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Metronidazole is a bactericidal antibiotic that one component of the triple drug
therapy that commonly used for treating Helicobacter pylori infection. However,
metronidazole resistance rate has been incleasingly report. The mechanism of metronidazole
resistance in H. pylori is still unclear. The acquisition of metronidazole resistance is reported
to be associated with mutational inactivation of the rdxA gene, which encodes an oxygen-
insensitive NADPH nitroreductase. Recent evidence has suggested that mutations in other
nitroreductase-encoding genes including frxA and fdxA may contribute to the resistance
phenotype. The aims of this study are to determine mutations and expression of rdxA, frxA
and fdXA in metronidazole-resistant H. pylori and to determine expression of hefA gene in
metronidazole-resistant H. pylori. There were 30 metronidazole-resistant and 5
metronidazole-susceptible isolates included in this study. The results showed that 30 amino
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combination of 3 gene mutations was found in 7(23.33%) metronidazole-resistant isolates,
and all of metronidazole-resistant isolates were found at least two mutation in these
nitroreductase genes (100%). For study of the efflux pump mechanism (HefA), no detection
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used for further investigation. Our results demonstrated that mutations in nitro reductase
genes including rdxA, frxA and fdxA were associated with metronidazole resistance in H.
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CHAPTER I

INTRODUCTION

Helicobacter pylori is a curved, microaerophilic, Gram-negative bacterium
that was first isolated from a stomach biopsy by Warren and Marshall in 1982(1). It
was initially named Campylobacter pyloridis because of phenotypic characteristic
similar to those of Campylobacter. Then, it was placed in its own genus, Helicobacter
and known as H. pylori (2). H. pylori is an important human pathogen that colonizes
the stomach of about half of the world*s population and the prevalence varies widely
according to different geographic area, age, race, and socioeconomic status, sanitation
and/or living conditions, and correlates with a low socioeconomic status during
childhood (3). H. pylori has now been accepted as the causative agent of several
gastroduodenal disorders, ranging from chronic active gastritis and peptic ulcer
disease to gastric cancer (2). Triple drug regimens are highly effective for the
treatment of H. pylori infection. However bacterial resistance to one of the most
effective antibiotics, metronidazole, is a serious and increasing problem (4). In
developing countries the metronidazole resistance is high, probably as a consequence
of the frequent use of metronidazole for parasitic infections (5).

The activity of metronidazole in H. pylori is dependent on reduction of its
nitro moiety to highly reactive compounds that cause DNA strand breakage(6). The
mechanism of metronidazole resistance in H. pylori is still unclear. The acquisition of
resistance was reported to be associated with mutational inactivation of the rdxA gene,
which encodes an oxygen-insensitive NADPH nitroreductase. Many studies have
subsequently shown that the majority of metronidazole-resistant H. pylori strains
contained various mutations within the rdxA gene, including frameshift mutation,
leading to stop codons, nucleotide insertion and deletion, resulting in amino acid
substitution, and promoter alterations (7, 8). However, it appears that the mechanism
of metronidazole resistance in H. pylori is complex, as indications for the involvement
of other nitroreductase-encoding genes associated. Mutational changes of the frxA
(NADPH flavin oxidoreductase) and fdxA (ferredoxin-like protein) gene may
contribute to metronidazole resistance. Recent evidence has suggested that

inactivation of other nitroreductase-encoding genes including frxA and fdxA may
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contribute to the resistance phenotype (4). It was reported that susceptibility of
H. pylori to metronidazole was attributed to the activity of an oxygen-insensitive
NADPH-dependent nitroreductase (RdxA). Possible mechanisms of intrinsic drug
resistance involve decreased drug uptake or increased drug efflux. The resistance-
nodulation-division (RND) family of efflux systems is the one of five family of efflux
system that is widespread in gram-negative bacteria. The RND family of efflux
systems has three components: inner membrane efflux proteins (IEPs) which act with
the other two components, a periplasmic efflux protein (PEP) which facilitates
interaction with the other two components, and an outer membrane efflux protein
(OEP) which is the TolC (the outer membrane efflux protein in Escherichia coli) or a
TolC homolog. It is a multidrug efflux that can pump out an extremely wide range of
substrates, including antibiotics, chemotherapeutic agents, metabolic inhibitors such
as cerulenin, dyes, detergents, and solvents. Previous study in H. pylori demonstrated
the presence of three putative RND efflux systems, including hefABC, hefDEF, and
hefGHI (9). Of the these efflux systems, only HefABC showed homology to the RND
efflux systems which involved in multidrug resistance in other bacteria. This suggests
that HefA efflux pump, TolC homolog may play a role in metronidazole resistance
mechanism (10, 11). There are only few studies on the mechanisms of metronidazole
resistance in H. pylori in Thailand. In this study, we investigated metronidazole
resistance mechanisms in H. pylori by examining nitroreductase gene mutations in
rdxA and other oxygen-sensitive nitroreductase-encoding genes including frxA and
fdxA. The mRNA expression levels and nitroreductase activity were also evaluated.
We also investigated the efflux pump mechanism by using CCCP and determined the

HefA expression level.



CHAPTER 11

OBJECTIVES

L To determine mutations and expression of rdxA, frxA and fdxA in

metronidazole-resistant H. pylori

1L To determine expression of hefA gene in metronidazole-resistant H. pylori



CHAPTER 1II

LITERATURE REVIEW

1. BACTERIOLOGY

In 1982, Warren and Marshall were the first to isolated Helicobacter pylori
from cultivaton of the gastric biopsy samples (1) H. pylori was classified first as
Campylobacter-like organism and Campylobacter pyloridis , then renamed C. pylori
because the similarlity of characteristics later, it was placed in its own genus,
Helicobacter and known as Helicobacter pylori (12). H. pylori is a Gram-negative,
spiral rod bacterium. In biopsy specimens, it is 2.5 to 5.0 um in length and 0.5 to 1.0
pm in width and contain 4 to 6 unipolar sheathed flagella approximately 30 pm long
and 2.5 nm wide. In fresh medium, H. pylori has spiral rod shaped, but prolonged
culture it may change into a coccoid form typically predominate. A H. pylori is
fastidious and slow-growing bacterium, it takes 3 to 5 days and for maximum of 7 to
10 days at 35 to 37 °C for visible colonies to form in rich culture medium with
supplement with blood & serum under a microaerophilic atmosphere. The colony

morphology that identified by translucent, small, circular, smooth colonies varying in
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size from barely detectable with the naked eyes to approximately 3 mm. H. pylori can

produce certain enzymes such as cytochrome oxidase, catalase, and urease(13).

2. EPIDEMIOLOGY

H. pylori is commonly found in the stomach of humans. It is present in
approximately one-half of the world's population and occurs high prevalence
worldwide. In industrialized countries, 25 to 50% of the middle-aged adults are
infected with H. pylori. The data from developed countries also suggest that most
infections are acquired in childhood. In developing countries, it has been reported that
70 to 90% of the population carried H. pylori. Almost all of these acquired the
infection before the age of 10 years. The epidemiology of H. pylori infection varied
widely by geographic area, age, race, and socioeconomic status sanitation and/or
living conditions (2, 3) The epidemiology of H. pylori infection in developing
countries, such as India, Saudi Arabia or Vietnam, is characterised by a rapid rate of
acquisition of the infection such that approximately 80% of the population is infected
by the age of 20 because the disease is most often acquired in childhood(Figure 1). In
developing countries the prevalence of infection peaks in the 20 to 30 year old age
group. The prevalence of the infection varies between subpopulations within the same
country, especially in relation to age. the patterns in developed countries such as the
United Kingdom, Australia and France that also show an increasing prevalence with

age.



Figure 1. Comparison of the prevalence of H. pylori infection in industrialised and
non-industrialised countries, as indicated by the presence of serum IgG antibodies to

H. pylori antigens (14).

3. PATHOGENESIS

Colonization with H. pylori is the common cause of inflammation in the
gastric mucosa and is strongly linked to the development of chronic active gastritis,
duodenal ulceration and peptic ulcer disease, and strongly associated with an
increased risk of developing gastric cancer and gastric lymphoma. The discovery of
H. pylori infection is now well accepted that the main cause of most stomach diseases
and has significantly changed the management of gastroduodenal diseases.
Furtheremore, It has been considered a risk factor for the development of gastric
adenocacinoma and mucosa-associated lymphoid tissue (MALT) lymphoma (1, 2, 12,
15). Figure 2 shows the schematic representation of the natural history of H. pylori

infection (5).
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Transmission of Helicobacter pylori is thought to occur mainly during
childhood, and predominantly within families. This bacterium travels from the
stomach of one person to that of another by three routes. The first and least common
route is iatrogenic, in which tubes, endoscopes, or specimens that exposed with the
gastric mucosa from one person are introduced to another person. Secondly, fecal-oral
route are believed to be the primary means of transmission and appears to be the most
important route of transmission. Although H. pylori has been isolated from the feces
of young children infected with the organism, the bacterium can also be transmitted
through exposure to contaminated food or water. Thirdly, oral to oral transmission has
been identified in the case of African women who premasticate food given to their

infants (2, 5).

Figure 2. Schematic representation of the natural history of H pylori infection (5)

Acquisition of H pylori usually occurs during childhood. Once acquired and left untreated, the
infection persists for life. After the acute phase, most H pylori-positive patients develop a chronic
gastritis without symptoms. In some patients, more severe manifestations will develop later in life. A
normal or high acid secretion predisposes to duodenal ulcers, whereas a low acid secretion predisposes

to gastric ulcers and gastric cancer.



3.1 VIRULENCE FACTOR

H. pylori has virulence factors, which allow its survival in the human stomach.
The vacuolating cytotoxin (VacA) and the cytotoxin associated antigen (CagA) are

major bacterial factors involved in modulating the host.

Cytotoxin associated gene A (cagA) and the cag pathogenicity island

CagA was first described as a protein which was expressed more commonly
by toxigenic than non-toxigenic strains. It is a highly immunogenic protein which
translocated into the intracellular region of host cells through the type IV secretion
system, which is encoded by the cag pathogenicity island that trigger inflammation

and cell proliferation (2, 16). Both may contribute to the harmful effects of H. pylori.

VacA vacuolating cytotoxin

Approximately 50% of all H. pylori strains secrete VacA, a highly
immunogenic 95-kDa protein that induces massive vacuolization in epithelial cells in
vitro (17, 18). The VacA protein plays an important role in the pathogenesis of both
peptic ulceration and gastric cancer. In addition to inducing vacuolation, VacA can
induce multiple cellular activities, including membrane-channel formation,
cytochrome C release from mitochondria leading to apoptosis, and binding to cell-
membrane receptors followed by initiation of a proinflammatory response. Although
VacA is not essential for in vitro growth of H. pylori, it was reported to significantly

contribute to murine gastric colonization by H. pylori (2, 19).

4. DIAGNOSIS OF H. PYLORI INFECTIONS



Infection of H. pylori can be diagnosed by a variety of invasive and non-
invasive tests (20). Invasive tests are based on gastric samples, usually mucosal
biopsies, which can be screened by rapid urease test, histology, or culture.
Noninvasive tests require alternative clinical specimens, such as blood, breath, faeces,

urine, or saliva. (2, 17)

4.1 Invasive tests

4.1.1 Histology

Histologic assessment has traditionally been the gold standard method for
diagnosing H. pylori infection. H. pylori can be visualized at high magnification with
conventional hematoxylin and eosin (H & E) stained sections. supplementary stains
(such as Giemsa, Genta, Gimenez, Warthin-Starry silver, Creosyl violet) are needed
to detect low levels of infection and to show the characteristic morphology of
H. pylori. An important advantage of histology is that, in addition to the historical
record provided, sections from biopsies (or even additional sections) can be examined

at any time, and that gastritis, atrophy, or intestinal metaplasia can also be assessed

2).

4.1.2 Culture

Because H. pylori is difficult to grow on culture media, and has a risk of
overgrowth or contamination, culture is the least sensitive method of detection.
Although costly, time-consuming, and labor intensive, culture has a role in antibiotic
susceptibility studies and studies of growth factors and metabolism. Although only a
few centres routinely offer microbiological isolation of H. pylori, culture and
antibiotic sensitivity testing in the places where multiple resistant strains have been
reported, may become a requirement for patients with persistent infection after initial

or repeated treatment failure.

4.1.3 Urease tests
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Rapid urease testing takes advantage of the fact that H. pylori is a urease-
producing organism (13). This method are quick and simple for detecting H. pylori
infection but indicate only the presence or absence of infection. The CLO test are of
similar sensitivity and specificity. However, the sensitivity of urease tests is often
higher than that of other biopsy based methods because the entire biopsy specimen is
placed in the media, thereby avoiding the additional sampling or processing error
associated with histology or culture. The sensitivity of biopsy urease tests seems to be
much lower (~60%) in patients with upper gastrointestinal bleeding, but this can be

improved by placing multiple biopsy samples into the same test vials.

4.1.4 Polymerase Chain Reaction (PCR)

PCR technique is highly sensitive and specific. The PCR consists of
amplifying DNA sequences Specific for H. pylori. The factor that effect on the
accuracy of this test are the used primers for amplify the PCR products, target DNA,
and bacterial density. PCR tests for H. pylori have been described for a number of

genomic targets such as urease gene and virulence genes (such as cagA and vacA)

(13).

4.2 Non-invasive tests

4.2.1 Serology

In response to H. pylori infection, the immune system typically rises a
response through production of immunoglobulins to organism-specific antigens
Circulating IgG antibodies to H. pylori can be detected by enzyme-linked
immunosorbent assay (ELISA) antibody or latex agglutination tests. These antibodies
can be detected in serum or whole-blood samples. Serologic tests are generally

simple, fast, reproducible, inexpensive, and can be done on stored samples (13).
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However this method cannot be used to determine H. pylori eradication or to
measure reinfection rates because antibody titres fall slowly after successful
eradication. Serologic tests may be useful in identifying certain strains of more
virulent H. pylori by detecting antibodies to virulence factors associated with more

severe diseases and complicated ulcers, gastric cancer, and lymphoma.

4.2.2 Urea breath test

A urea breath test is based on the urease activity of H. pylori to detect the
presence of active infection. The *C-urea breath test the principle that a solution of
urea labelled with carbon-13 will be rapidly hydrolysed by the urease enzyme of
H. pylori. The resulting CO; is absorbed across the gastric mucosa through the
systemic circulation, excreted as 13CO, in the expired breath. The 13C-urea breath
test detects current infection and it has the advantage of being nonradioactive and thus
safer for patient. It can be used as a screening test for H pylori, to assess eradication
and to detect infection in children. The similar but radioactive 14C-urea breath test

cannot be performed in primary care (2).

4.2.3 Stool antigen test

Stool antigen test is a relatively new methodology that uses a simple sandwich
ELISA to detect the presence of H. pylori antigen in stool specimens. A cost effective
and reliable means of diagnosing active infection and confirming cure. This test has a
sensitivity and specificity comparable to those of other noninvasive tests and the
technique has the potential to be developed as a near patient test. The main advantage
of the test, however, is in large scale epidemiological studies of acquisition of H.

pylori in children (2).



Table 1. Diagnosis of H. pylori infection(17)
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D:zeg:;loos;lc Sensitivity specificity” Typical application Remarks
Invasive
method
Histology 96.6% 100% “Gold standard” in Requires expert pathologist;
routine hospital also provides histological data
diagnostics on inflammation and atrophy
Culture biopsy 98.3% 100% Alternative gold Allows for testing of
standard antimicrobial sensitivity;
requires specific
microbiological expertise
Rapid urease 96% 90% Cost-effective and Requires an additional test for
(CLO) test rapid test confirmation of H. pylori
infection
Noninvasive
methods
Urea breath 95% 90% Alternative gold Very useful, reliable test to
test standard evaluate success of eradication
treatment of H. pylori; limited
availability due to requirement
of expensive equipment
Fecal antigen 96% 96% Not widely used yet Simple test but may not be
test reliable for evaluation of
success of eradication treatment
of H. pylori
Serology 90-97%,  50-96% Mainly used for Insufficient reliability for
epidemiological routine screening; cannot prove
studies ongoing infection due to
immunological memory
PCR (of tissue 100% 100% Rapid determination of some
or fluid phenotypic (antibiotic
samples)

* Global range, depending on regional variations and subjects
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5. TREATMENT OF H PYLORI INFECTIONS

Once H. pylori is detected in patients with a peptic ulcer and other H. pylori-
associated disorders, the normal procedure is to eradicate it and allow the ulcer to heal
with antibiotics. Although H. pylori is sensitive to a wide range of antibiotics in vitro,
they all fail as monotherapy in vivo (21). The most common used antimicrobial drugs
for treatment of H. pylori are metronidazole, clarithromycin, amoxicillin and
tetracycline (Table 2). Other antibiotics such as fluoroquinolones, nitrofurans, and
rifamycins are occasionally used as alternatives (22, 23). Triple therapy, including of
one or more antibiotics in combination with an acid-suppressive drug and/or a proton
pump inhibitor. The use of proton pump inhibitors (PPI), such as omeprazole and
lansoprazole were shown to be effective (24, 25). Acid-suppressive drugs primarily
increasing the pH in the gastric mucosa, and increase the activity of the antibiotics.
An additional beneficial effect of acid-suppressive drugs is that they decrease the
severity of side effects of a given regimen. The acid-suppressive drugs that commonly
used are bismuth subcitrate, bismuth subsalicylate and other bismuth compound.
Inhibition of protein, ATP, and cell wall synthesis were the effect of bismuth salt on
H. pylori. Triple therapies consisting of two antibiotics and a PPI or ranitidine
bismuth citrate for 7-10 days are now mostly recommended. There seems to be
preference for combination therapy that includes amoxicillin and clarithromycin. The
first-line therapy is not successful that usually related to insufficient patient and/or
development of antibiotic resistance. Standard third-line therapies are lacking due to a
limited choice of antibiotics and the need to individualized treatment depending on
which therapies previously failed. Most patients who remain H. pylori-positive after
two sequential courses of eradication treatment have been infected with an H. pylori
strain that is resistant to one or more of the previously used antibiotics. To select an
appropriate third-line treatment, endoscopy followed by bacterial culture and
antibiotic susceptibility testing is advisable. An overview of the commonly used

triple- and quadruple therapies is given in Table 3 .
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Metronidazole

Metronidazole are commonly agents in the treatment of several protozoa and
anaerobic bacterial infections. Metronidazole are metabolized by H. pylori by several
nitroreductases. The mode of action of metronidazole, it is administered as a prodrug
that needs to be activated within the target cell by one or two electron reduction
processes. This reduction leads to the formation of nitro-anion radicals and
metronidazole intermediates that cause lethal damage to subcellular structures and

DNA (4, 6, 26, 27)..

Macrolides

Clarithromycin is a bacteriostatic antibiotic that belongs to the group of
macrolides that bind reversibly to the peptidyl transferase loop of domain V of the
23S ribosomal RNA (rRNA) molecule. This binding interferes with protein
elongation, and thus effectively blocks bacterial protein synthesis. The antibacterial
activity of clarithromycin is much the same as that of other macrolides, but
clarithromycin is better absorbed in the gastric mucus layer and is more acid-stable

(28).

Penicillins

Amoxicillin is a bactericidal antibiotic that belongs to thepenicillin group of
drugs. The drug binds to penicillinbinding proteins (PBPs) and interferes with
bacterial cell wall synthesis, resulting in lysis of replicating bacteria. The antibacterial
activity of amoxicillin is much the same as that of other penicillins, but amoxicillin is
better released in the gastric juice, and displays increased stability in acidic conditions

compared with other penicillins (29).
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Tetracycline

Tetracycline is a bacteriostatic antibiotic that binds to the 16S rRNA, that
effect on interfering with the attachment of aminoacyl-tRNA to the ribosome,

resulting in inhibition of protein synthesis and bacterial growth (30).

Fluoroquinolones

Fluoroquinolones are bactericidal antibiotics that exert their antimicrobial
activity by inhibition of DNA gyrase. This enzyme is a tetramer that consists of two A
subunits and two B subunits, encoded by the gyrA and gyrB genes, respectively (31,
32).

Nitrofurans

Furazolidone and nitrofurantoin are nitroheterocyclic and nitroaromatic
compounds are bactericidal antibiotics that share similarities with metronidazole both
in their structures and modes of action (33).
Rifamycin

Rifabutin and several other derivates of rifampin are bactericidal antibiotics

The mode of action that bind to the B-subunit of DNA-dependent RNA polymerase.

There was the effect to inhibition of transcription (34).
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Table 2. Mode of action, resistance mechanisms, and prevalence of resistance among

antimicrobials used for treatment of H. pylori infection(5)

Antimicrobial

Commonly used compound

Resistance rates*

Made of action

Mechanism of resistance

Nitroimidazoles

Macralides

Penicillins

Tetracyclines
Flucroquinolones
Rifanycins

Nitrofurans

Proton pump
inhibitor

Bismuth

Metronidazole, tinidazole

Clarithromycin,
erythromycin
Amoxicillin

Tetracycline

Ciprofloxacin, moxifloxacin,
levofloxacin

Rifabutin

Furazolidone

Omeprazole, lansoprazole,
pantoprazole

Bismuth subcitrate, bismuth

subsalicylate, ranitidine
bismuth citrate

20-95%

0-50%

0-30%

0-10%

0-20%

0-2%

0-5%

Not reported

Not reported

Reduction of prodrug by nitroreductases leads to
formation of nitro-anion radicals and imidazole
intermediates and subsequent DNA damage

Binds 235 rRNA ribosomal subunit, resulting in inhibition
of protein synthesis

Binding of beta-lactam antibiotic to penicillin-binding
proteins (PBP) inhibits cell division

Binding to riboseme prevents association with aminoagyl-

tRNA and subsequent protein synthesis

Inhibition of DNA gyrase and topeisomerases, interfering
with DNA replication

Binding to RNA polymerase, resulting in transcription
inhibition

Reduction of prodrug by nitroreductases, leads to
formation of nitro anion radicals and subsequent DNA
damage

Inhibits the proton motive force of the bacterium, and
destabilises its site of colonisation in the stomach

Inhibits protein, ATP, and cell membrane synthesis

Absence of imidazole reduction caused by reduced or
abolished activity of electron transport prateins (eg, RdxA,
FixA, FebxB)

Point mutations in 235 rRNA genes

Decreased binding of amaxicillin to PBP D (tolerance) or
PBP1A (resistance caused by point mutationin the pbplA
gene), and reduced membrane permeability (resistance)

Paint mutations in 165 RNA genes and reduced membrane
permeability
Point mutations inthe DNA gyrase gene, gyrA

Point mutations inthe RNA polymerase gene, rpoB

Unknown

Unknawn

Unknown

*Prevalence of antimicrobial resistance in H pylori shows regional variation both within and between countries. In industrialised countries, the prevalence of resistance s lower than in developing countries.

Table 3. Current guidelines used for treatment of H pylori infections, based on the

guidelines of the Maastricht 2-2000 Consensus, the National Institute for Clinical
Excellence (NICE), and the European Helicobacter pylori Study Group (EHPSG)

Regimen*® Dose Duration (days)
Triple therapy

Ranitidine bismuth citrate, clarithromycin, and amoxicillin 400 mg, 500 mg, and 1 g, all twice daily 7-14

PPI, clarithromycin, and amexicillint 20-40 mg, 500 mg, and 1 g, all twice daily 7-14

PPI, clarithromycin, and metronidazole 20-40 mg, 500 mg, and 500 mg, all twice daily 7-14

PP, amaxicillin, and metronidazole 20-40 mg, 1 g, and 500 mg, all twice daily 7-14
Quadruple therapy

PP, bismuth, metronidazole, and tetracycline 20-40 mg twice daily, 120 mg four times daily, 500 mg three 7-10%

times daily, and 500 mg four times daily

PPl=proton pump inhibitor. *Metronidazole can be replaced by tinidazole. tTherapy approved by the Food and Drug Administration (FDA). +Antibiotics are given for
4-7 days; PPl usually started 3 days earlier.

Table 2: Current guidelines used for treatment of H pylori infections, based on the guidelines of the Maastricht 2-2000 Consensus, the National Institute
for Clinical Excellence (NICE), and the European Helicobacter pylori Study Group (EHPSG)
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6. ANTIBIOTIC RESISTANCE MECHANISMS

Figure 3. Mechanisms of antibiotic resistance in H. pylori (A) metronidazole, (B)
amoxicillin, (C) clarithromycin and tetracycline, and (D) amoxicillin and tetracycline.
(A) Reduced or abolished activity of electron transport proteins eg. RdxA, FrxA, or
FdxB. (B) Alteration in the penicillin-binding proteins PBP-D and PBP1A. (C) Point
mutations in the rRNA genes for 16S and 23S rRNA. (D) Decreased membrane
permeability (5).
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7. METRONIDAZOLE RESISTANCE

Resistance to nitroimidazoles is the most common form of antimicrobial
resistance in H. pylori. The presence of nitroimidazole resistance is related to the
previous use of this drug. The prevalence of resistance is rising and nowadays
10+£50% of the isolates are resistant. In industrialised countries, about 35% of the
H. pylori strains are resistant to nitroimidazoles (minimum inhibitory concentration
[MIC] >8 pg/mL; susceptibility breakpoint).

All H. pylori isolates were susceptible to amoxicillin [MIC for 90% of the
isolates (MIC90) <0.016 pg/mL], and only one tetracycline-resistant isolate was
observed (MIC = 1.5 pg/mL). The overall prevalence of clarithromycin resistance was
8% during the 9-year study period, ranging from 0% (in 2000) to 16% (in 2003). The
increase in clarithromycin resistance did not reach significance in the study period.
Levofloxacin resistance varied between 0% and 12% (overall 7%), and metronidazole

resistance varied between 29% and 59% (overall 41%).

% of H.pylori isolates resistant to
70

60

50 -
40

%

B Metronidazole
30 -

m Clarithromycin
20

Levofloxacin
10 - —

2000 2001 2002 2003 2004 2005 2006 2007 2008
Year

Figure 4. Antimicrobial resistance of Helicobacter pylori isolates during the study
period (35).
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8. METRONIDAZOLE RESISTANCE MECHANISMS

Figure S. Structure of metronidazole ring

Metronidazole are bactericidal antibiotics that belong to the nitroimidazole
group of drugs used for treatment of many infections caused by anaerobic bacteria,
protozoa and some microaerophilic bacteria. After it has entered to the target cell by
passive diffusion, metronidazole are given as a prodrug that needs to be activated
intracellularly and become effective by one or two electron transfer processes (6, 26,
36). Metabolism of metronidazole occurs by a reduction step in which the drug is the
electron acceptor. This reduction leads to the formation of nitro-anion radicals and
other compounds, such as nitroso- and hydroxylamine compounds that cause lethal
damage to macromolecules, subcellular structures and DNA, and subsequently results
in the death of the bacterium. For the reduction step metabolized by several
nitroreductases that are present in this bacterium, including ferredoxin (FdxA),
flavodoxin (FIdA), ferredoxin-like protein (FdxB), NAD(P)H flavin nitroreductase
(FrxA), 2-oxoglutarate oxidoreductase (OorD), pyruvate:ferredoxin oxidoreductase
(PorD), and oxygen-insensitive NAD(P)H nitroreductase (RdxA). In H. pylori it has
been suggested that reduction of metronidazole is mainly mediated by an oxygen-
insensitive NADPH nitroreductase encoded by the rdxA gene, but recently it has been
shown that other nitroreductases such as flavin-oxidoreductase(FrxA) also participates

in the reduction of metronidazole.
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In the case of the reduction of the metronidazole that is metabolized by an
oxygen-insensitive nitroreductase subsequently resulting in a nitrosoderivate by the
simultaneous transfer of two electrons. This nitroso-derivate cannot be re-oxidized by
molecular oxygen due to the chemical nature of the two-electron transfer step
catalyzed by this enzyme. The nitroreductase is, therefore, called ,oxygen-
insensitive™. This highly toxic nitrosoderivate causes DNA damage such as DNA

double strand breakage and subsequent killing of the bacterium (26) (Figure 6).

4 N

Oxygen-insensifive

oxidoereductase
NI e=m=> NI Cppgmi> N ammmp> DNA

damage

R-2e- R_ @M repair

\_ LI

Figure 6. Metabolism of a nitroimidazole (NI) by an oxygen-insensitive

nitroreductase
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In contrast, nitroimidazole is reduced by other nitroreductases by a one-
electron transfer step to a toxic free radical anion which can be metabolized in two
ways (Figure 7). First, the free-radical anion can be re-oxidized to the inactive
prodrugs by molecular oxygen with the production of superoxide. Thereby, molecular
oxygen reverts the reduction step and these nitroreductases are, therefore, called
,»oxygen-sensitive™. This process of reduction and re-oxidation is repeated endlessly
and it is called 'futile cycling'. The toxic compound produced during this “futile
cycling' is superoxide (O7), produced which can easily be eliminated by superoxide
dismutase and catalase. The second way to metabolize the toxic free radical anion is
another one-electron transfer step to the more toxic nitrosoderivate that leads to DNA

damage (26, 37).

NI &=

Figure 7. Metabolism of a nitroimidazole (NI) by an oxygen-sensitive nitroreductase

The acquisition of resistance is highly associated with mutational inactivation
of the rdxA gene, which encodes an oxygen-insensitive NADPH nitroreductase.
Recent evidence has suggested that inactivation of frxA (NADPH flavin
oxidoreductase), fdxA (ferredoxin-like protein) and possibly other reductase-encoding

genes may also contribute to the resistant phenotype.
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However, it soon became apparent that the mechanism of metronidazole
resistance in H. pylori was even more complex, as indications for the involvement of
other nitroreductase-encoding genes associated. Mutational changes of the frxA and
fdxA genes may contribute to metronidazole resistance. Recent evidence has
suggested that inactivation of other nitroreductase-encoding genes including frxA
(NADPH flavin oxidoreductase) and fdxA (ferredoxin-like protein) may contribute to
the resistance phenotype (4, 38-48).

9. EFFLUX PUMP IN HELICOBACTER PYLORI (HEFA)

The efflux system is a mechanisms of intrinsic drug resistance involve
decreased drug uptake or increased drug efflux . The resistance-nodulation-division
(RND) family (Figure 8) of efflux systems is the one of five families of efflux system
widespread in Gram-negative bacteria. Multidrug transporters belonging to the RND
family interact with a membrane fusion protein (MFP) and an outer membrane protein
to allow drug transport across both the inner and outer membrane of Gram-negative
bacteria. The secondary structure of RND-type efflux proteins was proposed to
consists of 12 TMS (49), and an outer membrane efflux protein (OEP) which is the
TolC (the outer membrane efflux protein in Escherichia coli) or a TolC homolog, it is
a multidrug efflux that can be pump out an extremely wide range of substrates,
including practically all lipophilic and amphiphilic antibiotics, chemotherapeutic
agents, metabolic inhibitors such as cerulenin, dyes, detergents (including SDS, Triton
X-100, and bile salts), and solvents, especially can be pump metronidazole by proton
pump inhibitor. The RND family efflux systems are dependent on the proton motive
force. Such systems, including the AcrAB-TolC system in Escherichia coli , the
AcrAB system in Haemophilus influenzae , the MexAB-OprM system in
P. aeruginosa,(9-11, 50). Previous study has identified in H. pylori 11637 that
presence of portions of three genes with homology to potential RND efflux systems
and confirmed that H. pylori contained only these three putative RND efflux systems,
hefABC, hefDEF, and hefGHI, and that the hefGHI system was expressed only in vivo
while other two RND systems were expressed both in vivo and in vitro(9).

Phylogenetic analysis of the H. pylori efflux homologs with other characterized RND
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efflux systems revealed that the HefDEF and HefGHI systems were most similar to
those systems involved in the efflux of divalent cations, while HefABC was most
similar to those systems characterized as multiple-drug efflux pumps. However, it was
apparent that, e.g., the H. pylori RND pump proteins are divergent (i.e., branch earlier
on the phylogenetic tree) from other bacterial sequences. Of the three putative efflux
systems identified in H. pylori, only one, HefABC, showed any homology to the RND
efflux systems involved in multidrug resistance in other bacteria, and suggest that
HefA efflux pump, TolC homolog may play a role in metronidazole resistance

mechanism (10, 11).

Figure 8. A diagrammatic representation of the structure and membrane location of

RND family efflux pumps (49).



CHAPTER 1V

MATERIALS AND METHODS

Methodology Scheme

Metronidazole-resistant H. pylori

A 4

encoding gene mutations

Detection of nitroreductase-

A

y

Detection of efflux pump

l

A 4

A 4

raxA frxA

fdxA

Expression of hefA

Phenotype

Expression of
nitroreductase-encoding

genes

Figure 9. Methodology Scheme



25

PART I : CLINICAL ISOLATES

1. BACTERIAL STRAINS

Thirty metronidazole-resistant Helicobacter pylori and five metronidazole-
susceptible isolates were obtained from a collection culture stored at -70 °C at the
Department of Microbiology, Faculty of Medicine, King Chulalongkorn Memorial
Hospital (Bangkok).

2. PRESERVATION OF H. PYLORI ISOLATES

All H. pylori isolates were grown on Columbia blood agar with 7% sheep
blood and 7% horse serum (GibcoBRL, U.S.A.) at 37 °C under microaerobic
condition for 3 days. The colonies were transferred by loop into cryogenic vials
containing brain heart infusion broth (Oxoid, England) containing 20% glycerol

(V/V)and were kept at -70 °C until used.

PART II : DETECTION OF NITROREDUCTASE-ENCODING GENES
MUTATIONS

Nitroreductase-encoding genes including rdxA, frxA and fdxA were amplified

by PCR and then sequenced.

1. DNA extraction

The extraction of H. pylori was performed by QIAamp DNA Mini Kit
(Qiagen, Germany). The DNA was purified according to manufacturor®s directions.
H. pylori colonies were scraped from the culture plate with an inoculation loop and
suspended in 180 pl of buffer ATL (supplied in the QIAamp DNA Mini Kit). Twenty
microlitres of Proteinase K were added, mixed by vortexing, and incubated at 56°C
until bacterial cell were completely lysed. Lysis is usually complete in 1-3 h. The
sample was then added with 200 pul of buffer AL, mixed by pulse-vortexing for 15 s,

and incubated at 70 °C for 10 min and briefly centrifuged to remove drops from inside
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the lid. Then, 200 pl ethanol (100%) was added to the sample, and mixed by pulse-
vortexing for 15 s. The mixture including the precipitate were transferred to the
QIAamp spin column in a 2 ml collection tube. and centrifuged at 8000 rpm for 1
min. the QIAamp spin column were placed in a clean 2 ml collection tube, and the
filtrate was discarded. the QIAamp spin column were carefully opened and 500 ul of
buffer AW1 were added and centrifuged at 8000 rpm for 1 min. QIAamp spin column
were placed in a clean 2 ml collection tube, and the filtrate was discarded. Five
hundred pl of buffer AW2 were add to QIAamp spin column, and centrifuge at
14,000 rpm for 3 min. The QIAamp spin column was placed in a clean 1.5 ml
microcentrifuge tube and was added with 200 pl Buffer AE. The sample were
incubated at room temperature for 1 min, and then centrifuged at 8000 rpm for 1 min.

The extracted DNA was stored at -20 °C.

2. Primers for PCR and DNA sequencing
PCR are shown in Table 4 used for Amplified rdxA, frxA and fdxA genes

Table 4. Primers used for amplification of rdxA, frxA and fdxA genes

Gene Primer Primer sequence (5’- 3°) Product Reference
size
(bp)

rdxA rdxA-F 5*“ATGGGTTGCTGATTGTGGTTTATGG-3* 947 BP (51

rdxA-R  5“AAAACACCCCTAAAAGAGCG-3*

frxA frxA-F 5CGAATTGGATATGGCAGCCG-3* 910 BP 41)
frxA-R 5“TATGTGCATATCCCCTGTAGG-3*
fdxA fdxA-F 5 “CGCTTGTTCAAGGCTCTGATG -3“ (43)
826 BP

fdxA-R 5“CGCTACAAACTCCAGCCGATT-3*

hefA hefA-F  5"ACGCCTCGAGTAAAAGCGCAAGGGAATTTG-3" 1788 BP this study
5“ACGCTCTAGATTCGCTAATTGGCCTAGCAT-
3((

hefA-R
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3. Amplification of rdxA gene by PCR

Primer RdxAF1 and RdxAR1 were used for amplification the entire rdxA gene
in 50 pl PCR reaction mixture containing 1X Taq buffer, 1.5 mM MgCl,, 0.2 mM
dNTPs (Fermentas, USA), 0.2 uM of each forward and reverse primer, and 1 U Taq
polymerase (Fermentas, USA), and 1 pL of DNA template. The amplification
conditions were, initial denaturation at 94 °C for 1 minutes, 35 cycles of 94 °C for 40
sec. , 57 °C for 40 sec., and 72 °C for 1 minute, and a final elongation at 72 °C for 10

minutes.

4. Amplification of frxA gene by PCR

Primer frxA-F and frxA-R were used for amplification the entire frxA gene in
50 pl PCR reaction mixture containing 1X Tag buffer, 1.5 mM MgCl,, 0.2 mM
dNTPs (Fermentas, USA), 0.2 uM of each forward and reverse primer, and 1 U Taq
polymerase (Fermentas, USA), and 2 puL of DNA template. The amplification
conditions were, initial denaturation at 94 °C for 30 minutes, 35 cycles of 94 °C for 30
sec. , 57 °C for 30 sec., and 72 °C for 1 minute, and a final elongation at 72 °C for 10

minutes.

5. Amplification of fdxA gene by PCR

Primer fdxA -F and fdxA -R were used for amplification the entire fdxA gene in
50 ul PCR reaction mixture containing 1X Tag buffer, 1.5 mM MgCl,, 0.2 mM
dNTPs (Fermentas, USA), 0.2 uM of each forward and reverse primer, and 1 U Taq
polymerase (Fermentas, USA), and 2 pL of DNA template. The amplification
conditions were, initial denaturation at 94°C for 30 minutes, 35 cycles of 94°C for 30
sec. , 57 °C for 30 sec., and 72 °C for 1 minute, and a final elongation at 72°C for 10

minutes.
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6. Analysis of amplified DNA

The PCR products were analyzed on 1.0% agarose (Pronalisa, Spain) in 0.5X
TBE buffer containing 0.5 pg/ml of ethidium bromide (Sigma, USA). PCR products
were mixed with 6X of loading dye buffer (20% ficoll, 0.05% bromphenol blue). The
electrophoresis was carried out at 100 volts for 50 minutes. The amplified products
were visualized and photographed under UV light transilluminator. A 100 bp DNA

ladder (Fermentus, USA) was used as a DNA size marker.

7. Purification of PCR products

The PCR products of rdxA, frxA and fdxA genes were purifired by QIAquick
PCR purification kit as described by the manufacturer (QIAGEN , Max-Volmer-
StraBe4 , Hilden, Germany). Five volume of Buffer PBI were added into the 1
volume of PCR products and mixed by pulse-vortexing. QIAquick spin column was
placed in a provided 2 ml collection tube. The sample were then transferred to the 2
ml QIAquick spin column and centrifuged 13,000 rpm for 1 min. The filtrated was
discarded and 750 ml of PE buffer were added into the QIAquick spin column,
centrifuged for 1 min. Flow-through was discarded. QIAquick spin column were
placed back in the same tube, and centrifuged for 60 sec. The QIAquick spin column
was placed in a clean 1.5 ml microcentrifuge tube.Thirty microliters of buffer EB
were added into the the QIAquick spin column in a clean 1.5 ml to eluted the pured
DNA. The concentration of DNA was measured by spectrophotometer (BIO RAD,
Smart Spec tm 3000, U.S.A) and approximately adjusted to 50-100 ng/ul for

preparation of sequencing reaction. The purified PCR products were stored at -20°C.

8. Preparation of sequencing reaction

Automated sequencing was done at the Macrogen Inc. (Seoul, Korea).
Sequencing reaction was done by the chain termination method. DNA samples were
sequenced both directions forward and reverse primers using the two primer.

Sequencing was conducted under BigDyeTM terminator cycling conditions. The
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reacted products were purified by ethanol precipitation and running using automatic

sequencer, Applied Biosystems DNA sequencer model 3730xI (Rochester NY, USA).

9. Sequence analysis

The nucleotide sequences and the deduced amino acid sequences were
analyzed with the software available over the Internet at the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST) and ExPASy
(www.expasy.org/). Multiple sequence alignment of sequences were analyzed by
Multalin (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html) and BioEdit

program.

PART III : DETECTION OF THE EXPRESSION OF NITROREDUCTASE-
ENCODING GENES AND EFFLUX PUMP HEFA

1. RT-PCR analysis of mRNA levels.

1.1 RNA EXTRACTION

(i HOMOGENIZATION Exponentially growing H. pylori colonies were
suspended in BHI broth (10" cells) and centrifuged 12000 g and lysed cells in 1ml
TRIZOL® Reagent (Invitrogen Cat. No. 15596-018) by repetitive pipetting. Use 1 ml
of the reagent per 1 x 107 bacterial cells. Washing cells before addition of TRIZOL®
Reagent should be avoided as this increases the possibility of mRNA degradation.

(ii)) PHASE SEPARATION Incubate the homogenized samples for 5 minutes
at 15 to 30°C to permit the complete dissociation of nucleoprotein complexes. Add
0.2 ml of chloroform per 1 ml of TRIZOL Reagent. Cap sample tubes securely. Shake
tubes vigorously by hand for 15 seconds and incubate them at 15 to 30°C for 2 to 3
minutes. Centrifuge the samples at no more than 12,000 x g for 15 minutes at 2 to
8°C. Following centrifugation, the mixture separates into a lower red, phenol-
chloroform phase, an interphase, and a colorless upper aqueous phase. RNA remains
exclusively in the aqueous phase. The volume of the aqueous phase is about 60% of

the volume of TRIZOL Reagent used for homogenization.
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(ii1) RNA PRECIPITATION Transfer the aqueous phase to a fresh tube, and save the
organic phase if isolation of DNA or protein is desired. Precipitate the RNA from the
aqueous phase by mixing with isopropyl alcohol. Use 0.5 ml of isopropyl alcohol per
I ml of TRIZOL Reagent used for the initial homogenization. Incubate samples at 15
to 30°C for 10 minutes and centrifuge at no more than 12,000 x g for 10 minutes at 2
to 8°C. The RNA precipitate, often invisible before centrifugation, forms a gel-like
pellet on the side and bottom of the tube. (iv) RNA WASH Remove the supernatant.
Wash the RNA pellet once with 75% ethanol, adding at least 1 ml of 75% ethanol per
1 ml of TRIZOL Reagent used for the initial homogenization. Mix the sample by
vortexing and centrifuge at no more than 7,500 x g for 5 minutes at 2 to 8°C. (v)
REDISSOLVING THE RNA At the end of the procedure, briefly dry the RNA pellet
(air-dry for 5-10 minutes). It is important not to let the RNA pellet dry completely as
this will greatly decrease its solubility. Partially dissolved RNA samples have an
A260/280 ratio < 1.6. Dissolve RNA in RNase-free water or 0.5% SDS solution by
passing the solution a few times through a pipette tip ~ 15-20 ul, and incubating for
10 minutes at 55 to 60°C finally storage the RNA at -80°C

1.2 RT-PCR

To convert the RNA to cDNA by Superscript III strand Synthesis System for
RT-PCR Invitrogen (Cat.No. 18080-051)

First-Strand cDNA Synthesis

The following procedure is designed to convert 1 pg to 5 pg of total RNA or 1
pg to 500 ng of poly(A)+ RNA into first-strand cDNA: Mix and briefly centrifuge
each component before use. Then combine the following in a 0.2- or 0.5-ml tube:
(Component Amount up to 5 pug total RNA n ul , Primer* 1 pl, 50 ng/ul random
hexamers, 10 mM dNTP mix 1 pl, DEPC-treated water to 10 pl ) Then incubate at
65°C for 5 min, and place on ice for at least 1 min. After that prepare the following
cDNA Synthesis Mix, adding each component in the indicated order: (Component 1
Rxn 10 Rxns, 10X RT buffer 2 pl 20 pl, 25 mM MgCl12 4 pul 40 ul, 0.1 M DTT 2 ul 20
ul, RNaseOUT. (40 U/ul) 1 pl 10 pl, SuperScript. IIT RT (200 U/ul) 1 pl 10 pl). Then
add 10 pl of cDNA Synthesis Mix to each RNA/primer mixture, mix gently, and
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collect by brief centrifugation. Incubate as follows. Oligo(dT)20 or GSP primed: 50
min at 50°C Random hexamer primed: 10 min at 25°C, followed by 50 min at 50°C.
Then terminate the reactions at 85°C for 5 min. Chill on ice. Then collect the
reactions by brief centrifugation. Add 1 ul of RNase H to each tube and incubate for
20 min at 37°C. and finally cDNA synthesis reaction can be stored at -20°C or used
for PCR immediately.

Summary of Procedure

Denature: RMNA + Primer + dNTPs (10 pl)
65°C for 5 min
Place on ice for at least 1 min
|
¢ ¢ cDNA Synthesis Mix:
Anneal: Oligo(dT),, or GSP 10X RT Buffer 2
Add 10 p| cDNA Synthesis Mix Add 10 p1 cDNA Synthesis Mix 25 mM MgCl, 4
01 MDTT | 2
¥ RNaseOUT™ 1
25°C for 10 min SuperScript  IIRT 1
| 10 pl
cDNA Synthesis: 50°C for 50 min
'
Terminate Reaction: 85°C for 5 min
\
Remove RNA: Add 1 pl of RNase H
37°C for 20 min
v
PCR Amplification: Remove 2 pl aliquot for PCR

fun ta 10 ol mav he used)

Figure 10. Summary procedure of RT-PCR
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PART IV : DETECTION OF EFFLUX PUMP PHENOTYPE

1. Detection of efflux pump in metronidazole-resistant H. pylori by efflux

inhibitor, carbonyl cyanide m-chlorophenylhydrazone (CCCP)

To study inhibitory effects of carbonyl cyanide m-chlorophenylhydrazone
(CCCP) against efflux, susceptibility testing was carried out using agar dilution
method. MIC changes were observed in either the absence or the presence of CCCP
(Sigma, USA) at concentrations of 100 uM, as described by (52). The Mueller Hinton
agar containing the two-fold dilutions of metronidazole were inoculated with 5x10*
cfu/ml of each isolate. Plates were incubated at 37°C under microaerophilic condition
for 3 days. A phenotype for positive efflux was detectable after at least four fold of
metronidazole MICs in the the presence of CCCP.



CHAPTER V

RESULTS

PART I: BACTERIAL STRAINS

A collection of thirty isolates of metronidazole-resistant H. pylori and five
metronidazole-susceptible isolates were used in this study. They were obtained from
gastric biopsy specimens and kept at the Department of Microbiology, King
Chulalongkorn Memorial Hospital, Bangkok, Thailand between August 2003 and
June 2004. The isolates were stored at -80°C
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PART II: AMPLIFICATION OF RDXA GENE BY POLYMERASE CHAIN
REACION

Thirty five H. pylori isolates were screened for the presence of rdxA gene by
PCR with primers RdxA-F and RdxA-R. Of the 35 H. pylori isolates, 5 were
susceptible to metronidazole (MIC range = 0.016 — < 8 pug/ml) and 30 were resistant
to metronidazole (MIC range = 32- >256g/ml). PCR products of 947 bp were present
in all isolates. Figure 11 shows PCR products of metronidazole-susceptible isolates

(lane 1-3) and metronidazole— resistant isolates (lane 4-9).

3000 bp—»
1500 bp—

500 bp —p [P

100 bp =

Figure 11. Electrophoresis of rdxA PCR products

Lane M  : 100 bp plus DNA marker

Lanel-9 : metronidazole-susceptible (H30, H37, H57) and metronidazole-resistant
H. pylori isolates (H31, H40, H47, H61, 464, H2)

Lane 10  : negative control (DDW).
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PART III: AMPLIFICATION OF FDXA GENE BY POLYMERASE CHAIN
REACION

Thirty five H. pylori isolates were screened for the presence of rdxA gene by PCR
with primers FdxA-F and FdxA-R. Of the 35 H. pylori isolates, 5 isolales were
susceptible to metronidazole (MICs range = 0.016 — < 8 ug/ml) and 30 isolates were
resistant to metronidazole (MIC range =32- >256pug/ml). PCR products of 826 bp
were present in all isolates. The PCR products of representative isolates are shown in

Figure 12.

3000 bp —»

1500 bp —p
1000 bp —»

500 bp —»

100bp —»

Figure 12. Electrophoresis of fdxA PCR products.

Lane M : 100 bp plus DNA marker

Lane 1-4 : metronidazole-resistant H. pylori isolates (H31, H40, H47 and H61)
Lane 5 :negative control (DDW).
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PART IV: AMPLIFICATION OF FRXA GENE BY POLYMERASE CHAIN
REACION

Thirty five H. pylori isolates were screened for the presence of rdxA gene by PCR
with primers FrxA-F and FrxA-R. Of the 35 isolates, 5 were susceptible to
metronidazole (MICs range = 0.016 — < 8 pg/ml) and 30 were resistant to
metronidazole (MIC range =32- >256pug/ml). PCR products of were present in all

isolates, as shown in Figure 13.

M 1 2 3 4 5 6 7 8 9 10 11 12

1000 bp —»

500bp —»

100bp —»

Figure 13. Electrophoresis of frxA gene PCR products by PCR.

Lane M : 100 bp DNA marker

Lane 1-11 : metronidazole-susceptible (H30, H37, H57,H74,H101) and
metronidazole-resistant H. pylori isolates (H31, H40, H47, H61, 464,
H2)

Lane 12 : negative control (DDW).
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PART V: MUTATIONS IN RDXA

RdxA

To identify MTZ resistance-associated mutations in rdxA genes, PCR
amplified rdxA containing fragments of the expected size, 947 bp, were sequenced
from the 35 H. pylori isolates including 30 MTZ-resistant isolates (MIC >8 pg/ml)
and 5 MTZ-sensitive isolates. Amino acid changes in RdxA are shown in ( Table 5-
14) and Appendix E.

The RdxA sequences of 30 MTZ-resistant isolates and 5 MTZ-susceptible
isolates were compared with those of H. pylori 26695 (Genbank accession no.
AE000573). There were 10-30 amino acid substitutions in RdxA among all isolates
sequenced. Frameshift mutation was found in MTZ-resistant isolates, including H17,
876, C37, C66, TU970, 903, H3, G-3, G-8, TUBS1. In H17, there was mutation at
amino acid position 8§ that occurred by C insertion at nucleotide position 23, leading
to stop codon at amino acid position 17. Prematured stop condon was also found at
amino acid position 29, 50, 65, 73, 76, 92, 111 and 166 in 9 MTZ-resistant isolates
(876, C37, C66, TU970, 903, H3, G-3, G-8, TU8S51). Amino acid substitutions were
found in both MTZ-susceptible and MTZ-resistant isolates. There were 31 amino acid
substitutions, including Q6H, R16H/C, M21V, T31E/K, A37T, H53R, D59N, L62V,
K64N, A67V, E75Q, A80T, S88P, RO0OK, PI1S, HI7Y/T, GI98S, P106S/L, S108A,
VI111A, S128G, R131K, A143V, S152N, V1721, E175A/K/G, A183V, E194D,
V2041, D205A, and A206T. Amino acid substitutions which caused prematured stop
codon were found in MTZ-resistant isolates, including H43, G-1, TU960, H47 and
C94. In the isolate H43, there was stop codon at a amino acid position 50 that was
occurred by nucleotide C substitution to T at nucleotide position 149. In G-1, TU960,
H47 and C94, stop codon was found at amino acid position 65 which occurred by

nucleotide C substitution to T at nucleotide position 194.
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Of the 31 amino acid substitutions, 10 including Q6H, T31E, D59N, K64N,
R90K, H97T, G98S, P106S, R131K, and V2041 were shared by both metronidazole-
resistant and —susceptible isolates (Table 5-14). Therefore, these amino-acid changes
are probably not important for nitroreductase function. However, the variability of
nucleotide substitutions and amino acid substitutions in the RdxA were not related to
the metronidazole MICs, suggesting that these amino acid changes are not the only
mechanism related to the functional activity of RdxA. Amino acid substitutions in
RdxA in metronidazole-susceptible isolates suggested that there was genetic diversity

among the rdxA gene of H. pylori.



Table 5. RdxA amino-acid changes in metronidazole-suscentible and -resistant H. nvlori isolates

Strains MIC Amino acid changes position in RdxA
Susceptible strains 61 8|16[17|21(29|31(37| 50 |53|56|59(62|64| 65 |67|68|73|75|76|80({88{90(91{92(97|98106/108|111|118|128/131{143|162|166|172(175(183(194204205]206

26695%* 006 Q|K|IRIHM|S|T|A| Q |HM|DIL|K|Q|A|A[N|E|M|A|S|R|P|S|H|G|P|S|V S|IR|A|{G|P|V|IE|A|E|V|D|A
H30 0.38 E N|.[N| . [|. PR PO R R ST St .| -1- P O O (O P O I I G VN
H37 0.094| H E N|.|N K S| .| . [T|.[K|.|.|.]|1

H57 0.094| H E N|. v K 1

H74 0.50 E S|. K S A% T|A
H101 0.25 E N|. [N T K Q I[A

Resistant strains

H111 >256 N S K T
H31 >256 E N P K \%

H40 >256 E R N|V S K

H73 >256| . H E N K| . I

1173 64 H E N K Y D|I

H61 192 H R N P S K|V T
c99 >256 H R N P S K|V T
464 32 C E R N|V P S A K T
H2 >256 C \% E R N \% P S S K T
H35 >256 H E|T R N|V S|L K I[A
H43 >256 E _a

g-1 >256 E R \Y% _a
TU960 >256 E N|V _a

H47 64 E N _a

*; GenBank accession no.AE000511 , . ; Same as for 26695, *; amino acid substitution leading to stop codon, _b; Frameshift mutation leading
to stop codon, _c ; stop codon

6¢



Table S(continued). RdxA amino-acid changes in metronidazole-suscentible and -resistant H. pvlori

Strains (“I\:’Hgn Amino acid changes position in RdxA
Susceptible strains 8 16| 17 [21]29(31[37]|50(53|56|59|62|64| 65 |67]68|73|75]76 |80|88(90|91|92 |97[98|106|108|111|118]128]|131]143|162|166(172|175|183|194|204|205|206
26695% 0.06 K|R|H |[M|S|T|A|[Q|H|M|D|L|K|Q|A|A|N|E|M|A|[S|R|P|S|H|G|P|S]|V S|R|A|G|P|V|E|A|E|V|D|A
Resistant strains
C94 >256 E N a
H98 128 E N Q T T S G|K
C71 >256 E N T S A I|A
HI2 >256 C R N|V T S K T
H80 >256 C R N|V T S K T
-3 >256 E N K S K w°| ¢
2-8 >256 E N K S K WP| ¢
TUS51 >256 E N K S K WA
828 >256 E N K T K
H3 >256 E N K E°| ¢
H17 >256 g ¢
903 >256 E T[N T® e
37 >256 K N T® Lc
C66 >256 I N T® E
TU970 >256 E N T® Lc
876 >256 I e

*. GenBank accession no.AE000511
to stop codon, _c ; stop codon

, « 3 Same as for 26695, *; amino acid substitution leading to stop codon, _b; Frameshift mutation leading

0¥



41

PART VI: MUTATIONS IN FDXA

Metronidazole resistance-associated mutations in the fdxA gene were
determined all 35 isolates studied. PCR-amplified fdxA containing fragments of the
expected size, 826 bp, were sequenced. Amino acid changes in FdxA are shown in
Table 15 and Appendix. Isolate 828, a metronidazole-resistant isolate, contained a
single missense mutation within the fdxA gene, Asns, to His, when compared with
amino acid sequences of H. pylori 26695. Six isolates including 1173, C94, G-3, 903,
C37, and C66 had amino acid deletion at Asps; that occurred by nucleotide TGA
deletion at nucleotide position 138-140 (Table 15) and Appendix E.
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Table 6. Amino acid changes in FdxA in metronidazole-susceptible and

metronidazole-resistant H. pylori isolates

Strains MICs (ng/ml) Amino acid changes at position
Suscel?tible 3 47
strains
26695 0.06 N D
H30 0.38
H37 0.094
H57 0.094
H74 0.50
H101 0.25
Resistant strains
H111 >256
H31 >256
H40 >256
H73 >256
1173 64 =%
Hel 192
C99 >256
464 32
H2 >256
H35 >256
H43 >256
G-1 >256
TU960 >256
H47 64
C9%4 >256 -
H98 128
C71 >256
H12 >256
H80 >256
G-3 >256 %
G-8 >256
TU851 >256
828 >256 H
H3 >256
H17 >256
903 >256 %
C37 >256 =%
C66 >256 %
TU970 >256
876 >256

*: GenBank accession no.AE000511

, «3 Same as for 26695, -; deletions in amino acid
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PART VII: MUTATIONS IN FRXA

As FrxA has been suggested to play a role in MTZ resistance, we analyzed the
FrxA amino-acid sequences to identify any amino-acid changes. The FrxA amino acid
sequences from H. pylori 26695 were used to compare with those of the 5 MTZ-
susceptible and 30 MTZ-resistant isolates. Four of 5 MTZ-susceptible H. pylori
encoded full-length FrxA, containing 1-4 amino acid substitutions. Truncated FrxA
due to a frameshift mutation was found in 8 MTZ-resistant strains, including C37, H2,
903, C99, TU970, 828, H12 and H80 at amino acid position 4, 9, 18, 70, and 184,
leading to premature stop codon at amino acid position 7, 29, 19/39, 73/88 and 216
respectively. Amino acid substitutions in 8 MTZ-resistant isolates (H73, 1173, H61,
464, H17, H40, C94 and TUS851) which caused premature stop codon were observed
at amino acid position 5 , 68, 73, 176, 84, and 101 respectively. Five of amino acid
substitution positions was found in both metronidazole-susceptible and

metronidazole—resistant isolates.



Table 7. FrxA amino-acid changes in metronidazole -susceptible and -resistant H.

pylori isolates

Strains (r;'ﬁ) Amino acid changes position in FrxA

S IR HEEE IRDHEEEEEHEREEREEEHREE
26695* 006 |E| Q [V|L|H]|A]|A]|K s | D L | A 1| wW|A|L|F|G A H | N I N E | A P E A| C K R K
H30 0.38 . . A ST \% H S

H37 0.094 H S S

H57 0.094 | . . I

H74 0.50 . . A ST K

H101 0.25

Resis.tant

strains

HIll >256 \Y

H31 >256 | . . A ST K S E

H40 >56 | .| . || .| .| .| E s | s D | M| s |G e

HT73 >256 _a

1173 64 o

H61 192 . . 1 a

99 >256 | . . A . | N P I c

464 32 . . N E G|Y A

H2 >256 | . . Y ¢

H35 >256 | . . I \% v|s| s S K S

H43 >256 | . . A ST \% E s | s D | M| S % S N
-1 >256 | . . A T Q K S

TU960 >256 | . . A ST \% E s | s D | M| S % S N
H47 64 . . R U O R S

*. GenBank accession n0.AE000511 , . ; same as for 26695, *; amino acid substitution leading to stop codon, _b; Frameshift mutation leading

to stop codon, _c ; stop codon

4%



Table 7. FrxA amino-acid changes in metronidazole -susceptible and -resistant H. pylori isolates

Strains Amino acid changes position in FrxA
Suscepil | oo T o T s 17 o] L] L] ] ] ][22 3] [4]4][4]4]6]7] 7] 7] 7][s8][s8]s8] 0] [a[@2]B]155]16]17 ][50
e strains 1l s]lel s ole6]ololol 1| 3]als]|ol1|2]3]a]s]|s] 1 7 | 4 1 4 | 2l 6| a3
2605« [ 006 |E|Q|v|L|H|Aala|k|Y|s|p|Lr]|a|lp|s|i1|w|la|L|F|leo|Lr|lale|HuvH ]| N|]T|N|]E|A]|P]|E]|aA]|TC
Resistant
strains
94 {750 T T N O I A I [ (PR N N I A AR R PR B I
H8 s | o] e
25
71 < [ EE R AR KRR N ARV AR IR IR IR I B S 5
HI2 >§5 A TRV U A AU R A AU U A U EU AR NV IR AU KU K U NP I . D | M . . . . . G
H80 7500 P N U N VR R O O O (O [ O N ' N S [ A R T IS VR I . . . |
o3 250 ol a2
6 -
25
8 : F TRV O AR AR N R A AU U A U ER AR NVR IR AU KU I U R N . . . . . . . K s
tosst | R LA e s s
828 >§5 N . . . . . . . . . le | T w <
H3 oo A e s s B e s V] . s
HI7 >§5 e lAalE] ey [
. 25
903 : S (R U R R IR (A B B
c37 >§5 D|K | ¢
) 25
66 < P T (R KR IR I N IR I I
TU970 >§5 [ R A R I N|T|[P ||
25
876 A S (VU O AR R R AR AU U A U HU AU NVR IR AU N I U R N . . . . . . . K s

*; GenBank accession no.AE000511 , . ; Same as for 26695, *; amino acid substitution leading to stop codon, _°; Frameshift mutation leading
to stop codon, _c ; stop codon

97



Table 8. Alterations in RdxA, FdxA and FrxA in 35 H. pylori isolates

RdxA FdxA FrxA
Isolates | MIC(ng/ml) Change§ n . . . Change§ n Cha;mges m Framshift . . .

nucleotide Changes in amino acid sequence nucleotide amino acid mutation Changes in amino acid sequence
sequence sequence sequence

130 038 Missense T31E,D59N,K64N,H97T, ) ) ) Al16T,144V,

) mutation P106S,V2041,D205A NI111H,N124S

Missense Q6H,T31E,D59N,K64N,R90K,

H37 0.094 mutation HO97T,P106S,A118T,R131K,V172I ) ) ) NIT1H,N1248,C1938
Missense Q6H,T31E,D59N,

7 0094 mutation A68V.RI31K,V172I - - - e
Missense T31E,D59S,R90K,G98S,

H74 0.50 mutation A183V.V204T.D205A - - - Al6T,E176K

H101 025 Missense T31E,D59N,K64N,H97T,R131K, ) ) ) )

) mutation E175Q,V2041,D205A

HI11 256 Missense D59N,G98S,R131K,A206T ; ; - A70V,C193S
mutation
Missense T31E,D59N,S68P,

H31 >256 mutation RI3IK.SISIN.AISHV - - - A16T,E176K,C193S,K204E

H40 =256 Missense T31E,D59N,S88P, ) ) ) V71,A16T,I44E,F72S,G73S,N111D
mutation R131K,S132N,A183V I117M,N124S,E131G, E176STOP
Missense R16H,T31E,D59N,

H73 >256 mutation HOTY V2041 - - - Q5STOP
Missense R16H,T31E,D59N, TGA 35 .

173 64 mutation ROOK,HO7Y.E194D, V2041 Lodeletion Aspy7 deletion - Q3STOP
Missense R16H,H53R,D59N,S88P,

Hol 192 mutation GI98S,R131K,A143V,A206T ) ) V71L,W68STOP
Missense R16H,H53R,D59N,S88P, Frameshift, AA

€99 256 mutation GI98S,R131K,A143V,A206T ) ) deletion at 54 KISN->L39STOP

164 1 Missense R16C,T31E,H53R,D59N,L62V, ) ) Frameshift,G,;, A16T,S43A,144E,
mutation S88P,G98S,S108A,R131K,A206T insertion A70G>G73STOP
Missense R16C,M21V,T31E,H53R,D59N, FrameshiftT,,

H2 7236 mutation A67V,S88P,P91S,G98S,R131K,A206T ) ) deletion LOY=>D29STOP

9%



Table 8.(continued) Alterations in RdxA, FdxA and FxA in 35 H. pylori isolates

RdxA FdxA FrxA
Ch . Changes
Isolates | MIC(ug/ml . . in ami i anges 1 in ami i - .
solates (ng/mb) Framshift mutation Changes in amino acid nucleotide | 1 AMNO Frams.hlft Changes in amino acid sequence
sequence sequence acid mutation
sequence
35 56 Missense mutation R16H,T31E,A37T,H53R,D59N, ] ] Missense V7LI44V,L71V,F72S,G73S,
G98S,P106L,R131K,V2041,D205A mutation N124S,E170K,C193S
H43 2256 Missense mutation T31E, ) ) Missense A16T,A40V,S43A,144E F72S,G73S,N111D
Q5oSTOP mutation 1117M,N124S,A154V,C193S,K208N
G-1 >256 Missense mutation T31E’Hé361§,’5%509§’L62V’ - ; hnﬁi?c: A16T,P162Q.E176K,N193S
. . T31E,H53R,D59NL62V, Missense A16T,A40V,S43A,144E F72S,G73S,N111D,
TUS60 >256 Missense mutation Q65STOP - - mutation 1117M,N1248,A154V,C193S,K208N
. . T31E,D59N, Missense
H47 64 Missense mutation Q65STOP - - mutation H11Y,A16T,C193S
i . T31E,D59N, TGA 3. Aspy; Frameshift TG, VILA16T,S43A,
C94 >256 Missense mutation Q65STOP iudeletion | deletion | insertion 180 144E,Q65STOP
i i Q6H,T31E,D29N,E75Q,A80T,
H98 128 Missense mutation HO7T.P1068.S128G.R131K - - - A15T,P41L
. . T31E,D59N,H97T,P106S,
C71 >256 Missense mutation VI11AV204K.D205A - - - A15T,P41L
i . R16C,H53R,D59N,L62V, Frameshift,Gss, V7LNI11D,I117M
HI2 256 Missense mutation H97T,P106S,R131K,A206T - - insertion A184G>K204STOP
. . R16C,H53R,D59N,L62V, HI7T, Frameshift,Gss, V7LLA70V,N111D,I1117M,
H80 >256 Missense mutation P106S,R131K.A206T - - insertion A184G>K204STOP
3 756 Frameshift, Tygo T31E,D59N,R90K,G98S,R13 1K, TGA 35 ASpar ] V71,S43A,144E,
& insertion G162W>P166STOP 140deletion deletion W68STOP
Frameshift, T4z T31E,D59N,R90K,G98S,R13 1K, TGA 3. Aspar
i >256 insertion G162W->P166STOP 140deletion deletion ) AI6T.E176K,G1938,K204E
-8
TUS51 ~256 Frameshift, Tygo T31E,D59N,R90K,G98S,R13 1K, ] ] Frameshift, Aoq V7L,A16T,S43A,144E,
insertion G162W->P166STOP deletion F72S,G73S,H101STOP

Ly



Table 8.(continued) Alterations in RdxA, FdxA and FxA in 35 H. pylori isolates

RdxA FdxA FrxA
Ch . Change in
Isolat MIC(ug/ml . . in ami anges In i . . Lo
solates (ng/ml) Framshift mutation Cl3anges 1 amico nucleotide amico Framshift mutation | Changes in amico acid sequence
acid sequence sacid
sequence
sequence
. . T31E,D59N,R90K, . Frameshift,G,;,
828 >256 Missense mutation HO7T.R131K - Asnz,>His insertion A70G>G88STOP
H3 ~256 Frameshift ,AGyg T31E,D59N,,R131K ) ) ) A16T,S43A,144E,F73S,G73S,A85E,N111D,
insertion S152R->P166STOP 1117M,N124S,A154V,C193S,K208N
. . . Frameshift,G,; A16T,S43A,144E,
H17 >256 Frameshift,Csinsertion K8T->H17STOP - - insertion AT0GSGT3STOP
. . . T31E,M56T,D59N, TGA 35 Aspa; Frameshift,AA deletion V71
903 >256 Frameshift, Tospinsertion |\ e /v Sv111STOP Laodeletion deletion at 54 K18I>Y19STOP
Missense mutation
. T31 K,D59N, TGA138_ ASp47 . .
C37 >256 Frameshlft,Al 95 Q65T>N73STOP 1a0deletion deletion Frameshift,A ,deletion E4D->V7STOP
nsertion
Missense mutation
: Q6H,T31K,D59N, TGA 3. Aspar . . Al6T
Co6 >256 Fraﬁ:ilr’t‘gf'% Q65T>N73STOP Lsodeletion deletion | Trameshift.Trsdeletion S26L>R58STOP
Missense mutation . )
. T31E,D59N Frameshift, AA deletion
TU970 >256 Frameshift,A s Q65T>SNT3STOP - - 054 K18N->L39STOP
nsertion
Missense mutation Q6H
> - . .
876 236 Frameshift, Tys deletion $2915S92STOP AL6T.EI76K

1%




Table 9. Conclusion Alterations in RdxA, FdxA and FxA in metronidazole-susceptible and-resistant H. pylori isolates

Amino acid changes position
Strains
RdxA FdxA FrxA
Susceptible- and Q6H V1721 V204D T31E D205A R90OE ) ;ZIIIH ?\1116;‘8 1154147\6/K
resistant isolates D59N RI131K H97T G98S P106S A183V C193S
AIST S26L A70V
F72S G728 1117M
R16H/C M21V A37T HS53R M56T  L62V
A67V S88P PI1S S108A VI111A Al143V
S152N  E194D A206T N32H
Resistant Deletion
isolates at:
D
Stop at: 47 Stop at:
H17* Q50 Q65 N73* M76* S92* V111* P166 Q5 V7* Y19* D29*
L39* R58* W68 G73*
L84*
G88* H101 E176
Susceptible isolates | A68D A118T E175Q - -

_*: Frameshift mutation leading to stop codon , Blue label :amino acid change at position which was reported by other studies.

6v



Table 10. The mutations in nitroreductase genes

Mutations in amino

% of 30 MTZ-

% of S MTZ-

acid of resistant isolates susceptible isolates

RdxA 100% 100%

FdxA 23.33% 0%

FrxA 100% 80%
RdxA+FdxA 23.33% 0%
RdAxA+FrxA 100% 80%
FrxA+FdxA 23.33% 0%

RdxA+FdxA+FrxA 23.33% 0%
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PART VIII : ALTERATIONS IN THE UPSTREAM REGIONS OF RDXA
FDXA AND FRXA GENES

The upstream regions from position -35 to -1, including the Shine Dalgarno (SD)
sequence (AAGGAA) of the rdxA gene, had no alteration in 3 of the 5 MTZ-
susceptible isolates, and 6 of the 30 MTZ-resistant isolates, when compared with
susceptible strain 26695. One nucleotide, G at position -30 upstream from the start
codon (ATG), was deleted in 8 metronidazole-resistant isolates. Nucleotide
substitution from G to A was found in 17 of 30 metronidazole-resistant isolates and 1
metronidazole-susceptible isolates. Nucleotide substitution from A to G at nucleotide
position -15 was only found in one of metronidazole-resistant isolate, TU960. A
metronidazole-susceptible isolate, H30 had nucleotide substitution from A to G at

nucleotide position -28 (Table 24).

For the upstream regions of the fdxA gene, a deletion of nucleotide T occurred
at position -15 upstream from the gene and was found in 3 of the 5 metronidazole-
susceptible isolates including H37, H57, H101 and 12 out of the 30 metronidazole-
resistant isolates. Nucleotide substitution from T to G at position -5 was found in 3

metronidazole -resistant isolates including H40, 1173 and 903.

For the upstream regions of the frxA gene, a deletion of nucleotide T occurred
at position -25 and -30 in both metronidazole-susceptible and metronidazole—resistant
1solates. Two metronidazole-resistant isolates, G-1 and H47 was found 5°-TTA-3*
deletion at at nucleotide position (-3) to (-5). Nucleotide substitution from A to T at
position -8 was found in 10 isolates (C99, H35, G-1, TU960, H47, C94, H17, C37,
C66 and TU970) of 18 metronidazole-resistant isolates.



Table 11. Sequence variations in the upstream regions of rdxA, fdxA and frxA genes

. . MIC Gene upstream region sequences (from positions -35 to — 1)*
H. pylori strains
(mg/mL) rdxA gene | fdxA gene frxA gene
Susceptible strains
26695 0.016 | > -GCTACGAAAAATICTAAAA [ S-AAAGTCGTATTCAAACTTT [ 5“CGTTTATCATTATITAGAAA
AAATAAAGGAAAATCA-3" TTAAAAGGAGTTAGTC-3" AAGGAGAACATTAAA-3"
H30 0.38 A-28G, G-30A - -
H37 0.094 - T deletion at position -15 T deletlonlfl tslg)sition 25
H57 0.094 - T deletion at position -15 | T deletion at position -30
H74 0.50 - - -
H101 0.25 G deletion at position -30 | T deletion at position -15 -
Resistant strains
HI111 >256 - T deletion at position -15 ND
H31 >256 G-30A T deletion at position -15 ND
H40 >256 G-30A T-5G ND
H73 >256 G-30A T deletion at position -15 -
1173 64 G-30A T-5G -
He6l 192 G-30A T deletion at position -15 T deletion at position -25
Cc99 >256 G-30A T deletion at position -15 A-8T
464 32 - - ND
H2 >256 g:;(l)? - T deletion at position -30
H35 >256 - T deletion at position -15 A-8T
H43 >256 G-30A - ND
““TTA-3*deletion at
G-1 >256 - - position (-3) - (-5)
A-8T
TU960 >256 G-30A, A-15G - A-8T

[4S



Table 11.(continued) Sequence variations in the upstream regions of rdxA, fdxA and frxA genes

. . MIC Gene upstream region sequences (from positions -35 to — 1)*
H. pylori strains
(mg/mL) rdxA gene fdxA gene frxA gene
Resistant strains
5*“TTA-3*“deletion at
H47 64 G deletion at position -30 | T deletion at position -15 position (-3) — (-5)
A-8T

C9%4 >256 G deletion at position -30 - A-8T
H98 128 G-30A - T deletion at position -30
C71 >256 G-30A - ND
HI12 >256 G-30A T deletion at position -15 ND
H80 >256 G-30A T deletion at position -15 ND
G-3 >256 G deletion at position -30 - ND
G-8 >256 G deletion at position -30 - ND

TU8S1 >256 G deletion at position -30 ND
828 >256 G deletion at position -30 | A deletion at position -15 A-16G
H3 >256 | G deletion at position -30 T-14C _AST

T deletion at position -21

H17 >256 - - A-8T
903 >256 - T-5G ND
C37 >256 G-30A - A-8T
C66 >256 G-30A T deletion at position -15 A-8T

TU970 >256 G-30A - A-8T
876 >256 G-30A T deletion at position -15 ND

* Nucleotide A from the first codon (ATG) for rdxA, fdxA and frxA was counted as “-1>°, ¢_**; the same as that of strain 26695

€S



-resistant H. pylori isolates

Table 12. Summary of sequence variations in the upstream regions of rdxA, fdxA and frxA genes in metronidazole-susceptible and

Nucleotide changes position
Strains
rdxA fdxA frxA
A-28G T-5C
G-30A
Susceptible- and resistant
strains Deletion Deletion Deletion at:
at: at: T-25 T-30
G-30 T-15
T5G A-8T
A-16G
C-31T T-14G
A-15G
Resistant
strains - Deletion Deletion at:
at: 5°-TTA-3’
A-15 (-3)
T(-21)
Susceptible strains - - -

_*: Frameshift mutation leading to Stop codon , Blue label :amino acid change at position which was reported by other studies.

125
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PART IX : DETECTION OF THE EXPRESSION OF NITROREDUCTASE-
ENCODING GENES

1. RT-PCR analysis of mRNA levels.

The optimization of quantitative RT-PCR. The RT-PCR product (5 ul each)
were loaded on 1.0% agarose gel containing 0.5 mg:ml ethidium bromide. Positive
control with H. pylori H12 genomic DNA template was performed separately under
the same condition. Negative control (RNA as template for frxA amplification) was
performed under the same conditions as RT-PCR. RT-PCR products of frxA and
gyrB(housekeeping gene used to compared the optical intensity with RT-PCR
products of frxA gene ) that detect by PCR with primers FrxA-F : FrxA-R and GyrB-
F: GyrB-R. RT- PCR products of 910 bp and 267 bp were present respectively, as

shown in Figure 14.

3000 bp—»

1500 bp—»
1000 bp—> [ -
500 bp —> B

200bp —> B _Ml< QgyrB 267bp

Figure 14. Electrophoresis of RT-PCR products of the frxA and gyrB
Lane M : 100 bp plus DNA marker

Lane 1 : PCR products of frxA gene ; Positive control with H. pylori H12
genomic DNA template

Lane 2 : RT-PCR products of frxA from H12

Lane 3 : negative control (RNA as template for frxA amplification)

Lane 4 : negative control (RNA as template for gyrB amplification)

Lane 5 : PCR products of gyrB gene ; Positive control with H. pylori H12

genomic DNA template
Lane 6 : RT-PCR products of gyrB from H12
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PART X: DETERMINATION OF EFFLUX PUMP

The efflux pump mechanism was determined by agar dilution with or without
the proton pump inhibitor, CCCP. Twelve metronidazole-resistant isolates with
different MIC level were studiied. The decrease of metronidazole MIC of equal or
greater than 4-fold is considered for the presence of efflux pump. There was no
change in metronidazole MIC in the presence of CCCP in all tested isolates. The
results showed that efflux pump was not present in any tested isolates. The results are

summarized in Table 26.

Table 13. The effect of CCCP on 10 metronidazole-resistant H. pylori.

. ) No. of fold MIC range (ug/ml)
H. pylori strain
decreased no CCCP CCCP

H74 0 0.5 0.5
H111 0 512 512
H31 0 512 512
H40 0 256 256
1173 0 64 64
C99 0 256 256
464 0 32 32
H2 0 512 512
H35 0 256 256
H43 0 512 512
G-1 0 512 512

The results showed that efflux pump metronidazole-resistant H. pylori isolates




CHAPTER VI

DISCUSSION

Helicobacter pylori is a gram-negative, microaerophilic, spiral bacterium that
was first isolated from a stomach biopsy by Warren and Marshall in 1982. H. pylori
is an important human pathogen that has now been accepted as the causative agent of
chronic active gastritis, peptic ulcer diseases. Infection with H. pylori is also
considered a risk factor for the development of gastric cancer including gastric
adenocarcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma. Triple
therapy is highly effective for the treatment of H. pylori infection. However, bacterial
resistance to one of the most effective antibiotics, metronidazole, is increasing
reported.

Metronidazole is an antibiotic frequently included in treatment regimens for
eradication of H. pylori. The efficacy of a metronidazole-containing regimen for the
treatment of H. pylori infection is decreased by metronidazole resistance. The activity
of metronidazole in H. pylori is dependent on the reduction of its nitro moiety to
highly reactive compounds that cause DNA strand breakage. Metronidazole is
metabolized by H. pylori by several nitroreductases of which an oxygen-insensitive
NADPH nitroreductase, encoded by the rdxA gene was reported to be the most
important. Goodwin et al. reported that mutations in rdxA gene were associated with
metronidazole resistance (51). Inactivation of other nitroreductase-encoding genes
including frxA (NADPH flavin oxidoreductase) and fdxA (ferredoxin-like protein)
were observed to be involved in the resistance mechanism (38, 47)

This study examined the metronidazole resistance mechanism which focused
on the contribution of the rdxA, fdxA and frxA genes. When compared with genes
from metronidazole-sensitive isolates, rdxA, fdxA and frxA genes of metronidazole-
resistant isolates were altered in the following way: nonsense mutations by directly
introducing stop codons, and missense mutations by frameshift or nucleotide
substitution. Results from this study suggest that the patterns of mutation in these
genes have variation, and the changes in gene sequences are random.

Some of the mutations in the rdxA gene from metronidazole-resistant isolates
in this study have been described by others. The Glng to His mutation found in the

rdxA gene of the metronidazole-resistant isolates was also present in resistant isolates
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in the study by Solca et al.(53). Arg;s to His was reported by Solca et al., Chisholm
SA et al., Kwon DH et al., Matteo MJ et al. and Yang YJ et al. (38, 46, 53-55).
Frameshift mutation, leading to premature stop codon at N73 was also present in the
studies by Marais et al. and Matteo M. J. et al. (41, 55). Amino acid substitution at
Sergg to Pro was reported by Kwon DH et al. and Solca NM et al.(38, 53). Amino acid
substitution at Valy7;; to Ile and Valyys to Ile was found both in metronidazole-
susceptible and —resistant isolates, similar to the study of Kwon DH et al.(38). In
addition, we showed that a truncated RdxA protein could also result not only from a
frameshift mutation but also from nonsense mutation by nucleotide substitution
leading to stop codon. Of the 30 metronidazole-resistant isolates, truncated in RdxA
was found in 11 isolates. In this study, we identified a variety of genetic alterations in
rdxA associated with metronidazole resistance, most of which have not been described
before.

One of the metronidazole-resistant strains, 828, contained single missense
mutations in the fdxA gene at position 32 (Asnj, to His), and six isolates (1173,
(C94,G-3,903,C37,C66) had amino acid deletion at position 47 from nucleotide TGA
deletion at position 138-140. All of metronidazole-susceptible isolates had no changes
in amino acid sequences of FdxA (Table 15). The results suggest that the inactivation
of FdxA protein may not be essential for metronidazole resistance in H. pylori.

In this study, we analyzed the FrxA amino-acid sequences to identify any
amino-acid changes as it has been suggested to play a role in metronidazole resistance
(41, 45). The study of Marais A. et al., suggested that metronidazole resistance
phenotype may arise in H. pylori without mutations in rdxA or frxA, or with mutations
only in frxA.(41) The FrxA amino acid sequences from 26695 was used to compare
the FrxA sequences of the 35 clinical isolates; 5 strains of metronidazole-susceptible
isolates and 30 metronidazole-resistant isolates. Among 15 metronidazole-resistant H.
pylori isolates, 7 (C37, H2, C99, TU970, 828, H12, H80) had a frameshift mutation,
leading to premature stop codon. Similar to our study, mutation at L.39 leading to
stop codon at C99 has been reported by Han F. et al (42). Four of the five
metronidazole-susceptible isolates encoded full-length FrxA containing 1-4 amino-
acids. However, Matteo MJ et al. showed that early truncation of FrxA was observed
in both metronidazole-susceptible and metronidazole-resistant H. pylori isolates,

suggesting that frxA may not play a major role in metronidozole resistance in H.

pylori (55)



59

In addition, alterations in the upstream regions of rdxA, fdxA and frxA was
investigated from position -35 to -1, which may contain the binding site of RNA
polymerase or SD ribosome binding site that may influence the initiation of gene
transcription. In upstream regions of rdxA gene, there were no alterations in 3 (H37,
H57 and H74) of 5 metronidazole-susceptible isolates, of the 30 metronidazole-
resistant isolates, 5 had no alterations in upstream regions. Nucleotide G at position -
30 was deleted in 7 metronidazole-resistant isolates and nucleotide substitution from
G to A was found in 17 metronidazole- resistant isolates. Han F. et al. was also found
nucleotide deletion, but in different position from this study. From this results,
suggesting that alterations in the upstream region of rdxA gene may be contributed to
metronidazole resistance in H. pylori. For the upstream region of the fdxA gene, a
deletion in nucleotide T occurred at position -15 upstream from the gene was found in
3 metronidazole-susceptible isolates and 12 metronidazole- resistant isolates and there
was found nucleotide substitution from T to G at position -5 was present in 3
metronidazole-resistant isolates. For the frxA gene, a variation in nucleotide A to T
occurred at position -8 upstream from the gene. This mutation was found in 10 of the
18 metronidazole-resistant isolates. Moreover, in the upstream regions of frxA genes
from 2 metronidazole-resistant isolates (G-1 and H47), there were deletions of 5°-
TTA-3“ between position -3 and -5. This multiple nucleotide polymorphisms were
also report, by Han F. et al.(42). Nucleotide T deletion at position -25 and -30 in
upstream regions of frxA were found in metronidazole-susceptible isolates and these
changes were also found in 3 strains of metronidazole-resistant isolates suggesting
that this mutation may not be contributed to the development of metronidazole
resistance in H. pylori. Although the significance of these changes is now not fully
understood.

Detection of the expression of nitroreductase-encoding genes were determined
by RT-PCR. RT-PCR could not detect mRNA expression of nitroreductase genes and
HefA in both susceptible and resistant isolates. A sensitive method, Real-time RT-
PCR, is considered to be used for further investigation. The study by Kwon DH. et al.
suggested that metronidazole resistance may also be acquired by decreasing the
transcription of the genes involved in metronidazole reductive activation, in addition
to the mutation in some individual genes such as rdxA(48).

Several previous evidence suggested that metronidazole resistance may not

only be contributed by inactivation of nitroreductase encoding genes mechanisms.
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Possible mechanism of intrinsic drug resistance involves decreased drug uptake or
increased drug efflux. The resistance-nodulation-division (RND) family of efflux
systems is one of the five families of efflux system that is widespread in gram-
negative bacteria(9). In 2005 van Amsterdam K et al. suggested that the HefA (TolC
homolog) efflux pump confered metronidazole resistance in H. pylori (10). In this
study, CCCP could not reduce MIC in all of metronidaozole- resistant isolates. In
contrast with the study by Liu. Z. Q.et al., the expression of hefA was higher in the
induced multidrug resistant strains than in their parent strains(11). Our results showed
that the inactivation of the HefA efflux pump by CCCP were not present in 10 tested
metronidazole-resistant isolates

In this study, we characterized mechanisms of metronidazole resistance in
H. pylori and showed that the mutation in RdxA, FdxA and FrxA were detected in
metronidazole-resistant H. pylori isolates. Metronidazole-susceptible isolates had a
few mutations in these genes which were shown by the study of Kwon et al. that, they
may be involved in metronidazole resistance(38). We found various mutation in
RdxA in metronidazole-resistant isolates and some mutation were also found in
metronidazole-susceptible isolates which are in agreement with the study by
Chisholm SA et al., suggesting that mutations in rdxA may not always be essential for
metronidazole resistance(54). The number of mutations in nitroreductase-encoding
genes may not associated with MIC level of metronidazole, similar to the study by
Marais A. etal. In this study mutations in RdxA were found much more than
mutations in FdxA and FrxA, suggesting that the mutations in rdxA rather than frxA
and fdxA may contribute to metronidazole resistance which was related to previous
evidence from Yang YJ et al(46). Other mechanisms including efflux pump, DNA

repair contributed to metronidazole resistance.



CHAPTER VII

CONCLUSION

Triple drug therapy that was standard therapy regimens for treating
Helicobacter pylori infection, and used to combination with proton pump inhibitors
(PPI). Antibiotics that are frequently included in triple therapy regimens are
metronidazole, clarithromycin, tetracycline and metronidazole is an essential
component for H. pylori eradication. However, recent reports suggest that
metronidazole resistance is on the rise and is likely to become an increasingly
important problem in the clinical management of H. pylori infection. Resistance to
metronidazole (MTZ) in Helicobacter pylori is associated with mutations in rdxA,
encoding an oxygen-insensitive NADPH nitroreductase, mutations in fdxA, encoding
ferridoxin-like protein and mutations in frxA, encoding a NAD(P)H-flavin
oxidoreductase. Despite this association, the strict correlation of MTZ resistance with
mutations in rdxA or frxA is still unclear.

Thirty strains of metronidazole-resistant Helicobacter pylori and five strains
of metronidazole-susceptible isolates were obtained from a collection culture stored
at -70°C the Department of Microbiology, Faculty of Medicine,King Chulalongkorn
Memorial Hospital. The finding that rdxA sequence variations detected in high-level
metronidazole-resistant isolates. Mutations in the rdxA gene were analyzed by PCR
and DNA sequencing. The DNA sequences of rdxA were determined by sequencing
both metronidazole—susceptible and metronidazole— resistant H. pylori isolates. Of the
35 isolates, 5 were susceptible to metronidazole (MICs range = < 0.016 — 8 ug/ml)
and 30 isolate was resistant to metronidazole (MIC > 8ug/ml). When compared with
amino acid sequence of RdxA of H. pylori 26695 from GenBank accession no.
AE000573, there have many different amino acid substitutions in both metronidazole-
susceptible and -resistant isolates. There were 10-30 amino acid substitutions in RdxA
among all isolates sequenced. Frameshift mutation was found in several
metronidazole-resistant isolates, and majority leading to stop codon. Amino acid
substitutions which caused prematured stop codon were also found in MTZ-resistant
isolates. Amino acid substitutions were found in both MTZ-susceptible and MTZ-
resistant isolates. In FdxA, amino acid changes in FdxA are shown in Table 15 and

Appendix. Only found one of 35 H. pylori isolates,828, a metronidazole-resistant
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isolate, contained a single missense mutation within the fdXA gene, Asnjz, to His. Six
metronidazole-resistant isolates had amino acid deletion at Asps; that occurred by
nucleotide TGA deletion at nucleotide position 138-140. All of 5 metronidazole-
susceptible isolates not found the mutation in FdxA. We analyzed the FrxA amino-
acid sequences to identify any amino-acid changes. Four of 5 metronidazole-
susceptible H. pylori was found 1-4 amino acid substitutions. Truncated FrxA due to a
frameshift mutation was found in 8 metronidazole-resistant strains. Amino acid
substitution at position 7, 16, 111, 124 and 193 was found in both metronidazole-
susceptible and -resistant isolates. In conclusion, from this study we found the
mutation both in RdxA, FdxA and FrxA were 7(23.33%) of 30 metronidazole-
resistant isolates, and was found the mutation in 2 proteins were 23(76.67%) of 30
metronidazole isolates, and all of metronidazole-resistant isolates were found the
mutation at least in one of these nitroreductases(100%).

From this results we suggest that alterations in rdxA, fdxA and frxA genes and
their upstream regions may be involved in the development of H. pylori resistance to
metronidazole.

Therefore, mutation in RdxA, FdxA and FrxA may not be essential associated
with metronidazole resistance in H. pylori. Other mechanisms must be involved in
metronidazole resistance such as efflux pump mechanisms

For study of the efflux pump mechanism (HefA), no detection the decreasing
of MIC level of metronidazole with CCCP which the efflux pump inhibitor. RT-PCR
could not detect mRNA expression of nitroreductase genes and HefA in both
susceptible and resistant isolates. A sensitive method, Real-time RT-PCR, is
considered to be used for further investigation. Our results demonstrated that
mutations in nitro reductase genes including rdxA, frxA and fdxA were associated

with metronidazole resistance in H. pylori



REFERENCES

(1) Marshall, BJ and Warren, JR. Unidentified curved bacilli in the stomach of
patients with gastritis and peptic ulceration. Lancet. 16, 1 (1984 June):
1311-1315.

(2) Dunn, BE, Cohen, H and Blaser, MJ. Helicobacter pylori. Clin Microbiol Rev.
10, 4 (1997 October): 720-741.

(3) Graham, DY, Malaty, HM, Evans, DG, Evans, DJ, Jr., Klein, PD and Adam, E.

Epidemiology of Helicobacter pylori in an asymptomatic population in
the United States. Effect of age, race, and socioeconomic status.
Gastroenterology. 100, 6 (1991 June): 1495-1501.

(4) Jenks, PJ and Edwards, DI. Metronidazole resistance in Helicobacter pylori. Int J
Antimicrob Agents. 19, 1 (2002 January): 1-7.

(5) Gerrits, MM, van Vliet, AH, Kuipers, EJ and Kusters JG. Helicobacter pylori and

antimicrobial resistance: molecular mechanisms and clinical
implications. Lancet Infect Dis. 6, 11 (2006 November): 699-709.
(6) Van Der Wouden, EJ, Thijs, JC, Van Zwet, AA and Kleibeuker, JH. Review

article: nitroimidazole resistance in Helicobacter pylori. Aliment
Pharmacol Ther. 14, 1 (2000 January): 7-14.
(7) Kwon, DH, Pena, JA, Osato, MS, Fox, JG, Graham, DY and Versalovic, J.

Frameshift mutations in rdxA and metronidazole resistance in North
American Helicobacter pylori isolates. J Antimicrob Chemother. 46, 5
(2000 November): 793-796.

(8) Jenks, PJ, Ferrero, RL and Labigne, A. The role of the rdxA gene in the evolution

of metronidazole resistance in Helicobacter pylori. J Antimicrob
Chemother. 43, 6 (1999 June): 753-758.

(9) Bina, JE, Alm, RA, Uria-Nickelsen, M, Thomas, SR, Trust, TJ and Hancock, RE.
Helicobacter pylori uptake and efflux: basis for intrinsic susceptibility
to antibiotics in vitro. Antimicrob Agents Chemother. 44, 2 (2000
February): 248-254.

(10) van Amsterdam, K, Bart, A and van der Ende, A. A Helicobacter pylori TolC

efflux pump confers resistance to metronidazole. Antimicrob Agents

Chemother. 49, 4 (2005 April): 1477-1482.




64

(11) Liu, ZQ, Zheng, PY and Yang, PC. Efflux pump gene hefA of
Helicobacter pylori plays an important role in multidrug resistance.
World J Gastroenterol. 14, 33 (2008 September): 5217-5222.

(12) Lee, A, Fox, J and Hazell, S. Pathogenicity of Helicobacter pylori: a perspective.
Infect Immun. 61, 5 (1993 May): 1601-1610.

(13) Megraud, F and Lehours, P. Helicobacter pylori detection and antimicrobial
susceptibility testing. Clin Microbiol Rev. 20, 2 (2007 April): 280-322.

(14) Malaty, HM. Epidemiology of Helicobacter pylori infection. Best Pract Res Clin
Gastroenterol. 21, 2 (2007): 205-214.

(15) Pounder, RE and Ng, D. The prevalence of Helicobacter pylori infection in
different countries. Aliment Pharmacol Ther. 9, Suppl 2 (1995): 33-39.

(16) Vilaichone, RK, Mahacahai, V, Tumwasorn, S and Kachintorn, U. CagA

genotype and metronidazole resistant strain of Helicobacter pylori in
functional dyspepsia in Thailand. J Gastroenterol Hepatol. 26, Suppl 3
(2011 April): 46-48.

(17) Kusters, JG, van Vliet, AH and Kuipers, EJ. Pathogenesis of Helicobacter pylori
infection. Clin Microbiol Rev. 19, 3 (2006 July): 449-490.

(18) Cover, TL and Blaser, MJ. Purification and characterization of the vacuolating
toxin from Helicobacter pylori. J Biol Chem. 267, 15 (1992 May):
10570-10575.

(19) Yamaoka, Y. Mechanisms of disease: Helicobacter pylori virulence factors.

Nat Rev Gastroenterol Hepatol. 7, 11 (2010 November): 629-461.

(20) Versalovic, J. Helicobacter pylori. Pathology and diagnostic strategies. Am J
Clin Pathol. 119, 3 (2003 March): 403-412.

(21) Graham, DY. Antibiotic resistance in Helicobacter pylori: implications for
therapy. Gastroenterology. 115, 5 (1998 November): 1272-1277.

(22) Megraud, F and Lamouliatte, H. Review article: the treatment of refractory
Helicobacter pylori infection. Aliment Pharmacol Ther. 17, 11 (2003
June): 1333-1343.

(23) Megraud, F. Helicobacter pylori resistance to antibiotics: prevalence,

mechanism, detection. What's new? Can J Gastroenterol. 17, Suppl B

(2003 June): 49B-52B.




65

(24) Jonkers, D, Stobberingh, E and Stockbrugger, R. Omeprazole inhibits growth of
gram-positive and gram-negative bacteria including
Helicobacter pylori in vitro. J Antimicrob Chemother. 37, 1 (1996
January): 145-150.

(25) Ansorg, R, von Recklinghausen, G and Heintschel von Heinegg, E. Susceptibility
of Helicobacter pylori to simethicone and other non-antibiotic drugs. J
Antimicrob Chemother. 37, 1 (1996 January): 45-52.

(26) Jorgensen, MA, Manos, J, Mendz, GL and Hazell, SL. The mode of action of

metronidazole in Helicobacter pylori: futile cycling or reduction?
J Antimicrob Chemother. 41, 1 (1998 January): 67-75.

(27) Edwards, DI. Nitroimidazole drugs--action and resistance mechanisms. I.
Mechanisms of action. J Antimicrob Chemother. 31, 1 (1993 January):
9-20.

(28) Versalovic, J, Shortridge, D, Kibler, K, Griffy, MV, Beyer, J, Flamm RK, et al.

Mutations in 23S rRNA are associated with clarithromycin resistance
in Helicobacter pylori. Antimicrob Agents Chemother. 40, 2 (1996
February): 477-480.

(29) Nakamura, M, Spiller, RC, Barrett, DA, Wibawa, JI, Kumagai, N,

Tsuchimoto, K, et al. Gastric juice, gastric tissue and blood antibiotic
concentrations following omeprazole, amoxicillin and clarithromycin
triple therapy. Helicobacter. 8, 4 (2003 August): 294-299.

(30) Chopra, I and Roberts, M. Tetracycline antibiotics: mode of action, applications,
molecular biology, and epidemiology of bacterial resistance. Microbiol
Mol Biol Rev. 65, 2 (2001 June): 232-260

(31) Torres, J, Camorlinga-Ponce, M, Perez-Perez, G, Madrazo-De la Garza, A,
Dehesa, M, Gonzalez-Valencia, G, et al. Increasing multidrug
resistance in Helicobacter pylori strains isolated from children and
adults in Mexico. J Clin Microbiol. 39, 7 (2001 July): 2677-2680.

(32) Moore, RA, Beckthold, B, Wong, S, Kureishi, A and Bryan, LE. Nucleotide

sequence of the gyrA gene and characterization of ciprofloxacin-
resistant mutants of Helicobacter pylori. Antimicrob Agents
Chemother. 39, 1 (1995 January): 107-111.




66
(33) Kwon, DH, Lee, M, Kim, JJ, Kim, JG, El-Zaatari, FA, Osato, MS, et al.
Furazolidone- and nitrofurantoin-resistant Helicobacter pylori:
prevalence and role of genes involved in metronidazole resistance.
Antimicrob Agents Chemother. 45, 1 (2001 January): 306-308.
(34) Kunin, CM. Antimicrobial activity of rifabutin. Clin Infect Dis. 22, Suppl 1
(1996 April): S3-13.

(35) Kostamo, P, Veijola, L, Oksanen, A, Sarna, S and Rautelin, H. Recent trends in
primary antimicrobial resistance of Helicobacter pylori in Finland. Int
J Antimicrob Agents. 37, 1 (2011 Jan): 22-25.

(36) Hoffman, PS, Goodwin, A, Johnsen, J, Magee, K and Veldhuyzen van Zanten,

SJ. Metabolic activities of metronidazole-sensitive and -resistant
strains of Helicobacter pylori: repression of pyruvate oxidoreductase
and expression of isocitrate lyase activity correlate with resistance. J
Bacteriol. 178, 16 (1996 August): 4822-4829.

(37) Lacey, SL, Moss, SF and Taylor, GW. Metronidazole uptake by sensitive and
resistant isolates of Helicobacter pylori. J Antimicrob Chemother. 32,
3 (1993 September): 393-400.

(38) Kwon, DH, El-Zaatari, FA, Kato, M, Osato, MS, Reddy, R, Yamaoka, Y, et al.

Analysis of rdxA and involvement of additional genes encoding
NAD(P)H flavin oxidoreductase (FrxA) and ferredoxin-like protein
(FdxB) in metronidazole resistance of Helicobacter pylori. Antimicrob
Agents Chemother. 44, 8 (2000 August): 2133-2142.

(39) Kwon, DH, Hulten, K, Kato, M, Kim, JJ, Lee, M, El-Zaatari, FA, et al. DNA

sequence analysis of rdxA and frxA from 12 pairs of metronidazole-
sensitive and -resistant clinical Helicobacter pylori isolates.
Antimicrob Agents Chemother. 45, 9 (2001 September): 2609-2615.

(40) Chisholm, SA and Owen, RJ. Frameshift mutations in frxA occur frequently and
do not provide a reliable marker for metronidazole resistance in UK
isolates of Helicobacter pylori. J Med Microbiol. 53, 2 (2004
February): 135-140.

(41) Marais, A, Bilardi, C, Cantet, F, Mendz, GL and Megraud, F. Characterization of

the genes rdxA and frxA involved in metronidazole resistance in

Helicobacter pylori. Res Microbiol. 154, 2 (2003 March): 137-144.



67

(42) Han, F, Liu, S, Ho, B, Yan, Z, Yan, X. Alterations in rdxA and frxA genes and
their upstream regions in metronidazole-resistant Helicobacter pylori
isolates. Res Microbiol. 158, 1 (2007 January-February): 38-44.

(43) Mukhopadhyay, AK, Jeong, JY, Dailidiene, D, Hoffman, PS and Berg, DE. The
fdxA ferredoxin gene can down-regulate frxA nitroreductase gene
expression and is essential in many strains of Helicobacter pylori.

J Bacteriol. 185, 9 (2003 May): 2927-2935.

(44) Kwon, DH, Kato, M, El-Zaatari, FA, Osato, MS and Graham, DY. Frame-shift
mutations in NAD(P)H flavin oxidoreductase encoding gene (frxA)
from metronidazole resistant Helicobacter pylori ATCC43504 and its
involvement in metronidazole resistance. FEMS Microbiol Lett. 188, 2
(2000 July): 197-202.

(45) Gerrits MM, van der Wouden EJ, Bax DA, van Zwet AA, van Vliet AH,

de Jong, A, et al. Role of the rdxA and frxA genes in oxygen-dependent
metronidazole resistance of Helicobacter pylori. J] Med Microbiol. 53,
11 (2004 November): 1123-1128.

(46) Yang, YJ, Wu, JJ, Sheu, BS, Kao, AW and Huang, AH. The rdxA gene plays a

more major role than frxA gene mutation in high-level metronidazole
resistance of Helicobacter pylori in Taiwan. Helicobacter. 9, 5 (2004
October): 400-407.

(47) Jeong, JY, Mukhopadhyay, AK, Dailidiene, D, Wang, Y, Velapatino, B,

Gilman, RH, et al. Sequential inactivation of rdxA (HP0954) and frxA
(HP0642) nitroreductase genes causes moderate and high-level
metronidazole resistance in Helicobacter pylori. J Bacteriol. 182, 18
(2000 September): 5082-5090.

(48) Kwon, DH, Osato, MS, Graham, DY and El-Zaatari, FA. Quantitative RT-PCR
analysis of multiple genes encoding putative metronidazole
nitroreductases from Helicobacter pylori. Int J] Antimicrob Agents.

15, 1 (2000 June): 31-36.

(49) Piddock, LJ. Multidrug-resistance efflux pumps - not just for resistance. Nat Rev
Microbiol. 4, 8 (2006 August): 629-636.

(50) Kutschke, A and de Jonge, BL. Compound efflux in Helicobacter pylori.
Antimicrob Agents Chemother. 49, 7 (2005 July): 3009-3010.




68

(51) Goodwin, A, Kersulyte, D, Sisson, G, Veldhuyzen van Zanten, SJ, Berg, DE and
Hoffman, PS. Metronidazole resistance in Helicobacter pylori is due to
null mutations in a gene (rdxA) that encodes an oxygen-insensitive
NADPH nitroreductase. Mol Microbiol. 28, 2 (1998 April): 383-393.

(52) Falsafi, T, Ehsani, A, Niknam, V. The role of active efflux in antibiotic -

resistance of clinical isolates of Helicobacter pylori. Indian J Med
Microbiol. 27, 4 (2009 October-December): 335-340.

(53) Solca, NM, Bernasconi, MV and Piffaretti, JC. Mechanism of metronidazole
resistance in Helicobacter pylori: comparison of the rdxA gene
sequences in 30 strains. Antimicrob Agents Chemother. 44, 8 (2000
August): 2207-2210.

(54) Chisholm, SA and Owen, RJ. Mutations in Helicobacter pylori rdxA gene

sequences may not contribute to metronidazole resistance.
J Antimicrob Chemother. 51, 4 (2003 April): 995-999.
(55) Matteo, MJ, Perez, CV, Domingo, MR, Olmos, M, Sanchez, C and Catalano, M.

DNA sequence analysis of rdxA and frxA from paired metronidazole-
sensitive and - resistant Helicobacter pylori isolates obtained from
patients with heteroresistance. Int J Antimicrob Agents. 27, 2 (2006
February): 152-158.




APPENDICES



APPENDIX A

REAGENTS AND INSTRUMENTS

REAGENTS

Absolute ethanol (Merck, Germany)
Agarose (Biorad, USA)

Boric acid (Sigma, USA)

dNTPs (Promega, USA)

EDTA (Amresco, USA)

Ethidium bromide (Amresco, USA)

NaCl (Merck, Germany)

Taq DNA Polymerase (Fermentas, USA)
Tris (Amresco, USA)

100 bp DNA ladder (Fermentas, USA)

100 bp plus DNA ladder (Fermentas, USA)
NaOH (Sigma, USA)

Brain heart infusion agar (Oxoid, England)
Ethidium bromide (Amresco, USA)

Horse serum (GibcoBRL, USA)

Miniral oil (Sigma, USA)

Columbia agar base (Oxoid, England)
NaCl (Merck, Germany)

MATERIALS

Anaerobic jar (BBL, USA)
Gas pack (Oxoid, England)



INSTRUMENTS

Anaerobic jar (BBL, USA)

Gas pack (Oxoid, England

Automatic pipette (Gilson, Lyon, France)

Camera Gel DocTM MZL (BIO-RAD, USA)

Incubator (Forma Scientific, USA)

Perkin Elmer GeneAmp PCR system 9600 (Perkin Elmer, USA)
Microcentrifuge (Eppendorf, USA)

Spectrophotometer (BIO-RAD, USA)

Water bath (Memmert, USA)
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APPENDIX B

MEDIA AND ANTIBIOTIC SOLUTION PREPARATION

1. Columbia agar with 7 % sheep blood

Columbia agar base 39 g/L

Horse serum 70 ml/L

Sheep blood 70 ml/L

Distilled water 860 ml

The medium was sterillized by autoclaving at 121 °C, 15 pounds/inch®
pressure, for 15 minutes. The sterile medium was cooled to 45 °C to 50 °C. Add blood
and horse serum after cooling base medium. Dispense 20 ml per petridish. Cool and
store at 4 °C until used. Do not add any heat labile components (Sheep blood or
antibiotic solutions) to

the sterillizer.

2. Columbia agar with 7 % Sheep blood and antibiotics

Columbia agar base 39 g/L

Horse serum 70 ml/L

Sheep blood 70 ml/L

Vancomycin (1 ml of stock) 10 mg/L

Trimethoprim (0.5 ml of stock) 5 mg/L

Cefsoludin (0.5 ml of stock) 5 mg/L

Amphotericin B (0.5 ml of stock) 5 mg/L

Distilled water 860 ml

The medium was sterillized by autoclaving at 121°C, 15 pounds/inch2
pressure, for 15 minutes. The sterile medium was cooled to 45 °C to 50 °C. Add
blood, horse serum and antibiotic solution after cooling base medium. Dispense 20 ml
per petridish. Cool and store at 4°C until used. Do not add any heat labile components
(Sheep blood or antibiotic solutions) to

the sterillizer.
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3. Antibiotic solution preparation
Vancomycin, final concentration 10 mg/L

- Prepare a stock solution; dissolve 0.028 g in 5.78 ml distilled water
Cefsoludin, final concentration 5 mg/L

- Prepare a stock solution, dissolve 0.014 g in 2.82 ml distilled water.
Trimethoprim, final concentration 5 mg/L

- Prepare a stock solution, dissolve 0.018 g in 3.7 ml distilled water.
Amphotericin, final concentration 5 mg/L

- Prepare a stock solution, dissolve 0.014 g in 2.84 ml distilled water

4. BHI broth
Suspend 30 grams in 1 litre of distilled water. Bring to the boil to dissolve
completely. Sterilize by autoclaving at 121 °C for 15 minutes. Once the medium is

prepared, store at 4 °C.

5. Brain heart infusion with 20 % glycerol

Brain heart infusion 37 g/L

Glycerol 200 ml

Distilled water 800 ml

Sterilize by autoclaving at 121°C, 15 pounds/inch? pressure, for 15 minutes.
Aliquot into sterile screw cap tubes (1 ml/tube). Store tubes in refrigerator at 4°C until

used.

6. Sterile saline solution
Sodium Chloride 8.5 g/L
Distilled water 1 L
Sterilze by autoclaving at 121°C, 15 pounds/inch?® pressure, for minutes. Store

at room temperature.
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APPENDIX C

REAGENTS PREPARATION

1. 10x Tris-borate buffer (TBE)

Tris base 108 g/L
Boric acid 55 g/L
0.5 M EDTA (pH 8.0) 40 ml

Adjust volume to 1 liter with distilled water. The solution was mixed and

sterilized by autoclaving at 121°C for 15 min.

2.0.5 M EDTA (pH 8.0)
Disodium ethylene diamine tetra-acelate 2H,O 186.1 g/L
Distilled water 1L
Adjust pH to 8.0 and volume to 1 liter. Store at room temperature for no

longer than 1 year.

3. 10x TE buffer
Tris 12.11 g/lL
0.5 M EDTA 20 ml
Adjust to pH 8.0 by adding conc. HCI. Adjust volume to 1,000 ml and

sterilized by autoclaving at 121°C for 15 min.

4. 1.5 % Agarose gel
Agarose 0.6 ¢
1x TBE 40 ml
Dissolve by heating in microwave oven and occasional mix unit no granules of

agarose are visible.

5. 6x Loading buffer 100 ml
Tris HCl 0.6 ¢g
EDTA 1.68 g
SDS 05¢g



75

Bromphenol Blue 0.1g
Sucrose 40 g
Adjust volume to 100 ml with distilled water. Mix the solution, aliquot into

1.5 microtubes and store at 4°C.
Reagent for DNA Extraction
1.1 Protease K
Reconstituted of protease K (lyophilized) with 1.25 ml protease solvent, stored at —
20°C
1.2 Buffer AL (Ready to used)
1.3 Buffer AW1
Buffer AW1 is supplied as a concentrate. Before using for the first time, add the 25 ml
of ethanol (96-100%) to buffer AW1 concentrate as indicated on the bottle.
1.4  Buffer AW2
Buffer AW?2 is supplied as a concentrate. Before using for the first time, add the 30 ml
of ethanol (96-100%) to buffer AW2 concentrate as indicated on the bottle.
1.5  Buffer AE (Ready to used)
Reagent for PCR product purification
Buffer PB (Ready to used)
Buffer PE

Buffer PE is supplied as a concentrate. Before using for the first time, add the 55 ml

of ethanol (96-100%) to buffer PE concentrate as indicated on the bottle.



APPENDIX D

64 CODON ON DNA

One- and Three-Letter symbols for the amino acids

Ala  Alanine

Asx  Asparagine or aspartic acid
Cys Cysteine

Asp  Aspartic acid
Glu  Glutamic acid
Phe  Phenylalanine
Gly  Glycine

His  Histidine

Ile Isoleucine
Lys Lysine

Leu Leucine

Met  Methionine
Asn  Asparagine
Pro  Proline

Gln  Glutamine
Arg  Arginine

Ser  Serine

Thr  Threonine
Val  Valine

Trp  Trytophan
Tyr  Tyrosine

Glx  GlnorGlu

N<=2<HnmO9ZZIOART"ZTOQOT@OOoOOwW»



The standard genetic code

First Third
position Second position position
(5’end) (3’ end)

U C A G
UUU Phe UCU Ser UAU Tyr UGU Cys U
U UUU Phe UCC Ser UAC Tyr UGC Cys C
UUA Leu UCA Ser UAA Stop  UGA Stop A
UUG Leu UCG Ser UAG Stop UGG Trp G
CUU Leu CCU Pro CAU His CGU Arg U
CUC Leu CCC Pro CAC His CGC Arg C
C CUA Leu CCA Pro CAA GIn CGA Arg A
CUG Leu CCG Pro CAG GIn CGG Arg G
AUU Ile ACU Thr AAU Asn AGU Ser U
AUC Ile ACC Thr AAC Asn AGC Ser C
A AUA Ile ACA Thr AAA Lys AGA Arg A
AUG Met" ACG Thr AAG Lys AGG Arg G
GUU Val GCU Ala GAU Asp GGU Gly U
GUC Val GCC Ala GAC Asp GGC Gly C
G GUA Val GCA Ala GAA Glu GGA Gly A
GUG Val GCG Ala GAG Glu GGG Gly G

*AUG forms part of the initiation signal as well as coding for internal Met residues.
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Appendix E

Figurel5. Multiple nucleotide sequence alignment of entire rdxA gene from 30
metronidazole-resistant isolates with those from 26695 (GenBank accession no.

AE000511)
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FigurelS5. (continued)
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Figurel6. Multiple nucleotide sequence alignment of entire rdxA gene from 5 metronidazole-susceptible isolates with those from 26695

(GenBank accession no. AE000511)
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Figure 17. Multiple nucleotide sequence alignment of entire fdxA

(GenBank accession no. AE000511)
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Figure 18. Multiple nucleotide sequence alignment of entire fdxA gene from 5 metronidazole-susceptible isolates with those from 26695

(GenBank accession no. AE000511)
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Figure 19. Multiple nucleotide sequence alignment of entire frxA gene from 30
metronidazole-resistant isolates with those from 26695 (GenBank accession no.
AEO000511)
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Figure 19. (continued)
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Figure 20. Multiple nucleotide sequence alignment of entire frxA gene from 5 metronidazole-susceptible isolates with those from 26695

(GenBank accession no. AE000511)

26695-FRXA
H57-Fr=A
H101-Fr=A
H37-Fr=A
H74-Fr=R
H30-Fr=A
Consensus

26695-FRXA
H57-Fr=A
H101-Fr=A
H37-Fr=A
H74-Fr=R
H30-Fr=A
Consensus

26695-FRXA
H57-Fr=A
H101-Fr=A
H37-Fr=A
H74-Fr=R
H30-Fr=A
Consensus

26695-FRXA
H57-Fr=A
H101-Fr=A
H37-Fr=A
H74-Fr=A
H30-Fr=A
Consensus

26695-FRXA
H57-Fr=A
H101-Fr=A
H37-Fr=A
H74-Fr=A
H30-Fr=A
Consensus

26695-FRXA
H57-Fr=A
H101-Fr=A
H37-Fr=A
H74-Fr=A
H30-Fr=A
Consensus

1 10 20 30 40 50 1] 70 a0 90 100 110 120 130

I I
ATGGACAGAGAACAAGTGGTTGCTTTACAGCACCARCGATTTGCTGCARRRAARTACGATCCTARTCGTCGTATTTCCCARRAGGAT TGGGARGCT TTGGT TGARGTGEGGAGATTAGCCCCTTCTTCAR

T
e

e T 1 T 1 |

e e e - T e e

131 140 150 160 170 180 190 200 210 220 230 240 260 260

I I
TCGGGCTTGARCCATGGARAATGCTTTTAT TGARAAATGAACGCATGARRGAAGAT T TARARCCGATGGCCTGGGGAGCGLTTTTTGGT TTRGAGGGAGCGAGCCATTTTGTCATTTATCTTGCGCGAAA

cessrsarsseasssssrssssrrsssrraleiBaiiaiiiiiiiitiasirsasarenaas ssssssrssaslancsrssasssssrsssssassnsss

crsrersrrrerrrrresrsesnnersl L Bevresrrersrrrsrernres [ Heren

A
]
R
A
a

261 270 280 290 300 310 320 330 340 350 360 3 380 390

I I
AGGCGTTACTTATGACAGCGAT TACGTTARARARGT GATGCATGAGGT TARAARARGGGAT TATGACACTAART TCTAGGT TCGCTCARATCATCARARAT TTCCARGAGAACGATATGARACTCARTAGC
G C

Petsesestetattettetteiatre sttt ettt tetrettetatrataties T

I 1 1 RN & T

]
GAARARGTGGAGGCTT

e i

....................... biiesnitssssssissssassisssasssssssssccssssacefasssecessssPecesssstessssssssssssssssssssssssssBesssssssssasse
521 530 540 550 560 570 580 530 60O 610 620 630 640 650

I I
ATTTAGAGGARARAGGC TATCTGAACACGGCGGAATTTGECGTGTCGGTAATGGCTTGTTTTGGT TATCGTARCCARGARATCACCCC TARARCCCGC TGGARGACAGARGT TATTTATGARGTGATTGA

e R
SUORN IOSSORISOIIOOIIORIOIIOIIOIRROI - J01 USRS ISR SRRSO POPOPIO PPN

B . T < e < < e T .

6634
I--1
ATAAR

S8



Figure 21. Multiple amino acid sequence alignment of entire RdxA protein from 30 metronidazole-resistant isolates with those from 26695

(GenBank accession no. AAD(07703)
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Figure 22. Multiple amino acid sequence alignment of entire FdxA protein from 30 metronidazole-resistant isolates with those from 26695

(GenBank accession no. AAD07340)
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Figure 23. Multiple amino acid sequence alignment of entire FrxA protein from 30 metronidazole-resistant isolates with those from 26695

(GenBank accession no. AAD07703)
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