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ABSTRACT 

Helicobacter pylori is a worldwide pathogen currently estimated to be actively 

residing in about half of the world’s population. H. pylori strains are remarkable for the 

number of DNA methyltransferases encoded in their genomes, and it is becoming 

increasingly evident that DNA methylation has an important role in the gene expression. 

In this study, I characterized a C-5 cytosine DNA methyltransferase (M.Hpy99III) that is 

conserved in H. pylori strains and converts GCGC sites to Gm5CGC. A M.Hpy99III-

deficient mutant in H. pylori G27 displayed growth and motility defects. A strong 

positional bias for GCGC motifs in the -13 region of H. pylori promoter was observed. 

Expression of green fluorescent protein (gfp) reporter genes constructed with selected 

GCGC-containing promoters indicated activities of some of these promoters was reduced 

in the M.Hpy99III-deficient mutant, which indicated many of the GCGC-containing 

promoters in H. pylori may be regulated by DNA methylation.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Discovery of Helicobacter pylori 

Helicobacter pylori is a Gram-negative bacterium that belongs to the phylum 

Campylobacterota. This novel phylum was created since the former 

class, Epsilonproteobacteria, was found to differ phylogenetically from other classes of 

the phylum Proteobacteria (1, 2). In 1984, Barry Marshall and Robin Warren were the 

first to be able to culture this unknown bacillus from gastroscopies of the antral mucosa 

of 100 patients (3). The pair initially observed that the bacteria were not morphologically 

similar to those is the genus Campylobacter due to the presence of sheathed flagella. As 

such, they named the newly discovered bacilli as “Campylobacter pyloridis” (4). The 

organism was renamed “Campylobacter pylori” due to pyloridis being grammatically 

incorrect, and then given its own genus in 1989 when it was renamed to “Helicobacter 

pylori” (4, 5). This was mainly due to phenotypic differences observed in H. pylori such 

as differences in cellular fatty acids, as well as 16S ribosomal RNA sequencing (5, 6).  

Despite the isolation from actual patients suffering gastritis, the scientific 

community remained unconvinced that H. pylori had any definitive linkage to gastritis. 

There was a belief that H. pylori was not the causative agents of gastritis, but rather an 

opportunistic commensal (7). Determined, Barry Marshall fulfilled Koch’s postulates 

using himself as the healthy individual to become infected. After drinking a culture of H. 

pylori, Marshall developed symptoms within two weeks and gastric biopsies confirmed 
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the presence of H. pylori (7). Marshall and Warren were eventually awarded the 2005 

Nobel Prize in Physiology for their efforts in discovering H. pylori and demonstrating its 

role in peptic ulcer disease and other gastrointestinal ailments.  

While H. pylori infection commonly occurs in the stomach, other Helicobacter 

species, such as Helicobacter hepaticus, infect the intestine and the liver of mice (8). 

Helicobacter species also have relatively specific host ranges as H. pylori primarily only 

infects humans. Other species such as H. felis infect cats and dogs (9, 10). 

Diagnosis and Treatment of H. pylori 

H. pylori is a medically relevant pathogen due to its presence and involvement in 

gastrointestinal diseases such as gastritis, peptic ulcers, and even gastric cancer (11). 

Detection of H. pylori can be achieved in a variety of techniques that encompass both 

invasive and non-invasive methods. The invasive techniques include endoscopies and the 

rapid urease test (12). Since endoscopy tends to be very expensive and often very risky to 

the patient, non-invasive procedures such as the urea breath test and stool antigen test are 

often the preferred method to detect H. pylori infection (12, 13). The urea breath test 

involves a patient drinking a solution of 13C or 14C labeled urea and measuring the 

production of CO2 over time (12, 14). The stool antigen test involves using either 

polyclonal or monoclonal antibodies to detect H. pylori antigen in stool samples (12, 13). 

Combined, the two non-invasive tests offer reliable indication of H. pylori infection. 

Once H. pylori is diagnosed, the standard treatment for H. pylori during the last 

few decades consists of a proton pump inhibitor, amoxicillin, and clarithromycin for 14 

days (15). Variations of this treatment include using bismuth, tetracycline, and 

metronidazole. This triple therapy once boasted a respectable 90% eradication rate, but 
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the rise of antibiotic resistant strains of H. pylori, in particular to clarithromycin, 

metronidazole, and levofloxacin has reduced the eradication rate to <70% and the triple 

therapy is no longer recommended (15).  

 New strategies to treat H. pylori have been proposed and studied within the recent 

decade. Sequential therapy involves administering omeprazole and amoxicillin for 5 days 

then omeprazole, clarithromycin, and tinidazole for the next five days. It was shown to be 

very effective in treating H. pylori infections (16). Concomitant therapy involves 

simultaneously administering three antibiotics alongside a proton pump inhibitor. Studies 

showed that on average, concomitant therapy was comparable to sequential therapy, 

although one of the major downsides to concomitant therapy was the increased risk of 

side effects, likely due to the combined antibiotic usage (17-19). A third therapy termed 

hybrid therapy combines the sequential and concomitant therapies together and resulted 

in near complete eradication rates in one study (20). Combined, these three new therapies 

have been shown to be effective in replacing the failing triple therapy regimen. 

Metabolism and Colonization Requirements 

H. pylori is classified as a microaerophile and is auxotrophic for several amino 

acids (21, 22). While complex media are suitable for H. pylori growth, supplements such 

as fetal bovine serum or horse serum are often required for optimal growth (23, 24). 

Since it is classified as a microaerophile, H. pylori requires oxygen concentrations 

between 2% - 10% for optimal growth. As atmospheric oxygen levels are approached 

(roughly 21%) the viability of the organism dramatically decreases (21, 22). 

In the host organism, successful colonization of H. pylori requires the production 

of flagella as well as the production of urease, which helps buffer the organism against 
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the extremely acidic conditions of the stomach by converting urea into ammonia to raise 

the pH of the surrounding area (11, 25, 26). H. pylori prefers a pH range between 5 and 7 

for optimal growth, therefore it is no surprise that approximately 10% of the total cellular 

protein is urease (21, 27). The importance of urease is further corroborated by the 

observation that urease deficient mutants fail to colonize the stomachs of gnotobiotic 

piglets (25). While the main role of urease is to catalyze the conversion of urea to 

ammonia and carbon dioxide, the pH elevation it provides to H. pylori is crucial. Not 

only does this allow H. pylori to survive in a more neutral pH environment, the 

hydrolysis of urea has been shown to reduce the viscoelasticity of the gastric mucin so 

that the organism is able to swim within the mucous layer of the stomach (26, 28). 

The flagella are required for motility of H. pylori and allows for chemotaxis of the 

bacterium towards the gastric epithelium where the pH is closer to neutral (29, 30). In 

experiments with gnotobiotic piglets, motile versions of H. pylori 26695 were able to 

persist for up to 21 days post-inoculation, whereas non-motile H. pylori mutants typically 

only persisted 6 days post-inoculation (31). In another study, motile versions of H. pylori 

26695 were found to maintain colonization of the stomach of the piglets 87 days post-

inoculation (32). In addition to surviving longer in the host, the motile H. pylori 26695 

colonized the stomach at greater cell numbers (31).  

Fully formed flagella are crucial for proper colonization, but are not completely 

sufficient for H. pylori to efficiently infect the host organism (33, 34). Other genes, such 

as motB (encodes a component of the flagellar motor stator), are essential for proper 

motility of H. pylori. In the case of the motB mutant, cells produced fully formed flagella 

but were unable to swim and had reduced success in colonizing the murine mucosa (34, 
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35). Chemotaxis related genes such as cheW, cheY, and cheA also contribute to the ability 

of H. pylori to establish an infection in the stomach. While chemotactic deficient H. 

pylori mutants colonize the host, they do so at reduced levels. Once infection is 

established though, the chemotactic deficient mutants maintain infection at levels similar 

to the corresponding wild-type parental strain provided they do not have to compete with 

the parental strain for host colonization (36). 

Flagellar Assembly and Motility 

Flagella biosynthesis in H. pylori is an intricately controlled process, which 

involves three different sigma factors and other regulatory genes (37). Synthesis of the 

flagella begins with the assembly of the basal body, and transcription of the genes 

encoding these proteins (early genes), requires the housekeeping sigma factor, σ80. In 

contrast to Salmonella enterica and Escherichia coli, which possess a master regulator 

(FlhCD) that initiates the transcriptional hierarchy that governs expression of the flagellar 

genes, no master regulator has been identified thus far in H. pylori (37, 38). The basal 

body houses the flagellar motor and a flagellar protein export apparatus that transports 

axial components of the flagellum (e.g., rod, hook and filament proteins) across the cell 

membrane and into the lumen of the nascent flagellum. The core components of the 

flagellar motor include the MotA/MotB stator complex, rotor (MS- and C-rings), 

driveshaft (rod) and bushings (P- and L-rings) (37, 39). The H. pylori motor contains 18 

torque-generating stator complexes, making it the largest bacterial flagellar motor 

described to date. The H. pylori motor contains several discs and rings not present in the 

archetypical flagella of E. coli and Salmonella enterica serovar Typhimurium (S. 
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Typhimurium), and these embellishments may have roles in generating torque or 

mitigating the effects of the high torque of the motor on the cell envelope (40, 41).  

Once the basal body is built, the FlgS/FlgR two-component system responds to an 

unknown cellular cue and stimulates transcription of genes encoding the hook, hook-

associated proteins, a minor flagellin, as well as other proteins required for the next stage 

of flagellum assembly. Transcription of these middle flagellar genes is dependent upon 

the alternative sigma factor σ54 (37, 42, 43). Upon sensing the cellular cue, FlgS 

undergoes autophosphorylation and then transfers the phosphate to FlgR, converting 

FlgR to an active form that stimulates transcription of the σ54 dependent genes (37, 42, 

43). Although the specific cellular cue that is sensed by FlgS to initiate the signal 

transduction pathway has yet to be identified, FlgS binds a peptide corresponding to the 

N-terminal region of FlhA (a component of the flagellar protein export apparatus) with 

high affinity (Kd ~20 nM) (44). There are nine FlhA subunits in the flagellar protein 

export apparatus, and it is hypothesized that binding of FlgS monomers to the N-terminal 

regions of the FlhA nonamer in the export apparatus facilitates dimerization of FlgS to 

activate its autokinase activity (44).  

Transcription of genes encoding the major flagellin (flaA) and other proteins 

required in the later stages of flagellum assembly is dependent on the alternative sigma 

factor σ28 (37). The activity of σ28 is negatively regulated by the anti-sigma factor FlgM 

(37, 39). Once the rod and hook form, FlgM inhibition is alleviated from σ28, which 

allows the filament to be produced (37). However, unlike FlgM in S. Typhimurium, H. 

pylori FlgM is not exported from the cell (45). This export phenotype is thought to be due 

to the absence of a short amino acid region on the N-terminal domain of H. pylori FlgM. 
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Despite missing this short amino acid region, it is still able to interact with and inhibit S. 

Typhimurium σ28, although export of H. pylori FlgM in S. Typhimurium is difficult (45, 

46). There is evidence that the inhibitory effect of H. pylori FlgM on σ28 is alleviated by 

interactions with the C-terminal region of FlhA (46). 

 Knockouts of key genes such as flhA, rpoN, and flgM all have significant effects 

on the transcription of flagellar genes. When flhA and rpoN are absent from the cell, 

expression of σ54 dependent genes is severely downregulated in H. pylori strains N6 and 

88-3887 (47). Curiously, in a double knockout of flhA and flgM in H. pylori N6, the 

expression of σ28 dependent genes is slightly upregulated as expected, but expression of 

σ54-dependent genes is also slightly upregulated. This upregulation of σ54-dependent 

genes expression is unexpected because the absence of flhA should downregulate the 

expression of σ54-dependent genes as shown in the single flhA strain knockout (47). 

Immediately downstream of flgM is a cytosine-specific methyltransferase (MTase) (M. 

HpyAVIII), which is the focus of my study. My analysis of the proteome of the M. 

HpyAVIII mutant in H. pylori G27 suggested that the levels of a number of proteins 

involved in protection from reactive oxygen species (ROS) or metal homeostasis were 

diminished relative to the wild-type parental strand. Therefore, the following sections 

briefly review mechanisms for protection against ROS and metal homeostasis in H. 

pylori.  

Reactive Oxygen Species Damage 

ROS such as hydrogen peroxide (H2O2), the superoxide anion (O2
-), and the 

hydroxyl radical (OH-) are most commonly produced during the process of aerobic 

respiration (48). Accumulation of ROS in the cell can lead to permanent damage to 
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proteins and DNA, and so most cells have adapted specific defense mechanisms to 

combat potential ROS damage (48). Hydrogen peroxide (H2O2) is produced when 

superoxide dismutase catalyzes the dismutation or disproportionation of superoxide 

anions into molecular oxygen and hydrogen peroxide (49). Hydrogen peroxide is then 

converted into molecular oxygen and water through the enzymatic properties of catalase. 

Oscar Leow first identified catalase in 1900 and showed that catalase seemed to be 

ubiquitous in plants and animals (50). The ubiquity of the enzyme across multiple forms 

of life gives us insight on how organisms deal with the constant threat of ROS. 

When H. pylori establishes colonization in the host organism, the innate immune 

system of the host is activated. It is believed that neutrophils produce the majority of the 

ROS that H. pylori has to endure (51). Superoxide anions and hydrogen peroxide are 

amongst the first ROS produced during a response, but over time more toxic ROS such as 

hypochlorous acid (HOCl) are also produced (51, 52). However, H. pylori has many 

defense mechanisms against the host immune system, and the inability of the host to 

completely eliminate H. pylori results in the overproduction of ROS, which subsequently 

leads to gastric tissue damage (51, 52). 

In H. pylori, catalase (KatA) is estimated to account for 4-5% of the total cellular 

proteins (53). H. pylori SS1 does not need catalase to be able to initially colonize the 

murine host, however, the absence of catalase hinders the organism’s ability to maintain a 

persistent infection (54). This is in contrast to the activity of superoxide dismutase, which 

has been shown to be nearly essential for the initial colonization in the murine host (55). 

Interest in catalase is not only limited to its catalytic function. Catalytically 

defective catalase is still able to defend the cell from oxidative damage caused by HOCl 
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(56). Targeting catalase through the use of a DNA vaccine has also been shown to confer 

protective immunity against H. pylori in a murine model (57). 

Heavy metal importance in H. pylori 

Heavy metals such as nickel, cobalt, iron, and copper play very important roles in 

H. pylori (58). In particular, nickel is required for the proper function of urease and 

hydrogenease in H. pylori. When proteins regulating nickel storage were inactivated in H. 

pylori, colonization was decreased (58, 59). 

Cobalt is crucial for nitrogen metabolism since it serves as a co-factor to RocF, 

which is an arginase enzyme in H. pylori (58, 60). However, cobalt has also been shown 

to be important for the ability of H. pylori to survive the innate immune response. rocF 

enables H. pylori to significantly reduce the amount of nitric oxide (NO) produced the by 

host immune system, which thereby allows it to survive. Absence of rocF results in 

bacterial death due to production of NO (58, 61). 

Iron is able to serve as a cofactor for several enzymes and it is also involved in the 

electron transport chain, but proper regulation of iron concentration is the cell is crucial 

since an overabundance of iron can leader to cellular damage via ROS from the Fenton 

reaction (62, 63). Uptake of ferrous iron (Fe2+) plays an important role for the successful 

colonization of H. pylori. Strains of H. pylori lacking feoB were completely unable to 

successfully colonize the mice (58, 64). 

Copper serves as a co-factor for many different enzymes but also has roles in the 

colonization of H. pylori (58, 65). The presence of copper enhances the ability of H. 

pylori to bind to epithelial cells to initiate infection. While absence of copper did not 
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abolish colonization, it was diminished as compared to conditions where copper was 

present (65). 

Restriction-modification systems in H. pylori 

H. pylori is a naturally transformable organism that can take up exogenous DNA 

without chemical treatment or electroporation (66, 67). Due to the ability to uptake DNA, 

it would benefit H. pylori to be able to defend against incorporating potentially 

undesirable genes or other DNA elements into its genome. In bacteria, restriction 

modification systems (R-M systems) consist of genes encoding an endonuclease and 

DNA MTase that allow the bacterial cell to degrade invading foreign DNA with the 

endonuclease, but protect the bacterium’s own DNA by methylating the sequence 

recognized by the endonuclease to prevent it from cutting the sequence (68). This can be 

thought of as a primitive bacterial immune system as the endonucleases targets DNA that 

is identified as non-self. However, there is a significant bias in the number of R-M 

systems across bacterial species (69). Despite this, there seems to be a positive 

correlation between genome size and total R-M systems, with larger genomes containing 

more R-M systems (69). 

These endonucleases can serve as a barrier to successfully transforming H. pylori 

since they often degrade exogenous DNA before it integrates into the cell’s genome (70). 

Donahue and co-workers found a solution to this conundrum by incubating the genetic 

material to be transformed with cell-free extracts from the H. pylori strain they were 

transforming along with S-adenosylmethionine (SAM), the methyl donor for DNA 

methylation reactions. This greatly increased the transformation efficiency by 

methylating the donor DNA in vitro (70). Alternatively, experiments that deleted Type II 
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restriction endonucleases found that competence was greatly increased in the restriction 

deficient strains as compared to the wild type (71). 

R-M systems are divided into four different types, (Type I, II, III, IV) based on 

the proteins and subunits required for activity. Type I R-M systems contain three units 

(restriction, modification, and specificity). These subunits work together to act as a 

MTase and endonuclease, or if the R subunit is not present, the complex becomes just a 

MTase. Type II R-M systems are the simplest systems and are comprised of two units 

(restriction and modification) that act separately and do not complex together. Type III R-

M systems have a M and a R subunit that can complex together to exhibit restriction and 

methylation activity. The M subunit can also independently act as just a MTase (69, 72). 

The final known R-M system, Type IV, has been characterized in E. coli. Eco57I appears 

to have a R subunit that is capable of exhibiting both restriction and methylation and a M 

subunit that is only capable of methylation (72). 

DNA methylation is found through all domains of life and is characterized by the 

catalytically driven process of transferring a methyl group from SAM onto adenine or 

cytosine. In bacteria, 5-methylcytosine (5mC), N4-methylcytosine (4mC) and N6-

methyladenine (6mA) has been observed. 4mC is specific to bacteria while CpG 

methylation, a form of 5mC, is specific to higher eukaryotes (73, 74) (Fig. 1.1).  

H. pylori exhibits all three types of methylation in its genome using an impressive 

number of MTases (75, 76). Complete methylome analysis studies of H. pylori strains 

26695 and J99 identified 17 and 22 unique methylated motifs in in these strains, 

respectively (75). The specific recognition sites of these methyltranferases were 

identified using restriction endonuclease assays and PacBio Single Molecule, Real-Time 



12 

(SMRT) sequencing (75, 77, 78). Although most of the identified MTases in H. pylori 

belong to R-M systems, in some strains, the corresponding endonuclease is either inactive 

or absent, but the MTase is still active (77, 78). According to the REBASE database 

provided by New England Biosciences, many of the MTase found in H. pylori are 

conserved across strains (76). The following sections briefly discuss the different types of 

DNA methylation in bacteria and how these types of DNA methylation impact gene 

expression. 

6mA Methylation. In Caulobacter crescentus, a 6mA MTase CcrM, which methylates 

the adenine nucleotide in the 5’ –GANTC – 3’ motif, is critical during chromosomal 

replication and cell division (79). Overexpression of CcrM results in morphological 

abnormalities and deletion of ccrM is not possible (79, 80). Cell viability is highly 

correlated to proper expression of ccrM as shifting from a xylose-based medium to a 

glucose-based medium when ccrM is under the control of a xylose-inducible promoter 

(xylA) results in cell death (80). E. coli DNA adenine methylase (dam), which methylates 

the adenine nucleotide in the 5’ –GATC – 3’ motif, is critical during the mismatch repair 

process. Methylation allows the mismatch repair system to correctly recognize the 

parental strand and excise the incorrect base from the opposite strand (81, 82). Unlike 

ccrM mutants, dam mutants are not lethal to the cell unless they are combined with other 

mutations affecting the SOS response system, such as recA (81). 

In H. pylori, several 6mA MTases have been characterized. M.HpyAI methylates 

the adenine nucleotide in the 5’ –CATG – 3’ motif and has been shown to affect the 

expression of the dnaK operon (83-85). Abolishing activity of M.HpyAI results in 

decreased viability during stationary phase (85). M. HpyAIV is another adenine MTase in 
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H. pylori that recognizes and methylates the same motif as ccrM, 5’ –GANTC – 3’ (77, 

79, 80, 83). Unlike ccrM, M. HpyAIV is not essential for the cell, but loss of the MTase 

did result in a statistically significant decrease in transcription of katA. (86).  

4mC Methylation. In Caldicellulosiruptor bescii, a m4C MTase affects the ability of the 

organism to undergo transformation (87). The study showed that methylation by the 

enzyme M.CbeI of exogenous DNA was required for successful transformation. (87). A 

similar observation was found in H. pylori in regards to the M2.hpyAII MTase (88). In H. 

pylori, a knockout of M2.hpyAII decreased the ability of H. pylori 26695 to successfully 

incorporate exogenous DNA via transformation (88). M2.HpyAII was also shown to be 

important in the regulation of H. pylori virulence against human gastric cells as loss of 

the m4C MTase results in a dramatic reduction of H. pylori-induced apoptosis of human 

cells (88). 

5mC Methylation. 5mC has been shown to be very crucial for proper mammalian 

development. Mutation of the methylase responsible for CpG methylation results in 

embryonic lethality as reported by Li and co-workers (89). However, cytosine 

methylation also has its drawbacks as one of the most frequent mutations in human DNA 

(cytosine to thymine) is thought to be mediated by the methylation process (90, 91). 

Methylated cytosines are able to spontaneously deaminate directly into thymine, whereas 

thymine goes through an uridine intermediate and is changed to a thymine after DNA 

replication if the uridine is not corrected (91). The rate of deamination of methylated 

cytosines has also been shown to be approximately 2-3 faster than unmethylated 

cytosines (92). 
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In humans, CpG methylation has been studied extensively and has been shown to 

be an important factor in gene expression and regulation. In fact, over 70% of promoters 

in the human genome contain high CpG content (93). Since mammalian genetic material 

is associated with chromatin, methylation can alter chromatin structure, which then leads 

to alterations in gene expression. (94) 

Although the role of 5mC in bacterial systems is not as clear cut as it is in 

eukaryotic systems, several groups have shown potential regulatory functions for 5mC. 

Kahramanoglou et al. discovered in E. coli K12 MG1655 the internal cytosine of the 5’– 

CCWGG – 3’ motif was fully converted to 5mC during stationary phase, but the 

extended 5’– CCCWGG – 3’ motif was only partially methylated during exponential 

growth (95). The group also discovered that in a 5mC-deficient mutant expression of 

several genes responsible for the stress response are upregulated, including rpoS (95). 

Chao et al. characterized the VchM MTase in Vibrio cholerae. VchM modifies 

the first cytosine in the 5’– RCCGGY – 3’ motif to 5mC (96, 97). Absence of this MTase 

significantly hinders the ability of V. cholerae in its ability to compete with wild-type 

strains in competition assays. VchM deficient strains also appear to have a slight growth 

defect, which is corroborated by its failure to colonize mice at wild-type levels (97). 

In H. pylori, m5C has been shown to be important for proper gene expression. M. 

HpyAVIBM converts the first cytosine in the 5’– CCTC – 3’ motif to 5mC and 

inactivation of this MTase results in different effects depending on the strain (77, 78, 83, 

98). In H. pylori SS1, absence of M. HpyAVIBM methylation results in increased 

motility as compared to the wild type. Conversely, in H. pylori AM5, loss of the MTase 
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results in the increase in expression of genes associated with virulence, such as cagA and 

vacA (98).  

M. HpyAVIII is a 5mC MTase that methylates the first cytosine in the 5’– GCGC 

– 3’ motif (77, 78, 83). While virtually all H. pylori strains sequenced to date contain M. 

HpyAVIII, only around 10% of the ~500 H. pylori sequenced strains appear to encode the 

cognate restriction endonuclease (99). The majority of strains containing the 

endonuclease are of African descent, while the few strains that are not directly related to 

the African strains are thought to have acquired the endonuclease though recombination 

events (99, 100). Absence of the endonuclease does not result in a nonfunctional MTase, 

suggesting an important role for this 5mC MTase in H. pylori gene regulation (77, 78, 

100).  

In H. pylori J99, loss of M. HpyAVIII results in several distinct phenotypes. H. 

pylori J99 has a substantial growth defect that is likely due to stressful conditions as 

evidenced by the abundance of cells in the coccoid state very early in liquid cultures 

(100). H. pylori is thought to transition to coccoid form only when it encounters 

unfavorable environmental conditions for growth. Once transformed to coccoid form, the 

cells then become unculturable and cannot be revived regardless of growth conditions 

(101). This transition to coccoid form could explain why H. pylori J99 M. HpyAVIII-

deficient mutant has such a significant growth defect since the same phenomenon was not 

observed in the wild type parental strain (100). 

The J99 M. HpyAVIII mutant also exhibited increased susceptibility to copper. 

This is thought to be due to decreased expression of crdR, which is part of the CrdRS 

two-component system responsible for protecting the bacterium against copper stress 
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(100, 102). The presence of a 5’– GCGC – 3’ motif within 50 base pairs upstream of the 

transcriptional start site provides evidence for M. HpyAVIII methylation to be a key 

factor of regulation for crdR (100). In addition to crdR, one of the genes associated with 

iron transport, feoB, was also found to be downregulated in the M. HpyAVIII mutant 

(100). Natural competence was also affected in the J99 M. HpyAVIII mutant resulting in 

a reduction in the transformation frequency with a chloramphenicol resistance gene 

(100). 

Site-directed mutations of GCGC regions near jhp0832, which is part of a toxin-

antitoxin system in H. pylori, showed that GCGC motifs have an effect on the 

transcription of this operon. jhp0832 encodes an antitoxin and is homologous to HP0893, 

which has been shown to be an antitoxin in H. pylori strain 26695 (100, 103). Of the 

three GCGC motifs associated with jhp0832 that were changed to GAGC, only the motif 

that overlapped the -10 promoter region had a measurable effect on the transcription of 

the operon. When the other two GCGC motifs were altered, there was no decrease in 

gene expression unless the GCGC motif at the -10 position was also altered (100). 

Research Summary 

The goal of my study was to understand how methylation of GCGC motifs by the 

MTase M. HpyAVIII and its homologs affects gene expression in H. pylori. In Chapter 2, 

I report on bioinformatic studies that examined the occurrence GCGC motifs within 

predicted promoter regions of the H. pylori 26695 genome. Of all the methylation motifs 

observed in strain 26695, only the GCGC motifs had a strong positional bias. The 

predicted promoter regions were identified in a transcriptome analysis that employed a 

differential RNA-seq approach by Sharma and co-workers (104). In the differential RNA-
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seq assay, isolated RNA was treated with terminator exonuclease, which degrades 5’-

phosphate RNA but not 5’-triphosphate RNA, to discriminate primary transcripts from 

processed transcripts that have a 5’-phosphate. A total of 211 promoter regions contained 

a GCGC motif. Interestingly, our mining of the transcriptome dataset revealed the GCGC 

motifs in the promoter regions displayed a strong bias for -13 position relative to the 

transcriptional start site. Twenty-two of the promoters that had a GCGC motif in the -13 

region were associated with genes that were differentially regulated in the H. pylori J99 

JHP1050 (M.HpyAVIII homolog) mutant. These findings indicated the activities of these 

22 GCGC-containing promoters from H. pylori J99 may be influenced directly by 

methylation of the GCGC motif. Expression of green fluorescent protein reporter genes 

constructed with various GCGC-containing promoters in H. pylori G27 wild type and a 

mutant in which the M.HpyAVIII homolog had been inactivated suggested the activities 

of some of the promoters are either stimulated or inhibited by methylation of the GCGC 

motif.  

While the study by Estibariz and co-workers investigated the effects of M. 

HpyAVIII across several different strains of H. pylori, my studies expanded on the 

previous study to investigate how inactivation of M.HpyAVIII homologs in other H. 

pylori strains (G27, ATCC 43504, B128, and X47-2AL) affected growth in liquid 

cultures, which is reported in Chapter 2. (100). In addition, I inactivated M.HpyAVIII in 

H. pylori 26695, which had been done in the previous study by Estibariz and co-workers 

(100). As observed for H. pylori J99, loss of the M.HpyAVIII homolog in H. pylori 

strains G27, B128 and 26695 resulted in significant decreases in growth rate, but not in 

H. pylori strains ATCC 43504 or X47-2AL. The reduced growth rate of the M.HpyAVIII 
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mutant in H. pylori 26695 was not consistent with a previous report (100), which may be 

due to genotypic variations between the H. pylori 26695 strain in our lab and that of the 

lab of Estibariz and co-workers.  

In addition to examining how loss of M.HpyAVIII homologs in various H. pylori 

strains impacted growth, we examined how loss of the M.HpyAVIII homolog in H. pylori 

G27 affected the proteome of H. pylori G27, as well as sensitivity to hydrogen peroxide 

and motility. The rationale for examining sensitivity to hydrogen peroxide and motility in 

the H. pylori G27 M.HpyAVIII mutant were: (i) the initial proteomic analysis of the 

M.HpyAVIII mutant suggested levels of catalase (KatA) were reduced in the mutant; and 

(ii) the gene encoding M.HpyAVIII homologs in various H. pylori strains is associated 

with genes involved in flagellum biosynthesis. Consistent with the results from the initial 

proteomic analysis, the M.HpyAVIII mutant displayed increased sensitivity to hydrogen 

peroxide. The H. pylori G27 M.HpyAVIII mutant was less motile in the soft agar 

medium that we normally use for assessing motility, with the diameters of the swim halos 

of the mutant being ~40-50% of those of the parental strain. The reduced motility 

phenotype was dependent on the presence of FeSO4 in the medium, and curiously, was 

only observed for the H. pylori G27 M.HpyAVIII mutant, as the motilities of the 

M.HpyAVIII mutants in H. pylori strains B128 or ATCC 43504 were indistinguishable 

from their parental strains and did not display significant differences in the presence or 

absence of added FeSO4. It is not clear if the reduced motility of the H. pylori G27 

M.HpyAVIII mutant in the presence of FeSO4 is due to an altered chemotaxis response or 

a deficiency in flagellar motor function. Growth curve data suggests the altered motility 
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is not due to a growth defect as the doubling times of the mutant with and without FeSO4 

were essentially the same. 

The results of my research on M.HpyAVIII and its homologs in H. pylori strains 

provides new information on the role this 5mC MTase plays in gene regulation. In 

addition, the results from my studies provide insights into why these MTases have been 

retained in H. pylori strains in the absence of a cognate RE. Finally, the work presented 

here open new avenues for exploring the potential roles of other DNA MTases in H. 

pylori gene regulation and physiology. 
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Figure 1.1: Diagram of un-modified nucleotides and their methylated counterparts. 

Un-modified nucleotides are to the left of the arrow. (A) 6mA methylation, (B) 5mC 

methylation, (C), 4mC methylation 
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Abstract 

Helicobacter pylori colonizes the human stomach where it can cause peptic ulcers 

and other gastric diseases. H. pylori genomes contain several genes encoding Type II 

restriction-modification systems, which consist of a restriction endonuclease and DNA 

methyltransferase (MTase). H. pylori J99 M. Hpy99III (JHP1050) is a 5-methylcytosine 

(m5C) MTase that converts GCGC motifs to Gm5CGC. Disrupting JHP1050 in H. pylori 

J99 was reported to alter expression of genes involved in various activities, suggesting 

methylation of GCGC motifs by JHP1050 influences transcription of certain genes. 

Examination of a transcriptional start site (TSS) dataset for H. pylori 26695 identified 

211 putative promoter regions that contained a GCGC motif. GCGC motifs in these 

promoters displayed a bias for -13 position relative to the TSS, and several of these 

promoters were associated with genes that were differentially regulated in the H. pylori 

J99 JHP1050 mutant. A position-specific score matrix generated from an alignment of 

GCGC-containing promoters was used to identify similar motifs in the genomes of H. 

pylori 26695. Compared to randomized genome sequences, motifs resembling GCGC-

containing promoters were overrepresented in intergenic regions and most of them 

appeared to be functional promoters. In contrast, the frequency of potential GCGC-

containing promoters in protein-coding regions did not differ significantly from the 

random model and most of these motifs did not appear to be active promoters, suggesting 

they had arisen in the genome randomly and were not maintained by selection. Studies 

involving green fluorescent protein (gfp) reporter genes constructed with six potential 

GCGC-containing promoters in wild-type H. pylori G27 and 26695and a M.Hpy99III-

deficient mutant identified three promoters whose activities appeared to be dependent on 
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the methylation of the GCGC motif. As reported for H. pylori J99, loss of M.Hpy99III 

homologs in H. pylori strains G27 and 26695 significantly decreased growth rates, 

suggesting that methylation of GCGC motifs in these strains is important for the 

appropriate expression of one or more genes that are critical for normal cell growth.  

Introduction 

Helicobacter pylori is a medically relevant organism that colonizes the stomach 

of about half the human population worldwide (1, 2). Infection of the gastric mucosa by 

H. pylori is the major factor for peptic ulcer disease and chronic gastritis, and a major risk 

factor for gastric cancer and mucosa-associated lymphoid tissue lymphoma (3-5). Several 

important factors facilitate host colonization by H. pylori, including urease, catalase and 

motility (6-8). 

A remarkable feature of H. pylori genomes is the high number of genes encoding 

DNA restriction-modification (R-M) systems compared to the genomes of other bacteria 

(9-11). There are four types of R-M systems, with Type II R-M systems being the 

simplest and most prevalent in bacteria (11). Type II R-M systems consist of a restriction 

endonuclease and DNA methyltransferase (MTase) that act independently of each other. 

The restriction endonuclease recognizes and cuts a defined DNA motif, while the MTase 

methylates a specific nucleotide within the motif to prevent restriction of the bacterium’s 

DNA. The primary major role of bacterial R–M systems is to protect the genome of the 

cell by restriction of incoming foreign DNA (12), although bacterial MTases have 

additional roles in gene expression, DNA replication, cell cycle control and chromosome 

maintenance (13, 14). H. pylori is naturally competent, which may account for the high 

number of R-M systems in H. pylori as this could serve to protect the bacterium from 
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invading foreign DNA (15). Although most MTases are associated with a restriction 

enzyme, some MTases in H. pylori and other bacteria are orphan MTases that lack 

cognate restriction enzymes. 

MTases catalyze the addition of a methyl group from the donor S-adenosyl 

methionine to adenine or cytosine. Three types of DNA methylation have been identified 

in bacteria, N6-methyladenine (m6A), N4-methylcytosine (m4C), and m5C (16). Methylomes 

of H. pylori strains are highly diverse due to the different sets of MTases that the strains 

possess (9, 17, 18). Examination of base modifications of the H. pylori UM032 genome 

revealed 17 methylated sequence motifs (18), while methylome analyses of H. pylori 

strains 26695 and J99-R3 identified 17 and 22 methylated sequence motifs, respectively 

(9). Some H. pylori MTase genes are phase variable due to the presence of 

homopolymeric nucleotide repeats, which are susceptible to length changes resulting 

from slipped strand mispairing (9, 19). Despite the variability of H. pylori methylomes, a 

few target motifs appear to be methylated in all or nearly all H. pylori strains based on a 

study by Vale and co-workers in which they examined genomic DNA from 221 H. pylori 

strains for susceptibility to cleavage by 29 methylation-sensitive restriction enzymes (20).  

MTase JHP1050 (M.Hpy99III) from H. pylori strain J99 methylates GCGC 

sequences to generate Gm5CGC motifs, and based on gene sequence analysis, 

M.Hpy99III homologs were predicted to be present and active in all 459 H. pylori strains 

examined by Estibariz and co-workers (21). The gene encoding the cognate restriction 

endonuclease for M.Hpy99III (jhp1049) was found in only 61 of the 459 H. pylori strains 

analyzed, but only 15 of these genes were predicted to be functional and the rest were 

pseudogenes with premature stop codons and/or frameshift mutations (21). Interestingly, 
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the presence of jhp1049 homologs among H. pylori strains displays a biased 

phylogeographic distribution as a majority of strains that carry the gene belong to a 

population with substantial African ancestry (21). 

Transcriptome analysis of H. pylori J99, H. pylori BCM-300, and mutants of the 

two strains where the gene encoding the M.Hpy99III homolog was inactivated showed 

that loss of the MTase resulted in altered expression of 225 genes in J99 and 29 genes in 

BCM-300, 10 of which were differentially regulated in both mutant strains (21). Growth 

rate, as well as expression of genes involved in important phenotypic traits, including 

adherence to host cells, natural competence, cell shape and copper sensitivity, were 

affected in the H. pylori J99 M.Hpy99III-deficient mutant (21). Taken together, these 

observations suggest methylation of GCGC sequences by M.Hpy99III plays an important 

role in gene expression in H. pylori. 

The role of m5C in gene expression in mammalian systems is well characterized. 

When present near gene regulatory regions in mammalian DNA, m5C generally interferes 

with gene expression by inhibiting the binding of transactivators to their cognate 

sequence motifs or by interacting with methyl-CpG-binding proteins that recruit other 

proteins to the locus, which leads to gene repression (22-24). Some transactivators 

though, such as the Epstein-Barr virus transcription factor Zta, recognize m5C within 

DNA sequence motifs to activate epigenetically repressed viral promoters (25, 26). 

In contrast to mammalian systems, little is known about how m5C influences gene 

expression in bacteria. H. pylori M.HpyAVIBM is an orphan m5C MTase that methylates 

CCTC sequences to generate m5CCTC motifs (27, 28). Deletion of hpyAVIBM in H. 

pylori strains AM5 and SS1 affected expression of a number of genes with roles in 
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motility, adhesion and virulence, although for some genes deleting hpyAVIBM in the two 

strains had opposing effects on expression (29). Esherichia coli K-12 strains possess the 

orphan m5C MTase Dcm that recognizes the sequence CCWGG. Loss of Dcm results in 

increased expression of several categories of genes (30-32). Dcm has been proposed to 

repress expression of rpoS, and loss of Dcm results in increased levels of RpoS, which 

leads to elevated expression of RpoS-dependent genes (30). Loss of the orphan m5C 

MTase VchM in Vibrio cholerae results in attenuated growth both in vivo in infant mice 

and in vitro in competition with wild-type cells (33). Transcriptome analysis identified 

134 genes with elevated transcript levels in a ΔvchM mutant compared to the wild-type 

strain, but only about half of these genes contained the methylation target sequence (33). 

Moreover, mutating sites methylated by VchM in three of four genes up-regulated in the 

ΔvchM mutant had no significant effect on transcript levels, although mutating all three 

motifs in one gene did result in ~5-fold increase in transcript abundance (33). These 

observations indicate that while m5C may directly influence expression of some genes in 

V. cholerae, many of the genes whose expression was altered in the ΔvchM mutant are 

indirectly affected by m5C. 

In the case of H. pylori M.Hpy99III, GCGC motifs that overlap promoters may 

influence gene expression directly, while methylation of other GCGC sequences may 

have an indirect effect on gene expression. As an example of the former, Estibariz and 

co-workers identified a GCGC motif in the extended -10 region of the promoter for the 

jhp0832/jhp0831 operon (encodes a toxin-antitoxin system) that appeared to be required 

for gene expression (21). In the present study, we analyzed the frequency of GCGC 

motifs in the H. pylori 26695 genome and the positional distribution of GCGC motifs 
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within predicted promoter regions. A strong bias for location of the GCGC motif near 

the -13 position of promoters was observed, suggesting that methylation of the GCGC 

motif has a role in the function of a significant number of promoters and has been 

maintained by selective pressure. Expression of green fluorescent protein (GFP) reporter 

genes under control of H. pylori GCGC-containing promoters suggested further that 

methylation of the GCGC motif was important for promoter activity. 

Results 

Comparison of H. pylori promoter sequences containing GCGC motifs. A search of a 

transcriptional start site (TSS) database for the H. pylori 26695 transcriptome (34) 

revealed 211 putative promoters that had a GCGC motif within 50 nucleotides of the TSS 

(Table S2.1). About 39% of the sequences were predicted primary or secondary 

promoters of genes, while ~14% were within coding regions of genes and in the same 

orientation (i.e., internal promoters) and ~47% were within coding regions of genes but in 

the opposition orientation (i.e., antisense promoters). The positions of the GCGC motifs 

within the promoter regions are not distributed uniformly as there is a marked preference 

around position -13 (measured from the 3’-end of the GCGC motif) (Fig. 2.1). GCGC 

motifs appeared to be distributed randomly across the rest of the promoter region with the 

exception of the area spanning positions -5 to -10 for which there was a single GCGC 

motif in the 211 promoter sequences. The excess of GCGC counts at position -13 (50 

GCGC sites) relative to any other position in the promoter region is highly significant 

with p-value <0.00001 using a two-tail binomial test. The bias against GCGC motifs in 

the -5 to -10 region suggests a high G + C content in the region is deleterious to promoter 

function. Consistent with this hypothesis, a sequence logo generated for all of the 
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predicted promoter sequences identified from the H. pylori 26695 transcriptome (34) 

revealed a preference for A or T residues in the region from -7 to -12 (Fig. S2.1). Our 

further investigation focused on the subset of H. pylori promoters with a GCGC motif in 

the -13 region, which we hereafter refer to as GCGC-containing promoters. 

We compared the sequences of the GCGC-containing promoters to determine if 

they shared sequence similarity. Since the distance between core promoter elements and 

the TSS may vary due to various factors, including promoter sequence, DNA topology 

and concentrations of initiation nucleotide triphosphates (35-39), we aligned the 

sequences of 79 promoters where the GCGC motif was positioned from -11 to -15 

relative to the predicted TSS (Table S2.2). Thirty-seven of the promoters are listed as 

primary or secondary promoters in the TSS database, while 11 were listed as internal and 

31 were listed as antisense promoters (34). Sequence alignment of the 79 GCGC-

containing promoters revealed nucleotides at positions -7 (T), -11 (A) and -12 (T) were 

highly conserved, and also indicated a weaker preference for A at positions -8 and -9 

(Fig. 2.2).  

Sequences resembling GCGC-containing promoters within protein-coding regions 

may have arisen by chance in the absence of selection. Several recent studies raised 

questions about the roles of intragenic promoters (40-45). While many intragenic 

promoters are verifiably active (40-45), their physiological roles are often obscure. A 

combination of experiments and computational simulations suggested that promoters, as 

well as transcription factor binding sites in general, are likely to arise by chance even in 

the absence of selection, which could be beneficial in promoting evolutionary adaptations 

by increasing the dynamics of evolution of gene regulatory networks. To investigate 
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whether the internal and antisense GCGC-containing promoters in H. pylori can arise by 

chance in the absence of selection, we used the model described by Mrázek and Karls 

(46).  

Comparisons of position-specific score matrix (PSSM) score distributions using 

the PSSM derived from the alignment of the GCGC-containing promoters in the H. pylori 

26695 genome and 1000 randomized genomes are shown in Figure 2.3. Only the right tail 

of the distribution with PSSM scores > 0 is shown. For PSSM scores close to zero, the 

simulations were expected to match the observed values because such low scores 

typically do not indicate active promoters. This was true for most transcription factors 

investigated in Mrázek and Karls (46). However, the values for the predicted GCGC-

containing promoters were systematically lower for the random sequences than for the 

actual H. pylori genome (Fig. 2.3). This indicates that even the more complex “m1c1” 

model to generate the random sequences, which reproduces the codon usage, dinucleotide 

content, and sequence heterogeneity of the actual genome at the scale of individual genes, 

is not an accurate representation of the null hypothesis that would ideally consider all 

biases affecting the genome sequence except those resulting directly from the selection 

on active GCGC-containing promoters. Nevertheless, the model matches the overall 

shape of the distribution of PSSM scores in the genome up to the PSSM value of ~11, 

after which the deviation from the random sequences begins to increase. This is clearly 

visible in the intergenic sequences where physiologically important promoters are most 

likely to occur and the increasing deviation from the random model at the higher PSSM 

score values is indicative of a number of active GCGC-containing promoters maintained 

by selection. In the absence of selection, the curve for the actual genome would be 
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expected to match approximately the shape of that for the random sequences. This was 

the case for sequences from the protein-coding regions as the values for the model and 

actual genome tended to converge for higher PSSM score values, with the exception of 

four potential promoters in the antisense strand with unexpectedly high PSSM scores 

>20. The four potential antisense promoters with unexpectedly high PSSM scores were 

located in bcp (HP0136, encodes bacterioferritin co-migratory protein), lpxL (HP0280, 

encodes lipid A acyl transferase; (47)), valS (HP1153, encodes valyl-tRNA synthetase) 

and alaS (HP1241, encodes alanyl-tRNA synthetase). The TSS data for H. pylori 26695 

(34) confirmed the sequences in lpxL, valS and alaS as functional antisense promoters, 

although the promoter in the coding sequence of valS was reported to be the primary 

promoter for the sRNA encoding HPnc6160. 

To evaluate the efficacy of PSSM scores in identifying GCGC-containing 

sequences with potential promoter activity in H. pylori, we generated a PSSM from the 

alignment of the GCGC-containing promoters from the H. pylori 26695 transcriptome 

(34) using the program Motif Locator (https://www.cmbl.uga.edu//software.html). The 

PSSM was used by the program to scan the H. pylori 26695 genome sequence for all 

words of 51 nucleotides in length with a PSSM score higher than the default score cutoff, 

which was set as 13.148, the tenth percentile of all scores for the motifs in the training 

set. The Motif Locator analysis identified 287 sequences that met or exceeded this cutoff 

score in the H. pylori 26695 genome, which was well above the number of sequences in 

the training set and indicated that only ~24% of the identified sequences appeared to be 

active promoters under the conditions used for the H. pylori 26695 transcriptome analysis 

(34). Approximately 62% of the motifs with high PSSM scores that were located in 
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intergenic regions and in the correct orientation to function as a primary or secondary 

promoter appeared to be active promoters (Table 2.1). In contrast, only about 19% of the 

motifs with high PSSM scores that were located in protein-coding regions appeared to be 

active promoters (Table 2.1). These data suggest that most sequences with high PSSM 

scores that are located in protein-coding regions are not active promoters maintained by 

selection, whereas sequences with high PSSM scores that are positioned in intergenic 

regions have a much higher probability of being active promoters. 

Since many of the sequences with high PSSM scores did not appear to be 

functional promoters, we searched for DNA elements that might account for promoter 

activity. To address this issue, we used the MEME program in the MEME suite 

(https://pubmed.ncbi.nlm.nih.gov/25953851/) in the standard mode as well as in the 

differential mode, which searches specifically for motifs in a target set of sequences 

relative to a control set of sequences. For the analysis, we searched for motifs within 50, 

100, 200, 300 or 500 nucleotides of the GCGC motif that were enriched in the set of 69 

GCGC-containing motifs with promoter activity (i.e., were from the training set used to 

generate the PSSM), but were underrepresented in a set of 110 GCGC-containing motifs 

that appeared to lack promoter activity (i.e., were not associated with a TSS). Only a 

minor difference between the two sets of sequences was noted in the region immediately 

downstream of the GCGC motif. Within the set of sequences that had promoter activity, 

the motif GCGCTANAAT was enriched, while in the set of sequences that appeared to 

lack promoter activity the motif GCGCTAAAAA was enriched. 

Identification of GCGC-containing promoters whose activity may be influenced by 

methylation. Estibariz and co-workers identified 225 genes that were differentially 
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expressed (differentially expressed genes; DEGs) in the H. pylori J99 jhp1050 mutant, 

and provided evidence that the GCGC-containing promoter for one of the DEGs, 

jhp0832, was responsive to methylation (21). To examine the possibility that methylation 

of GCGC-containing promoters may have accounted for the differential expression of 

other genes in the H. pylori J99 jhp1050 mutant (21), we used the Motif Locator program 

to identify potential GCGC-containing promoters in the vicinity of these genes. For the 

analysis, the same alignment of sequences used for analysis of the H. pylori 26695 

genome was used as the training set. The Motif Locator analysis identified 272 sequences 

with high PSSM scores in the H. pylori J99 genome, which was comparable to the 

number of motifs (n = 287) identified in the H. pylori 26695 genome. Motifs identified in 

the search were checked to identify those associated with DEGs in the H. pylori J99 

jhp1050 mutant (21), and for those that were, the sequences were cross-checked against 

the H. pylori 26695 TSS database (34) to identify sequences that likely corresponded to 

active promoters. Twenty-two potential GCGC-containing promoters were identified in 

the H. pylori J99 genome, 14 of which were predicted primary or secondary promoters 

(Table 2.2). Most of these predicted GCGC-promoters were located upstream of genes 

that were down-regulated in the H. pylori jhp1050 mutant, although three of the putative 

promoters were upstream of genes that were up-regulated in the jhp1050 mutant (Table 

2.2). Four of the putative GCGC-containing promoters were internal promoters and four 

were antisense promoters, and half of the genes bearing these promoters or the adjacent 

genes were up-regulated in the jhp1050 mutant, while the other half were down-regulated 

in the jhp1050 mutant (Table 2.2). These findings suggest the activities of these 22 
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potential GCGC-containing promoters from H. pylori J99 are influenced directly by 

methylation of the GCGC motif. 

Expression of some GFP reporter gene constructs bearing GCGC-containing 

promoters is responsive to DNA methylation. The presence of predicted GCGC-

containing promoters within intergenic regions located directly upstream of many of the 

DEGs in H. pylori J99 suggested methylation of the GCGC motifs in these promoters 

may affect their activities. To examine this hypothesis, as well as extend the survey of 

potential GCGC-containing promoters from other H. pylori strains, we constructed green 

fluorescent protein (gfp) reporter genes with four predicted GCGC-containing promoters 

from H. pylori G27. Three of the putative H. pylori G27 promoters corresponded to 

primary GCGC-containing promoters in H. pylori 26695 (icd, cah and HP0893 

(HPG27_846); encode isocitrate dehydrogenase, α-carbonic anhydrase and a predicted 

antitoxin of a toxin-antitoxin system), while the fourth promoter corresponded to an 

antisense GCGC-containing promoter within HP0914 (HPG27_865; encodes a putative 

outer membrane protein) (34).In addition, gfp reporter genes were constructed with two 

predicted GCGC-containing promoters of DEGs in the H. pylori J99 jhp1050 mutant 

(21). One of the promoters was the potential primary promoter for jhp0160 (encodes a 

hypothetical protein), which was down-regulated in the jhp1050 mutant (21). The other 

promoter was a potential anti-sense promoter in the coding sequence of jhp0334 (kgtP, 

encodes α-ketoglutarate permease), which was up-regulated in the jhp1050 mutant (21). 

The gfp reporter genes were introduced into wild-type H. pylori G27 and a HPG27_1066 

(encodes the M.Hpy99III ortholog) mutant on the shuttle vector pHel3. We confirmed the 

M.Hpy99III ortholog in H. pylori G27 was functional by digesting gDNA from wild type 
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and the HPG27_1066 mutant with the restriction enzyme HinP1I, which cuts DNA at 

unmethylated GCGC sites but not methylated sites (Fig. S2.2). The icd-gfp and 

hpg27_846-gfp reporter genes were expressed at high levels in the wild-type strain, but 

expression levels of the reporter genes were reduced ~2-fold and ~4-fold, respectively, in 

the HPG27_1066 mutant relative to wild type (Fig. 2.4). The jhp0160-gfp reporter gene 

was expressed at a lower level compared to the icd-gfp and hpg27_846-gfp reporter 

genes, and expression levels of this gfp reporter gene were reduced ~7-fold in the 

HPG27_1066 mutant (Fig. 2.5B). In contrast, the cah-gfp, hpg27_865-gfp and jhp0334-

gfp reporter genes were expressed at very low levels in the wild-type strain and there 

were no significant differences in expression in the HPG27_1066 mutant (Fig. 2.4). The 

sequence of the anti-sense promoter in HP0914 matches perfectly with that in 

HPG27_865 (Table S2.2), suggesting that the low level of expression of the HPG27_865-

gfp reporter gene is not due to sequence differences between the two H. pylori strains.  

To determine if the GCGC motif is critical for activity of the HPG27_846 

promoter, we altered the motif to GTGC. GFP expression from the reporter gene with the 

altered HPG27_846 promoter was reduced ~5-fold in wild-type H. pylori G27 (Fig. 

2.4D). Interestingly, GFP expression from the reporter gene with the altered HPG27_846 

promoter was reduced further in the HPG27_1066 mutant (Fig. 2.4D). The reason for the 

reduce GFP expression in the HPG27_1066 mutant is not known. There are two other 

GCGC motifs within the gfp coding sequence, but it is not clear how these motifs might 

influence expression of the gfp reporter gene. 

Deletion of HPG27_1066 results in slower growth and altered expression of certain 

proteins in H. pylori G27. Estibariz and co-workers reported that loss of M.Hpy99III in 
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H. pylori J99 resulted in significantly slower growth (21). We observed a similar growth 

defect in the HPG27_1066 mutant, which had a doubling time that was more than twice 

that of the wild type strain in BHI medium supplemented with horse serum (Table 2.3). 

To determine if loss of the M.Hpy99III homolog in other H. pylori strains resulted in 

similar growth defects, we disrupted the gene encoding the M.Hpy99III homolog in H. 

pylori strains B128, ATCC 43504, X47-AL2 and 26695 and measured the growth rates of 

the resulting mutants. Only the H. pylori 26695 M.Hpy99III-deficient mutant exhibited 

growth that was significantly slower compared to the parental strain (Table 2.3). The 

result with the H. pylori 26695 mutant conflicted with the previous report by Estibariz 

and co-workers (21), which may reflect differences in lab strains or growth conditions 

used in our growth assays. 

Examination of the protein profiles of wild-type H. pylori G27 and the 

HPG27_1066 mutant revealed several apparent differences in the relative amounts of 

proteins in the two strains (Fig. 2.6). These differences were most evident in the insoluble 

protein fractions of the two strains. To identify proteins that were differentially expressed 

in the wild-type and mutant strains, the protein samples were subjected to SDS-PAGE 

and protein bands were excised from the resulting gel and analyzed by in-gel trypsin 

digestion of the proteins followed by liquid chromatography-mass spectrometry (LC-

MS/MS). Nine proteins were identified as being present at lower levels in the 

HPG27_1066 mutant and nine proteins were identified as being present at elevated levels 

in the mutant (Table 2.4). None of the genes encoding the potentially differentially 

expressed proteins had an associated GCGC-containing promoter. Consistent with the 

dogma that the number of ribosomes per cell increases with growth rate, three of the 
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proteins that were present at lower levels in the HPG27_1066 mutant were ribosomal 

proteins (L2 and S1) or involved in translation (elongation factor G). Catalase (KatA) 

levels also appeared to be reduced in the HPG27_1066 mutant (Table 2.4). To confirm 

that the HPG27_1066 mutant did indeed have lower amounts of catalase, we compared 

the sensitivities of the mutant and wild-type H. pylori G27 strains to H2O2 (Fig 2.7). As 

shown in Figure 2.7, the HPG27_1066 mutant was more sensitive to H2O2 than the wild-

type parental strain. 

Although levels of flagellar proteins appeared to be unaffected in the 

HPG27_1066 mutant, we examined the motility of the mutant in soft agar medium. For 

H. pylori G27 strain, loss of HPG27_1066 resulted in decreased in motility when FeSO4 

was included in the motility medium (Fig. 2.8). Omission of FeSO4 resulted in a 

statistically significant increase in motility, however, the motility was not restored to 

wild-type levels. Motility of the H. pylori B128 M.Hpy99III-deficient mutant was also 

reduced compared to the wild-type parental strain, but in contrast to the H. pylori G27 

mutant, the presence of FeSO4, in the motility medium had no influence on the size of the 

swim halo (Fig. 2.8). 

Discussion 

As demonstrated by Estibariz and co-workers (21), orthologs of the m5C MTase 

M. Hpy99III play a critical role in H. pylori biology as loss of the MTase in H. pylori 

strains J99 and BCM-300 resulted in altered expression of numerous genes in the two 

strains, many of which are involved in cellular functions required for host colonization. 

While the altered expression of some of these genes is due likely to indirect effects, 

Estibariz and co-workers showed that a GCGC motif in the extended -10 region of the 
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jhp0832 promoter apparently needs to be methylated for optimal promoter activity (21). 

To ascertain the extent to which GCGC motifs occur within H. pylori promoter regions, 

we searched a dataset of predicted promoter sequences for H. pylori 26695 generated by 

Sharma and co-workers in a transcriptome analysis (34). Approximately 11% of the 

predicted promoters in H. pylori 26695 (211 of 1910) possessed a GCGC motif within 50 

nucleotides of the TSS. Interestingly, the GCGC motif showed a strong bias for the -13 

region (Fig. 2.1), suggesting the positioning of the GCGC motif in this region has 

functional significance in many of these promoters and has been maintained in the H. 

pylori 26695 genome by selective pressure. 

Using a PSSM generated from a training set of GCGC-containing promoter 

sequences to search the H. pylori 26695 genome for potential GCGC-containing 

promoters worked well for intergenic sites as it produced a reasonably acceptable false 

positive rate (~38%), whereas the false positive rate for sequences within protein-coding 

regions was quite high (~81%) (Table 2.1). Comparing the sequences of GCGC-

containing promoters with sequences that were not associated with identified promoters 

but had high PSSM scores failed to yield insight into DNA elements that may be 

important for promoter function. The large number of sequences with high PSSM scores 

that were not associated with putative promoters, particularly motifs that were located 

within protein-coding regions, suggest that most of these sites arise by chance in the 

absence of natural selection. Consistent with this hypothesis, PSSM score distributions 

using the PSSM derived from the alignment of the GCGC-containing promoters did not 

differ between the H. pylori 26695 genome and randomized genomes for intragenic 

sequences (Fig. 2.3). In contrast, the PSSM score distribution for intergenic sequences in 
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the H. pylori 26695 genome deviated from that of the randomized genomes when the 

PSSM value exceeded 11 (Fig. 2.3), which is indicative of maintenance of active GCGC-

containing promoters within intergenic regions by selection. 

Using a TSS dataset from H. pylori 26695 to evaluate a transcriptome dataset that 

identified DEGs in the H. pylori jhp1050 mutant, we identified several GCGC-containing 

promoters whose activities are likely to be affected directly by methylation of the GCGC 

motif (Table 2). Assays with gfp reporter genes bearing predicted GCGC-containing 

promoters from H. pylori strains G27 or J99 provided supporting evidence that the 

activities of some of these promoters are dependent on methylation (Fig. 2.4, Fig. 2.5). 

Only three of the six predicted GCGC-containing promoters examined (icd, HPG27_846 

and jhp0160 promoters) had moderate to high activity in the gfp reporter gene assays. 

These promoters have two T residues immediately upstream of the GCGC motif, while 

the potential GCGC-containing promoters that had low activity in the gfp reporter gene 

assays (cah, HPG27_865 and jhp0334 promoters) have a GA or TA dinucleotide 

immediately upstream of the GCGC motif (Table S2.2). Although it is a small sample 

size, these data suggest the presence of a T residue upstream of the GCGC motif is a 

critical determinant for promoter strength. Two of the GCGC-containing promoters 

examined the gfp reporter gene assays were potential anti-sense promoters that would 

interfere with expression of the genes in which they were located (HPG27_865 and 

jhp0334). These GCGC-containing anti-sense promoters may have arisen by chance and 

are tolerated due to their low intrinsic activities. Alternatively, the anti-sense promoters 

may have regulatory roles under specific environmental conditions or require cis-acting 
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elements that were not included in the gfp reporter gene constructs, which might account 

for the low activities of the promoters in the gfp reporter gene assays.  

An interesting question is how does methylation of the GCGC motif influence 

promoter activity? Methylation of GCGC motifs may influence the activity of GCGC-

containing promoters by affecting base readout in the DNA major groove or shape 

readout in the DNA minor groove (48), and thereby impact interaction between RNA 

polymerase and the promoter. Each nucleotide base pair has a unique array of group 

signatures in the major groove that may be recognized by specific amino acid residues in 

protein-DNA interactions. Methylation of C-5 in cytosine alters the functional group 

signature in the major groove by replacing a nonpolar hydrogen with a bulkier and more 

hydrophobic methyl group. The 5-methyl group in m5C and thymine is situated at the 

major groove edge and the m5C-G base pair can be contacted through hydrophobic 

interactions, similar to how thymine is contacted in unmethylated DNA.  

If the methyl group of m5C and thymine is sufficient to confer binding specificity, 

then in principle, the two nucleotides should be able to substitute for each other in DNA-

binding sites. In studies with synthetic E. coli lac operators, substitution of a specific A-T 

base pair with a G-C base pair, but not a G-m5C base pair, decreased the stability of the 

LacI-operator complex (49). Replacing the A-T base pair with an A-U base pair also 

reduced the stability of the LacI-operator complex, which implicates the thymine 5-

methyl group as the only important functional group recognized by LacI at this base pair 

since the A-U base pair has the same group signature as the A-T base pair with the 

exception of the 5-methyl group (49). 
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Future studies can address these issues as well as others. For example, it will be 

interesting to test the hypothesis that changing the GCGC motif to GTAC mimics the 

Gm5CGC motif and allows promoter activity. In addition, characterization of additional 

GCGC-containing promoters will identify contextual elements that are important for 

robust promoter activity. 

Materials and Methods 

Bioinformatic analysis. Computer simulations were used to assess the occurrence of the 

promoter motif under the conditions of a null hypothesis, which assumed the motif is not 

subject to direct selective constraints but is potentially influenced by other biases, 

including biased codon and amino acid usage, dinucleotide usage biases, or local variance 

in GC content. For the simulation, 1,000 randomized genomes were generated from the 

H. pylori 26695 genome using the ‘m1c1’ model in Genome Randomizer (50). In the 

modeling, the genome is separated into segments consisting of protein-coding genes and 

intergenic regions. Each intergenic region is modeled as a first order Markov chain using 

the nucleotide alphabet and each gene as a first order Markov chain using the codon 

alphabet, where the next codon probability depends on the last base of the previous 

codon. Consequently, the model reproduces the compositional heterogeneity of the 

sequence at the scale of individual genes (e.g., GC-rich genes or intergenic segments in 

the AT-rich H. pylori genome retain their lower AT content) as well as asymmetry 

between the sense (coding) and antisense (template) strand, and between the leading and 

lagging strand with respect to the direction of replication (i.e., GC-skew). Moreover, the 

model reproduces the dinucleotide frequencies in each intergenic region and codon 
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frequencies as well as frequencies of dinucleotides spanning adjacent codons in each 

gene. 

Motif Locator (https://www.cmbl.uga.edu//software/motloc.html) was used to 

identify potential GCGC-containing promoters in the H. pylori J99 genome. Sequences of 

76 potential GCGC-containing promoters identified from a transcriptome analysis of H. 

pylori 26695 (34) were aligned with the GCGC motif as the reference point. Sequences 

were 51 nucleotides in length and corresponded to the TSS identified in the transcriptome 

analysis along with 50 nucleotides of sequence upstream of the TSS (34). Motif Locator 

converted the alignment into a position-specific score matrix (PSSM), then scanned the 

H. pylori J99 genome sequence for all words of 51 nucleotides in length with a PSSM 

score higher than a given cutoff S0. The default score cutoff, which is the tenth percentile 

among all scores for the 78 motif sequences in the alignment, was used for the analysis. 

The primary output of the program is a set of coordinates in the analyzed DNA sequence 

of motifs similar to those in the alignment. These coordinates can be subsequently passed 

to other programs (r-scan statistics, pattern vicinity analysis) to provide additional 

information about the distribution of the matching motifs in the analyzed sequence and 

with respect to genes. 

Bacterial strains and growth conditions. E. coli DH5α was used for cloning and 

plasmid construction. E. coli strains were grown in Luria-Bertani broth or agar medium 

supplemented with kanamycin (30 µg/mL) or ampicillin (100 µg/mL) when appropriate. 

For routine growth of H. pylori strains, the cultures were grown microaerobically under 

an atmosphere consisting of 10% CO2, 4% O2 and 86% N2 at 37°C on tryptic soy agar 

(TSA) supplemented with 5% heat-inactivated horse serum. When required, 
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erythromycin (100 µg/mL) or Kanamycin (30 µg/mL) was added into the H. pylori 

growth medium. Liquid cultures of H. pylori strains were grown microaerobically at 

37°C in bottles containing 75% N2, 10% H2, 10% O2, and 5%CO2 supplemented with 5% 

heat-inactivated horse serum. 

Inactivation of gene encoding M.Hpy99III homolog in H. pylori G27. HPG27_1066 in 

H. pylori G27, which is the ortholog of JHP1050 (encodes M.Hpy99III) and HP1121 in 

H. pylori strains J99 and 26695, respectively, was disrupted with an erythromycin-

resistance cassette (ermB) as follows. iProof DNA polymerase (Bio-Rad) was used for 

PCR with genomic DNA (gDNA) from H. pylori B128 purified using the Wizard® 

Genomic DNA Purification Kit (Promega) as the template. Primers used for PCR are 

listed in Table S2.3. Primer set hp1121up_F2 and hp1121up_R2 was used to amplify a 

505-bp DNA fragment that included 413 bp of DNA upstream of the predicted start 

codon of HP1121 plus 92 bp of HP1121 coding sequence. Primer set hp1121d_F2 and 

hp1121d_R2 was used to amplify a 576-bp DNA fragment that included 489 bp of DNA 

downstream of the stop codon of HP1121 plus 87 bp of HP1121 coding sequence. Primer 

set ermB_OLF and ermB_OLR was used to amplify an erythromycin-resistance cassette 

from pSB167 (51). Primers ermB_OLF and hp1121up_R2 shared complementary 

sequence, as did primers ermB_OLR and hp1121d_F2, and the three amplicons were 

joined by overlapping PCR. The resulting amplicon was transformed into H. pylori B128 

and erythromycin-resistant transformants were selected on TSA supplemented with 

erythromycin. After confirmation of proper insertion into strain B128 via PCR and DNA 

sequencing, primer set hp1121up_F2 and hp1121d_R2 were then used to amplify the 

B128 genomic DNA with the erythromycin insertion. The resulting PCR product was 
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transferred into H. pylori G27 via natural transformation. PCR and DNA sequencing 

confirmed replacement of HPG27_1066 with the ermB cassette in the H. pylori G27 

chromosome. Inactivation of HPG27_1066 was confirmed further by showing that gDNA 

from the mutant was digested with HinP1I (New England Biolabs), which recognizes the 

sequence GCGC but is sensitive to DNA methylation. The same method to inactivate 

HPG27_1066 in H. pylori G27 was used to create methylase deficient strains of 26695, 

X47-2AL, and ATCC 43504. 

Construction of gfp reporter genes. A synthetic gene containing the coding region of 

gfp in which the codon usage was optimized for H. pylori was synthesized by Genewiz 

(Fig. S2.3). In addition to the gfp coding region, the synthetic gene contained the H. 

pylori ureA ribosome binding site and the H. pylori G27 HPG27_846 promoter region, 

which was flanked by XhoI and NheI restriction sites. A BamHI restriction site was 

introduced immediately downstream of the gfp stop codon in the synthetic gene. The 

synthetic gene, which was provided by the supplier in plasmid pUC57-Kan, was cloned 

into the XhoI and BamHI restriction sites in the shuttle vector pHel3 (52) to generate 

plasmids pECBM27 – pECBM30. To construct reporter genes in which gfp was under 

control of other promoters, DNA corresponding to the promoter regions were amplified 

by PCR using iProof DNA polymerase (Bio-Rad) and gDNA from H. pylori J99 as the 

template. Primers used for PCR are listed in Table S2.3, and each primer contained a 

XhoI or NheI restriction site to facilitate exchange of the HPG27_846 promoter in 

plasmid pECBM30 with the new promoter region. A 320 base pair fragment containing 

roughly 300 base pairs upstream of the GCGC motif (some fragments were shortened due 

to internal restriction sites) and 3 base pairs downstream of the predicted transcriptional 



59 

start site was amplified. For each reporter plasmid construct, the promoter region was 

sequenced (Eton Biosciences) to confirm that the reporter plasmid construct was correct. 

The reporter gene for HPG27_865 used gDNA from G27 as template and amplified a 

region approximately 50 base pairs upstream of the GCGC motif and 5 base pairs 

downstream of the predicted transcriptional start site. 

Growth Curves. H. pylori strains were grown for 3-4 days and then inoculated into 

bottles containing Brain Heart Infusion (BHI) pH 6.5 + 5% heat-inactivated horse serum 

for growth. After overnight growth in the bottles, each culture was sub-cultured into new 

bottles to a starting OD650 of 0.01 (Strain 26695 was sub-cultured to a starting OD650 of 

0.02 due to slower growth). Each strain was inoculated into three bottles per experiment. 

Hourly measurements were taken after inoculation. Growth curve data was graphed and 

doubling time was calculated from using the slope from the line of best fit of the 

predicted exponential phase. At least two to three biological replicates were used to 

calculate growth rate and the two-tailed Student’s t-test was used to calculate statistical 

significance. 

Motility Plate assay. H. pylori strains were grown routinely as previously described on 

tryptic soy agar (TSA) supplemented with 5% heat-inactivated horse for 3-4 days before 

being stab inoculated into the middle of Mueller Hinton Broth plates supplemented with 

0.4% Noble Agar, 5% heat-inactivated horse serum, 7 µM FeSO4, and 20 mM 2-(N-

morpholino) ethanesulfonic acid pH 6.0 (MES). After inoculation, the plates were then 

incubated under microaerophillic conditions for one week prior to recording results. 

Following incubation, the diameters of swim halos were recorded. At least three 

replicates were reported for studies including FeSO4 and one to two replicates were 
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reported for studies without FeSO4. The two-tailed Student’s t-test was used to calculate 

statistical significance. 

Restriction Digestion analyses. Genomic DNA from H. pylori strains were harvested 

from plates using the Wizard® Genomic DNA Purification Kit (Promega) after being 

grown for 4 - 5 days. Following DNA extraction, 1µg of gDNA was digested with 

HinP1I (New England Biolabs) for 1 hour and the resulting digestion reaction was run 

out on a 0.8% agarose gel. 

Catalase Assay. After 3-4 days of growth, H. pylori strains were harvested and 

resuspended to a final OD600 of 0.500 in BHI. Approximately 100 µL of each strain was 

spread plated onto Tryptic Soy Agar and a sterile filter disk (6 mm in diameter) was 

placed in the middle of each plate. Approximately 10 µL of 30% H2O2 was then placed 

onto each filter and the plates were incubated for 2 days under microaerophilic 

conditions. Zones of inhibition were measured following incubation from three technical 

replicates each consisting of three biological replicates. The two-tailed Student’s t-test 

was used to determine statistical significance. 

gfp reporter gene assays. H. pylori cells were grown on TSA medium supplemented 

with kanamycin and after 4-5 days, cells were harvested and resuspended in phosphate 

buffer (pH 8.0, 15 mM KH2PO4 + 17 mM K2HPO4) to a final OD600 of 0.5. Samples were 

placed into in a 96-well plate with a black bottom (Greiner). A Biotek Synergy™ Mx 

Microplate Reader was used to detect fluorescence at 462 nm excitation and 510 nm 

absorbance with a gain of 75. Three biological replicates as well as three technical 

replicates (G27 promoters only) were used to collect data. Statistical significance was 

calculated using the two-tailed Student’s t-test 
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Preparation of samples for proteomic analysis. Cells of H. pylori strains were grown 

for 5 days on TSA medium supplemented with horse serum, harvested, and resuspended 

in 20 mL phosphate buffer (15 mM KH2PO4 + 17 mM K2HPO4, pH 8.0). Cells were 

pelleted by centrifugation at 3,000 x g for 10 minutes and resuspended in phosphate 

buffer prior to being lysed by French press (14,000 psi cell pressure) or in a One Shot 

Cell Disrupter set to 20,000psi (Pressure BioSciences Inc.). Afterwards, cells were spun 

at 5,600 x g for 10 minutes to pellet cell debris and unbroken cells, and the resulting 

supernatant was centrifuged at 100,000 x g for one hour to separate the soluble and 

insoluble fractions. Following centrifugation, the resulting supernatant was transferred to 

a separate tube and the pellet was resuspended in 1X Phosphate Buffer pH 8.0. A BCA 

assay (Thermo-Fischer) was used to quantify protein concentration and the fractions were 

then visualized on a 12% SDS-PAGE gel. Areas of the resulting gel where protein band 

intensity visually differed between the wild-type and mutant strains were excised and 

were sent to be analyzed via mass spectrometry. 
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Table 2.1: Distribution of potential GCGC-containing promoters in the H. pylori 

26695 genome predicted from the Motif Locator program. 

location and orientation 
of motifs 
 

coding regions intergenic/partial overlap 

sense antisense sense antisense 

number of motifs 106 125 42 14 

number of motifs 
associated with TSS 

18 25 26 1 
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Table 2.2: Putative GCGC-containing promoters in H. pylori 26695 that are 

associated with differentially expressed genes in H. pylori J99 jhp1050 mutant.  

 H. pylori 26695 H. pylori J99 
 

1gene 1locus tag 
(26695) 

PSSM 
score  

locus tag 
(J99) 

PSSM 
score 

2mutant 
vs WT 

comments 

primary and secondary promoters 
groES HP0011 13.660 jhp0009 17.028 up  
hrcA HP0111 <8.000 jhp0103 16.614 up ATGC motif instead of 

GCGC motif in H. pylori 
26695 

 HP0174 15.387 jhp0160 14.319 down  
addB HP0275 17.261 jhp0260 15.987 up  
mraY HP0493 18.213 jhp0445 18.786 no divergent gene (jhp0444) is 

down-regulated in mutant 
feoB HP0687 17.447 jhp0627 17.509 down  
 HP0813 18.451 jhp0749 15.246 down  
 HP0895 18.377 jhp0832 18.092 down  
 HP0920 19.200 jhp0854 18.583 no/down downstream gene (carB) is 

down-regulated in mutant 
 HP1175 20.931 jhp1102 20.847 down  
cah HP1186 17.271 jhp1112 18.241 down  
trmU HP1335 15.240 jhp1254 15.185 down  
 HP1365 17.935 jhp1283/ 

jhp1443 
15.899 both 

down 
 

 HPt26 
(tRNA-
Pro) 

20.700 jhp_t12 20.015 NR/down downstream gene (pyrD) is 
down-regulated in mutant 

internal promoters 
kdsB HP0230 18.299 jhp0215 10.708 no/up 357 nts from end of gene; 

downstream gene (hopA) is 
up-regulated in mutant 

mraW HP0707 18.201 jhp0646 18.012 no/down 18 nts upstream of next gene 
in operon (jhp0647), which is 
down-regulated in mutant 

coaX HP0862 17.776 jhp0796 13.761 down 249 nts from end of gene 
kgtP HP1091 13.971 jhp0334 13.868 up 1012 nts from end of gene 
antisense promoters 
 HP0728 17.674 jhp0665 17.644 down 320 nts from start of gene 
hopG HP0914 19.674 jhp0850 19.707 up 1476 nts from start of gene 
 HP0951 16.555 jhp0885 18.068 down 470 nts from start of gene 
kgtP HP1091 16.813 jhp0334 14.903 up 137 nts from start of gene 
1Only first gene in operon is indicated. 
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2Indicates if expression of the gene was up-regulated (up), down-regulated (down), or 

unaffected (no) in the H. pylori J99 M.Hpy99III (jhp1050) mutant in the RNA-seq assay 

(21). Data for tRNAs were not reported (NR) for the RNA-seq assay. 
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Table 2.3: Growth rates of M.Hpy99III-deficient mutants in various H. pylori 

strains. 

 Doubling Times (h) 

H. pylori strain Wild type M.Hpy99III-deficient mutant 

G27 4.1 ± 0.94 8.6 ± 1.8* 

B128 4.1 ± 0.57 6.6 ± 2.5 

ATCC 43504 4.9 ± 0.53 4.1 ± 0.30 

X47-AL2 5.1 ± 1.2 6.0 ± 0.65 

26695 5.7 ± 1.8 8.1 ± 2.3* 

 

*p-value < 0.05 
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Table 2.4: Proteins that appear to be differentially expressed in wild-type H. pylori 

G27 and the HPG27_1066 mutant. 

Proteins that appear to be at lower levels in the HPG27_1066 mutant 
 
Gene Protein function aWT 

score 
WT total 
peptides 

aMutant 
score 

Mutant 
total 
peptides 

ureB urease beta subunit  1753.85 28 175.83 4 
katA catalase 960.21 18 82.68 3 
rplB ribosomal protein L2 871.71 17 497.14 10 
HPG27_1499 iron (III) ABC 

transport protein 
583.97 11 0 0 

rpsA ribosomal protein S1 509.86 11 191.88 5 
cagA exotoxin CagA 401.1 10 115.56 3 
rnj ribonuclease J 364.05 10 187.28 6 
frdA fumarate reductase 

subunit 
111.04 3 0 0 

fusA elongation factor G 90.87 3 0 0 
Proteins that appear to be at elevated levels in the HPG27_1066 mutant 
 
hopU outer membrane 

protein 
770.16 10 1199.21 18 

HPG27_1436 TonB-dependent 
receptor 

112.44 2 1086.13 21 

sabB outer membrane 
protein 

0 0 429.06 9 

rpoB RNA polymerase 
subunit 

144.56 4 313.88 9 

HPG27_1459 iron (III) dicitrate 
transport protein 

123.96 4 235.85 8 

babA outer membrane 
protein 

30.88 1 215.11 6 

mcpB methyl-accepting 
chemotaxis protein 

68.73 2 199.3 5 

cagZ sodium:calcium 
antiporter 

0 0 117.82 5 

guaB IMP dehydrogenase 0 0 117.68 3 
 

aScores are derived from total number of peptides identified, the quality of the agreement 

between the experimental/theoretical spectra, and the coverage of protein length. 
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Figure 2.1: Positional distribution of GCGC motifs in H. pylori 26695 promoter 

regions. The position of the 3’-end of the GCGC motif relative to the transcriptional start 

site (TSS) was determined for 211 putative promoter sequences that contain a GCGC 

motif within 50 nucleotides of the TSS. There were 217 non-overlapping GCGC motifs 

and 7 overlapping GCGC motifs (i.e., GCGCGC) in the promoter sequences. 
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Figure 2.2: Conservation of H. pylori 26695 promoters with a GCGC motif near 

position -13. Promoter sequences were inferred from the TSS database reported by 

Sharma and co-workers (34). The 3’-ends of the GCGC motifs in the promoters were 

positioned from -11 to -15 relative to the TSS, with -13 being the most common position. 

The GCGC motifs were aligned for 80 promoter sequences and from the alignment a 

sequence logo was generated using WebLogo (https://weblogo.berkeley.edu/logo.cgi) 

(53). 
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Figure 2.3: Reverse cumulative distributions of PSSM scores for sequences that 

resemble GCGC-containing promoters in H. pylori 26695 genome. The blue line 

represents the observed values for the H. pylori 26695 genome and the black lines 

represent the random sequences. The y-axis indicates the number of sites in the genome 

with scores greater or equal to the PSSM score cutoff indicated on the x-axis. The thick 

black line represents the median for 1000 random sequences and the thin black lines 

correspond to the 90th, 95th and 99th percentiles. 
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Figure 2.4: Expression of GFP reporter genes bearing putative GCGC-promoters 

from H. pylori G27 in wild type and HPG27_1066 mutant. (A) GFP reporter gene 

containing icd (HPG27_24) promoter; (B) GFP reporter gene containing cah 

(HPG27_1129) promoter; (C) GFP reporter gene containing HPG27_865 promoter; (D) 

GFP reporter genes containing the wild-type HPG27_846 promoter or the promoter 

where GCGC motif was altered to GTGC. Background fluorescence is subtracted out 

from data. Asterisks (****) denote differences in GFP fluorescence that were statistically 

significant (p-value <0.0001), while n.s. indicates differences that were not significant. 

All strains were evaluated using three technical replicates consisting of three biological 

replicates each. Statistical significance was determined using a two-tailed Student’s t-test. 
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Figure 2.5: Expression of GFP reporter genes in H. pylori G27 wild type and 

HPG27_1066 mutant bearing predicted GCGC-promoters from differentially 

expressed genes identified in H. pylori J99 jhp1050 mutant. (A) GFP reporter gene 

containing kgtP (JHP_0334) promoter; (B) GFP reporter gene containing JHP_0160 

promoter; Background fluorescence is subtracted out from data and the GFP activity from 

the WT strain expressing the kgtP was indistinguishable from the normal background 

fluorescence. Asterisks (****) denote differences in GFP fluorescence that were 

statistically significant (p-value <0.0001), while n.s. indicates differences that were not 

significant. All strains were evaluated with three replicates. Statistical significance was 

determined using a two-tailed Student’s t-test.  
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Figure 2.6: SDS-PAGE of soluble and insoluble protein fractions of wild-type H. 

pylori G27 and the HPG27_1066 mutant. Crude cell extracts of the wild-type and 

mutant strains were subjected to high-speed centrifugation to separate soluble proteins 

(cytosolic and periplasmic proteins) from insoluble proteins (i.e., ribosome, membrane-

bound and membrane-associated proteins). 10 µg of each protein sample was loaded onto 

a 12% SDS-PAGE gel. Lane 1, insoluble, mutant protein fraction; lane 2, insoluble, wild-

type protein fraction; lane 3 soluble, mutant protein fraction; lane 4, soluble, wild-type 

protein fraction. Asterisks indicate protein bands that appeared to differ in their 

intensities between the wild-type and mutant samples. Protein ladder (std) was 

BLUEstain™ 3 (GoldBio) and masses of the protein standards are indicated. 
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Figure 2.7: The HPG27_1066 mutant is more sensitive to hydrogen peroxide than 

the wild-type parental strain. H. pylori strains were tested for sensitivity to H2O2 by 

spreading cells on an agar medium, placing sterile filter disks on the agar medium, and 

then applying an H2O2 solution to the filters. After 2 days, zones of inhibition around the 

disks were measured. Asterisks (***) indicate results that are statistically significant at p-

value <0.001. Three technical replicates were conducted with three biological replicates 

in each experiment. Statistical significance was determined using the two-tailed Student’s 

t-test. 
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Figure 2.8: Motility of H. pylori wildtype and methylase deficient strains on soft 

agar with and without the addition of FeSO4. Motility assay of (A) strain G27 and (B) 

strain B128 with accompanying swim halo diameters. (+) Indicates the addition of FeSO4 

and (-) represents omission of FeSO4 from the agar medium. Where indicated, (WT) 

refers to the wildtype strain and (Mut) refers to the methylase deficient strain. At least 

three replicates were reported for studies including FeSO4 and one to two replicates were 

reported for studies without FeSO4. A two-tailed Student’s t-test was used to calculate 

significance. Asterisks denote statistically significant differences in motility (**** p-

value <0.0001, *p-value <0.02) while n.s. indicates differences that are not significant. H. 

pylori 26695 served as a negative control for the motility assay due to it being non-

motile. 
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Table S2.1: Alignment of sequences of GCGC-containing promoters in H. pylori 

26695 and corresponding sequences from H. pylori J99. 

1gene locus 
tag  

2sequence (-50 to +1) 

primary and secondary promoters 
groES HP0011 

jhp0009 
CTTTGTTTTTATGGCTTGACTTATCCCTAAAAATGCGCTATAGTTATGTCG 
GTTTGGTTTTATGGCTTGACTTATCCCTAAAAATGCGCTATAGTTATGTCG 

icd HP0027 
jhp0023 

AAAAAAAGATTTTTAAGGGTTATATAGTATTTTTGCGCTAGTATAGTTACT 
AAAAAAAGATTTTTAAGGGTTATATAGTATTTTTGCGCTAGTATAGTTACT 

hrcA HP0111 
jhp0103 

TTTTTTAAAACAAGTGATAGATTATTAACTTTTTATGCTATAATGCGAGGG 
CTTGTTTAAAAAAGTGATAGATTATTAACTTTTTGCGCTATAATGCGAGGG 

 HP0170 
jhp0156 

TTTAGAGGGCGTTTTGATTGCTAAAGCTTAAGTGCGCTAAAATGACAGCCG 
TTTAGAGGGCGTTTTGATTGCTAAAGCTTAAGTGCGCTAAAATGATAGCCG 

 HP0174 
jhp0160 

TTGATAAGCTTACTATGTAAGATTAAGGGACTTTGCGCTTAAATTACCCTA 
TTGATAAGCTTACTATATAAGATTAAGGGACTTTGCGCTTAAATACCCCTT 

addB HP0275 
jhp0260 

CGGGCATTACACAAAAAACCAAAGAAACTAAAGTGCGCTAAAATTCACTTC 
CGGGCATCACACAAAAAACCAAAGAAACTAAAGTGCGCTAAAATTCACTAT 

 HP0316 TTTTTCTAACCTTTTTAATCCCACTCTATCGCTTGCGCTATAATGAATTGG 
 

mraY HP0493 
jhp0445 

CTACCCTATTCATGCTATTTTTAAGTAAATCAATTTGCGCTACAATTTTCT 
AAACCGTAATTATACTATTTTTAAGCAAATCAATTTGCGCTACAATTTTCC 

 HP0565 
jhp0512 

TAATAGTAATGATTTTGTTGCAATTAAACATAATGCGCTATCATTTCTAGG 
TAATTAAAATGATTTTGTCGTAATTAAACATAATGCGCTATCATTCCTAGG 

 HP0624 
jhp0568 

TAGCATTAAACCTCTTCATCAGTTAAATTCTTATGCGCTATTATACTCTTT 
TAGCATCAAACCTCTTCATCAGTTAAATTCTTATGCGCTATTATACTCTTT 

feoB HP0687 
jhp0627 

GTCTCGCTTTTATTATATAACAATTAGTCTTATAGCGCTATAGTGCTGACT 
GTCTCGCTTTTATTATATAACAATTAGTCTTATAGCGCTATAGTGCCAACT 

prsA HP0742 
jhp0679 

GCTTGGTTGAAAACAAACGCTTTTAGTTTGGGTGCGCTACAATTGATTTTA 
GCTTGGTTGAAAACAAACGCTTTTAGTTCGGGTGTGTTACAATTGATTTTA 

lex2B HP0805 
jhp0741 

ATCATCTAACATGATGCGTATTTTACTAAAATTTGCGCTAGAATGTAAGTC 
ATTATCTAGCATGATGCGTATTTTACTAAAATTTGCGCTAGAATGTAAGGC 

 HP0813 
jhp0749 

TAGAAGCGCTATTCTAGTCAAAATCGCCTTATTTTTGCGCTATGATTTTCA 
AGAGACCGCTATTCTAGTCAAAATCGCCTTATTTTTGCGCTATGATATTAT 

 HP0893 
jhp0830 

CCACACCCCTTATAACGCTTAAACCAAATCGCTTGCGCTATAATGAACTGA 
ATTTTCTAGCCTTTTTAATACCGCTCTATCGCTTGCGCTATAATGAATCGG 

 HP0895 
jhp0832 

TTTTTCTAACCTTTTTAATCCCACTCTATCGCTTGCGCTATAATGAATTGG 
ATTTTCTAGCCTTTTTAATACCGCTCTATCGCTTGCGCTATAATGAATCGG 

hypB HP0900 
jhp0837 

AAAAAGTCGCTAAATCATAGTCGTTTAATTAAGTGCGCTACGATACGAAAA 
AAGAAGTCGTTTAATGATAGTCGTTTAATTAAGCACGCTACAATACGAAAA 

 HP0920 
jhp0854 

TTAGGGGGTTTTGTTTGGTATTTTACTACATTTTGCGCTATTATATTGGAC 
TTAGGGGGTTTTGTTTGGTATTTTACTACATTTTGCGCTATTATATTGAAC 

 HP1079 
jhp0346 

CTCAAGTTCTTTTAAAATTTTGTCGTAATTGCATGCGCTATAATGCCAAAA 
ATTTATTTCCTATTAAATTTTTTCGTAATCGCATGCGTTATAATATGAAAA 

fldA HP1161 
jhp1088 

AAAATGGGTTTTTAAGCAAGATGTTTAATTAAATGCGCTAGACTACGCCCA 
AAAATGGGTTTTTAAGCAAGATGTTTAATTAAATGCGCTAGACTACGCCCA 

 HP1175 
jhp1102 

AATCAAGCATCTTAAGGCAATTTAAAATAAAATAGCGCTAGCATGACCCTA 
AATCAAGCGTCTTAAGGCAATTTAAAATAAAATAGCGCTAACATGACCCCA 

cah HP1186 ATCTATTTTTTGTAACTGCGGTCATTGTGGATTAGGCGCTAGAATTAATTG 
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jhp1112 ATCTATTTTTTGTAACTGCGGTCATTATTGATTAAGCGCTAGAATTAATTG 

 HP1321 
jhp1241 

TTTTACTTCCTTTTTATAAGGAAATATAAAAAATGCGCTACGATTATCTTA 
TTTTACTTCCTTTTTATAAGGAAATAGAAAAAAATGCGCTACGATTGTCTT 

trmU HP1335 
jhp1254 

AATGGTTAAAAAAAGGTGGTTATGAATGGTTTTTGCGCTAGACTACGAGCC 
AATGGTTAAAAAAAGGTGGTTATGAATGGTTTTTGCGCTAGACTACGAGCC 

 HP1365 
jhp1283
/ 
jhp1443 

TTTTTTATAACCGCTTTTAGTATAAAGGCAATTAGCGCTACAATACCCCCA 
CATGATCGCTTTTGGTATAAAGGCTATAGAATTAGCGCTACAATACCCCCA 
CATGATCGCTTTTGGTATAAAGGCTATAGAATTAGCGCTACAATACCCCCA 

mod HP1368 CATAGGAAGTATTATAACAAAGCCCGCTCATTAAGCGCTACAATACCCCCA 
 

 HPt26 
(tRNA-
Pro) 
jhp_t12 

AAAAAAGAGTTTTTAAACAACAACTAAGCAAACTCGCGCTACAATCTCCCT 
AAAAAAGAGTTTTTAAACAACAACTAAGCAAACTCGCGCTACAATACCCCT 
 

internal promoters 
glyA HP0183 

jhp0171 
TAACGAATAAATACGCTGAAGGCTACCCTAACAAGCGCTATTATGGAGGCT 
TAACGAATAAATACGCTGAAGGCTATCCTAACAAACGCTATTATGGGGGCT 

kdsB HP0230 
jhp0215 

AAGCCACCAAAAACGCCCCTTTCATGGCGACTTGCGCTAAAGTTATTGATG 
AAGCCACCCAAAACGCCCCTTTCATGGCGACTTGCGCCAAAGTCATTGATG 

ycf5 HP0378 
jhp1003 

TAATGAGGCTCCAATTGACATGCATGGGGGAAAAAGCGCTAAAATTGAGCG 
CAATGAAGGCCAAATTGACATGCATGGGGGCAAAAGCGCTAAAATAGAACG 

hsdR HP0464 
jhp0416 

TAAAAGTCTCACGCGCCATTAACACGCTCAAAGAGCGCTACAATTTAATCC 
TAAAAGTCTCACGCGCCATTAACACGCTTAAAGAGCGCTACAATTTAATCC 

 HP0571 
jhp0518 

CATGCGTTAGGGTGGCTTAAAAAACACCCTTATGCGCTAATATTACTATTA 
CATGCGTTAGAGTGGCTTAAAAAACACCCTTATGCGCTAATATTACTATTA 

 HP0580 
jhp0527 

AGCTCCAACCAAGCCTAACCCCCTTTAAAGATTGCGCTATTATGGCGTTTA 
AGCTCCAACCAAGCTTAACCCCCTTTAAAGACTGCGCTGTCATGGCGTTTA 

 HP0668 CAGCGTTAGATAGCATCGTCTTTTTTGATGGCAAAAGCGCTATGGTGGATA 
 

mraW HP0707 
jhp0646 

CCAGAAGAAATTAAAAACAACAGGCGTTCACGAAGCGCTAAAATGAGGGTG 
CCAGAAGAAATTAAAAACAACAGGCGTTCACGAAGCGCTAAAATGAGGGTG 

 HP0760 
jhp0697 

AATACGCTAAACGCATGCAAGCTTTAGAAGAGATCGCGCTAGAATTTGATG 
AATACGCTAAACGCATGCAAGCTTTAGAAGAGATCGCGTTAGAATTTGATG 

thiB HP0843 
jhp0781 

CGCGCCTTTTATTGTCAATGATGAGGTGCAACTCGCGCTAGAATTAAAGGC 
CACGCCTTTTATTATTAATGATGAGGTGCGACTCGCGCTAGAATTAAAGGC 

coaX HP0862 
jhp0796 

GGTTTAGCCCAATATATTCATGCGTATAAAAAAAGCGCTAAAATTTTAGAG 
GGTTTAGCCCAATATGTCCATGCGTATAAAAAAAGCGCGAAAATCTTAGAG 

rarR HP1026 
jhp0398 

CGACGCTAGAGCGTTATTAAACCTTTTAGATTTGAGCGCTAAAATAGAAGA 
CGATGCCAGAGCGTTATTAAACCTTTTAGATTTGAGCGCTAAAATAGAAAA 

kgtP HP1091 
jhp0334 

AAAACTTCTATGGTGTATTCCATTATCCTTATGGCGCTAGGCTCTTTTTTG 
AAAACTTCCATGGTGTATTCCATTATCCTTATGGCGCTAGGCTCTTTCATG 

pyrE HP1257 
jhp1178 

GACATTATCACTACGGGAAAATCCGCTATGGAATGCGCTAAAGTTTTAGAA 
GACATCATCACTACGGGAAAATCCGCTATGGAATGCGCTAAAGTTTTAGAA 

fecA HP1400 
jhp1426 

ACTAGGGATTTTCAAGTGAGCTCTAGCTACAATAGCGCTAACATGGTTACT 
ACTAGGGACTTTCAGGTGAGCTCTAGCTACAATAGCGCTAACATGGTTACT 

trbB HP1421 
jhp1316 

GCGTGGGGCTTTTAGTGGGCAAGCAAGAAAACACGCGCTTTAATTATGAAG 
GCGTGGGGCTTTTAGTGGGCAAGCAAGAAAACACGCGCTTTAATTATGAAG 

recG HP1523 
jhp1412 

ATGAAAAATTTAGAGCGCAAAAAATTGCAATTTGGCGCTAAAATCGCATGC 
ATGAAAAATTTAGAGCGCAAAAAATTGCAATTCAACGCCAAAATCGCATGC 
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leuS HP1547 
jhp1452 

CAGCTTATCACTCAAGGCATGGTTTTAAAAAATGGCGCTAAGATGAGCAAG 
CAGCTTATCACTCAAGGCATGGTCTTAAAAGATGGTGCTAAGATGAGCAAA 

antisense promoters 
putP HP0055 

jhp0047 
AGGCACATCTCTAATGGAGCGGATAGACATGAAGCGCACTAAAATATGGGG 
AGGCACATCTCTAATGGAGCGGATAGACATGAAGCGCACTAAAATATGGGG 

frdC HP0193 
jhp0179 

TTGAGACTAAAAACATGTGTGCTATCATAAAGAGCGCTAAAATCAAGCCCG 
TAGAGACCAAAAACATGTGCGCTATCATAAAGAGCGCTAAAATCAAGCCCG 

 HP0232 
jhp0217 

TTGCTTAACACGCGTTCATTGCCTTGCAAATCGCGCACTATAATGTGGGTT 
TTGCTCAACACGCGTTCATTGCCTTGCAAATCGCGCACTACAATGTGGGTT 

 HP0271 
jhp0256 

CTTTTCGCATAAAACCTCTTTAGCTTTACTCATCGCGCTAAAATAAGTGTA 
CTTTTCGCATAAAACCTCTTTAGCTTTACTCATCGCGCTAAAATAGGTGTA 

 HP0271 
jhp0256 

TGTAACTAAAACGCATGCTTTTCATTCTCCATGCGCGCTAAAATGTTCAAG 
TGTAACTAAAACGCATGCTTTTCATTCTCCATGCGCGCTAAAACATTCAAC 

ibpB HP0280 
jhp0265 

CCCAAACACCCCCTACCATAATTTTCATAATATTGCGCTAAAGTCGTGCCT 
CCCAAACACCCCCTACCATAATTTTCATAATATTGCGCCAAAGTCGTGCCT 

dppA HP0298 
jhp0283 

TCCATCTGGCGTTCAAACGAAAACAGCACATCTTTAGCGCTAAACTCTACT 
TCCATTTGGCGTTCAAAAGAAAACAGCACGTCTTTAGCGCTAAACTCTACT 

nadE HP0329 
jhp0312 

AGAATAATCGTATAAAAAAGCCATGCGCAATCTTGCGCAAAAATTCCCCTT 
AGAATAGTCGTATAAAAAAGCCATGCGTAACCTTGCGCAAAAATTCCCCTT 

dsbC HP0377 
jhp1004 

ATGCTCTTTGGAGTAGCTGATATTGACATAGTAAGCGCTAAAATGCTCTTT 
ATGCTCTTTAGAATAGCTGATATTGACATAGTAAGCACTAAAATGCTCTTT 

fliN HP0584 
jhp0531 

TGCAACAAAGGGATTTGCGTAGAGCCAAGTTCTGCGCTAAAAACAATCTCC 
TGCAATAAAGGGATTTGCGTAGAGCCAAGTTCCGCGCTAAAAACAATCTCC 

mod HP0593 CCAAAATACCCCGTTTTCATATTCCCACTTTTTGCGCTAGGATTATCATTA 
 

 HP0595 
jhp0542 

GTTGAAATCCGCCCCCACGAACGACCCCACCGTCGCGCTATAATAGCTATC 
GTTAAAATCCGCCCCCACGAAAGCCCCCACCGTCGCGCTGTAATAGCTATC 

cheV HP0616 
jhp0559 

CTGCACCACTCGTTCTTCATCAAAACGAGTGATAGCGCTAAGCTTACCCTC 
CTGCACCACTCGTTGTTCATCAAAACGGGTGATAGCGCTAAGCTTACCCTC 

 HP0637 
jhp0580 

CCACTGAATTGTAAAAGCCGTTTAAAGAGCCATAAGCGCTATAATTAGTGA 
CCACTGAATTGTAAAAGCCGTTTAGAGAACCATAAGCGTTATAATTAGTGA 

 HP0728 
jhp0665 

CATCAAAAACCATTCCAGCCTGTCATTCAAATGGTGCGCTAAAATCAAATG 
CATCAAAAACCATTCCAGCCTGTCATTCAAATGGTGCGCTAAAATCAAATG 

 HP0745 
jhp0682 

GAATAACGGCTTTTTTCTTTTTTGACCGCTTTGAGCGCTATCATTTTTAAG 
GAATAGCGGCTTTTTTCTTTTTTAGCCGCTTTGAGCGCTATCATTTTTAAG 

 HP0852 
jhp0788 

GCTCTTTAAAAAACCGCTGAATTTTTCATTTTTCGCGCTAAGCTCTGAAGC 
GCTCTTTAAAAAACCGCTGAATTTTTCATTTTTCGCGCTAAGCTCCAAAGC 

murJ HP0885 
jhp0817 

AACCCCCACCAAAAAAAACCACGCCTTTTGCAAGCGCTGTAAGATTAGATC 
AACCCCCACCAAAAAAAACCACGCCTTTTGCAAGCGTTGTAAGATTAAATC 

vacA HP0887 
jhp0819 

TTTAGCGTTGAAATCCACTCTCGTGGTGCGATCAGCGCTATCCTTATAGCT 
TTTAGCGTTGAAATTCACTCTCGTGGTGCGATCAGCGCTATCCTTATAGCT 

 HP0910 
jhp0846 

TTTTGTAAGTCCAGGTTTTGGTTATAAGGGAATAGCGCTAAAATAGAGCCG 
TTTTGTAAATCTAAGTTTTGGTTATAAGGGAATAGCGCTAAAATAGAGCCG 

rep HP0911 
jhp0847 

TGGCGTGTGTTCAGGGTTTTTATTTGAAAGCCATGCGCTAAAATCTTCTTG 
TGGCGCGTGTTCAGGGTTTTTACTAGAAAGCCAAGCGCTAAAATCTTCTTG 

hopG HP0914 
jhp0850 

GTTGGTCATCATGTAACTTCTGTCTTGGTAATTAGCGCTAAAATCGCCATC 
GTTGGTCATCATGTAACTTCTGTCTTGGTAATTAGCGCTAAAATCGCCATC 

 HP0922 
jhp0856 

AGTGCTATTAAAGTTATAAGTCCCTTGATTGAAAGCGCTATGATTGAAGCT 
GGCGCTGTTAAAGTGATAAGTCCCTTGATTGAAATTGCTGTTATTGAAGCT 

 HP0936 AAAGTATAAAACTATGGTATTGACTAAACTTGGCGCGTTAGAATAAAATTC 
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alr HP0941 

jhp0876 
GACACAAGCGTCTTTAGGGACAATGCTTTTGACTGCGCTAAAATTATGCCT 
GACACAAGCGTCTTTAGGGACAATATTTTTGACTGCATTAAAATTATGCCT 

 HP0951 
jhp0885 

AAATTTAGGCTTTTAGCTTTCAAACAAGAGGGGTGCGCTAGAATAAACCCT 
AAATCCAAGCTTTTAGCTTTCAAGCAAGAGGGGTGCGCTAAAATAAACCCT 

 HP0971 
jhp0905 

GGTCAAACTCTCCCCTAAAGTCTCTTCTAAAAGCGCGCTAATATCAATGTA 
GGTCAAGCTCTCCCCTAAAGTTTCTTCTAAAAGCGCGCTAATATCAATGTA 

bioA HP0976 
jhp0910 

GCTTGCACAATAAAACGGCTTGTTTTAAATATCTTGCGCTATAAATATGCA 
GCTTGCACCATAAAACGGCTTGTTTTAAATATTTCGCGCTATAAATATGCA 

copA HP1072 
jhp0353 

AGCGATGACATGTTCGCTACTCTTTTCAATACTGAGCGCTAAACTCAATAA 
AGCAATGACATGTTCGCTGCTCTTTTCAATGCTGCTCGCTAAACTCAATAG 

tktA HP1088 
jhp0337 

AGATTCGCCTTTTTTAAAGGTGGGGTAATGGATGGCGCTAAAATCAAAATC 
AGATTCGCCTTTTTTAAAGGCGGGGTAATTAATGGCGTTAAAATCAAAATT 

kgtP HP1091 
jhp0334 

AACCCTAGCATGAAAACTAAAAAAGCTGAGATTAGCGCTAAAGTGGGGTCG 
AACCCTAGCATAAAAACTAAAAAAGCTGAGATGAGCGCTAGAGTAGGGTCA 

valS HP1153 
jhp1080 

ATACAAAGTCTTATACCCATCCATGCGTTTGTAACGCGCTAAAATATCTTG 
ATACAAGGTCTTATACCCGTCCATGCGTTTATAGCGCACTAAAATATCTTG 

alaS HP1241 
jhp1162 

CCCACAAAAACATTAGGTGCATAAGCGTTTAAAATAGCGCTAAAATCGGCG 
CCTACAAATTCATTAGGTGCATAAGCGTTTAAAATAGCGCTAAAATCGGCG 

pcrA HP1553 
jhp1446 

AATGATTTTAGACTCTACAAATTGAGACAATTTTGCGCTAGATTCCGTGCT 
AATGATTTTAGACTCTACCAATTGAGACAATTTCGCGCTAGATTCCGTGCT 

 
1Only first gene in operon is indicated. 

2Sequence for H. pylori 26695 in top line and corresponding sequence from H. pylori J99 

in bottom line. GCGC motifs in the -13 region of the promoter are indicated in bold, and 

when the GCGC motif is absent the corresponding sequence is in italics. 
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Table S2.2: Sequenced comparison of GCGC-containing promoters from H. pylori 

strains 26695 and G27 included in gfp reporter genes. 

gene sequence (TSS and 50 nucleotides of upstream sequence)1 

icd (26695) 
    (G27) 

AAAAAAAGATTTTTAAGGGTTATATAGTATTTTTGCGCTAGTATAGTTACT 
AAAAAAAGATTTTTAGGGGTTATATAGTATTTTTGCGCTAGTATAGTTACT 

cah (26695) 
    (G27) 

ATCTATTTTTTGTAACTGCGGTCATTGTGGATTAGGCGCTAGAATTAATTG  
ATCTATTTTTTGTAACTGCGGTCATTGTTTATTGAGCGCTAGAATTAATTG 

HP0893 
HPG27_846 
846 mutant 

CCACACCCCTTATAACGCTTAAACCAAATCGCTTGCGCTATAATGAACTGA 
TCAAACCCCTTATAACGCTTAAACCAAATCGCTTGCGCTATAATGAGCTGA  
TCAAACCCCTTATAACGCTTAAACCAAATCGCTTGTGCTATAATGAGCTGA 

HP0914 
HPG27_865 

GTTGGTCATCATGTAACTTCTGTCTTGGTAATTAGCGCTAAAATCGCCATC 
GTTGGTCATCATGTAACTTCTGTCTTGGTAATTAGCGCTAAAATCGCCATC 

HP0174 
jhp0160 

TTGATAAGCTTACTATGTAAGATTAAGGGACTTTGCGCTTAAATTACCCTA 
TTGATAAGCTTACTATATAAGATTAAGGGACTTTGCGCTTAAATACCCCTT 

kgtP (26695) 
     (J99) 

AACCCTAGCATGAAAACTAAAAAAGCTGAGATTAGCGCTAAAGTGGGGTCG 
AACCCTAGCATAAAAACTAAAAAAGCTGAGATGAGCGCTAGAGTAGGGTCA 

 

1GCGC motifs are in bold-face. Nucleotide sequences in the H. pylori G27 sequences 

that differ from those in the H. pylori 26995 sequences are indicated in red. The mutation 

in the GCGC motif of the HPG27_846 promoter (846 mutant) is underlined. 
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Table S2.3: Primer sequences used in this study 

Hp1121_up_F2 5’-GCCGATACTTGCTGTAATGGA-3’ 
 

Constructing PCR product for 
inactivation of M.Hpy99III 

Hp1121_up_R2 5’-TTGCGATACCGTCGAGATGGCTTCATG 
ATTGATTTCTGC-3’ 

Constructing PCR product for 
inactivation of M.Hpy99III 

Hp 1121_d_F2 5’-TACTAAAGGGAATGTAGATAAGCAAG
C CATTTGCTATCCCAA-3’ 

Constructing PCR product for 
inactivation of M.Hpy99III 

Hp 1121_d_R2 5’-GGGGAATGATTTGTTGGATGAG-3’ Constructing PCR product for 
inactivation of M.Hpy99III 

ermB_OLF 5’-ATCTCGACGGTATCGCAA-3’ 
 

Constructing PCR product for 
inactivation of M.Hpy99III 

ermB_OLR 5’-TTATCTACATTCCCTTTAGTA-3’ Constructing PCR product for 
inactivation of M.Hpy99III 

HPG27_865Fwd 5’-TCGATCCTCGAGAGCGTGAGGTTGGTC 
ATCATGTAA -3’ 

Constructing GFP reporter 
plasmid for HPG27_865 

HPG27_865Rev 5’-TACATTGCTAGCACCCAGATGGCGATT 
TTAGCGCTA-3’ 

Constructing GFP reporter 
plasmid for HPG27_865 

JHP_0334_GFP_Fwd 5’-TCCAGCCTCGAGCATAAAAACCTTTTT 
TACCATTCT-3’ 

Constructing GFP reporter 
plasmid for JHP_0334 

JHP_0334_GFP_Rev 5’-TACATTGCTAGCCAATGACCCTACTCT 
AGCGCTCAT-3’ 

Constructing GFP reporter 
plasmid for JHP_0334 

JHP_0160_GFP_Fwd 5’-TCCAGCCTCGAGATTTAAAGTGGGTGA 
AAAATGTTC-3’ 

Constructing GFP reporter 
plasmid for JHP_0160 

JHP_0160_GFP_Rev 5’-TACATTGCTAGCTTTAAGGGGTATTTA 
AGCGCAAAG-3’ 

Constructing GFP reporter 
plasmid for JHP_0160 
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Figure S2.1: Sequence logo for predicted H. pylori 26695 promoters. WebLogo was 

used to generate a sequence logo from an alignment of 1914 promoter sequences 

identified from a H. pylori 26695 transcriptome analysis (34). The sequence logo shows a 

strong preference for A or T residues in positions -12 to -7. 
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Figure S2.2: Digestion of gDNA from wild-type H. pylori G27 and the HPG27_1066 

mutant with HinP1I. DNA from wild-type H. pylori G27 (lanes 1 and 2) or the 

HPG27_1066 mutant (lanes 3 and 4) was treated with (+) or without (-) HinP1I then 

subjected to agarose gel electrophoresis. Marker is 1kb PLUS™ DNA Ladder (GoldBio)  
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Figure S2.3: Template used for constructing gfp reporter genes. The DNA sequence 

indicated above was synthesized by Genewiz and cloned into plasmid pUC57-Kan. 

Unique XhoI, NheI and BamHI restriction sites (underlined) were included to facilitate 

introduction of the reporter gene into other plasmids and swapping promoter regions. A 

76-bp DNA sequence containing the HPG27_846 promoter region and flanked by XhoI 

and NheI sites was included in the synthesized gene. Start and stop codons for gfp are 

indicated in italics. Codon usage of gfp was optimized for H. pylori. The ribosome 

binding site of H. pylori ureA (in red) was introduced between the NheI site and start 

codon of gfp. 
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CHAPTER 3 

CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

Helicobacter pylori is an extraordinary pathogen that is able to colonize one of 

the harshest environments in the human body. From motility to urease activity, it is clear 

that the organism utilizes a variety of mechanisms to ensure its survival in the host. With 

the rise of antibiotic resistant bacteria and failing treatments against once treatable 

diseases, it has become a race against time to develop effective treatments against 

diseases that were once thought to be a minor problem. C-5 cytosine (m5C) methylation in 

humans has been well characterized in regards to its effect on gene regulation, but our 

knowledge about methylation in bacteria is rudimentary. While the effects of m5C DNA 

methyltransferases (MTase), such as ccrM in Caulobacter crescentus and dam methlyase 

in E. coli, have been characterized, the effect of methyltransferases in H. pylori remain 

understudied (1-4) 

My work expanded on a previous study on JHP1050 (M.Hpy99III) that showed 

effects on global gene expression and various phenotypic traits in the H. pylori J99 

methylase-deficient mutant (5). My work centered on the homolog of this methylase 

(HPG27_1066) in H. pylori G27, but also examined other strains of H. pylori. My main 

motivation of studying this MTase is due to a growth defect in H. pylori G27, which is 

similar to the growth defect observed in J99 (5). Additionally, I discovered that in a soft 

agar motility medium, the MTase-deficient strain of H. pylori G27 is less motile than the 
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wild-type parental strain and the motility of the MTase mutant is inhibited further by the 

inclusion of FeSO4 in the medium (Fig. 2.8). Of the strains that I tested, H. pylori G27 

and H. pylori 26695 were the only ones that had statistically significant differences in 

growth in the MTase mutants (Table 2.3). This is supported by the Estibariz study in that 

not all H. pylori strains lacking this methyltransferase have a growth defect (5). However, 

the growth defect I observed for H. pylori 26695 MTase mutant did not coincide with 

what was reported by Estibariz and co-workers (5), which may have been due to 

genotypic differences between the strains used in my study and the previous study. 

Bioinformatics studies showed the GCGC motif that is methylated by homologs 

of M.Hpy99III is frequently located near the -13 position of the promoter (Fig 2.1). 

Examination of other DNA methylation motifs in H. pylori 26695 indicated the GCGC 

motif is unique in its strong positional bias within promoter regions (C. Bazal, 

unpublished results). These findings suggest that methylation of GCGC motifs situated in 

the -13 region of promoters is important for promoter activity and the motif has been 

maintained at this position through selective pressure. Several observations support this 

hypothesis. First, in the vast majority of H. pylori strains whose genomes have been 

sequenced the M.Hpy99III homolog is an orphan DNA MTase and the cognate restriction 

enzyme has been lost (Cite IMG). This observation suggests strongly that during the 

course of H. pylori evolution, the M.Hpy99III homolog acquired an important 

physiological function that was distinct from its original role in protecting H. pylori 

genomic DNA from restriction. Second, I identified three GCGC-containing promoters 

whose activities were diminished in the H. pylori G27 M.Hpy99III-deficient mutant. 

Third, I found that changing the GCGC motif to GTGC in the HPG27_846 promoter 
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resulted in a dramatic decrease in promoter activity (Fig 2.4). A similar observation was 

reported for the corresponding promoter in H. pylori J99 (5). As indicated above, loss of 

the M.Hpy99III homolog does not result in an in vitro growth defect in all H. pylori 

strains. We postulate though that M.Hpy99III homologs are important for transcription 

initiation of genes needed for successful colonization and persistence of H. pylori in the 

human gastric mucosa.  

Future Directions 

There are several interesting areas of research to pursue regarding the role of the 

M.Hpy99III homologs in H. pylori biology. One of the first questions to address is 

whether the m5C MTase is required for colonization or persistence of H. pylori in the 

gastric mucosa. Mouse or Mongolian gerbil animal models could be used for such 

studies.  

Another interesting avenue of research would be to characterize additional 

GCGC-containing promoters to identify contextual features that are important for robust 

promoter activity. Although the sample size was small in my study, results from the gfp 

reporter gene studies suggested the presence a thymine immediately preceding the GCGC 

motif was important for promoter activity (Fig 2.4, Fig. 2.5). Methylation of GCGC 

motifs located at positions within the promoter besides the -13 region might affect 

promoter activity. Therefore, characterization of GCGC-containing promoters where the 

GCGC motif is outside the -13 region would be an interesting line of investigation as it 

might lead to the identification of other promoter elements that are affected directly by 

GCGC methylation.  
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An important line of inquiry is how does methylation of the GCGC motif affects 

promoter activity? As illustrated in Figure 3.1, methylation of cytosine at C5 affects base-

readout and potential protein-DNA interactions due to changes in hydrophobic contacts 

in the major groove (6). When the C5 position of the cytosine is methylated, the resulting 

5mC-G pair mimics the T-A base pair at the edge of the major groove by replacing a 

nonpolar hydrogen with a bulkier and more hydrophobic methyl group (6). Note that the 

base-readout for the interior of major groove in the 5mC-G pair is not altered and differs 

from that of the T-A pair. If the methyl group of m5C and thymine is sufficient to confer 

binding specificity by RNA polymerase holoenzyme (RNAP-holoenzyme), then the two 

nucleotides would be expected to substitute for each other in DNA-binding sites. It is not 

unreasonable to postulate that such a substitution would allow the promoter to retain its 

function as substitution of a specific A-T base pair with a G-m5C base pair, but not a G-C 

base pair, allowed LacI to bind the synthetic operator (6). Therefore, it would be 

interesting to determine if substituting the GCGC motif in GCGC-containing promoters 

with GTAC retains promoter function. Failure of the synthetic promoter with the GTAC 

substitution would suggest base-readout for the interior of the major groove or 

electrostatic interactions within the minor groove are important determinants for 

promoter function. 

Determining which step in transcription initiation is affected by methylation of 

the GCGC motif in GCGC-containing promoters is another interesting issue. 

Transcription initiation is a multi-step process, which includes initial binding of RNAP-

holoenzyme to the promoter (i.e., closed complex formation), isomerization of the closed 

promoter complex to an open complex, formation of abortive transcripts, and promoter 
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clearance (8). Methylation of the GCGC motif could affect any of these steps in 

transcription initiation. It seems most likely that methylation would affect the affinity of 

RNAP-holoenzyme for the promoter, a hypothesis that could be examined with ChIP-seq 

assays with the wild-type parental strain and the HPG27_1066 mutant.   

Finally, it would be informative to determine the basis for growth defect in H. 

pylori G27 HPG27_1066 mutant. The reduced growth rates of the M.Hpy99III-deficient 

mutants most likely result from the aberrant transcription of one or more genes critical for 

normal growth. Altered expression of these genes could have a cumulative or synergistic 

effect on growth of the M.Hpy99III-deficient mutants. Candidates for genes whose 

altered expression might impact growth include ones involved in metal homeostasis. 

Estibariz and co-workers noted that the H. pylori J99 M.Hpy99III-deficient mutant had 

increased sensitivity to heavy metals (5). My data on the motility of the HPG27_1066 

mutant suggested iron regulation may be affected as the size of the swim halo was 

diminished by the addition of FeSO4 to the motility agar medium (Fig. 2.8). Estibariz et 

al. reported that feoB, which encodes a ferrous sulfate transporter, was down-regulated in 

the H. pylori J99 M.Hpy99III-deficient mutant (5, 9). While it is unknown if feoB was 

down-regulated in the HPG27_1066 mutant, and if so, was responsible for the observed 

growth phenotype, the predicted feoB promoter in H. pylori G27 does have a GCGC 

motif in the -13 region. 

Another candidate gene whose altered expression in the M.Hpy99III-deficient 

mutants might impact growth is icd, which encodes the tricarboxlic acid cycle enzyme 

isocitrate dehydrogenase. My studies showed that the icd-gfp reporter gene was down-

regulated in the HPG27_1066 mutant (Fig. 2.4). Moreover, preliminary proteomic data of 



96 

the soluble protein fractions of wild-type H. pylori G27 and the HPG27_1066 mutant 

suggested isocitrate dehydrogenase levels were reduced in the mutant (Table 3.1).    

Yet another candidate gene whose altered expression might impact growth is 

hrcA, which encodes a heat shock repressor that negatively regulates expression of 

operons encoding major chaperones in H. pylori (groESL, and hrcA-grpE-dnaK) as well 

as genes encoding an outer membrane protein (omp16) and a C4-dicarboxylic acid 

transport protein (dcuA) (10). The predicted promoter for hrcA in H. pylori G27 has a 

GCGC motif at the -13 position, but sequence of the corresponding site in the H. pylori 

26695 hrcA promoter is ATGC (Table 3.2). Such heterogeneity in occurrence of GCGC 

motifs in promoters likely accounts for phenotypic differences in M.Hpy99III-deficient 

mutants in various H. pylori strains. Levels of DnaK appeared to be reduced in the 

HPG27_1066 mutant relative to wild type (Table 3.1), which is consistent with the 

hypothesis that methylation of the GCGC motif in the hrcA-grpE-dnaK promoter in H. 

pylori G27 is required for optimal promoter activity. Interestingly, disrupting hrcA in H. 

pylori G27 resulted in reduced motility and reduced transcript levels of several flagellar 

genes (10). If expression of hrcA was inhibited in the HPG27_1066 mutant, this might 

account for the motility defect of the mutant.   

RNA-seq analysis of the M.Hpy99III-deficient mutants in H. pylori strains G27 

and B128 would provide valuable data for identifying other candidate genes whose 

altered expression account for the growth defects of these mutants. Promoters of 

candidate genes could be validated for their roles in the growth defects of the 

M.Hpy99III-deficeint mutants by replacing them with promoter alleles from H. pylori 

strains whose growth rates are not impacted by loss of the M.Hpy99III homolog.  
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My work on HPG27_1066 has revealed several novel findings not previously 

reported, in particular a motility and catalase phenotype. Continued research on the 

GCGC promoters in H. pylori G27 will answer several questions that have arisen due to 

the study. Understanding how methylation regulates gene expression in H. pylori will 

allow us to better understand the organism as a whole and how methylation regulates 

gene expression in a bacterial system. 
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Table 3.1: Proteins that appear to be present at differing levels in wild type and 

HPG27_1066 mutant. 

soluble proteins 

Accession Gene Description #WT 
peptides 
found 

#Mutant 
peptides 
found 

Higher number of peptides detected in mutant sample 
ACI27174.1 htrA protease DO 0 7 
ACI27994.1 rpsM ribosomal protein S13 0 3 
ACI27347.1 dapD tetra hydro dipicolinate N 

succinyl transferase 
0 3 

ACI28098.1 rnj ATP/GTP binding protein 3 9 
ACI26908.1 recA recombinase 2 6 
ACI27549.1 hup DNA-binding protein HU 2 5 
ACI28001.1 rplF ribosomal protein L6 2 5 
ACI26943.1 frdA fumarate reductase flavo 

protein subunit 
2 5 

ACI27991.1 rpoA RNA polymerase alpha 
subunit 

3 7 

ACI27829.1 atpD ATP synthase F1 subunit 
beta 

5 11 

Lower number of peptides detected in mutant sample 
ACI27765.1 HPG27_1012 hypothetical protein 3 0 
ACI27935.1 alaS alanyl tRNA synthetase 3 0 
ACI27056.1 pgdA hypothetical protein 4 0 
ACI26800.1 icd isocitrate dehydrogenase 6 0 
ACI26959.1 htpG chaperone and heat-shock 

protein 90 
10 4 

ACI27010.1 clpB ATP-dependent protease 
binding subunit heat-shock 
protein 

20 8 

ACI26870.1 dnaK chaperone and heat-shock 
protein 70 

27 13 

Insoluble proteins 
Higher number of peptides detected in mutant sample 
ACI27064.1 babA outer membrane protein 0 5 
ACI27328.1 
 

hefC cytoplasmic pump protein 
of the hefABC efflux system  

0 3 

ACI27605.1 hopU outer membrane protein  3 12 
ACI27174.1 htrA protease DO  7 19 
ACI27831.1 
 

atpA ATP synthase F1 subunit 
alpha  

3 8 
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ACI27870.1 hopQ outer membrane protein  5 13 
ACI26799.1 gltA citrate synthase  2 5 
ACI26978.1 dsbG disulphide isomerase  3 7 
ACI27902.1 
 

tuf translation elongation factor 
EF Tu  

5 10 

ACI27209.1 hofC outer membrane protein 2 4 
Lower number of peptides detected in mutant sample 
ACI26870.1 
 

dnaK chaperone and heatshock 
protein 70  

8 2 

ACI27595.1 vacA vacuolating cytotoxin A  6 2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



100 

Table 3.2: Comparison of hrcA promoter sequence between H. pylori strains 26695 

and G27  

gene sequence (TSS and 50 nucleotides of upstream sequence)1 

hrcA (26695) 
    (G27) 

TTTTTTAAAACAAGTGATAGATTATTAACTTTTTATGCTATAATGCGAGGG 
TTTTTTAAAACAATTGATAGATTATTAACTTTTTGCGCTATAATTCGAGGG 

1GCGC motifs are in bold-face. Nucleotide sequences in the H. pylori 26695 sequences 

that differ from those in the H. pylori G27 sequences are indicated in red. 
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Figure 3.1: Base readout for the major groove of DNA base pairs. (A) denotes a C-G 

base pair, (B) denotes a 5mC – G base pair and (C) denotes a T-A base pair. A black 

circle represents a hydrogen bond donor, a red circle represents a hydrogen bond 

acceptor, a blue circle represents a methyl group, and a green circle represents a nonpolar 

hydrogen. Only functional groups related to the major groove are indicated (6). 

 

 

 

 

 

 

  



102 

References: 

1. Zweiger G, Marczynski G, Shapiro L. 1994. A Caulobacter DNA 

methyltransferase that functions only in the predivisional cell. J Mol Biol 235:472-

485. 

2. Stephens C, Reisenauer A, Wright R, Shapiro L. 1996. A cell cycle-regulated 

bacterial DNA methyltransferase is essential for viability. P Natl Acad Sci USA 

93:1210-1214. 

3. Peterson KR, Wertman KF, Mount DW, Marinus MG. 1985. Viability of 

Escherichia coli K-12 DNA adenine methylase (dam) mutants requires increased 

expression of specific genes in the SOS regulon. Mol Gen Genet 201:14-19. 

4. Lu AL, Clark S, Modrich P. 1983. Methyl-directed repair of DNA base-pair 

mismatches in vitro. P Natl Acad Sci USA 80:4639-4643. 

5. Estibariz I, Overmann A, Ailloud F, Krebes J, Josenhans C, Suerbaum S. 

2019. The core genome m5C methyltransferase JHP1050 (M.Hpy99III) plays an 

important role in orchestrating gene expression in Helicobacter pylori. Nucleic 

Acids Res 47:2336-2348. 

6. Dantas Machado AC, Zhou T, Rao S, Goel P, Rastogi C, Lazarovici A, 

Bussemaker HJ, Rohs R. 2015. Evolving insights on how cytosine methylation 

affects protein-DNA binding. Brief Funct Genomics 14:61-73. 

 

 



103 

7. Fisher EF, Caruthers MH. 1979. Studies on gene control regions XII. The 

functional significance of a lac operator constitutive mutation. Nucleic Acids Res 

7:401-416. 

8. Browning DF, Busby SJ. 2016. Local and global regulation of transcription 

initiation in bacteria. Nat Rev Microbiol 14:638-650. 

9. Velayudhan J, Hughes NJ, McColm AA, Bagshaw J, Clayton CL, Andrews 

SC, Kelly DJ. 2000. Iron acquisition and virulence in Helicobacter pylori: a 

major role for FeoB, a high-affinity ferrous iron transporter. Mol Microbiol 

37:274-286. 

10. Roncarati D, Danielli A, Spohn G, Delany I, Scarlato V. 2007. Transcriptional 

regulation of stress response and motility functions in Helicobacter pylori is 

mediated by HspR and HrcA. J Bacteriol 189:7234-7243. 

 


