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ABSTRACT

Helicobacter pylori is the etiological agent of peptic ulcer disease, chronic gastritis, and
gastric cancer. It is well adapted for a successful life in the harsh environment that it faces and
combats acidic gastric conditions with the urease enzyme. Urease functions to neutralize the pH.
H. pylori is able to combat oxidative stress due to the function of many antioxidant enzymes
such as methionine sulfoxide reductase (Msr) and the thioredoxin (Trx) proteins. Here I explore
both Msr and the Trx proteins in more detail and link both to being important for host
colonization. I discovered that Msr plays a significant role in nickel-dependent urease
maturation. I determined that urease activity in a Amsr mutant is decreased under elevated
oxygen levels. This is not due to urease itself being damaged, as purified urease activity was not
decreased upon exposure to oxidants. The nickel levels in the pure urease were decreased due to
oxidants, leading to the idea that urease maturation is affected by oxidation. In fact, the urease
maturation protein UreG was found to be the oxidizable target and contains an above average
methionine content in its primary amino acid sequence. All nine methionines in UreG are
susceptible to attack and modification by oxidants, forming the methionine derivative methionine

sulfoxide (Met-SO). However, Msr can repair each Met-SO back to the non-oxidized form.



The Trx proteins of H. pylori are thought to be involved in the maintenance of the redox
balance of the cell. I determined that after deletion of either #7x/ or trx2, the macromolecules of
the cell are susceptible to damage as a result of oxidant stress. Specific damage to DNA was
shown with the formation of 8-oxoguanine in both Azrx strains, but with a greater amount shown
in Atrx2. There was also a greater abundance of lipid peroxides formed in the Atrx strains and
higher amounts of protein carbonylation in both strains. In addition, a A#rx/ mutant was
decreased in mouse stomach colonization but more interestingly, the Afrx2 mutant was
completely unable to colonize the mouse stomach. My study demonstrates the individual
importance of the thioredoxins.

INDEX WORDS:  Helicobacter pylori, oxidative stress, methionine sulfoxide reductase,
thioredoxin, urease, 8-oxoguanine, lipid peroxidation, protein damage
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CHAPTER 1
Introduction and Literature Review

The thought of a bacterium thriving in the acidic environment of the stomach and causing
disease was once a hard concept to imagine. That is, until two brilliant Australian researchers by
the names of Barry Marshall and Robin Warren convinced people that this idea was plausible. To
convince fellow scientists and medical doctors that such a pathogen existed, Dr. Marshall
ingested a culture of the organism and subsequently developed peptic ulcer disease. He then had
a colleague perform a biopsy on his stomach tissue, isolated and cultured the suspect organism,
and fulfilled Koch’s postulates to show that a bacterium was in fact the etiologic agent of gastric
related diseases (1-4). This bacterium was first known as Campylobacter pyloridis and was later
named Helicobacter pylori. The work carried out by Marshall and Warren sparked the interest of
many researchers and the investigation of the bacterium’s unique characteristics began soon
after. Now we know of over 100 species of Helicobacters that infect many animal hosts, and five
that colonize humans.

Characteristics such as being a microaerophile, resistance to the host immune response,
and unusual nitrogen metabolism attributes all make the members of the genus Helicobacter
interesting to a broad range of disciplines. Thus, the amount of cited literature has rapidly
increased over the years. From 1997 to 2000 there were more articles published on H. pylori than
on Salmonella or Bacillus. H. pylori has an interesting bacteriology in that it contains unique

lipopolysaccharides that play a role in the avoidance of host responses. In addition, it is naturally



competent and easily transformable. Finally, it has a small genome indicating that it is well
adapted for the environment it inhabits (5). These, among many other features, make it a truly
fascinating bacterium to study just from academic perspectives.

General microbial characteristics of H. pylori

Epidemiology of infection. H. pylori is the cause of acute or chronic gastritis, peptic
ulcer disease and, if left untreated, can lead to gastric carcinoma or B-cell mucosa-associated
lymphoid tissue (MALT) lymphoma (4, 6, 7). H. pylori can infect anyone, but the highest
prevalence of infection is found in people from developing countries (80-90%). This has been
attributed to the rate at which the infection is passed to children. Children acquire the infection
between the ages of 2 and 8 years, and most are infected by their teens. Our understanding of the
transmission route in children is limited, however, and it is unknown when or how the infection
is initially acquired (8). In the United States, about 30% of people are positive for H. pylori, and
among those 1% develop peptic ulcer disease. A smaller percentage will develop gastric cancer
and gastric lymphoma. In Western countries, people are more likely to acquire the infection if
above the age of 60 years, of low socio-economic status, or are immigrants (9).

Humans are the primary carrier of H. pylori, but other reservoirs are still considered to be
possible. One possibility is that animals carry the bacterium (10). However, conclusions
regarding animals as a likely reservoir are an ongoing argument (11-14). There have also been
hypotheses that H. pylori is found in the water supply (15, 16). Most of these have been refuted,
however, because only the DNA from H. pylori has been found in environmental water samples,
not viable cells. H. pylori has rarely been successfully cultured from any environmental source
other than the human stomach (15, 17, 18) although it was isolated from a colony of domestic

cats (19). Since there is no concrete evidence that H. pylori exists in the environment, the most



likely mode of transmission is from one person to another by direct contact, either by oral-oral or
fecal-oral contact (20). Numerous studies have shown that people in close contact with those
positive for H. pylori also contract the infection (21-24).

Bacteriology and Morphology. H. pylori is a member of the family
Campylobacteriaceae which includes the genera Campylobacter, Arcobacter, Wollinella,
Thiovulum, and Helicobacter. When H. pylori was first cultured, it was given the name
Campylobacter pyloridis (5). After carefully studying the organism in more detail, it became
evident that although it resembled members from the genus Campylobacter, it in fact differed in
features such as flagellum morphology, fatty acid composition, and 16S rRNA sequence (4, 25).
This qualified it to be placed in a new genus, Helicobacter, and it was then renamed
Helicobacter pylori.

The predominant morphological form of H. pylori is bacillary, but a coccoid shape has
also been observed. The function of each form is not entirely understood. However, it is thought
that the bacillary form is the virulent form and the coccoid form occurs during a dormant state
(26). There is evidence that H. pylori changes from the bacillary to coccoid form in older
cultures (27). The bacillary form contains polar-sheathed flagella that, along with its helical
morphology, are thought to allow it to move in a screw-like motion through the mucin layer. It
also contains the urease and catalase enzymes that allow for its successful transition and survival
through the acidic pH of the stomach and protect it from the damaging effects of hydrogen
peroxide, respectively (28, 29).

Other features of H. pylori include the requirement of a less than atmospheric oxygen
tension, it being a gram-negative pathogen, and containing a unique peptidoglycan structure. In

the laboratory, H. pylori is kept under an atmosphere containing 1-6% O, (30). The low oxygen



conditions are thought to mimic the levels of oxygen found in the gastric mucosa. The inner and
outer membranes of H. pylori are separated by the periplasm, classifying it as a gram-negative
bacterium. Interestingly, the peptidoglycan composition is slightly different from that of other
gram-negative organisms and less complex structurally (31). The peptidoglycan of H. pylori
contains a high proportion of muropeptides, with a pentapeptide side chain ending in glycine and
containing anhydro-N-acetyl muramic acid. It also has a low percentage of cross-linked di-
aminopinelic acid (32).

Genetics. Genomes of over 100 strains of H. pylori have been sequenced to date, a few
representatives of which are 26695, 199, and X47 (19, 33, 34). Strain 26695 was isolated from a
patient suffering from gastritis and was sequenced by The Institute for Genomic Research (35).
J99 was sequenced by AstraZeneca PLC and Genome Therapeutics Corporation as a
collaborative effort and was isolated from a patient suffering from a duodenal ulcer and
duodenitis (34). X47 was first isolated from a colony of domestic cats that presented signs of
gastritis (19). The average GC content of all three strains is 39% and for all strains about 1,500
open reading frames have been identified. Among these, 60% were attributed to a predicted
function whereas 17% were H. pylori-specific and have no known function. The entire genome is
1.6 Mb and is one-third smaller than the genome of Escherichia coli (36).

Nutritional Requirements and Energy Metabolism. Bacteria require nitrogen to
synthesize macromolecules. There are two major sources of nitrogen in the gastric environment:
amino acids and urea. H. pylori has been shown to be auxotrophic for several amino acids, which
suggests that it relies on the gastric environment for nutrients. These amino acids are: arginine,
histidine, isoleucine, leucine, methionine, phenylalanine, and valine. Some strains also require

alanine or serine (37, 38). Analysis of the genome of H. pylori suggests that it can acquire these



amino acids through transporters and use them as carbon or nitrogen sources (33). When grown
in a minimal medium lacking glucose, H. pylori will utilize arginine, aspartate, asparagine,
glutamate, and serine as substrates and convert them to acids. Continuous culture experiments
also showed a depletion of these amino acids when H. pylori is grown in a defined medium
without ammonium or urea (39), further evidence that these are being used for a carbon or
nitrogen source. In addition to amino acids, H. pylori can use urea as a nitrogen source. H. pylori
produces large amounts of the enzyme urease, which functions to hydrolyze urea to ammonia
and bicarbonate (40). These small molecules have buffering capacity and help keep the
microenvironment around the organism at a neutral pH. There is evidence that the ammonia
produced from urease can be incorporated into amino acids (41). H. pylori can synthesize biotin,
folate, heme, molybdopterin, pantothenate, pyridoxal phosphate, riboflavin, and thioredoxin. It
does not synthesize vitamin B12 or coenzyme A. H. pylori has a limited ability to acquire
carbohydrates from the environment, and there are no complex sugar transport or degradation
genes present (42). However, ABC-type transporter genes for dipeptide (Dpp) and oligopeptide
(Opp) transport have been identified. These systems are encoded by the genes dppABCDF and
oppABCD. In fact, mutational studies determined that the Opp system was involved in the
transport of a variety of short peptides. The Dpp system was found to be essential for the
transport of some identified di-, hexa-, and nonapeptides (43).

H. pylori does not appear to use complex sugars as a source of energy. It contains only
the enzymes present to run glycolysis/gluconeogenesis in reverse, which suggests that it uses
these pathways for anabolism rather than catabolism (42, 44). However, it appears to use glucose
as an energy source and it contains all the genes required for the Entner-Doudoroff pathway (42,

45-47) although the ability to oxidize glucose is poorly understood. Pyruvate is produced



primarily from lactate, L-alanine, L-serine, and D-amino acids (48). It is converted to acetyl
coenzyme A via a pyruvate oxidoreductase and can be dissimilated to produce acetate, formate,
succinate, and lactate (48). The tricarboxylic acid (TCA) cycle in H. pylori is similar to the
branched anaerobic TCA pathway used by E. coli (42). H. pylori can use oxygen as a terminal
electron acceptor but no homologues of fumarate reductase and N-oxide reductase are present
(42). However, there are terminal respiratory enzymes present that could be involved in
anaerobic metabolism (49). This suggests that it is capable of only limited anaerobic metabolism.
H. pylori was shown to be able to oxidize molecular hydrogen via a cytochrome-containing
respiratory chain (50). Indeed, H, use is an important factor in conferring colonization ability
(see below).

Metal Homeostasis. Metals are required for cell growth and for several cell processes.
Therefore, it is important for organisms to have a transport mechanism to direct the flow of ions
inside the cell. However, too high of a concentration of ions/metals can be toxic so they must be
able to maintain homeostasis. H. pylori is well adapted for thriving in the gastric milieu and this
includes the adaptation for the uptake of metals from the environment (51).

H. pylori has a high requirement for nickel, largely due to its requirement as a cofactor
for two major enzymes, urease and hydrogenase. Urease comprises up to 10% of the total
cellular protein and contains 12 nickel atoms per molecule (36). Thus, H. pylori must have
transport systems to scavenge nickel when its environment is low in nickel (e.g. 2 to 11 nM); the
levels measured in human sera (52). In fact, H. pylori does contain nickel specific transporters,
including both single-component and multicomponent transporters (53). The first one-component
transporter identified was NixA (54). This protein is located in the cell membrane and contains

eight transmembrane domains (55, 56). NixA has a high affinity for nickel but it can also



transport other metals such as cadmium, cobalt, and zinc (55). A nix4 mutant showed decreased
urease and nickel transport activities; however, these activities were not abolished (42). Thus, it
was concluded there are other transporters that allow for the influx of nickel. Later, a gene
homologous to an E. coli nickel ABC transporter was identified in a sequence homology search
(34). This gene was identified as abcC and contains an adjacent gene, abcD. Mutational studies
of abcD showed a severe effect on urease activity, while an abcC and nix4A double mutant had
almost no urease activity (34). Once nickel is inside the cell, Hpn and Hpn-like are thought to act
as metal storage proteins to protect against nickel toxicity (44, 57-59). These proteins are rich in
histidine residues that bind nickel and other divalent cations (33). The nickel-responsive
regulator NikR, in the presence of nickel, transcriptionally activates both of these proteins (60).
Cells require iron for the proper function of several important enzymes. The iron
responsive systems in H. pylori are mediated by the ferric uptake regulator (Fur) protein that acts
as a transcriptional repressor of several genes under conditions of high iron (61-63). In general,
the iron concentration around the cell is low but if it becomes too high, bacteria have the ability
to limit its transport (51). This is advantageous to the cell as an abundance of iron can result in
the generation of oxidative damage. Several iron transport systems are present in H. pylori.
Ferrous iron can pass across the outer membrane but requires the Feo system to cross the
cytoplasmic membrane (47). Ferric iron requires active transport through both the outer and
cytoplasmic membrane. To cross the outer membrane, the ferric enterobactin receptor FrpB and
ferric citrate receptor FecA are used (48, 64). Energy for this process is supplied by the
TonB/ExbB/ExbD protein complex (65). To cross the cytoplasmic membrane, transfer is

mediated by the ABC transport system FecD (permease) and FecE (ATPase) (48, 64). Once



inside the cell, iron is stored via two ferritins, prokaryotic ferritin (Pfr) protein and
bacterioferritin (47). Iron stored by these proteins can be released and reused for cellular
processes.
Pathogenesis

Following ingestion of the bacteria, H. pylori moves into the gastric region and colonizes
the gastric mucosa next to the epithelial cells (Figure 1.1a) (66). In this region, the bacterium is
able to buffer the surrounding environment due to the function of urease. However, as infection
proceeds epithelial cells are damaged, resulting in a lesser amount of mucin production. This
then allows for the acidic gastric fluids to contact and further damage epithelial and mucin
producing cells, often resulting in host cell death. The host immune response is then induced and
inflammatory cells are recruited to the site of infection (Figure 1.1b) (67). Eventually, gastric

cancers can result.
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Figure 1.1 H. pylori colonization of the gastric mucosa. A) Gastric mucosa biopsy taken from an
infected human. The specimen was stained with Hematoxylin and Eosin to detect H. pylori.
Image shows H. pylori infection of the gastric mucosa. H. pylori resides next to the epithelial
cells in the gastric pit. Arrow points to H. pylori. B) Stages 1-4 of H. pylori infection. 1. H.

pyvlori movement into the mucus layer, 2. Production of urease neutralizes the gastric acid



surrounding the organism, 3. Colonization of the mucus layer, 4. Depletion of the mucus
surrounding epithelial cells, recruitment of inflammatory cells, mucosal cell death.

Adherence and motility. Colonization of a bacterium requires four steps: 1. transmission
to a host, 2. adherence inside the host, 3. avoidance of host immune response, and 4. the ability
to acquire nutrients to survive. All of these factors are very important for the success of H. pylori
as a pathogen. Adherence is one of the earliest challenges H. pylori must face when infecting a
new host. Once it has moved through the mucin layer, it attaches via adhesions. These are
bacterial proteins, glycoconjugates, or lipids that make contact with the host receptors.
Attachment of these adhesion proteins with host receptors creates a signaling cascade in the host
to recruit inflammatory cells such as neutrophils and macrophages (67). Only a small percentage
of H. pylori cells actually adhere to the epithelial cells (<1%). Most of them reside in the gastric
mucus layer or are cleared by the host (68, 69).

cag pathogenicity island. Once H. pylori has attached to the host epithelial cell surface,
the microvilli are removed and the tight junctions are disrupted (70-86). This results in depletion
of the mucus granules. The cag (cytotoxin-associated gene) pathogenicity island encodes the
CagA protein and translocation of this after depletion of the mucus granules results in the
phosphorylation of a tyrosine residue that sparks a signaling cascade in the host and activation of
NF-kB, cytokine interleukin (IL)-8, neutrophil infiltration, ROS burst, and apoptosis of the host
cell (67).

Urease. During the journey to the gastric mucosa to establish colonization, H. pylori is
often confronted with the acidic gastric juices. However, H. pylori is protected from the gastric
acid by the function of the urease enzyme. Urease has been shown to be required for colonization

of the stomach (28). It functions to provide a buffer surrounding the cell by hydrolyzing urea to
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yield ammonia and bicarbonate (40). Urease is cytoplasmic, and in addition to providing a
buffering environment for the cell, it provides ammonium for nitrogen assimilation mediated by
glutamine synthetase (87, 88). The urease holoenzyme is made up of six copies of UreA and
UreB. In order for the enzyme to become active, nickel must be incorporated into the active site
located within the UreB subunit (89). Nickel is shuttled through a battery of accessory proteins:
UreEFGH, where two Ni*" ions are loaded into each active site for a total of 12 Ni*" ions per
fully loaded urease (40, 90-92). Urel is a membrane protein that is thought to act as an acid-gated
urea channel. Nickel is incorporated into apo-urease through the interactions of the accessory
proteins (Figure 1.2). These proteins are absolutely required for urease activity. UreH is thought
to stabilize the apoprotein. UreF is required for carbamylation of the Ni*" lysine to prevent Ni**
from binding to the active site prematurely. UreG contains a nucleotide-binding motif and
contains GTPase activity, possibly to supply energy required during Ni*" transfer. UreE binds
nickel and possibly transfers the nickel to the other accessory proteins for loading into the urease
active site (93, 94).

Hydrogenase. While colonizing the host, H. pylori must have a means to obtain energy
from the environment. Since it seems that H. pylori is metabolically deficient in carbon source
catabolism, the use of H, would be a simple way to obtain energy while using amino acids and
peptides as carbon sources (49). Hydrogen is known to be a high-energy reductant for use in
anabolic reactions and bacterial oxidation of molecular hydrogen commonly occurs in nature.
The oxidation of H, can provide ATP for the cell as well (49). It has been shown that H. pylori
possess a membrane-bound uptake-type hydrogenase that is used to power cell-building
functions (50). Interestingly, the mucus layer of the stomach contains a surprisingly high

concentration of molecular H,; it results as a byproduct of colonic fermentation from commensal
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Figure 1.2. Model of urease maturation. Nickel is transferred to the active site of urease by
several accessory proteins. UreH binds to UreF and UreG binds to UreE. UreE is the primary
carrier of nickel to the complex and UreG supplies the energy for the reaction by carrying out the
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intestinal bacteria that evolve H,. It is very likely that H. pylori obtains a great deal of energy
from the oxidation of molecular hydrogen. In fact, a mutant strain unable to oxidize hydrogen is
greatly impacted in the ability to colonize mouse stomachs (95).

H. pylori contains a single H,-oxidizing [NiFe] hydrogenase that is organized as
heterotrimeric complexes. It is made up of a small () subunit encoded by hydA, a large (o)
subunit encoded by AydB and a membrane anchored cytochrome b (y) subunit encoded by AydC.
It is hypothesized that the small B subunit contains the [Fe-S] clusters, while the large o subunit
contains Ni and Fe. In order for hydrogenase to be active, it must contain nickel in the active site.
A battery of accessory proteins, HypABCDEF, carry out the unexpectedly complicated process
of hydrogenase maturation. HypA forms dimers in solution and binds two nickel ions per dimer.
HypB is a GTPase and is required for hydrogenase activity. Both HypA and HypB also play a
role in urease maturation (49).

Oxidative stress

Many organisms often require O, for energy production and growth, and O, is the most
efficient (leads to more ATP production) terminal electron acceptor in biological respiratory
pathways. Toxic forms of oxygen can arise however, and these forms can be detrimental to the
cell. For example, electron leakage (reducing O, to toxic forms) during aerobic respiration is one
way that reactive oxygen species (ROS) can be formed in the cell (96). In addition, ROS can be
formed by chemical processes or through radiation outside of the cell. More importantly for
pathogens is the generation of ROS from the oxidative burst of polymorphonuclear leukocytes
(PMN) (97). ROS are usually in the form of superoxide (O;’), hydrogen peroxide (H»0,),
hydroxide radical (*OH) or hypochlorous acid (HOCI). Following colonization by H. pylori, the

gastric epithelial cells have been shown to produce an increase in O, and H,O, secretion (98-
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102). The production of O is likely a result of the enzyme NADPH oxidase and H,O,
production is due to the spermine oxidase enzyme; both are present in gastric cells (103-105).
HOCI can be produced from H,O; through the neutrophil enzyme myeloperoxidase and *OH is
produced from H,O, in the presence of transition metals in a process known as the Fenton
reactions (Figure 1.2) (106). As a result of these processes occurring in the gastric epithelial
cells, H. pylori is in constant contact with ROS. Being a microaerophile, one would think the
bacteria would be especially sensitive to these forms. However, H. pylori produces an impressive
array of antioxidant enzymes that counteract the effects of ROS. If ROS are left unmanaged they
can cause damage to the macromolecules of the cell.

Oxidative damage of macromolecules. If ROS are not scavenged from the cell or if
they accumulate in very high amounts, contact of ROS with the cell material can lead to an array
of problems with cellular components. For example, O, can affect many enzymatic processes by
causing the release of iron from 4Fe-4S functional groups. Together, the different forms of ROS
can lead to DNA, lipid, and protein damage (Figure 1.3) (107). Severe protein oxidation leads to

carbonylation, a state that cannot be repaired and that is assigned with cell death.
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Figure 1.3. Antioxidant pathways of H. pylori. Superoxide is produced from the host stomach by
the immune responses. This can be converted to hydrogen peroxide by superoxide dismutase.
Hydrogen peroxide can be further converted to hypochlorous acid by the host myeloperoxidase
or to hydroxyl radical as a result of the Fenton reactions. These forms of oxidants can cause

problems for the cell in the form of lipid peroxidation, protein denaturation, and DNA damage.
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DNA is often a target of oxidation by ROS such as *OH and superoxide. ROS attacks
both the base and sugar moieties and results in a modification of purine and pyrimidine bases,
strand breaks, DNA-protein crosslinks, and abasic sites. The most frequently occurring
mutagenic lesion is an oxidized form of guanine, 8-ox0-7,8-dihydroguanine (8-0xoG) (108, 109).
When 8-0x0G is present in a template strand it induces pairing with adenine during DNA
replication resulting in G:C-to-T:A transversions (110, 111). 8-0xoG can pair with either adenine
or cytosine (111). It was found that H. pylori is, in fact, susceptible to DNA damage from host-
derived ROS molecules. Mutants were made in the nth gene, making the cell unable to repair
oxidized pyrimidines (112). These mutants were significantly more sensitive than the wild-type
strain to killing by activated macrophages and were reduced in mouse colonization capacity.

H. pylori has mechanisms to repair damage that occurs to its DNA as a result of
oxidation. The DNA methyl-directed mismatch repair (MMR) system consists of three proteins
MutS, MutL and MutH. This system maintains genetic stability and functions in post-replication
DNA repair. H. pylori lacks genes encoding mutL and mutH but a mutS strain is sensitive to
oxidative stress (113). When the types of mutations in the mutS strain were analyzed it was
found that most were in the form of 8-0x0G indicating a role for MutS in the repair of 8-0x0G. A
DNA repair system responsible for the removal of 8-oxoG-induced mutations has been described
in Escherichia coli where it is known as the GO system. This system is initiated by two DNA
glycosylases, Fpg and MutY. Fpg recognizes and excises cysteine from an 8-0xoG:C pair. MutY
recognizes and excises incorrectly paired adenines opposite from 8-oxoG (114, 115). H. pylori
has a homologue to MutY that has been shown to behave similarly to the E. coli MutY. It has the

ability to excise adenine paired with 8-oxo-G and a mutY mutant showed a higher spontaneous
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mutation frequency as a result of exposure to oxygen. The mutY mutants are deficient in mouse
colonization compared to the wild-type (116).

Another major target of oxidative attack are lipids (unsaturated phospholipids, glycolipids,
and cholesterol) (117, 118). Oxidation of lipids results in loss of membrane fluidity and can
interfere with the function of membrane-bound proteins. Lipid peroxidation is a free radical
chain reaction that is initiated when free radicals attack polyunsaturated fatty acids in
membranes. This results in the formation of a fatty acid radical that is unstable. This molecule
then reacts with molecular oxygen to produce a peroxyl-fatty acid radical that further reacts with
a lipid molecule, producing a lipid peroxide (119). Lipid peroxide is not a radical molecule per
se but it promotes the radical chain reaction to proceed (120). The reaction will continue until the
concentration of lipid radicals is so high that they react with each other to produce a non-radical
species (119). The radicals that are produced during this process are highly toxic, much like
superoxide, and cause severe damage to the cell (120).

Proteins are especially susceptible to attack by ROS due to their abundance and
reactivity. Many amino acids can be modified by oxidation; some of these modifications are
irreversible and others are reversible (121). Upon modification of the protein side chains, a loss
of function can occur so these oxidative modifications often result in serious consequences for
the cell. The sulfur containing amino acids methionine and cysteine are especially susceptible to
attack, but these modifications are reversible. When oxidized, methionine and cysteine form
methionine sulfoxide and cysteine disulfides, respectively. These forms of oxidative
modification can be repaired back to their native forms. Prolonged oxidation of methionine leads
to the formation of methionine sulfone but this form is rarely found in biological systems (122).

More severe oxidation leads to the formation of protein carbonyls, an irreversible modification.
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Carbonyl groups are aldehydes and ketones that are produced on protein side chains, especially
on proline, arginine, lysine and threonine (123). Carbonyl groups can also be formed on lysine,
cysteine and histidine by secondary reactions as a result of lipid peroxidation. The cell removes
carbonylated proteins by degrading them (124).
Oxidative stress resistance in H. pylori

Despite being a microaerophile and being in almost constant contact with ROS during
infection of the host, H. pylori is able to survive and thrive in this environment. This is due to the
production of a battery of antioxidant enzymes: superoxide dismutase (SOD), catalase,
peroxidases and a variety of reductases. Catalase and SOD function to neutralize ROS (29, 125-
128). Catalase protects the cell by catalyzing the dismutation of H,O, into water and oxygen
(97). Catalase itself can become inactivated by oxidants, but it is protected by methionine
sulfoxide reductase (Msr) (129). SOD also functions to degrade oxidants. It functions by
catalyzing the dismutation of superoxide to H,O, that is then deactivated by catalase or
peroxidase (97). H. pylori only produces one SOD, as opposed to E. coli that produces three
(127, 128, 130). Alkylhydroperoxide reductase (AhpC) catalyzes the reduction of
alkylhydroperoxide to the corresponding alcohol (131). AhpC is one peroxiredoxin among three
found in H. pylori. The other two are thiol-peroxidase (Tpx) and bacterioferritin co-migratory
protein (BCP). These enzymes catalyze the reduction of H,0O,, peroxynitrite, and organic
hydroperoxides into their corresponding alcohols (132). H. pylori also has two thioredoxin (Trx)
proteins, Trx1 and Trx2, which function in the maintenance of a reduced cellular environment by
acting on oxidized cysteine residues (33, 133).

Methionine sulfoxide reductase. Msr plays a large role in H. pylori resistance to

oxidative stress. As mentioned above, Msr reduces oxidized methionine back to the native form
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resulting in repair of the target protein (134) (Figure 1.4). A H. pylori Amsr mutant strain has
been shown to be very sensitive to oxidative stress and further studies on this strain showed Msr
is an important colonization factor, especially in long-term colonization (135). H. pylori Msr
protects several proteins from oxidative inactivation. One important protein, catalase, has been
shown to be repaired by Msr thus protecting the enzyme from oxidative inactivation (129). Msr
in H. pylori is composed of MsrA and MsrB proteins fused together as a single enzyme (136).
This is the Msr type present in most pathogens. Msr transfers electrons from the oxidized protein
to the cysteines present in Msr forming a disulfide bond. Thioredoxin reductase then catalyzes
the transfer of these electrons from the disulfide bond to thioredoxin at the expense of NADPH

(137, 138). The Msr protein is thus repaired and can continue to repair other oxidized proteins.
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Figure 1.4. Msr reduction of an oxidized protein. The protein’s methionine residue is converted

to methionine sulfoxide (MetSO) via oxidant attack. During this processes, Msr itself becomes
oxidized. Thioredoxin (Trx) then accepts electrons from Msr, resulting in the formation of a
disulfide bond (Trxex (S-S)). Trx is then reduced in a reaction catalyzed by thioredoxin reductase

(TrxR) at the expense of a NADPH molecule.
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Thioredoxin system. The oxidation-reduction status of H. pylori is important due to its
exposure to a constantly changing environment. In most cells, the oxidation of thiols leads to a
buildup of the disulfide forms of proteins and accumulation of other small compounds such as
glutathionine (GSH) or cysteine (97). GSH plays a large role in the maintenance of redox
balance in cells but there is no evidence of this compound being present in H. pylori (33, 34).
There is evidence that free cysteine plays a role in the maintenance of redox balance in H. pylori,
but this is from unpublished data (97). In fact, cysteine is not an appropriate free thiol compound
in aerobic organisms as it is oxidized very rapidly in the presence of a metal catalyst. Thus, it
does not seem likely that this would result in maintaining redox balance since H. pylori is under
constant ROS stress. However, H. pylori does have a thioredoxin (Trx) system that is involved in
protecting the cell from oxidative stress. A trx/ and trx2 deletion mutant showed sensitivity to a
variety of oxidants tested (139). It seems likely that the Trx system is the major player in
maintaining redox homeostasis in H. pylori.

The thioredoxin system is highly conserved across all organisms from humans to
bacteria. Many organisms contain several Trx proteins and sometimes these proteins play
separate and distinct roles in protecting the cell from oxidative stress. The Trx system functions
to reduce cysteine residues at the expense of NADPH. Trx reductase catalyzes the transfer of
electrons and functions to keep the Trx proteins in a reduced state (140). H. pylori contains two
Trx proteins, Trx1 and Trx2. Trx1 has been shown to be the electron donor to Msr and AhpC but

the function of Trx2 remains unknown (131, 136).
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Scope of study

H. pylori has a variety of unique characteristics that allow it to be a successful pathogen.
One of the most interesting features is the ability to withstand a harsh environment and to evade
or combat the host immune system, especially combating toxic oxygen species. This attribute is
especially surprising since the bacterium is a microaerophile, and a high oxygen concentration
leads to the organism being unable to survive for more than a few hours. H. pylori is highly
adapted to the gastric niche, and it is able to use several strategies to detoxify oxygen during
exposures to an apparently unique environment. It neutralizes oxygen by the use of enzymes
such as catalase and superoxide dismutase, modulating redox potential, or through repair of
damaged DNA or proteins.

While we understand the general functions of Msr and the thioredoxin system, we don’t
know in how many cellular processes they are involved to maintain viable H. pylori. In fact, we
have only identified a few proteins with which either Msr or Trx interact. It is likely that Msr
plays a role in reducing many proteins in the cell, as a deletion mutant strain shows greatly
enhanced sensitivity to oxidant stress, and the methionine repair process is required for
colonization of the mouse stomach (135). My studies on Msr revealed a new role for the enzyme.
In addition, the Trx system has not been studied in H. pylori in great detail and we do not know
the function of Trx2 in the cell. A previous study showed a Afrx/ mutant strain was oxidant
stress sensitive, but that a Azrx2 strain was not very stress sensitive (139). However, no further
studies were performed and it is likely that both of the Trx proteins play a role in H. pylori
survival. My work on the thioredoxin proteins identifies for the first time that Trx2 plays a major
role in protecting the macromolecules from oxidative damage. I also identify a role for Trx2 in

colonization of the mouse stomach.
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CHAPTER 2

THE ROLE OF HELICOBACTER PYLORI METHIONINE SULFOXIDE REDUCTASE IN

UREASE MATURATION !
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148 © the Biochemical Society. Reprinted here with permission of publisher.

35



Abstract
The persistence of the gastric pathogen Helicobacter pylori is due in part to urease and
methionine sulfoxide reductase (Msr). Upon exposure to relatively mild (21% partial pressure
O,) oxidative stress, a Amsr mutant showed both decreased urease specific activity in cell free
extracts and decreased nickel associated with the partially purified urease fraction as compared
to the parent strain; yet urease apo-protein levels were the same for the Amsr and wild type
extracts. Urease activity of the Amsr mutant was not significantly different than the wild-type
upon non-stress microaerobic incubation of strains. Urease maturation occurs through Ni
mobilization via a suite of known accessory proteins, one being the GTPase UreG. Treatment of
UreG with hydrogen peroxide (H>O;) resulted in oxidation of MS-identified methionine residues
and loss of up to 70% of its GTPase activity. Incubation of pure H,O,-treated UreG with Msr led
to reductive repair of nine Met residues and recovery of up to full enzyme activity. Binding of
Msr to both oxidized and non-oxidized UreG was observed by crosslinking. Therefore, we
conclude Msr aids the survival of H. pylori in part by ensuring continual UreG-mediated urease

maturation under stress conditions.
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Introduction

Helicobacter pylori is a Gram-negative, microaerophilic bacterium that colonizes the gastric
mucosa (1) of approximately one-half of the world’s population (2). The World Health
Organization classifies H. pylori as a carcinogen and it is the causative agent of most peptic ulcer
disease, chronic gastritis, and gastric cancer in humans (3). The pathogenesis and persistence
attributes of H. pylori rely on its ability to combat harsh conditions; these include both the acidic
environment of the gastric lumen and chronic exposure to reactive oxygen species (ROS) (3).
During colonization, H. pylori induces an inflammatory response from the host in which ROS
are produced by gastric cells (4), phagocytes (5), and other immune cells. ROS such as
superoxide (O;), hydrogen peroxide (H,0O,), and hypochlorous acid (HOCI) (6) oxidize free
amino acid residues or the residues within proteins, which oftentimes renders the proteins
nonfunctional (7). However, oxidation of a methionine (Met) residue can be enzymatically
reversed, resulting in restoration of protein function (8). This is accomplished by methionine
sulfoxide reductase, Msr (9-11). Other important enzymes involved in combating oxidative stress
in H. pylori include superoxide dismutase (SodB), catalase (KatA), alkyl hydroperoxide
reductase (AhpC), neutrophil activating protein (NapA), and NADPH quinone reductase (MdaB)
9, 11).

In bacteria and other organisms, two types of Msr proteins have been described, MsrA and
MsrB. These two forms of Msr reduce the two isomers Met(S)O and Met(R)O of methionine
sulfoxide, respectively (12, 13). In H. pylori, MsrA and MsrB are fused to constitute a 42 kDa
protein (14). An H. pylori msr deficient strain has been shown to be highly sensitive to oxidative

stress, and it has greatly diminished ability to colonize the stomach (15). H. pylori Msr has also
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been shown to play a role in protecting catalase from oxidative damage (16). However, only a
few Met-rich proteins have been identified as Msr interacting (16, 17) and the full extent of the
physiological roles of Msr remain unknown.

H. pylori resists the acidic environment of the gastric region by producing urease, which
hydrolyzes urea to bicarbonate and ammonia (18, 19). Urease is the most abundant protein made
by H. pylori, as it accounts for more than 10% of the total protein synthesized by the bacterium
(20, 21). Urease is composed of only two subunits, UreA and UreB (19), unlike other bacterial
ureases that are composed of UreA, UreB, and UreC subunits (25). The maturation of urease
requires incorporation of nickel into the active site, which is accomplished by several accessory
proteins (22, 23). In H. pylori, these include UreE, UreF, UreG, and UreH (24). Based on studies
in K. aerogenes, it is generally accepted that UreD (UreH in H. pylori), UreF, and UreG drive
protein conformational change, lysine carbamylation, and GTP hydrolysis, respectively, while
UreE functions as a metallochaperone of the maturation system (25-28).

Of the accessory proteins, UreG is the most highly conserved and shares sequence homology
with ATP and GTP-binding proteins (29). UreG belongs to the group of homologous P-loop
GTPases (26). Loss of all urease activity occurs upon introduction of site-directed mutations at
the nucleotide-binding domain for both H. pylori (30) as well as K. aerogenes UreG (26). In
addition to the nucleotide binding domain, UreG is a Met-rich protein with Met comprising
~4.5% of the primary amino acid sequence. From a tandem affinity purification (TAP) approach
with UreG as the bait protein, UreG was proposed to interact with up to 33 different proteins,
one of which was Msr (27). However, the role of Msr in this possible interaction had not been

studied. The TAP results combined with the high proportion of Met residues in UreG caused us
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to examine a role for Msr in urease maturation. The role of Msr was addressed by studying a
Amsr mutant and by assessing the ability of Msr to repair the oxidized Met residues of UreG.
Finally, we demonstrated the intimate interaction between purified UreG and Msr.
Materials and Methods

Bacterial strains and growth conditions. Helicobacter pylori strain SS1 was used as the
parental strain for all studies. H. pylori were routinely grown on Brucella agar (Oxoid Ltd.,
Hampshire, England) plates containing 10% defribrinated sheep blood (BA plates) (QuadFive,
Ryegate, MT) and maintained at 37°C under 5% CO,, 4% O,, balanced with N, in a
microaerobic humidified chamber. The Amsr mutant was described previously (11, 15).
Escherichia coli cultures were grown aerobically in Luria-Bertani (LB) broth or agar and
ampicillin, kanamycin, and chloramphenicol were added when needed at final concentration of
100, 30, and 30 pg/ml, respectively.

Protein purification. H. pylori UreG was expressed as a hexahistidine-tagged protein in
E. coli BL21 RIL (Novagen, Gibbstown, NJ, USA). Briefly, the ureG gene was amplified by
PCR using genomic DNA from strain 43504 as a template and primers NdeUreG (5°-
ACGGCCTCATATGGTAAAAATTGGAG-3’) and XhoUreG (5°-
GCGTAAGCTCGAGATCTTCCAATAAAGCGTTG-3’, designed to amplify ureG without its
stop codon). The resulting 0.6 kb-DNA fragment was digested with Ndel and X%ol and ligated
into the similarly digested expression vector pET21b (Novagen, Madison, WI). The recombinant
plasmid was sequenced at the Georgia Genomics Facility, University of Georgia, to ensure that
no error was introduced by PCR. E. coli cultures harboring the recombinant plasmid were grown
to an optical density at 600 nm of 0.6 at 37°C in 500 ml of LB medium with chloramphenicol

and ampicillin. Cultures were then induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside
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(IPTG) at 37°C for 3 h. Cells were harvested by centrifugation and the pellet resuspended in
buffer A (50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 40 mM imidazole), then broken by four
passages through a cold French Pressure cell. The cell debris was removed by centrifugation at
15,000 x g for 20 min at 4°C. The supernatant was loaded onto a Ni-nitrilotriacetic acid-agarose
(Ni-NTA) (Qiagen, Valencia, CA) column pre-equilibrated with buffer A. Unbound proteins
were removed by washing with the same buffer. Following washing, UreG was unbound from
the column with buffer B (50 mM Tris-HCI, pH 7.5, 500 mM NacCl, 250 mM imidazole). UreG-
containing fractions were dialyzed against 50 mM Tris-HCI, pH 7.5. The dialyzed samples were
then subjected to 12.5% SDS-PAGE to assess purity. Proteins were visualized with Coomassie
brilliant blue R-250. Pure UreG was then concentrated using an Amicon Ultra Centrifugal filter
(Millipore, Billerica, MA) and protein concentration determined with the BCA protein kit
(Thermo Scientific Pierce, Rockford, IL) with bovine serum albumin as the standard.

H. pylori Msr was expressed as a hexahistidine-tagged protein and purified in E. coli BL21
(DE3) RIL as described previously (17). Briefly, E. coli cultures harboring the recombinant
plasmid were grown to an optical density at 600 nmof 0.6 at 37°C in 1 liter of LB medium with
ampicillin and kanamycin. Msr was then purified using a Ni-NTA column as described above for
UreG. Msr-containing fractions were pooled and loaded onto a Q-sepharose Fast Flow column
(Sigma, Saint Louis, MO). Msr was washed from the column with 50 mM Tris-HCI, pH 7.5. H.
pylori thioredoxin (Trx) and thioredoxin reductase (TrxR) were expressed and isolated from E.
coli as described previously (17).

GTPase assay. GTPase assays were performed using a malachite green-based kit (Innova
Biosciences, United Kingdom) following the manufacturer’s instructions. Briefly, 6 puM

untreated, oxidized, or repaired (see section on Msr repair) UreG was incubated with 50 mM
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Tris, pH 7.5, 2.5 mM MgCl,, 0.5 mM GTP for 30 min. Next, the gold mix (P;ColorLock™ Gold
plus accelerator) was added to the mixture and incubated for an additional 2 min. The stabilizer
buffer was then incubated with the mixture 30 min. Finally, optical density was determined at
595 nm using a Molecular Devices plate reader. The readings obtained at ODsgs were compared
to a standard curve with known amounts of phosphate. All steps were carried out at room
temperature.

Exposure of SS1 and Amsr strains to oxygen stress and measurement of urease
activity. H. pylori strain SS1 wild type or the Amsr mutant was grown for 48 h, resuspended in
brain heart infusion (BHI) broth with 0.4% B-cyclodextrin, pH 7.0, and exposed to 21% O, (air)
for 2 h while shaking (200 rpm) at 37°C. Cells were harvested by centrifugation and broken by
sonication. Cell debris was removed via centrifugation at 14,000 x g for 10 min, and the
supernatant was assayed for urease activity according to the method of Weatherburn (31).

Partial purification of urease and nickel determination. Urease was partially purified
from the oxygen stressed SS1 wild type and Amsr strains as described previously (32) with the
following modification. Briefly, 20 mM HEPES, pH 7.2 was used as the starting buffer and the
protein was washed from the Q-sepharose HiTrap column (GE healthcare, Piscataway, NJ) with
0-600 mM NaCl gradient. The peak urease-containing fractions were pooled, dialyzed overnight
against 20 mM NaCl (atomic absorption grade) assayed for protein concentration (BCA protein
assay kit; Pierce) and nickel levels were measured by graphite furnace atomic absorption
spectrometry (Shimadzu AA-6701F) as described previously (32).

Immunoblot and quantification of urease in H. pylori crude extracts. H. pylori SS1
wild type or the Amsr mutant was exposed to 21% O, as described above. Cells were then

resuspended in BHI with 0.4% B-cyclodextrin and broken by sonication. Approximately 10 pg of
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crude extract from both strains was then loaded onto 12.5% SDS polyacrylamide gels. One gel
was stained with Coomassie blue silver and proteins from the other were electrophoretically
transferred onto a nitrocellulose membrane. Immunoblotting was carried out as described
previously (33). Briefly, the membranes were blocked in 3% gelatin prepared in Tris buffered
saline (TBS). Following blocking, the membranes were probed with rabbit anti-UreA antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:2,000 in tween 20-TBS (TTBS), 1%
gelatin for 1 h and then washed with TTBS. The membranes were then incubated with goat anti-
rabbit IgG conjugated to alkaline phosphatase (Bio-Rad, Hercules, CA) diluted 1:2,000 in TTBS,
gelatin 1%. After 2 h incubation, the blot was developed with nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate. Relative quantity of the urease structural subunit bands (UreA and
UreB) was calculated by densitometry.

Oxidation of purified UreG. Purified UreG at 27 uM was treated with 25-50 mM H,0O,
for 3 h in the dark and at room temperature under aseptic conditions. Excess H,O, was removed
by overnight dialysis against 50 mM Tris-HCI, pH 7.5.

Repair of oxidant damaged UreG. UreG or H,O,-treated (50 and 100 mM) UreG was
repaired with Msr (equimolar concentration relative to UreG) or buffer (50 mM Tris-HCI, pH
7.5) in the presence of 400 uM NADPH (Sigma), 5 uM Trx, and 100 nM TrxR for 1 h at 37°C.
GTPase activities were then measured.

Repair of oxidant damaged urease. The Amsr mutant was exposed to 2 h oxygen stress
and then urease was partially purified from that mutant as described above. Partially purified
urease (14 pg of total protein) was incubated with 10 mM DTT alone or with 10 mM DTT and
14 pg Msr at 37°C for 1 h. Urease activity was then measured according to the method of

Weatherburn (31).
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Asp-N endoproteinase (Asp-N) digestion and pseudo-multiple reaction monitoring
(MRM) LC-MS/MS analysis. UreG samples were digested with Asp-N and analyzed by C18
reverse phase LC coupled with pseudo-MRM MS/MS as described previously (16). Briefly,
samples were heated to 60°C in 50 mM Tris HCI, 0.5 mM zinc acetate at pH 8.0 in the presence
of 10 mM DTT for 45 min. They were then allowed to cool to room temperature and AspN
protease (Thermo Scientific Pierce. Rockford, IL) was added 1:100 (protease:UreG) and digested
overnight at 37°C. Samples were stored at -20°C until analysis.

After digestion, samples were analyzed using the LTQ front-end of an LTQ-FT mass
spectrometer (Thermo Scientific) coupled to an Agilent 1100 HPLC system with CaptiveSpray
ionization using an Advance Ion Source for Thermo MS (Michrom Bioresources Inc.) Samples
were autoinjected onto a C18 trapping cartridge for desalting, followed by separation on a C18
capillary column (Michrom Bioresources, 0.2 x 50 mm, 3 pm, 200 A) using a linear gradient
from 95% Buffer A (water, 0.1% formic acid) and 5% Buffer B (acetonitrile, 0.1% formic acid)
to 40% Buffer A, 60% Buffer B, at a flow rate of 3 pul/min for 70 minutes. Elution times and
MS/MS transitions specific for unoxidized and oxidized methionine-containing peptides at 35 V
collision energy were manually determined based on MS/MS analysis. For peptides containing
two methionines, transitions were chosen that differentiated between oxidation on each
methionine based on fragment ion mass. For quantitative analysis, oxidized and unoxidized
methionine-containing peptide m/z values were placed on an include list, and oxidation was
carried out based on the abundance of the selected MS/MS product ions determined as specific

transitions for that peptide at the appropriate elution time.
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Cross-linking and biotin label transfer. Purified UreG or 50 mM H,O;-treated UreG
(oxUreG) was conjugated to Sulfo-SBED using the Sulfo-SBED biotin label transfer kit from
(Thermo scientific Pierce). Sulfo-SBED was dissolved in dimethylformamide at 40 pg/ml and
then added to UreG in 1x phosphate buffered saline (PBS) at 5-fold molar excess. The mixture
was incubated at room temperature for 30 min in the dark to preserve the aryl azide group.
Excess Sulfo-SBED was removed via overnight dialysis against 50 mM Tris, pH 7.5. UreG or
oxUreG conjugated to Sulfo-SBED (4 uM) was then incubated with equal molar concentrations
of Msr, lysozyme, or alone in a final volume of 40 pl for 2 h at room temperature in the dark.
The binding of Msr to UreG was captured upon ultraviolet photoactivation of the aryl azide
moiety. UV photoactivation was carried out using a 365 nm UV lamp held 5 cm from the
mixture for 15 min on ice. The cross-linked mixture (20 pl) was then reduced with 0.5 M DTT in
the dark for 10 min. The proteins were then resolved via SDS-PAGE followed by transfer to a
nitrocellulose membrane. The biotin label was detected by incubating the membrane bound
proteins with streptavidin-horseradish peroxidase (HRP) for 1 h. The membrane was developed
by enhanced chemiluminescence (GE healthcare).

Statistical significance. Data are presented as the means + S.D. All data comparisons
were performed using the Student’s ¢ test. These values were calculated using the GraphPad
QuickCalcs website: http://graphpad.com/quickcalcs/ttest.cfm.

Results

Purification of UreG. To study H. pylori UreG biochemically, the protein was
overexpressed and purified as a recombinant his-tagged protein from E. coli. The purity of the
protein was assessed via SDS-PAGE analysis. The purified UreG migrated at a mass of about 24

kDa (Figure 1).
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Interaction between UreG and Msr. To analyze the direct binding of Msr to UreG we
used a Sulfo-SBED trifunctional crosslinking reagent. Sulfo-SBED contains biotin, a sulfonated
N-hydroxysuccinimide (Sulfo-NHS) active ester, and a photoactivatable aryl azide. Upon
incubation of untreated “as-purified” UreG and separately H,O,-treated UreG (oxUreG) with
Sulfo-SBED, the Sulfo-NHS ester reacted with the amine groups of UreG at neutral pH, resulting
in conjugation of UreG and the crosslinking agent. Unlabeled Msr or lysozyme (as a control) was
added to the Sulfo-SBED conjugated UreG or oxUreG and the aryl azide moiety within Sulfo-
SBED was photoactivated with UV light to promote crosslinking. The binding event of Msr with
UreG is thus captured so that disulfide bond cleavage by the addition of DTT then results in the
transfer of the biotin tag to Msr. Samples were taken before and after UV crosslinking. The
biotin label transfer is detected by Western blot using Streptavidin-HRP and enhanced
chemiluminescence. Msr bound to both oxidized and non-oxidized UreG as shown by the
presence of an approximate 42 kDa band in lanes 5 and 6 (Figure 2). These bands were not
present when non-oxidized UreG or oxUreG was incubated alone (lanes 1 and 2) or with
lysozyme (lanes 3 and 4). The absence of these bands in the samples incubated with lysozyme
suggests this 42 kDa band is not caused by protein aggregation and further confirms the
specificity of the interaction between UreG and Msr. Higher molecular weight bands observed in
all lanes are believed to be UreG oligomers. UV-treated UreG contained more biotin label than
the non-UV treated, presumably due to UV light mediated promotion of intramolecular tagging
(34). No intermolecular tag transfer to Msr was detected in the absence of UV light (lanes 9 and
10).

UreG activities in oxidized and repaired samples. To determine the susceptibility of H.

pylori UreG to oxidant damage, we incubated purified UreG with H,O, and measured the
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resulting GTPase activity. Incubation of purified UreG with H,O; resulted in a dose-dependent
decrease in GTPase activity (Figure 3). After incubation of 6 uM UreG with 25, 50, and 100 mM
H,0,, the GTPase activity was significantly decreased to ~44, 35, and 28% of the untreated
sample, respectively. These oxidant levels seem high, but are the amounts sometimes used to
oxidize repair targets. It is also important to note that pathogens are subject to a variety of
oxidants simultaneously that likely exert a cumulative protein oxidation affect. GTPase activity
of H. pylori UreG has previously been shown to be negligible (30, 35). However, the calculated
keat of 0.032 min™ for the untreated H. pylori UreG used in this study is comparable to the
measured GTPase activities of UreG in other organisms (BpUreG ke=0.04 min™', MtUreG
kea=0.01 min™, GmUreG ke =0.01 min™) (36-38). To determine whether the decrease in GTPase
activity after UreG incubation with H,O, was due to Met oxidation and also whether Msr is
capable of restoring activity, oxidized UreG samples were incubated with Msr (plus repair
system) and the resulting GTPase activities were measured. As a control, UreG was incubated
with the repair components (Trx, TrxR, NADPH) without Msr. The latter sample is considered
the untreated sample and is given 100% activity (in earlier experiments it had the same activity
as untreated UreG with none of the repair mixture components added). Upon incubation with
Msr-containing repair components (Msr, Trx, TrxR, and NADPH) the activity of the oxidant-
damaged UreG was restored (Figure 4); it achieved full (non-oxidant treated) levels for the 50
mM H,0;-oxidized sample and ~80% of the non-oxidant treated levels for the 100 mM H,0,-
treated sample. GTPase restoration (i.e. repair) was never seen when the oxidized UreG samples

were incubated with the repair system without Msr. These results indicate that Msr can repair
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oxidatively damaged UreG and restore enzyme activity. Interestingly, a 20% increase of activity
with the addition of Msr to the untreated sample was sometimes observed indicating some
spontaneous UreG oxidation during preparation and storage.

MS/MS identification of Mets oxidized and repaired in UreG. UreG samples were
digested with Asp-N and the resulting peptide mix was then subjected to LC-MS/MS. All 9 Mets
of UreG could be identified and they all showed significant oxidation after treatment with 50
mM H,0, (Figure 5). For all untreated samples, the oxidation for all Met residues remained less
than 10%. Met', Met®’, Met*’, Met”’, Met®, and Met'®” were all greater than 80% oxidized after
treatment with H,O,. Met’!, Met™, and Met'® were ~70-80% oxidized. After incubation of the
oxidized samples with Msr plus 10 mM DTT as the reducing agent, all Mets remained less than
20% oxidized (Figure 5). DTT alone did not cause Met-SO repair of any residues. The results
indicate that Msr is able to repair all Mets of UreG.

Urease activities in wild type and Amsr strains after exposure to mild oxidative
stress. Despite expressing a broad repertoire of stress-combating enzymes and being an obligate
aerobe, H. pylori is sensitive to oxidative molecules, including high oxygen. All wild type strains
of the bacterium are routinely grown in controlled atmospheres maintained below 12% partial
pressure O, (10). We thus addressed the physiological importance of UreG repair under a
relatively mild stress condition, ambient O, levels. Since the UreG GTPase activity is susceptible
to oxidation (Figure 3), and the activity is restored by Msr (Figure 4), we reasoned the
importance of UreG repair could be assessed by comparing the Amsr mutant with the parent in
urease activity upon cell exposure to 2 h of ambient O,. This mild oxidant treatment has been
used previously to study roles of oxidative stress enzymes in whole H. pylori cells (39, 40); the 2

h treatment causes viability loss of some oxidative stress sensitive mutants, but the parent strain
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maintains full viability (but not growth) by this incubation (15, 40). A significant decrease in cell
free extract urease activity to 64% of the parent strain level was observed in the Amsr mutant
(Figure 6A) upon 2 h air exposure. As a control, the wild-type and Amsr strains were left at 4%
partial pressure oxygen and the Amsr mutant showed no statistically significant difference from
the wild-type in activity over the 2-h period (Figure 6A). If urease maturation is the deficiency
associated with the Amsr mutant, we would expect urease apo-protein levels to be equal in that
mutant and the parent. Urease apo-protein levels indeed appear to be similar in the wild-type and
Amsr strains (see Figure 6B and C), and densitometric scanning (32) of these gels (from Figure
6B) confirmed that UreA and UreB subunits did not differ by more than 5% among the two
strains.

Evidence to suggest this decrease in activity is due to a deficiency of urease maturation was
obtained by measuring the nickel content associated with partially purified urease of both parent
and mutant strains. Urease was partially purified and the urease fractions analyzed for nickel
levels. The Amsr mutant contained 33% less nickel content than the wild-type (30 £ 1.6 ng Ni
per mg of protein for the wild-type and 20 + 0.8 ng Ni per mg of protein for Amsr). These data
were based on 13 replicates for each strain and the difference between the two strains was
statistically significant (p < 0.01). Still, as urease was only partially purified some of the nickel
measurement could be associated with other proteins in both strains. The decreased urease
specific activity shown in the oxygen stressed Amsr mutant raises the possibility that urease itself
could be damaged by Met oxidation during this treatment. To address this concern, partially
purified urease from the oxygen stressed Amsr mutant was incubated with DTT, or with DTT
and Msr. No gain in urease activity was seen in either case (data not shown). These results

suggest that the decrease in urease activity observed in the oxidant stressed strain is not due to
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methionine oxidation of urease. Rather, UreG and possibly other proteins involved in urease
maturation are prone to methionine oxidation and can be repaired by Msr.
Discussion

The long-term survivability of H. pylori in the host requires that the bacterium survive harsh
conditions, including the host inflammatory responses. The pathogens persistence is key to the
most severe disease symptoms, and is in part due to the battery of DNA and protein repair
enzymes that confer oxidative stress resistance to the pathogen in vivo. Proteins are often the
targets of ROS due to their abundance in cells and their ease of reactivity with oxidants and Met
is one of the most sensitive amino acids to oxidation. It is of obvious benefit for the bacterium to
repair damaged Met-SO-containing proteins rather than synthesize new proteins due to energy
input costs for synthesis and in order to rapidly maintain key enzyme function.

Many oxidative stress-combating enzymes have been described in H. pylori, but our
knowledge of the significance and physiological role of Msr continues to expand. An H. pylori
Amsr mutant shows attenuated growth in the presence of chemical oxidants and the strain is
severely deficient in ability to colonize the mouse stomach (15). In addition, carbonylated
proteins have been shown to accumulate in a Amsr mutant after exposure of cells to oxidant
damage (16). These proteins were not oxidized in the parent strain (15). However, only a few
specific targets of Msr-mediated repair in H. pylori have been identified. These include GroEL,
SSR, AhpC, and catalase (16, 17). Msr-repair targets in other bacteria include GroEL and Fth
(41, 42).

In the host gastric region, H. pylori is in frequent contact with acid and oxidative molecules.
Urease is essential for H. pylori to survive the acid stress and it is a highly abundant protein that

requires nickel to function. Inside the host, H. pylori likely encounters varying levels of Ni so it
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employs many Ni sequestering proteins (HspA, Hpn, Hpn-like) thought to gather the ion for
storage and possible transfer to the metalloenzymes (43-45). To achieve optimal urease activity,
the active sites must be fully loaded with Niand the Ni demand is thus high; Ni-saturated urease
contains 12 Ni atoms per molecule (46). As Hu and Mobley (47) demonstrated, higher counts of
Niin recombinant urease correlated with higher urease activities. We observed a 31% decrease in
urease activity and a concomitant 33% decrease of urease-associated Ni levels in the Amsr
mutant compared to the parent after exposure to mild oxidative conditions (e.g. air). Although
modest, we propose this is significant to the in vivo situation, where Met damage could be much
greater, and more potent oxidants exist. Indeed, Stingl and de Reuse (48) calculated that under in
vitro conditions without added nickel only a small proportion of the urease active sites are filled
with nickel but that is sufficient for full acid resistance. Under similiar conditions (no added
nickel) we still see a significant difference in the nickel load between the wild-type and Amsr
mutant, which further suggests a role of Msr in protecting urease maturation. In addition, HOCI
is a highly potent oxidant (much more potent than H,O;) and it can achieve levels of 5 mM at
sites of inflammation within the host (49). The Msr-repairable Met residues in E. coli GroEL
were shown to be much more sensitive to oxidation by phagocyte-produced oxidants like HOCI
and peroxynitrite than to oxidants produced by bacterial metabolism such as H,O; (42). It seems
possible that urease per se could be a target for oxidative inactivation, but a previous study using
co-immunoprecipitation found no evidence for urease-Msr interactions (50). Furthermore, in this
study we saw no enhancement of activity when Msr was added to urease purified from oxygen
stressed cells. Taken together, our results indicate that non-lethal elevated oxygen (~21% partial

pressure) caused a urease maturation defect.
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Interestingly, the H. pylori urease maturation proteins have been reported to assemble at the
cytoplasmic membrane in a pH-dependent manner when urease is also undergoing increased Ni-
dependent maturation (51, 52). H. pylori Msr has also been shown to be membrane associated
(15), so studies of Msr-UreG recognition (and perhaps roles of membrane proteins) as a function
of pH may be informative. Although UreG complexes with UreE to function in Ni delivery (53,
54), UreE does not seem to be a target for Msr; crosslinking approaches to identify such an
interaction between the two proteins were negative (17). Also, UreE is not a Met-rich protein
(~1.8% Met), and other Msr targets are rich in Met. In this study, we found that UreG is
sensitive to inactivation by H»O, and given that UreG is rich in Met residues (4.5%), we
speculated that it was inactivated due to Met oxidation. We found that H,O, greatly inhibited
UreG GTPase activity compared to the untreated UreG sample. It is likely that the bulk of
inactivation of enzyme activity is due to Met-SO formation since the other residues susceptible
to oxidation (Tyr and Cys) occur in small amounts within UreG (1.5% each) and Msr (known to
repair Met residues only) restored the oxidized protein’s GTPase activity.

In H. pylori, Msr was able to restore full UreG enzyme activity. This is similar to Msr-
mediated catalase repair in which Msr restored up to 82% of full enzyme activity (16). All nine
Met residues in UreG showed susceptibility to oxidation, and all were repaired with the addition
of Msr. Interestingly, almost all (eight out of nine) Met residues in UreG are predicted to be
surface or solvent-exposed. This is consistent with evidence that exposed Met residues are more
readily oxidized by oxidants and would be expected to be accessible to Msr (55-58). A few prior
accounts of Met-SO protein repair upon oxidative inactivation have been demonstrated in other
systems such as E. coli L12 protein (59) and H. pylori catalase (16). Oxidation and/or repair of

every Met residue within an enzyme has not been shown previously in any other system. For E.
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coli GroEL twelve out of twenty-three Mets were converted to Met-SO (42). Some activity (70%
compared to untreated) of GroEL was restored by Msr when the lowest oxidant concentration
was used) but harsher oxidation led to the production of some Met-sulfone residues. In this case
no activity could be restored (40). Analysis of oxidized or Msr-repaired E. coli Ffh showed four
out of five Met-containing peptides were oxidized and repaired (41). Not all Mets of H. pylori
catalase were susceptible to HOCl-mediated oxidation, but those that were indeed became targets
of repair (16). Our experiments expand our understanding of the unusual recognition flexibility
of Msr, in that all nine Met residues are repaired, and another target enzyme with a defined
physiological role in pathogenesis is identified.
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Figure 2.1. SDS-PAGE of purified UreG. Lane 1, molecular weight marker; lane 2, cell extract
from non-induced E. coli BL21 RIL harboring pET21b-ureG; lane 3, cell extract from IPTG
induced E. coli BL21 RIL harboring pET21b-ureG; lane 4, purified UreG after Ni-NTA; lane 5,

concentrated pure UreG. The arrow to the right indicates UreG.
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Figure 2.2. Interaction between UreG and Msr identified by biotin transfer. Sulfo-SBED
conjugated UreG or 0.6% H,0,-oxidized UreG was incubated with Msr, lysozyme, or alone and
then the mixture was subjected to UV-crosslinking. Samples were taken before and after
exposure to UV light. The conjugated samples were reduced with 0.5 M DTT for label transfer
and the proteins were resolved via SDS-PAGE, transferred to a nitrocellulose membrane, and
probed with streptavidin-horseradish peroxidase. Lane 1, UreG; lane 2, oxidized UreG; lane 3,
UreG and lysozyme; lane 4, oxidized UreG and lysozyme; lane 5, UreG and Msr; lane 6,
oxidized UreG and Msr; lane 7, UreG; lane 8, oxidized UreG; lane 9, UreG and Msr; lane 10,
oxidized UreG and Msr. Lanes 7-10 were not exposed to UV light. The molecular weight marker
is displayed to the left. The arrows to the right indicate Msr or UreG. UreG is ~ 22 kDa and Msr

1s ~ 42 kDa.

54



125 1

100 -

50 -

GTPase activity (%)

i

HH

25 -

0.3 0.6 1.2

H,0, concentration (%)

Figure 2.3. H,O; inactivation of UreG GTPase activity. Purified UreG (6 uM) was incubated
with varying concentrations of H,O, (0, 0.3, 0.6, 1.2%) for 3 h. Excess oxidant was removed via
overnight dialysis. GTPase activities were measured using a colorimetric assay to detect the
release of P; and presented as % activity of the untreated sample. Each concentration is
statistically significantly less than every higher concentration shown in the figure at p < 0.05.

Results are the mean =+ S.D. for n=8, two independent experiments each sampled four times.
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Figure 2.4. Msr repair of H,O, damaged UreG. H,O,-treated UreG (6 uM) was incubated with
equimolar amounts of Msr or buffer, along with the Msr repair components (400 uM NADPH, 5
uM Trx, and 100 nM TrxR) at 37°C for 1 h. The samples were then assayed for GTPase activity
spectrophotometrically. Data are presented as mean + S.D. with n=8, three independent

experiments sampled in duplicate. * indicates p < 0.01.
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Figure 2.5. MS/MS Identification of Met residues after oxidation and repair of UreG. UreG was
incubated with buffer or 0.6% H,O; in that buffer for 3 h. Excess H,O, was removed via
overnight dialysis. Following dialysis, oxidized UreG samples were incubated with or without
Msr in the presence of DTT at 37°C for 1 h. DTT alone did not result in repair of any Met
residues. No oxidized Met' or Met” could be detected in the untreated sample. Samples were

digested with Asp-N and Met residues were identified and quantified by LC-MS/MS.
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Figure 2.6. Urease activity and expression after oxidant stress. (A) Urease activity after exposure
to oxidative stress. H. pylori SS1 wild type and Amsr strains were exposed to 21% O; (air) for 2
h or left at 4% O, as a control. Cells were then lysed by sonication and urease activity was

measured in cell free extracts. Results are the mean £ S.D of n=12, based on four independent
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experiments each sampled in triplicate. *indicates p < 0.01. (B) SDS-PAGE analysis of cell free
extract from SS1 wild type (9 pg) and Amsr (10 pg) after exposure to 21% O,. (C) Immunoblot
analysis of SS1 wild type and Amsr cell free extract after exposure to 21% O,. Whole cell extract
were resolved via SDS-PAGE, transferred to a nitrocellulose membrane, and blotted with anti-

UreA antibodies.
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CHAPTER 3

COMPARATIVE ROLES OF THE TWO HELICOBACTER PYLORI THIOREDOXINS IN

PREVENTING MACROMOLECULE DAMAGE *

*Kuhns, L. G., Wang, G., and R. J. Maier. Submitted to Infection and Immunity, 02/24/2015.

65



Abstract
Thioredoxins are highly conserved throughout a wide range of organisms and are essential for
survival of oxygen-sensitive cells. The gastric pathogen Helicobacter pylori uses the thioredoxin
system to maintain its thiol/disulfide balance. There are two thioredoxins present in H. pylori,
Trx1 and Trx2. Trx1 has been shown to be important as an electron donor for some antioxidant
enzymes, but the function of Trx2 remains unknown (Baker LM, Raudonikiene A, Hoffman PS,
Poole LB. J Bacteriol 2001. 183:1961-1973, Alamuri P, Maier RJ. 2006. J Bacteriol 188:5839-
5850). We demonstrate that both Trx1 and Trx2 are important in protecting H. pylori from
oxidative stress. Individual deletion mutant strains A#rx/ or Atrx2 each showed a greater
abundance of lipid peroxides and suffered more DNA damage and protein carbonylation than the
parent. Both deletion mutants were much more sensitive to O,-mediated viability-loss than the
parent. Unexpectedly, the oxidative DNA damage and protein carbonylation was more severe in
Atrx2 than in Atrx1 with 20-fold and 4-fold more carbonylated protein content than the wild-type
and Atrxl, respectively, after 4 h of atmospheric O, stress. ¢rx transcript abundance was altered
by the deletion of the heterologous trx. Atrx2 lacked mouse colonization ability while Afrx] was

significantly reduced in ability to colonize mice.
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Introduction

Oxidative stress is a problem encountered by most organisms, and anaerobic and
microaerophilic microorganisms frequently have a limited tolerance for oxygen. Reactive
oxygen species (ROS) are abundantly generated in the environment, which leads to every living
organism, at least transiently, having contact with different reactive oxygen molecules. ROS are
generated in the form of superoxide (O;"), hydroxyl radical (*OH), hydrogen peroxide (H,0,),
and hypochlorous acid (HOCI). All of these can be generated by irradiation (x-rays, y-rays, and
ultraviolent radiation) or by normal metabolic processes including autoxidation of reduced
electron carriers, lipid peroxidation and metal-catalyzed reactions (1). These forms of ROS can
be detrimental to organisms, as they react with and damage macromolecules (DNA, lipids, and
proteins) of the cell if not scavenged by antioxidants. Pathogens must combat an additional
source of ROS, the oxidative burst generated by host immune cells (2-6).

Helicobacter pylori is a gram-negative microaerophilic organism that colonizes the
gastric mucosa and is the causative agent of peptic ulcers and chronic gastritis. It is chronically
in contact with an array of ROS during colonization due to the host inflammatory response (2, 7-
10). The oxidative stress response of H. pylori is made up of many enzymatic systems including
superoxide dismutase (SodB), catalase (KatA), methionine sulfoxide reductase (Msr), alkyl
hydroperoxide reductase (AhpC), thiol-peroxidase (Tpx) and bacterioferritin co-migratory
protein (Bcp) (11-20). These enzymes function in concert as the primary means to combat
oxidative stress in the cell. These systems, combined with the Trx system as the reductant,
provide H. pylori with the tools needed to maintain a reduced environment in times of oxygen
stress. H. pylori lacks genes for oxidative stress regulators and does not contain the glutathione-

glutaredoxin reduction system (GSH) (21). The GSH reduction system is often used in addition
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to the Trx system in bacteria to maintain a reduced state inside the cell (22). Organisms that lack
GSH such as Lactobacillus casei, Bacillus subtilis, Bacteroides fragilis, Staphylococcus aureus
and H. pylori presumably must rely on the Trx system to maintain thiol/disulfide balance in the
cell (21, 23-26). The mechanisms for the maintenance of this balance in H. pylori have not been
studied in great detail.

The Trx system is highly conserved throughout many organisms and is comprised of
thioredoxin reductase (TrxR), NADPH, and Trx. H. pylori contains two genes that encode for
Trx; Trx1 (HP0824) and Trx2 (HP1458), but only a single gene that encodes the reductase TrxR
(HP0825) (13). The first known function of Trx1 was identified in E. coli, where it was found to
provide electrons to ribonucleotide reductase (RNR). RNR is an essential enzyme in the
replication of DNA, and functions to catalyze the synthesis of deoxyribonucleotides from
ribonucleotides. Evidence for this function in H. pylori has not been presented. However, H.
pylori Trx1 is expressed in greater amounts as a response to stress agents (27), and it is the
electron donor for two important antioxidant enzymes, AhpC and Msr (13, 19). Trx1 but not
Trx2 also acts as a chaperone in H. pylori, whereby it renatures denatured arginase into its active
form (28).

Notably, a H. pylori AtrxI mutant was shown to be more sensitive to oxidative stress
agents (such as paraquat, S-nitrosoglutathione and O,) compared to the wild-type (strain 26695),
while Atrx2 was much less sensitive to these agents than the A#x/ strain (15). No specific roles
(e.g. electron donor) for H. pylori Trx2 in conferring resistance to oxidative stress or
involvement in any cell process are known. We sought to further compare the antioxidant roles
of Trx1 and Trx2 in H. pylori (strain ATCC 43504). We approached this by studying the effect

of trx deletions on the subsequent state of macromolecules in the cell with a focus on biomarker
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damage for oxidative stress. We determined the effect of oxygen on cell viability, total protein
carbonyls, lipid hydroperoxides, 8-oxoguanine (8-0xoG) content in DNA of the strains, and
determined the colonization ability of the strains compared to the wild-type strain in a mouse
model. The studies infer an important role for these reductant proteins in maintaining
macromolecule integrity and survival of H. pylori under oxidative stress conditions, including in
Vivo.

Materials and Methods

Bacterial strains and growth conditions. H. pylori 26695 (21) or ATCC 43504 was
used for all in vitro studies and strain X47 (29) was used for the mouse colonization assay. H.
pylori were routinely grown on Brucella agar (Oxoid) plates (BA) containing 10% defibrinated
sheep blood (HemoStat Laboratories, Bogart, Ga) and maintained in a 37°C humidified chamber
under 5% CO; and low levels of oxygen (4%) with N, used as the balance. Chloramphenicol was
added to the plates at a concentration of 30 pg/mL as needed.

Oxygen stress conditions. H. pylori 43504, AtrxI or Atrx2 from 2 day grown BA plates
were suspended in phosphate-buffered saline (PBS), pH 7.4 and exposed to either atmospheric
oxygen (20%) or HOCI. For exposure to atmospheric oxygen (20%), cells were suspended in
PBS to an ODgpo= 2 and placed at 37°C with shaking at 60 RPM for up to 12 h. For viability
determination, cells were taken at each 2 h time point; dilutions were made and plated on BA
plates. All plates were then incubated at 4% O, for 5 days and the number of colonies
determined. Cells exposed to HOCI were resuspended in PBS to an ODgoy = 2, subjected to
HOCI treatment (0 or 200 uM), and incubated at 37°C shaking for 1 h at 200 RPM. Cells were

then washed with PBS and harvested via centrifugation at 7500 x g for 10 min at 4°C.
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Construction of mutant strains. (i) Construction of AtrxI mutant. Primers trxI-F and
trxI-R (Table 1) were used to PCR-amplify an 864-bp fragment containing the H. pylori trxl
gene (hp0824). The PCR fragment was directly cloned into pGEM-T vector (Promega)
according to the manufacturer’s instruction, to generate pGEM-#rx/. The host strain used for
cloning was DH5a. Subsequently, a chloramphenicol acetyl transferase (CAT) cassette was
inserted at the unique Nhel (nucleotide G130) site within the #7x/ sequence of pGEM-trx1. The
allelic exchange (chloramphenicol resistant) transformants were isolated by selection of single
colonies upon incubation in 4% O, partial pressure conditions. The balance of the atmosphere
was N2 (91%) and CO; (5%). The disruption of the gene in the genome of the mutant strain was
confirmed by PCR using primers #7x/-1 and trx/-4, which lie outside the mutagenized region.
The PCR product indicated an increase to the expected size, corresponding to insertion of the
CAT cassette. (ii) Construction of Atrx2 mutant. The Atrx2 mutant strain was constructed by
overlapping PCR. Genomic DNA and primers t7x2-1 and #rx2-2cat were used to PCR amplify a
388 bp region that contains part of the 4p1459 gene and part of the Ap1458 and cat (Cm') genes.
Next, primers frx2-3 and #rx2-4 were used to PCR amplify a 409 bp region containing part of the
cat and hp1458 genes and hp1457 gene. After each PCR, the products were gel purified and used
for a final PCR step using primers trx2-1 and t7x2-4. The final elongation step yielded a 1.5-kb
product that was then used for (natural) transformation into strain 26695, 43504 or X47. The
transformants (grown at 4% O;) were transferred onto BA plates supplemented with 30 pg/mL
chloramphenicol, and individual colonies appeared after 3-5 days of incubation at 4% O,. The
mutant strains grow at a similar rate to wild type on BA at 4% O,. The deletion of A#rx2 was
confirmed by PCR using genomic DNA from each chosen clone. The PCR product was analyzed

on a 0.7% Tris-acetate-EDTA (TAE) agarose gel. The clones were further confirmed via
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sequencing at the Georgia Genomics Facility (University of Georgia, Athens, GA, U.S.A).
Construction of deletion mutants using overlapping PCR was also confirmed by RT-PCR.

Construction of complemented mutant strains. E. coli strain DH5a was used for all
plasmid DNA manipulations. The genes trx/ or trx2 were PCR-amplified from H. pylori
genomic DNA using primers #7x/-F and #rx/-R or trx2-F and #rx2-R. The PCR products were
digested with Ndel and Xhol and ligated into the pPA plasmid digested with the same restriction
enzymes. This created pPA#x/ or pPA#rx2 such that the genes are located downstream of the
ureA promoter. Digestion of the plasmids with Bglll and Xhol released the fragment. The
fragments were ligated into pEM39kan, also digested with Bglll and Xhol. The plasmid
pEM39kan has been shown to efficiently insert DNA by homologous recombination into the
region of the chromosome corresponding to the HP0405 site. Disruption of this gene has been
shown to have no effect on the cell (30, 31). The plasmid was then naturally transformed into the
trx1 or trx2 mutant strain and selected on BA containing 30 pg/mL kanamycin and 30 pg/mL
chloramphenicol. This results in the insertion of #7x/ or trx2 along with the ure4 promoter at the
HPO0405 site in the chromosome. Successful recombination of #x/ or trx2 into the chromosome
was confirmed via PCR and functional restoration by determining viability of the complemented
strains, lipid peroxide level, carbonylated protein content, and mouse colonization as described
previously.

Preparation of cell extracts. H. pylori was grown on BA plates for 2 days before
harvest. Cells were resuspended in sterile PBS, pH 7.4 to an optical density of 1-2 at 600 nm.
Cells were then broken by sonication (Heat Systems Ultrasonics Sonicator) in 3 sets of 10 sec
intervals (4 watt output power and 40% duty cycle) and placed on ice. Cell debris was removed

by centrifugation at 14,000 x g for 10 min at room temperature (25°C).
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Quantitative real-time PCR. The Aurum total RNA mini kit (Bio-Rad) was used to
extract total RNA from H. pylori wild type, AtrxI and Atrx2 cells grown under 4% O,. The
Turbo DNA-free kit (Ambion) was used to degrade any remaining DNA. cDNA was then
synthesized using the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s
instructions. The i1Q SYBR green supermix (Bio-Rad) kit was used for qPCR according to the
manufacturer’s instructions. Primers specific for trx/ (trx1-F/R(rt)) or trx2 (trx2-F/R(rt)) were
used along with primers specific for the housekeeping gene gyr4 (Table 1). Relative transcript
abundance was calculated using the 2"*“" formula (32).

Determination of lipid hydroperoxides. Lipid hydroperoxides were extracted from the
sample into chloroform as described in Wang et al. 2006 (33) and the total amount of lipid
hydroperoxides formed was quantified using a lipid hydroperoxide assay kit (Cayman Chemical,
Ann Arbor, MI) following the manufacturers instructions. The chloroform extract was mixed
with chloroform-methanol solvent and then combined with reagents 1 and 2 of the kit. Reagent 1
contained ferrous sulfate, which reacts with hydroperoxides to produce ferric ions. The resulting
ferric ions react with ammonium thiocyanate, a chromogen that is detected at 500 nm with an
extinction coefficient of 16,667 M'em™.

Fluorescent staining of cells and quantification of 8-0xoG. H. pylori 43504, AtrxI and
Atrx2 were analyzed for the presence of 8-0xoG by fluorescent staining of the cells as described
by Wang et al. 2006 (33). 8-0x0G is structurally similar to avidin’s natural substrate biotin, so
avidin binding to 8-0xoG can be used for detection of 8-oxoG (34). Eight sets of the

immunofluorescent images were examined for the luminosity of FITC and PI as well as for cell
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morphology, and a representative set of images is shown in Fig. 4. The average ratio of
luminosity of FITC/PI was calculated from eight sets of images for the wild-type and the mutant
cells.

Isolation of carbonylated proteins. Two-day grown H. pylori 43504 from BA plates
was exposed to 20% O, for 2 or 4 h (as described above) and then washed twice (centrifugation
at 10,000 x g for 5 min at room temperature) in 50 mM potassium phosphate buffer, pH 6.7 with
1 mM EDTA. Cells were then suspended in this buffer and cell extracts obtained, as described
above. Samples were analyzed for contaminating nucleic acids by determining the ratio given by
280/260 nm. The carbonylated proteins can be quantified from cell extracts by reacting them
with 2,4-Dinitrophenylhydrazine (DNPH) (35). DNPH (Sigma) at 10 mM dissolved in 2 M HCI
was added to the sample tubes and 2 M HCI was added to the control tubes. All samples were
incubated for 1 h in the dark with vortexing every 15 min. After incubation with DNPH, 20%
Trichloroacetic acid (TCA) (Sigma) was added to each tube. Samples were centrifuged at 10,000
x g for 10 min and the pellet was suspended in 10% TCA. Samples were centrifuged again at
10,000 x g for 10 min and the pellet was suspended in a 1:1 ethanol/ethyl acetate mixture and
washed twice with this mixture. The remaining pellet was suspended in 6 M guanidine
hydrochloride (Fisher), centrifuged at 10,000 x g for 10 min, and the supernatant transferred to
the wells of a microtitre plate. Absorbance was then determined at 340 nm. The supernatant was
also used to measure protein concentration of the samples by reading the absorbance at 280 nm
and comparing to a BSA standard curve.

Mouse colonization assay. H. pylori X47, Atrxl, Atrx2, trx] complement or the trx2
complement strains were suspended in sterile PBS, pH 7.5 and inoculated into 5-6 week old

female C57BL/6NCr mice (NCI, Frederick, MD) via oral gavage with 0.1 mL cell suspension.
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The 0.1 mL contained 1.7 x 10® viable cells. Three weeks after inoculation, mouse stomachs
were removed and homogenized in PBS, pH 7.5 (36). The homogenized samples were then
serially diluted and 0.1 mL plated onto BA plates containing 100 pg/mL bacitracin, 10 pg/mL
vancomycin, and 10 pg/mL amphotericin. The plates were incubated in a partial pressure O,
atmosphere (4%) for 5-7 days, the resulting colonies counted and cfu/g stomach calculated. The
Institutional Animal Care and Use Committee gave prior approval for all animal work.

Statistical analysis. Results were analyzed using the unpaired 7 test and presented as the
mean + standard deviation (www.graphpad.com). For the mouse colonization assay, the
Wilcoxon signed-rank test was used to calculate statistical significance.

Results

Oxygen stress tolerance of non-growing cells. To elucidate the roles of the #7x genes on
the ability of H. pylori to survive under oxygen stress, we determined the oxygen sensitivity (i.e.
viability) of the #rx deletion mutants. Non-growing cells were incubated under atmospheric
oxygen (20%) for a 12 h period. This condition is considered a stress environment for H. pylori,
as the bacterium grows optimally under low oxygen (2-10%). As shown in Fig. 1, the wild-type
and the complemented strains were only slightly affected by exposure to oxygen during an 8 h
period, but Atrx/ showed a 100-fold loss in viability after 4 h of atmospheric oxygen exposure
(Fig. 1a). The Atrx2 mutant also showed a loss of viability as a result of oxygen stress but its
sensitivity was not as severe as Atrx/. The Atrx2 mutant was 100-fold decreased in viability
compared to the wild-type upon 6 h of atmospheric oxygen exposure (Fig. 1b). The viability of
both strains was restored to wild-type levels upon complementation with the wild-type version of
both #7x/ and trx2. This makes conclusions about the roles of these enzymes from mutant strain

analysis rigorous and indicates that both Trx1 and Trx2 play important roles in protecting the cell
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from oxidative stress. We conclude that #x/ and trx2 are essential for optimal growth under
oxygen stress in H. pylori 43504.

Transcript abundance in the single #rx gene deletion strains. 77x transcript abundance
was analyzed using quantitative real time PCR (Fig. 2). There was a 6-fold increase in transcript
abundance of #rx/ in the A#rx2 strain background compared to that in the wild-type (Fig. 2a).
However, a 4-fold decrease in transcript abundance of #x2 was observed in the Atrx/
background compared to wild type (Fig. 2b). It is noteworthy that the overall abundance of #rx2
was 1000-fold less than #x/ in the wild-type. Transcript abundance differences of #7x have
previously been shown in other organisms that possess multiple thioredoxins (25, 37-39).

The amounts of lipid peroxides are greater in the Afrx mutants compared to the
wild-type under oxygen stress. Unsaturated phospholipids, glycolipids, and cholesterol in the
cell membrane are all targets of oxidant attack. Reactive oxygen-mediated oxidation of these
molecules results in the initiation of lipid peroxidation, and subsequent free radical chain
reaction, under times of oxidative stress (40). Thus, quantification of LOOH is often used to
assess the level of oxidative membrane damage in cells under stress.

H. pylori possesses two peroxiredoxins that are known to reduce such hydroperoxide
derivative molecules to their corresponding alcohol; AhpC and bacterioferritin comigratory
protein (BCP) (33). Since Trx1 is required for the function of AhpC, we reasoned that the Atrx/
strain would contain a greater amount of lipid hydroperoxide compared to the wild-type,
especially under oxidative stress. Indeed, upon 200 uM HOCI exposure, we saw a 4-fold greater
(over wild type) lipid hydroperoxide level in Atrx! (Fig. 3). The Atrx2 strain also had a 4-fold
greater level of lipid hydroperoxides compared to the parent strain (Fig. 3). The data from both

mutants were shown to be statistically significantly greater than the wild-type with a 99%
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confidence level. Importantly, complementation of either of the #7x deletion strains with the wild-
type version of the gene restored lipid peroxide levels to near wild-type levels (Fig. 3). The
increase in lipid peroxides in the Atx2 mutant is interesting because Trx2 had previously been
ruled out as an electron donor to AhpC (13). The results suggest that both Trx’s are involved in
preventing lipid peroxidation.

Oxidative stress affects cell morphology and the level of 8-0xo0G in H. pylori Atrx
mutants. Next, we examined the level of 8-0xoG DNA lesions in the mutant cells by using
FITC-avidin/PI fluorescence microscopy. As FITC-avidin specifically labels DNA lesions while
PI labels all DNA, the intensity ratio of stained FITC to PI reflects the level of 8-oxoG DNA
lesions in the cells (41). This technique was successfully used in our lab to examine other
oxidative stress-related mutants of H. pylori (42, 43).

In this analysis, H. pylori wild-type or mutant cells were exposed to air for 4 h before
subjecting them to immunofluorescent staining. Fig. 4 shows that 4 h exposure to air had no
significant effect on the morphology of the wild-type cells, with ~90% of the cells being in the
bacillary form. However, when similarly treated, ~45% of the Afrx1 cells and ~90% of the Atrx2
cells transformed to the coccoid form or were lysed, suggesting these cells suffer from persistent
oxidative stress (44). The ratio of FITC-avidin/PI fluorescence intensity in the A#rx/ and Atrx2
mutant cells was determined to be 1.7- and 2.4-fold higher, respectively, than that in the wild-
type cells (Table 2). These results demonstrated that the A#7x mutant cells exposed to oxidative
stress contain considerably higher levels of 8-0xoG DNA lesions, and the Afrx2 mutant cells
suffered more oxidative damage than the A#7x/ mutant cells.

In another experiment, H. pylori wild type or Afrx mutant cells were grown under

optimum conditions with low O, (4% partial pressure in the atmosphere) before conducting the
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immunofluorescent staining. No significant difference between wild type and Atrx cells was
observed in either cell morphology or in the level of 8-0xoG DNA lesions generated (data not
shown).

Oxidative damage to proteins. To further assess the effect of the #7x deletions on cells
under oxidative stress, we estimated the overall oxidative modification of proteins by measuring
the presence of carbonyl groups. Protein carbonyls are often used as a biomarker for severe
oxidative stress, and the accumulation of carbonylated proteins is linked to E. coli cell death (33,
45-50). Although some amino acid residues are precursors to carbonylation and can be repaired,
the addition of a carbonyl group is an irreversible post-translational modification (45). Fig. 5
shows that at 20% O, exposure for 2 h, the Atrx/ and Afrx2 mutants contained a 7- and 5-fold
greater amount of carbonylated proteins, respectively than the wild-type. At 4 h, however, there
was a greater amount of protein carbonyls in Afrx2 compared to Atrx1. A 7-fold greater carbonyl
level in AtrxI over wild type was observed, while Afrx2 was increased 20-fold under 20% O,.
Upon complementation, carbonyl levels were restored to wild type levels. Taken together, these
results indicate an increase in protein carbonylation in cells lacking the #7x genes, and indicate
these thioredoxins play roles in limiting protein damage.

The Atrxl and Atrx2 mutants are decreased in mouse colonization ability. To
determine whether #7x/ or trx2 had an effect on the ability of H. pylori to colonize the stomach,
we inoculated mice with all 5 strains (wild type X47, AtrxI, Atrx2 or with each complemented
strain). Three weeks after inoculation, the mouse stomachs were harvested and colony counts
determined. As shown in Fig. 6, we recovered H. pylori from all 13 mice inoculated with the
wild-type strain at numbers ranging between 10°-10° colony-forming units (cfu) per gram of

stomach. Eleven of the 13 mice inoculated with Azrx/ were H. pylori-positive, but 2 of those 11

77



showed colonization numbers below 10° cfu/g stomach. All 13 mice inoculated with Azrx2 were
H. pylori-negative. Importantly, both the #7x/ and #rx2 complemented strains colonized the
stomachs at levels similar to the wild-type. The colonization efficiency of the Afrx/ mutant is
significantly lower than the wild-type at the 95% confidence level (P<0.05), and the Afrx2 strain
is lower at more than 99% level of confidence. These results suggest that both #7:x/ and #rx2 are
important for host colonization by the pathogen, but #7x2 is more important.
Discussion

Maintaining the redox balance within H. pylori is important for cell viability, growth and
metabolism (51). The Trx system essential for survival under oxidative stress, as this is the only
disulfide reductase system present in H. pylori. The glutathione-glutaredoxin system, present in
many other organisms for maintaining the cellular thiol/disulfide balance, is lacking in H. pylori
(21). In addition, the Trx system is important because it is the electron donor for all three
peroxidases, BCP, Tpx, and AhpC (13, 43). H. pylori Trx1 contains the typical Trx motif found
in most Trx proteins (CGPC) but Trx2 contains an unusual motif (CPDC) (27). It is not known
how this affects its activity or its roles. Alignment of the protein sequences of Trx1 and Trx2
shows that the two proteins are only 30% identical. Trx2 has been ruled out as an electron donor
for the known oxidative stress-combating reductases tested (AhpC and Msr) (13, 19). The Trx2
of H. pylori is, however, still a functional disulfide reductase as it has been shown to successfully
reduce insulin in vitro when used as a substrate (13).

The Oj-exposure viability assay suggests that both Trxs have independent roles in
protecting the cell from oxygen stress (Fig. 1). This is similar to what was concluded based on
mutants in other organisms that contain more than one #7x gene and no GSH reduction system.

For example, L. casei is also a GSH negative organism and has four #7x genes. Disruption of
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either trxI or trx2 resulted in moderate growth defects under aerobic conditions, and a trx/trx2
double mutant of L. casei had severe growth defects (25). Still, the partial growth ability of the
double mutant suggests that the other Trxs function to some extent. Similar results were shown
in B. fragilis, which contains six #rx genes. A single deletion strain of one of the #x genes did not
show any growth defect but deletion of multiple genes in a single strain did reveal a defective
growth phenotype (52). A previous study using H. pylori 26695 as the parent strain showed a
defective growth associated with a Atrx/ strain but a less severe defect in the Atrx2 strain. A
Atrx1trx2 double mutant showed the largest growth defect (15). Our result implicates Trx2 as a
major player in protecting the cell against oxygen stress and for survival in vivo.

The Atrx2 strain contained more 8-0xoG than both the Atrx/ strain or wild type cells
(Fig. 4). This effect on DNA is a novel finding and has not been demonstrated in any other
organism. Trxs are known to have important roles in the reduction of ribonucleotide reductase,
an enzyme required for DNA synthesis (53). The function of H. pylori Trx2 is not known but it is
possible that it could be involved in DNA replication and/or DNA repair. One indication that
Trx2 could be involved in DNA replication is based upon the location of #x2 in the
chromosome. The #rx2 gene is located near dnaFE (825 bp upstream), encoding the DNA
polymerase III alpha subunit. This is similar to what was observed regarding the location of the
essential #rxA in B. fragilis; trxA is located directly downstream of dnaE. Phylogenetic analysis
of TrxA grouped it with Campylobacter, Helicobacter and Porphyromonas gingivalis indicating
that the roles of TrxA and Trxs in these organisms may overlap (52). In addition to DNA
synthesis, Trx2 may be involved in DNA repair. Under oxygen stress conditions, DNA can
become damaged by guanine oxidation (54). Oxidized guanine can then be incorporated into the

genome resulting in mispaired bases. H. pylori contains several proteins that function to excise 8-
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oxoG; MutT, MutY, and MutS (55). MutY is an iron-sulfur containing glycosylase that excises
mispaired adenines from the 8-0xoG (56). The Trx reductase system has been shown to be
essential for iron binding in the iron-sulfur cluster protein IscA in E. coli (57). It is possible that
H. pylori Trx2 aids in the iron binding of MutY.

We demonstrated an association between individual Trxs and host colonization ability for
the first time in a bacterial system. Previously, a B. fragilis Trx reductase (#7xB) mutant was
shown to be essential for survival in an in vivo mouse abscess model (24). This mutant renders
the whole system incomplete (the reductase and Trx) so it does not provide insight as to the
importance of the Trx alone. We show that the H. pylori AtrxI mutant is decreased in ability to
colonize the mouse stomach (Fig. 6). This phenotype is not surprising in light of the known
functions of Trx1 as the reductant for oxidized Msr and AhpC, and its function as a chaperone
for proper protein folding (13, 19, 28). However, the complete lack of colonization by the Atrx2
mutant (Fig. 6) was not expected. Based upon this result, it seems that H. pylori Trx2 plays a
significant role in vivo. It may play a broad role like Trx proteins that function to provide
electrons to DsbD located in the cytoplasmic membrane (58). H. pylori contains several Dsb
(disulfide bond) protein oxidases that allow for disulfide bond formation in the periplasm (59-
62). This mechanism has been well characterized in E. coli, but less so in H. pylori (63). In E.
coli, DsbD functions as the acceptor of electrons from Trx and then transfers them to various
periplasmic oxidoreductases and a cytochrome synthesis protein (DsbB, DsbA, DsbC, and
CcemG). DsbD receives the electrons from cytoplasmic Trx proteins and has been shown to
reduce electrons to proteins involved in disulfide bond isomerization, cytochrome ¢ maturation,
and possibly other processes (64). In H. pylori, homologues of DsbG, DsbC, DsbB (Dsbl), and

DsbD (CcdA) have been identified (60, 61). DscC and DsbG both have the Trx CXXC motif and
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DsbG has been shown to have reductase activity. The reductase activity combined with a Trx
motif indicates that DsbG functions as an oxidoreductase in the periplasm (59).

There are many virulence proteins located in the periplasm of H. pylori that if damaged,
would likely result in a lack of host colonization. While Trx maintains the methionine repair
enzyme Msr reduced in the H. pylori cytoplasm, the players carrying out this role in the
periplasm (where Msr is also known to function) are not known (19, 65). A membrane-bound
Trx-like protein PilB provides electrons to Msr in the N. gonorrhoeae periplasm, and the N.
gonorrhoeae and H. pylori Msr’s are highly homologous to each other (18, 66). Catalase is also
an important periplasmic virulence protein in H. pylori (67). Catalase has been shown to be
susceptible to oxidative inactivation and subsequent repair by Msr. Failure to repair a methionine
sulfoxide-containing catalase could certainly result in a decrease in host colonization ability (68).
It is noteworthy that during long term colonization, a Amsr mutant could not be recovered from
the mouse stomach, indicating the importance of Msr in host colonization (18).

A proteomic analysis of E. coli Trx-targeted proteins revealed Trx to be involved in at
least 26 different cellular processes including transcriptional regulation, cell division, energy
transduction, and several biosynthetic pathways (69). Trx is likely to be involved in multiple
processes in H. pylori as well. Further work is needed to ascertain if any new protein-protein
interactions occur that would aid in revealing new Trx roles, ones perhaps aiding peroxidase
activity or macromolecule repair processes. While the specific roles of Trx2 are not known, the
importance of this protein in survival is now revealed. Both Trxs studied herein aid
macromolecule integrity and homeostasis.
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Table 3.1 List of primers used in this study.

Primer” Sequence (5’ to 3”)

trx1-1 TTGAAATGGTGGAGAGGAAC

trx1-4 CCGGTAGCGATAATCACGC

trx1-F ATTTATGCGATCACGCCGAG

trx1-R AAGTCTTGCCATCTTCTGCC

trx2-1 CGCGATGCAAGAGGGCTTG

trx2-2 ATCCACTTTTCAATCTATATCAATCATT
trx2-3 CCCAGTTTGTCGCACTGATAACGTTAT
trx2-4 CGCTTGAGCAACCCACC

trx2-F ACACCATATGTCAGAAATGATTAACGG
trx2-R ACACCTCGAGCAATAACGCTTTTAGAG
trx1-F(rt) GTGGGCCTTGTAAGATG

trx1-R(rt) CTGATACCAATTTTGCGCTC

trx2-F(rt) GGATTGCAGAAAGATTGAGC

trx2-R(rt) CTTGCGGATGCCTAAG

gyrA-F(rt) GCTAGGATCGTGGGTGATGT

gyrA-R(rt) TGGCTTCAGTGTAACGCATC

“ All primers were obtained from Integrated DNA Technologies
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Table 3.2 Cell morphology and the level of 8-0xo guanine in H. pylori cells. * Cell morphology
was examined by fluorescent microscopy, and the numbers are estimated percentage of damaged
cells including coccoid and broken cells in the whole cell population. ® 8-0x0G level is expressed
as mean intensity ratio of FITC/PI, with standard deviation. According to statistical analysis with
Student’s 7 test, the data of each mutant strain are significantly different from that of the wild

type (P<0.001), n=3.

Strains Cell morphology * 8-0x0G level °
(% damaged cells) ( FITC/PI intensity ratio )
WT ~10 0.86+ 0.05
trxl ~45 1.45+0.06
trx2 ~ 85 2.05+0.13
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Figure 3.1. Survival of non-growing cells incubated under atmospheric oxygen. A) Wild type
(closed diamond), Atrx! (open square), and AtrxI comp. (filled square). B) Wild type (filled
diamond), Atrx2 (open circle), and Atrx2 comp. (filled circle). All strains were resupended in
sterile PBS and incubated under atmospheric oxygen for a 12-hour period. Samples were taken at
2 h intervals, diluted, and plated onto BA plates. Dilutions were then incubated in a 4% partial
pressure O, atmosphere and colony counts determined. The mean and standard deviation from 4

independent observations are plotted.
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Figure 3.2. Relative trx transcript levels. A) trx/ abundance in the wild-type and A#rx2 strains.
B) #rx2 abundance in the wild-type and Atrx/ strains. Transcript abundance was determined by
quantitative real time PCR after growing cells under conditions favorable for microaerophilic
growth (4% O,). The gyrA4 housekeeping gene was used as an internal control. Results shown are
from two separate experiments sampled in triplicate. The experiment was repeated again with

similar results (data not shown).
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Figure 3.3. Lipid peroxide level in H. pylori trx mutants exposed to hypochlorous acid (HOCI)
stress. H. pylori were grown on BA plates for 2 days, exposed to oxidant (or not), and cell
extracts obtained. The total amount of lipid peroxides was determined and the hydroperoxide
concentration in the sample was calculated. Data are presented as the average of three
independent experiments. Based on the Student’s ¢ test, the A#rx/ and A#rx2 strains exposed to
HOCI contain significantly greater amounts of hydroperoxide than the wild-type at the 99% level

of confidence.
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Figure 3.4. Detection of 8-0x0G by immunofluorescent staining. H. pylori WT, Atrx1 and Atrx2
mutant cells were fixed on the glass slide and stained with 8-oxoG -specific avidin-FITC
conjugate (lower panel) and propidium iodide (upper panel) followed by examination via
fluorescence microscopy. The contrast adjustment was normalized for all the images, and a
representative set of images is shown here. Blue arrows point to some examples of bacillary cells
in WT and Dtrx1 strains, and green arrows highlight some coccoid or broken cells in D#rx/

and D#rx2 strains. A 2 pm bar is given as a size scale.
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Figure 3.5. Protein carbonyl content in cells exposed to oxygen stress (20%) for 2 or 4 h.-WT,
Dtrx1, Dtrx2, trx1 comp. or trx2 comp. were exposed to 20% O, for 2 or 4 h and extracts reacted
with DNPH. The carbonyl content was determined by measuring the absorbance at 340 nm.
Total carbonyl content is expressed as nmol carbonyl/mg total protein. Results shown are the
average of three independent experiments. The carbonyl content of the both deletion strains was
significantly greater than the wild-type at both 2 and 4 h time points (P<0.01). In low O, (i.e.
4%), the carbonyl content of the mutant strains was not significantly greater than the wild-type

(data not shown).
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Figure 3.6. Mouse colonization assay of H. pylori X47 and trx strains. The mice were inoculated
with a dose of 1.7 x 10® viable cells. Colonization of the mouse stomachs was determined 3
weeks post-inoculation. Mouse stomachs were homogenized and serial dilutions were plated.
Data are presented as a scatter plot of colony forming units per gram of stomach as determined
by plate counts. Each point represents CFU count for one stomach, and the solid horizontal line
represents the mean colonization for each strain. The base line [logio(CFU g')=2.7] is the
detection limit of the assay, which represents a count below 500 CFU g stomach. The
experiment was repeated with similar results to those shown (data not shown). Horizontal bars

represent the average log;o CFU/g stomach. Wild-type and trx1 significant at P<0.05. Wild-type

and trx2 significant at P<0.01.
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Chapter 4
Conclusions and future directions

H. pylori is the etiological agent of peptic ulcer disease, chronic gastritis, and gastric
cancer. It is a gram-negative microaerophilic spiral-shaped pathogen that has the remarkable
ability to be able to withstand very harsh conditions when colonizing the host stomach region. H.
pylori can colonize the host stomach for the host’s life, so it has evolved mechanisms that allow
it to be resistant to both very low pH and to a constant attack by the host immune response. It is
able to buffer the surrounding environment due to the production of the urease enzyme (1). It
also produces a battery of antioxidant enzymes that function to protect the cell from ROS. My
work has contributed to the knowledge of how H. pylori is able to maintain infection in harsh
gastric conditions.

Methionine sulfoxide reductase (Msr) was first discovered in extracts of E. coli, where it
was discovered that an enzyme had the ability to reduce oxidized methionine resides. The first
protein found to be enzymatically reduced by the extracts was the ribosomal protein L12 (2).
Since its discovery, the mechanism of Msr repair has been well characterized but the entirety of
its physiological functions still remains an area of investigation. The extent of known interacting
proteins with Msr in H. pylori includes GroEL, catalase, AhpC, Trx1, site-specific recombinase,
and UreG (3-5). More targets for repair have been identified in H. pylori than in all other
organisms combined. The identification of the domains recognized in known targets along with

bioinformatics approaches will likely lead to identification of even more H. pylori targets. This
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approach would benefit by studying repair of small synthetic peptides that contain domains of
small protein targets AhpC or UreG.

Since urease comprises a large percentage of the total protein content of H. pylori, it
seems likely that this enzyme would be affected by oxidative stress. Although urease is not high
in methionine content, the urease maturation protein UreG contains a higher than average
methionine content (4.5%). In addition, tandem affinity chromatography using UreG as a bait
protein identified Msr as a putative interacting partner (6). Therefore, I decided to explore the
role of Msr in urease maturation by determining the effect of oxidant stress on UreG (Chapter 2).
I concluded that the activity of UreG was damaged when exposed to oxidants, but this activity
could be restored by incubation with pure Msr. Mass spectrometry analysis showed that each
methionine was oxidized after exposure to H,O,, and each one was repaired after exposing the
damaged protein to Msr. This, together with other data described in Chapter 2, led to the
conclusion that urease maturation was affected during oxidant stress. However, Msr ensures that
urease maturation proceeds, by maintaining a functional UreG. This conclusion is very important
for H. pylori pathogenesis and further explains the importance for Msr in virulence.

The identification of UreG as a Msr-target protein aids in expanding the known Msr-
interacting proteins, but we still do not know the complete set of target proteins recognized, the
mechanisms of Msr-mediated repair, or the entirety of physiological roles assigned to Msr.
Identifying the complete set of Msr-interacting proteins in vitro has been a challenge, as the
interaction between Msr and its repair targets is transient in nature. However, we can identify the
mechanism by which Msr repairs the Met-SO in oxidized proteins. For example, it is possible
that Msr recognizes either a linear, primary sequence within the repaired protein or a tertiary fold

that forms around the Met-SO, or a combination of the two. To test for the recognition of a
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primary sequence, we can synthesize small peptides identical to the sites of oxidation in the
target proteins and determine the ability of Msr to repair these small peptides. If Msr recognizes
a specific fold, we will identify this via hydroxyl radical protein footprinting or multidimensional
NMR measurements. These methods will allow us to determine the sites of protection from Msr.
During hydroxyl radical protein footprinting, Msr alone, MetSO-UreG alone, or a Msr-UreG
repair complex will be exposed to a burst of hydroxyl radicals in solution. The oxidation sites of
MetSO-UreG can then be compared to those of the Msr-UreG complex and the protection site
will then be determined. Once we have determined the mechanism of Msr interaction, we can
compare the interacting sites on each of the five Msr-repair target proteins identified in H. pylori
and determine any similarities. This will allow us to use a bioinformatics approach to determine
even more Msr-interacting proteins.

To address the physiological roles of Msr in H. pylori, one could study the ROS
scavenging ability of several proteins. For example, catalase and urease are synthesized in high
amounts in H. pylori. It has been suggested that Met-containing proteins could serve as a sink for
ROS due to the Msr oxidation-reduction cycle (7). Since the Met-SO’s in these proteins are
either repaired (catalase), or not affected by oxidation (urease), it is possible that they could
serve as mini-antioxidants. The role of these MetSO’s can be studied by constructing mutant
catalase strains that retain repairable Met residues, but lack enzyme activity. One approach
would be to disrupt one of the heme-binding ligands of catalase, and compare the stress
sensitivity of the strain to the parent. Another way to address the physiological roles of Msr is to
study the binding affinities to the target proteins. The rationale is that the greater Msr affinity to a
target protein, the more important the interaction may be to cell survival. For example, UreG is

induced under elevated acid and nickel conditions and catalase is expressed under high oxygen;
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these may be “preferred” targets. It should be possible to express Msr on an IPTG-inducible
plasmid in a Amsr strain to control for the amount of Msr under these conditions. The cells
would then be subjected to in vivo crosslinking and then the Msr-complex harvested via
immunoaffinity and quantitated by SDS-PAGE. The complexes can be identified by tandem
MS/MS. Whichever Msr-target complex is highest under each condition will determine the
priority of Msr-mediated repair and suggest the most important role for Msr under each
condition.

H. pylori possesses many antioxidant enzymes but it does not contain many small
compounds to maintain the redox balance of the cell. Other organisms rely on both the
thioredoxin and glutaredoxin systems to maintain a disulfide in the cell. H. pylori, however, does
not contain glutaredoxin or glutaredoxin reductase. It does possess two genes that encode for two
separate thioredoxin proteins but these proteins have not been well described in H. pylori. A
previous study has demonstrated that mutants in either #7x/ or trx2 cause the cell to become more
sensitive to oxidative stress, indicating a protective role of the two proteins (8). Trx1 has been
described as the electron donor to Msr and AhpC, but this role is specific to Trx1 alone (3, 9).
There has been no discovery of a role for Trx2. Therefore, I decided to study the comparative
role of both Trx proteins in H. pylori specifically to attempt to begin to narrow down a defined
role for Trx2. As shown in Chapter 3, I further described a protective role of these two proteins
by determining damage to the macromolecules of the cell and for the first time described an in
vivo role of the proteins. To my surprise, Trx2 plays a significant role in protecting the
macromolecules from damage after oxidant stress and is essential for colonization of the mouse

stomach.
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Work remains to determine the specific role that Trx2 plays in the cell. During the 8-
oxoG studies, I observed that the Afzx2 mutant contained more damaged DNA compared to the
wild-type and A#rx/. This prompted me to study more about the repair of 8-oxoG in H. pylori,
and I discovered that MutY could benefit by using an oxidation-reduction protein to maintain a
reduced state. MutY is a DNA glycosylase that recognizes and removes mispaired adenine from
8-0x0G (10). It also contains an iron sulfur cluster that is coordinated by cysteine residues (11).
It is possible that Trx2 maintains these cysteines in a reduced state so the Fe-S cluster can
properly bind. Preliminary evidence shows that MutY and Trx2, but not MutY and Trx1 interact
via crosslinking (Figure 4.1). Other experiments such as assaying the spontaneous mutation rate
of both #rx mutants compared to the wild-type, and #x2 site-change mutant strains that fail to
recognize MutY could be performed to further investigate the roles of Trx2 in MutY-mediated 8-
ox0Q repair.

In addition to studying the direct interaction between Trx2 and MutY, it would be
beneficial to perform protein pull-down assays to find other Trx2-interacting proteins. It would
be interesting to try the Sulfo-SBED method (Chapter 2) to identify Trx2 interacting partners.
This method uses the Sulfo-SBED compound to label Trx2 and it will then be used as the “bait”
protein. Extracts from cells exposed to either elevated oxygen levels or normal oxygen
conditions (4% O,) will be incubated with the Sulfo-SBED labeled Trx2. Any protein that
interacts with Trx2 could then be identified via western blot with streptavidin-HRP and
identified following trypsin digestion and mass spectrometry. Overall, my work on the
thioredoxins of H. pylori further demonstrates the cleaver survival strategies that the organism

uses to persist in a harsh niche.
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Overall, studying macromolecule oxidative stress demonstrates the battle between the
host and pathogen and provides insight into the molecular mechanisms behind survival of H.
pylori during colonization. H. pylori induces the host immune response, but the ability to persist
long-term suggests the host response is not effective in eliminating the infection. This is partly
due to upon induction of the immune response, the ROS generated from the host cells not only
contact H. pylori, but it also results in damage of the host cells. This could provide an additional
advantage for H. pylori in colonizing where the host has become weakened. In addition, H.
pylori is equipped with many antioxidant enzymes that protect it from the damaging effects of
ROS (12). I have demonstrated the importance of three of these antioxidant proteins (Msr, Trx1
and Trx2) and their role in protecting the cell from ROS. The function of these proteins provides
an advantage to H. pylori over the host, and allows it to evade ROS and survive under all
conditions. Understanding these proteins is essential to move forward with respect to developing
strategies to eliminate infections that have been established. H. pylori relies primarily on the
proteins that I have described for survival and lacks any compensatory system to overcome the
absence of these proteins. Thus, characterizing these systems is essential to begin the

development of treatment of this long-term infection.
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Figure 4.1. Interaction between Trx2 and MutY demonstrated by crosslinking with Sulfo-SBED.
MutY was labeled with Sulfo-SBED crosslinking reagent (crosslinking process described in
Chapter 2) and after labeling, it was incubated with either Trx1 or Trx2. The mixture was then
subjected to UV light to activate crosslinking and the samples were reducted with 0.5 M DTT.
The proteins were resolved via SDS-PAGE, transferred to a nitrocellulose membrane, and
probed with streptavidin-horseradish peroxidase. Arrows to the right indicate Sulfo-MutY at 42

kD and Trx2 at 11.7 kD.

102



10.

References

Eaton KA, Brooks CL, Morgan DR, Krakowka S. 1991. Essential role of urease in
pathogenesis of gastritis induced by Helicobacter pylori in gnotobiotic piglets. Infect
Immun 59:2470-2475.

Brot N, Weissbach L, Werth J, Weissbach H. 1981. Enzymatic reduction of protein-
bound methionine sulfoxide. Proc Natl Acad Sci U S A 78:2155-2158.

Alamuri P, Maier RJ. 2006. Methionine sulfoxide reductase in Helicobacter pylori:
interaction with methionine-rich proteins and stress-induced expression. J Bacteriol
188:5839-5850.

Kuhns LG, Mahawar M, Sharp JS, Benoit S, Maier RJ. 2013. Role of Helicobacter
pylori methionine sulfoxide reductase in urease maturation. Biochem J 450:141-148.

Mahawar M, Tran V, Sharp JS, Maier RJ. 2011. Synergistic roles of Helicobacter
pylori methionine sulfoxide reductase and GroEL in repairing oxidant-damaged catalase.
J Biol Chem 286:19159-191609.

Stingl K, Schauer K, Ecobichon C, Labigne A, Lenormand P, Rousselle JC, Namane
A, de Reuse H. 2008. In vivo interactome of Helicobacter pylori urease revealed by
tandem affinity purification. Mol Cell Proteomics 7:2429-2441.

Levine RL, Mosoni L, Berlett BS, Stadtman ER. 1996. Methionine residues as
endogenous antioxidants in proteins. Proc Natl Acad Sci U S A 93:15036-15040.

Comtois SL, Gidley MD, Kelly DJ. 2003. Role of the thioredoxin system and the thiol-
peroxidases Tpx and Bcp in mediating resistance to oxidative and nitrosative stress in
Helicobacter pylori. Microbiology 149:121-129.

Baker LM, Raudonikiene A, Hoffman PS, Poole LB. 2001. Essential thioredoxin-
dependent peroxiredoxin system from Helicobacter pylori: genetic and kinetic

characterization. J Bacteriol 183:1961-1973.

Eutsey R, Wang G, Maier RJ. 2007. Role of a MutY DNA glycosylase in combating
oxidative DNA damage in Helicobacter pylori. DNA repair 6:19-26.

103



11.

12.

Michaels ML, Pham L, Nghiem Y, Cruz C, Miller JH. 1990. MutY, an adenine
glycosylase active on G-A mispairs, has homology to endonuclease III. Nucleic Acids
Res 18:3841-3845.

Suarez G, Reyes VE, Beswick EJ. 2006. Immune Response to H. pylori. World J
Gastroenterol 12: 5593-5598.

104



