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Abstract

Helicobacter pylori, a leading human pathogen associated with duodenal ulcer
and gastric cancer, presents a significant threat to human health due to increas-
ing antibiotic resistance rates. This study investigates G-quadruplexes (G4s),
which are non-canonical secondary structures form in G-rich regions within the
H. pylori genome. Extensive research on G4s in eukaryotes has revealed their
role in epigenetically regulating cellular processes like gene transcription, DNA
replication, and oncogene expression. However, understanding of G4-mediated
gene regulation in other organisms, especially bacterial pathogens, remains lim-
ited. Although G4 motifs have been extensively studied in a few bacterial species
such as Mycobacterium, Streptococci, and Helicobacter, research on G4 motifs in
other bacterial species is still sparse. Like in other organisms such as archaea,
mammals, and viruses, G4s in H. pylori display a non-random distribution pri-
marily situated within open reading frames of various protein-coding genes. The
occurrence of G4s in functional regions of the genome and their conservation
across different species indicates that their placement is not random, suggesting
an evolutionary pressure to maintain these sequences at specific genomic sites.
Moreover, G-quadruplexes show enrichment in specific gene classes, suggest-
ing their potential involvement in regulating the expression of genes related to
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NMR, Nuclear Magnetic Resonance; ORF, Open reading frame; PGQs, Putative G4
forming sequences; RBCs, Red blood cells; TSP, 3-(Trimethylsilyl) propionic-2,2,3,3-D4 acid sodium salt; UTRs, Untranslated regions.

© 2024 International Union of Biochemistry and Molecular Biology, Inc.

Biotechnol Appl Biochem. 2024;1-14.

wileyonlinelibrary.com/journal/bab | 1


https://orcid.org/0000-0002-8650-9638
mailto:vikasjnu@gmail.com
mailto:pujayadav@cuh.ac.in
https://wileyonlinelibrary.com/journal/bab

KUMARI ET AL.

FIST-II, Grant/Award Number:
SR/FST/LSII-046/2016(C); UGC-Start-up
grant from University Grant Commission,
Grant/Award Number: 30-553/2021 (BSR);
DBT BUILDER, Grant/Award Number:
BT/INF/22/SP45382/2022

drugs.

KEYWORDS

1 | INTRODUCTION

Helicobacter pylori, a prominent human pathogen that
impacts more than half of the global population, is catego-
rized as a bacterial carcinogen and is linked to conditions
such as duodenal ulcer and gastric cancer.'* The intri-
cate interaction between the host and H. pylori can lead
to colonization, resulting in various gastrointestinal dis-
eases, including chronic gastritis, peptic ulceration, gastric
adenocarcinoma, and gastric mucosa-associated lymphoid
tissue lymphoma.

During the process of adherence and colonization to
host cells, H. pylori can instigate various genetic alter-
ations, express numerous virulence factors, and initiate
diverse adaptive mechanisms. Moreover, the bacterium
secretes several effector proteins and toxins, enhancing
its overall pathogenicity.* It is noteworthy that chronic
infection with H. pylori can persist throughout an individ-
ual’s life unless antimicrobial therapy is administered to
eradicate the bacterium. However, emergence of increas-
ing antimicrobial resistance in H. pylori has become a
substantial challenge and a critical issue. Given its clin-
ical significance and the increasing antibiotic resistance
worldwide, there is a need to identify novel and highly
conserved drug targets with novel mechanisms of action.
This approach is crucial for expanding the repertoire of
therapeutic options and addressing the challenges posed
by antibiotic resistance. G-quadruplex-forming nucleic
acid motifs represent a highly studied and evolutionar-
ily conserved class of drug targets.>® These motifs are
abundantly present in crucial regions of genomes across
a diverse range of organisms, spanning from eukaryotes
and prokaryotes to viruses, protozoans, and plants.”'?
The conservation of these structures suggests their func-
tional significance and underscores their potential as
promising targets for drug development across different
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cell wall/membrane/envelope biogenesis, amino acid transport, and metabolism.
This indicates a probable regulatory role for G4s in controlling the expression of
genes essential for H. pylori survival and virulence. Biophysical techniques such
as Circular Dichroism spectroscopy and Nuclear Magnetic Resonance were used
to characterize G4 motifs within selected H. pylori genes. The study revealed that
G-quadruplex ligand inhibited the growth of H. pylori, with minimal inhibitory
concentrations in the low micromolar range. This suggests that targeting G4
structures could offer a promising approach for developing novel anti-H. pylori

CD spectroscopy, gene regulation, G-quadruplex, hemolysis, MTT assay, NMR, virulence

biological domains. G-quadruplexes exhibit enrichment in
specific genomic regions, including open reading frames
(ORFs), promoters, telomeres, and untranslated regions
(UTRs) of mRNA in eukaryotic organisms as well as
prokaryotic organisms.®,'*~1° The specific enrichment of
G-quadruplexes in critical genomic regions suggests their
involvement in essential cellular functions and highlights
their potential as targets for therapeutic interventions and
further research.

The propensity of guanines to self-associate and form
these four-stranded helical structures has been known
for several decades. The stability and formation of G-
quadruplexes are influenced by various factors, including
cations, sequence composition, and loop length.!'*¥In
recent years, there has been a growing body of evi-
dence supporting the importance of G-quadruplexes as key
components in cellular processes. These structures play
significant roles in various biological activities, including
gene regulation, transcriptional control, telomere mainte-
nance, and other aspects of genome stability.!! Studying
these structures enhance our understanding of nucleic
acid complexity and may pave the way for innovative thera-
peutic approaches. Although the biological role of G4 DNA
is starting to be explored in various organisms, includ-
ing bacterial pathogens, genome-wide scans indicate that
G4s are widely distributed in bacterial genomes, playing a
role during host-pathogen interaction.® Only a few studies
have explored the significance of G4 structures in bacterial
species, indicating that research in this area remains rela-
tively understudied compared to the eukaryotic system."”
Several prediction algorithms, such as QuadParser, G4
Hunter, QGRS Mapper, and G4P Calculator, have been
developed for finding putative G-quadruplex motifs.?%-%2
G4s can adopt various structures based on their sequences,
and these structures can be broadly categorized into three
types of topologies: parallel, antiparallel, and hybrid.
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Recently, there has been a surge of interest in
G-quadruplex-specific ligands designed to bind to G-
quadruplex structures with high affinity. This heightened
attention is attributed to their selectivity toward Gd4s,
which enables them to either enhance or suppress bio-
logical functions regulated by G4s.”> One of the most
promising and advanced G4 ligands is CX-5461, RNA poly-
merase 1. This ligand is under clinical trials (Phase I/II)
with high binding selectivity and stabilizing properties to a
broad spectrum of G4 structures. CX-5461 has been synthe-
sized and identified as a potential anti-tumor agent, which
shows its effectiveness against advanced cancers related
to BRCA1/2 genes, showcasing its importance in cancer
research.?? Over the past two decades, numerous small
molecules interacting with both DNA G-quadruplexes
and RNA G-quadruplexes have been reported.”* In the
context of malaria parasites, specific ligands targeting
G-quadruplex structures, such as the bis-quinoline
derivatives 360A, 3AQN, and 6AQN, have demonstrated
the ability to inhibit the growth of intraerythrocytic
parasites.”” These compounds are highly selective for G-
quadruplex regions with a reported selectivity for c-MYC,
5-UTR, and telomeric G-quadruplex.’®*" Importantly,
these ligands exhibit minimal toxicity to human cells.
This suggests that the bis-quinoline derivatives show
promise as potential antimalarial agents. Such findings
highlight the potential of G-quadruplex-specific ligands
in the development of effective and selective therapies
against malaria.

In this article, with the use of biophysical and in sil-
ico approaches, we confirmed that G- rich region within
the tfyrA (prephenate dehydrogenase), metL (homoserine
dehydrogenase [HSD]), radA (DNA repair protein RadA),
pbplA (penicillin-binding protein), HpSCADH (SDR fam-
ily oxidoreductase), and obgE (GTPase ObgE) gene of H.
pylori forms parallel and mixed G-quadruplex topology.
Moreover, based on the results of an antibacterial assay,
G4-specific ligands exerted an antibacterial effect toward
H. pylori infection. Intriguingly, the G4 ligand, 360A, has
shown no toxicity toward red blood cells (RBCs).

2 | MATERIALS AND METHODS

2.1 | Genomic sequence retrieval and
bioinformatic analyses

The entire genome sequence of H. pylori (strain
26695) (NCBI Reference Sequence: NC_000915.1) was
obtained in FASTA format (https://ncbinlm.nih.gov/
nuccore/NC_000915.1?report=fasta&to=1667867). G-
quadruplex sequences within H. pylori 26695 genome
were identified through the web-based QGRS map-
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per (quadruplex forming G-Rich sequences) algorithm
(https://bioinformatics.ramapo.edu/QGRS/analyze.php),
aimed at detecting putative G4 forming sequences within
ORF and intergenic regions.’! The analysis parameters
included a maximum QGRS length of 40 nucleotides, a
minimum G-group size of 3, and a loop size range from
0 to 15. These parameters were chosen for their potential
to generate stable G4 secondary structures.’' Utilizing
the G-score, the likelihood of G-quadruplex formation
was assessed for both the sense and antisense strands.
The resultant data from the QGRS mapper comprised
nonoverlapping and overlapping G4s identified from both
positive and negative strands (Supporting Information
Table).

2.2 | Positional mapping

The G4 sequences acquired using the QGRS mapper were
positioned within the H. pylori genome. To annotate the
functionality of G4s, the GenBank database’s graphical
mode available on NCBI was used. Those within the cod-
ing sequences (cds) were labeled as ORFs, whereas those
located between the cds were identified as intergenic G4
motifs.

2.3 | Clusters of orthologous groups
(COG) functional enrichment

Regulon genes were classified based on their annotated
Clusters of orthologous groups (COG) category, as outlined
by Tatusov et al. (2000).%> The G4 motifs obtained from the
QGRS mapper in the target genes were examined for func-
tional enrichment of COG categories using NCBI-BLAST
(https://www.ncbi.nlm.nih.gov/research/cog/#) (Support-
ing Information Table).

2.4 | Biophysical characterization

2.41 | Circular dichroism (CD) spectroscopy

Oligonucleotides (Table 1) were sourced from IDT. How-
ever, the G-quadruplex interacting ligands (3AQN, 6AQN,
and 360A) utilized in this study were prepared as pre-
viously reported.>* Circular dichroism (CD) spectra were
recorded using a Jasco J-815 Spectropolarimeter (Jasco
Hachioji). Oligonucleotides (20 uM each) were prepared
by heating at 95°C for 5 min and gradually cooling them
to room temperature in the presence of 10 mM Tris buffer
containing 50 mM each of K* and Na' ion. CD spectra
profiles for each putative G-quadruplexes were captured
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TABLE 1 Oligonucleotide sequences used in this study.
Sr. No. Oligonucleotide sequences
1. 5 GGGCTTATGGGGGGGAGTTTAGGG 3’
2. 5 GGGCTTGTGGGTTTAGGGTGTGTGGG 3’
3. 5" GGGGGGGAGTCCTGGGGTGGGG 3’
4. 5" GGGGATGATAAGTTGGGGGTTAAGGTAGTGGGGGTGGGGG 3’
5. 5" GGGGATGGGTGGGTATTTTTGGG 3’
6. 5" GGGGGCAAGGGGGGGTTAGGG 3’

over the wavelength range of 220-320 nm, employing a
scanning speed of 20 nm/min at 25°C. Each spectrum was
accumulated in triplicate, and subsequent analysis relied
on averaging the absorbance values. In all experiments, the
CD spectrum of the blank (buffer) was subtracted from the
CD spectra recorded for oligonucleotides. The CD spec-
trophotometer data were plotted and analyzed using the
Origin Lab program.>°

2.42 | Nuclear Magnetic Resonance (NMR)
spectroscopy

The 1D 'H-nuclear magnetic resonance (NMR) exper-
iments were conducted using an AVANCE 500 MHz
BioSpin International AG, equipped with a 5 mm broad-
band inverse probe. The data acquired were further pro-
cessed and analyzed using Topspin software (version 1.3).
3-(Trimethylsilyl) propionic-2,2,3,3-D4 acid sodium salt
served as the reference compound. A standardized con-
centration of 200 uM for all selected oligonucleotides
was used, and experiments were carried out in a 90/10%
H,0/D,0 mixture at 298 K, utilizing a 20-ppm spectral
width in 1X potassium phosphate buffer (with a 50 mM KCl
concentration). The experiments were conducted in tripli-
cate, and the average values from these three experiments
were utilized for analysis.>°

2.5 | H. pylori strain, media, and growth
conditions

The H. pylori strain was cultured in brain heart infusion
media (BHI, Becton-Dickinson) supplemented with 10%
(v/v) fetal bovine serum (Gibco). The culture medium
contained a combination of antibiotics: 10 pug/mL van-
comycin, 5 pg/mL cefsulodin, 5 pg/mL trimethoprim, and
5 pg/mL amphotericin B, all obtained from Himedia. Addi-
tionally, 0.4% (v/v) BBL IsoVitaleX enrichment medium
(Becton, Dickinson and Company) was added, and cul-
ture was maintained under microaerophilic conditions
at 37°C for 48 h in presence of 5% CO,. All antibi-
otics were prepared and diluted according to the guide-
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Gene name/Locus tag
tyrA/HP_RS06815
metL/HP_RS04010
radA/HP_RS01095
pbplA/HP_RS02945
HpSCADH/HP_RS01750
obgE/HP_RS01495

lines outlined by the Clinical and Laboratory Standards
Institute.>*

2.6 | Antimicrobial effects of G4 ligands
on H. pylori

To assess bacterial cell viability in the presence of G4-
specific ligands, the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) assay was conducted
following the methodology described by Mosmann (1983)
with modifications proposed by Wang et al. (2010).3>3°
H. pylori cells were centrifuged at 10,000 rpm for 3 min,
and the resulting cell pellet was adjusted to 0.01 ODg, in
BHI broth for each well in a 96-well plate. G-quadruplex-
specific ligands (360A, 3AQN, and 6AQN) were used at
concentrations ranging from 20 uM down to 0.625 uM.
H. pylori cultures were then incubated with different
concentrations of G4 ligands at 37°C for 48 h under
microaerophilic conditions to assess their cytotoxic or
antibacterial effects. The MTT reduction reaction was ini-
tiated by adding 10 uL of 5 mg/mL MTT stock solution to
each well, followed by incubation at 37°C in the absence
of light for 3 h. Later, the formazan crystals generated by
the bacterial cells settled at the bottom were dissolved by
using 100 pL/well of DMSO. Subsequently, the absorbance
of formazan products was measured at 570 nm using
a microplate reader (Synergy HI1, BioTek Instruments).
Cell viability was quantified by dissolving MTT in DMSO
and expressing it as a percentage relative to the control
group (set as 100%), which consisted of wells without any
G4 ligand treatment. The inhibition rate of bacterial via-
bility at various concentrations was evaluated based on
absorbance readings. The half-maximal inhibitory concen-
tration (ICsq) value was estimated using the nonlinear log
inhibitor versus normalized response—variable slope least
squares fit algorithm available in GraphPad Prism 5.0.

2.7 | Hemolysis analysis

To evaluate the potential hemolytic activity of G-
quadruplex specific ligand (360A) on human erythrocytes,
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erythrocyte hemolytic assay was followed as described
by Palermo and Kuroda.”” In brief, human RBCs were
washed three times with phosphate-buffered saline (PBS,
pH 7.4) by centrifugation at 1000 rpm for 10 min at 4°C.
After three washes with PBS, the RBCs were resuspended
in the same buffer to attain a concentration of 3.3% (v/v).
Serial two-fold dilutions of 360A (0.625, 1.25, 2.5, 5, 10,
and 20 pM) were prepared in PBS and added to 90 pL of
the RBC suspension in microtiter plate. Positive control
involved 0.1% Triton X-100, known for inducing complete
RBC lysis, whereas PBS served as the negative control. Fol-
lowing an incubation period of 1 h at 37°C, the microtiter
plate was centrifuged at 1500 rpm for 10 min. Afterward,
10 pL of supernatant from each well of microtiter plate
was transferred to a new microtiter plate containing 90 uL
of PBS. The concentration range of 360A was aligned with
that used for assessing the antibacterial activity against
H. pylori. The absorbance of released hemoglobin was
measured at 405 nm using a multimode microplate reader
(Synergy H1, BioTek Instruments). This experiment was
carried out in triplicate. The calculation of % RBC lysis for
each sample was determined using the following formula:

% Hemolysis = [(A — AO)/(AX — AO)] x 100

where A is OD 45, With the G-quadruplex specific ligand,
AO is ODys,m of the negative control (PBS), and AX is
ODygsnm of the positive control (0.1% Triton X-100).

2.8 | Statistical analysis

All experiments were performed in at least triplicates and
repeated three times, and the results shown were expressed
as the mean + standard deviation unless otherwise indi-
cated. GraphPad Prism 5.0 (GraphPad Software) was used
for statistical analysis.

3 | RESULTS

3.1 | G-quadruplex sequences are
predominantly situated in the open reading
frame (ORF) regions

To investigate the distribution and occurrence of PGQs
motifs in the H. pylori genome, we conducted a computa-
tional screening of H. pylori genome using QGRS mapper.
We identified a total of 255 non-overlapping and 2541 over-
lapping G-quadruplex (G4) motifs on both the positive and
negative strands. Out of the 255 nonoverlapping PGQs, 128
were located on the sense strand and 127 on the antisense
strand. In the case of the 2541 overlapping PGQs, 1200
were identified on the sense strand and 1341 on the anti-
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sense strand (Figure 1A, Supporting Information Table).
For further studies, we focused on 255 nonoverlapping
G4 motifs and performed further analysis. Subsequently,
positional mapping of G4 sequences elucidates the nonran-
dom distribution of G4 sequences in the H. pylori genome.
Our observation revealed that approximately 7.031% (9) of
G4 motifs were present in intergenic regions, and 92.96%
(119) of G4 motifs were in ORF regions of nonoverlapped
positive strand. However, 5.52% (7) of G4 motifs in inter-
genic and 94.48% (120) of G4 motifs in ORF region of
nonoverlapped negative strand were observed. Overall,
6.27% (16) of G-quadruplex (G4) sequences were found
in the intergenic regions combining sense and antisense
strands. Conversely, around 93.73% (239) of G4 sequences
were located within the ORFs of various protein-coding
genes (Figure 1B).

3.2 |
motifs

Functional analysis of H. pylori G4

To gain a more comprehensive understanding of the posi-
tion of G4 motifs within specific gene classes, functional
clustering was performed for G-rich sequences identified
in ORF regions (93.7%) using functional COG analysis. Out
of 239, only 215 genes could be assigned to functional cate-
gories, while the rest did not find a significant hit with the
COG database. In the COG category assignment, a notable
enrichment of G-quadruplex (G4) sequences was observed
in genes associated with cell wall/membrane/envelope
biogenesis (M) and amino acid metabolism (E), whereas
poorly characterized categories (R and S) exhibited a lower
occurrence of G4 motifs. Further analysis delved into
the distribution of G4 motifs within genes involved in
cell wall/membrane/envelope biogenesis, revealing that
21.8% of G4 sequences were identified on the sense strand,
whereas 16.6% of G4-containing genes were located on the
antisense strand. Additionally, when exploring the occur-
rence of G4 sequences in genes related to amino acid trans-
port and metabolism categories, we found that 11.7% of G4
sequences were present on the sense strand, and 8.33% of
G4-containing genes were situated on the antisense strand.
The abundance of the G4 motifs in genes belonging to
COG category of cell wall/membrane/envelope biogenesis
in H. pylori is correlated with the high prevalence of outer
membrane vesicles and outer membranes in these bacteria
(roughly 4% of their genes), which are specifically allocated
to the encoding of outer membrane proteins (OMPs). Con-
versely, other COG categories (J, L, D, V, T, N, Z, W, U,
0,X,C,F, H, 1P Q R, and S) exhibited G-quadruplex
(G4) motif occurrence below 9% (Figure 2). This compar-
ison provides insights into the distribution of G4 motifs
across different functional categories in the H. pylori 26695
genome.
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of G-quadruplex (G4) motifs present in H. pylori 26695 is illustrated on the vertical coordinate, representing the percentage of the G4 motifs

within each COG category relative to the total number of functional genes. The COG designations are as follows: J—translation, ribosomal

structure, and biogenesis, K—transcription, L—replication, recombination, and repair, D—cell cycle control, cell division, chromosome

partitioning, T—signal transduction mechanisms, M—cell wall/membrane/envelope biogenesis, N—cell motility, U—intracellular

trafficking, secretion, and vesicular transport, O—posttranslational modification, protein turnover, chaperones, C—energy production and
conversion, G—carbohydrate transport and metabolism, E—amino acid transport and metabolism, F—nucleotide transport and metabolism,
H—coenzyme transport and metabolism, I—lipid transport and metabolism, R—general function prediction only, S—function unknown.

3.3 | G-rich sequences adopt parallel and
hybrid topologies of G-quadruplexes (G4)

We determine the ability of these 6 selected G4 sequences
identified from the QGRS mapper to form G quadruplexes
in vitro. CD was performed in the presence of both K+t
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and Na* ions to determine the G4 formation and topol-
ogy. Salt concentrations of 50 mM (K* and Na‘t) were
chosen to mimic eukaryotic physiological conditions. All
the selected G4 sequences displayed CD signals indica-
tive of G4 formation. The G4 sequences present in tyrA,
radA, pbplA, HpSCADH, and obgE genes exhibited a
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characteristic CD spectrum with a positive peak at 260 nm
and a negative peak around ~240 nm, indicative of a par-
allel G4 conformation.’ In contrast, the CD spectra of the
G4 sequence within the metL gene displayed two posi-
tive peaks at ~260 and ~290 nm, along with a negative
peak at ~240 nm, characteristic of a mixed confirma-
tion (Figure 3A). To further confirm the formation of G
quadruplexes by these G-rich sequences, 'H imino pro-
ton NMR analysis of G-rich sequences of gene tyrA, metL,
radA, pbplA, HpSCADH, and obgE oligonucleotides was
performed. The 'H NMR spectra of these genes, except
obgE, exhibited signals between 11.0 and 12.0 ppm, which
is indicative of the presence of imino protons of guanine
residues in G-quartets.” However, signals detected in the
range of § 12.5-13.3 ppm imply the creation of Watson-
Crick GC base pairs. In the NMR spectra of all oligonu-
cleotides except obgE, signals appeared within the range
of 6 10.5-12.5 ppm, suggesting the potential formation of
G4 structures in tyrA, metL, radA, pbplA, and HpSCADH
oligonucleotides (Figure 3B). On the other hand, the
absence of a peak in this region in the NMR spectrum of
obgE suggests the absence of a G-quadruplex topology, and
thus, the absence of G4 structures in this oligonucleotide.

3.4 | Antibacterial activity of G4 ligands
G4 ligands, previously identified for their antimalarial
properties, were screened against H. pylori to explore their
antibacterial potential, revealing 360A as a promising lead
candidate. The antimicrobial activity of G4 ligands (360A,
3AQN, and 6AQN) was assessed through MTT assay. The
chemical structure of these compounds shown in Figure 4
exhibited significant antibacterial activity against H. pylori.
In vitro, the cytotoxicity activity of these G4 ligands was
measured against H. pylori cells at different concentra-
tions (0.625, 1.25, 2.5, 5, 10, and 20 uM). The antimicrobial
activity of 360A showed an ICs, value of ~15.48 uM (log;,
IC5y = 0.07816 uM) on H. pylori cells, indicating a detri-
mental impact of the G-quadruplex-specific ligand 360A
on H. pylori cell viability (Figure 5A). However, no cyto-
toxic effect was observed against H. pylori when treated
with 3AQN or 6AQN (Figure 5B,C).

3.5 | 360A exhibits non-cytotoxic effects
on red blood cells (RBCs)

The initial assessment of cellular toxicity often involves
the Hemolysis assay. The hemolytic activity of 360A was
examined in erythrocytes, and the subsequent release of
hemoglobin was utilized to assess the hemolytic activ-
ity across a concentration range of 0.625-20 uM. At its
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highest concentration (20 uM), 360A demonstrated min-
imal lysis, and all tested concentrations of 360A exhibited
hemolysis < 20%, indicating a higher tolerance of human
erythrocytes for 360A (Figure 6). These collective findings
support the characterization of 360A as having relatively
low hemolytic activity, reinforcing its characterization as
benign toward human RBCs.

4 | DISCUSSION

In recent years, non-canonical secondary structures
known as G-quadruplex structures have been identified
in nearly all organisms, including bacteria and thus have
been considered potential targets for antibacterial strate-
gies. The identification of G-quadruplex motifs in the
genomes of human pathogens has been shown to influ-
ence the regulation of genes they harbor, consequently
altering their pathogenicity. Therefore, identification and
determining the genomic distribution of G-quadruplexes
(G4s) are essential. Since the bacterial genome encodes
proteins using both strands, our analysis extended to
examining the presence of G-quadruplex motifs in both
the sense and antisense strands of the bacterial genome.
In our investigation, we employed an in silico approach
to scrutinize the H. pylori genome. Using the criterion
of G-tract >3 and loop length <15, we detected almost
equal number of G-quadruplex motifs in both the pos-
itive or non-template strand and negative or template
strand of the H. pylori genomes, indicating the absence
of significant strand biases. Similarly, in warm-blooded
animals, G-quadruplex motifs are prevalent on both the
template and non-template strands.** *> However, in other
organisms, the formation of these exceptionally stable
structures is more effective on the non-template strand,
displaying a noticeable strand bias. G4 motifs on the
non-template strand may hold greater significance as they
prompt transcription reinitiation and positively influence
gene expression. Conversely, on the template strand, they
may impede transcription by causing RNA polymerase
stalling, potentially exerting a negative impact.

Across various plant species, G3-type parallel G-
quadruplexes were commonly observed in intergenic
regions, whereas G2-type parallel G-quadruplexes pre-
dominantly appeared in genic regions. This pattern
implies a non-random distribution and suggests potential
involvement in various cellular processes. According
to a recent study, a non-random localization of G4 was
seen within the nuclear and mitochondrial genomes of
Saccharomyces cerevisiae.*> Moreover, non-randomization
was observed by another group in Deinococcus-Thermus,
where G4 was seen in ncRNA and mRNAs, as well as in
tRNAs and regulatory regions.** Similarly, in the H. pylori
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FIGURE 3 (A)CD spectra were obtained for the oligonucleotides tyrA, metL, radA, pbplA, HpSCADH, and obgE in the presence of both
K* and Nat ions. Following the addition of KCl, the CD spectra of the metL oligonucleotide exhibited a positive peak at 290 nm with a
shoulder at 260 nm and a negative peak at 240 nm, indicating the formation of a G-quadruplex structure with a hybrid-type conformation. In
contrast, oligonucleotides containing tyrA, radA, pbplA, HpSCADH, and obgE sequences predominantly adopted a parallel conformation. The
data from the graphs revealed significant differences between the CD spectra of oligonucleotides in the presence of Na* and K* ions,
highlighting enhanced stability of G4 sequences specifically with K* ions. (B) The imino region within the 1D 'H spectra of oligonucleotide
samples (tyrA, metL, radA, pbplA, and HpSCADH) was examined. The chemical shift falling between 10 and 12 ppm in the 1D 'H nuclear
magnetic resonance (NMR) spectra indicates the existence of imino-proton groups in five illustrated PGQs.
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26695 strain, about 93.7% of G3-type G-quadruplexes were
identified in ORFs of protein-coding genes, and approx-
imately 6.2% were located within the intergenic regions.
This distribution aligns with the findings observed in
plants. These findings highlight the distinct and non-
random localization of G4-forming sequences in bacterial
genomes, providing further support from previous
research.** To gain a more thorough understanding of the
distribution and prevalence of G4 motifs in specific gene
classes, we performed positional mapping and conducted
functional analysis using COG. Despite H. pylori having
an average G + C content of 39%, our analysis has revealed
an enrichment of G4s in the genes associated with cell
wall/membrane/envelope biogenesis (M) as well as amino
acid transport and metabolism (E) within its genome.
Several studies have identified genes associated with
M (membrane) and E (energy) functions as potential
targets for novel drug development.*>**’ As a result, our
research corroborates these observations, revealing the
highest concentration of G4 motifs within the COG func-
tional category M. The M category encompasses genes
responsible for regulating OMPs, lipopolysaccharide (LPS)
synthesis, lipoprotein-related proteins, penicillin-binding
proteins in the cell wall, and proteins involved in cell
division.*® According to the report by Yang et al. (2021),
COG category M includes genes, such as figM, fIgR, flhB,
flhB2, fliF, fliM, fliQ, babA/hopS, futA, futB, galE, and
ureB. Among these, genes essential for the structure and
function of flagella include figM, fIgR, flhB, flhB2, fliF,
fliM, and fliQ. The BabA protein facilitates adhesion to
host cells, is encoded by the babA/hopS gene, and crucial
for H. pylori’s colonization. Fucosyltransferases, encoded
by futA and futB, are linked to LPS structure, which also
contributes to virulence. Another gene involved in LPS
synthesis is galE. Additionally, ureB encodes the UreB
(urease beta subunit) protein, essential for neutralizing
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Chemical structure of G-quadruplex specific ligands 360A, 3AQN, and 6AQN.

gastric acidity, aiding H. pylori’s survival.*’ In a study by
Kumar et al. on H. pylori from Malaysia, an enrichment
of genes related to cell wall biosynthesis and transport of
amino acids and ions was observed in the core genome.
This enrichment of transport-related genes highlights the
bacteria’s reliance on host metabolites, influenced by its
long-term interaction with the host.® This enrichment
strongly suggests the essential role of these genes in H.
pylori’s survival and virulence.

The observed over representation of G4s emphasizes
the significance of these biological processes for H. pylori,
highlighting their importance in the bacterium’s adapta-
tion and pathogenicity.

Recently, research has shown that H. pylori possess
conserved G4 DNA within four Nickel-transport associ-
ated genes.’ In our study, we revealed the presence of
G-quadruplex through biophysical approach in six selected
genes (tyrA, radA, pbplA, HpSCADH, obgE, and metL)
of the H. pylori genome. The pathogenicity of H. pylori
depends on a multitude of virulence factors. Hence, we
focused on these genes known to form G-quadruplex struc-
tures, given their potential association with virulence, for
further biophysical characterization. In several bacteria,
RadA has been implicated in DNA repair mechanisms
in association with other proteins like RecA. Interest-
ingly, certain potential small RNAs have been predicted
to bind to mRNA encoding proteins involved in radiation
damage recovery, including RadA, RecA, and RuvA, in
radioresistant species of the Deinococcaceae family, such
as Deinococcus geothermalis.”">* tyrA is another gene of sig-
nificance, playing a critical role in biosynthetic pathways
by catalyzing the conversion of prephenate into tyrosine
through a sequential, two-step process. This process relies
on the action of the prephenate dehydrogenase enzyme
(TyrA), aminotransferases (AroJ), and an unidentified pro-
tein involved in tyrosine biosynthesis. Notably, this entire
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FIGURE 5 Cell viability assay. Dose-dependent effect of
G-quadruplex ligands (A) 3604, (B) 3AQN, and (C) 6AQN on
Helicobacter pylori after 48 h of cell growth.

process is subject to feedback inhibition, regulating TyrA
activity through the presence of tyrosine.”>>* On the other
hand, PbplA has attained significant attention in research
due to the increasing prevalence of amoxicillin-resistant
H. pylori strains, which poses a challenge to therapies
relying on this antibiotic for eradication. Numerous stud-
ies have shown that mutations within the pbplA gene
correlate with amoxicillin resistance in H. pylori. Conse-
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Hemolytic activity of 360A in human red blood

quently, modifications in the pbplA gene, in conjunction
with mutations in the hopC gene and the deletion in
the porin-encoding hopB gene of H. pylori, among other
factors, serve as supplementary elements contributing to
an elevated level of resistance in H. pylori.”>>® Another
gene alcohol dehydrogenases (HpSCADH) play a signifi-
cant role in the generation of toxic aldehydes implicated
in the pathogenesis of H. pylori-induced damage to the
gastric mucosa. HpSCADH, a member of the cDle sub-
family of NAD+ dependent classical short-chain alcohol
dehydrogenases, functions as a monomeric enzyme with
a size of approximately 29 kDa. Studies have demon-
strated that inhibiting HpSCADH alone with pyrazole
leads to growth impairment in wild type H. pylori cells,
mirroring the growth patterns observed in the isogenic
mutant. These findings underscore the fundamental role
of alcohol-metabolizing enzymes in H. pylori’s adaptation
to acidic environments and its growth dynamics.”” Fur-
thermore, metL, which encodes HSD, serves as a crucial
enzyme in the aspartic acid pathway. Its primary func-
tion involves converting L-aspartate-4-semialdehyde into
L-homoserine and vice versa. Interestingly, HSD remains
inactive in humans, making it an attractive target for
potential therapeutic interventions. Consequently, numer-
ous inhibitor compounds have undergone rigorous testing
against this enzyme, offering promising prospects for
therapeutic advancements.>®

We have observed that most of the G4s were forming
parallel G-quadruplex topology in fyrA, radA, pbplA, and
HpSCADH gene, whereas obgE and metL were showing
hybrid G-quadruplex topology. On other hand, the NMR
study showed that five out of six genes exhibited a chem-
ical shift ranging from 10.5 to 12.5 ppm. This shift in
the 10-12 ppm range in NMR is attributed to the imino
group present in the Hoogsteen bonding of G-quadruplex
DNA. These particular genes were chosen based on their
significance in both virulence and biosynthetic pathways.
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Collectively, CD and NMR data unequivocally con-
firmed the formation of these secondary structures, pro-
viding experimental validation consistent with the in
silico analysis. To explore a novel therapeutic strategy for
combating H. pylori infection, we conducted a screen-
ing of G-quadruplex (G4) ligands to assess their efficacy
as antibacterial agents. This approach capitalizes on the
potential of targeting quadruplex structures in guanine-
rich regions of the bacterial genome, which has been
proposed as a promising therapeutic target for develop-
ing antimicrobial drugs against various human pathogenic
bacteria.

In the present study, we evaluated the influence of
bisquinolinium derivatives of 1,8-naphthyridine and pyri-
dine (3AQN, 6AQN, and 360A) G4 ligands on the growth
of H. pylori. Originally identified as antimalarial agents,
these ligands have shown effective inhibition of parasite
growth with minimal adverse effects on human cells. Our
study specifically highlights the inhibitory effect of ligand
360A on H. pylori growth. Cell cytotoxicity assays revealed
a decrease in H. pylori cell viability directly correlating
with increasing concentrations of 360A. Our study demon-
strates that 360A has the capability to stabilize H. pylori G-
quadruplex structures, consequently inhibiting its growth.
This highlights the interaction between the established
G-quadruplex binding ligand (360A) and G-quadruplex
motifs. Additionally, the hemolysis assay demonstrated
that even at the highest concentration (20 uM), 360A exhib-
ited low hemolysis (below 20%). This finding suggests a
relatively low hemolytic activity, confirming the relatively
benign nature of 360A toward human RBCs.

Our data suggest the potential use of G4 ligand 360A as
an antibacterial agent for treating H. pylori infection. G4
ligands exhibiting antibacterial properties hold promise as
G4-targets for addressing H. pylori infections. However, the
precise mechanism underlying the antibacterial activity
has yet to be thoroughly explored.

5 | CONCLUSION

H. pylori is associated with several gastro-duodenal dis-
eases, posing a global threat. However, no target-based
treatment is available yet. Our study employs a com-
prehensive approach, integrating bioinformatics analysis
and biophysical characterization, to explore the prevalence
and potential biological significance of G-quadruplexes
in the H. pylori genome. In conclusion, we investigated
the enhanced inhibitory effect of 360A against H. pylori,
thereby increasing its value as an antimicrobial agent.
Given the important roles of G-quadruplex ligands in
antibacterial activity, this study proposes the utilization
of G4 ligands as a potential strategy to combat H. pylori
infections.
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