gastritis is one of the most common
inflammatory disorders and it affects more than two-third of the global
population (Jensen et al., 2019). Individuals who develop gastritis display

symptoms relating to either or both acute and chronic gastritis. Patients
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presenting with the acute form of gastritis can develop symptoms such
as vomiting, nausea, dyspepsia, feeling of fullness and reduced gastric
acid secretion (Robinson and Atherton, 2021). Healthy individuals who
deliberately or accidently ingested H. pylori provide data correlating
infection with symptoms manifested (Robinson and Atherton, 2021). In
one study (Graham et al., 2004), more than 90% of the healthy
individuals administered with H. pylori presented with mild to moderate
dyspeptic symptoms which later resolved within days. It remains unclear
whether children presenting with primary H. pylori infection experience
similar symptoms to adults (Robinson and Atherton, 2021) despite acute
gastritis being one of the most common illnesses in children (Nakamura

etal.,, 2021).

Continuous persistence of H. pylori infection (Robinson and Atherton,
2021) leads to chronic gastritis. The development of chronic gastritis, is
usually dependent on the level of gastric acid secretion and the location
of the fully inflamed lymphatic cells in the stomach. This is an important
determinant of the outcome of H. pylori infection in patients. For example,
H. pylori colonisation is usually in the antrum of the stomach in people
with normal level of acid production (Kuipers et al., 1995). Gastritis
related to this is usually antrum predominant. In contrast, people with
limited acid production generally have H. pylori colonisation equally
distributed between both the antrum and the corpus. The colonisation of
H. pylori is generally close to the gastric mucosa, thus making it corpus

predominant pangastritis (Kuipers et al., 1995). Also, individuals with low
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acid secretion caused by reduced production of parietal cells can develop
gastric atrophy, which can later result in the development of intestinal

metaplasia and adenocarcinoma (Robinson and Atherton, 2021).

1.1.3.2 Gastric Cancer

Gastric cancer has been defined as a stomach tumour which may arise
from the connective tissues of the gastric wall, gastric mucosa,
neuroendocrine tissue, or lymphoid tissue. Gastric cancer is the fourth
most prevalent cause of cancer-related death globally (Robinson and
Atherton, 2021, Sukri et al., 2020, Cordova-Marks et al., 2022) with
prevalence higher in East Asian countries such as China, Japan and
South Korea (Hatakeyama, 2014, Robinson and Atherton, 2021) than in
Europe, the United States and Africa. Gastric cancer development is
more common in men than in women. It is the 4th most prevalent cancer-
type in men and 5th most common cancer in women among age range
60-84 years as reported by the American Cancer Society. In comparison
with other forms of cancer such as prostate and breast cancer, gastric
cancer fatality is higher, at 70%, compared to 30% and 33% for prostate
and breast cancer, respectively. Similar to other types of cancer, gastric
cancer develops via multiple progressions (Hatakeyama, 2014). These
progressions may be regulated by either environmental or host genetic
factors (Robinson and Atherton, 2021) amongst which H. pylori is the
major risk factor for development of both the intestinal or diffuse form of
gastric adenocarcinoma (Hatakeyama, 2014, Robinson and Atherton,

2021). Lifestyle behaviours such as smoking, high alcohol intake,
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coupled with bacterial infection increases the risk of gastric cancer

development.

The association between colonisation of H. pylori and the emergence of
antral gastritis in the mucosa of both adults and children has been well
established (Robinson and Atherton, 2021). Examination of infected
adult mucosa by biopsy invariably reveals chronic inflammation and
increased influx of neutrophils (Robinson and Atherton, 2021). Persistent
infection may result in development of other gastric inflammation and
some positive gastritis patients may develop a rise in gastrin and gastric
acid secretion (Oztekin et al., 2021). This possibly increases the risk of
gastric cancer development by allowing the passage of pepsin and

luminal acid to stomach tissue.

1.1.3.2.1 Gastric mucosa-associated lymphoid tissue (MALT)
lymphoma

H. pyloriinfection is also the leading cause for gastric mucosa-associated
lymphoid tissue (MALT) lymphoma, although this is much less common
than gastric cancer (Robinson and Atherton, 2021). MALT lymphoma
originates from the proliferation of the B-cells which can spread
uncontrollably in the gastric mucosa (Robinson and Atherton, 2021).
Antibiotics can cure most early stage MALT lymphoma cases as
demonstrated by several studies (Zullo et al., 2009, Nakamura et al.,
2012), as long as it has not spread outside of the stomach. H. pylori plays

an important role during proliferation in MALT lymphoma (Robinson and
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Atherton, 2021): bacterial virulence factors and inflammatory
microenvironment have been implicated in triggering proliferation of the

B cells.

1.1.3.3 Peptic Ulcer Disease (PUD)

Peptic ulcer disease (PUD) refers to both duodenal and gastric ulcers
(Malfertheiner et al., 2009) which result from injury to the digestive tract,
culminating in mucosal damage characterised with bleeding or
perforation which if untreated may kill the host (Ramakrishnan and
Salinas, 2007). Bleeding, the most severe complication of PUD, has
been reported in 50-170 per 100000 cases, with adults aged 260 years
having the highest risk. Both duodenal and intestinal forms of PUD share
the same characteristics, making it difficult to differentiate them - both
manifest as abdominal uneasiness after food intake and epigastric pain
(Ramakrishnan and Salinas, 2007). Nevertheless, approximately 90-
100% of duodenal ulcer patients are positive for H. pylori infection, and
60-100% in gastric ulcer patients (Kusters et al., 2006). H. pylori infection
and use of non-steroidal anti-inflammatory drugs (NSAIDs) result in
increased peptic ulcer progression. More than 80% of the peptic ulcer
disease cases are caused by H. pylori infection while the use of NSAIDs
contributes to the remaining percentage (Atherton, 2006). Among other
factors that contribute to peptic ulcer pathogenesis are host and
environmental factors (excessive alcohol consumption, smoking),

although none of these have been single-handedly reported to cause
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ulceration (Malfertheiner et al., 2009). Though the infection is generally
acquired during childhood, H. pylori induced-peptic ulcer disease is rare
in children and its associated peptic dysfunctions — gastropathy, gastritis,
oesophagus and duodenitis are uncommon in children (Urs et al., 2014).
Notwithstanding the extent of H. pylori infection, the incidence of peptic
ulcerations is relatively low, approximately 10-15% in infected patients
[30]. Ulcer development in H. pylori infected patients is dependent on
factors such as the strain of H. pylori, immunopathogenesis, H. pylori
interactions with the stomach barrier, changes in acid secretion
(Malfertheiner et al., 2009) smoking and genetic make-up (Kusters et al.,

2006).

1.1.4 H. pylori diagnosis and treatment

1.1.4.1 Diagnosis

Recently, the policy guiding who to test, when to test, and how to test for
H. pylori infection has been reviewed by the gastroenterology
community. The community recommended that eradication therapy
should follow immediately after the diagnosis of H. pylori infection. This
is due to the recognition of the benefits provided by eradication therapies
of H. pylori infection over the years. The recommendation has been
confirmed since agreement in 2015. Nevertheless, the most recent
consensus on testing for H. pylori infection agreed on swift proactive
testing and eradication for H. pylori infection. Table 1.1 below adapted
from Lee and colleagues (Lee et al., 2022) provided recommendations

for whom to test (individual testing and population-based testing) from
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Houston and Taipei consensus conferences respectively. In their
recommendations, H. pylori diagnosis was recommended for patients
with a history of either peptic or gastric ulcer and un-investigated

dyspepsia.
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Table 1.1: Recommendations for individual and population-based testing

for H. pylori infections.

integrated or included into the national
healthcare priorities

Houston Consensus Conference Agreement | Evidence
recommendations: which individuals to (%) level
test?
Individuals with suspected H. pylori infections 100 High
(example active DU)
Individuals with current or past gastric or 100 High
duodenal ulcers
Individuals with un-investigated dyspepsia 100 High
Individuals with gastric mucosal-associated 100 Moderate
lymphoma
Family members residing in same household of 91 Moderate
patients with proven active H. pylori infections
Individuals with family history of peptic ulcer 91 Moderate
disease
Individuals with family history of gastric cancer 100 Moderate
First-generation  immigrants from  high- 82 High
prevalence cancer regions
High-risk groups( example, in the US, Latino 91 Low
and African American, and other racial and
ethnic groups)
Taipei Global Consensus Agreement | Evidence
recommendations: which specific (%) level
populations to screen?

Population with high prevalence of gastric 84 low
cancer
Young adults in high-prevalent populations to 92 low
reduce the transmission to their children
Young adults in high-prevalent populations 84 low
before the development of atrophic gastritis
Populations with high prevalence being 92 low

Reproduced from Lee et al., 2022. Level of agreement was defined as
80% or more agreed or strongly agreed. Abbreviations: US - United

States of America, DU- duodenal ulcer.
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1.1.4.2 Methods for diagnosis of H. pylori infection

Several tests have been developed to detect H. pylori infection (Dore

and Pes, 2021). These diagnostic tests are broadly divided into invasive

and non-invasive tests (Granstrom et al., 2008, Dore and Pes, 2021).

Apart from the patient’s need, the testing method used should also reflect

the cost of the test and local availability (Lee et al., 2022). The invasive

test entails culture and histology of gastric samples, while the non-

invasive testing uses faeces, blood, saliva or urine for detection of

bacterial antigens, antibodies or urease activity, the enzyme that

converts urea in the stomach to ammonia and carbon-dioxide (Kusters

et al., 2006). For large population studies, serology testing is mostly

employed while routine diagnostic testing uses the urea breath test,

culture and histology tests. In children, detection of H. pylori is by faecal

antigen testing, bypassing the need for a blood sample or endoscopy.

Table 1.2 provides a summary of the current available tests for H. pylori

infection, their strengths and weaknesses as reported by Lee et al. (Lee

et al., 2022).
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Table 1.2: Tests for H. pylori infection.

Tests Strengths Weakness
Non-invasive
Serology Widely available, least expensive and | Does not reliably delineate

does not require medication

modifications prior to testing

between active and previous
infection and cannot be used
to confirm eradication

Stool antigen
test

High sensitivity and specificity, can be
used to test for active infection and
evaluate for eradication

Stool samples needed,
patients’ aversion, requires
prior cessation of antibiotics,
bismuth products, or proton-
pump inhibitors to reduce
risk of false negative results

Urea breath

test

High sensitivity and specificity; can be
used to test for active infection and
evaluate for eradication

Resources and trained
personnel needed to reliably
reproduce test; Require prior
cessation of antibiotics,
bismuth products, or proton-
pump inhibitors to reduce
risk of false negative results

Invasive (Endoscopic)

Culture Allows testing antibiotics | Poor availability in some
susceptibilities countries
Molecular- Detects infection and can assess | May not be covered by

based testing

susceptibility/resistance for all six
commonly used antibiotics; Stool can
be used; Rapid results in days.

insurance; Availability only
as “send out”

Histology

Can be used to test for infection and
evaluate for eradication; Provides
additional information such as degree
of inflammation and associated
pathology (e.g. intestinal metaplasia,
atrophic gastritis)

Accurate results require
interested pathologist and
use of special strain,
preferably
immunohistochemical

Rapid; inexpensive; Good sensitivity
and specificity

Requires prior cessation of
antibiotics, bismuth
products, or proton-pump
inhibitors to reduce risk of
false negative results

Reproduced from Lee et al., 2022.
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1.1.4.3 Treatment

H. pylori infection is usually treated by triple therapy, comprising a
combination of two antibiotics such as amoxicillin and clarithromycin
together with a proton pump inhibitor (PPI) or bismuth compound (Bytzer
and O'Morain, 2005, Wolle and Malfertheiner, 2007). A normal
successful treatment option should eradicate 90-95% of H. pylori
infection (Graham and Fischbach, 2010). Many strains of H. pylori are
becoming resistant to antibiotics, therefore quadruple therapy (consisting
of a bismuth compound, two antibiotics - clarithromycin and
metronidazole, and a PPI) may be considered when eradication is
unsuccessful with triple therapy (Kusters et al., 2006). H. pylori
resistance to antibiotics is a growing challenge in the clinical setting
(Bytzer and O'Morain, 2005) where the eradication rate is below 80%
and in countries such as Turkey, ltaly, France and Spain where

clarithromycin resistance is high (Graham and Fischbach, 2010).

1.2  Factors that contribute to disease spectrum of H. pylori
The disease outcome of H. pylori infection is influenced by several
factors incluing bacterial virulence factors, host genetic make-up and

environmental factors.

1.2.1 H. pylori virulence factors

H. pylori strains are highly genetically diverse, and this diversity may
account for some of the different disease outcomes across different

geographical populations. Several virulence factors have been reported
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to contribute to pathogenicity (Salih et al., 2014 ) including — the cytotoxin-
associated gene (cag) pathogenicity island (cagPAl), adhesins, outer
membrane proteins (OMP) and the vacuolating cytotoxin (VacA).
Adherence of the bacteria to the mucosal layer activates both bacterial
chromosomal outer inflammatory protein (Oip) and cagPAl that promote
pathogenicity and possibly ulcerogenic effects (Ramakrishnan and
Salinas, 2007). H. pylori virulence factors that promote bacterial
colonisation include urease, flagella, and outer membrane proteins, while
the cag pathogenicity island (encoding CagA and VacA) is important for
disease induction and immune escape. Historically, VacA was
discovered first (Covacci et al., 1993) followed by CagA, which was
named in relation to VacA as cytotoxin-associated gene A (Knorr et al.,

2019).

1.2.1.1 Vacuolating cytotoxin A (VacA)

The Vacuolating cytotoxin, VacA (88kDa) is an important virulence factor
of H. pylori and the most extensively studied in terms of H. pylori toxins.
VacA, given the name because of its capability to induce vacuole
formation in the cytoplasm of host cells (Palframan et al., 2012),
possesses two major subunits - p33 and p55 (Foegeding et al., 2016). It
is encoded by the vacA gene, which is present in all strains of H. pylori
with notable sequence diversity between different geographical strains.
Studies of vacA polymorphisms have revealed three distinct variable
regions of the gene — the signal sequence region (s-region), the mid-

region (m-region) and recently discovered third intermediate region (i-
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region) (Chung et al., 2010) (Fig 1.4). Within both the s and m regions,

variations have been classified: s7 or s2 and m1 or m2, respectively

(Chung et al., 2010). Both variations differ in each subtype (s and m

regions) in that s7 toxin possesses no additional segment of N-terminal

hydrophilic amino acid unlike the s2 which has the additional segment.

This segment prevents s2 toxin from triggering vacuole formation (Fig.

1.5).

+—— Mature VacA toxin ——

Signal p37

p58 Autotransporter

peptide  subunit subunit B-barrel domain N
VacA type s1/i1/m1
l:l |:| Full vacuolating activity in vitro,
sl

i

m1 associated with higher gastric adenocarcinoma risk

VacA type s1/i1/m2
| | | Active but binds to a narrow range of cells in vitro,

il ik

i m2 associated with higher gastric adenocarcinoma risk
/\ VacA type s1/i2/m2
I:I | [ \I | | | Does not vacuolate cells in vitro,
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/\ VacA type s2/i2/m2
|::| [ r \] | | I Does not vacuolate cells in vitro,
) i2 m2 associated with reduced gastric adenocarcinoma risk

sand i region
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m region type
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Fig 1.4: Schematic representation of the allelic diversity that exist in three
regions of vacA gene and their associations with disease.

The vacA gene varies most in the signal (s) region (which determines
toxin activity), the intermediate (i) region located within the p37 subunit
(which determines toxin activity), and the mid (m) region within the p58
subunit (which determines binding to host cells). Only commonly
occurring combinations of regions are shown. Type 1 regions are
shown in red, and type 2 in yellow. Reproduced from Robinson and

Atherton,

2021.
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Fig 1.5: Vacuolation effect of VacA on Hela cells in vitro.

(A) Untreated HelLa cells with VacA. (B) HelLa cells treated with VacA.
White patches are vacuoles pores formed after treatment with VacA.
Reproduced from Schraw et al., 2002.

—

Studies have reported that H. pylori strains that harbour the s7/m71 VacA
toxin contribute to increased disease outcomes in terms of chronic
inflammation (Rhead et al., 2007). The recently discovered intermediate
region (i-region) has been reported to associate strongly with VacA
production from various geographical strains of H. pylori. This
association may suggest i- region importance in disease outcomes of H.
pylori infection. Furthermore, epidemiological studies have reported two
novel polymorphic regions called the deletion (d1 and d2) and c-region
(c1 and c2). Both regions are located at the 3’- end of VacA and the
variants of these regions have been associated with increased risk of

gastric cancer in patients.

Vacuolation is the most recognised effect of VacA entry into host
epithelial cells, which occurs because VacA produces anion-selective
channels that facilitate chloride ions transfer, thus promoting the increase

in intra-luminal chloride concentrations. Its vacuolating activity has been
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linked to triggering cell apoptosis via the release of cytochrome ¢ from
the mitochondria (Palframan et al., 2012, Chung et al., 2010). It has also
been shown to induce gastroduodenal damage in mouse models, and
causes an increase in gastric ulceration risk in infected Mongolian gerbils
(Rhead et al., 2007). VacA not only binds to host epithelial cells but also
to multiple other cell types including T-cells. The main receptor that binds
VacA to T-lymphocytes is beta-2 integrin lymphocyte function associated
antigen-1 (LFA-1). In contrast, epidermal growth factor (EGF), tyrosine
phosphatase alpha, glycosphingolipids, heparin sulphate and
sphingomyelin are among surface receptors on gastric epithelial cells

that bind VacA (Palframan et al., 2012).

1.2.1.2 Cag pathogenicity island (cagPAl)

The cagPAl is approximately 40kb in size and encodes approximately 30
genes, depending on the strain (Robinson and Atherton, 2021, Fischer
et al., 2020). Sixteen of the genes are found in the upstream region of
the PAI, termed cagll (type-1 cagPAl) and 14 genes are located in the
downstream region termed cagl [35], including cagA gene (Fig 1.6).
Many of the genes within the cagPAIl encode the cag type IV secretion
system (T4SS) (Robinson and Atherton, 2021) (Fig 1.7), which
translocates the effector protein called cytotoxin associated antigen A
(CagA) (Olbermann et al., 2010, Fischer et al., 2020) into host epithelial
cells. The cagPAl T4SS is the most well characterised T4SS in the

membrane of H. pylori, assembled from the products of an orthologous
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complement of virB/D genes (B1-B11 and D4) found in the model
organism Agrobacterium tumefaciens.

cag PAI region

cagl cagG

cagA

—=

Fig. 1.6: Cluster of genes that form the cag T4SS in H. pylori strain P12.

The structure of the cagPAI region comprising of 28 genes that encode
the cagPAIl T4SS, including the CagA protein. The genes encoded are
similar to the cluster of genes in integrative and conjugative elements —
tfs ICEs and tfs ICEs, (discussed later in this chapter). Reproduced from
Kabamba et al., 2018.
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Fig 1.7: Structural model for cagPAl T4SS in H. pylori.

VirB proteins with homology to the prototype Agrobacterium tumefaciens
are denoted (B1-B11 and D4). Accessory Cag proteins that form the
structure of cagPAIl T4SS are represented in colours with their simplified
positions. Upward arrows represent effector (CagA) delivery direction in
cagPAI T4SS. Reproduced from Fischer et al., 2020.
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The cagA gene has been reported to be present in more than 50-70% of
H. pylori strains and is known to increase strain virulence (Kusters et al.,
2006, Maeda et al., 1999, Robinson and Atherton, 2021). H. pylori strains
that harbour the cagPAI are called cag positive strains while strains that
do not carry a cagPAIl are referred to as cag negative. Patients infected
with a cag® strain are at greater risk of disease outcomes such as gastric
cancer or peptic ulcer disease. These strains cause increased
inflammatory responses by inducing expression of interleukin 8 (IL-8)
and other inflammatory cytokines and chemokines by gastric epithelial
cells (GECs) in the host (Robinson and Atherton, 2021). Upon
translocation into GECs via the T4SS, CagA is phosphorylated by Src
and Abl dependent tyrosine kinases (Krisch et al., 2016) leading to
activation of SHP-2 (Src homology region 2 domain-containing
phosphatase-2), resulting in elongation of the cell and cell motility (Krisch
et al.,, 2016). Therefore, the gastric epithelial cell is dysregulated via
homeostatic signal transduction which results in cell apoptosis, distortion

of cell proliferation and polarity.

The cagA gene encodes a family of proteins with molecular weights
ranging from 120 to 140 kD which are highly immunogenic and induce a
specific serological response in infected individuals (Robinson and
Atherton, 2021, Robinson et al., 2007). The presence of CagA serum
antibodies in infected individuals with CagA™ strains of H. pylori indicates
an increased risk of developing duodenal ulcers and gastric cancer

(Cover et al., 1995). CagA has been reported to exist in variant forms.
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The presence of the variant forms is highly linked to disease
progressions such as gastric adenocarcinoma due to alterations in the
host cell signalling pathway. At the C-terminal region of CagA are
conserved motifs termed EPIYA being composed of Glu-Pro-lle-Tyr-Ala
(Altanbayar et al., 2022, Robinson and Atherton, 2021). The EPIYA motif
has been classified into four namely— EPIYA A, B, C and D (Altanbayar
et al., 2022). These four subtypes of EPIYA motifs have been reported
in different strains of H. pylori from different geographical locations. For
example, strains from the United States, Australia and Europe harbours
Western type, that is, the EYIPA-A, B and C while EPIYA - A, B and D
are commonly found in East Asian strains (Altanbayar et al., 2022,
Robinson and Atherton, 2021). H. pylori strains that harbour the latter
induce increased level of IL-8 in epithelial cells of the host compared to
strains that harbour EPIYA - A, B, and C subtypes. Correlation between
the EPIYA motif and disease progression of H. pylori infection has been
reported in infected populations. A study by (Tserentogtokh et al., 2019)
reported the presence of EPIYA motif (Western type) in CagA® strains of

patients who presented with gastritis.

The cytotoxin associated gene E (cagE), a homolog of virB4 and ptIC in
A. tumefaciens and Bordetella pertussis, respectively, is another
important component of the cagPAl T4SS located close to cagA
(Yamazaki et al., 2005, El Khadir et al., 2021) in the cagPAl. cagE is the
second well-characterised marker gene of cagPAI (El Khadir et al., 2021)

after cagA and, has been reported to be well conserved among different
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strains of H. pylori (Yamazaki et al., 2005). The presence of CagE is
indispensable to the translocation of CagA and its phosphorylation (El
Khadir et al., 2021). It is also important in the biogenesis of the cagPAl
T4SS system. Therefore, the removal of cagE has been reported to affect
the synthesis of functional cagPAl T4SS (El Khadir et al., 2021). The
presence of cagA, cagE and EPIYA motifs have been implicated in
disease outcomes such as duodenal ulcer and gastric cancer
development (El Khadir et al., 2021). A study by Bakhi and co-workers
(Bakhti et al., 2020) concluded that both cagA and cagE presence
increased the risk of gastric cancer development in an Iranian population.
Another recent study carried out in a Moroccan population reported that
people infected with isolates with both cagA and cagE presented with

increased risk of duodenal ulcer development (El Khadir et al., 2021).

1.2.1.3 Host genetic factors

Factors other than H. pylori virulence factors are considered to contribute
to disease pathogenesis because most infected people remain
asymptomatic. This has led to the investigation of host genetic factors
that might be linked to disease outcomes in some infected patients. For
example, interleukin 1 beta (IL-1B) is a pleiotropic proinflammatory
molecule that interacts directly with some of the H. pylori virulence
factors (Wroblewski et al., 2010). The IL-13 gene cluster comprises of /L-
18 and IL-1RN, that encodes IL-1B receptor antagonist (Wroblewski et
al., 2010). IL-1B polymorphisms resulting in high-expression have been

linked to increased risk of hypochlorhydria, distal gastric
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adenocarcinoma and gastric atrophy. It is a well established risk factor
in infected patients but not in uninfected individuals (Wroblewski et al.,
2010). In individuals with high-expression IL-13 alleles, the risk of gastric
cancer has been reported to increase by 87-fold in those infected with
vacA si1-type H. pylori (Wroblewski et al., 2010) as compared with

uninfected individuals.

Also a polymorphism in IL-8, which affects the innate immune response,
has been reported to contribute to an increased risk of gastric cancer
outcomes. In Caucasian and Asian populations, a variant in the promoter
section of IL-8 increases expression which has been linked to increased
inflammation and gastric cancer rate, though this is debatable in some
studies (Wroblewski et al., 2010). In white populations, a functional
polymorphism in TLR4 has been linked to increased gastric and atrophic
cancer incidence and may possibly be attributed to decreased IL-10

production.

1214 Environmental factors

1.2.1.4.1 H. pylori and nutrition

In addition to the ability of H. pylori virulence factors to trigger
proinflammatory responses upon infection in the host epithelial cells,
infection by H. pylori also affects the brain-gut connection indirectly,
similar to other microorganisms (Oztekin et al., 2021). The two important

hormones, ghrelin and leptin, which control both growth and appetite,
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can be affected alongside H. pylori infection causing immunological
responses in infected individuals (Oztekin et al., 2021). This can result in
changes to food consumption and appetite. H. pylori infection has been
associated with malnutrition and growth retardation in children in
developing countries (Franceschi et al., 2014, Robinson and Atherton,

2021).

Environmental factors are also important in disease outcomes of H. pylori
infection. For example, several studies have reported the correlation
between dietary salts and gastric cancer development. Studies
conducted both in Japan and South Korea reported increased risk of
gastric cancer in H. pylori infected individuals with increased dietary salt
intake compared with infected patients with reduced salt intake. In an
animal model using Mongolian gerbils, a high correlation between H.
pyloriinfection with increased salt intake, which resulted in gastric cancer
and premalignant lesions development, was observed (Wroblewski et al.,
2010). Another study by Gaddy and colleagues (Gaddy et al., 2013)
reported that H. pylori infected gerbils have increased levels of the
proinflammatory cytokines IL-1, IL-6 and TNF-alpha when fed with more
dietary salt compared to the gerbils given lower dietary salt. In another
mouse study, increased salt intake has been shown to boost the
colonisation of H. pylori in C57BL/6 mice, which elevated proliferation in
epithelial cells (Wroblewski et al., 2010). In humans, the process by

which increased salt intake correlates with gastric cancer in H. pylori
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infected people is poorly studied, though studies suggest that gastric
mucosa is damaged by salt, thus permitting the passage of carcinogens
(Wroblewski et al., 2010). Another recent suggestion is that increased
dietary salt intake may possibly modulate H. pylori gene expression,

which has been validated by expression of CagA (Gaddy et al., 2013).

A growing body of evidence has identified that smoking cigarettes plays
a significant role in the development of duodenal ulcer disease in
individuals infected with H. pylori (Chung and Shelat, 2017). Several
studies have identified that tobacco inhibits pancreatic bicarbonate
secretion, which consequently results in increased acidity in the

duodenum, and can contribute to peptic ulcer development.

Iron is an essential important nutrient involved in the maintenance of
various metabolic activities such electro transport, nucleotide synthesis,
oxidation-reduction processes and amino acid synthesis, where it
functions as a cofactor (Oztekin et al., 2021). Also, iron is needed by all
bacteria for their growth. Therefore, a race between bacteria and the host
for iron absorption is inevitable (Frawley and Fang, 2014). H. pylori
infection in some individuals can result in iron deficiency in the long term
as the host body competes and hold the available iron to prevent the
bacterium growth and oxidative damage possible through interaction of
iron with oxygen molecules, which is capable of generation oxygen

radicals (Oztekin et al., 2021). It has been reported that iron deficiency
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may also be effective in H. pylori virulence (Oztekin et al., 2021). A study
by Noto and colleagues reported that the deficiency of iron enhances
expression of H. pylori virulence factors, and it is a measurable
biomarker to screen for population at high risk of developing gastric

cancer (Noto et al., 2012).

Another important micronutrient which is essential is vitamin C. Vitamin
C is a chemical agent which protects against oxidative stress in
cancerous cells with its antioxidant effect and also increases the risk of
cancer via its pro-oxidant activity (Oztekin et al., 2021). Therefore,
infection with H. pylori can lead to reduction in the level of vitamin C in
the host body. In a study reported by Woodward and colleagues, the
level of vitamin C in plasma and gastric juice was low in individuals
infected with H. pylori and with history of reduced intake of vitamin C
(Woodward et al., 2001). In another study reported by Waring and
colleagues (Waring et al., 1996), it was found that high dose of vitamin
C (500 mg twice per day for 2 weeks), in 32 individuals presenting with
gastritis caused by H. pylori infection, could reduce the risk of gastric
cancer when compared with control group of 48 gastritis patients not
given vitamin C supplement. However, high doses of vitamin C (500 mg)
may result in gastrointestinal disturbances, and increased uric acid and

oxalate excretion.
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Upon H. pylori arrival in the gastric epithelium, it activates nicotinamide
adenine dinucleotide phosphate hydrogen (NADPH) oxidase and
produces reactive oxygen species (ROS) such as superoxide (O2),
hydrogen peroxide (H202), hypochlorous acid (HOCI) and hydroxyl
radicals (OH) (Oztekin et al., 2021). The productions of these
compounds trigger inflammatory responses. The ROS produced by H.
pylori in the gastric mucosa then activates the oxidant-sensitive
transcription factor NF-kB. The NF-B factor then induces the expression
of oncogenes which cause damage to the epithelial cells and induces
cell apoptosis and DNA damage. Increase in ROS in H. pylori infected
individuals has been associated with decreased production of
antioxidants such as vitamin C, and development of gastric cancer
caused by DNA damage (Poplawski et al., 2013). Since H. pylori can
affect the oxidative stress process, it is thoughtful to assume that the
presence of antioxidants in foods may be effective towards H. pylori
infection (Oztekin et al., 2021). Therefore, several studies have
suggested the addition of antioxidants in diet may have protective effects

against H. pylori infection (Oztekin et al., 2021).

For example, garlic (Allium sativum L.), a medicinal plant cultivated in
Asia contain important sulphur compound called allicin. It was first
demonstrated in 1998 by Chung and colleagues that garlic can suppress
the growth of H. pylori (Chung et al., 1998). Garlic suppressed H. pylori

growth by inhibiting the activation of NF-xB caused the Toll-like receptor
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4 (TLR4) pathway (Oztekin et al., 2021). Another antioxidant turmeric
(Curcuma longa), a polyphenolic compound contains curcumin has been
reported to have various beneficial properties such anti-inflammatory,
antioxidant, anticancer, antimicrobial and antifungal effects (Oztekin et
al., 2021). A study conducted by Judaki and colleagues tested the effect
of curcumin, (700 mg) one of the two groups of infected individuals with
H. pylori they treated with the same protocol (Judaki et al., 2017).
Curcumin was administered to one group three times per day for three
months. After three months, the curcumin group reported reduced level
of oxidative DNA damage compared to non-curcumin group (Judaki et
al., 2017). Additionally, lycopene, a natural antioxidant that gives red
colouration in fruits and vegetables (Oztekin et al., 2021, Grabowska et
al., 2019) was reported to inhibit DNA damage and H. pylori induced

gastric carcinomas (Jang et al., 2012).

Furthermore, it has been identified that N-nitroso compounds play a role
in gastric carcinogenesis as they are recognised as mutagens and
carcinogens (Wiseman, 2008). Nitrates which are endogenously
produced in gastric acid contribute to the endogenous production and
exposure to N-nitroso compounds. Wiseman et.al Identified in their study
that N-nitroso compounds significantly increased gastrointestinal cancer
risk. Red meat has been identified to promote the formation of N-nitroso
compounds via reaction between myoglobin, haemoglobin, and nitric
oxide. In addition, a component of red meat is iron which can lead to the

production of free radicals. Taken together, these factors contribute to
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the development of gastrointestinal cancer in individuals infected with H.

pylori (Jakszyn et al., 2006, Loh et al., 2011).

1.3  Type IV Secretion Systems (T4SSs)

Type IV secretion systems (T4SSs) are complex macromolecular
systems present in both Gram-negative and Gram-positive bacteria and
some Archaea species (Fronzes et al., 2009b, Grohmann et al., 2018).
T4SSs requires direct host cell contact to translocate macromolecules
including protein and DNA substrates across the cell membrane(s) of a
recipient cell (Alvarez-Martinez and Christie, 2009). They are important
for survival and virulence, and although diverse in substrates
composition and functions they share similar structural components and
have similar functional characteristics (Green and Mecsas, 2016). The
two major subfamilies of T4SSs reported to date, based on their
functions, are the conjugative systems and effector translocators (Costa
et al.,, 2021). Unlike the conjugative systems that are responsible for
conjugative transfer of mobile genetic elements (MGEs), the effector
translocators mainly delivers effector proteins to target cells in eukaryotic
organisms (Costa et al., 2021, Fronzes et al., 2009a). The conjugative
systems form the larger subfamily and usually found in Gram-negative
bacteria. In addition, conjugative systems can spread antibiotic
resistance genes in different pathogens. A third subtype of T4SSs are
those responsible for DNA uptake from the environment and delivers the

DNA into the extracellular milieu (Costa et al., 2021).
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1.3.1 Structural components of T4SSs

Type IV secretion systems (T4SSs) in Gram-negative bacteria have
been variably reported, but they all share similarity with the A.
tumefaciens VirB/D T4SS which primarily consists of twelve proteins
(Green and Mecsas, 2016) (Fig 1.8). Generally, in Gram-negative
bacteria T4SSs are divided into two phylogenetic families namely the
“typelVA” and “typelVB” (Grohmann et al., 2018). The model organisms
used to represent the typelVA are Agrobacterium tumefaciens VirB/D
T4SS and the Escherichia coli conjugative machineries encoded by
plasmids R388 and pKM101 respectively. Conversely, the paradigm for
typelVB is the L. pneumophilia Dot/lcm system where more than 25
proteins are required for its assembly (Grohmann et al., 2018). The
typelVA T4SSs are mainly made up of 12 subunits called VirB1 — VirB11
and VirD4 coupling proteins (Fronzes et al., 2009a) based on the
prototype from A. tumefaciens VirB/D T4SS (Grohmann et al., 2018).
The proteins named VirB1-11 and VirD4, are organised on one or a few
operons. Generally, T4SSs comprise of an extracellular pilus which has
both minor (VirB5) and major (VirB2) subunits, several outer membrane
proteins including VirB9 and the VirB7 lipoprotein, and the conserved
inner membrane proteins VirB6, VirB8 and VirB10 (Fronzes et al.,
2009a). Three energetic components, VirB4, VirB11 and the T4CP VirD4
generally associate with the cytoplasmic side (Grohmann et al., 2018) of
the inner membrane and are required for T4SS structural assembly and

substrate export (Fronzes et al., 2009a). Both VirB1 and VirB2 have been
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reported to not be a part of the T4SS components, but they may assist

in the assembly of the system (Fronzes et al., 2009a).

Type IV Secretion System

pilus
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L IM
ATPases — Cytoplasm
ADP + P o:ATP Effector

protein

Fig 1.8: Schematic representation of type IV secretion system assembly.

T4SSs are made up of 12 subunits VirB1-VirB11 and VirD4. Of all these,
three are energetic ATPases (VirB4, VirB11 and VirD4), five membrane
proteins located between OM and IM respectively. VirB2 and VirB5 form
the pilus subunit. Abbreviations: OM — outer membrane, IM — inner
membrane, OMP — outer membrane proteins, IMP — inner membrane
proteins. Reproduced from Fronzes et al., 2009a.

1.3.2 The components of Type IV Secretion Systems
The twelve major subunits that form the T4SSs in bacteria have been
extensively described. T4SSs are composed of important three ATPases

(VirB4, VirB11 and VirD4) called the membrane energetics (Christie,
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2004, Fronzes et al., 2009a, Costa et al., 2021). As their name implies,
they form the power units that drive the secretion pathway. The trio of
ATPases are crucial for substrate secretion (Christie, 2004) while VirB4
and VirB11 are known to participate in pilus biogenesis (Wallden et al.,
2010). VirD4 has been given the name coupling protein (CP) due to its
crucial engagement to recruit substrate secretion system via
translocation route (Fronzes et al., 2009a). The recruitment of substrates
by VirD4 has been presumed to occur through direct interaction with the
substrates via binding secretion signal sequences, followed by its ability
to link the substrates to other components of the secretion system
(Fronzes et al., 2009a). VirD4-like proteins have also been reported in
other bacteria such as the Brucella spp. The T4SS in this species uses
the effector translocation system and the recruitment and secretion of
substrates are totally independent of the coupling proteins. Alternatively,
substrate recruitment and secretion occur directly via the secretory
pathway or via a receptor with no sequence homology to VirD4 (Fronzes
et al., 2009a). The coupling proteins have two motifs (Walker A and B)
crucial for hydrolysis and nucleotide binding (Costa et al., 2021, Gomis-
Ruth et al., 2004, Gomis-RuEth et al., 2001). Studies have confirmed that
any alterations or mutations of these motifs will prevent the translocation
of substrate in the secretion system. Furthermore, the VirD4 homologue
(TrwB) encoded by the E. coli plasmid R388 has been shown to display

ATPase activity (Tato et al., 2007).
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VirB11 another member of the ATPases family belongs to the “traffic
ATPases” subgroup which are usually linked to secretion system types
I, 111, IV and VI (Wallden et al., 2010, Fronzes et al., 2009a) in Gram-
negative bacteria. The VirB11 proteins are capable of self-display of
ATPase activities. Also, these activities can be stimulated via interactions
with lipids, which suggest that VirB11 association with components of the
membrane is biologically important (Fronzes et al., 2009a). Extensive
work carried out using electron microscopy to visualise the structure of
VirB11-like proteins present in different bacteria such as H. pylori and B.
suis., revealed that the VirB11 homologue (HP0525) of Cag T4SS in H.
pylori show hexameric rings of approximately 100 — 120A in diameter
(Hare et al., 2006). Further crystal structure analysis revealed that
individual monomers consist of two domains, the amino and carboxyl
termina denoted as N-terminal domain (NTD) and C- terminal domain
(CTD) respectively (Fronzes et al., 2009a). Located in-between the
domains is an interface known as the nucleotide-binding site. In the
absence of the site, the CTD domain usually remains unchanged, thus
maintaining the hexameric structure while the NTD domain is flexible and
present rigid-body conformations. When nucleotide-binding site is
present, the ATP molecules, thus promoting the movement of NTD to
form a rigid conformation simultaneously with the hydrolysis of the ATP
molecules. Upon complete hydrolysis, the hexameric structure of VirB11
is relaxed to its original nucleotide-free state (Fronzes et al., 2009a,

Savvides et al., 2003).
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VirB4 is another important member of T4SSs ATPases present in both
Gram-negative and Gram-positive bacteria. VirB4 proteins are usually
associated with conjugative T4SSs (Grohmann et al., 2003) and in
comparison, with CPs, they have conserved Walker A and B motifs which
are indispensable in secretion, hydrolysis, and nucleotide binding. VirB4
homologs such as Trwk from E. coli plasmid R388 have been shown to
have up to four transmembrane segments (Fronzes et al., 2009a). The
ATPase activity of VirB4 has been reported in hexameric form which
suggests that VirB4 exhibit hexameric function similar to VirB11 and
VirD4 (Wallden et al., 2010). In A. tumefaciens, VirB4 is attached to the
inner membrane through the membrane spanning segments and its
interaction with other membrane components enable its peripheral

binding to the membrane (Wallden et al., 2010).

The T4SSs core complex is composed of the VirB7, VirB9 and VirB10
proteins. Structural analysis of the complex with Cryoelectron
microscopy revealed the arrangement of the complex in a cylindrical
manner approximately 185A. Also, the complex was reported to harbour
two distinct layers (O and | layers) (Fronzes et al., 2009a). Comparison
between the two layers revealed that the | layer comprises of the NTD of
VirB9 and VirB10 present in the inner membrane while the O layer is
made up of the main complex body. The VirB10 is a single-spanning
inner membrane protein made up of one transmembrane segment, short
N-terminal cytoplasmic region, and a C-terminal periplasmic domain

which is proline-rich (Fronzes et al., 2009a). The domain consists of
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flexible helix-turn-helix repeat and the proline-rich region is crucial for
core complex assembly and secretion of substrate. VirB7 has been
reported to interact with VirB9 (Wallden et al., 2010, Fronzes et al.,
2009a). This interaction helps to stabilise VirB9 protein. Both VirB7 and
VirB9 proteins consist of signal peptides and they both form disulphide
bridge upon interaction in the prototype organism (A. fumefaciens)
(Fronzes et al., 2009a). Also, structural analysis shows that VirB10 forms
part of the outer membrane channel and is capable of inserting into the
inner membrane channel. Thus, VirB10 is capable of interaction with VirB
components of the inner membrane and with the energetics ATPases.
Therefore, VirB10 is unique in its function in that, it can monitor the
opening and closing of the outer membrane and relate any
conformational changes that may occur with the energetics ATPases

(Fronzes et al., 2009a).

VirB8 is a bitopic inner membrane protein which consists of a N-terminal
transmembrane segment and a large periplasmic C-terminal domain
(Fronzes et al., 2009a). VirB8 functions in both pilus biogenesis and the
secretion of T4SS substrate. The analysis of its crystal structure revealed
that the periplasmic domains its homologous in B. suis and prototype
organism (A. tumefaciens) consists of well-extended beta sheet usually
flanked by five alpha helices (Fronzes et al., 2009a). VirB8 undergoes
flexible interactions with other components of T4SS including outer

membrane channel proteins. Furthermore, the ability for VirB8 protein to
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dimerize as revealed by crystal structure and oligomerisation via

mutational studies has been reported (Buhrdorf et al., 2003).

Both VirB1 and VirB3 are classified as “orphan proteins” due to evidence
that they might not be part of the membrane secretion components, and
they remain indispensable in the formation of the T4SS system (Fronzes
et al., 2009a). In A. tumefaciens, the deletion of the virB1 gene has been
reported to disrupt T-pilus biogenesis although the secretion pathway is

not affected (Fronzes et al., 2009b).

1.3.3 Biochemical and functional interactions of VirB proteins in
T4SSs.

The VirB/D T4SS in A. tumefaciens has been used to establish VirB/D
protein-protein interactions in the T4SS assembly pathway (Fronzes et
al., 2009a) (Fig 1.9). In VirB/D T4SS, interactions have been reported
between the membrane energetic components (VirB4, VirB11 and
VirD4), VirB6 interacts with outer membrane components VirB7 and
VirB9, VirB8 interact with VirB1, VirB4, VirB5, VirB11, VirB7 and VirB9
(VirB7, a small lipoprotein outside the membrane which helps stabilise
VirB9). These arrays of interaction help in the translocation pathway of

T-DNA into the plant (Fronzes et al., 2009a).
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Inner
membrane

Fig 1.9: Schematic representation of interaction network of VirB/D
homologues protein from Agrobacterium tumefaciens.

Cytoplasmic ATPases are shown in purple, IMPs shown in blue, PPs in
green, OMPs in red and Eps in blue. Blue arrows indicate interactions
between ATPases, reds arrows indicate interactions between ATPases
and non-ATPases, grey arrows indicate interactions between core T4SS
components, black arrows indicate other interactions and dotted arrows
indicate possible interactions. Reproduced from Fronzes et al., 2009a.

1.3.4 Mechanism of substrate translocation in T4SS

In the prototype organism A. tumefaciens VirB/D T4SS, the transfer DNA
(T-DNA) makes contact with VirD4, VirB11, VirB6, VirB8, VirB9 and with
VirB2 (Fronzes et al., 2009a). The first T4SS component that makes
contact with the substrate is the VirD4 which acts as substrate receptor
at the cytoplasmic entrance. VirD4 then transfers the substrate to VirB11

(Fronzes et al., 2009b). Substrate transfer to VirB11 could not be
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detected when the small lipoprotein VirB7 was deleted. The deletion
shows the importance of VirB7 in the formation of core complex in T4SS
assembly. The translocation of substrate has been reported not to
require energy (ATP) because mutation in the important motifs (Walker
A and B) of both VirD4 and VirB11 have no inhibitory effect on substrate
transfer. The T-DNA substrate from VirB11 is then delivered to inner
membrane T4SS components VirB6 and VirB8. The deletion of either of
these components (VirB6 or VirB8) have been reported to block the
translocation process suggesting that both components work together
(Fronzes et al., 2009a). In the final translocation process, the substrate
is transferred through the periplasm to the outer membrane components
VirB2 and VirB9. VirB3, VirB5 and VirB10 are all important for the final
translocation process. VirB10 is crucial for the final step as it links both
inner and outer membranes where it detects ATP hydrolysis by VirB11
and VirD4 at the inner membrane, and subsequently undergoes
conformational changes that allow the passage of substrate through the

periplasm (Fronzes et al., 2009a).

1.4  H. pylori TASSs

Genes encoded with the genomes of H. pylori are exceptionally diverse
in different strains of H. pylori described to date. Genetic diversity has
been linked to frequent mutation and recombination events in the host,
which facilitates bacterial adaption in the host. Apart from gene mutation
and recombination events, horizontal gene transfer (HGT) also results in

genetic diversity in H. pylori, thus, making HGT an essential feature of
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the bacterium (Fischer et al., 2020). Therefore, H. pylori has been
reported to be highly recombination-proficient and naturally competent
for transformation (Fischer et al., 2020). Three genome islands which are
variably present, all of which encode either full or partial T4SSs and, a
fourth T4SS within the core genome of H. pylori have been reported (Fig
1.10). According to functional characteristics, T4SSs in H. pylori have
been divided into three main types — conjugative, effector translocators

and DNA uptake or release T4SSs (Christie, 2016, Christie et al., 2005).

B2 comB4 comB6 B9 B10 comEC comH

Com -/~ -0/ -a- sz
virB3
12cag34 cagb a 2 cag¥ X WV UT SQPM N L I HGF cagE DCB cagA 'virBd
Cag PIIIN- eammms - ---- - -mmm - + wos
U RJ i
virB7
.VIIBS
c9 c €3 C2 C20 C5 C6 C7C8 C16 c10 1 C4 C12C13C14 C17 C18 C21 ' vir89
M3 b - - — 4 : .
U rix1  xerT ctkA virC1 topA methylase c1s cio gy [BvirB10
e irB11
allelic variants B v
virD2
a 2 G G G 0 crcs (=] c1o C11 C12C13C14 ci16 (17 cC18 c20 c21 'V"'D‘
U4 F - o - - IS - - @ e e
UxerT jhp jhp jhp methylase virCl rix2 C15topA dupA C19 RJ
0949 0947 0945
L/12 c/c2 R1/R2
—

2kb

Fig 1.10: Schematic arrangement of genes encoded within the four
chromosomally T4SSs gene clusters in H. pylori.

The arrows (forward and reverse) show typical direction of genes
encoded by comB, cag, tfs3 and tfs4, with colouring based on sequence
similarities with prototype genes from virB/virD genes of A. tumefaciens.
The Cag, Tfs3 and Tfs4 systems are on junctions (Left and Right
Junctions — LJ and RJ) on the genome islands while the competence
(comB) genes are not organised as a contiguous unit, instead made up
of two operons — comB2 to comB4 and comB6 to comB10 with gene
homologues to corresponding vir genes. The remaining genes of comB
(comEC and comH) are located elsewhere in the genome. The cagPAl
genes are represented with commonly used letters, while genes
conserved (C1 to C21) within both {/s3 and tfs4 are shown and coloured
to demonstrate similarities between both fs ICEs as reported by Delahay
and colleagues (Delahay et al., 2018b). Individual genes such as
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methylase and cell translocation kinase protein (ctkA) may be absent in
some tfs ICEs, and most tfs4 genes and some {fs3 genes (C2, C3 and
C5) may occur as distinct allelic variants (shown with blue bar). On tfs4
ICE, variants are usually grouped in modules (left — L1/L2, Central —
C1/C2 and Right — R1/R2) respectively, which can combine to form
distinct ICE variants such as L1C1R1, L2C2R2, L1C1R2, etc as reported
by Delahay et al. (Delahay et al., 2018b). Reproduced from Fischer et
al., 2020.

1.4.1 Conjugative T4SSs

The conjugative T4SSs form the largest group of type IV secretion
systems and are broadly distributed in bacteria and some species of
Archaea (Grohmann et al., 2018, Alvarez-Martinez and Christie, 2009).
Plasmids, transposons and integrative and conjugative elements (ICEs)
are transferred as single-stranded DNA intermediates into a recipient
host cell by conjugation. The process of conjugative DNA translocation
increases bacterial adaptability to environmental changes and
strengthens its genome plasticity. Thus, conjugative DNA transfer
increases the emergence of antimicrobial resistance genes among
bacteria implicated in disease outcomes and, thereby increasing bacteria
resistance strains (Fronzes et al., 2009a). The conjugation process has
been divided into three biochemical reactions — (i) processing of DNA
substrates, (ii) substrate recruitment and (iii) substrate translocation
(Alvarez-Martinez and Christie, 2009). The DNA substrate processing
step has been reported to be conserved in almost all conjugation
systems. During DNA processing, initiation is triggered by DNA transfer
and replication (Dtr) proteins, including a relaxase, which binds to an

origin of transfer (oriT) sequence to form a DNA-protein complex known
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as the relaxosome (Alvarez-Martinez and Christie, 2009). The relaxase
nicks transfer DNA at the oriT sequence and remains bound to it,
subsequently facilitating its recognition by a cognate T4SS. The relaxase
is also responsible for piloting the T-DNA through the transfer channel
across the membrane. The translocation mechanism of both ICEs and
conjugative DNA plasmids is triggered by interactions between a
relaxosome and well-conserved substrate receptor known as type IV
coupling protein (T4CP) (Alvarez-Martinez and Christie, 2009). T4CP,
typically encoded by VirD4, is an ATPase that interacts physically with
the transfer pathway which is composed of mating pair formation (Mpf)
proteins (Gomis-Ruth et al., 2004). Two types of Mpf are present in all
types of T4SSs — an ATPase and polytopic membrane protein (Alvarez-
Martinez and Christie, 2009). Collectively, the Mpf proteins generate the
translocation pathway and the surface pilus in gram-negative bacteria.
The surface pilus/filament increases attachment to host target cells
(Lawley et al., 2003) whereas surface adhesins are responsible for
attachment in gram-positive bacteria (Grohmann et al., 2018, Grohmann

et al., 2003).

1.4.2 The Effector T4SS

The effector T4SSs are widely distributed in gram-negative bacteria and
have attracted much attention because of their important roles in disease
outcomes as reported in many pathogenic bacteria (Nagai and Roy,
2003). Effector T4SSs are responsible for delivering macromolecules

and effector proteins to the cytosol of eukaryotic cells, which increases
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successful bacterial habitation and survival in host target tissues or cells
(Alvarez-Martinez and Christie, 2009). For example, the gram-negative
bacteria H. pylori, Legionella pneumophilia and Brucella suis employ
effector T4SSs to deliver virulence proteins into host cells (Fronzes et
al., 2009a). Unlike the conjugative systems, these systems lack the Dtr
proteins required to process DNA substrates. Despite this, many of the
bacteria that employ these systems are still able to use the T4CP to bind
protein substrates. Interestingly, Bordetella pertussis and Brucella sp.
are deficient of T4CPs but instead use the general secretory pathway
(GSP) to translocate substrates across the inner membrane (Alvarez-

Martinez and Christie, 2009).

1.4.3 ComB T4SS

A good example of bacteria that use this system are H. pylori and
Neisseria gonorrhoeae. In H. pylori, the ComB system mediates DNA
uptake from the extracellular milieu, while DNA is released into the milieu
in N. gonorrhoea (Fronzes et al., 2009a). H. pylori is known to be
naturally competent for genetic modification and transformation, similar
to other Gram-negative bacteria such as Neisseria gonorrhoea (Sting| et
al., 2010). In H. pylori, the ComB system is a minimal T4SS that mediates
the uptake of DNA from the environment (Karnholz et al., 2006). The
ComB T4SS comprises of homologues of seven A. tumefaciens T4SS
proteins namely, VirB2, VirB3, VirB4, VirB7, VirB8, VirB9 and VirB10
which extend across both inner and outer membranes in H. pylori (Stingl

et al., 2010). The comB4 encodes the putative energetic ATPase, while
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ComB8 — ComB10 are important for the bacterial transformation
competence, and the ComB7, though has no function in bacterial
competence, assists in stabilizing the complex of the ComB proteins
(Stingl et al., 2010). The transformation process is complex and includes

uptake and binding DNA.

1.5 Integrative and Conjugative Elements (ICEs)

ICEs are present in both Gram-negative and Gram-positive bacteria
ranging in size from between 18 to over 600Kbp with majority carrying
cargo of adaptive genes (Johnson and Grossman, 2015, Burrus, 2017),
that initiated their discovery (Johnson and Grossman, 2015). Like
conjugative plasmids and bacteriophages, ICEs can integrate within and
excise from genomes (Johnson and Grossman, 2015, Burrus and
Waldor, 2004) to process conjugation of DNA via the XerT recombinase
and transfer mechanism through VirD2 relaxase (Delahay et al., 2018Db).
Early reports of ICE’s function indicated them to be vectors for
transferring genes responsible for antimicrobial resistance, but recent
evidence has shown that ICEs often carry a cargo of virulence
determinants into host cells (Delahay et al., 2018b, Burrus and Waldor,
2004). Thus, ICEs contribute to shaping bacterial genomes by promoting
variability in pathogenic bacterial strains and species including H. pylori

(Delahay et al., 2018b).

ICEs are typically mosaic with modular structure (Johnson and

Grossman, 2015). Modules present in ICEs are functional, with genes of
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similar function generally arranged together. The regulatory process
controlling the gene expression of the ICEs have been reported to be
similar to those present in phages and conjugative plasmids (Johnson
and Grossman, 2015). In addition, the mechanisms controlling ICEs
integration and excision are similar to those found in transposons and
viruses, and the conjugation system used by the ICEs (T4SS) is
homologous to those present in conjugative plasmids. Studies of
conjugative plasmids such as F plasmids from E. coliand Ti plasmid from
A. tumefaciens have provided extensive knowledge about their
mechanisms (Johnson and Grossman, 2015). Currently, many important
aspects of ICE biology remain unknown despite outstanding
breakthroughs in distinct properties of the ICE such as combining the
features of transposons and phages due to ICE ability to integrate and
excise in the chromosome using either tyrosine or serine recombinases
(Botelho and Schulenburg, 2021). Also, ICEs can compete for the same
integration site in the chromosome which may result in strong
competition for limited attachment sites especially among coinfecting
ICEs. Table 1.3 below highlights specific features associated with ICEs

and conjugative plasmids.
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Table 1.3: Specific features typical to ICEs and conjugative plasmids

Features ICEs Conjugative
plasmids
Differences
Location Integrated in the | Extrachromosomal
chromosome
Signature modules Integration / Excision Replication

GC content (in | Closer More distinct

comparison with host

genome)

Size Less variable More variable

Density of DNA | Lower Higher

repeats

Segregational loss Immune susceptible
Similarities

Type of mobility Intercellular

Mobility mechanism Conjugation

Shared modules

Maintenance, conjugative transfer

Transfer system

Type IV secretion system

Reproduced from Botelho and Schulenburg, 2021.

1.5.1 The life cycle of the ICEs

ICEs generally are integrated into the host chromosome and the genes

capable of conjugation are not expressed under normal conditions. But

upon induction by cellular factors, the ICEs excise from the host

chromosome and form circularised double stranded DNA (dsDNA)

(Johnson and Grossman, 2015). After circularisation, several encoded

genes of the ICE assemble into a mating pore which is capable of

translocating the ICE DNA. Other ICE-encoded proteins are capable of
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recognising the origin of transfer (oriT) and thus, processing the ICE DNA
to form a single stranded DNA-protein complex which is linear (Johnson
and Grossman, 2015). This linear ssDNA-protein complex is called the
transfer DNA (T-DNA) which later translocates into the recipient host cell
via the mating pore machinery. Upon arrival in the recipient host, the ICE
is capable of re-circularising to become dsDNA which later recombines
into the recipient host chromosome through recombinases. Integration of
many ICEs occur at specific sites in the chromosome but, some ICEs are
capable of integrating at different positions in the chromosome (Johnson
and Grossman, 2015). Nevertheless, for the maintenance of ICEs in their
original state, they must be integrated back into the chromosomes of

their host.

1.5.2 ICE integration and excision

ICEs can integrate into the chromosome using the ICE-encoded
recombinases (also called integrases). Both processes, integration and
excision require recombinases which are often homologous to the phage
integrases. Many ICEs are capable of integrating at specific sites on the
bacterial chromosome known as the attachment site (attB) which is
majorly located in a tRNA gene of the ICEs (Johnson and Grossman,
2015). The attachment site on the ICE is usually called attiICE or attP
(attP was given based on the phage classification) (Johnson and
Grossman, 2015). The recombinases present in most ICEs are either
tyrosine recombinases or serine recombinases. The reactions catalysed

by both tyrosine and serine recombinases are slightly different, but they
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both confer the same function on the ICE. The main function of both
tyrosine and serine recombinases is to mediate site-specific integration
of the ICE between dsDNA at short DNA sequences. If similar short
sequences are present in the circularised ICE and the host chromosome,
integrated ICE will be flanked by two attachment sites, one to the left and
the other to the right (attL and attR). In addition to the ICE recombinases,
a directional factor called recombination directionality factor (RDF) is also

needed for ICE excision (Johnson and Grossman, 2015).

The specificity of ICEs to integration sites are generally variable. For
example, many ICEs target a single aft site on the host chromosome
similar to att site in the ICE. Alternatively, if the aft site is not present, the
ICE can target alternative sites at reduced efficiency. Some ICEs are
capable of inserting at multiple att sites in the chromosome such as the
CTnDOT ICE of Bacteroides spp, while integration by others such as
Tn916 ICE from Enterococcus faecalis is not site-specific (Johnson and

Grossman, 2015).

1.5.3 Identification of Tfs ICEs and variant subtype of Tfs4 ICE

1.5.3.1 tfs3 and tfs4 ICEs

The genome of H. pyloriis highly variable in terms of gene sequence and
content (Delahay et al., 2018b). The gene clusters are broadly present
inside three genomic islands — cag pathogenicity island, {fs3 and tfs4
(tfs3is called “type IV secretion system 3”, as it was the 3 T4SS cluster

and, tfs4 is “type IV secretion system 47, as it was the 4" T4SS cluster
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reported in H. pylori) (Delahay et al., 2018b). The latter two are ICEs
recently identified in the chromosome of some H. pylori strains. Before
the discovery of tfs ICEs in H. pylori, early studies using genome
sequence analysis of H. pylori (strain 26695) reported two variable
regions called the plasticity zones (PZ). Located within these zones are
the genes specific for the stain as reported by Tomb and colleagues
(Tomb et al., 1997). Subsequent genome analyses revealed variability in
PZs between different strains of H. pylori, differentiating them with
respect to location in the genome, presence, and gene content (Alm et
al., 1999). Additionally, the PZs were reported to have low G + C content
in comparison to the rest of the genome (Tomb et al., 1997). This
provided insight that PZs have been acquired through horizontal gene

transfer (Tomb et al., 1997).

Recent studies have identified substantial phylogeographical diversity
and mosaicism of tfs ICEs from global H. pylori strains which may explain
different disease outcomes in some infected patient populations
(Delahay et al., 2018b, Phuc et al., 2021a). Both tfs ICEs are present in
all seven geographically and genetically diverse H. pylori populations
(hpAfrica1, hpAfrica2, hpNEAfrica, hpEurope, hpAsia2, hpEAsia and
hpSahul (Delahay et al., 2018b) except for a notable absence of #fs3 in
the ancestral hpAfrica2 population, which also lacks the cagPAIl. Both tfs
ICEs contain genes that encode complete T4SSs homologous to the
VirB/D T4SS in A. tumefaciens and may coexist in a single strain of H.

pylori. Within the gene clusters of both #f/s3 and {fs4 have been reported
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21 putative conserved genes (Delahay et al., 2018b) (section 1.4 above,
Fig 1.10). In comparison, the tfs4 ICEs have multiple variants broadly
contained and distributed across the three modules (left, central and right
modules) while clusters of variable genes are contained within the left
segment of tfs3 ICE (Delahay et al., 2018b). Often, one or both tfs ICE
are fragmented in different strains of H. pylori, which may result in loss
of function of the ICE. Fragmentation is apparently higher in strains from
Europe (hpEurope) but reduced in strains from African origin (hpAfrica)
(Delahay et al., 2018b). Thus, the tfs ICE with these H. pylori descents

may be unstable.

Tfs3, named as the third putative T4SS to be discovered in H. pylori, was
first identified as a 16 kb element in strain PeCan18B isolated from a
Peruvian gastric cancer patient (Kersulyte et al., 2003). More recently,
full-length #f/s3 has been revealed to be a 37.5 - 46 kb element
(Alandiyjany et al., 2017). Although not present in all strains of H. pylori,
ffs3 has been implicated in disease outcomes possibly through
stimulation of pro-inflammatory responses in some populations. A recent
study by (Alandiyjany et al., 2017) has revealed that the {fs3 ICE encodes
the variable host interacting cell translocation kinase protein (CtkA).
Several studies have reported ctkA as a marker for gastric cancer
development in some populations and CtkA as a pro-inflammatory
protein that triggers cytokine secretion from both host immune and
epithelial cells, which may contribute to gastric inflammation.

(Alandiyjany et al., 2017) also reported involvement of the {fs3 T4SS in
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mediating the pro-inflammatory activity of CtkA. These findings provide
interesting insight into the potential function(s) of the {fs3 T4SS. The C-
terminal of CtkA seems to be important for secretion and is conserved in
several other variable tfs3 proteins — PZ39 and Fic. These could
therefore be secretion substrates. PZ39 is most common in strains and
interestingly is encoded adjacent to and overlapping a small protein

PZ38 that could be hypothesised to be a chaperone.

The maijority of genes encoded within the cluster of {fs4 are like those of
the tfs3 cluster. However, in tfs4 the T4SS virB4 gene has been reported
as a disease marker for duodenal ulcer disease in some populations and
referred to as duodenal ulcer promoting gene A (dupA) (Lu et al., 2005).
dupA gene encoded by both jAp0917 and jhp0918 in H. pylori infected
patients from East Asia and North America contributes to the
development of duodenal ulcer among 42% of the infected patients (Lu
et al., 2005). Their findings also reported that dupA stimulates increased
neutrophil infiltration and IL-8 concentration in gastric epithelial cells
(GECs), which then stimulates pro-inflammatory cytokines secretion in
GECs. Also encoded by both tfs ICE clusters is a XerD family tyrosine
recombinase which may function in excision to generate
extrachromosomal ICE circular intermediates (Cls) which can be
transferred to a recipient bacterial cell by conjugative transfer mediated

by the Tfs type IV secretion systems (Fischer et al., 2010).
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As both ICEs are often present in a partial state in many strains and tfs4
present as one of several variant or hybrid forms, it may be the case that
many ICE T4SSs are non-functional, limiting the ability for ICE transfer
and other activities such as likely CtkA effector secretion. However, as
all types of tfs ICEs encode many similar proteins, there is a possibility
that proteins from different tfs systems which have a conserved function,
such as T4SS assembly, may be sufficiently flexible in their interactions

to generate functionally active hybrid systems.

1.5.4 Geographical distribution of Tfs ICEs

Early studies of tfs ICEs reported ICE clusters in the few available H.
pylori strains with complete genome sequences. Other H. pylori strains
with draft genome sequences deposited online have been overlooked
over the years due to difficulties in establishing a full representation of
larger genomic segments (Delahay et al., 2018b). Additionally, the fact
that tfs ICEs are also fragmented and one tfs ICE may coexist with
another in a single strain confers additional challenges of data mining in
the draft genome sequences. A recent study used a robust bioinformatics
workflow to extract and precisely define tfs ICE populations in a global
collection of H. pylori strains (221 draft and complete H. pylori genome
sequences). The study (Delahay et al.,, 2018b) reported a
comprehensive global prevalence of f{fs ICEs in the seven
phylogeographical populations of H. pylori. Tfs ICE clusters in a global
subset of H. pylori strains identified 21 putative genes conserved

between both {fs ICEs (tfs3 and {fs4) (Delahay et al., 2018b). Additionally,
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tfs4 ICE cluster of genes was highly present either as complete in 96 or
fragmented in 74 global H. pylori strains. In contrast, {fs3 was absent in
60 strains and both tfs ICEs were present in 18 global strains (Delahay
et al., 2018b). An apparent increase in fragmentation was reported in
strains of European origin, while strains of African descent (HpAfrica1)
displayed lesser level of fragmentation (Delahay et al.,, 2018b).
Coexistence of tfs3 and tfs4 ICEs was reported to be less common in

strains from East Asia descent (HpEAsia) (Delahay et al., 2018b).

1.5.5 Modular classification of Tfs ICEs

All ICEs generally have unique mobile units called modules used for
maintenance, conjugative transfer, excision, and integration into the host
genome (Botelho and Schulenburg, 2021). Both {fs ICEs (tfs3 and tfs4)
also have distinct modular classification. Tfs4 ICE and its variant type
have the L-C-R (Left-Central-Right) classification (Fig 1.11) while #fs3
ICE has the L-R representation (Delahay et al., 2018b). The L-C-R
modules have been reported to be capable of interchanging to generate
a particular tfs4 type. In correlation to the three types of tfs4 ICE
(ICEtfs4a-c) previously reported using comparative analysis, clustering
of tfs4 genes by (Delahay et al., 2018b) in the global H. pylori strains
show tfs4 ICE gene content similarly identifies the three types in addition
to several additional novel types (Delahay et al., 2018b). The identified
types show orthologous gene complements represented as L2-C1-R1 for
ICEtfs4a, L1-C1-R1 for ICEtfs4b and L1/L2-C2-R2 for ICEtfs4c. Further
analysis of the L1/L2, C1/C2 and R1/R2 revealed that the principal

modular representation of tfs4 ICE in the global H. pylori population is
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L1-C1-R1 (Delahay et al., 2018b) (Fig 1.11). Another modular
configuration (L2-C2-R2) yet to be described although previously
reported, was present in nine H. pylori strains. Additionally, other modular
representations, where genes encoded in the R1 segment appear
truncated and/or fragmented, were also discovered. Therefore, both
modular representations L1-C1-R1 and L2-C2-R2 (predominantly
present in H. pylori population), were used to represent the two
predominant tfs4 types (tfs4/tfs4 varaint) in the H. pylori population
(Delahay et al., 2018b). The remnants of tfs4 modular representations
were classified as hybrid forms that resulted from either genomic
recombination and rearrangement between two ICEs in the same strain
or partial integration of heterologous genes of the ICE (Delahay et al.,
2018b). Therefore, the ability of the two tfs4 types (tfs4 and tfs4 variant)
to form a functional hybrid type remain unknown and to date, never

investigated.
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Fig 1.11: Global pairwise alignment of distinct {fs4 ICE and modular
representation.

H. pylori strain G27 is used as reference strain with vir genes tfs4
cluster (top) with modular subtype L1C1R1. vir genes coloured blue are
L1, C1 and R1 module gene complements whereas orthologous genes
characteristic of L2ZC2R2 modular representation from strain R036d are
coloured red. Reproduced from Delahay et al., 2018b.

1.5.6 Modules and hybrid functions of Tfs ICEs

ICEs are common in different bacterial strains with varying advantages
to their host. A common feature to ICEs is the presence of modular
structure where genes with similar function are grouped together
(Bellanger et al., 2014). The function(s) of a particular module is relevant
to different activities carried out by the ICEs. For example, ICE with
conjugative ability encoded in its modular subtype mating pair T4SS
genes, transfer ability encodes VirD2 and VirD4 proteins and
recombination encodes relaxase and integrase functions (Delahay et al.,

2018b).
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As earlier stated, both tfs ICEs have modular subtypes (Fig 1.9) which
are prominent in tfs4 and represented as L-C-R. The L- subtype encodes
for recombination function mediated by the xer gene, C and R encodes
for transfer and mating pair function (Delahay et al., 2018b, Grove et al.,
2013). Contrary to tfs4 modular representation, {fs3 ICE is divided into
two by its right and left modules respectively. The L module is mostly
intact in both tfs ICEs, but they are presented with fragmentation of the
module encoded with mating pair function. It has been speculated that
the presence of the L module in majority of global H. pylori strains may
confer a specific benefit via the encoded proteins, which may be
independent of the tfs3 ICE T4SS. Therefore, it was suggested that tfs
L-C-R modules can encode for ICE-dependent and ICE-independent
activities (Delahay et al., 2018b). The H. pylori strains from African
descent (HpAfrica1) have high prevalence of the L2C1R1f tfs4 ICE type,

a modular subtype which lacks several key T4SS genes in the R1 region.

Inter-strain transfer of {fs ICEs has been reported in global strains of H.
pylori. For example, {fs transfer was reported in strains of African and
European origins. This transfer may provide possibility for functional
complementation of {fs3 and tfs4 ICEs (Delahay et al., 2018b). This
possibility remains unknown. Also, inter-population of tfs ICEs
heterologous genes may also affect the virulence outcomes on the host
organism. Understanding how the latter might be possible remains to be

elucidated.
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1.5.7 Disease association of Tfs ICEs

Both tfs ICE-encoded genes have been implicated in disease outcome
in some populations infected with H. pylori. In particular, the genes
encoded by tfs4 R1 module and L1 module (dupA, jhp0947 and jhp0949)
or gene encoded by both L1/L2 modules (jhp0945) and tfs3 L module
encoded gene (ctkA) have all been implicated in disease outcomes. In
the context of tfs4, it is unclear whether the association of these genes
with disease progression is dependent on a particular module, the activity
of individual proteins or the function of ICE T4SSs (Delahay et al.,
2018b). The study reported that both L and R modules are prevalent in
global H. pylori populations in reference to tfs4 and, often isolated from
other modules from the ICE. Also, they reported that truncated modular
representation (L2C1R1f) is highly conserved in HpAfrica1. Their report
suggested that both L and R modules of {fs4 ICE may be functionally
independent of tfs4 T4SS. The notion supported a study where they
reported a low incidence of disease outcomes in H. pylori infected
population with strains having L2C1R1f modular subtype and highly
virulent cagPAl genes (cagA and vacA) (Delahay et al., 2018b).
Furthermore, R1 module that encodes dupA gene is considerably absent
from H. pylori strains having the L2C1R1f modular representation, which
may suggest that dupA alone cannot be used as a disease marker for

strains that harbour full cluster of tfs4 T4SS proteins.
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1.6 Rationale, Hypotheses and Aims

Rationale

Based on homology of genes encoded on tfs ICEs (tfs3 and tfs4), both
encode full complement of Vir- homologous T4SS proteins. To date,
there is very little experimental work to fully support the role of these
proteins in T4SS assembly due to their dynamic nature as membrane-
bound proteins. Previous work done in the group by Alandiyjany
(Alandiyjany, 2015) established a network of interactions between tfs4
VirB proteins (tfs4B8/tfs4B8, tfs4B11/tfs4B11, (fs4B4/tfs4D4 and
tfs4B4/tfs4B8). The studies concluded that these interactions are similar
to known networks of interactions (section 1.3.3, Fig 1.8) reported by
Fronzes and colleagues (Fronzes et al., 2009a) and, they are important
in the assembly of the T4SSs. Furthermore, the study by Alandiyjany
(Alandiyjany, 2015) also selected the tfs4 VirB8 variant protein ({fs4B8v)
for interaction with tfs4B8 and tfs4B4 respectively. The study reported
strong interactions between {fs4B8v/tfs4B4, (fs4B8v/ifs4B4 and
tfs4Bv/tfs4B8. The conclusions from this work suggested that {fs4B8v
could conceivably functionally complement for {fs4B8 in the assembly of

T4SS.

Virulence genes encoded in {fs3 and tfs4 ICEs have been implicated in
disease outcomes. Although, genes encoded on different modules, for
example R1 module of {fs4 ICE (dupA+) and L module of tfs3 ICE (ctkA)

(section 1.7.4.5) have been implicated as markers of disease
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progression, the associations between disease outcomes and tfs ICEs

remain poorly understood.

Therefore, the study by Alandiyjany (Alandiyjany, 2015) set the pace to
investigate the potential for cross complementation integrations between
tfs ICEs encoded proteins especially with proteins encoded on {fs4 ICE
and its variant form. The work in this thesis aimed to explore the potential
for heterologous protein-protein interactions of encoded VirB proteins on
tfs3 and tfs4 ICEs to establish potential functional complementation
between the proteins. In addition, bioinformatics approaches were be
used to search for full complements of tfs ICEs genes in clinical isolates

to establish correlation with disease status.

Hypotheses

Hypothesis 1: Similar components of {fs ICEs ({fs3 and tfs4) are capable
of interacting with one another to enable a functional T4SS Therefore, it
was hypothesised that interactions may be possible between {fs3 and

tfs4 VirB-homologous proteins and with the tfs4 variant form.

Hypothesis 2: It was hypothesised that a bioinformatics approach could

be used to search for and define complete sets of {fs T4SS genes and

predict their impact on disease developments in patients.

Therefore, the aims of this thesis were set out.
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Aim 1: To investigate interactions between proteins encoded by tfs3, tfs4

and tfs4 variant types important for assembly and function:

Use the yeast two-hybrid assay to:

a. Validate the tfs4 VirB8 interactions already reported in the group.

b.

Investigate heterologous protein-protein interactions of ffs ICE
proteins that mediate ICE T4SS assembly. Here, | aimed to
investigate the potential for cross complementation between tfs3
and tfs4 encoded proteins .

Investigate the functional activity of ffs ICEs energetic proteins
(VirB4, VirB11 and VirD4) by identifying tfs4 variant proteins they
interact with. This aimed to establish if any of the energetics from
any of the tfs’s ICEs can be used in any system (for example if
tfs4B4 can functionally complement for tfs4B4v), or whether they
are strictly system specific.

Investigate interactions of tfs4 VirD2 protein with VirB proteins of
tfs3, tfs4 variant aimed to establish if any ICE ({fs3 or tfs4) can use
any tfs T4SS for transfer of substrate.

Investigate interactions of orphan genomic protein (gB11) aimed
to establish if it can complement for loss of function of any ffs

T4SS ATPases.

Then, | aimed to validate novel interactions identified using a secondary

approach:

a.

recombinant protein purification and characterisation. | aimed to

clone novel VirB interactions proteins into an expression vector
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and perform a co-expression pull-down assay after expression,
solubility and purification have been confirmed. Characterisation
of purified protein will be done using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE), protein staining
with Coomassie blue and Western Blot analysis of co-expressed
proteins.

b. in-silico bioinformatics analysis to validate reported interactions

from yeast two-hybrid study.

Aim 2: To explore the association of tfs T4SS genes in H. pylori isolated
from patients with disease status. This section of the thesis will use
genomic analysis using the ABRicate software to search for full
complement of tfs T4SS genes in isolates and correlation between

cluster of genes of tfs ICEs and disease status will be established.
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CHAPTER TWO

PROTEIN-PROTEIN INTERATIONS
BETWEEN T4SS PROTEINS OF Tfs3,

Tfs4 AND Tfs4 VARIANT TYPE



2.0  Introduction

Several studies of the bacterium H. pylori and the genome analysis of
the bacterium have revealed a subset of variable genes present in
different strains of H. pylori (Romo-Gonzalez et al., 2009, Mufioz-
Ramirez et al., 2017, Farnbacher et al., 2010, Baltrus et al., 2009).
Subsequently, some of these variable genes have been implicated in
disease status in some H. pylori infected populations (Alandiyjany et al.,
2017, Delahay et al., 2018b). For example, one of the most extensively
studied, dupA, has been reported to be associated with duodenal ulcer
development. The dupA gene was reported to be homologous to the
T4SS virulence virB4 gene of A. tumefaciens (de Lima Silva et al., 2021).
Until now, the function of the tfs ICEs ({fs3 and (fs4) remains poorly
understood in H. pylori. Nevertheless, both tfs ICEs encode the T4SS
proteins virB1-virB11 and coupling protein virD4, similar to the T4SS
VirB/D in the prototype organism A. tumefaciens. Recent studies have
established that tfs3 and tfs4 T4SS can harbour a complete set of genes,
such as virD4, virB4 and virB11 required for T4SS structural assembly,
as well as genes involved in DNA processing and transfer (virD2)

(Fischer et al., 2020, Alandiyjany et al., 2017).

Protein-protein interactions (PPI), a network of protein interconnections
upon which many biological activities are regulated, have been
established in many organisms by studying interaction partners
(Chakraborty et al., 2021). In Gram-negative bacteria including H. pylori,
several studies have reported protein-protein interactions (Terradot and

Waksman, 2011, Busler et al., 2006, Kutter et al., 2008) using biological
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techniques such as pull-down assay, co-immunoprecipitation, and the

yeast two-hybrid assay (Y2H).

The Y2H method is a popular and power technique used for the analysis
of protein-protein interactions (PPIs) in vivo (Paiano et al., 2019). The
method developed by Fields and Song in 1989 (Paiano et al., 2019) uses
two candidate proteins, where one is the “bait” and the other “prey”. The
bait protein is fused to the DNA binding domain (DBD) and the prey is
fused to the activation domain (AD) of a transcription activator (Erffelinck
et al., 2018). Upon interaction of the paired proteins, the transcription
factor drives the expression of the reporter genes in the yeast strain
which can later be scored by the ability of the yeast cells to grow on
selection plates (Erffelinck et al., 2018). In this study, the DNA binding
domain (DB) of the yeast (Saccharomyces cerevisiae strain PJ69-4A)
GAL4 transcription activator was encoded by plasmid pBGT9 and, the
activation domain of the yeast strain was encoded by plasmid pGAD424.
The yeast strain used in this study encodes for three reporter genes

namely HIS3, ADE2 and lacZ.

In comparison to other biochemical procedures such as pull-down
assays and co-immunoprecipitation, the Y2H system is simple to use,
inexpensive and able to detect weak interactions among paired proteins.
On the contrary, other biochemical techniques may require highly
purified and good quality antibodies before interactions can be detected

in paired proteins.
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Several studies (Busler et al., 2006, Ward et al., 2002, Yuan et al., 2005,
Igbal et al., 2021, Zupan et al., 2007) have demonstrated protein-protein
interactions between the VirB/D homologues using the yeast two-hybrid
method. Several interaction networks that include the T4SS VirB/D
homologues from A. tumefaciens have been reported according to
Fronzes et al., (Fronzes et al., 2009a). Fig 2.1 below from Fronzes and
colleagues shows the interaction network between the VirB/D
homologues. The VirB8, VirB9, VirB10 and the ATPases (VirB4, VirB11
and VirD4), classified as structural proteins of the T4SS, demonstrate
multiple interactions. For example, a positive interaction was
demonstrated between VirB8-VirB1, VirB8-VirB4, VirB8-VirB5, VirB8-
VirB8, VirB8-VirB9, VirB8-VirB10, and VirB8-VirB11 (Fronzes et al.,
2009a). In addition, VirB11 demonstrated positive interactions with
VirB4, VirB8, VirB9, VirB10, VirB11 and VirD4 (Fronzes et al., 2009a).
This model of established interaction network will be used as the basis
for subsequent modelling of interactions between T4SS proteins in H.
pylori identified in this study. Furthermore, VirD2 is a known secretion
substrate present in both {fs3 and tfs4 ICEs. As a secretion substrate,
VirD2 has been reported to be tightly linked with T-DNA and aid in its
direction towards the plant in Agrobacterium tumefaciens. Both amino
and carboxyl terminals of VirD2 are important targets for proteins within
the secretory pathway, a major reason for its classification as a secretory

substrate.

The nomenclature adopted for proteins of tfs3, tfs4, tfs4v and the orphan

genomic VirB11 included in this study are given as: tfs3VirB4, tfs3Vir3B8,
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tfs3VirB11, (fs4VirB4, tfs4VirB8, tfs4VirB9, tfs4VirB10, tfs4VirB11,
tfs4VirD2, tfs4VirD4, tfs4VirB4v, tfs4VirB8yv, tfs4VirB11v and the orphan
gB11 respectively. The orphan genes of different bacteria have been

reported to enable their adaptation to specific environments.

®—
Quter membrane

Inner ' 1 ]
membrane = VoA VirB3

Fig. 2.1: Schematic representation of interaction network of VirB/D
homologues protein from A. tumefaciens.

Cytoplasmic ATPases are shown in purple, IMPs shown in blue, PPs in
green, OMPs in red and Eps in blue. Blue arrows indicate interactions
between ATPases, reds arrows indicate interactions between ATPases
and non-ATPases, grey arrows indicate interactions between core T4SS
components, black arrows indicate other interactions and dotted arrows
indicate possible interactions. Reproduced from Fronzes et al., 2009a.

2.1 Rationale
A previous study in our group by Alandiyjany (Alandiyjany, 2015)

established a potential for cross complementation interactions between
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proteins encoded on {fs3, tfs4 and tfs4 variant type. The study reported
a network of interactions between tfs4 VirB proteins - {fs4B8/tfs4B8,
tfs4B11/tfs4B11, tfs4B4/tfs4D4 and tfs4B4/tfs4B8 and selected only the
tfs4 VirB8 variant protein which interacted with tfs4 VirB4 and {fs4 VirB8
respectively. The study suggested that interactions between tfs4 VirB8
variant and ({fs4 VirB8 could potentially provide functional
complementation between the proteins in the assembly of a
hybrid/variant Tfs4 T4SS. The study only reported interactions of tfs4
VirB8v and not possible interactions of other tfs4 variant VirB proteins
such as the ATPases (VirB4v, VirB11v) with other T4SS components.
Whether interaction(s) is or are possible with other VirB proteins in the
case of tfs4 where variant subtype is apparent, remains unknown. Also,
as all types of tfs ICEs encode many similar proteins, there is a possibility
that proteins from different tfs systems which have a conserved function,
such as T4SS assembly, may be sufficiently flexible in their interactions

to generate functionally active hybrid systems.

Therefore, this chapter of the thesis aimed to use the high throughput
yeast two-hybrid assay to investigate interactions between proteins
encoded by tfs3, tfs4 and tfs4 variant type to achieve the objectives — to
first validate the VirB8 interactions reported previously in the group, then,
investigate functional activity of the tfs ICEs that mediate ICE T4SS
assembly by investigating potential for cross-complementation between
proteins encoded by tfs3, tfs4 and tfs4 variant type. Also, this study
aimed to investigate the functional activity of the orphan VirB11 with

encoded proteins of {fs3, tfs4 and tfs4 variant to explore a possible
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functional link with tfs ICEs in the genome of H. pylori. Furthermore, this
study aimed to use secondary approaches such as recombinant protein
purification and in silico bioinformatics analysis to validate novel

interactions.

2.2 Materials and Methods

2.2.1 Yeast strains, bacterial strains, growth media and conditions

The yeast strain used in this study, Saccharomyces cerevisiae (PJ69-
4A) (James et al., 1996) was cultured in either Yeast Peptone Dextrose
or Yeast Minimal Medium (YPD or YMM respectively) supplemented with
a final concentration of 2% glucose (Fischer-Scientific). YPD was
prepared in 200 ml of distilled water with 2 g of yeast extract (Oxoid) and

4 g bacteriological peptone (Oxoid), adjusted to pH 5.8.

For YMM, 1.34 g yeast nitrogen base (Difco 0919-15) was added with 4
g of Agar technical No 3. (Oxoid) to 200 ml distilled water. Supplementary
solutions were added to YMM minimal media as appropriate to make a
particular selective media. These included L-methionine (Met), Uracil
(Ura), L-Histidine (His) and Adenine (Ade) - all at 20 pg/mL (Sigma-

Aldrich).

E. coli XL1-Blue (Strategene) used for general cloning was grown in
Lysogeny Broth (LB) or on LB-agar supplemented with 100 pg/mL
ampicillin (Sigma-Aldrich) and incubated overnight (16-18 hours) at 37°C

with shaking at 250 g.
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Genomic DNA of H. pylori strains P12, 247 and J166 was provided by Dr

Rob Delahay together with available VirB constructs from previous work.

Table 2.1 and 2.2 below show bacterial, yeast and plasmid strains used

in this study.

Table 2.1: Bacterial and Yeast strains used in this study

Strain/Vector Description Cloned genes or Source
genotype
P12 tfs4 virB11, (fs3
virB11 and gB11,

247 tfs4 virB11v

Clinical Provided by Dr
Rob Delahay

isolate H.
pylori

XL-1 Blue E. coli used recA1 endA1 gyrA96 | Strategene,
to make thi-1 hsdR17 supE4 | provided by Dr
competent relA1 lac [F proAB | Rob Delahay
cells ~for1jac/izam15  Tn10
transformatio
n (Tet)]

E. coli Top10 High recombinant products | Novagene,
Efficiency of tfs4 virB11, tfs3 | provided by Dr
competent virB11 and gB11 Rob Delahay

cells (> 10°

cfuig)

E. coli soluble Optimised E. recombinant products | provided by Dr
coli strain for of tfs4 virB11, tfs3 | Rob Delahay
BL21 protein virB11 and gB11
expression in
soluble form.
Saccharomyc (MATa trpI-901 | Supplied by Dr Rob | Saccharomyce

es cerevisiae

strain PJ69-

4A

leu2-3 112 ura3—

52 his3-200
galdN  galSOA
LYS2::GALI-
HIS3 GAL2-
ADE?2
met2::GAL7-
lacZ.

Delahay;
al., 1996)

(James et

S cerevisiae
strain PJ69-4A
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Table 2.2: Plasmids used in this study.
(lllustrated in Appendix Fig 1 and 3)

Plasmid Description Source and
Reference
pGAD424 (prey) oriColE1 ori2u LEU1 | Supplied by Dr R.
PADH : GAL4 | Delahay; (James et
activator domin: | al., 1996)
(ampmo)
pGBT9 (Bait) oriColE1 ori2u TRP1
PADH : GAL4 binding
domin: (ampmo)
pBAD cMyc/His araBAD promoter | tfs4 virB11, fs3
expression vector region, Multiple | virB11 and gB11
cloning sites,
initiation (ATG), myc
epitope, polyhistidine
tag, Ampicillin, AraC,
pBR322

2.2.2 Oligonucleotides and bioinformatics resources

Oligonucleotide primers used in the polymerase chain reactions (PCR)
were purchased from Sigma-Genosys and the nucleotide sequences of
tfs3 and tfs4 genes were obtained from the National Centre for
Biotechnology Information (NCBI). The reference H. pylori strain P12
was used as the source of genes of tfs4 virB11, tfs3 virB11 and gB11,
while strain 247 was used for genes of tfs4 virB11v. Oligonucleotides
used for PCR are listed in Table 2.3. All primers were diluted to 10 pmol
ul! for use in PCR reactions. Sequencing of all constructs generated in

this study was done by Geneservice and sequences were assessed to
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ensure that no base changes had occurred during PCR amplification.
Sequence files and downloaded nucleotide sequences from NCBI were
formatted using BioEdit program and relevant alignments were
performed using ClustalW. BLAST search of orphan genomic gene
(gB11) of strain P12 was performed using the NCBI BLAST via the
Geneious Prime software (dotmatics) and percentage identity of gB11
with other H. pylori strains was determined with multiple alignment
available in the software. A list of websites hosting bioinformatics tools

used in this study is provided in Table 2.4.
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Table 2.3: Oligonucleotide primer sequences used in this study.

Region | Primer Name Primer Sequence ‘5 — 3’ PCR
Size
(bp)
Tfs4 Tfs4B11EcoF | GAACTGGAATTCATTTCTAATCTTTTAAAAAGTTACCTTG 942
virB11
Tfs4B11SalR GTACTAGTCGACTCATAACATCAACTCCTTTTTAAAT
Tfs4 Tfs4B11vEcoF | GAACTGGAATTCAATGGTCTTTTTAATTCTAAACAAG 983
virB11v
Tfs4B11vSalR | GTACTTGTCGACTCATTCGTATCCCAAAAGTTG
gB11 | gB11EcoF TTACCGGAATTCGAAACTTTACAAACCCATAGAGTTTTAC 915
gB11SalR GTACTAGTCGACTTAAAGCTCTTTAGTCCATAAGACTTC
Tfs3 3B11BADNcoF | GAACTGCCATGGGTGACTTAGACAAACTCAAAGATTATAGG | 945
virB11
3B11BADEcoR | GTACTAGAATTCTAGGCTATCTCTTAAATCTTTTGCT
Tfs4 4B11BADNcoF | GAACTGCCATGGGTATTTCTAATCTTTTAAAAAGTTACCTTG | 942
virB11
4B11BADEcoR | GTACTAGAATTCTAACATCAACTCCTTTTTAAATTCG
gB11 gB11BADNcoF | GAACTGCCATGGGTGAAACTTTACAAACCCATAGAGTTTTAC | 915
gB11BADEcoR | GTACTAGAATTCAAGCTCTTTAGTCCATAAGACTTCAG
pBAD pBADF CTATGCCATAGCATTTTTATCC
pBADR CGTTCTGATTTAATCTGTATCAGG).

Red text shows an EcoRl restriction site, blue text shows a Sall
restriction site, magenta shows an Ncol restriction site and green bases
correct the frame for expression
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Table 2.4: Bioinformatics resources used in this study.

Resources

Use

Web address

National Center

Source for DNA

https://www.ncbi.nlm.nih.gov/  (National Library of

for and protein | Medicine, 16 February 2022.)
Biotechnology sequence
(NCBI)
BLAST Search
EXPASY Translate http://web.expasy.org/translate/ (Expasy, 1 July 2020.)
Translate nucleotide
(DNA/RNA)
sequence to a
protein
sequence
ClustalwW Sequence https://www.ebi.ac.uk/Tools/msa/clustalo/ (Clustal
alignment Omega, 2022)
Netprimer Primer design | http://www.premierbiosoft.com/netprimer/index.html
tool (PREMIER Biosoft, 1994 - 2022)
New  England | Tm calculator | http://tmcalculator.neb.com/#!/ (New England Biolabs,
Biolabs  (NEB) | tool 2022)
Tm tool
BioEdit Sequence http://www.mbio.ncsu.edu/bioedit/bioedit.html
analysis
software
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Geneious Prime

Sequence

analysis tools

https://www.geneious.com/prime/ (Dotmatics, 2022)

Max-Planck
Institute
Bioinformatics

Toolkits (MPI)

Sequence
analysis  tools

with databases

https://toolkit.tuebingen.mpg.de/ (Max-Planck Institute,

2022)

2.2.3 Polymerase Chain Reaction — amplification of genomic DNA

Appropriate primers were synthesised from Sigma-Genosys to amplify
required genes (tfs3 virB11, tfs4 virB11, tfs4 virB11v and gB17). The
primers were designed to have restriction enzyme sites for cloning as
required (Table 2.3). The PCR mixtures comprised 30.5 ul of molecular
biology grade water (Sigma), 10 ul 5x buffer (New England Biolabs), 4 pl
dntps (dATP, dTTP, dGTP, dCTP) (Promega) at 2.5 mmol concentration
of stock, 2.5 pl of each primer (P1 and P2) at 10 pmol each, 1 pl of
template genomic DNA and 0.5 pl of high fidelity Phusion polymerase
enzyme (New England Biolabs) was used as required. Typical PCR
cycling parameters comprised of 28 cycles of template denaturation at
98°C for 30 seconds, followed by 30 seconds annealing of primers at an
appropriate temperature (Tm°C) for the primer pairs, calculated using the
NETprimer and NEB Tm tools (Table 2.4), then extension at 72°C for 20
seconds per kb. The PCR was completed with a final extension step at
72°C for 5 minutes to ensure complete synthesis of all strands, before

being cooled at 4°C until analysed.
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2.2.4 Agarose Gel electrophoresis

Agarose gel electrophoresis (Bio-Rad) was performed to resolve PCR
amplicons and plasmids — pGAD424 (oriColE1 ori2u LEU1 PADH: GAL4
activating domain amp100) and pGBT9 (oirColE1 ori2u TRP1 PADH:
GAL4 binding domain amp100). The gel concentration was prepared to
0.8% w/v agarose in 1x Tris Acetate-EDTA buffer (TAE) (40 mM Tris-
acetate, 2 mM EDTA at pH 8.0). Ethidium bromide (500 pg/ml, Sigma-
Andrich) was added to the mix to allow visualisation of DNA under
ultraviolet light. Electrophoresis was carried out at 80 volts for 30
minutes. The samples and loading markers (Promega) were loaded
appropriately into the gel using 6x loading dye (Promega). DNA products

were visualised with the Uvidoc documentation system.

2.2.5 Purification of PCR products

Purification of the PCR products using NucleoSpin Gel and PCR clean-
up kit (Macherey-Nagel), following the manufacturer's manual was
performed. The same kit was used for purification of DNA extracted from
agarose gels. DNA exposure to UV light was short as UV degrades DNA
upon long exposure. Therefore, DNA fragments were carefully cut out
with a scalpel and quickly transferred into 1.5 ml Eppendorf tube, then

melted with hot block at 50°C.
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2.2.6 Extraction of Plasmid DNA
The NucleoSpin Plasmid miniprep kit (Macherey-Nagel) was used to
extract plasmid DNA pGAD424 and pGBT9 from E. coli XL1-Blue

according to the manufacturer’s procedure.

2.2.7 Restriction Digest of Purified plasmids and PCR products

Different restrictions endonuclease enzymes (New England Biolabs)
were used as appropriate to digest PCR products and plasmids. In
general, reaction mixes comprised 1.5 ul of each enzyme, 12 pl of
plasmid DNA or 15 ul of PCR products, 5 pl of 10x Cut Smart buffer (New
England Biolabs) and molecular biology grade water (Sigma) to 50 pl.
Reaction mixes were incubated at 37°C in a hot block for 2 hours. The
reaction was stopped by addition of the DNA loading buffer (Promega).
The digested fragments were separated in agarose gels (Bio-Rad) and
products were purified using appropriate NucleoSpin Gel and PCR

clean-up kit (Macherey-Nagel) and stored at -20°C.

2.2.8 Ligation of DNA fragments

PCR products were cloned into appropriate yeast two-hybrid vectors
(pGAD424 and pGBT9) using T4 DNA ligase (New England Biolabs) as
described by Weiss and colleagues (Weiss et al., 1968) to catalyse the
ligation of DNA ends by forming a phosphodiester bond between the 3’-
OH group and the 5’-OH phosphate group of another end. In general, the

ligation mix used an excess of insert DNA mixed with plasmid vector in
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a 10 pl standard reaction volume. Vector and insert were premixed and
heated to 65°C for 5 mins prior to addition of 1 pl of 10x T4 DNA ligase
buffer (New England Biolabs) and 1 pyl T4 DNA ligase (New England
Biolabs). The ligation mixtures were incubated at 4°C for 2-3 days or

16°C overnight (16-18 hours).

2.2.9 Preparation of E. coli competent cells and transformation

The E. coli strain XL1-Blue (Strategene) was used to make competent
cells for transformation. An overnight culture of the bacteria was grown
in 10 ml of LB broth (Oxoid). 5 ml of the overnight culture was added to
500 ml of LB broth in a conical flask, followed by incubation at 37°C for
2-3 hours until the ODeggo read between 0.4-0.6. At the desired ODsoo
reading, cells were pelleted at 4,500 x g (Beckman Allegra, X-22R) for 5
minutes at 4°C. All cells were kept on ice. The pelleted cells were
resuspended in 1/10" of the original culture with ice-cold TFBI
(Transformation Buffer 1) buffer (100 mM KCL, 50 mM MnClz, 30 mM
C2oH302K, 10 mM RbCI, 15% glycerol and pH 5.6-6.2) in two separate
falcon tubes, then incubated on ice for 30 minutes. After that, cells were
pelleted at 4°C, 4,500 x g (Beckman Allegra, X-22R) for 5 minutes.
Finally, the cells were resuspended in 3 ml of ice-cold TFB2 (10 mM
MOPS, 10 mM KCI, 75 mM RbCI, 15% glycerol and pH 7.00).
Resuspended cells were incubated on ice for 30 minutes, then 100 pl of

cells was aliquoted into 1.5 ml Eppendorf tubes and stored at -80°C.

Transformation of plasmids into competent cells was performed as

described by Sambrook and Russell 2002. Concisely, the competent
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cells were thawed on ice and 100 pul of cells aliquoted into pre-chilled
tubes as required. After this, 5 pl of the ligation mix was added to the
competent cells and incubated on ice for 30 minutes. The mixture was
heat-shocked at 42°C for 45 seconds and immediately cooled on ice for
2 minutes. After that, 900 ul of LB broth (Oxoid) was added and incubated
at 37°C for at least 1 hour with shaking (250 rpm). Cells were pelleted
after incubation and re-suspended in 100 pl of LB broth, then plated on
LB agar plates supplemented with the appropriate antibiotics selection

and incubated overnight at 37°C.

2.2.10 Screening and Identification of transformants

2.2.101 Colony PCR

Single bacterial colonies from overnight transformation plates were
picked with sterile tips into 25 ul PCR reaction mixtures. Single colonies
were picked because each colony developed from a single bacterium
that has undergone transformation with an antibiotic resistance-encoding
plasmid. PCR analysis showing a positive result will indicate that the
bacteria harbour a plasmid which contains the desired cloned gene. The
colony PCR of amplicons was performed with the following reaction
mixtures - 18.5 yl of molecular biology grade water (Sigma), 5 pl 10x
buffer, 8 ul dNTPs (Promega) (dATP, dTTP, dGTP, dCTP) at 10 mmol
concentration of stock, 5 ul of each primer (P1 and P2) at 10 pmol each,
1 ul 50% glycerol and 0.5 yl of Taq polymerase enzyme (New England

Biolabs). Typical colony PCR cycling parameters comprised; initiation
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step involved 1 cycle of 94°C for 5 minutes. The subsequent amplification
involved 30 cycles of 58°C for 30 seconds, followed by annealing of
primers at 55°C for 40 seconds or as appropriate for primer pairs, then
extension at 68°C for 1 minute per kb. The PCR was finished with a final
step at 68°C for 5 minutes to make sure that all amplicons were

synthesised completely, before being cooled.

2.2.10.2 Construct Screening

Individual colonies were incubated onto LB (Oxoid) plates and grown in
LB broth overnight containing appropriate antibiotic for selection.
Plasmids were recovered using the NucleoSpin Plasmid kit (Machery-
Nagel). After, plasmids were digested with appropriate restriction
endonuclease enzymes and the resulting fragments were visualised on
a UV Uvidoc documentation system following separation through a 0.8%

w/v agarose gel (detailed in section 2.2.4).

2.2.11 The Yeast-two hybrid Assay

22111 Lithium acetate transformation of S. cerevisiae

The transformation procedure as described by Gietz and colleagues
(Gietz et al., 1995, Grove et al.,, 2013) was used to introduce both
pGAD424 (oriColE1 ori2u LEU1 PADH: GAL4 activator domain: amp100
and pGBT9 constructs into yeast S. cerevisiae PJ69-4A . Initially, yeast
was grown overnight (16-18 hours) at 30°C with shaking at 250 rpm to

reach a stationary phase (ODeoo >1.5) in 10 ml yeast complete media
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(YPD supplemented with 2% w/v glucose). 1.5 ml of overnight culture
was transferred into 25 ml YPD supplemented with 2% glucose. The
mixture was incubated at 30°C for 3-4 hours with shaking (250 rpm) until
the ODeoo Was recorded at 0.46, then cells were centrifuged at 4000 x g
(Allegra 22/X) for 5 minutes, then washed in distilled water and
resuspended in 1ml of freshly prepared 100mM Lithium acetate. The
transformation mix included 36 pl of 1M Lithium acetate (LIAC), 25 pl
single stranded DNA (ss-DNA), 240 pl of PEG (polyethylene glycol 50%
w/v) and 50 pl water and plasmid DNA (0.1-10 ug). The transformation
mix was vortexed vigorously to ensure no cell clumps remained in the
mix then pelleted and incubated at 30°C for 30 minutes. The mixture was
then heat-shocked for 45 seconds at 42°C in a water bath, then cells
pelleted and re-suspended in 400 pl sterile water then 110 pul plated onto
MUHA plates (YMM agar supplemented with methionine, uracil, histidine
and adenine; to select for co-transformants) and MU plates (YMM agar
plates supplemented with methionine, uracil; to select for reporter genes
His3 and ADE?2) respectively. After 2-3 days, co-transformants were
replica-plated from MUHA onto MUA plates (which select for weak or low
stringent interactions) and MU plates (which select for strong stringent

interactions and reporters His3 and ADE?2).

2.2.11.2 Beta-galactosidase assay using ONPG substrate

The co-transformants on both MUA and MU plates were further tested
for the Beta-galactosidase enzyme activity using the O-nitrophenyl-§3-D-

galactopyranoside as substrate (Zubay et al., 1972). Co-transformants
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were grown in 5 ml of appropriate selection medium e.g., colonies from
MUA were picked to YMM MUA and MU colonies into YMM MU broth
supplemented with 2% glucose w/v at 30°C overnight with shaking (230
rom). Then, 2 ml of overnight broth was added to 8 ml of YPD (containing
2% glucose) and incubated at 30°C with shaking (250 rpm) to reach
ODeoo at 0.62. At required ODeoo, 1.5 ml of cells was harvested and
resuspended in 1.5 ml Z buffer. Then, pelleted cells were resuspended
in 300 pl of Z-buffer at pH 7.0 (16.1 g/L NaHPO4.7H20O, 5.5 g/L
NaH2PO4.H-20, 0.75 g/L KCL and 0.24 g/L MgS04.7H20). Aliquots, 100
Ml each were added with 0.7 ml mixture of Z-buffer and
dichlorodiphenyltrichloroethane (DDT), then addition of 160 ul of ONPG
(ortho-Nitrophenyl-B-galactoside) in Z-buffer then tubes were incubated
at 30°C until a yellow colour developed in the solution. At this point, the
reactions were stopped by adding 0.4 ml of 1M Na2COs3 (Sigma-Aldrich)
and the elapse time was recorded. The OD of the samples was
measured (at OD420) and beta-galactosidase activity was calculated
using the Miller equation as appropriate.

Miller equation is given as: Miller Units = 1000 x ODa20/ (t X V x ODe0o)
Where t = elapsed time (in minutes) of the incubation

V = 0.1 ml x concentration factor (for this V = 0.5)
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2.2.12 Protein analysis and purification

2.2.121 Construction of pBAD::tfs3virB11, pBAD::tfs4virB11 and
pBAD:.gB11

The genes of tfs3virB11, tfs4virB11 and gB11 from H. pylori strain P12
were amplified using primers listed in Table 2.3. The PCR products and
pBAD (ThermoFisher Scientific) expression vector were digested with
Ncol and EcoRI high fidelity (HF) restriction enzymes (New England
Biolabs) as in 2.2.7. The digested vector was gel extracted as in 2.2.6
and insert : vector ligations (7:1), was performed as described in method
2.2.8. The pBAD::tfs3virB11, pBAD::tfs4virB11 and pBAD::gB11
constructs obtained from these ligations using methods described in
2.2.10 were finally transformed into E. coli expression host strain Top10

(Novagene).

2.2.12.2 Expression, solubility and purification of VirB proteins
The expression host (Top10 E. coli strain (Novagene)) harbouring the
pBAD::tfs3virB11, pBAD::tfs4virB11 and pBAD::gB11 constructs were

cultured overnight in 10 ml LB broth containing an appropriate

concentration of the antibiotic (10 pl Ampicillinmo) at 37°C with shaking

at 250 rpom. The following day, 1 ml was transferred from overnight

culture into 100 ml LB broth containing 100 pl AmpiciIIin100 as selection
and incubated at 37°C with shaking for 2 hours 30 minutes until the
O.Dsoo reached 0.4. At the appropriate O.Deoo, the culture was induced
with 100 pl arabinose'® and incubated for 2 hours 30 minutes at 37°C in

a shaker (250 rpm). After this, cells were pelleted at 4°C for 5 mins at
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6500 x g (Beckman Allegra, X-22R) and the supernatant discarded. The
cell pellets were then resuspended in 1 ml sonication buffer (20 mM Tris
(2.42g/L),200 MM NaCl (11.6 g/L) at pH 7.0 with 300 mM and protease
inhibitor (P1) (one tablet of protease inhibitor per 20 ml of sonication
buffer). The resuspended cells were sonicated with SoniPrep 150
sonicator (Sanyo) at 10 microns amplitude. Sonicated samples were
then centrifuged at 17,000 x g (Beckman Allegra, X-22R) for 3 mins and
the supernatant transferred into pre-labelled Eppendorf tubes as soluble
fractions (supernatant). The insoluble proteins (pellets) were
resuspended in 100 pl of sonication buffer and 20 ul of 6x protein loading
dye (Promega) was added and 10 pl of the same protein dye (Promega)
was added to 50 pl of soluble samples. Samples were resolved on 10 %
SDS-PAGE gel [(2.5 ml of 30% (w/v) acrylamide (Sigma-Aldrich), 1.875
ml of 1.5 M Tris pH 8.8/ 0.4% (w/v) SDS, 3.125 ml of distilled water, 25
pl of 10% (w/v) ammonium persulfate (APS) (Sigma-Aldrich) and 5 pl of
N,N,N,N'-tetramethylenediamine (TEMED) (Sigma-Aldrich)] described
below (section 2.2.12.3).

2.2.12.3 Sodium Dodecyl Sulphate- Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

SDS-PAGE was used to analyse the supernatant, recombinant proteins
and cell lysates as described by Laemmli (Laemmli, 1970). Unless
otherwise stated, 10 % w/v resolving gels comprising 2.5 ml of 30% (w/v)
acrylamide (Sigma-Aldrich), 1.875 ml of 1.5 M Tris pH 8.8/ 0.4% (w/v)
SDS, 3.125 ml of distilled water, 25 ul of 10% (w/v) ammonium persulfate

(APS) (Sigma-Aldrich) and 5 pl of N,N,N,N'-tetramethylenediamine
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(TEMED) (Sigma-Aldrich) were used to separate proteins. The mixture
was poured into a Tmm gel cassette (Invitrogen) and overlaid with 1 ml
of water saturated butan-1-ol (Fisher-Scientific) for 20 minutes or until
the gel mixture solidified. After that, the butan-1-ol was removed, and the
gel interface washed three times with distiled water. 30% (w/v)
acrylamide stacking gel (0.65 ml acrylamide 30% (w/v), 1.25 ml of 0.5 M
Tris pH 6.8/ 0.4% SDS, 3.05 ml of distilled water, 25 pl of 10% (w/v) APS
and 5 pl of TEMED) was then poured on the top of the resolving gel and
a 12 or 15 wells comb embedded in the mixture as required. The comb
was removed from the polymerised stacking gel and the gel cassette
placed into an electrophoresis tank (Bio-Rad). Protein samples were
denatured by mixing with 6x SDS loading buffer (Promega) and boiled at
100°C for 5 minutes in a heat block. The electrophoresis chamber was
filled with 1x SDS-PAGE running buffer then 6 pl of the samples (both
soluble and insoluble samples preparation is described below in section
2.2.12.6) loaded into the wells. The proteins were separated by applying

180 Volts for approximately 1 hour.

22124 Western Blot analysis

After SDS-PAGE analysis, the gel for the Western blot analysis
(Burnette, 1981) was equilibrated in the blotting buffer (5.8 g glycerine,
11.6 g Tris base, 7.4 ml 10% SDS, 400 ml methanol and 2L distilled
water) for 10 minutes before transblotting. The nitrocellulose paper cut
to the size of the gel (8.5 cm x 6.5 cm) was soaked into the blotting buffer.
After that, the Scotch Brite pad, the gel and nitrocellulose paper were

assembled in a sandwich manner on a mini blotter cassette (Bio-Rad)
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and trapped air bubbles were removed by rolling a roller or pipette gently
over the sandwich and the top was aligned with the nitrocellulose. The
cassette was placed in the electrode assembly with the nitrocellulose
facing the anode and ice pack inserted as the cooling unit in the buffer.
The cell was connected to the power pack (Bio-Rad) through the lid and
ran at a constant current of 180 mA for 60 minutes. Proper transfer of the
pre-stained molecular weight marker was used to adjudge the efficiency

of the transfer.

2.2.12.5 Coomassie blue staining

Coomassie Brilliant Blue solution (0.1% (w/v) Coomassie brilliant blue
(Bio-Rad), 45% (v/v) methanol, 9% (v/v) glacial acetic acid) was used to
stain separated proteins. SDS- PAGE gels were incubated overnight in

staining solution then washed and de-stained with distilled water.

2.2.12.6 Small-scale purification of VirB proteins

The soluble fractions (supernatants) of recombinant proteins after
expression as described in section 2.2.12.2, were purified using a flow-
gravity column chromatography containing 1 ml of TALON metal affinity
resin (Clontech) as recommended by the manufacturer’s instructions. In
brief, the columns (three) were prepared by washing the TALON resin
thrice with sonication buffer (20 mM Tris (2.42 g/ L), and 200 mM NaCl
(11.6 g/ L) at pH 7.0 with protease inhibitor (PI). Before loading samples
with TALON, 50 pl of soluble samples were treated with 10 ul protein dye
(Promega) and kept on ice as pre-TALON samples. After that, 120 ul of

TALON was pipetted into each tube containing the remaining soluble
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samples of each recombinant protein. TALON was then washed (twice)
with 100 pl of sonication buffer at pH 7.0. TALON samples were then
centrifuged at reduced speed of 5 x g for 30 seconds. The lysates
collected after sonication (on ice) were loaded into appropriate tubes with
TALON and incubated for at least 1 hour at 4°C. Samples were then
centrifuged at a reduced speed of 5 x g for 30 seconds, supernatants
collected into prelabelled tubes and placed on ice as post-TALON
samples. 50 pl of each post-TALON sample was treated with 10 ul 6x
protein dye and kept on ice. A final wash (10 times) step was done with
sonication buffer at pH 7.0. Finally, samples were eluted in 50 ul of
elusion buffer (300 mM imidazole - 0.102g / 5 ml of sonication buffer),
and 10 ul of 6x protein dye was added to each elute and placed on ice
as purified samples. The elusion step was repeated four times and each
time the flow-through was collected into a new separate Eppendorf tube,
after the elutes were pooled together. All samples (50 pl each) prepared
with 6x protein dye were loaded on to 10 % SDS-PAGE gel and run for
45 minutes. The concentration of proteins were determined using BCA
assay kit (Thermo-Scientific) in a 96 well plate following the
manufacturer’s instructions. Purified proteins were stored in aliquots at -
80°C.

2.2.12.6.1  Protein purification optimisation

To further optimise purification and recombinant protein yield, the
cultures were incubated at different pH (7.0, 8.0) and three sonication
buffers A, B and C were used [(Buffer A containing 20 mM Tris pH 7.0,

200 mM NaCl, 5 mM imidazole (0.087 g / 250 ml) with PI, Buffer B
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containing 20 mM Tris pH 8.0, 200 mM NaCl, 300 mM imidazole (0.204
g / 10 ml) with Pl and Buffer C was a lysis buffer BugBuster (Sigma-
Aldrich) with PI. Each protein was eluted in four different concentrations
of sonication buffer [(0 mM imidazole, 100 mM imidazole — 0.034g / 5 ml
in sonication buffers A, B and C separately, 300 mM imidazole - 0.102g
/'5 ml sonication buffers A, B and C; and 600 mM imidazole - 0.0204g /
5 ml sonication buffers A, B and C) (Fig. 2.2). The third lysis buffer called
BugBuster (Sigma-Aldrich) was used alternatively to sonication by
SoniPrep 150 sonicator (Sanyo) because it allows gentle lysis or
disruption of E. coli cell wall in comparison to vigorous lysis by SoniPrep

150 sonicator (Sanyo).

22127 Large-scale purification of VirB proteins
After overnight incubation of recombinant proteins in 10 ml LB broth

Conta|n|ng 10 ”| Amp|c|"|n100 at 37°C with Shak|ng (250 g), three conical

flasks were labelled accordingly as tfs3B11, tfs4B11 and gB11 to
represent each of the recombinant proteins, and each containing 250 ml
of LB broth and 250 ul of Ampicillin'®. From the overnight culture, 1 mi
of each sample was added to pre-labelled conical flasks and incubated
at 37°C for 3 hours until the O.Dgoo reached 0.4. To optimise the
purification and protein yield, the cultures were incubated at pH 7.0, 8.0
and room temperature (RT), elution was performed in four
concentrations of elution buffer as listed in section 2.2.12.2.1.2. The
purification process was repeated as described in section 2.2.12.2.1 with

little adjustments as stated below.
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After, the supernatants were discarded, and pellets were re-suspended
in 10 ml of sonication buffer at pH 7.0 and 8.0 containing protease
inhibitor (PI) (Roche). The third tube was re-suspended in 5 ml of lysis
buffer (BugBuster buffer (BB) (Sigma-Aldrich) and left at room
temperature for 5 minutes. This sample was not treated with the
SoniPrep 150 sonicator machine (Sanyo) but the sample was treated as
a ‘sonicated sample’ because after 5 minutes the lysis buffer had broken
the cells as an alternative to sonication. The tubes labelled pH 7.0 and
8.0 were sonicated with SoniPrep 150 sonicator (Sanyo) at 10 microns
amplitude for three 3-second bursts and the samples were placed on ice
after each burst. After sonication, all samples were centrifuged at 4°C for
10 minutes (6,500 x g). The supernatant of each sample was collected
and placed on ice. After that, three 1.5 ml Eppendorf tubes were labelled
accordingly — pH 7.0, 8.0 and BB. 120 ul of TALON was pipetted into
each tube. TALON was then washed (twice) with 100 ul of sonication
buffer according to pH use. TALON samples were then centrifuged at
reduced speed of 5 x g for 30 seconds. The lysates collected after
sonication (on ice) were loaded into appropriate tubes (pH 7.0, 8.0 and
BB) with TALON and incubated for at least 1 hour at 4°C. Samples were
then centrifuged at a reduced speed of 5 x g for 30 seconds,
supernatants collected into prelabelled tubes (pH 7.0, 8.0 and BB) and
placed on ice as post-TALON samples. A final wash step was done with
appropriate sonication buffer (pH 7.0, 8.0, and BB). The wash step was
repeated 10 times. Finally, samples were eluted in 50 pul of each elution

buffer (as stated in 2.2.12.2.1.2), and 10 pl of 6x protein dye was added
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to each eluted sample, before placing on ice. Eluted samples prepared
with 6x protein dye were loaded on to 10 % SDS-PAGE gel and resolved

for 45 minutes.

2.3 Results

2.3.1 Bioinformatics: percentage identity and similarity in VirB11
proteins of tfs ICEs.

To further investigate the possibility of other components of {fs4 and its
variant types which may be important for assembly and function of the
tfs4 T4SS, the tfs4 VirB11 and tfs4 VirB11v ('v’ represents ‘variant type’)
proteins were selected. The tfs4 proteins were selected on the basis of
known interactions of homologs of these proteins in other T4SSs, and
because the knowledge into their protein-protein interactions might
provide insight into the function of ffs4 T4SS. A third virB11 known as
gB11 (‘g’ represents ‘genomic type’) which is not part of the tfs4 T4SS
cluster of genes was also included to investigate the association of
orphan gene with tfs ICEs cluster of proteins important for function and
assembly of T4SS. The #fs3 VirB11 was also included to test for potential
cross-complementation interactions between {fs3 and tfs4 ICEs.
Pairwise protein alignment of the fs3VirB11, {fs4VirB11, tfs4VirB11v and
gB11 from H. pylori strains was carried out as described in section 2.2.1.
The result of the protein alignment shows 43.5% identity and 61.0%
similarity between {fs4VirB11 and fs3VirB11 of H. pylori strain P12,
39.0% identity; 57.7% similarity between {fs4VirB11 and an orphan

genomic VirB11 (gB11) of strain P12; 52.5% identity; 71.7% similarity

98



between tfs3VirB11 and gB11 of strain P12; 53.7% identity and 70.4%
similarity between the two variant tfs4 VirB11s (4B11 and 4B11v) of
strains P12 and 247 respectively. The BLAST search of the orphan gene
(gB11) detected more than 100 homologs present in different strains of
H. pylori with >90% sequence identity with inputted gB11 of reference
strain P12 (Appendix Fig 3 A-C). The multiple sequence alignment of the
VirB11 proteins with VirB11 from A. tumefaciens plasmid pTiA6 show
conserved Walker A motif and, an essential motif for homodimerization

(GXXG) (Fig 2.2).

Motif |

pTiA6_VirBll GDLEAF®HACVV
P12 _4B11 ~ITYDFISLNLVS
247 _4Bllv ~MTYQOMINAVIEAKNM

S VIPH-DYHVRIAAY SINGAGLGAVSABH 227

ENMPEKNERQESIANIPIARK T SN-EROVNIBRVDIASGEG-~FETYIMD 203

NEMPLEDIRASSIAI PR MEN <P UOVNISRT GIMNEDS <~ FETYI 212
VG D

P12 gB1ll - -DPKGIMKNLALKGHNII DCNK DE VAU OIAD LK AF S JIC VGIMRV GIOENT - ~RENYID 202

P12 3B11l --DYEY#ONLMIEGKNLI EFEPKHTI'E DLRAFEJHKSIARVDIATESS-~KFTYIIN 207
Walker A motif

pTik6é _VirBll RDDAAWESGASEVV! SHRPERIEAN PTQGFKKIMFS LVKSSVQGASLEDRTLIDMLSTAIR 307

P12 4B11 IDTHNTA LAN J SVVDAFIAMCONINLNKGGKPTPKETLLDYFCTGMS 283

247_4Bllv LDTRNTS LSN STKDAFEAMSMNMAISRN--EVNPTALLNYFCAGIB 290

P12 gBll IDTRNAR LGN J SAQNTLEAMSLNLSMRY TH-SLDKDLMRAYFKSAIW 281

P12 3B11l IDTRNSNM FGN J DSV[!GVIEAEALNLOMNK-S-GLD‘-.v‘N‘."‘-.-‘KKE‘FKSS'v’ 285

Motif 111

pTiA6_VirBll V[B{PFRAYED--VYEJGE-HWLAADARRRGETIGDLLNQ 343

P12 4B11 YPR40IKK - ~KGSDRIMDBVIANVKSE~FKKELVL ===~~~ 313

247_4Bllv YiM{H LKFNHKTHERE

P12 gB1ll VIAYHV - ~NRINNERQUA

P12 3B11 IAJOIVLDKATNTRY,

Fig 2.2: Multiple protein sequence alignment showing conservation of
motifs in tfs VirB11 proteins.

Aligned sequences show conserved Walker A motif and motif Il (arrow
facing down indicating position of conservation in the motifs) in H. pylori
strain P12 tfs3VirB11, tfs4VirB11, gB11 and tfs4VirB11v (strain Shi470)
in comparison with VirB11 represented by A. tumefaciens pTiAG
(Accession number AF242881.1).
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2.3.2 Polymerase Chain reaction and Gel Electrophoresis

To examine the potential for cross-complementation interaction between
heterologous T4SS proteins, {fs3, tfs4 and other encoded VirB11 were
initially selected for investigation. Three different virB11 (tfs4virB11,
tfs4virB11v and gB11) genes were PCR amplified from the genomic
DNAs of a selection of H. pylori strains (section 2.2.2; Table 2.1) and
were electrophoresed on 0.8% agarose gel to ascertain their sizes (Fig
2.3). All other virB constructs used in this study were supplied by Dr Rob

Delahay from previous work done in the group.

Alm 2 3 5

- B.

et 2 3 5
3kb b —

e
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1kb o -

wo——
250bp

Fig 2.3. DNA amplicons electrophoresed by agarose gel 0.8% at 80v for
30 minutes.

(A) successful amplification of tfs4gB11, tfs4virB11 and tfs4virB11v
respectively; Lanes 2 and 3 - gB77 and tfs4virB11 genes using genomic
DNA isolated from H. pylori strain P12, and lane 5 — tfs4virB11v gene
using genomic DNA isolated from H. pylori strain 247. PCR products
correspond to the predicted size (arrow) of each gene (gB717 — 915bp,
tfs4virB11 — 942bp and tfs4virB11v — 983bp respectively). MW ladder is
shown in Lane 1. (B) successful amplification of tfs3virB11, tfs4virB11
and gB11 selected for recombinant protein assay. Primers were specific
for sequence regions flanking the cloning sites of the pBAD recombinant
vector and products corresponding to the expected size (arrow) can be
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seen in Lane 2 (fs3virB11 - 945 bp), 3 (tfs4virB11 - 942 bp) and 5 (gB11
-915 bp) respectively.

2.3.3.  Colony PCR of Amplicons

Upon successful amplification of {fs virB11 genes from H. pylori strains,
the PCR products were digested with restriction enzymes (EcoRI and
Sall) and ligated into the cloning vectors pGAD242 and pGBT9 and
transformed into the E. coli XL1-Blue. Colony PCR as described in
section 2.2.10.1 was used to determine the transformants with inserts

(Fig 2.4).
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Fig 2.4: Colony PCR of ligated transformants electrophoresed using
0.8% agarose at 80v for 30 minutes.

(A) Lanes 1-4 showing transformants of pGAD424gB11 size (arrow)
915bp, pGAD424tfs4virB11v (lanes 5-8) size 983bp,
pGAD424tfs4virB11 (lanes 9-12) size 942bp. (B) Cloned inserts into
pGBT9 —lanes 1-4 pGBT9gB11 size 915 bp, lane 5-8 pGBT9{fs4virB11v
size 983 and lanes 6-12 pGBT9tfs4ivrB11 size 942bp. (C) Lanes 2-9
showing recombinant pBAD::gB117 construct with predicted size (arrow)
915bp. (D) Lanes 2-6 showing recombinant pBAD::tfs3virB11 construct
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(945bp) and Lanes 7-14

recombinant pBAD::tfs4virB11 (942bp)

construct. Colony PCR performed with both pBAD forward and reverse
primers as listed in Table 2.3. MW is shown in the first Lane of each gel

image.

Table 2.5: Tfs3 and Tfs4 constructs used in this study for protein-protein
interaction in the yeast two hybrid assay.

Strain Description Source

pGAD424::virB4 tfs3 | pGAD424 vector containing virB4 from | Alandiyjany,
tfs3 2015

pGAD424:.virB8 tfs3 | pGAD424 vector containing virB8 from | Alandiyjany,
tfs3 2015

pGAD424::virB11 pGAD424 vector containing virB11 from | Alandiyjany,
tfs3 tfs3 2015

pGAD424::virD4 tfs3 | pGAD424 vector containing virD4 from | Alandiyjany,
tfs3 2015

pGBT9::virB4 tfs3 pGBT9 vector containing virB4 from tfs3 | Alandiyjany,
2015

pGBT9::virB8 tfs3 pGBT9 vector containing virB8 from tfs3 | Alandiyjany,
2015

pGBT9::virB11 tfs3 | pGBT9 vector containing virB11 from {fs3 | Alandiyjany,
2015

pGBT9::virD4 tfs3 pGBT9 vector containing virD4 from tfs3 | Alandiyjany,
2015

pGAD424::virB4 tfs4 | pGAD424 vector containing virB4 from | Alandiyjany,
tfs4 2015

pGAD424:.virB8 tfs4 | pGAD424 vector containing virB8 from | Alandiyjany,
tfs4 2015

pGAD424:.virB9 tfs4 | pGAD424 vector containing virB9 from | Alandiyjany,
tfs4 2015

pGAD424:.virB10 pGAD424 vector containing virB10 from | Alandiyjany,
tfs4 tfs4 2015

pGAD424::virB11 pGAD424 vector containing virB11 from | This Study

tfs4 tfs4
pGAD424::virB11v | pGAD424 vector containing virB11v from | This Study
tfs4 tfs4

pGAD424::virD2 tfs4 | pGAD424 vector containing virD2 from | Alandiyjany,

tfs4 2015
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pGAD424::virD4 tfs4 | pGAD424 vector containing virD4 from | Alandiyjany,
tfs4 2015
pGAD424:.virB4v pGAD424 vector containing virB4v from | Alandiyjany
tfs4 tfs4 (Alandiyjany,
2015)
pGAD424::virB8v pGAD424 vector containing virB8v from | Alandiyjany,
tfs4 tfs4 2015
pGAD424::gB11 pGAD424 vector containing gB11 This Study
pGBT9::virB4 tfs4 pGBT9 vector containing virB4 from tfs4 | Alandiyjany,
2015
pGBT9::virB4 tfs4 pGBT9 vector containing virB4 from tfs4 | Alandiyjany,
2015
pGBT9::virB8 tfs4 pGBT9 vector containing virB8 from tfs4 | Alandiyjany,
2015
pGBT9::virB9 tfs4 pGBT9 vector containing virB9 from tfs4 | Alandiyjany,
2015
pGBT9::virB10 tfs4 | pGBT9 vector containing virB10 from tfs4 | Alandiyjany,
2015
pGBT9::virB11 tfs4 | pGBT9 vector containing virB11 from tfs4 | This Study
pGBT9::virB11v tfs4 | pGBT9 vector containing virB11v from tfs4 | This Study
pGBT9::virD2 tfs4 pGBT9 vector containing virD2 from tfs4 | Alandiyjany,
2015
pGBT9::virD4 tfs4 pGBT9 vector containing virD4 from tfs4 | Alandiyjany,
2015
pGBT9::virB4v tfs4 | pGBT9 vector containing virB4v from tfs4 | Alandiyjany,
2015
pGBT9::virB8v tfs4 | pGBT9 vector containing virB8v from tfs4 | Alandiyjany,
2015
pGBT9::gB11 pGBT9 vector containing gB11 This Study

Abbreviations: g=genomic, vir=virulence, v=variant, pGAD424 (prey with
GAL4 activation domain), pGBT9 (bait with GAL4 binding domain).

2.3.4 Yeast Two Hybrid Cross-Complementation Interactions

To investigate potential for cross-complementation between tfs VirB

proteins in this study, all selected genes of both tfs3, tfs4 and tfs4v were

cloned in both pGAD424 (AD) and pGBT9 (BD) plasmids for all possible

pairwise combinations in the Y2H assay. In the preliminary screening
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process, all constructs were initially tested for self-activation of the GAL4
gene by testing for individual construct using Y2H method as described
in section 2.2.11.1 with empty plasmids (empty pGAD424 and pGBT9).
The results in Table 2.6 and Table 2.7 show that individual fusion
constructs did not show strong interaction of the GAL4 reporter gene.
This provides confidence that subsequent interactions between any of

the paired construct would not provide false positive results.

105



Table 2.6: Preliminary screening for self-activation screening of tfs4 virB
constructs.

Plasmid combination

tested in Saccharomyces Test/Control Replica-plates
cerevisiae PJ69-4A

pGAD424 pGBT9 MUA MU
virB4 tfs4 pGBT9 Neg + X
virB4v tfs4  pGBT9 Neg + X
virB8 tfs4 pGBT9 Neg + X
virB8v tfs4  pGBT9 Neg + X
virB10 tfs4  pGBT9 Neg + X
virB11 tfs4  pGBT9 Neg + X
virB11v tfs4 pGBT9 Neg + X
virD4 tfs4 pGBT9 Neg + X
virD2 tfs4 pGBT9 Neg + X
pGAD424 virB4 tfs4 Neg + X
pGAD424 virB4yv tfs4 Neg + X
pGAD424 virB8 tfs4 Neg + X
pGAD242 virB8yv tfs4 Neg + X
pGAD424 virB11 tfs4 Neg + X
pGAD424 virB11v tfs4 Neg + X
pGAD424 gB11 Neg + X
gB11 pGBT9 Neg + X

Initial screening was performed twice and selections plates were scored
accordingly to number of yeast cells (colonies) that grow on the plates: no
colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20 colonies (+++)
and >20 colonies (++++). pGAD424 — empty prey plasmid with activation
binding domain (AD), pGBT9 — empty bait plasmid with binding domain (BD),
MUA - low stringency replica plate supplemented with methionine, uracil and
adenine, MU — high stringency replica plate supplemented with methionine and
uracil. The screen result shows no auto activation of all included tfs4 genes and
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the orphan genomic gene. Beta galactosidase assay was not done because no
GAL4 activity was reported. Abbreviations: Neg — negative control.

For the pairwise interaction screens using the Y2H assay, yeast co-
transformed with both pGAD424 and pGBT9 with individual vir gene were
initially recovered on MUHA plates that select for yeast cells transformed
with both vectors. After, colonies from MUHA plates were then replica
plated onto both MUA and MU plates which select for interactions
between the activation domain and binding domain fusions as a
consequent of reporter activity from functional restoration of GAL4. Yeast
cells growth on MU plates indicates high stringency selection as this
requires activation of two independent reporters (HIS3 and ADE?2)
whereas growth on MUA plates is less stringent because it only requires

activation of HIS3 reporter activity.
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Table 2.7: Preliminary screening for self-activation of {fs3 virB constructs.

Plasmid

combination tested

in Saccharomyces Test/Control Replica-plates
cerevisiae PJ69-4A

pGAD424 pGBT9 MUA MU
tfs3virB4  pGBT9 Neg + X
tfs3virB8 pGBT9 Neg + X
tfs3virB10 pGBT9 Neg + X
tfs3virB11 pGBT9 Neg + X
tfs3virb4  pGBT9 Neg + X
pGAD424 tfs3virB4 Neg + X
pGAD424 tfs3virB8 Neg + X
pGAD424 tfs3virB10 Neg + X
pGAD424 tfs3virB11 Neg + X

Initial screening was performed twice, and selections plates were scored
accordingly to number of yeast cells (colonies) that grow on the plates as
follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). pGAD424 — empty prey plasmid with
activation binding domain (AD), pGBT9 — empty bait plasmid with binding
domain (BD), MUA - low stringency replica plate supplemented with
methionine, uracil and adenine, MU - high stringency replica plate
supplemented with methionine and uracil. The screen result shows no auto
activation of all included tfs3 genes. Beta galactosidase assay was not done
because no GAL4 activity was reported. Abbreviations: Neg — negative control.

2.3.5 Validation of VirB8 interactions

After screening for self-activation of {fs VirB proteins, VirB8 was selected
as a good candidate for potential cross-complementation interactions
because VirB8 proteins have been reported to interact from a previous
study carried out in the group. Repeat analysis of the interactions

between VirB8 proteins was carried out to confirm reproducibility of the
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results reported from previous studies. Strong homodimerization
interactions were reported between putative core structural proteins of
tfs4virB8, tfs4virB8v and tfs3virB8 proteins (Table 2.8). This is expected

since the protein assembles as a multimer (Fig 1.7).

Also, interactions were recorded between tfs4virB8/ tfs4virB8v in both
orientations. Investigation of potential interchangeability between
proteins of tfs3 and tfs4, found there were no interactions between the
putative core structural proteins from both tfs ICEs (tfs3virB8/tfs4virB8),
and no interactions were reported between (fs3virB8 and tfs4virB8v

(Table 2.8).
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Table 2.8: Screening for validation of previous VirB interactions.

Pairwise screening was performed in ftriplicate, and selection plates were

Plasmid

combination tested

in Saccharomyces Test/Control Replica-plates DP
cerevisiae PJ69-4A

pGAD424 pGBT9 MUA MU MU
tfs4virB8  tfs4virB8 Tl ++ + +
tfs4virB8v tfs4virB8v Tl ++ ++ +++
tfs4virB8  tfs4virB8v Tl +++ ++ ++
tfs4virB8v tfs4virB8 Tl +++ + ++
tfs4virB8v tfs3virB8 Tl + X X
tfs3virB8  tfs4virB8v Tl + X X
tfs3virB8  tfs3virB8 Tl ++ ++ +++
tfs3virB8  tfs4virB8 Tl + X X
tfs4virB8  tfs3virB8 Tl + X X

scored accordingly to number of yeast cells (colonies) that grow on the plates
as follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). The table showed that tfs4virB8
interacts with itself in the same system and with {fs4virBv. Also, tfs3virB8 was
found to interact with tfs3virB8 but no interaction was reported between
tfs3virB8/tfs4virB8 and tfs3virB8/tfs4virBv. Abbreviations: MUA — low stringency
replica plate supplemented with methionine, uracil and adenine, MU — high
stringency replica plate supplemented with methionine and uracil. DP — direct
MU plates (In black = test interactions with one reporter activation and in red =
test interaction with more than one reporter activated).

2.3.6 Interactions of ATPases T4SS proteins — for assembly and
secretion of tfs T4SSs

To investigate the functional activity of tfs ICEs proteins that mediate ICE
T4SS, the proteins encoded by selected virB11 genes (tfs3virB11,

tfs4virB11 and tfs4virB11v) and the orphan gB711 were tested for
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homodimerisation. The three VirB11s were shown to homodimerize

(Table 2.9) as expected since they are multimeric ATPases.

Table 2.9: Summary of homodimerisation interactions between VirB11

proteins.
Plasmid combination tested B-gal
in Saccharomyces DP  (Miller
cerevisiae PJ69-4A Test/Control Replica-plates units)
pGAD424 pGBT9 MUA MU MU
tfs4virB11 tfs4virB11 TI ++ + + -
tfs4virB11v  tfs4virB11v TI ++ ++  ++ o+
tfs3virB11 tfs3virB11 TI +++ +4++ 4+ ++++
gB11 gB11 TI +++ +++ + ++++

Pairwise screening was performed in triplicate and selection plates were scored
accordingly to number of yeast cells (colonies) that grow on the plates as
follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). The table showed strong
homodimerisation between the three VirB11s proteins. Abbreviations: MUA —
low stringency replica plate supplemented with methionine, uracil and adenine,
MU - high stringency replica plate supplemented with methionine and uracil.
DP - direct MU plate (In red = test interaction with more than one reporter
activated).

2.3.7 Interactions of tfs4 ATPases proteins with tfs4 variant proteins
important for T4SS assembly and function.

Previous results have identified that tfs4 ICE can exist as a variant type
in different strains of H. pylori and fragmentation of both genes clusters
in many strains background has been reported. Since individual
fragmented ICEs may not encode all components required for assembly
and a functional T4SS, it is possible that VirB proteins present in related
ICE could functionally complement for the fragmented one, which may

produce an assembled and functional T4SS. To investigate this
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hypothesis, the tfs ICEs ATPases were selected (VirB4, VirB11, and
VirD4) as they are known to interact strongly with each other and with
several other tfs T4SS proteins. tfs4 ATPases were individually paired
with the variant proteins using the Y2H as described in section 2.2.11.1.
The results show that tfs4virB4 interacts with tfs4virB4v, tfs4virB8v and
tfs4virB11v. Interactions were also reported between
tfs4virB11/tfs4virB4v, tfs4virB11/tfs4virB11v and tfs4virD4/tfs4virB8v
(Table 2.10). No interaction was detected between tfs4virB8vi/tfs4virB4
in both orientations tested using the Y2H assay (Table 2.10), Also,
tfs4virD4 showed no interaction with tfs4virB4v or tfs4virB11v in both

orientations.
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Table 2.10: Screening for Tfs4 ATPases proteins with Tfs4 variant

proteins.

Plasmid combination

tested in Saccharomyces

cerevisiae PJ69-4A Test/Control Replica-plates DP
pGAD424 pGBT9 MUA MU MU
tfs4virB4 tfs4virB4v Tl ++ + X
tfs4virB4 tfs4virB8v Tl + + X
tfs4virB4 tfs3virB11v Tl +++ + X
tfs4virB4v tfs4virB4 Tl + + X
tfs4virB8v tfs4virB4 Tl + X X
tfs4virB11v tfs4virB4 Tl ++ + X
tfs4virB11 tfs4virB4v Tl ++ + X
tfs4virB11 tfs4virB8v TI + X X
tfs4virB11 tfs4virB11v Tl + + X
tfs4virB4v tfs4virB11 Tl ++ + X
tfs4virB8v tfs4virB11 TI + X X
tfs4virB11v tfs4virB11 Tl + + X
tfs4virD4 tfs4virB4v Tl + X X
tfrs4virD4 tfs4virB8v Tl +++ ++ X
tfs4virD4 tfs4virB11v TI + X X
tfs4virB4v tfs4virD4 Tl + X X
tfs4virB8v tfs4virD4 Tl ++ ++ X
tfs4virB11v tfs4virD4 TI + X X

Pairwise screening was performed in triplicate, and selection plates were
scored accordingly to number of yeast cells (colonies) that grow on the plates

as follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
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colonies (+++) and >20 colonies (++++). The table showed that tfs4virB4
interacted with tfs4virB4v, tfs4virB8v and tfs4virB11v in both orientations. Also,
no interaction was detected between paired {(fs4virD4/tfs4virB4v,
tfs4virD4/tfs4virB8v and tfs4virD4/tfs4virB11v. B-gal assay was not done due to
no reported growth of yeast cells on direct MU plates where 100 pl of tested
interaction was plated. Abbreviations: MUA — low stringency replica plate
supplemented with methionine, uracil and adenine, MU — high stringency
replica plate supplemented with methionine and uracil. DP — direct MU plate (In

red = test interaction with more than one reporter activated and).

2.3.8 Interactions of tfs3 ATPases proteins with {fs4 variant
proteins important for T4SS assembly and function.

To investigate the potential for interchangeability between tfs3 and tfs4
variant and establish if the interactions of the ATPases are system
specific or not, tfs3virB11 was selected and paired with ffs4 variant
proteins in this study. Tfs3 virB11 was selected because VirB11 was
known to interact strongly with itself and with other components of T4SS.
The result showed that fs3virB11 interacted with tfs4virB4v and

tfs4virB8v (Table 2.11).
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Table 2.11: Screening for cross-complementation between Tfs3 and Tfs4
variant proteins.

Plasmid combination

tested in

Saccharomyces Test/Control Replica-plates DP
cerevisiae PJ69-4A

pGAD424 pGBT9 MUA MU MU
tfs3virB11  tfs4virB4v Tl + + X
tfs3virB11  tfs4virB8v Tl +++ + X
tfs3virB11  tfs4virB11v TI + X X
tfs4virB4v  tfs3virB11 TI + X X
tfs4virB8v  tfs3virB11 Tl + + X
tfs4virB11v tfs3virB11 TI + X X

Pairwise screening was performed in triplicate, and selection plates were
scored accordingly to number of yeast cells (colonies) that grow on the plates
as follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). The table shows that tfs3virB11
interacted with tfs4virB4v and tfs4virB8v respectively. B-gal assay was not done
due to no reported growth of yeast cells on direct MU plates where 100 pl of
tested interaction was plated Abbreviations: MUA — low stringency replica plate
supplemented with methionine, uracil and adenine, MU — high stringency
replica plate supplemented with methionine and uracil. DP — direct MU plate (In
black = test interactions with one reporter activation and in red = test interaction

with more than one reporter activated).

2.3.9 Heterologous interactions of tfs4 VirB11v with other T4SS VirB

proteins

To further investigate the importance of the T4SS proteins for assembly
and function of a secretion system, tfs4 virB11v was selected for

interaction with other components of T4SS. The results showed that
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tfs4virB11 interacted with tfsvirB4 and tfs4virB8 (Table 2.12). Also, no
interaction  was  detected between paired proteins  of

tfs4virB11vitfs3virB4, tfs4virB4vitfs4virB9 and tfs4virB11vitfs4virB10.

Table 2.12: Screening for cross-complementation between tfs4 VirB11v
and other tfs component proteins.

Plasmid combination

tested in

Saccharomyces Test/Control Replica-plates DP
cerevisiae PJ69-4A

pGAD424 pGBT9 MUA MU MU
tfs4virB11v tfs3virB4 TI + X X
tfs4virB11v tfs4virB4 Tl + + X
tfs4virB11v tfs4virB8 Tl ++ + X
tfs4virB4v  tfs4virB9 Tl + X X
tfs4virB11v tfs4virB10 TI + X X

Pairwise screening was performed in ftriplicate, and selection plates were
scored accordingly to number of yeast cells (colonies) that grow on the plates
as follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). Interactions were detected between
tfs4virB11/tfs4virB4 and tfs4virB11vitfs4virB8. 3-gal assay was not done due to
no reported growth of yeast cells on direct MU plates where 100 ul of tested
interaction was plated. Abbreviations: MUA — low stringency replica plate
supplemented with methionine, uracil and adenine, MU — high stringency
replica plate supplemented with methionine and uracil. DP — direct MU plate (In
black = test interactions with one reporter activation and in red = test interaction

with more than one reporter activated).
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2.3.10 Interactions between the tfs4 variant proteins to form hybrid type.
Previous results showed that tfs4 ICE is present as several variant or
hybrid types. Therefore, | hypothesised that proteins from two different
variant forms may combine to form a functional T4SS hybrid type. To
investigate this hypothesis, the proteins encoded on the variant types
(tfs4 variant proteins) were paired and tested using the Y2H assay. The
results in Table 213 below show interactions between
tfs4virB4vitfs4virB8v, tfs4virB4vltfs4virB11v and tfs4virB11v/tfs4virB8yv.

Table 2.13: Screening for cross-complementation between tfs4 variant
proteins.

Plasmid combination

tested in

Saccharomyces Test/Control Replica-plates DP
cerevisiae PJ69-4A

pGAD424 pGBT9 MUA MU MU
tfs4virB4v  tfs4virB8v Tl ++ ++ X
tfs4virB8v  tfs4virB4v Tl + + X
tfs4virB4v  tfs4virB11v Tl + + X
tfs4virB11v tfs4virB4v Tl ++ + X
tfs4virB11v tfs4virB8v Tl ++ ++ X
tfs4virB8v  tfs4virB11v Tl + + X

Pairwise screening was performed in triplicate, and selection plates were scored
accordingly to number of yeast cells (colonies) that grow on the plates as follows:
no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20 colonies (+++) and
>20 colonies (++++). B-gal assay was not done due to no reported growth of yeast
cells on direct MU plates where 100 pl of tested interaction was plated
Abbreviations: MUA — low stringency replica plate supplemented with methionine,
uracil and adenine, MU — high stringency replica plate supplemented with
methionine and uracil. DP — direct MU plate (In black = test interactions with one
reporter activation and in red = test interaction with more than one reporter

activated).

117



2.3.11 Investigation of VirD2 interactions as a secretory substrate

To test for interactions involving other non-assembly proteins such as
VirD2, | hypothesised that VirD2 as a secretory substrate, should interact
with other VirB proteins within the secretory pathway using Y2H assay.
To test the hypothesis, ffs4 VirD2 was selected as an interaction partner
with other tfs3, tfs4 and tfs4 variant VirB proteins. The results showed a
positive interaction between tfs4virD2 and tfs4virB11 with activation of
more than two reporter genes (in red) Table 2.14, while no interaction
was detected between fs4virD2 and other {fs4 and tfs4 variant proteins
(shown in black where only one reporter gene was activated in low
stringency replica plate) Table 2.14. Also, tfs4virD2 interacted with
tfs3virB4, tfs3virD4 and tfs3virB11 (Table 2.15). No interaction was
detected between (fs4virD2/tfs3virB8 and tfs3virD2/tfs3virB10 (Table

2.15).
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Table 2.14: Screening for tfs4 VirD2 interaction with other tfs4 VirB and
tfs4 variant VirB proteins.

Plasmid combination

tested in

Saccharomyces

cerevisiae PJ69-4A Test/Control Replica-plates DP
pGAD424 pGBT9 MUA MU MU
tfs4virB4 tfs4virD2 T + X X
tfs4virB4v  tfs4virD2 TI ++ X X
tfs4virD4 tfs4virD2 T ++ X X
tfs4virB8 tfs4virD2 T + X X
tfs4virB8v  tfs4virD2 TI ++ X X
tfs4virB9 tfs4virD2 T ++ X X
tfs4virB10  tfs4virD2 T + X X
tfs4virB11 tfs4virD2 Tl + + X
Tfs4virB11v  Tfs4virD2 T + X X

Pairwise screening was performed in ftriplicate, and selection plates were
scored accordingly to number of yeast cells (colonies) that grow on the plates
as follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). The table shows positive interactions
recorded only between tfs4virD2 and tfs4virB11. B-gal assay was not done due
to no reported growth of yeast cells on direct MU plates where 100 ul of tested
interaction was plated. Abbreviations: MUA — low stringency replica plate
supplemented with methionine, uracil and adenine, MU — high stringency
replica plate supplemented with methionine and uracil, DP — direct plate and Tl
— test interaction. (In black = test interactions with one reporter activation and

in red = test interaction with more than one reporter activated).
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Table 2.15: Screening for tfs4 VirD2 interaction with tfs3 VirB proteins

Plasmid combination

tested in

Saccharomyces

cerevisiae PJ69-4A Test/Control Replica-plates DP
pGAD424 pGBT9 MUA MU MU
tfs3virB4 tfs4virD2 Tl + + X
tfs3virD4 tfs4virD2 Tl ++ + X
tfs3virB8 tfs4virD2 TI + X X
tfs4virB10  tfs4virD2 TI + X X
tfs3virB11 tfs4virD2 Tl + + X

Pairwise screening was performed in ftriplicate, and selection plates were
scored accordingly to number of yeast cells (colonies) that grow on the plates
as follows: no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20
colonies (+++) and >20 colonies (++++). The table shows positive interactions
between tfs4virD2/tfs3virB4, tfs4virD2/tfs3virD4 and tfs4virD2/tfs3virB1. B-gal
assay was not done due to no reported growth of yeast cells on direct MU plates
where 100 ul of tested interaction was plated. Abbreviations: MUA - low
stringency replica plate supplemented with methionine, uracil and adenine, MU
— high stringency replica plate supplemented with methionine and uracil, DP —
direct plate and Tl — test interaction. (In black = test interactions with one
reporter activation and in red = test interaction with more than one reporter

activated).
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2.3.12 Screening of orphan genomic gene (gB11) interaction with tfs
ICE VirB proteins.
To investigate the potential of the orphan VirB11 from strain P12 to

complement for loss of function for any of the ffs VirB11 and VirB11
variant proteins, gB11 was paired with {fs3, tfs4 and tfs4v ATPases and
other T4SS proteins (VirB8, VirB9 and VirB10) important for secretion
and assembly. The results in Table 2.16 show gB11 interactions with
tfs3VirB11 and tfs4VirB11 (in both orientation), with tfs3VirB4 and
tfs4VirB4 (in single orientation) and with tfs3VirB8 and tfs4VirB11v (in

single orientation).
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Table 2.16: Screening for gB11 interactions with tfs3, tfs4 and tfs4 variant
proteins.

Plasmid combination
tested in S. cerevisiae

PJ69-4A Test/Control Replica-plates DP
pGAD424 pGBT9 MUA MU MU
gB11 tfs3virB4 TI ++ + X
gB11 tfs3virB8 TI + + X
gB11 tfs3virB10 T + X X
gB11 tfs3virB11 TI + + X
tfs3virB11  gB11 TI + + X
gB11 tfs4virB4 TI ++ + X
gB11 tfs4virB8 T + X X
gB11 tfs4virB9 T + X X
gB11 tfs4virB10 T ++ X X
gB11 tfs4virB11 TI ++ + X
tfs4virB11  gB11 TI + + X
gB11 tfs4virB4v TI + X X
gB11 tfs4virB8v TI + X X
tfs4virB11v  gB11 TI + + X
gB11 tfs4virB11v T + X X
gB11 tfs4virD4 T + X X

Pairwise screening was performed in triplicate, and selection plates were scored
accordingly to number of yeast cells (colonies) that grow on the plates as follows:
no colony growth (X), 1-3 colonies (+), 4-10 colonies (++), 11-20 colonies (+++) and
>20 colonies (++++). The table shows positive interactions of gB71 with tfs3virB4,
tfs4virB4, tfs3virB11, tfs4virB11, tfs3virB8 and tfs4virB11v in single orientation. -

gal assay was not done due to no reported growth of yeast cells on direct MU plates
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where 100 pl of tested interaction was plated. Abbreviations: MUA — low stringency
replica plate supplemented with methionine, uracil and adenine, MU — high
stringency replica plate supplemented with methionine and uracil, DP — direct plate
and Tl — test interaction. (In black = test interactions with one reporter activation

and in red = test interaction with more than one reporter activated).
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Fig. 2.5: Schematic summary of protein-protein interactions detected using the Y2H assay

Interactions between ATPases and non-ATPases are represented with red arrows, interactions between tfs ICEs ATPases, tfs ICE

and tfs4 variant type are represented with green arrows, interactions of secretory substrate tfs4virD2 with other components of tfs ICEs are
represented with blue arrows and interactions of orphan genomic gene (gB11) with T4SS proteins are represented with grey lines. The tfs
ICEs ATPases include tfs3virB11, tfs4virB11, tfs3virD4, tfs4virD4 and their homologues where applicable. The non-ATPases include
tfs3virB8, tfs4virB8, tfs4virB10.
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2.3.11 Protein expression and purification study.

To validate the novel protein-protein interactions of tfs ICEs T4SS
proteins reported in Figure 2.5, the genes of tfs3virB11, tfs4virB11 and
gB11 were selected because VirB11 protein is known to be soluble and
stable for recombinant protein expression assay. As a first approach to
using a secondary approach to validate protein-protein interactions, it
was important to test if tfs3virB11, tfs4virB11 and gB11 are soluble and
inducible in a protein expression vector. The genes were successfully
cloned into His- tagged expression vector pBAD (sections 2.3.2 and
2.3.3) as recombinant proteins (pBAD::tfs3virB11, pBAD::tfs4virB11 and
pBAD::gB11) and transformed into expression host Top10 E. coli strain

(Novagene).

2.3.111 Small-scale expression

To investigate if the recombinant VirB11 proteins are soluble and
expressible, a small-scale pull-down expression assay was performed as
described in section 2.2.12.2. The comparison between the pre-induced
and induced samples after they were electrophoresed and stained with
Coomassie blue (Bio-Rad) as described in sections 2.2.12.3 and
2.212.5, show that the recombinant His-tagged VirB11 proteins
(pBAD::tfs3virB11, pBAD::tfs4virB11 and pBAD::gB11) are inducible and

partially soluble in Top10 E. coli strain (Novagene) (Fig. 2.6).
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Fig 2.6: Showing 10% SDS-page gel electrophoresed at 180v for 45
mins.

Lane 2 — induced Insoluble pBAD::{fs3virB11, Lane 3 — induced soluble
pBAD::tfs3virB11, Lane 4 — induced insoluble pBAD::tfs4virB11, Lane 5
— induced soluble pBAD::tfs4virB11, Lane 6 -—induced insoluble
pBAD::gB11, Lane 7 —induced soluble pBAD::gB71. Lanes 8-10 are pre-
induced samples of pBAD:fs3virB11, pBAD::tfs4virB11 and
pBAD::gB11. Size (red circle) correspond to the Molecular weight (Mw)
of recombinant VirB11 proteins: pBAD::tfs4virB11 (35.3kDa),
pBADtfs3virB11 (35.7kDa) and pBAD::gB11 (34.5kDa) respectively. Mw
marker shown in Lane 1. 3B11= pBAD::tfs3virB11,
4B11=pBAD::tfs4virB11 and gB11= pBAD::gB11 respectively.

2.3.11.2 Small-scale purification assay

Following successful induction of recombinant VirB11 proteins, the next
important step was purification of the proteins. To purify the His-tagged
recombinant proteins, initial small-scale purification procedure was done
as described in method 2.2.12.6 without the addition of protease inhibitor.

The result after the gel was electrophoresed and stained with Coomassie
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blue (sections 2.2.12.3 and 2.2.12.5) showed no purified recombinant

VirB11 protein (Fig 2.7).

Fig 2.7: Showing 10% SDS-page gel electrophoresed at 180v for 45
mins.

Lanes 2-9 labelled accordingly (on top of image). Mw marker shown in
Lane 1. 3B11= pBAD::tfs3virB11, 4B11=pBAD::tfs4virB11 and gB11=
pBAD::gB11 respectively. The recombinant VirB proteins were not
treated with protease inhibitor. Recombinant VirB11 proteins sizes:
pBAD::tfs4virB11  (35.3kDa), pBAD::tfs3virB11 (35.7kDa) and
pBAD::gB11 (34.5kDa).

In order to optimise the yield of recombinant VirB11 proteins, the small-
scale purification procedure was repeated as described in section
2.2.12.6 with addition of protease inhibitor (one tablet of protease
inhibitor per 20 ml of sonication buffer). The result showed only

recombinant pBAD::tfs4virB11 (red circle) as an eluted fraction (Fig 2.8).
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Fig 2.8: Showing 10% SDS-page gel electrophoresed at 180v for 45
mins.

Lanes 2-9 labelled accordingly (on top of image). Mw marker shown in
Lane 1. 3B11= pBAD::tfs3virB11, 4B11=pBAD::tfs4virB11 and gB11=
pBAD::gB11 respectively. Recombinant VirB11 proteins sizes:
pBAD::tfs4virB11  (35.3kDa), pBAD::tfs3virB11 (35.7kDa) and
pBAD::gB11 (34.5kDa).

2.3.11.3 Large-scale purification assay.

Following the successful purification of only pBAD::tfs4virB11 under the
same purification conditions as described in section 2.2.12.6,
optimisation of the purification procedure was considered necessary to
increase vyield of recombinant proteins pBAD::tfs3virB11 and
pBAD::gB11. To do this, the optimisation conditions were adjusted and
carefully followed (at every step to minimise error) as described in section
2.2.12.6.1. After that, large-scale purification was done as described in

section 2.2.12.7. The result show purified pBAD::{fs3virB11 at different
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concentrations of imidazole in elusion buffer (Fig 2.9). In comparison with
samples treated with BugBuster lysis buffer, the corresponding sizes of
elutes of pBAD::tfs3virB11 were not the same as those treated with

sonication buffer and lysed with SoniPrep sonicator.
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Fig 2.9: 10% SDS-page gel electrophoresed at 180v for 45 mins.

(A) Recombinant VirB11 proteins (pBAD::tfs3virB11 and pBAD::gB7117)
treated with sonication buffer at pH 7.0 (pBAD::tfs3virB11) and pH 8.0
(pBAD::gB11). The result in (A) shows purified elutes of recombinant
pBAD::tfs3virB11 (35.3kDa) with elusion buffers A, B and C.[(Buffer A
containing 20 mM Tris pH 7.0, 200 mM NaCl, 5 mM imidazole (0.087 g /
250 ml) with PI, Buffer B containing 20 mM Tris pH 8.0, 200 mM NaCl,
300 mM imidazole (0.204 g / 10 ml) with protease inhibitor and Buffer C
was a lysis buffer BugBuster (Sigma-Aldrich) with protease inhibitor - B)
Recombinant VirB11 proteins treated with BugBuster lysis buffer at room

temperature for 5 minutes.
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2.3.12 In silico bioinformatics analysis of Novel protein-

protein interactions

As a second alternative approach to validate reported tfs protein-protein
interactions detected using the Y2H assay (Fig 2.6), homology sequence
analysis was performed using the bioinformatics program MPI Toolkits
as listed in Table 2.1. The Quick2D tool in Toolkits was used to search
for important secondary structures such as coiled-coils, transmembrane
and signal peptide regions, all of which are important interaction domains
in protein-protein interactions. The result of the secondary structure
analysis of individual tfs VirB proteins that interacted with another tfs VirB
protein, predicted coiled-coil regions well distributed in both the C- and
N- termina regions of the proteins of tfs3VirB4, {fs3VirB8, tfs3VirD4 and,
tfs4VirB4, tfs4VirB8, tfs4VirD2, tfs4VirBv and tfs4VirB8v (tfs3 and tfs4
proteins are from strain P12 and the variant proteins from strain Shi470)
(Fig 2.10). Transmembrane region (TM) was detected in {fs3VirB8,
tfs4VirB8v, tfs4VirB8 and tfs3VirD4 (Fig 2.10). Additionally, the region of
Walker A motif was indicated in tfs3VirB4 (485 — 492), tfs4VirB4 (446 -

454) and tfs4VirB4v (473 — 480).
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Fig 2.10: Positions of secondary structure predictions in novel interaction
partners.

Coiled coil (green box) region was predicted in proteins of H. pylori P12
tfs3VirB4, tfs3VirB8, tfs3VirD4 and, tfs4VirB4, tfs4VirB8, tfs4VirD2, tfs4VirBv
and tfs4VirB8v (strain Shi470 was used for variant proteins). Transmembrane
region (purple box) was predicted in proteins of H. pylori P12 tfs3VirB8,
tfs3VirD4 |, tfs4VirB8 and tfs4VirB8v respectively. Walker A motif was predicted
in proteins of H. pylori P12 tfs3VirB4, tfs4VirB4 and tfs4VirBv (strain Shi470).
The grey shaded box represents sequence length of individual protein as
represented. Abbreviations: confidently predicted coiled coil (COILS, PCOILS
and MARCOILS) (CC), coiled coil predicted only by COILS (cc),
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transmembrane predicted by TMHMM, PHOBIUS and POLYPHOBIUS
represented by TM.

2.4  Discussion

Both {fs3 and tfs4 comprise of approximately 35 genes of which some of
these are subset of Vir-homologous proteins in VirB/D T4SS in A.
tumefaciens. Currently, the function of the tfs ICEs remain unknown but
they both have virulence association together with genetic diversity
across different populations and encode type IV secretion systems
(T4SSs) that might be relevant to virulence function. Tfs encoded ICEs
have been implicated in increased risk of H. pylori related disease
outcomes possibly via the stimulation of pro-inflammatory responses in
some populations (Delahay et al., 2018b). Particularly inter-ICE transfer
has also been reported especially within the strains population of
hpAfrica, hpEAsia and hspAmerind, which may suggest changes in
virulence character and possibly disease outcomes in some populations
(Delahay et al., 2018b). Therefore, this study aimed to understand the
aspect of tfs ICE biology, including the potential for inter-ICE interactions
using the Y2H assay to investigate cross-complementation interactions

of tfs encoded ICEs among different strains.

Since individual ICEs may not encode all components required for
assembly and a functional T4SS, the Y2H method was used to

investigate if VirB proteins present in one ICE could functionally
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complement for another one, which may then enable an assembled and

functional T4SS to form.

2.4.1 Reproducibility of previous VirB8 interactions

VirB8 is an important core component of T4SS assembly which has been
reported to interact with other T4SS components. Here, the results
showed that interactions between VirB8 proteins validated the previous
results by Alandiyjany (Alandiyjany, 2015). The study established
positive interactions between VirB8 proteins and revealed some
evidence that {fs4 variant may also interact. The results here shows
positive interactions between tfs4VirB8v/tfs4VirB8, tfs4VirB8/tfs4VirB8v,
tfs3VirB8/tfs3VirB8, tfs4VirB8/tfs4VirB8 and tfs4BVir8v/tfs4VirB8v
respectively. The results also support that of Alandiyjany’s in that
tfs4VirB8 and tfs3VirB8 are capable of homodimerization. Additionally,
this study reports the possibility of weak interactions between
tfs4VirB8v/tfs3VirB8 and tfs3VirB8/tfs4VirB8 in both orientations. This
may be due to inactivation of reporters because both proteins might not
interact enough for colony growth on MU plates. The results reported
here support the study by Bourg and colleagues (Bourg et al., 2009)
where they reported that VirB8 and its homologues Trad from Brucella
suis both dimerise to form homodimer and, VirB8 may not be able to
interact simultaneously in a wide array of interactions based on its small
size. The study also reported that the presence of TM domain resulted in
stronger dimerization (Bourg et al., 2009). This study also reports the

presence of TM domain in individual protein of {fs3VirB8, tfs4VirB8 and
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tfs4VirB8v (Fig 2.10), which supports Bourg et al., study. Additionally,
potential interchangeability between VirB8 of fs3 and {fs4 was not found
(showed no strong interaction -no yeast colony growth on both MU
replica and direct plates). But weak interactions (indicated by growth on
MUA low-stringency plates with one reporter gene activation) between
proteins of {fs4VirB8v/tfs3VirB8 and fs3VirB8/tfs4VirB8 in both
orientations was identified. This may imply that, both tfs4VirB8 and
tfs4VirBv may not be able to functionally replace tfs3VirB8 in tfs3 ICE
and, this suggests that interactions of VirB8 may be strongly system-
specific despite the possibility of both fs ICE to co-exist in a single strain
of H. pylori. Nevertheless, the transient interactions between
tfs3VirB8/tfs4VirB8 and tsf3VirB8/tfs4VirB8v also support the notion that
VirB8 undergoes transient protein-protein interactions due to its
promiscuity as an assembly factor. Therefore, the results here strongly
validated findings of Alandiyjany (Alandiyjany, 2015) and may also
suggest VirB8 from different tfs ICE may not be functionally flexible in the

assembly of Tfs T4SS.

2.4.2 ATPases interactions for system assembly and secretion of tfs
T4SSs

The three T4SS ATPases (VirB11, VirB4 and VirD4) are indispensable
in the secretion system as they provide power to drive the secretion of
the substrate. Protein-protein interactions have been demonstrated
between the three members of ATPases and each member is capable of

interacting with other VirB proteins in the assembly (Fronzes et al.,
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2009a). VirB11 termed the traffic ATPase is capable of self-display of
ATPase activity and known to perform dual function in pilus biogenesis
and substrate translocation (Fronzes et al., 2009b).

Using the Y2H assay, this thesis found VirB11 homodimerization for
tfs4VirB11/tfs4VirB11, tfs4VirB11v/tfs4VirB11v, tfs3VirB11/tfs3VirB11
and gB11/gB11. The homodimerisation of the VirB11 has been reported
to be important for its function as previous studies have reported that
these proteins form hexameric ring structure with two domains, N- and
C- termina domains (NTD and CTD) respectively (Ripoll-Rozada et al.,
2013). In A. tumefaciens, mutational studies have reported interactions
of individual regions with itself and not with another region, that is, NTD
with  NTD and CTD with CTD respectively. Additionally, VirB8
demonstrates ATPase activity and contains both Walker A and B
nucleotide binding motifs (Costa et al., 2021). Mutational studies in the
Walker A motif have reported a halt in the binding and hydrolysis of ATP
(Tato et al., 2007). Furthermore, the presence of Walker A motif was
reported to be essential for dimerization of the CTD (Rashkova et al.,
2000). Therefore, the reported Walker A motif in this study (Fig 2.12) may
be contribute to strong homodimerisation between tfs VirB11 proteins

reported.

Previous results of protein-protein interactions from the group reported
interactions between {fs4VirB8v and {fs4VirB8 and concluded that
tfs4VirBv could potentially functionally complement the assembly of the

tfs4 T4SS in the absence of {fs4VirB8 (Alandiyjany, 2015). It was also
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inferred that if this is the case, then the presence of incomplete
fragmented tfs ICE may not necessarily result in T4SS inactivity provided
the complementary genes are present elsewhere in the genome. Based
on this assumption, | proceeded to investigate the potential for cross-
complementation between tfs4 ATPases and tfs4 variant proteins that
may be important for T4SS assembly and function. Positive interactions
were reported between tfs4VirB4/tfs4VirB4v, tfs4VirB4/tfs4VirB8v and
tfs4VirB4/tfs4VirB11v. Also, tfs4VirB11 interacted with tfs4VirB4v,
tfs4VirB11v and, interaction of tfs4VirD4 was positive with {fs4VirB8v. All
positive interactions reported showed activation of more than one
reported gene (that is growth on high stringent MU plates). The result
reported here also supports previous results from the group that there
may be a possibility of potential cross-complementation between these
proteins. The possibility of {fs3 ATPases to complement for tfs4 proteins
was also investigated. The results showed interactions of {fs3VirB11 with
tfs4VirB4v and {fs4VirB8v. Interpretation of these results may imply the
possibility of cross-complementation between proteins tfs3 and tfs4 ICE.
Further experiments are needed before conclusion can be drawn with
certainty that proteins of #fs3 and tfs4 can functionally complement.
Nevertheless, interactions between tfs4 ATPases and (fs4 variant
proteins suggest the possibility of cross-complementation between these

proteins.
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Also, the interaction observed for the tfs4 variant is not strong when
compared with sequence similarities which revealed 70.4% similarity
between tfs4VirB11 and tfs4VirB11v, 60.7% between tfs3VirB11 and
tfs4VirB11v. However, the interaction between fs4VirB11v/tfs3VirB11
was weaker as it did not produce robust growth on high stringency
selection media plate (MU) with no activation of LacZ for beta
galactosidase activity (data not shown). The results suggest a potential
for cross-complementation of tfs T4SS protein within the same system
and also between both tfs3 and tfs4, although Y2H assay may not be the

best method to establish interactions in tfs T4SS proteins.

The Y2H assay also showed that there were interactions between
tfs4VirB11v and (fs4VirB8 with minimal growth of yeast on high
stringency plate (MU). VirB8 is an important core component T4SS
protein demonstrated to be involved in multiple protein-protein
interactions (with VirB4, VirB9, VirB8, VirB10 and VirB11) during the
assembly of T4SS. The interaction of {fs4VirB11v with tfs4VirB8 from the
same secretion system in this study supports a proposed possible
interaction (Fronzes et al., 2009a) of VirB8 with VirB11 and the flexibility
of VirB8 to interact with other VirB proteins. Furthermore, interactions
between tfs4VirB11v and tfs4VirB8 may also be important for substrate
secretion in the T4SS as VirB8 has been reported to participate directly
in substrate secretion (Fronzes et al.,, 2009a). This suggests that the
variant of tfs4 may be able to act as substrate transfer in the same

system. Conversely, tfs4VirB11v showed no interaction with tfs3VirB11.
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This suggests that interactions of the variant {fs4 may be system specific.
Interactions of other variant {fs4 proteins, tfs4VirB4v and tfs4VirB8v
showed positive interactions with {f/s3VirB11. These interactions suggest
that there is the possibility of functional interchangeability between these
tfs ICEs T4SS proteins in a single strain of H. pylori. Furthermore, Y2H
assay results showed no interactions between tfs4VirB11v/tfs4VirB9,
tfs4VirB11v/tfs4VirB10 and tfs4VirB11v/tfs4VirD4 respectively. This
result may suggest that the proteins of the variant type of {fs4 may be
unable to form a secretion assembly with the core components of tfs
T4SS proteins. It may also be suggested that interactions may only be

possible with the ATPases and not with the core structural components.

2.4.3 Interactions of orphan VirB11 (gB11)

Although, earlier experimental studies reported that orphan genes are
shorter with low GC content [6,10] and were thought to be mis-predicted
protein coding genes, they have recently been demonstrated as real and
functional proteins [7, 11-24]. For example, an orphan gene of E. coli
named neaT was reported to play an important role in the virulence of
the extraintestinal pathogenic E. coli in the embryo of zebrafish (Entwistle
et al., 2019). Also, orphan genes have been reported to be enriched in
genomic islands of bacterial genomes (Entwistle et al., 2019). Their study
reported that 39% of orphan genes were discovered in cluster of genes
in genomes of 119 prokaryotes. Many of the orphan genes are lineage-
specific and can reside in pathogenicity islands where they may have

contributed bacterial virulence (Entwistle et al., 2019). A recent study by
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Entwistle and colleagues investigated orphan gene relationship with
pathogenicity-related genes in pathogenic and non-pathogenic
organisms and they concluded that orphan genes shared by more
pathogens are more linked with pathogenicity-related genes and
therefore important markers for bacterial infectious diseases. To date,
experimental studies are limited on the role and functions of orphan
genes present in H. pylori because researchers tend to focus more on
conserved and virulence genes (Entwistle et al., 2019). To my
understanding, this study is the first of its kind to explore the role and
functional association of orphan genomic genes in H. pylori with cluster
of T4SS genes of tfs ICEs using experimental methods. The Y2H result
showed that gB11 interacts with tfs3VirB11 and {fs4VirB11 (in both
orientation). Further analysis of the VirB11 sequences through multiple
alignment showed conserved Walker A motif which has been reported to
be important for protein-protein interaction. This implies that gB11 may
be able to functionally complement for both tfs3VirB11 and tfs4VirB11 if
one or both are fragmented in H.pylori infection. Also, gB11 interaction
was positive with {fs3VirB4, tfs4VirB4, tfs3VirB8 and tfs4VirB11v (all
interactions reported in single orientation). Interactions with the VirB4s
and the VirB11 variant may be due to the conserved Walker A motif,
which also provides more evidence that gB11 may be able to functionally
complement for these proteins in a T4SS assembly. The potential for
functional complementation of orphan VirB11 (gB11) reported in this

study using protein-protein interactions supports an earlier study that
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most orphan genes in the genome of E. coli encode functional proteins

(Jalan et al., 2011).

The relaxase proteins (VirD2) are important components in the
mobilisation and translocation of bacterial DNA through conjugative
mechanisms (Grove et al., 2013). Generally, they are responsible for
transferring endogenous plasmids between strains but they have been
reported to be an integral part of mobile genetic elements such {fs ICEs
(Grove et al., 2013). The tfs4 cluster of genes is known to be self-
transmissible and fragmentation of the genes encoded on {fs3 and tfs4
is common in H. pylori strains, promoting the possibility of inactivation of
the tfs ICE. However, the possibility of both {fs3 and tfs4 to co-exist in a
single strain may result to inter ICE transfer of large fragments of the tfs4
or tfs3 gene cluster. Because VirD2 activity would be important for the
process, | hypothesised that {fs4VirD2 can interact with tfs3 T4SS
proteins. The result showed that tfs4VirD2 interacted with the three
ATPases of tfs3 (VirB11, VirB4 and VirD4) in single orientation. This may
suggest that there is a possibility of tfs4VirD2 being able to transfer tfs3
ICE in the case when both co-exist in a single strain and complement

loss of function for {f/s3VirD2 which may be inactive due to fragmentation.

The characterisation of protein-protein interactions is important to gain
further understanding into various biological processes (Reddy Chichili
et al., 2013). The unfolding and unstable properties of some proteins
have created difficulties to study the interactions for many protein

complexes (Reddy Chichili et al., 2013). For example, it is difficult to

140



characterise membrane proteins due to their partially hydrophobic
surfaces, flexibility, and lack of stability. Also, the exposure of the natural
lipid bilayer exposes the hydrophobic bilayer which consequently results
in protein denaturation or aggregation (Pan and Vachet, 2022). However,
several techniques such as Y2H and pull-down have been developed to
overcome these challenges. The immobilised metal-affinity
chromatography (IMAC) method used to purify the tfs VirB11 proteins in
this study used to purify his- and polyhis-tagged proteins and provide an
advantage in that it uses an inexpensive matrix such as TALON to
withstand multiple regeneration cycles under stringent conditions. It also
allows dissociation of the bound recombinant protein by an imidazole
concentration (Young et al., 2012). The use of TALON has been reported
to reduce the level of non-specific binding in partner proteins and thus,
increase the purity of protein elutes (Young et al., 2012). Initial
expression and purification of tfs4VirB11 and #fs3VirB11 reported in this
study supported earlier studies that VirB11 proteins are soluble and
stable. Due to time constraint, it was not possible to perform a repeat of
the expression and purification procedure to generate higher yield of

purified proteins.

2.5  Study strength and weaknesses

The strength of the study was firstly the availability of a large number of
cloned tfs T4SS proteins from tfs3, tfs4 and tfs4 variant from previous
work done in the group. Also, the study used high-throughput method
(Y2H) to screen for protein-protein interactions between tfs T4SS

proteins. This method is one of the well-developed methods to determine
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inter- and intramolecular interactions and networks in many organisms
(Mehla et al., 2015b). Furthermore, the experimental method used in this
study is inexpensive and reagents are readily available. Conversely, the
Y2H method has some weaknesses, some of which include, the potential
of bait (protein fused to the DNA-binding domain of yeast cell) to produce
positive result due to extensive background growth of some baits. Also,
there is a tendency for non-specific interactions of the prey (protein
cloned to the activating domain of yeast) with different baits which may
appear reproducible but may lack specificity (Mehla et al., 2015b, Mehla
et al., 2015a). Furthermore, the Y2H method has been plagued between
two false-positive results. The first being called the technical false-
positive result. This is where the reporter gene is activated without any
interaction between the bait and prey proteins, which may occur as a
result of the bait acting as the transcriptional activator factor (Mehla et
al., 2015b). The second type of false-positive is termed biological false-
positive result. This is where there is an interaction between bait and prey
but there is no biological relevance in regard to function (Mehla et al.,
2015b). Due to these false-positive results, protein-protein interactions
generated by Y2H method require further validations using additional
experimental methods Co-immunoprecipitation (Co-IP) and pull-down
assay, Native gels technique, Far Western Blot Analysis, and Label
Transfer Protein Interaction Analysis. Furthermore, X-ray crystallography
method can be used to show complementary structures of novel tfs virB

proteins that interacted. Understanding of protein interaction and function
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is improved by X-ray crystallography, which makes it possible to see

protein structures at the atomic level.

2.6

Conclusions

The study in this chapter was able to generate the following conclusions.

Y2H method continues to be a high-throughput method for

detecting transient and strong protein-protein interactions.

There were strong interactions (in both orientation) between
ATPases of tfs4 and tfs4 variant proteins which suggest that

interactions may be system specific.

Interactions were reported majorly between the paired ATPases
proteins of tfs3 and tfs4 which may suggest that interactions and
potential for functional cross complementation may only be
possible with the T4SS ATPases and not with structure

components of the secretion system.

Interactions of orphan genomic protein (gB11) established its
potential to complement for loss of function of any of the tfs
ATPases as it interacts strongly (in both orientation) with

tfs3VirB11 and tfs4VirB11 respectively.
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CHAPTER
THREE

Methodology Development to screen
for tfs genes in H. pylori Clinical
Isolates from the Nottingham

Collection



3.0 Introduction

Many essential genes of the gastric pathogen Helicobacter pylori are
within three major genomic islands encoding type |V secretion systems
(T4SS): the cag pathogenicity island (cagPAl) and two recently
discovered mobile integrative and conjugative elements (ICEs) known as
tfs3 and tfs4 (Delahay et al., 2018a). Present in both tfs ICEs is a tyrosine
recombinase family gene also called xerT, a long open reading frame
(more than 2800 codon) (Delahay et al., 2018b), a cluster of T4SS genes
and a subset of accessory genes with unknown functions (Phuc et al.,
2021b, Delahay et al., 2018a). All three islands have been linked to
virulence, but unlike the cagPAl, understanding how the tfs elements
influence H. pylori interactions with human hosts is complicated by a lack
of definition of their distribution, diversity, and structural representation in
the global H. pylori population (Delahay et al., 2018b). The tfs ICEs are
assumed to be similar to cagPAl in that, the T4SSs help with the
translocation of factors into host cells (Backert et al., 2017), however the
identity and nature of these factors remains unclear. Amongst the three
genomic islands, the cagPAIl T4SS has been well characterised. cagPAI
T4SS encodes an important virulence gene called cytotoxin associated
gene A (cagA). The gene products of the cagPAIl T4SS assemble into a
pilus that helps to deliver the effector protein (CagA) and other bacterial
components into gastric epithelial cells (Robinson and Atherton, 2021).
Infections with CagA positive strains of H. pylori have been linked to
increased incidence of disease in infected patients (Vicari et al., 1998).

The cagA gene encodes a protein of molecular weight ranging from 120
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to 140 kDa, which is highly immunogenic and induces a specific
serological response in infected individuals (Robinson and Atherton,
2021, Robinson et al., 2007). The presence of CagA serum antibodies in
infected individuals indicates an increased risk of developing duodenal
ulcers and gastric cancer from cagA positive strains of H. pylori (Cover
et al., 1995). When the T4SS translocates CagA into epithelial cells it
becomes phosphorylated by host kinases, and stimulates cell signalling
pathways including the induction of inflammation (Buti et al., 2011). The
T4SS interacts with host cell integrins, and also translocates
peptidoglycan peptides into the cell. This activates further cell signalling
pathways in gastric epithelial cells, which include nucleotide-binding
oligomerisation domain protein 1 (NOD1), a cytoplasmic innate detection
system for detection of invading bacteria (Robinson et al., 2007). The
interaction of H. pylori peptidoglycan peptides with NOD1 activates the
nuclear factor kB (NF-kB) signalling pathway (Ferreira et al., 2016),
which mediates the expression of pro-inflammatory cytokines such as IL-

8 (Robinson et al., 2007, Ferreira et al., 2016).

cagE, is another important gene that encodes a necessary component
of a functional cag T4SS (Osman et al., 2021). cagE is a homologue of
VirB4, and has been reported to contribute to increased risk of duodenal
ulceration, but to confer protection against gastric cancer in some H.
pylori infected patient populations (Jung et al.,, 2012). The disease
associations with cagPAIl positive strains are therefore complex and it

may not be valid to simply assess them from the presence or absence of
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a few key genes such as cagA using PCR. It is important to investigate
whether the cagPAl is likely to encode a complete set of genes, leading

to expression of a functional T4SS.

Therefore, this work aimed to develop a robust methodology using
bioinformatics analysis of genomic data. The initial aim was to search for
cagA and cagE genes of Nottingham clinical isolates and to then go on
in Chapter 4 to study the correlation of tfs3 and tfs4 clusters of genes
with disease outcomes in patients presenting with H. pylori infection. The
search for cagA and cagE PCR genotypes in available data on clinical
isolates in the Nottingham Collection was be used as a proof of principle
for using the bioinformatics software (ABRicate) to establish ffs genes

and ICE representation in the next chapter.

3.1 Rationale and Aims

The polymerase chain reaction (PCR) method for typing bacterial
isolates is one of the most common techniques in many microbiology
research laboratories (Rahman et al., 2013) in the world. It has been
useful and effective over the years to detect antimicrobial resistance
genes (Liu et al., 2019a) and virulence genes (Osek et al., 1999) in
different microorganisms. PCR is also used in the clinical diagnosis of
some human diseases such as cancers (including gastric MALT
lymphoma, of which H. pylori is a common cause (Robinson and
Atherton, 2021), viral infections such as hepatitis, and it is also used in

genetic fingerprinting (Rahman et al., 2013).
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Previous PCR genotyping of H. pylori clinical isolates from patients by
the Helicobacter Research Group in Nottingham investigated the
presence of virulence factor genes such as cagA and cagE, and genes
of both tfs3 and tfs4 ICEs (unpublished work). Similar work also done by
the group, using H. pylori isolates of South African origin, reported that
PCR typing for cagA and other individual cagPAl genes is a poor
predictor of a functional cag T4SS (Argent et al., 2004). This is supported
by findings that virulence gene PCR typing is not adequate to predict
disease outcomes in patients infected with H. pylori (Hosseini et al.,

2012, Erzin et al., 2006, Audibert et al., 2000).

The use of genomics combined with functional analyses (both
proteomics and transcriptomics) has provided an alternative strategy to
search for virulence genes in bacterial genomes (Bakour et al., 2016).
Bacterial virulence genes may be detected by sequence homology
searches of publicly available databases for known virulence genes,
analyses of horizontally acquired genes, or comparative analyses of
virulence genes with another known annotated strain (Bakour et al.,
2016). An alternative strategy for detecting virulence genes was reported
by (Phuc et al., 2021a) where they used the ABRicate bioinformatics tool
created by Seemann and colleagues (Seemann, 2018) to analyse
clusters of T4SS and cagPAl genes in Vietnamese H. pyloriisolates. The
ABRIicate software was originally used for detecting antibiotic resistance

genes hence, the name ABRIicate (Seemann, 2018). A new script for
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detecting virulence factors called virulence factor database (VFDB) was
later incorporated into the software. VFDB is a database of virulence
factors for bacterial pathogens that comprises 2505 different virulence
factors (Bakour et al., 2016). The ABRicate pipeline for virulence factors
uses the VFDB database, to search for sequences with homology to
virulence genes. The possibility to make custom databases outside of
the reference databases embedded within the software provides an
opportunity to write custom scripts for genes of both tfs3 and tfs4, with
reference to selected H. pylori strains (PeCan18, P12 and Shi470) where
complete clusters of tfs ICE genes have been defined. A major
disadvantage for ABRicate’s use is the unavailability of user defined
parameters that may help to improve search sensitivity of virulence

genes.

This chapter focuses on evaluating ABRicate in comparison to previous
data from PCR and phenotypic methodologies and approaches on the
well-characterised cagPAl. The aim was to investigate the pros and cons
of the previously used approaches for virulence typing, looking at
comparisons of PCR typing and genomics, based on the available rich
dataset of cagA PCR typing, CagA serology, cage PCR typing and
induction of epithelial cell IL-8 as an indicator for a functional cag T4SS,
and therefore presence of the cagE gene. This approach will later be
used on the less well-defined tfs ICE system to detect potential virulence
factors in the next chapter. Although disease severity cannot be linked

only to virulence factors of H. pylori, other factors including host genetic
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make-up and environmental factors also play an important role
(Kandulski et al., 2008). Investigating the clusters of tfs genes in clinical
isolates may, however, give additional insight into the contribution of tfs

T4SSs to disease severity in patients.

To understand the functionalities of ABRicate software, ABRicate was
firstly used to analyse whole genome sequences from clinical isolates for
cagPAl genes to evaluate the efficacy of ABRicate tool. Secondly, |
aimed to investigate the quality (the percentage accuracy in terms of
coverage and identity, and virulence potential) of the software output,
and whether the identified nucleotide sequence could be directly
translated in silico to provide an amino acid sequence of the anticipated
size and characteristics based on data from well-characterised and
commonly used strains. This may provide more understanding of the
pros and cons of PCR typing versus genome analysis. ABRicate was
assessed by comparing its output on the presence of cagA and cagE
genes with PCR and phenotypic data from a rich dataset on clinical
isolates from patients attending the Queens Medical Centre, Nottingham.
The utility of PCR genotyping was to be assessed, and discrepant results

between PCR, phenotypic data and genomic data investigated.

3.2 Materials and Methods

3.2.1 Collection of Clinical Isolates
Gastric biopsies were collected from consenting patients attending for a

routine upper gastrointestinal endoscopy, usually for investigation of
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chronic dyspepsia, at the Queens Medical Centre in Nottingham by
Professor John Atherton and his team at the University of Nottingham.
Approval for collection and use of clinical isolates for research was
granted by the NHS National Research Ethics Service, Nottingham
Research Ethics Committee (Ref: 08/H0408/195) 27" January 2009.
None of the patients were taking non-steroidal anti-inflammatory drugs,
antibiotics or proton pump inhibitor drugs on a regular basis in the two
weeks preceding the endoscopy.

Biopsies were taken from the antrum and corpus regions of the stomach
for histology and for isolation of H. pylori. H. pylori infection status was
determined via rapid biopsy urease test in the endoscopy suite, and
confirmed by isolation and culture of the bacterium, and gastric tissue
histopathology. To determine the virulence genotype, DNA was
extracted from H. pylori isolates and PCR typing was performed.

EDTA vacutainers were used to collect 20 ml peripheral blood samples.
Plasma samples were separated and kept at a temperature of -80°C. The
updated Sydney scoring system (Dixon et al., 1996) was used to define
the severity of inflammation, activity, atrophy and intestinal metaplasia
on haematoxylin and eosin stained tissue sections, by an experienced

histopathologist who was blinded to other data.

3.2.2 Clinical Isolates selection criteria
The anonymised patient data in the H. pylori culture collection database
at the University of Nottingham was searched for one or more of the

criteria listed in Table 3.1. General patient information for all H. pylori
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isolates used within this thesis including the age, sex, ethnicity, indication
for gastric endoscopy, relevant patient medical history, recent acid
suppressant history, recent antibiotic use and other drug history are

displayed in Table 3.2.
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Table 3.1: Demographic characteristics of patients who donated gastric

biopsies.
Patient | Age Sex | Ethnicity | Indication for | Relevant patient
ID (years) Endoscopy medical history
45 63 F Caucasian | Vomiting/weight loss N/A
77 57 F Caucasian | Bloating/dysphagia No
93 77 M Caucasian | Heartburn No
120 59 F Caucasian | Heartburn No
194 63 F Asian H. pylori culture Perforated
prepyloric ulcer 2
years ago
249 41 M Pakistan Dyspepsia and H. | No
pylori
265 64 F N/A Iron deficiency | No
anaemia
295 68 F N/A N/A No
308 50 F N/A Eradication  therapy | No
failure
322 64 F N/A Epigastric pain No
326 68 F N/A Eradication  therapy | Previous
failure eradication
attempt
439 51 F N/A N/A N/A
444 68 F N/A N/A N/A
495 40 M N/A N/A No
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537 45 M Pakistan Eradication  therapy | Previous
failure eradication
attempt
565 79 M Caucasian | Dyspepsia No
621 66 M Caucasian | Dyspepsia, atypical | No
chest pain
732 64 M Caucasian | Epigastric pain No

General patient information for all patients used within this thesis. The
age, sex, ethnicity, indication for gastric endoscopy, and relevant patient
medical history are displayed. Abbreviations used within the table include
M — Male, F — Female, N/A — not available
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Table 3.2: Patient disease status

Patient ID Oesophagus Stomach Duodenum Other Notes Disease type Rapid Biopsy
Urease Test
Result
45 No No No Deformed Past Positive
pylorus, DUD/Normal
duodenal ulcer
disease
(scars/scraters)
77 Minor erosion in | No Duodenal ulcer | Minor HH | Acute DU Positive
HH and erosions erosion, DU and
erosions
93 RO(2) No No N/A Normal Positive
120 RO(2) No No N/A Normal Positive
194 No No Scar in Di Scar in Di | DU Positive
(PPyU, DU
scan)
249 RO(2) No eDi and | N/A Acute DU Positive
deformed
pylorus
265 HH and erosions | No No N/A Normal Positive
295 RO(1) Antral erosions | 2 tiny erosions | N/A No Positive
eGi possible eDi
308 No No No N/A Normal Positive
322 RO(2) GU No N/A Acute GU Positive
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326 RO(2) Previous eGi No, but previous | N/A Normal previous | N/A
eDi eGi
439 No No No N/A No Positive
444 No GU No N/A GU Positive
495 RO(1) No eDi (4 erosions) | N/A No Positive
537 RO(2) No eDi, previous | N/A No Positive
DUscar
565 No No ++eDi N/A No Positive
621 RO(1) Atrophic gastritis | No N/A No Positive
732 RO(2) 2x GU on lesser | Erosive pylorus. | N/A No Negative

curve

No DU

Disease status of the oesophagus, stomach, duodenum is displayed for each patient as well as other notes and disease type. The
CLO test refers to the rapid urease test used to indicate H. pylori infection. Abbreviations used within this table include; HH= hiatus
hernia, RO= reflux oesophagitis (1=mild, 2=moderate, 3=severe), eGi= erosive gastritis, GU= gastric ulcer, Di= inflamed duodenum,

eDi= erosive duodenitis, DUscar= scar from a previous duodenum ulcer, DU= duodenal ulcer, PPyU= pre-pylori ulcer and DUD=

duodenal ulcer disease. All data was provided by Professor Atherton and colleagues at the University of Nottingham.
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3.2.3 PCR typing for cagA and cagE genes.

PCR amplification of cagA and cagE from genomic DNA of H. pylori
isolates was performed, and the results interpreted, as previously
described (Kidd et al., 2001, Argent et al., 2004).

The primers used for cagA and cagk PCRs were as follows:

cag2 5' GGAACCCTAGTCGGTAATG — cagA forward primer

cag4 3' ATCTTTGAGCTTGTCTATCG — cagA reverse primer

cagE_F 5 TCTATAAAGAGAGAGGTGTT - cagE forward primer

cagE_R 3' GGCTAATCTTTGGTAATCAG — cagE reverse primer

The 15ul PCR reactions contained 7.5 yl DreamTaq (ThermoScientific
DreamTaq Green PCR Master Mix (2X), 3.0 pl each of the forward
and reverse primer, 0.5ul nuclease-free water, and 1 yl genomic DNA
template.

After an initial denaturation step at 95°C for one minute, each reaction
consisted of 35 cycles of 95°C for 30 seconds, 52°C (cag 2/4 primers) or
53°C (cagE_F/ R primers) for 1 minute, and 72°C for 1 minute.
Following a final extension step at 72°C for 5 minutes, each PCR mixture
was subjected to gel electrophoresis on 1% agarose gels and a 100 bp
DNA ladder (Roche Diagnostics, Johannesburg, South Africa) was used
as a size marker. Products of 888bp (cagA) and 508bp (cagE) were

obtained.
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3.2.4 CagA IgG ELISA

Plasma anti-CagA 1gG antibody was measured using a commercial
enzyme-linked immunosorbent assay (ELISA) kit (Genesis Diagnostics
Ltd, Cambridgeshire, UK). Results of equal to or greater than 6.25 U/mL

were defined as positive, as per the manufacturer’s instructions.

3.2.5 Interleukin 8 induction as a marker for presence of cagE

Interleukin 8 (IL-8) secretion in response to a functional cagPAl T4SS
was assayed using a previously reported method (Patel et al., 2013), co-
culturing H. pylori isolates with AGS gastric epithelial cells (ATCC CRL-
1739TM). Prior to co-culture, confluent T75 flasks of cells were treated
with trypsin, washed, and resuspended in 10ml F12 Ham’s medium with
[-glutamine and 10% FCS. Cells were counted using a haemocytometer
slide and seeded in 24-well plates at 1 x 10° per ml in 1ml of medium.
Clinical isolates were suspended in F12 Ham’s medium and added to
AGS cells at a multiplicity of infection of 100 bacteria per cell, as
described by (Patel et al., 2013). After incubation for 24 hours at 37°C in
a 5% CO2 humidified atmosphere, the culture supernatants were
harvested (Patel et al., 2013). After co-culture of epithelial cells with
H. pylori, supernatants were aliquoted, frozen at -80°C and thawed once
only. IL-8 concentrations were determined with a Human IL-8 CytoSet™
ELISA (Fisher Scientific), according to the manufacturers' instructions
and with a standard curve on each plate. Typical sensitivity limits were

5.1 pg/ml IL-8 (Patel et al., 2013).
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3.2.6 Sample preparation

Initial H. pylori isolation and culture from gastric biopsy samples was
carried out by Professor Atherton’s team at the University of Nottingham.
These biopsies were plated onto blood base #2 agar plates containing 5
% (v/iv) horse blood and incubated for 2-3 days at 37°C under
microaerophilic conditions (10% CO2, 5% O2, 85% N2). Single colony
isolates and/or sweeping growth from each biopsy was picked and
pooled, avoiding bacterial contaminants that might also be present.
Picked growth was stored in iso-senstitest medium containing 15% (v/v)
glycerol at -80°C (Argent et al., 2008). The isolates were confirmed to

be H. pylori by Gram staining, urease tests and PCR for vacA.

3.2.7 Genomic Extraction and Whole genome sequencing

Whole genome DNA extraction and sequencing were carried out by Dan
Wilkinson at Nottingham Trent University from the clinical stocks
provided by Prof Atherton. Genomic DNA was extracted using the
QIAGEN (Netherlands) QIAmp DNA Mini Kit following the manufacturer’s
instructions with minor alterations (Wilkinson, 2019). These alterations
included reduced incubation time to less than 10 minutes in lysis buffer
AW, extension of incubation of proteinase K to 16-20 hours in buffer ATL,
additional five minutes incubation at 70°C with 100 mg/ml RNase A
(QIAGEN, Netherlands) in buffer AL, use of 4°C 100% ethanol and an
additional final centrifugation step at 17,000 xg for ten minutes at room
temperature. DNA was eluted in 90 pl non- DEPC treated nuclease free

distilled water (Thermo Fisher Scientific, USA), after incubation of the
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extraction column with the nuclease free water at room temperature for
a minimum of 30 minutes (Wilkinson, 2019). All whole genome

sequencing was done on the lllumina MiSeq platform (lllumina, USA).

3.2.71 Quality control of sequencing reads

After each sequencing run was completed, the lllumina BaseSpace
(NMlumina, USA) online tool generated run data results with statistical data
used to determine successful completion. The statistical data analysed
by the online tool included Q score distribution for all reads >Q30 above
80%, smooth intensity plots across all cycles that do not overlap, cluster
density close to the desired density of 1300 k/mm2, and near-equal read
index distribution (Wilkinson, 2019). Because Illumina software is unable
to capture all sequencing adapter sequences and cannot filter reads
based on quality, the author (Wilkinson, 2019) used an additional
software called Trimmomatic version 0.38 (Bolger et al., 2014) which
trimmed for lllumina Nextera XT adapters and reads. The software was
set-up in paired end mode to enable both palindrome and simple
trimming method (Wilkinson, 2019). This additional software maintains
mate pair read information and it uses the information derived from both
reads for better identification and removal of sequencing adapters. When
an adequately aligned match (by a user determined minimum alignment
score) is found between the adapter sequence and the output
sequencing reads, it is referred to as a 'simple' trimming method.
Alternatively, a palindrome trim detects adapter read by ligating adapters

to the beginning of mate pairs, and then aligning their biological
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sequences; if the biological sequence aligns with adapters present within
the read of the reverse- complement mate pair, a trimming event occurs,
removing the adapter read through and leaving only the biological
sequence. This is significant because these sequences are not part of
the biological target sequence. To ensure that adapter read through was
removed from paired-end readings, the palindrome trimming threshold

was reduced to alignment score of 20.

After the lllumina sequencing adapters were removed, the resulting
reads were trimmed for quality and length with Sickle version 1.33 (Joshi
and Fass, 2011). Sickle employs a sliding window approach equal to 0.1
times the length of the read and trims the read when the resulting quality
within the window falls below a sequence/base quality threshold
(specified by user) by identifying where in the window this drop occurs.
Sickle's paired-end mode accepts two paired-end inputs and outputs two

trimmed paired-end sequencing read files ((Wilkinson, 2019)).

3.2.8 Sequence retrieval, ABRicate set-up, and genomic analysis of
clinical isolates
Online bioinformatics tools from the National Centre for Biotechnology

Information (NCBI) database found at https://www.ncbi.nlm.nih.gov/

were used to retrieve gene sequences - cagA and cagE from reference
strain H. pylori 26695, tfs cluster of genes virB1 — virB11 and virD2 from
reference strains P12, Shi470 - for tfs4 representation and PeCan18 for

tfs3 representation respectively. Downloaded sequences were
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annotated using BioEdit software version 7.2 (Hall, 1999) and translated
into protein sequences using the EXPASY translation tool found at

http://web.expasy.org/translate/. The tfs cluster of genes (virB1 — virB11

and virD2) retrieved from each reference strain (P12, Shi470 and
PeCan18) (Fischer et al., 2010, Kersulyte et al.) were used to make
custom searches. These H. pylori reference strains (P12, Shi470 and
PeCan18) have been selected because; they have intact tfs ICE genes
composition (as shown in Fig 14 Chapter 1 of this thesis) and the default
databases (NCBI, CARD, ARG-ANNOT, RESFINDER, MEGARES,
EcOH, PlasmidFinder, Ecoli_VF and VFDB) incorporated into ABRicate

software lacks these strains.

ABRicate software was installed according to the protocol found at

https://qgithub.com/tseemann/abricate and virulence factor database

(VFDB), one of the databases imbedded into the software was used to
search for virulence genes (cagA and cagE genes specifically) by
running the following codes:

abricate --db vfdb 45C_contigs.fasta > ../data-results/45C-result.txt
(code used to analyse each genome of clinical isolates using virulence
factors database — vfdb) where 45C_contigs.fasta is an example of
clinical isolate, data-results is a directory created to save the result and
45C-result.txt and the name and format of result file generated for the

isolate.
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cp ~/data-results/ ../../mnt/c/Users/user/Desktop/ -r (code used to save
analysed genome results of isolates on computer desktop for easy

access)

The default database (VFDB) used to search for virulence genes was
embedded with H. pylori strain 26695 as the default strain with no
possibility to change the strain. Although, the default database was used
to search for virulence genes, this cannot be used to search for fs genes
because strain 26695 used to set-up the default database (VFDB)
encodes fragmented ICEs that lack the majority of tfs genes. Therefore,
the downloaded sequences of tfs genes (virB1-virB11 and virD2) from
well characterised genes identified from strains P12 (Fischer et al.,
2010), Shi470 (Kersulyte et al.) and Pecan18 (Kersulyte et al.) were used
to create custom searches for both tfs3 and tfs4 cluster of selected vir

genes in ABRicate software.

These databases were created by extracting the cluster of selected tfs4
vir genes from both strains (P12 and Shi470) and manually labelled by
inputting the gene header name in the format (>database
name~~~gene~~~accession number~~~gene description~~~any other
information). Then, the file created in “fasta” format was exported into
ABRicate and custom searches were created following publisher’'s
instructions using the following codes:

% cd /path/to/abricate/db  # this is the --datadir default option
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% mkdir tinyamr where tinyamr is an example of a new
directory name for the custom search
or database to be created.

% cp /path/to/tinyamr.fa sequences

% head -n 1 sequences

>tinyamr~~~GENE_ID~~~GENE_ACC~~RESISTANCES some

description here

% abricate —setupdb or

% makeblastdb -in sequences -title tinyamr -dbtype nucl -hash_index

(https://github.com/tseemann/abricate)(Seemann, 2018)

The custom searches were used to search for tfs genes in clinical
isolates by running the following code:

abricate --db P12_nucl 444A contigs.fasta > ../data-results/444A-
result.txt and abricate --db Shi470_nucl 444A_ contigs.fasta > ../data-
results/444A-result.txt. where P12_nucl is the name of the custom
search for tfs4 vir genes from reference strain P12, 444A_contigs.fasta
is the sequenced genome contigs of anonymous patients tagged 444A
(where A stand for antrum), data-results is the directory created to store
result data and 444A-result.txt is name and format used to save result

data.
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3.2.8 Analyses of Open Reading Frames and motifs upstream in
selected clinical isolates
All detected cagA genes from selected isolates were translated using

EXPASY translation tool found at https://web.expasy.org/translate/ and

translated proteins were aligned using Cluster Omega alignment tool

found at https://www.ebi.ac.uk/Tools/msa/clustalo/ to search for

conserved motifs especially EPIYA motifs with amino acid residues Glu-
Pro-lle-Tyr-Ala. These motifs are important for CagA phosphorylation by
Src kinases, once translocated inside the host cell (Robinson and
Atherton, 2021). To better find the correctness of ORFs in these isolates,
a manual search was performed, scanning upstream of transcriptional
start sites for the Pribnow-Schaller box, and a six-nucleotide sequence
motif (TATAAT) (Wasylyk, 1985) consisting of adenines and thymines
and homologous to the TATA box sequence found in the promoter region
of eukaryotes and archaea. The Pribnow-Schaller sequence is present
in almost all gene promoters of bacteria and is bound by RNA

polymerase enzyme during initiation of transcription.

Ferreira and Colleagues (Ferreira et al., 2016) reported conservation of
a DNA motif (AATAAGATA) in the cagA gene of strains from Colombia.
This motif was manually searched for in aligned cagA DNA sequences
of selected isolates, because it could provide more understanding of the

CagA serology results.
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3.2.9 Determination of percentage accuracy, sensitivity, and specificity
To determine the level of agreement between data from genomic
analyses, PCR typing and IL-8 screening, the percentage accuracy,

sensitivity, and specificity was calculated using the following formulae:

Definitions:

True positive = where either cagA or cagE is positive in both the genome sequence and
also by PCR typing.

True negative = where either cagA or cagE is negative in both the genome sequence and
also by PCR typing.

Percentage Accuracy =  (number of true positives + number of true negatives) x 100%
Total number of strains

Percentage Sensitivity = number of true positives x 100%
(number of true positives + false negatives)

Percentage Specificity = number of true negatives x 100%
(number of true negatives + false positives)
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3.3 Results

To first gain an understanding into how, and if the ABRicate software
could detect any virulence genes in clinical isolates, initial searches for
cagA and cagE genes were done as described in section 3.2.8. The
result was compared with AGS gastric epithelial cell IL-8 concentrations
from co-culture with isolates as a marker for a cagT4SS capable of
inducing CagA-independent cell signalling, cagA and cagE PCR typing,
and patient anti-CagA IgG serology data from previous work done in the
group. This approach was designed to understand how effectively
ABRicate software could detect virulence genes in clinical isolates and
whether there was consensus between these indicators of cagT4SS
status. Comparison of IL-8 data from previous work done in the group
with ABRIicate result is important because IL-8 induction has been
reported to increase in strains of H. pylori with a functional cagPAI type
IV secretion system (Robinson and Atherton, 2021, Robinson et al.,

2007, Crabtree et al., 1995, Yamaoka et al., 1999b).

3.3.1 Detection of cagA genes in Clinical Isolates

Of the genome sequences from 24 clinical isolates, the ABRIicate
software detected the presence of a cagA gene in 18. In comparison,
cagA was detected by PCR typing in 17 of these isolates (Table 3.3).
Seropositivity for CagA was reported in 6 patients and negative in 5

patients whose isolates were sequenced. Table 3.3 summarizes the data
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from comparative analyses of cagA gene in sequenced genomes of

clinical isolates, PCR typing and serology.
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Table 3.3: Comparative analyses of cagA in sequenced genomes of
clinical isolates, PCR typing and serology data.

Patient ID | cagA status | cagA PCR | CagA PCR agrees with genome | Size of cagA (bp)
in genomes | typing data serology (y/n) — for cagA status? in sequenced
genomes

45A +ve +ve N/A Yes 3,516
45C +ve +ve N/A Yes 3,515
77A +ve +ve -ve Yes 3,518
93C +ve +ve -ve Yes 3,518
120A -ve +ve -ve No N/A
120C -ve +ve -ve No N/A
194A +ve +ve +ve No 3,530
249C +ve +ve +ve Yes 3,515
265A +ve +ve N/A Yes 2,906
295C +ve -ve -ve No 3,518
308A +ve -ve +ve No 3,560
308C +ve +ve +ve Yes 3,560
322A +ve +ve +ve Yes 3,485
326C +ve +ve -ve Yes 3,518
439A -ve -ve N/A Yes N/A
439C -ve -ve N/A Yes N/A
444A +ve +ve N/A Yes 3,515
444C +ve +ve N/A Yes 3,515
495A -ve -ve -ve Yes N/A
495C -ve +ve -ve No N/A
537A +ve +ve +ve Yes 3,515
621A +ve +ve -ve Yes 3,553
732A +ve +ve -ve Yes 3,515
732C +ve +ve -ve Yes 3,515

Comparison of genome and PCR typing methods in the determination of

cagA in clinical isolates and level of agreement. ABRicate detected cagA

gene in 18 clinical isolates and in comparison, PCR typing detected cagA

in 19 isolates. CagA serology was positive in 6 isolates, PCR typing data

agrees with genome data in 18 isolates. cagA sizes were detected in 18

isolates. Abbreviations are interpreted as follows: N/A (not available), y

(yes), n (no), +ve (positive), -ve (negative).
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3.3.11 Correctness of open reading frames

Identifying Open Reading Frames (ORFs) is crucial to finding genes in
the genomes of many organisms. To do this, cagA sequences were
selected from clinical isolates where the patients’ anti-CagA serology
data were previously reported as being negative, however cagA
genotyping PCR data was positive. These isolates were selected
because the alignment of cagA genes in these isolates with reference to
cagA gene of 26695, may explain the discrepancies. To confirm the
presence of the cagA gene detected by ABRicate in clinical isolates, the
sequence of the cagA gene was analysed in selected isolates (621A,
295C, 77A, 732A and 732C), as described in section 3.2.8. Open reading
frame analysis of CagA amino acid sequences from isolates 77A, 295C,
621A, 732A and 732C from initiation start pointed coded with ATG
(methionine — M) is shown in Fig. 3.1. Sequence deletions and insertions
were observed in isolates 77A, 732A, 732C (upward arrow in Fig 1). An
EPIYA motif was detected in all isolates (77A, 295C, 621A, 732A and
732C) and highlighted in red (Fig 3.1) with pink and green colour showing
positions where the forward and reverse primers annealed. Furthermore,
aligned cagA DNA of isolates with reference 26695 showed the Pribnow-
Schaller TATAAT box to be completely deleted in isolate 295C (Fig 3.2),
and insertions with a guanine ‘G’ instead of adenine ‘A’ were present in
isolates 77A and 621A (Fig 3.2). Nucleotide insertion was also observed
in isolates 732A and 732C in the first three nucleotide sequences of
Pribnow-Schaller box. In these isolates, both PCR and genomics data

were positive, indicating presence of the cagA gene, but the CagA
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serology result was reported negative so the protein may not have been
expressed. Therefore, analyses of their sequences may provide
understanding to seronegative in these isolates and this will be address

in the discussion section.
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CagA_26695
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CagA_732C
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Figure 3.1: Multiple sequence alignment of predicted CagA amino acid
sequences from selected genomes of H. pylori clinical isolates and
reference strain 26695.

The aligned initiation start site (position 1 -P1) of isolates is shown.
Arrow up indicates where there is deletion (circled in yellow) in isolates
732A and 732C. Coloured highlighting indicates the EPIYA motif (in
red), annealing position of the forward primer (in pink) and annealing

position of the reverse primer (in green).
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Figure 3.2: The aligned cagA gene of selected isolates and, -10 and -35
positions upstream from transcription start site (ATG).

-10 position show the Pribnow-Schaller box (TATAGT underlined)

3.3.2 Detection of multiple copies of cagA in the genome of the

PMSS1 strain

To further test the efficacy of ABRicate software, the whole genome

sequence of H. pylori strain PMSS1 was retrieved and analysed, as it is

known to contain multiple copies of cagA. This was done according to

the method in section 3.2.6. The ABRicate software detected four copies

of cagA genes in PMSS1 strain using the default database (VDFB with

26695 as reference strain). When aligned, the four copies of the CagA

predicted amino acid sequences contained an EPIYA motif (Fig 3.3

shaded red), as expected.

172



960
955
955
955
955

CagA_26695 FNNNNNNGLKNEPIYA
CagA_1_PMSS1 GUFNINNUNEIAIN:AHRY:
CagA_2_PMSS1 GUFNININUNESAINAHRY:
CagA_3_PMSS1 GUFNINNINESAIN)HRY:
CagA_4_PMSS1 GRUNNININNEAINAHRY:

CagA_26695

CagA_1_PMSS1
CagA_2_ PMSS1
CagA_3_PMSS1
CagA_4_ PMSS1

1040
1035
1035
1035
1035

SVSPEPIYATIDDLGGPFPLKKHIAKVI
SVSPEPIYATIDDLGGPFPLKKHRKV
SVSPEPIYATIDDLGGPFPLKKHIAKVI
SVSPEPIYATIDDLGGPFPLKKHHKV

CagA_26695 LSAKLDNYATNSHHR 1120
CagA_1_PMsSS1 ASLSAKLDNYATNSHJR 1115
CagA_2_PMSS1 A R 1115
CagA_3_PMsSS1 ASLSAKLDNYATNSH 1115
CagA_4_PMsS1 ASLSAKLDNYATNSHJiR 1115
CagA_26695 QKNMKDYSDSFKFSTKLNNAVKDIKSGFTQFLj\I Sp4S!

=Y /- NN D 2 L SN IO KNMKD Y SDSFKF STKLNNAVKDVRSGF TQF LI
[oF-Y- 7.\ 30 U RN MIOKNMKDY SDSFKF STKLNNAVKDVRSGF TQF L/
[oF-T-7- N B U RN MIOKNMKDY SDSFKF STKLNNAVKDVRS GF TQF L2
(oY /- N D 3 L ERNMIOKNMKDY SDSFKF STKLNNAVKDVRSGF TQF LI

Figure 3.3: Multiple alignment of four copies of CagA amino acid
sequences detected using ABRicate software in Helicobacter pylori
strain PMSS1. The reference strain 26695 is also shown

The conserved EPIYA maotif is highlighted in red. Multiple alignment was
prepared using ClusterW Omega.

3.3.3 Detection of cagE genes in Clinical Isolates

Presence of a cagE gene, which is necessary for a functional cag T4SS,
was investigated in clinical isolate genomes. This was compared with |L-
8 concentrations in the supernatants of AGS cells, previous co-cultured
with these isolates (J. Cheung, unpublished), as a phenotypic indicator
of a functional T4SS. The software found a cagE gene to be present in
18 isolates and absent in 6 clinical isolates. When these findings were
compared with cagE PCR typing, data on 19 clinical isolates agreed with
genomic detection of cagE genes using ABRicate software. PCR data
from 5 clinical isolates did not agree (Table 3.4). IL-8 data for the
presence of a functional T4SS was consistent with presence of a cagE

gene in genome sequences of all 5 isolates tested.
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Table 3.4: IL-8 secretion by AGS cells in response to co-culture with H.
pylori clinical isolates, as a marker for a functional cag type IV secretion
system (T4SS)

Patient | cagE cagt PCR |IL-8 response | PCR agrees | Size of cagE
ID status in | genotype indicative of an | with genome for | (bp)
genomes active cag T4SS | cagE status? in sequenced
genomes

45A +ve +ve +ve Yes 2,951
45C +ve +ve N/A Yes 2,951
77A +ve -ve +ve No 2,951
93C +ve +ve N/A Yes 2,952
120A -ve -ve -ve Yes N/A
120C -ve -ve N/A Yes N/A
194A +ve +ve N/A Yes 2,951
249C +ve +ve N/A Yes 2,951
265A +ve +ve +ve Yes 2,951
295C +ve -ve N/A No 2,951
308A +ve -ve N/A No 2,951
308C +ve +ve N/A Yes 2,951
322C +ve +ve +ve Yes 2,951
326C +ve +ve N/A Yes 2,951
439A -ve +ve N/A No N/A
439C -ve -ve N/A Yes N/A
444A +ve -ve N/A Yes 2,951
444C +ve +ve N/A Yes 2,951
495A -ve +ve N/A No N/A
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495C +ve +ve N/A Yes 2,951
537A +ve +ve N/A Yes 2,951
621A +ve +ve N/A Yes 2,951
732A +ve +ve N/A Yes 2,951
732C +ve +ve N/A Yes 2,951

Comparative analyses of cagE gene between PCR and sequenced
genome data in selected clinical isolates. Abbreviations are interpreted
as follows: Concentration of IL-8 indicative of positivity is 5.1 pg/ml. N/A

(not available), +ve (positive), -ve (negative).

3.3.4 Analysis of cagE gene sequences in selected clinical isolates,
detected by ABRicate software.

As reported in Table 3.4 above, ABRicate software detected a cagE gene
in clinical isolates 45A, 77A, 265A and 322C. When the gene sequences
from these isolates were compared to cagE of the 26695 reference strain
(as described in section 3.2.8), only three of the four isolates aligned
(45A, 77A and 322C), with percentages of identity and similarity reported
as 26695 and 45A (identity 99.3%, similarity 99.8%), 26695 and 77A
(identity 99.1%, similarity 99.6%), and 26695 and 322C (identity 99.4%,
similarity 99.8%). It was interesting that ABRicate detected cagE in
isolate 77A, as the PCR result was negative. Therefore, further alignment
of the cagE sequence of strain 77A with the cagE primers was examined.
The result found no annealing position for either of the cagE primers

(forward and reverse) in the cagE sequences detected by ABRicate.
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3.3.6 Determination of percentage accuracy, sensitivity, and specificity

3.3.6.1 Percentage Accuracy, Sensitivity and Specificity of cagA
findings, using ABRicate software, PCR typing and serological data.
Calculations of the accuracy, sensitivity, and specificity (as described in
Section 3.2.7) from comparisons of genome sequence analysis using
ABRicate and PCR typing of cagA genes in clinical isolates were 75%,
83% and 50%, respectively. cagA gene detection using ABRicate was
also compared with available anti-CagA serology data from the patients,
and the accuracy, sensitivity and specificity were 42%, 100% and 64%,

respectively.

3.3.6.2 Percentage Accuracy, Sensitivity and Specificity of cagE
findings, with ABRicate software and PCR typing, and also IL-8 data
indicative of a functional cag T4SS.

Calculations of the accuracy, sensitivity, and specificity (as described in method
3.2.7) for comparisons of genome sequence analysis using ABRicate and PCR
typing of cagE genes in clinical isolates were 79%, 89% and 50%, respectively.
cagE gene detection using ABRicate was also compared with previous IL-8
data from coculturing the isolates with AGS cells in vitro, and the accuracy,

sensitivity and specificity were 21%, 100% and 0%, respectively.

34 Discussion

The use of bioinformatics tools (alignment tools) has aided research
analysis and it is an essential part of many workflows to compare and

interpret data in research studies. These tools have helped in several
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ways such as assembly of sequenced data, construction of contigs,
prediction of genes and putative proteins, prediction of domains and
conserved motifs (Roumpeka et al., 2017). All these predictions and
functions have been possible by developing computer algorithms and
bioinformatics software over the years. Several bioinformatics tools have
been developed to screen for virulence genes in genomes of
microorganisms. Amongst these are Virulence Finder (a tool that predicts
virulence factors in bacterial genomes) (Joensen et al., 2014), BLAST (a
tool that searches for regions of similarities between sequences,
compares with nucleotide or proteins sequences in databases and
calculates the statistical significance) (Donkor et al., 2014), MP3 (tool
that predicts adhesion/colonisation genes, secretion and resistance
genes) (Gupta et al., 2014), Virulence Searcher (a tool that searches raw
bacterial genomes for putative virulence factors) (Underwood et al.,
2005), VFDB (an integrated and comprehensive database of virulence
factors) (Chen et al., 2005), VirulencePred (a tool that predicts bacterial
virulence protein sequence) (Garg and Gupta, 2008). ABRicate software

available at https://github.com/tseemann/abricate is also a

bioinformatics software that screens contigs for virulence genes or
antimicrobial resistance genes with eight custom databases (Phuc et al.,
2021b). The software is a stand-alone tool that allows for creating custom
scripts of gene(s) that can be used as a custom search database.

In this chapter, the ABRicate software was used to screen for virulence
genes in 24 H. pylori clinical isolates and its output was compared with a

dataset of cagA and cagE PCR typing, patient CagA serology, and AGS
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cell co-culture supernatant IL-8 concentrations from previous work done
in the group. Conclusions previously drawn from the group’s work
reported that PCR typing is not adequate to predict disease outcomes in
patients infected with H. pylori. Rearrangements and deletions in cagPAl
genes could be present, some genes may not be expressed, resulting in
a non-functional T4SS. This conclusion supports another study with H.
pylori strains from South African origin where the study reported that, the
PCR typing method for cagA gene and other cagPAI genes was a poor

predictor of the cag T4SS phenotype (Argent et al., 2004).

ABRIicate software is not the only bioinformatics tool available for use to
search for virulence genes, but its ability to allow user to create custom
script of gene(s) made it a choice of use. ABRicate software has been
reported a good bioinformatics tool used to detect tfs ICE, comB and

cagPAl in strain H. pylori of Vietnamese origin (Phuc et al., 2021b).

3.4.1 Comparison of cagA PCR typing and genomic data (% accuracy,
sensitivity, and specificity)

PCR typing a detected cagA gene in 18 isolates (18/24; 75%) while
genome analysis with ABRicate detected cagA in 17 (17/24; 71%).
Comparison of these methods in respect to accuracy, defined as the level
of agreement between two methods (Van Stralen et al., 2009), showed
the sensitivity and specificity to be 83% and 50%. Sensitivity and
specificity may be used to determine accuracy of a diagnostic test in
clinical setting (Van Stralen et al., 2009). The accuracy of both methods

to detect a cagA gene in clinical isolates was calculated as 75%. As
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promising as the accuracy of both methods appear, to use either of these
in clinical diagnosis, several other factors need to be considered because
these factors can influence the result in both clinical and laboratory
settings. For example, in PCR techniques, use of insufficient amounts of
template DNA of appropriate molecular weight, denaturation of DNA,
inability of polymerase enzyme to bind and the presence of inhibitors in
the DNA sample may affect the accuracy of PCR (Demeke and Jenkins,
2010). Presence of inhibitors may cause modifications in PCR
amplification by chelating Mg?* (a cofactor for DNA polymerase) or by
binding directly with  DNA which may reduce the efficiency or
reproducibility of PCR (Demeke and Jenkins, 2010). The sensitivity of
PCR typing methods has improved through technical advances such as
real-time PCR, which has been reported to be more sensitive than
conventional PCR (Valones et al., 2009). Despite the inexhaustible
number of factors that may affect PCR typing methods, this work showed
that PCR genotyping had a high accuracy in detecting the cagA gene in

clinical isolates.

3.4.2 Comparison of cagA PCR typing and cagA detection in genomes
Five out of 7 of isolates selected for cagA alignment had the proper
alignment with H. pylori reference strain 26695. This was confirmed with
detection of the expected EPIYA motifs in the aligned protein sequences
and the aligned ORFs. This suggests that the software was able to detect
cagA genes in these isolates, that subsequently may express CagA

protein. Conversely, in two clinical isolates, 93C and 326C, the
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sequences were unable to yield a predicted CagA amino acid sequence
from a bioinformatic translation tool. The predicted protein sequences
from these isolates when aligned with the 26695 reference strain CagA
showed percentage gaps (93C/26695: gap 97.0%, 326C/26695: 95.1%)
detected from nucleotide deletions and insertions. This indicates that the
software can detect a gene, but the gene may not result in expression of
the protein. This would potentially explain why the patient did not make
an anti-CagA antibody response. Several other factors including host
genetic make-up, colonization density, and the gastric microflora (Baj et
al., 2021) have also been reported to affect the immune response to H.

pylori in infected patients.

To further evaluate the ability of ABRicate software, a well annotated H.
pylori strain PMSS1, known to have multiple copies of cagA gene in its
genome, was analysed with ABRicate using the default strain (26695).
ABRicate detected four copies of cagA gene in the strain and these were
predicted to result in full length CagA proteins. Also, the translated
proteins aligned with the CagA protein of reference strain 26695. This
detection by ABRicate further gives reliability on the use of the software
to detect other virulence genes such the tfs genes in clinical isolates.
Further analysis of these four copies revealed the conserved EPIYA motif
which contributes to variable size of CagA in different strains of H. pylori
because of tyrosine phosphorylation at this motif. Several studies have
reported the association of multiple tyrosine phosphorylation motifs

(EPIYA motifs) with disease outcomes (Argent et al., 2004, Yamaoka et
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al., 1998, Yamaoka et al., 1999a, Stein et al., 2002, Higashi et al., 2002,
Azuma et al., 2002). For example, Yamaoka and colleagues reported
that strains with more than three repeat regions had significantly higher
gastric mucosal atrophy and intestinal metaplasia scores than those with
fewer repeat regions (Yamaoka et al., 1999a). The detection of
conserved EPIYA motifs in PMSS1 strain further established more

reliability on the use of ABRicate software.

ABRIicate was able to detect a cagE gene in more than half of the clinical
isolates, which agreed with previous PCR typing data. This detection
gives more confidence and reliability in the use of ABRicate for further
analyses to search for fs genes. Furthermore, IL-8 concentrations from
co-cultures of AGS cells and clinical isolates indicative of a functional
T4SS agreed with detection of a cagE gene using ABRicate software in
all five clinical isolates. IL-8, a potent activator of T cells and neutrophils,
plays a crucial role in the pathogenesis of inflammatory diseases
(Sharma et al., 1998). A stronger gastric IL-8 response is elicited by
cagPAl positive strains of H. pylori compared to cagPAIl negative strains,
and mutation of the cagE gene rendered the T4SS non-functional,
causing a marked reduction in IL-8 in expression by epithelial cells in
vitro (Sharma et al., 1998). Although the sample size for the IL-8 data
was small (5 clinical isolates), the genomic data was consistent. This
further increases the effectiveness and reliability to use the software in

further analysis to include analysis tfs genes.
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3.4.3 Comparison of CagA serology and genomic data

ABRIicate software detected a cagA gene in 5 clinical isolates from
patients where the CagA serology data was reported as negative. This
conflicting result raised important questions about whether the CagA
protein might not be expressed when the gene was detected by the
software. Gene expression has been reported to pave way for isolation
of important genes and reveal the functional characteristics of such
genes (Frommer and Ninnemann, 1995). The major controller of gene
expression is the transcription initiation which is mostly dependent on
core promoter, binding site for RNA polymerase Il, enhancers and
silencers (Frommer and Ninnemann, 1995). It is possible that non-
expression of CagA protein in isolates may be due to DNA sequence
differences in these isolates. Sequences (approximately 300 bp)
upstream of the cagA gene were aligned with approximately 300 bp
upstream of cagA DNA sequence from the 26695 reference strain. The
result showed aligned DNA sequences (Fig 3.1) with conservation of the
Pribnow-Schaller box DNA sequence “TATAGT box” (Wasylyk, 1985) at
-10 and “AATAAGATA” at -35 positions upstream of transcription start
site. In Prokaryotes, initiation of transcription is usually controlled by
conserved sequence motifs at different sites on the promoter region and
these sequences are different from those found in eukaryotes (Menon et
al., 2021). The -10 Pribow-Schaller box sequence TATAAT followed by -
35 conserved DNA sequence TTGACA upstream of transcription start
site is crucial in gene expression in prokaryotes (Menon et al., 2021). Any

deletion or alteration in these sequences has been reported to affect or

182



alter the transcription process at initiation start site as both Pribnow-
Schaller box sequence and conserved -35 position sequence are
spatially related (Wasylyk, 1985). Fig 3 from Section 3.3.1.1 shows
nucleotide replacement TATAGT at -10 position in 3 isolates and -35
position with entirely different conserved DNA sequence AATAAGATA
instead of TTGACA. Both replacements at -10 and -35 position may
strongly suggest why serology data for CagA was reported for the 5
clinical isolates. Therefore, ABRicate software provided some clearer
understanding of DNA sequences from these isolates, which could not
be explained by PCR genotyping or serological data. Another
explanation for why serology may have been reported negative in
patients infected with these isolates may be due to inactivation in one of
the cagPAIl genes. Inactivation in a single gene of cagPAl was reported

to alter CagA translocation and phosphorylation (Seydel et al., 2002).

3.5 General applicability of ABRicate - Pros and Cons

PCR typing is an enzyme-driven technique for amplifying small DNA
segments. The method is based on knowing at least some target DNA
sequences ahead of time and using them to construct oligonucleotide
primers that hybridise selectively to those sequences. In PCR, a
thermostable DNA polymerase enzyme copies the target DNA in the
presence of nucleotides and primers. The target DNA is amplified
exponentially using numerous heating and cooling cycles in a
thermocycler to produce rounds of target DNA denaturation, primer

hybridization, and primer extension (Yang and Rothman, 2004). Over the
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years, PCR typing has been extensively upgraded to improve its
performance and reliability. With the comparison of PCR typing and
genomic methods, PCR tying data as compared with genomic data with
the use of ABRIicate software in this work has further given more
confidence that, PCR typing continues to be an alternative in diagnostic
setting due to it extreme sensitivity, incredibly low-cost, and adaptability
to high-volume demands. The procedure is quick, easy, and does not
require any manual labour. The approach is usually highly reproducible
in any fully equipped laboratory, as long as careful attention is paid to

avoid contamination (Bricker, 2002).

As reported by Phuc and Colleagues (2021), the ABRicate software was
effective to search for virulence genes although setting it up was a little
challenging due to no prior knowledge of bioinformatics skills and coding.
These challenges were overcome through support and help from
bioinformaticians from the group, and researchers at the University of
Liverpool who helped with installation of the software. The software
reliability was shown in its percentage accuracy, sensitivity, and
specificity of both cagA and cagE genes in clinical isolates as compared
to available PCR typing data of cagA and cagE. For cagA gene, its
accuracy was 75%, sensitivity was 83% and specificity 50% while for
cagE, accuracy, sensitivity, and specificity were calculated to be 79%,
89% and 50% respectively. One of its major setbacks is that the software
cannot detect any tfs genes at this stage because of its default reference

strain (26695). The reference strain 26695 used to set-up the virulence
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factor database (VFDB) of the software encodes fragmented ICEs that
lack the maijority of tfs genes. Therefore, this is a limitation to the
software, but custom searches set up with reference strains of H. pylori
with tfs genes could be used as alternative ways to detect fs genes in
clinical isolates. The latter required more skills in the use of
bioinformatics, but was explored for reporting presence of tfs genes in

the next chapter.

3.6  Conclusion

The results in this chapter provide confidence in the reliability of using
PCR typing and ABRicate genomics analyses in the determination of
virulence factors present in H. pylori. Analysis of the genomic data
explained the cases where there was no match between PCR typing and

phenotypic data on clinical isolates.
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CHAPTER

FOUR

Bioinformatics Analyses of Tfs ICEs
type IV secretion (T4SS) genes in

clinical isolates



4.0 Introduction

4.0.1 Analysis of tfs vir genes using bioinformatics to predict virulence
effect.

Despite poor understanding about the functional role played by tfs ICEs
in disease outcomes, some virulence genes encoded by tfs3 and tfs4
remain relevant in defining disease outcomes (Alandiyjany et al., 2017).
To investigate whether any components of {fs ICEs are associated with
severe disease in infected patients, it is necessary to establish which
genes are present and functional in patient’s isolates. To do this, the
bioinformatics tool ABRigate (described in chapter three) was used to
search for virulence genes in tfs ICEs and investigate their association
with disease in patients. A second online bioinformatics algorithm

(ICEfinder) was used to compare and validate ABRicate’s results.

ICEfinder is a web-based tool developed by Liu and colleagues in 2012
with the latest update in the year 2018 (Liu et al., 2019b). It is a
standalone tool designed to facilitate the detection of integrative and
conjugative elements (ICEs) and integrative and mobilizable elements
(IMEs) in sequenced bacterial genomes. The tool was selected because
it is freely available online, easy to use and requires no prior
bioinformatics skills before use. ICEfinder is incorporated in the ICEberg
database that contains the known details of 1,032 ICEs (Liu et al.,
2019b). The tool analysis data for signature sequences of recombination
and conjugation genes using the profile of Hidden Markov Model (HMM).

It then searches for the oriT region using the approach proposed by

187



oriTfinder as reported by (Li et al., 2018). Then it co-localizes, filters and
groups the corresponding genes. Finally, those elements carrying an
integrase gene, a relaxase gene, and T4SS gene clusters are considered
as putative integrative and conjugative elements (ICEs), while those
without T4SS but with integrase and relaxase are referred to as putative
integrative mobilisable elements (IMEs) — mobilizable elements that do
not carry their own conjugative machinery but instead depend on
conjugative machinery of the ICEs. ICEfinder employs a computer
program called ARAGORN based on sequence homologue search as
described by (Li et al., 2018) with the default parameters to identify the
3’ termini of the tRNA /tmRNA genes as the putative ICE insertion sites
and Vmatch - a versatile software tool for efficiently solving large scale
sequence matching tasks (Kurtz, 2003) with the default options to detect

the directed repeats (DR) as the {RNA-distal boundaries.

The genome of H. pylori has been reported to encode four types of
T4SSs (Phuc et al., 2021a) — the cagPAIl , comB , tfs3 and tfs4 T4SSs.
The latter two, which were more recently discovered in strains of H. pylori
that harbour either both or one, have been implicated in disease
outcomes. For example, the homologue virB4 gene (dupA) (Fig. 4.1)
encoded on tfs4 has been implicated in increased risk of duodenal ulcer
disease in some populations. This suggests that the {fs4 T4SS assembly
may play an important role in H. pylori disease severity. Despite this link
with disease outcomes, the functional activity of the tfs4 T4SS assembly

remains unclear. Strains reported to have the dupA virB4 homologue in
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tfs4 (dupA positive strains) have been demonstrated to upregulate IL-8
expression by gastric epithelial cells (Alandiyjany et al., 2017, Weiss et

al., 2019).

Conjugative pilus

OMCC

IMC

Figure 4.1: Schematic representation of T4SS VirB/D proteins
assembly in the membrane.

Abbreviations used: OM — outer membrane, IM — inner
membrane, IMC — inner membrane complex and OMCC - outer

membrane core complex. Reproduced from (Costa et al., 2021)

The dupA gene was first reported by Lu and colleagues (Lu et al., 2005)
as a continuous gene covering genes jhp0917 - jhp0918 from H. pylori
strain J99 (Abadi and Perez-Perez, 2016). Following the primary study
by Lu and colleagues, multiple studies (Nguyen et al., 2010, Shiota et al.,
2010, Imagawa et al., 2010, Youssefi et al., 2020) have linked dupA
positive status to H. pylori related disease (duodenal ulcer and gastric
cancer) in some populations. Advances in genomic analyses have
revealed the presence of an extra 600 bp in the dupA open reading frame

of H. pylori G27 strain as compared the J99 strain (Abadi and Perez-
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Perez, 2016). This observation revealed that the sequence length of
dupA differs in H. pylori strains. Consequently, the genotypes of dupA
are classified into two main types, namely — the long-type (with the
additional 600 bp ) and the short-type (Abadi and Perez-Perez, 2016).
Several mutations resulting in different dupA gene length have also been
reported, which can result in the insertion of premature stop codons,
having considerable effects on the type of protein produced (Abadi and
Perez-Perez, 2016). DupA of the long-type without any frameshift
mutations has been reported to be associated with development of
gastric cancer in infected patients compared with the short-type (Abadi

and Perez-Perez, 2016).

4.1 Rationale

As described previously (section 3.2.8), genomic analysis using the
ABRIicate tool was used in comparison with PCR typing data of cagA,
cagE and other data on the cagPAIl available from previous work done in
the group to characterise a collection of H. pylori clinical isolates.
Similarly, further data from PCR typing of dupA was available for
comparisons with bioinformatic analysis of genome sequences.
Therefore, the ABRicate software was used to search for dupA in the
genome sequences of clinical isolates and its outputs compared with
available PCR typing data. The software would then be used to search
for additional ffs4 and tfs3 genes in clinical isolates and the data will be
compared with results from the second algorithm (ICEfinder). The work

in this chapter aimed to use genomic analysis of Nottingham clinical
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isolates to study the correlation of #fs3 and tfs4 clusters of genes with
disease outcomes in patients presenting with H. pylori infection. This was
the ultimate goal in this chapter, but the small sample size of clinical
isolates made it impossible to establish correlations between disease
outcome and virulence factors of tfs ICEs. Therefore, this chapter aimed

to predict virulence factors in both tfs3 and tfs4.

4.2 Materials and Methods

Some materials and methods have already been fully described in the
previous chapter (section 3.2). In summary, ABRicate software was
configured according to manufacturer’s procedure (Seemann, 2018), as
described in section 3.2.8 and custom searches were embedded into the
software with vir genes of both tfs3 and tfs4 from reference strains
PeCan18 for {fs3 genes (database named as PeCan18_nucl) and, P12
and Shi470 for tfs4 genes (databases named as P12_nucl and

Shi470_nucl) respectively.

4.2.1 Analysis of dupA in clinical isolates

The custom searches created were used to search for dupA gene in
clinical isolates by running the following code: ¢ abricate --db
Shi470 nucl *.fasta > ../data-results/results.tab -
code representing example of a run with Shi470 nucl
database. Multiple sequence alignment was done with Clustal Omega

found at https://www.ebi.ac.uk/Tools/msa/clustalo/ after translated using

translate tool found at https://web.expasy.org/translate/.
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4.2.2 Analysis of tfs4 homologous genes in isolates.

Both custom searches of Shi470 and P12 called “Shi470 nucl” and
“P12_nucl” created by the candidate with {fs4 genes were used to search
for homologues in all clinical isolates using the below code (with clinical
isolates 45A as example).

abricate --db Shi470 nucl 45C contigs.fasta >
../results-Shi470/45C-result.txt

abricate --db P12 nucl 45A contigs.fasta > ../results-

P12/45A-result.txt.

4.2.3 PCR detection of dupA

For the analysis of dupA gene in isolates, the following primers were
used for PCR amplification.

dupA_RI_F 5-TACTAACAGACTTTGAGCCTA-3'

dupA_RI_R 5-GATTGGATATTCCCATCGC-3'

The 20 pl PCR reactions contained 10 yl DreamTaq (ThermoScientific
DreamTaq Green PCR Master Mix (2X), 4.0 yl each of the forward
and reverse primer (0.12 uyM in reaction), 1 yl nuclease-free water, and
1 pl genomic DNA template.

As stated in table 4.1 below, after an initial denaturation step at 95°C for
three minutes, each reaction consisted of 30 cycles of 95°C for 30
seconds, 55°C for 30 seconds, and 72°C for 45 seconds. Following a
final extension step at 72°C for 10 minutes, each PCR mixture was

subjected to gel electrophoresis on 1% agarose gels and a 100 bp DNA
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ladder (Roche Diagnostics, Johannesburg, South Africa) was used as a

size marker.

Table 4.1: cycling conditions for PCR with dupA_RI primers

Step Number ofTime Temperature
cycles

Initialisation  1x 3 min 95 °C

Denaturation 30x 30 95 °C
sec

Annealing 30 55 °C
sec

Extension 45 72 °C
sec

Final 1% 10 72 °C

Extension min

The PCR amplification from genomic DNA of H. pylori clinical isolates
was done by Joanne Rhead, as previously described by (Hussein et al.,

2010).

4.2.4 PCR typing for some selected tfs4 genes

Dr Rob Delahay and Nicola Croxall also undertook PCR typing for
selected tfs4 vir genes from clinical isolates but unfortunately, the primers
and conditions used were not available. Despite this, the PCR typing data
available from Dr Delahay will be compared with genomic data to further

investigate the level of agreement and reliability between both methods.
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4.2.5 Analysis of tfs4 homologous genes in isolates using ICEfinder.

A second algorithm tool, ICEfinder, was used to search for tfs4
homologue genes in isolates. Assembled contigs of clinical isolates (as
described in method 3.2.7) were uploaded on to the online tool and
default subject datasets (T4SS-type ICEs / AICEs / IMEs — integrase,
type IV coupling protein, replication initiator protein, oriT, relaxase,
translocation protein and VirB4/TraU or full T4SS, and accessory
modules - virulence factors and acquired antibiotic resistance
determinants) were searched for with a single run. Virulence factors
comparison was performed with a BLASTp search using the integrated
ICEberg database with the following parameters — blast hits per gene to
be mapped <100, sequence coverage of BLAST hits >60, percentage
identity BLAST hits >30, distance between genes in locus <10 and weight
of synteny conservation in hit sorting = 0.5. Gene cluster alignment with
reference strain (P12) was performed with Multigene blast embedded in
the online tool. Alignment was only performed with strain P12 for tfs4
because the integrated ICEberg database is limited in that not every H.
pylori sequence strain till-date is present in the database (alignment with

Shi470 was not possible). ICEfinder is available at https:/biocinfo-

mml.sjtu.edu.cn/ICEfinder/ICEfinder.html
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4.3 Results

4.3.1 Detection of dupA in clinical isolates

Genomic analysis detected the presence of the dupA gene in seven
isolates and it was not found in a further 18 isolates (Table 4.2). The long
type dupA, corresponding to the size (2,500 bp) of dupA in reference
strain (Shi470) was detected in the genome sequences of seven isolates.
PCR typing and genomic data was in agreement for 18 dupA negative
isolates and for six of the dupA positive isolates. However, for isolate
265A, a long-type dupA gene was present in the genome but a negative

result was obtained with PCR typing.
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Table 4.2: Comparison of dupA status in genome sequences and PCR
genotyping data of H. pylori clinical isolates.

Patient | dupA dupA PCR dupA type | Size of dupA
ID status in | PCR agrees with | in (bp)
genomes | status genome - |genomes |inPCR
for  dupA
status?
45A Negative | Negative | Yes
45C Negative | Negative | Yes
77A Negative | Negative | Yes
93C Negative | Negative | Yes
120A Negative | Negative | Yes
120C Negative | Negative | Yes
194A Positive | Positive | Yes long 2,498
194C Positive | Positive | Yes long 2,498
249C Negative | Negative | Yes
265A Positive | Negative | No long 2,480
295C Negative | Negative | Yes
308A Negative | Negative | Yes
308C Negative | Negative | Yes
322C Negative | Negative | Yes
326C Negative | Negative | Yes
439A Positive | Positive | Yes long 2,517
439C Positive | Positive | Yes long 2,499
444A Positive | Positive | Yes long 2,516
444C Positive | Positive | Yes long 2,516
495A Negative | Negative | Yes
495C Negative | Negative | Yes
537A Negative | Negative | Yes
621A Negative | Negative | Yes
732A Negative | Negative | Yes
732C Negative | Negative | Yes

dupA genomic data agreed with PCR typing in 6 isolates (shaded orange)
- 194A, 194C, 439A, 439C, 444A, 444C. Isolate 265A was positive in the

genome but negative by PCR typing. 17 isolates were negative for a

dupA gene using both genomic and PCR typing methods. A dupA long-

type was detected in 6 isolates while dupA sort-type was not detected in

any of the clinical isolates. Abbreviations used: bp- base pair, C- corpus

region, A-antrum region of the stomach.
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4.3.2 Identification of tfs4 genes in clinical isolates using Shi470 as
reference strain

To search for the presence of {fs4 genes in clinical isolates, the tfs4 vir
genes from reference strains Shi470 and P12 as listed in the top row of
Table 4.3 were retrieved and used in custom searches as described in
method 4.2.2. Shi470 strain was selected because of the presence of full
cluster of tfs vir genes in its genome, and P12 as a second reference
strain for custom searches because it has intact tfs4 genes except for
virB4 due to frameshift. T4SSs are commonly composed of a set of
conserved 12 genes which are needed in Gram-negative bacteria to build
a fully functional secretion system (Costa et al., 2021). These conserved
genes are designated VirB1 — VirB11 and VirD4 according to the
prototype in Agrobacterium tumefaciens VirB/VirD4 T4SS (Costa et al.,
2021). Of all the 12 T4SS genes, the bolded genes in Table 4.3 virB2 -
virB11 and virD4 are essential for substrate translocation in both
assembly and function of the T4SS system. From the 26 clinical isolates
analysed, there was no detection of tfs4 vir genes in 6 of the isolates —
45A, 45C, 77A, 295A, 295C and 326C. Isolates 194A, 194C (from same
patient) and 439A and 439C had a full cluster of tfs4 vir genes with
exception of the methylase (Table 4.3). Isolates 444A and 444C (also
from the same patient) only lacked the xer, virB6 and methylase genes
(Table 4.3). virB4, virB11 and virD4 the three important family of
ATPases in the T4SS assembly were present in seven isolates (194A,
194C, 265A, 439A, 439C, 444A and 444C). virB9 and virB10 which form

part of the outer membrane assembly were present in twelve isolates
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(Table 4.3). virD2, another core relaxase in the assembly, was detected
in seventeen isolates. The topA gene was detected in seven isolates

(194A, 194C, 439A, 439C, 444A and 444C).
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Table 4.3: Identification of tfs4 homologues (using Shi470 reference sequence) in clinical isolates.

T4SS
genes
llsolates

xer

virB2

virB3

virB4

virB6

virB7

virB8

virB9

virB10

VirB11

virD2

virD4

pz5

topA

methylase

45A

45C

77A

93A

93C

120A

120C

194A

194C

<

249C

<|=<|=<|=<|=<

265A

<|=<|=<|=<|=<|=<|=<]|=<

<|=<|=<|=<

295A

295C

308A

<

<

308C

<

<

<

<

<

322A

<

<

326C

439A

439C

444A

444C

<|=<|=<|=<

<|=<|=<|=<

<|=<|=<|=<

<|=<|=<|=<

<|=<|=<|=<

~<|=<|=<]|=<

<|=<|=<|=<

<|=<|=<|=<

<|=<|=<|=<

<|=<|=<|=<

495A

495C

<|=<|=<|=<|=<]|=<

<|=<|=<|=<|=<|=<
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537A Y Y Y
621A Y Y
732A Y Y

Full cluster of tfs4 T4SS genes, virB2 — virB11 and virD4 were detected in 4 isolates — 194A, 194C, 439A and 439C. Partial cluster
of tfs vir genes, virB2, virB3, virB4, virB7-virB11 and virD4 were detected in 2 isolates — 444A and 444C. Isolate 265A has all other
vir genes but not virB6 and virB8. >60% sequence coverage of vir genes of reference strain Shi470 was used as cut-off to report vir
genes in isolates. Abbreviations used: C-corpus , A-antrum, Y-yes, T4SS-type IV secretion system (strains highlighted in red show

where more than 10 tfs genes were discovered).
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4.3.3 Pairwise Alignment of vir genes detected in isolates with
homologues genes in Shi470

Nucleotide sequences of detected tfs4 vir genes (virB2 — virB11, virD2
and virD4) were retrieved and paired with nucleotide sequences of vir
genes of reference strain Shi470 as described in section 4.2.1. The
results showed that sequences of virB2 — virB11 and virD4 in isolate
194A and 194C had over 90% identity with homologous gene sequences
from reference strain (Table 4.4). Over 90% sequence identity was also
observed in the ATPase genes (virB4, virB11 and virD4) of isolate 194C
and 439C when compared with those of the reference strain (Table 4.4).
These isolates had the full cluster of tfs vir genes (virB2 — virB11 and
virD4). Ten isolates had variable sequence similarities between 43.5%

to 98.4%, with detection of partial clusters of vir genes.
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Table 4.4: Percent identity from pairwise sequence comparison of T4SS nucleotide sequences — Shi470 tfs4
vir genes against the sequences of vir genes from clinical isolates

T4SS
genes/
isolates

xerD

virB2

virB3

virB4

virB6

virB7

virB8

virB9

virB10

virB11

virD2

virD4

pz5

topA

methylase

45A

45C

77A

77C

93A

96

67.7

96

46.3

93C

96

67.7

96.1

46.3

120A

41.5

94.6

120C

64.8

94.6

194A

97.3

98.3

98.5

98.3

46.9

99.2

98.8

96.8

97.8

98.7

59.5

97.9

194C

49.3

98.3

96.2

98.3

98.3°

99.2

98.8

96.8

97.8

98.8

59.5

97.9

249C

98.1

47.3

45.7

45.9

265A

48.1

45.9

44.7

61.4

47

47.2

295C

308A

94.7

69.7

97.2

94.7

98.4

308C

94.7

69.4

97.2

94.7

98.4

322A

95.7

68.9

326C

439A

98.6

44.6

99.2

48.4

47.3

45.6

46.3

45.2

44.5

49.6

46.2

45.6

439C

49.7

44.6

99.2

98.4

47.3

48.1

45.6

45.2

41.5

96.8

95.8

97.9

444A

43.5

45.8

48.6

46.2

444C

495A

495C

537A

621A

732A

Abbreviations used: C-corpus, A-antrum, T4SS-type IV secretion system
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4.3.4 Identification of tfs4 genes in clinical isolates using P12 as the
reference strain

Table 4.5 shows the tfs4 vir genes detected in clinical isolates using
ABRIicate as described in section 3.2.2. A full cluster of {fs4 vir genes
(virB2-virB11) was detected in 2 isolates (308A and 308C), however this
patient had no gastro-duodenal disease. virB6 — virB10, known to
possibly form the translocation channel in the T4SS complex (Wallden et
al., 2010) were present in 6 isolates - 93A, 93C, 308A, 308C, 322A and
322C (Table 4.5). Of these patients, only 322 had gastro-duodenal
disease (gastric ulceration). virB11 and virD4 ATPases and virD2
relaxase were found in 9 isolates — 194A, 194C, 265A, 308A, 308C,
439A, 439C, 444A and 444C. Of these patients, 194 had a duodenal

ulcer, and 444 had a gastric ulcer.
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Table 4.5: Identification of tfs4 homologues in clinical isolates, using
strain P12 as the reference sequence.

T4SS Patient

genes disease | xerD virB2 | virB3 virB6 | virB7 | virB8 | virB9 virB10 VirB11 | virD2 | virD4 | pz5
/Isolates

45A None

45C

77A DU

93A None Y Y Y Y Y Y Y Y Y Y Y
93C Y Y Y Y Y Y Y Y Y Y Y
120A None Y Y
120C Y Y
194A DU Y Y Y Y Y Y Y Y Y
194C Y Y Y Y Y Y Y Y Y
249C DU Y Y Y
265A None Y Y Y Y Y Y Y Y Y Y
295A None

295C

308A None Y Y Y Y Y Y Y Y Y Y Y
308C Y Y Y Y Y Y Y Y Y Y Y Y
322A GU Y Y Y Y Y Y Y Y Y
322C Y Y Y Y Y Y Y Y Y
326C None

439A None Y Y Y Y Y Y
439C Y Y Y Y Y Y
444A GU Y Y Y Y Y Y Y Y
444C Y Y Y Y Y Y Y Y
495A None Y Y Y Y
495C Y Y Y Y
537A None Y Y Y
565C None

621A None

732A None Y Y
732C Y Y

A full cluster of tfs4 T4SS genes (virB2 — virB11 and virD4) was detected in 2 isolates —
308A and 308C. A full cluster without virD4 was detected in 2 isolates 93A and 93C.
Partial clusters of tfs4 vir genes were found in other isolates. >60% sequence coverage of
vir genes of reference strain P12 was used as cut-off to report vir genes in isolates.
Gastro-duodenal disease status in the patients is indicated. Abbreviations used: C-corpus ,
A-antrum, Y-yes, T4SS — type 4 secretion system, DU — duodenal ulcer, GU — gastric

ulcer
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4.3.5 Identification and comparison of tfs4 genes using P12 as
reference strain with ICEfinder tool

As a second method, ICEfinder was used to search for tfs4 cluster of
genes in selected isolates with P12 as reference strain. All isolates where
full or partial tfs4 cluster of genes were detected using ABRicate software
were included (isolates 93A, 93C,194A, 194C, 265A, 308A, 308C, 322A,
322C, 444A, 444C, 495A and 495C). These isolates were selected to
compare both their ABRicate and ICEfinder results. ICEfinder detected
no tfs4 genes in seven isolates (93A, 93C, 194C, 265A, 322A, 322C and
495C) but found tfs4 vir genes in seven isolates with majority of genes in
agreement with ABRicate result (Table 4.6 coloured-coded with green
and “B” to indicate where there is agreement between ABRicate and
ICEfinder). Colour-coded with yellow and “A” shows where only

ABRicate detected tfs4 vir genes in isolates.
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Table 4.6: ldentification and comparison of tfs4 homologues using
ABRicate and ICEfinder methods

T4SS Patient .

genes / | disease | xer virB2 virB3 l(/flsr)B" virB6 virB7 virB8 virB9 virB10 | VirB11 | virD2 virD4 pz5
Isolates

45A None

45C

77A DU

77C

93A None Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
93C Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
120A None Y (A) Y (A)
120C Y (A) Y (A)
14a | ou  [EIINENINIEN [v®) [vE) [v@®) [Y(B) [v(@®) [Y(B) |
194C Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
249C DU Y (A) Y (A) Y (A)
265A None Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
295A None

295C

308A | None ]

308C ]

322A GU Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
322C Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
326C None

439A None Y (A) Y (A) Y (A) Y (A) Y (A) Y (A)
439C

444A GU

444C

495A None

495C Y (A) Y (A) Y (A) Y (A)
537A None Y (A) Y (A) Y (A)
565C None

621A None

732A None Y (A) Y (A)
732C Y (A) Y (A)

Colour code: green boxes with ‘B’ = Both ABRicate and ICEfinder agrees
and yellow boxes with ‘A’ represent where only ABRicate detect virgenes
in isolates. Abbreviations: Y- yes, (A)-ABRicate, (B) — both, A — antrum,

C- corpus, DU — duodenal ulcer, GU — gastric ulcer
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4.3.6 Comparison of PCR and genome data in selected isolates - tfs4
genes.

Dr Rob Delahay also carried out PCR typing of selected tfs4 vir genes in
clinical isolates (Table 4.7) using Shi470 and P12 as references strains.
Unfortunately, his PCR typing conditions and primers are not available,
however the data generated was available. Therefore, a comparison of
his PCR typing data for tfs4 vir genes ( xer, virB8, virB4, virB9, virD2,
pz35 and pz5) with genomic data was carried out. The comparison was
done in 13 isolates (Tables 4.7A and B). Isolates 194A, 444A and 444C
had the tfs4 vir genes virD2, virB9, virB8, virB4 and pz5 (Table 4.7A).
Interestingly, both of these patients had peptic ulcer disease. For isolate
308A and 308C (which originated from the same patient), both methods
detected the xer gene, pz5 and virB8 using P12 as reference strain

(Table 4.7B).
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Table 4.7A and 4.7B: Comparison of PCR typing data of tfs4 genes with genomic data
on tfs4 genes from reference strains Shi470 (A) and P12 (B), including patient gastro-
duodenal disease status.

A
Patient | Patient 4480 | 4490 4530 4595 4600 4615 4640
ID disease | (xer) | (pz35) | (virD2) (virB9) | (virB8) | (virB4) | (pz5)
93C None Y/N N/N YIY YIY N/N N/N N/N
120C None N/Y N/N N/Y N/N N/N N/N N/N
194A DU N/Y Y/N YIY YIY YIY YIY YIY
249C DU YIY Y/N YIY ?/IN ?/N N/N N/N
265A None ?/IN N/N YIY YIY ?0? YIY YIY
295C None N/N N/N YIY ?/N N/N N/N N/N
308A None N/N N/N YIY YIY N/IN N/N N/N
308C N/N N/N Y/N YIY N/N N/N N/N
326C None N/N N/N N/N N/N N/N N/N N/N
444A GU N/N N/N YIY YIY YIY YIY YIY
444C N/N N/N YIY YIY YIY YIY YIY
495A None N/N N/N YIY N/Y N/N N/N N/N
495C N/N N/N YIY N/Y N/N N/N N/N
B

Patient | Patient 437 441 464 473

ID disease | (xer) | (pz35) | (virB8) | (pz5)

93C None YIY Y/N YIY YIY

120C None N/N Y/N N/N N/N

194A DU YIY N/N N/N YIY

249C DU ?/N ?/N ?/N N/Y

265A None N/N N/N YIY YIY

295C None Y/N N/N Y/N N/N

308A None YIY Y/N YIY YIY

308C YIY Y/N YIY YIY

326C None N/N N/N N/N YIY

444A GU YIY Y/N N/N N/Y

444C YIY Y/N N/N N/Y

495A None N/Y N/N N/N YIY

495C N/Y N/N N/N YIY

tfs4 genes representation - Ref Strain Shi470; 4480 (xer), 4490 (pz35), 4530(virD2),
4595 (virB9), 4600 (virB8), 4615 (virB4), 4640 (pz5) and Ref strain P12; 437 ( xer), 441
(pz35), 464 ( virB8), 473 (pzb). Percentage nucleotide coverage used >60%. PCR typing
was done by Dr Rob Delahay. Agreement in both PCR typing and genome data was
represented as Y/Y and N/N to denote Y and N for PCR and genome data respectively.
“?” indicates an inconclusive result. Where ABRicate results agreed with PCR typing
data, results were coloured-coded in orange. This comparison was done on selected
isolates with PCR data available. DU — duodenal ulcer, GU — gastric ulcer
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4.4  Discussion

Following the evaluation of ABRicate software in chapter 3, this chapter
describes its application in characterising the fs3 and tfs4 gene
complement of H. pylori strains. This was done in three parts. First a
specific analysis of dupA, a well-characterised virulence factor was
undertaken, comparing PCR genotype with ABRicate data. Then the
presence of other tfs4 genes was assessed. The original aim was to
correlate H. pylori virulence genes of {fs3 and tfs4 in clinical isolates with

patient disease outcomes, however the number of samples was too low.

4.4.1 dupA status in genomes of isolates agreed with PCR typing data
ABRIicate was used to search for dupA, a homologue of the virB4 gene
that has been implicated as a virulence biomarker in those infected with
a dupA-positive strain (de Lima Silva et al., 2021). ABRicate detected
dupA in seven isolates, six of which agreed with previous PCR typing
data for dupA-positive isolates. Another important finding was that dupA
was not detected in 18 isolates, which also agreed with dupA-negative
isolates in the PCR typing data. The level of agreement in data generated
by both methods provided confidence in their reliability. This supported
the report by Wang and colleagues (Wang et al., 2015) showing that the
PCR method provides high level of sensitivity and specificity, with great
accuracy in clinical diagnosis over conventional tests. The result with
isolate 265A where dupA was found in the genome but PCR typing was
negative requires further investigation. This may be due to acquired

mutations and rearrangements in the genome of isolate 265A. The dupA

209



forward primer position was not found when searched for in the sequence
detected by ABRicate. Primer mismatch is one of the major challenges

in PCR typing method.

4.4.2 Detection of tfs ICE genes and association with disease status in
clinical isolates.

The gene clusters of {fs3 and t{fs4 have been implicated in disease
outcomes in individuals infected with H. pylori (Phuc et al., 2021a).
Disease outcomes are highly influenced by multiple factors, including
environmental, host genetics and bacterial virulence factors (Robinson
et al., 2007). One of the bacterial factors that contributes to disease
progression is the virB4 homologue (dupA), known as an important
marker for duodenal ulcer development. A study by Jung and colleagues
(Jung et al., 2012) concluded that the presence of a complete dupA
cluster (that is, presence of dupA with neighbouring vir genes - B2, B4,
B8 and B10) is associated with development of duodenal ulcer as
compared to dupA alone. A dupA cluster was detected in the tfs4 ICE of

clinical isolates in this study.

4.4.21 Detection of {fs4 vir genes and association with disease
status in clinical isolates

The primary aim was to use genomic analysis of Nottingham clinical
isolates to study the correlation of fs3 and tfs4 clusters of genes with
disease outcomes in patients presenting with H. pylori infection.

Notwithstanding the absence of functional data tfs4 T4SS genes, many
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genes have been implicated in disease outcomes (Fischer et al., 2020).
Furthermore, the presence of further tfs4 genes with dupA which form a
dupA cluster, is a better prediction for disease progression in patients.
The result using both genomics and PCR typing showed both datasets
agreed in six dupA-positive isolates. It was then important to investigate
if neighbouring tfs4 vir genes were reported using genomic analysis on
these isolates. The neighbouring tfs4 vir genes (virB2, virB4, virB8 and
virB10) were detected in 4 isolates (194A, 194C, 444A and 444C) from
two patients, where A and C denote antrum and corpus sections of the
stomach that biopsies were collected from. The most interesting finding
was that a dupA cluster (dupA with tfs4 vir genes) was reported in these
two patients who presented with duodenal ulcer (patient 194) and gastric
ulcer (patient 444). Patient 265, who had no gastro-duodenal disease,
was also infected with a dupA positive strain, but the neighbouring virB8

gene was absent (Tables 4.5 and 4.6).

The majority of the sequences of the tfs4 vir genes detected by ABRicate
were not translatable to amino acids in silico, due to apparent deletions,
frameshifts, and insertions. This could explain why dupA clusters do not
readily correlate with disease outcomes. With a much larger number of
clinical isolates in the future, and availability of detailed metadata such
as environmental factors (e.g. diet, smoking), correlations with disease

may be possible using the methodology described.
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4422 Comparison of tfs4 vir genes using PCR typing and
genome methods

One of the main aims was to compare results from PCR typing and
genomic analysis. As earlier described in Section 4.2.4, PCR typing for
selected tfs4 vir genes (virD2, virB4, virB8, virB9, pz35 and xer), was
mainly in agreement with the genomic data (Tables 4.7 and 4.8).
Although the primer sequences and PCR conditions were not available,
the comparison of genomics data further showed good PCR typing

sensitivity.

4.4.2.3 Detection of {fs3 vir genes and association with disease
status in clinical isolates

The only isolates where full cluster of tfs3 vir genes was detected
originated from patient 194 (isolates from both antrum and corpus of the
stomach). This patient presented with a duodenal ulcer, and the genomic
data on their isolates detected a complete cluster of dupA gene and tfs3
vir genes. The presence of tfs3 in just one out of 24 isolates is not
surprising, as overall distribution of tfs3 ICE has been reported to be
generally low in global populations of H. pylori strains (Delahay et al.,
2018b). This is usually due to fragmentation which results in an
incomplete {fs3 cluster of genes. It would have been interesting to
provide more data on fragmented genes in tfs ICEs if the ABRIicate tool
was able to detect fragmented genes in both {fs3 and tfs4, however the
tool was not configured for this. The ABRicate tool was able to detect full

clusters of {fs3 and tfs4 T4SS genes in isolate 194. The existence of both
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tfs ICE in isolate 194 is an interesting finding, which supports earlier
studies that both {fs3 and tfs4 can co-exist in a single strain of H. pylori
(Delahay et al., 2018b). The co-existence may correlate with disease
status, but drawing this conclusion in this study was not possible due to
the small sample size, and other factors such as environmental, lifestyle

and dietary that may also contribute to disease development.

4.4.3 XercD: tyrosine recombinases in clinical isolates

In many bacteria, the Xer recombination system is conserved and mainly
functions to allow good splitting of the chromosome during replication.
Many bacterial DNA genomes are circular, and each circular
chromosome must be fully replicated to ensure that a full genome
complement is inherited by each daughter cell during cell division. An
ICE usually encodes recombinase functions that aid in the excision of the
elements from their host chromosome. The xer gene was detected in four
of the six strains with more than 10 #fs4 genes. (fs4 ICE is reportedly
capable to form circular intermediates depending on the presence of
putative site-specific recombinase, integration site-specific motif (5'-
AAGAATG-3’) (Weiss et al., 2019). This excision is capable of forming a
circular intermediate which subsequently, may be transferred via
conjugation into host cells (Weiss et al., 2019). Tyrosine recombinase
family, xer gene was discovered in 10 isolates with Shi470 as reference
and in 12 isolates with P12 as reference strain. Upon analysis, the
integration motif conserved in these isolates is 5-AAGATG with a

missing base ‘A’ which may result from deletion as observed in the xer
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sequences of isolates. Although the presence of this integration motif is
crucial for site-specific recombinase, a recent study by Weiss and
colleagues found that excision of the tfs4 ICE by the integration motif with
the presence of T4SS genes are not necessarily required for transfer of
the ICE, suggesting the possibility of alternative routes. This suggests
that transfer of {fs4 ICE via unknown routes is possible. Also, it may be
that homologous recombination is more efficient in strains of H. pylori
than site-specific recombination as H. pylori undergoes high

recombination process.

4.4.4. Challenges involved in sequencing methods of Helicobacter
pylori

The increasing use of whole-genome sequences is rapidly allowing
scientists to comparatively study genomes of many organisms including
bacteria (Thorell et al., 2017). The genomes of H. pylori are highly
variable and diverse due to the bacterial adaptation which is important
for its survival in different population (Palau et al., 2021). The most
commonly used Next-Generation Sequencing methods for genomes of
H. pylori are the lllumina MiSeq and MiniON Nanopore sequencing
technologies. Both are powerful tools used to determine bacterial
genome composition (Heikema et al., 2020). MiniON nanopore
sequencing, launched within the last five years, is a third-generation
system used for direct, long-reads sequencing of single strands of DNA.
Both sequencing methods have their advantages and disadvantages

with error rate being one important factor to consider in their use (Stoler
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and Nekrutenko, 2021). Sequencing most bacterial genomes using
lllumina method uses short reads which are less error-prone but mainly
difficult to assemble due to the short length of the reads. Assembling the
genomes of H. pylori when sequenced with lllumina MiSeq method is
challenging due to biases created during library preparation such
lllumina Nextera protocol where PCR amplification process can
introduce biases against some regions in the genome. These biases can
cause omission in some genomic regions which may not be included in
the final sequencing output. Another challenge posed from using short-
read sequencing method is difficulty that may result during assembly
using de novo assembly algorithms when it fails to assemble regions in
the genome with intergenic repeats sequences (Goldstein et al., 2019).
This can result in fragmentation of these regions thus, leading to non-
identification of key regions in the genome such as horizontal gene
transfers, mobile genetic elements and important gene cluster (Goldstein
et al., 2019) In contrast, MiniON nanopore sequencing uses long-reads
which provides opportunity for the reads to span throughout genomic
repeats, which help to resolve the complex regions in the genomes. The
long-reads also help to avoid biases caused by PCR typing (Goldstein et
al., 2019). Although the use of MiniON nanopore long-reads method is
helping to resolve many challenges presented by short-reads methods
such as lllumina MiSeq, this method is also disadvantaged in that its
assemblies generate high error rate. Fortunately, the assembly can be
polished with the use of either MiniON or lllumina reads to improve its

quality. Therefore, the use of MiniON nanopore method only or in
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combination with lllumina MiSeq have been reported and validated for
use in sequencing of bacterial genomes with low or average GC content

such as H. pylori.

As described in the section 3.2.7, all H. pylori isolates in this thesis were
sequenced with Illumina MiSeq method. The assembled contigs
generated from each strain were presented as nodes. Present between
these nodes are connections called edges which are difficult to access
(Wick et al., 2015). To access these connections and join the nodes,
another bioinformatics software called “Bandage” (Wick et al., 2015) is

required. This final step was not carried out.

4.4.5 Comparison of ABRicate with a second algorithm (ICEfinder)
used to detect tfs vir genes in isolates.

As a second tool to compare with ABRicate, ICEfinder was used to
search for vir genes in isolate genomes. The tool detected virulence
genes in some isolates (308A, 308C, 444A, 444C, 193A, 295A and
495A) and the majority of genes were in agreement with results from
ABRicate. However, there were some issues. Firstly, ABRicate was able
to detect clusters of vir genes in isolates 193A and 193C (both from a
single patient), but the ICEfinder tool was able to detect only partial vir
genes in 193A, and no vir genes in 193C. This supports the findings of
(Lee and Andam, 2022), where they stated that ICEfinder was unable to
find near identical genes in closely related strains. In their report, they

stated that recombination events taking place at multiple times on the
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same chromosomal sites are difficult to identify using the ICEfinder tool.
Therefore, the use of ICEfinder may underestimate to true extent
recombination found in nature in some species of bacteria (Lee and
Andam, 2022). Furthermore, they reported that although the tool was
able to detect virulence genes in the genomes of the three strains of
Staphylococcus species (S. agalactiae — 0.53%, S. pyogenes — 2.56%
and S. suis — 0.005%), it was unable to detect intact ICEs in the strains
(Lee and Andam, 2022). This may be because the tool is not able to
detect an integrase (xer gene) that promotes site-specific integration and
excision for an intact ICE. This also correlates with the result reported in
this study that, ICEfinder was able to detect virulence genes of T4SS but
not able to detect open reading frame (ORF) in some isolates. Finally,
the inability of ICEfinder to detect vir genes in some isolates may be due
to an out-dated database embedded within the tool because the last

update was reported in 2018 (Liu et al., 2019b).

4.4.6 Study conclusion, limitations, and future work.

This study originally aimed to use genomic analysis of H. pylori clinical
isolates to study the correlation of tfs3 and tfs4 gene clusters with
disease status in the patients. The methodology used in this study
indicated that ffs T4SS gene (especially tfs4) prediction is a feasible
approach. The major limitation, however, was the small sample size (total
number of isolates 24). Another limitation is the inability to connect node
edges in assembled contigs of sequenced isolates to improve the

accuracy of ABRicate. This was not possible due to time constraints.
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Additionally, ABRicate is limited as it cannot detected fragmented or
mutated genes, it has possible coverage calculation errors, sometimes
heavily overlapping genes are reported for the same locus and gap
reporting between query sequence and detected gene may be
incomplete (Seemann, 2018). For future consideration, a larger sample
size would help to improve comparisons between both PCR typing and
genome analysis methods, and the use of bioinformatics software to
connect the edges between nodes may improve ABRicate’s ability to

detect tfs vir genes.
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CHAPTER FIVE

GENERAL DISCUSSION



General Discussion

Despite the discovery of the novel putative ICE-encoded H. pylori
T4SSs, tfs3 and tfs4 over the past two decades, their function remains
largely unknown. However, some of the variable genes encoded on both
tfs3 and tfs4 have been implicated in disease outcomes in some
populations (Grove et al., 2013, Alandiyjany et al., 2017). Previous
studies from the group demonstrated the capacity of the ICE-encoded
Vir-homologue proteins to assemble a functional T4SS known to be
important for T4SS assembly and function (Alandiyjany, 2015). There
has been no robust demonstration of functional complementation
between the proteins in the assembly of a hybrid or variant {fs4 T4SS,
and no understanding of possibilities that proteins from different tfs
systems with a conserved function (such as T4SS assembly) may be

able to interact to generate functionally active hybrid systems.

In view of this, the initial aim was to investigate the proteins encoded by
tfs3, tfs4 and tfs4 variant type with an important role in assembly and
function of a T4SS. Secondary to this, it was aimed to explore the
association of tfs T4SS genes in H. pyloriisolates from patients with their
disease status. Such data might provide some insight into correlations

between clusters of genes of tfs ICEs with disease status.

To achieve this, several candidate tfs T4SS assembly proteins of #fs3,

tfs4 and tfs4 variants were selected for heterologous protein-protein

interactions study using the yeast-two hybrid assay to screen for cross-
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complementation, which may be important for the assembly of a
functional T4SS. These were selected based on information in previous
work (Fig 5.1) (Delahay et al., 2018b). This was especially important as

the tfs4 T4SS is known to have several variant types.
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Fig 5.1: Schematic representation of the potential modular protein-
protein interactions of the tfs4 (top strain G27) and tfs4 variant type
(bottom strain R036d) encoded proteins. The full cluster of {fs4 vir genes
is represented in each strain (blue for strain G27; red for variant genes
in strains R036d). Modular representation of tfs cluster of genes is
indicated in each strain (L1C1R1 for G27 and L2C2R2 for R036d). Red-
crossed arrows indicative of potential interactions between the proteins
of tfs4 (G27) and tfs4 variant (R036d) which may be important for hybrid
or variant types of generation and, potential for functional cross-

complementation. Reproduced from (Delahay et al., 2018b).
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Table 5.1: Summary of positive Y2H interactions between different
structural components of {fs3, tfs4 and tfs4 variant T4SSs.

Interaction type Reported interactions
ATPase and Non-ATPase tfs4VirD4/ tfs4VirB8v,
interactions tfs4VirB11v/tfs4VirB8,

tfs4VirB11v/tfs4VirB8y,
tfs3VirB11/tfs4VirB8v
ATPase and ATPase interactions | tfs4VirB11/tfs4VirB11v,
tfs4VirB11v/tfs4VirB4,
tfs4VirB11v/tfs4VirB4v,
tfs4VirB11v/tfs4VirB8v
tfs4VirB8v/tfs4VirB4v
tfs3VirB11/tfs4VirB4v
Relaxase and ATPase tfs4VirD2/tfs4VirB11,
interactions tfs4VirD2/tfs3VirB4,
tfs4VirD2/tfs3VirB11
Interactions of orphan genomic gB11/tfs3VirB11,
VirB11 with ATPases gB11/tfs4VirB11,
gB11/tfs4VirB11v,
gB11/tfs3VirB4,
gB11/tfs4VirB4
Interactions of orphan genomic gB11/tfs3VirB8
VirB11 with Non-ATPases

5.1 Important and Novel Findings

With respect to interactions between proteins of fs3, tfs4 and tfs4
variants reported in chapter 2 (summarized in Table 5.1), cross-
complementation interactions were stronger between proteins of the
same system (tfs4/tfs4) when compared to proteins from other systems
(tfs3/tfs4) respectively. This finding supports existing reports of strong
interactions between T4SS proteins from the same system (Fronzes et
al., 2009b, Alandiyjany, 2015). Additionally, the interactions between
ATPase and non-ATPase may suggest that the tfs4VirB8v is able to

undergo flexible interactions with other components of the T4SS, which
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is consistent with flexible interactions of VirB8 with other T4SS proteins
(Fronzes et al., 2009b). Moreover, the interactions of tfs4VirB8v with the
ATPases may be important to assist the ATPases in secretion channel
formation and pilus biogenesis. The reported interaction between
tfs4VirB8v and tfs4VirB4v may be important for the stabilisation of the
pilus formation during substrate translocation as interactions between
the homologous pair VirB8/VirB4 has been reported as key for pilus
biogenesis (Ward et al., 2002). Although the interactions reported in this
study and limited sample size are not able to provide enough evidence
for disease status in patients, this study reported flexible interactions
between tfs T4SS proteins important for assembly and function, and
established potential for cross-complementation between the T4SS
proteins. Furthermore, the data in chapter 3 showed the reliability of
using both PCR typing and genomics analysis in the determination of
virulence genes in H. pylori. The comparison of PCR typing data with
genomics provided further confidence that PCR typing continues to be
an alternative in diagnostic settings due to its sensitivity, low-cost, and
adaptability to high volume demands. Therefore, laboratories may not
need to perform genome sequencing to evaluate the virulence of
isolates. In chapter 4, the use of genomics established the feasibility of
using genomics to find intact virulence genes in H. pylori clinical isolates.
Although the association with disease status in patients was impossible
due to small sample size, and limitations of the ABRicate tool to search

for fragmented genes, this study established that genomics analysis can
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be used to develop an approach to investigate which genes are present

in the tfs ICEs.

5.2 Critique of Experimental Design

Several reasons have been reported why the purification of membrane
proteins is more difficult than water-soluble proteins. The expression of
membrane proteins is usually relatively low but large quantities of
proteins are needed for many structural studies (Smith, 2017). Although
higher protein yield can be obtained by overexpression of the protein of
interest, the difference in post-translational modifications such as
phosphorylation, glycosylation and acylation can lead to reduced activity
of the recombinant protein compared to the native form (Smith, 2017).
Since the tfs T4SS proteins in this study are membrane proteins, it would
have been important to carry out functional assays (for example
measuring the enzyme activity or immune- or ligand binding activity) to
detect the integrity of the proteins at different stages during the
purification process (Smith, 2017). Also, one of the crucial ways to purify
recombinant proteins is the addition of extra amino acid sequences to
the N- or C-terminus of the protein of interest. This added amino acid
sequences is usually called a ‘tag’. The recombinant protein used in this
study was a His-tagged protein for expression and purification. Earlier
studies by Booth and colleagues (Booth et al., 2018) reported differences
in the stability and functions of His-tagged recombinant proteins. The use
of the His-tagged recombinant protein may, consequently, affect the

expression and stability of the tfs T4SS proteins. Furthermore, the choice
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of data used in this study (the Nottingham Collection data), was important
because the dataset was rich and provided relevant information
although, the sample size of genome-sequenced isolates was small. In
future studies, additional isolates will undergo genome sequencing.
Ideally, published genomes of H. pylori from different geographic
locations would be considered to provide more information about

patients from different regions.

5.3  Future work

On the investigation of tfs ICE T4SS proteins that may be important for
secretion and assembly, future work would involve bioinformatics
analysis tools such as STRING to build a network of possible interactions
between the proteins before wet laboratory experiments. Also, other
methods such as co-purification assay (where the interacted proteins are
cloned into each end of an expression vector such as pacycduet) and
Co-Immunoprecipitation-Blotting assay (used to investigate complicated
protein interactions or networks involving membrane and nuclear
proteins) would be used as a secondary approach to analyse reported
protein-protein interactions. Also, investigation of the cell growth (using
a growth curve assay) would be considered as a first measure to solve
the problem of protein toxicity. Protein toxicity may arise when the
recombinant proteins perform an unnecessary and detrimental effect on
the host cell (Rosano and Ceccarelli, 2014), which may interfere with the
host organism’s normal proliferation or homeostasis process thereby

lowering the growth rate. The growth rate of the recombinant strain can
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be compared with an empty vector and if the rate is slower than the empty

vector, then it may be due to gene toxicity (Rosano and Ceccarelli, 2014).

To investigate the association of tfs T4SS genes with disease status in
patients presenting with H. pylori infection, two areas are important.
Firstly, understanding the role other factors such as environmental
factors, lifestyle changes and nutritional factors play in individual patient
disease status is important. Disease status in patients can be influenced
by these factors, therefore, their contribution needs to be investigated in
future studies by gathering enough data from individual patients. Another
important area is to use a robust genome-wide study (GWAS) to detect
variant genes especially in ffs4 cluster of genes where hybrid or variant
types are prominent. This future study will provide a robust method to
detect fragmented genes and variant copies from tfs ICEs from clinical
isolates and may give insight into their association with disease status in
isolates. Therefore, | strongly recommend that future studies should
include much larger sets of H. pylori genomic data with details including
disease and histopathological severity of gastritis and premalignant

changes.
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APPENDIX



Table 1. Summary of yeast-two hybrid assay results (3= #/s3, 4= tfs4).
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Colour code

Known homologous VirB interactions (Fronzes et al., 2009)

_ Not reported interaction by Fronzes et al., 2009

Possible interaction according to Fronzes et al., 2009

Plus/plus This study/Alandiyjany 2015 tfs interaction
Plus red only Alandiyjany 2015. additional interactions reported
Plus/plus This study/ Alandiyjany 2015 interaction positive with Fronzes et al., 2009

MCS
EcoR |
Smal Hind 11
BamH |
Sall
Pstl
Bglll

Sphl Hind Il Kpn | MCS

EcoR |
Smal
BamH |
Sall
Pst|

SnaB |

Hind Il

Aatll Sph | Aatll

pGAD424

6.6 kb
Amp' LEU2

Scal
Pvul

Bgll

EcoRV

Pvull

Fig 1: Maps of cloning vectors pGAD4242 (with activating domain) and pGBT9 (with binding domain) (addgene)
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Map of The figure below summarizes the features of the pBAD/Myc-His vector. Complete

pBAD/Myc-His sequences for all three pBAD/Mjc-His vectors are available for downloading from our
World Wide Web site (www.invitrogen.com) or by contacting Technical Service (see
page 27). Details of each multiple cloning site are shown on pages 13-15.

pBAD/Myc-His
A,B,C
4.1 kb

Comments for pBAD/Myc-His A,

4094 nucleotides

araBAD promoter region: bases 4-276 \sﬁféc’?o? ?(obgsl not contain
Initiation ATG: bases 319-321 - B

Multiple cloning site: bases 317-370 Version B contains Xba | only.
myc epitope: bases 377-406 Version C contains SnaB | only.

Polyhistidine tag: bases 422-439

rmB transcription termination region: bases 545-702
Ampicillin ORF: bases 981-1841

pBR322 origin: bases 1986-2659

AraC ORF: bases 4068-3190

Fig 2: Map of pBAD expression vector (ThermoFisher Scientific)
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https://www.icloud.com/iclouddrive/06¢cY 60ixSKMpc4BYJPLFDjdmg#P12-
results

https://www.icloud.com/iclouddrive/07aC-Kg7E rgTLzoN k 62T w#194A-
result ALL

https://www.icloud.com/iclouddrive/07bX2fHK93CnUiLaYBgGXhi7g#results
-P12

https://www.icloud.com/iclouddrive/055SkLJrhyF54eWIwJxzjOUuw#results-
Shi470

Links to ABRicate results for the detection of #/s4 cluster of genes in clinical
isolates using P12 and Shi470 as reference strains.
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Fig 3: A, B and C Showing sequence percentage identity (left) of aligned gB11 with homologous sequences from
other strains of H. pylori. Image generated with Geneious Prime software (Restricted).
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