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ABSTRACT: Antimicrobial resistance (AMR) is a silent critical issue that poses
several challenges to health systems. While the discovery of novel antibiotics is
currently stalled and prevalently focused on chemical variations of the scaffolds of
available drugs, novel targets and innovative strategies are urgently needed to face
this global threat. In this context, bacterial G-quadruplexes (G4s) are emerging as
timely and profitable targets for the design and development of antimicrobial
agents. Indeed, they are expressed in regulatory regions of bacterial genomes, and
their modulation has been observed to provide antimicrobial effects with
translational perspectives in the context of AMR. In this work, we review the
current knowledge of bacterial G4s as well as their modulation by small molecules,
including tools and techniques suitable for these investigations. Finally, we critically analyze the needs and future directions in the
field, with a focus on the development of small molecules as bacterial G4s modulators endowed with remarkable drug-likeness.

1. INTRODUCTION
The World Health Organization (WHO) has identified
antimicrobial resistance (AMR) as one of the top three health
threats of the 21st century and recently published a priority list
of drug- or multidrug-resistant (MDR) bacteria for which new
antibiotics are urgently needed, including Gram-positive and
Gram-negative species.1,2 Six of them are also included in a
group of highly virulent AMR pathogens that is commonly
classified with the acronym ESKAPE, which includes Enter-
ococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enter-
obacter spp.3 The lack of effective therapeutic options against
ESKAPE bacteria has seriously increased the burden of
bacterial diseases and the death rate in infected patients,
with the concrete risk of bacteria spreading outside clinical
settings where they are commonly found. It has been recently
estimated that the uncontrolled spread of drug-resistant
bacteria could lead to more than 10 million deaths worldwide
by 2050.4

Besides a few virtuous examples such as human
immunodeficiency virus-1 (HIV-1) and the hepatitis-C virus
(HCV) for which effective therapeutics have been devel-
oped,5,6 in the last few decades, drug development efforts
toward infectious diseases have been rare, especially compared
to those for cancer and metabolic disorders. Bacterial
infections represent a concrete health threat worldwide, with
the potential to become one of the major causes of death in a
few years.7 This scenario might become real or even worse if
new antibiotics, preferably endowed with innovative mecha-
nisms of action, are not developed in the incoming years.
Indeed, following the peak of antibiotics recorded in the 60s

and 70s, in the last few decades, breakthroughs in this field
have seriously declined.8 Most of the so-named “new”
antibiotics merely incorporate slight modifications to validate
the chemical scaffolds of existing drugs, becoming ineffective at
escaping the drug resistance mechanisms already acquired by
the pathogens. Moreover, bacteria have rapidly developed
resistance to these chemical classes, generating a plethora of
pandrug-resistant (PDR) strains, which are often referred to as
superbugs. In this critical situation, it is worth noting that the
spread of AMR is accelerated by the massive use and misuse of
antibiotics for prolonged prophylaxis therapies, inappropriate
self-medication, food-producing animal prophylaxis, and
uncontrolled release of antibiotics in wastewaters.9−11

The recent COVID-19 pandemic has highlighted the lack of
time- and cost-effective strategies to face the outbreaks of new
pathogens. Extraordinary worldwide efforts have been spent to
develop/repurpose drugs12−14 and to develop innovative RNA-
based vaccines.15,16 Remarkably, these progresses have been
strongly boosted by massive structural biology efforts,17−19

which are unfortunately unprecedented and not yet exploited
in the study of other pathogens that currently impair human
health, such as bacteria.
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A recent report of the Centers for Disease Control and
Prevention (CDC) has also linked AMR spread to the
COVID-19 pandemic as a consequence of the increased and
unmotivated use of antibiotics. Considering data retrieved
from the United States of America (USA) health systems,
around 80% of hospitalized COVID-19 patients received an
antibiotic in the period from March 2020 to October 202020 as
prophylaxis or self-medicament, although being irrational and
ineffective. This has led to a growth of infections by drug-
resistant pathogens, with an impressive increase of at least 15%
provided by Carbapenem-resistant Acinetobacter (+78%).21

Overall, the WHO has underlined the criticisms and risks
associated with the current AMR scenario, highlighting the
need for alternative and innovative therapeutic solutions with a
strong focus on both AMR and the potential emergence of
novel pathogens or novel strains of existing pathogens. The
lack of effective antibacterial drugs points to the urgency in
identifying novel chemical classes or novel targets, with a
specific emphasis on those macromolecules that are crucial for
the survival of the bacteria but are endowed with a low
susceptibility to mutation in response to pharmacological
pressure. Moreover, in an emergency-like scenario, the ideal
target should be easily and rapidly identifiable to allow for fast
access to drug design or repurposing campaigns. While three-
dimensional structures of human targets, such as proteins and
nucleic acids, have been extensively characterized,22,23 micro-
bial targets remain poorly investigated, with only a few
exceptions (e.g., HIV-1 reverse transcriptase, bacterial β-
lactamases, polymerases, etc.).24−27 This highlights the need to
fill this knowledge gap, with the aim to promote concerted and
multidisciplinary actions that are focused to the rational
development of innovative antimicrobial candidates.28−30

In a traditional scenario, proteins are mainly perceived as the
ideal target of therapeutically relevant small molecules such as
drug candidates, which can be designed based on the shape
and chemical composition of the target’s binding site.
However, the characterization of the three-dimensional
structures of proteins for drug and vaccine design studies
remains a time- and cost-demanding procedure. Indeed, several
steps such as cloning, expression, purification, and structural
biology studies are needed before atomistic details might be
eventually available. Although many efforts are being devoted
to the generation of reliable models of yet unknown proteins
structures through homology modeling, metagenomic data,
contact-based structure matching, and methods based on
artificial intelligence (AI) such as AlphaFold, these prediction
tools have some limitations and experimental validation might
be required, especially from a drug discovery perspective.31−35

In contrast, considering the strong evolution of sequencing
methods, including next generation sequencing (NGS)
technologies, genomic sequences of emerging or spreading
pathogens are becoming rapidly available after the isolation of
the pathogen.36−38 Access to sequence and structural features
of nucleic acids might occur with relatively fewer efforts and
less time compared to protein structural elucidation.
Consequently, specific nucleic acid regions, such as promoter
sequences, cis-regulatory elements, conserved noncoding
elements (CNEs), etc., are emerging as profitable targets in
drug design.39,40

Among nucleic acid structures, in the last few decades
particular attention has been dedicated to G-quadruplexes
(G4s), i.e., noncanonical DNA and/or RNA structural motifs
that form in guanine-rich sequences.41,42 G4s have been widely

investigated as anticancer targets due to their presence in
telomeres and oncogene promoters.43,44 Moreover, the few
available reports on the potential application of G4s as drug
delivery systems or as the main component of supramolecular
hydrogels have been reviewed.45,46 In recent years, the study of
G4s as potential targets for antimicrobial therapy has
grown,47,48 which prompted us to summarize herein the
available knowledge on bacterial G4s and their potential
modulation/stabilization by small molecules. In this Review,
the structural and functional features of G4s are overviewed,
with a specific focus on the knowledge available on bacterial
G4s, including preliminary attempts to target these structures
with known G4s binders.

2. MAIN STRUCTURAL FEATURES OF G4S
Although the structural features of G4s have been deeply
reviewed elsewhere,49−51 here we provide a general overview of
G4s structures and summarize the structural details available
for bacterial G4s.
The main structural unit of a G4 is a quartet of coplanar

guanine nucleotides (often referred to as a G-quartet or G-
tetrad, Figure 1A) tightly held together by Hoogsteen
hydrogen bonds. Based on the dihedral angle (χ) between
the sugar and the base, the guanine residue in a G-tetrad can
adopt two different configurations: (i) anti and (ii) syn, which
occur when χ lies in the 180°−240° and 0°−90° ranges,
respectively.
Potential G4-forming sequences have been found in several

organisms, such as vertebrates (evolutionary close to Homo
sapiens), and yeasts (e.g., Saccharomyces cerevisiae), viruses
(e.g., HIV-1), parasites (e.g., Plasmodium falciparum), and
bacteria (e.g., Escherichia coli), suggesting that G4s are highly
evolutionarily conserved through functional parts of different
and distant genomes.52−54 In canonical G4s, at least two G-
quartets stack on top of each other, connected by four strands
that might derive from a single or multiple nucleic acid
molecules. The stacking of two or more G-tetrads on the top of
each other creates a negatively charged cavity in the inner part
of a folded G4, which can accommodate monovalent metal
ions (mostly K+ or Na+, although other cations can be
hosted)55 through coordination by the O6 atoms of guanine
bases from the G-tetrads (Figure 1A). Given the variability of
the atomic radius and mobility of monovalent ions that are
known to coordinate the guanine bases within the inner cavity
of stacked G-tetrads, differential stabilization effects are
provided. While K+ seems to have ideal coordination features,
being located 2.73 Å from eight O6 atoms and providing the
strongest G4 stabilization effect, Na+ can preferentially bind in
the middle of a G-quartet or slightly above/below the plane of
a folded G-tetrad, providing a weaker stabilization of the G4
than K+.56,57 For this reason, K+ is the cation most commonly
used in structural investigations of G4s.55,58

Three-dimensional structures of G4s have been charac-
terized by X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy, showing that most of them
are formed by intramolecular folds or by the connection of
strands from two different nucleic acid molecules. Never-
theless, G4s formed by three or four separated strands are rare
but possible. Different topologies have also been identified:
parallel, antiparallel, and hybrid, in function of the relative 5′-3′
direction of the four strands (Figure 1B−D), with the parallel
topology being dominant in human RNA G4s and bacterial
G4s.59−62
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The loops connecting the G-quartets represent the most
variable portion of G4s and may influence their structure and
topology. Among different G4s, loops differ in terms of length
and nucleobase composition, and they can be classified into
four major groups (Figure 1): (i) diagonal loops connect two
adjacent G-tetrads diagonally across the G4 structure; (ii)
lateral loops (also referred as edgewise loops) occur at the
edges of G-tetrads, where one or more nucleotides extend
outward the G-tetrad core; (iii) propeller loops (also referred
as chain-reversal loops) are characterized by a propeller-like
rotation of bases around the loop leading to extensive base
stacking interactions within the loop region, where the reversal
can involve one or more (double or triple chain-reversal)
nucleic acid strands; and (iv) V-shaped loops in which the
nucleic acid backbone folds back on itself, forming a structure
resembling the letter “V” (not highlighted in Figure 1).
Noteworthy, mixed-loop configurations can occur, displaying a
combination of different types of loops within the same loop
region.63,64 The spaces between the four strands are termed
grooves; in contrast with canonical DNA and RNA duplexes,
G4s have four grooves, whose dimensions depend on the G4
topology and on the size and sequence of the loops.
Several structural studies have characterized the tertiary

structure of more than 350 G4s, which are available in the
Protein Data Bank or Nucleic Acid Database (PDB and NDB,
respectively).22,23 The majority of these structures are from

human sequences or synthetic constructs, whereas a very
limited subset are characterized by bacterial G4 structures.
According to a search carried out in the PDB in December
2023, only two G4s structures from bacterial origin have been
solved, i.e., the pilE DNA G4 from Neisseria gonorrhoeae in its
monomeric (PDB ID 2LXQ) and dimeric forms (PDB ID
2LXV) as characterized by NMR spectroscopy (Figure 2).65

Although we are aware that this search might have lost a few
bacterial G4 structures, this result highlights the structural
limitations in investigating G4s from species that differ from
those of Homo sapiens. Anyway, this should not be
discouraging, since the restricted alphabet of nucleic acids
has permitted some short sequences to be shared by multiple
organisms, and some synthetic constructs might correspond to
sequences expressed in bacteria or in other pathogens.
Notably, some of these sequences have been characterized
by X-ray crystallography or NMR spectroscopy, granting access
to precious structural information on bacterial DNA sequences
that fold as G4s. A notable example is represented by TET22, a
G4 expressed in Pseudomonas aeruginosa, whose structure is
not explicitly solved by structural biology approaches.
However, its (T2G4)4 sequence fully overlaps with the
sequence of a telomeric G4 characterized in the protozoa
Tetrahymena, for which the structure has been solved by NMR
spectroscopy.66

Figure 1. Structural features of the G4s. (A) Chemical depiction of a G-tetrad with a cation in its inner part (gray sphere) (top). Hoogsteen
hydrogen bonds are represented as dashed lines. Chemical structure of the guanine base with atom names (bottom). (B) Schematic representation
of a parallel G4; propeller loops are colored red. (C) Schematic representation of antiparallel G4s; lateral loops are colored green, and diagonal
loops are colored cyan. (D) Schematic representation of a hybrid G4; loops are colored as in B and C. The cation is shown as an orange sphere,
guanine in the syn conformation is shown as a yellow box, and guanine in the anti conformation is shown as a gray box. 5′ and 3′ terminals are
represented as red squares. Adapted from Largy et al.55
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Structural and biophysical studies (see section 3) on G4s
have been largely conducted on specific oligonucleotide
sequences cut at the 5′ and 3′ ends, which fail to describe a
physiological scenario. In fact, G4s are generally expressed in
long genome sequences, with dangling nucleotides at both
ends. Some of these dangling ends have been also
characterized in human G4s, showing interaction with G-
tetrads.67,68 The influence of dangling nucleotides at the 5′ end
has been observed in the human Tel22 G4, indicating that the
addition of single-stranded sequences at the 5′ end may impact
the loop geometry and unfolding thermodynamics through
entropic and enthalpic effects, which are mostly due to the
interaction of dangling nucleotides with the terminal G-tetrad
as well as the displacement of water molecules.69 These
findings have been also corroborated by coupling the dangling
5′ end with a fluorophore moiety, clearly indicating that
stacking to the terminal G-tetrad may influence G4s top-
ology.70

Structure prediction tools such as homology modeling and
AlphaFold fail to work with nucleic acids structural templates.
Nevertheless, some attempts to predict the structure of a G4
by coupling spectroscopic data (see below) with the structures
of relatively similar sequences have been carried out.71−73

Anyway, the availability of bacterial G4s structures still
represents a major drawback in G4-oriented drug design.

3. IDENTIFICATION OF G4S AND THEIR BIOPHYSICAL
PROPERTIES

In the last few decades, a series of bioinformatics tools have
been developed to identify putative G4s in target genomes by
exploiting peculiar features such as G-richness, loop lengths,
and specific patterns in loop and in flanking sequences. Among
them, Quadparser, G4 calculator, QGRS Mapper, G4Hunter,
and QuadBase have been developed and extensively
tested.74−77 Most of them use a consensus algorithm
sequences, i.e. G3+N1−7G3+N1−7G3+N1−7G3+, resulting in
more than 350 000 putative G4 sequences.52 However, these
putative sequences may not fold into a structured and stable
G4, and G4s that fail to match theses common sequence
patterns cannot be identified, which suggests that the
consensus algorithm might be endowed with intrinsic
limitations in the effective search of G4 sequences within
genomes of parts of them.52 Confirmation that a putative G4
sequence effectively folds into a stable G4 is usually achieved
by combining bioinformatics approaches with a plethora of
biophysical techniques, including UV spectroscopy, fluores-
cent-based approaches such as Förster resonance energy
transfer (FRET), anisotropy and quenching approaches,
circular dichroism (CD), and structural biology methods
such as X-ray crystallography and NMR spectroscopy.78−80

G4s are stable under physiological conditions but unfold at
high temperatures (usually above 60 °C). Model oligonucleo-
tides used for biophysical assays exhibit lower thermal stability
(50−60 °C) than their duplex counter parts (>60 °C) in
similar biophysical experimental conditions. The melting
temperature (Tm) of G4s can widely vary depending on
factors such as the sequence, cation type, and concentration, as
well as the presence of ligands, allowing a wide temperature
range of 60−95 °C to quantify the thermal stabilization
provided by G4-stabilizing ligands. Moreover, the annealing of
a typical DNA double helix is accompanied by a decrease in
the absorbance at ∼260 nm (hypochromism), whereas the
formation of a Hoogsteen base pairing such as typical in G-
tetrads (Figure 1A) is accompanied by an increase in

Figure 2. Experimental structures of bacterial G4s found in the PDB.
NMR structures of (A) monomeric and (B) dimeric pilE G4 from N.
gonorrhoeae (PDB IDs 2LXQ and 2LXV, respectively).65 Left panels:
cartoon representation of G4s. Guanine forming the G-tetrad are
shown as sticks, and other nucleotides are shown as lines. Right
panels: surface representation of G4s. The two monomeric units of
pilE in the dimeric form are colored green and cyan, respectively.

Figure 3. Putative CD spectra of G4s depending on their topology: (A) CD spectrum of a parallel G4, (B) CD spectrum of an antiparallel G4, and
(C) CD spectrum of a hybrid G4. CD spectra have been designed based on literature data and created with BioRender.com.
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absorbance at ∼295 nm and a decrease at ∼260 nm, rendering
UV spectroscopy a suitable method to monitor G4 folding and
discriminate G4s from DNA duplexes.81,82 Nevertheless,
information on strand segment orientation, loop arrangements,
and topology of G4s is not accessible by UV but can be
provided by CD spectroscopy.
The CD signature of parallel G4s (Figure 3A) is

characterized by a positive peak at ∼264 nm and a negative
peak at ∼245 nm,71 whereas a positive maximum peak at ∼295
nm and a negative minimum peak at ∼260 nm are diagnostic
of antiparallel G4s (Figure 3B) in CD spectra. The CD
spectrum of an antiparallel G4 shows two additional smaller
peaks at ∼240 and ∼210 nm. However, CD fails to
discriminate the molecularity of G4s, namely anti-syn-anti-syn
or anti-anti-syn-syn conformations of guanine nucleotides
forming the G-tetrads. Hybrid G4s (Figure 3C) are
characterized by a hybrid CD spectrum, showing a double
positive peak at ∼295 nm with a shoulder or band at around
∼260 nm, a negative peak at 240 nm, and another positive
peak at ∼210 nm.41
Additional qualitative information can be obtained using

fluorescence-based approaches disclosing accurate information
on conformational rearrangements, loop fluctuations, topology,
and ligand-binding properties. These can be achieved by
exploiting the intrinsic fluorescence of G4s, which can also be
used to discriminate G4s from other DNA folding
structures,68,83−87 as well as by incorporating fluorescent
probes into strategic G4 sequence positions.88,89 Effective
fluorescent purine probes for studying nucleic acids have been
developed.88 These include (i) 2-aminopurine (2AP), which
has been employed to monitor the G4 conformational
switch;90−92 (ii) 8-vinylguanine (8vG), which can adopt both
syn and anti conformations,93 becoming highly useful in
monitoring different G4 topologies; and (iii) thienoguanosine
(thG) and isothiazolguanosine (tzG). Although thG and tzG are
isomorphic fluorescent G mimetics that have proven very
useful in depicting structural features of double stranded and
protein-bound DNA sequences,94−100 they have been not
exploited yet in G4s. Similarly, isomorphic fluorescent
pyrimidine probes SEdU and FUdU bearing heteroaryl
expansion display a characteristic fluorescence emission pattern
that helps to distinguish different folding architectures of
nucleic acid, becoming valuable candidates for the study of G4s
topologies.101,102 Topology and inner cation coordination are
also known to influence the excited states and photoionization
properties of G4s, which can be investigated through
experimental and computational studies.103−105 Finally, G4s
in living organisms can be detected by the use of specific
antibodies106,107 that can be eventually conjugated to
fluorescent probes108,109 and by the use of small molecular
probes.110,111

4. ROLE OF G4S IN BACTERIA AND THEIR
MODULATION BY SMALL MOLECULES

The therapeutic relevance of human and eukaryotic G4s has
been largely addressed up to clinical trials (i.e., quarfloxin (CX-
3543, Cylene Pharmaceuticals), CX-5461 (Canadian Cancer
Trials Group), and QN-302 (Qualigen Therapeutics, Inc.),
Figure 4A).112−116 In contrast, the interest in bacterial G4s was
raised later and with less intensity than human G4s, leaving the
therapeutic exploitation of bacterial G4s still mostly unex-
plored. This is also clearly highlighted by an updated
interrogation of scientific literature databases such as PubMed

(Figure 4B). Notwithstanding, several lines of evidence link the
expression of G4s in pathogenic bacteria and biofilm to their
replication, infection, and survival mechanisms, suggesting that
targeting bacterial G4s might be an effective strategy in the
current discovery of antibiotics.
Most notable findings that highlight the role and relevance

of G4s in pathogenic bacteria, as well as preliminary G4
stabilization studies by small molecules, are overviewed below.

4.1. Escherichia coli. E. coli is a Gram-negative bacterium
normally present in the lower intestine of warm-blooded
organisms,117 although some virulent strains are responsible for
food poisoning and food contamination.118

An enrichment of G4 putative motifs was identified in
regulatory regions of several endogenous proteins of E. coli,
such as RuvA, FIS, Lrp, and the σ-factor RpoD (σ70) that
control more than 1000 genes. Through genome-wide
approaches, it has been hypothesized that these putative G4s
may modulate a wide range of cellular processes. Noteworthy,
the G4 motifs are highly conserved among the orthologous
genes across phylogenetically distant organisms.117 Moreover,
comparative functional analysis of more than 60 000 open
reading frames (ORFs) of E. coli suggested that transcription,
amino acids biosynthesis, and signal transduction genes could
be mainly controlled by G4s. Further studies have investigated
the effect of the position of G4 sequences in E. coli (XL10 gold
strain) by combining cloning methods and CD measurements,
showing that G4s are preferentially located before the operons
rather than between them. This has suggested a regulatory role
for G4s in E. coli.119 More than 30 operons are in E. coli have
motif-induced supercoiling sensitivity, supporting a context-
dependent gene regulation.117

E. coli has been recently used as a model system in the
evaluation of the G4 stabilizing activity by a series of
naphthalene diimides (NDIs), a profitable family of electron-
deficient and flat molecules that have been thoroughly
exploited in several fields including supramolecular and
material chemistry, especially within the last two deca-
des.120−122 Among the various applications of NDIs, of
particular interest for this Review is their capability to stack
on the top of electron-rich G-quartets in DNA G4s.123 The
development of an effective and flexible synthetic protocol has
further allowed for easy chemical modification toward drug-
likeness,124 such as that underlined by the phase I clinical trial
running with QN-302 (Figure 4, ClinicalTrials.gov ID
NCT06086522).125

Two putative G4-forming sequences have been identified in
the E. coli genome (strain LMG8223) using the G4-iM
Grinder bioinformatics tool126 by Cebrian et al.124 The
propensity of these sequences (i.e., EC-6 and EC-9, Table 1)
to form G4s was confirmed by CD spectra recorded in the
presence of 100 mM K+, which showed a predominant parallel
topology with a maximum peak at ∼264 nm and a minimum
peak at ∼240 nm. The stabilizing effect of the most promising
hit NDI-10 (Figure 5) was confirmed by FRET melting and
CD melting assays, showing a remarkable stabilization of the
tested sequences by the small molecule. Notably, NDI-10 has
shown significant antibacterial activity, with a minimum
inhibitory concentration (MIC) of 8 μM against E. coli, and
also exhibited dose-dependent bactericidal activity with no cell
lysis effects. Finally, of the 4930 annotated genes in E. coli,
1527 have demonstrated altered expression following treat-
ment with NDI-10, with most of them being downregulated.
As such, NDI-10 has been suggested to repress the expression
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of genes involved in cycle control, cell division, and
chromosome partitioning processes, in agreement with the
observed bactericidal activity.124

In the same work, NDI-10 exhibited a MIC of 16 μM
against S. aureus (LMG8224 strain), showing a mainly
bacteriostatic activity that has been associated with the
stabilization of three G4 sequences (i.e., SA3, SA5, and SA7,
Table 1) as depicted by the FRET melting assay. NDIs have
emerged as valuable binders of human G4s as well as G4
sequences expressed in other microorganisms, including HIV-
1, HSV-2, T. brucei, L. major, P. falciparum.123

In 2022, the Galan group screened a small library of
compounds against a panel of MDR E. coli strains and a
reference susceptible strain (e.g., UTI808, IR60, and
ATCC25922, respectively), identifying the azabenzene L20
(Figure 5) as the most promising hit with a MIC in the range
2−4 μg/mL.127 Subsequently, target G4 sequences have been
identified by proteomic analysis on cell lysates incubated with
L20 as well as reference ligands including pyridostatin (PDS,
Figure 5) through LC-MS/MS analysis, while the ligands’
stabilizing efficacy has been evaluated by FRET melting on
seven G4-putative sequences identified by LC-MS/MS in

pivotal genes (i.e., dppA, thrA, yjbD, pdxA, clpB, glnD, and
hemL, Table 1). PDS is a 2-quinolinyl derivative that has been
developed as a specific G4 binder in anticancer research,
thanks to its stabilizing activity against telomeric G4s
preventing telomeres elongation. PDS triggers the DNA-
damage machinery leading to cell cycle arrest, senescence, and
apoptosis.128 Compared to PDS, L20 has shown only a
moderate stabilization effect, although it has a high selectivity
for four G4 sequences corresponding to glnD, pdxA, thrA, and
yjbD genes. This controversial result has led to the hypothesis
that the antimicrobial activity of L20 might not be related to
G4 stabilization, or its target sequences have not been
identified by LC-MS/MS and further tested in the FRET
melting assay. This latter option has been deemed with a
higher priority, also considering that L20 has been found to
affect the expression of G4-associated proteins and to
modulate the expression of E. coli genes involved in the
cellular translational machinery to a higher extent compared
with PDS.127 It is worth noting that well-known and widely
used G4 stabilizers such as BRACO-19 and TMPyP4 (Figure
5) have shown no antimicrobial activity against E. coli and have
not progressed further. TMPyP4 is 5,10,15,20-tetrakis(N-

Figure 4. (A) Chemical structures of quarfloxin (CX-3543), CX-5461, and QN-302 as first-in-class stabilizers of human G4s investigated in clinical
trials. (B) Trend of scientific publications retrieved from PubMed in the interval 2000−2023 using the keywords “human AND G-quadruplex”
(blue bars) or “bacteria AND G-quadruplex” (orange bars). The search in PubMed was carried out at the end of January 20, 2024.
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methyl-4-pyridyl)porphyrin, i.e., a cationic porphyrin that
stacks on top of G-tetrads. TMPyP4 is one of the most
extensively investigated G4 binders, showing the induction of
cancer cell death through downregulation of the expression of
oncogenes such as c-Myc, k-ras, and bcl2.129−132 Thanks to its
low cytotoxicity, TMPyP4 is commonly employed to confirm
putative G4 sequences in cell-based studies. From a chemical
standpoint, BRACO-19 is N,N′-(9-((4-(dimethylamino)-
phenyl)amino)acridine-3,6-diyl)bis(3-(pyrrolidin-1-yl)-
propanamide), a 3,6,9-trisubstituted acridine that has been
extensively used as G4 stabilizer due to its high affinity for G4s
compared to DNA duplexes.53,133−135 Indeed, the BRACO-19
central core is mainly responsible for the π-stacking
interactions at the top of terminal G-quartets, which are
further reinforced by the protonated amine moieties in the side
chains that engage in salt bridges with G4 grooves.

4.2. Pseudomonas aeruginosa. Another important
example of G4-mediated gene regulation is represented by
biofilm-producing bacteria. The biofilm plays a key role in the
pathogenicity and infection persistence of bacteria such as P.
aeruginosa, N. gonorrhoeae, K. pneumoniae, P. denitrif icans, and
E. coli. Among them, P. aeruginosa poses several interests and
concerns for public health due to its opportunistic infections in
immunocompromised patients, particularly in hospital environ-
ments. For these reasons, P. aeruginosa is included in the
ESKAPE group. The biofilm is a complex aggregate in which
the bacteria are enclosed, providing essential nutrients,
enzymes, and cytosolic proteins for the biofilm community
and facilitating the cell-to-cell communication, also known as
quorum sensing.136−138 The biofilm is generally composed by a
mixture of polysaccharides, extracellular DNA (eDNA),
proteins, and lipids displaying a viscoelastic behavior.136,139

Moreover, the biofilm allows bacteria to escape both the host’s

Figure 5. Chemical structure of G4s stabilizers tested against the bacterial G4s described in this work. Counterions were retrieved from the original
publications or from commercial databases.
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innate and adaptive immune responses, as well as to protect
them from environmental stresses. Biofilm-producing bacteria
are generally persistent for a long time and more resistant to
antimicrobial treatments compared to their planktonic
counterparts, often leading to chronic and/or persistent
AMR infections. Therefore, developing antibiofilm agents is a
current trend in drug development, although the lack of
structural details and the variation of biofilm composition pose
significant challenges.140 The eDNA is enriched in G4-forming
sequences compared to wild-type planktonic cells.141 There-
fore, developing ligands that can stabilize G4s in the biofilm is
expected to influence biofilm viscoelasticity and stability and
the propagation and survival of biofilm-producing bacteria.
Moreover, destabilization of the biofilm by G4 binders could
potentially lead to decreased protection of bacteria, which
might become more susceptible to antibiotics. Whether no
ligands acting on biofilm-associated G4s have been developed
or tested to date, the presence of G4s in the eDNA of P.
aeruginosa biofilm has been confirmed by Seviour and
colleagues using a combination of CD and NMR spectroscopy,
as well as the G4-specific antibody clone 1H6, concluding that
G4 modulation might be an effective strategy to control the
biofilm of pathogenic bacteria.142

Besides biofilm-associated G4s, in 2022 a bioinformatics
study was conducted by Evans and collaborators to identify
putative G4-forming sequences in the genome of P. aeruginosa
using the QGRS Mapper web server.143,144 Among the ten
putative sequences identified, CD spectroscopy and thermal
difference UV−vis spectroscopy confirmed three sequences
within pivotal genes murE, f tsB, and mexC (Table 1), which
form stable G4s. By using 1H NMR spectroscopy, the authors
have been able to retrieve important structural details of mexC
G4, whereas overlap in 1H signals has impaired the solution of
the structure for murE and ftsB G4s. With this information in
hand, four well-known G4 binders (i.e., BRACO-19, PDS,
TMPyP4, and Ni-salphen (Figure 5)) have been tested by a
FRET melting assay for their interaction with the selected G4
sequences of P. aeruginosa. All tested molecules were able to
stabilize G4s, with TMPyP4 showing the strongest efficacy
among the small panel of tested compounds. Moreover, Ni-
salphen has shown a moderate selectivity for ftsB and mexC
G4s with respect to the murE G4, while PDS has been
observed to stabilize the ftsB G4 with a two-step mechanism,
suggesting that the ligand might shift among multiple binding
sites or that it could bind to different topologies of the G4,
even though further studies are needed to validate these
hypotheses.143

4.3. Neisseria gonorrhoeae. A notable example of G4
involvement in AMR mechanisms is represented by pilin
antigen variation (AV) in N. gonorrhoeae,65,145,146 a Gram-
negative bacterium responsible for the sexually transmitted
disease gonorrhea in humans. The pilin genes are clustered in
specific loci of the bacterial genome, and they codify for the
pilins proteins that are fundamental for transformation (e.g.,
exchange of short DNA plasmids), twitching motility, and
protection from the human immune system,147−149 the latter
being achieved by exchanging portions of pilE with portions of
the silent pilin sequences (pilS) through homologous
recombination (HR). PilE-pilS AV is regulated by the
formation of a G4 structure near the pilE promoter region.150

Voter and colleagues have proposed a model based on the
coordinated activities of Rec proteins family.151 Briefly, the
helicase RecQ binds onto the pilE promoter region and

recruits RecJ, then RecQ unfolds the G4 structures while RecJ
degrades the resulting single stranded DNA. Subsequently, the
recombinase RecA recruits the DNA repair system, resulting in
the restoration of the pilE gap using pilS as a template via HR.
For this reason, N. gonorrhoeae escapes host immune system
identification, preventing the adaptive response. This strategy
is also employed by other bacteria of the same species,
including N. meningitidis, which causes meningitis infec-
tions.152 Furthermore, similar strategies were adopted by
other bacteria species, such as B. burgdorferi,153 which causes
the Lyme disease (borreliosis) transmitted by the bit of
infected ticks in humans, and T. pallidum, which causes the
sexually transmitted disease syphilis.154 Besides, protozoans
also take advantage of the AV strategy, such as Trypanosomes,
which transmits the sleeping sickness in humans via blood-
feeding invertebrates (T. Brucei and T. Cruzi), and P.
falciparum, which causes the malaria disease transmitted by
the bite of mosquito in humans.155,156

Besides the relevance of G4 sequences involved in the pilin
AV, no targeting ligands have been identified so far. In
contrast, recent genome scanning for G4 putative sequences
has been conducted on 83 genomes of N. gonorrhoeae using the
in-house G4IPDB tool157 as well as G4Hunter,77 prioritizing
five G4 motifs that are involved in important biological and
molecular processes of N. gonorrhoeae.158 Within pivotal genes
in N. gonorrhoeae, the putative G4-forming sequences norM,
mtrC, modB, hldA, and gmhB (Table 1) have been further
characterized by multiple biophysical assays, including
fluorescence and CD spectroscopy and 1D NMR, confirming
the folding as G4s as well as providing hints on their individual
topology. Subsequently, three reference G4 binders (BRACO-
19, PDS, and TMPyP4, Figure 5) have been tested for their
ability to bind and stabilize N. gonorrhoeae G4s. Among the
tested ligands, BRACO-19 has emerged as the most effective
binder and stabilizer of the five G4s tested in this work, as
confirmed by fluorescence displacement, CD, isothermal
titration calorimetry (ITC) suggesting an exothermic inter-
action, and 1D 1H NMR assays.
BRACO-19 was originally tested against glioblastoma cells,

uncapping telomeric structures and exposing the terminal part
of the chromosome to DNA damage pathways to cause cell-
cycle arrest, senescence, and short-term apoptosis.159

In the study of BRACO-19’s interaction with N. gonorrhoeae
G4s, molecular modeling has further elucidated its binding
mode preferences toward the five G4s identified as described
above, showing G-tetrad stacking against gmhB, whereas loop
and/or groove binding has been suggested for the other G4s.
Finally, biological assays have been conducted with increasing
concentrations of BRACO-19 with the aim to investigate its
mechanism of action and its antimicrobial activity in vitro.
Results have clearly showed that the G4 stabilizing activity of
BRACO-19 stalled the Taq polymerase movement during
DNA amplification and inhibited N. gonorrhoeae growth at low
micromolar concentrations, in association with the modulation
of the expression of key genes. Most notably, a dose-dependent
decrease of N. gonorrhoeae biofilm height has been observed by
treatment with BRACO-19, with the strongest efficacy having
been recorded at 25 μM ligand concentration, providing a
decrease of 55% in biofilm production.158

4.4. Mycobacterium tuberculosis. M. tuberculosis is a
Gram-variable bacterium that induces a latent infection in
lungs called tuberculosis, which is ranked in the top 10 causes
of death worldwide.160 M. tuberculosis infections are partic-
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ularly challenging to treat due to two major factors: (i) the M.
tuberculosis membrane composition ensures protection from
innate immune system and drugs and (ii) several survival
mechanisms operated by the bacterium prevent its eradication
by the host and reduce the effectiveness of antibiotic therapy.
Indeed, M. tuberculosis in the lung is phagocytosed by alveolar
macrophages that are unable to digest the trehalose dimycolate
(TDM) component of the bacterial wall, thus inhibiting the
fusion of the phagosome with the lysosome.161,162 Addition-
ally, M. tuberculosis produces isotuberculosinol, which prevents
the maturation of the phagosome and neutralizes reactive
nitrogen intermediates.163,164 M. tuberculosis also secretes 1-
tuberculosinyladenosine that trigger inflammation in lyso-
somes, further promoting bacterial survival in granulo-
mas.165−167 M. tuberculosis can survive in a latent and
nonreplicative form in the host for decades until modifications
of the environment, stress conditions, or a decrease in immune
defenses can promote the reactivation of the infective stage of
the bacterium.
In recent years, several putative G4-forming sequences have

been identified within pivotal metabolic genes of the M.
tuberculosis genome, including four sequences, i.e., glucose-6-
phosphate dehydrogenase 1 (zwf1), ATP-dependent Clp
protease (clpx), oxidation-sensing regulator transcription factor
(mosR), and membrane NADH dehydrogenase (ndhA) (Table
1).168 The putative G4-forming sequences in M. tuberculosis
have been confirmed by CD spectroscopy, followed by their
interactions with well-known G4s ligands, such as BRACO-19
and c-exNDI 2 (Figure 5). Notably, these molecules have been
able to inhibit bacterial growth at micromolar doses.168

Recently, by combining cell-based assays and biophysical
investigations, G4s have been identified in mosR and ndhA
genes involved in metabolic pathways. Notably, G4s in the
ndhA gene overlap with the previous findings described above.
The interaction of mitoxantrone (Figure 5) with the two G4
sequences has been monitored by biophysical tools, which
showed the higher affinity of the molecule for the ndhA G4
compared to that for mosR G4, thus paving the way for further
exploitation of the anthraquinone scaffold in the development
of antibacterial agents targeting M. tuberculosis G4s.169,170

Recently, three G4 structures have been prioritized by a
bioinformatics scan of the genome of 160 M. tuberculosis
strains.171 These G4s are highly conserved and are expressed in
essential genes, i.e., espK, espB, and cyp51 (Table 1), which are
involved in M. tuberculosis virulence in the host and in the
maintenance of membrane fluidity to enhance M. tuberculosis
survival. G4 folding and topology were first confirmed by CD
spectroscopy, which highlighted a predominant parallel
topology as well as a strong stabilization in the presence of
K+ ions. NMR spectroscopy have further confirmed the folding
of these sequences as G4s. TMPyP4 (Figure 5) has been used
as the reference ligand to assess the ability of G4s of M.
tuberculosis to be stabilized by small molecules by CD melting
and ITC assays, showing a stable interaction with an affinity
constant in the low micromolar range against the three G4
species studied in the work. Finally, TMPyP4 has shown
remarkable inhibition ofM. tuberculosis growth in vitro, with an
IC50 of 6.25 μM and a significant modulation of the expression
of espK and espB genes that corroborates the G4-mediated
mechanism of action of TMPyP4 against M. tuberculosis.171

4.5. Streptococcus pneumoniae. The Gram-positive S.
pneumoniae is one of the deadliest bacteria, causing pneumonia
and meningitis in children and the elderly.172 S. pneumoniae

causes community-acquired pneumonia (CAP), which has a
high fatality rate due to its PDR. Moreover, S. pneumoniae
infections leaves deep scars in the surviving patients, generating
neurological deficits, psychological impairment and hearing
loss.173 For these reasons, there is a considerable need to find
alternative targets to contrast the S. pneumoniae AMR.
A bioinformatic and biophysical investigation was conducted

in 2019 on the whole genome of 39 different strains of S.
pneumoniae, leading to the identification of three highly
conserved G4 sequences, i.e., hsdS, recD, and pmrA (Table
1), that control the restriction−modification systems,
recombination, repair processes, and drug efflux systems,
respectively.174 Similar to previous investigations by the same
authors, the G4 folding of these target sequences has been
confirmed by CD and NMR spectroscopy and an electro-
phoretic mobility shift assay. TMPyP4 (Figure 5) has been
used as a reference ligand to depict the ligand binding
properties of target G4s by ITC and CD melting assays.
Overall, TMPyP4 has shown energetically favorable and
thermodynamically stable interactions with the G4 sequences,
especially in comparison with its close analogue TMPyP2,
which has shown weaker affinity and stabilization properties
toward the G4 sequence.174

4.6. Vibrio cholerae. V. cholerae is a Gram-negative
bacterium that causes Cholera disease, infecting millions of
people every year. In the last 200 years, V. cholerae caused
seven major pandemics worldwide, and it is currently endemic
in 47 countries.175 Considering the worldwide spread, the high
genomic plasticity, and the fast replication rates (∼17 min),
AMR strains of V. cholerae are raising serious concerns in
public health systems.176−178 For these reasons, there is a need
to identify a novel target to control V. cholerae infections.
Recently, using bioinformatics tools, in silico simulations, and
biophysical assays, several G4s were identified neighboring
different ORFs such as the methyl-accepting chemotaxis
proteins (MCPs), which is important for the chemotaxis of
bacteria, the rtxA that codes for an exotoxin (Table 1), and
GGDEF family proteins, which are important for the
nucleotide cyclization process and osmolality sensor pro-
tein.179,180 The effective formation of G4 structures by these
sequences has been confirmed by NMR, CD, and EMSA
assays, whereas ligand binding properties have been monitored
using the reference G4 binder TMPyP4 (Figure 5).
Interestingly, molecular features of the interaction between
TMPyP4 and target G4s have been depicted by molecular
dynamics (MD) simulations, suggesting that the molecules
mostly stack on the top of terminal G-tetrads.
Some G4s found in V. cholerae overlap with sequences found

in other pathogenic bacteria such as E. coli, K. pneumoniae, Y.
pestis, S. f lexineri, S. enterica, P. aeruginosa, and M. tuberculosis,
which paves the way to the potential development of broad-
spectrum antibacterial agents endowed with a G4-related
mechanism of action.

4.7. Klebsiella pneumoniae. K. pneumoniae is a Gram-
negative member of the ESKAPE group causing lifelong
diseases such as pneumonia, urinary tract infections, cystitis,
endocarditis, sepsis, pyogenic liver abscesses, endogenous
endophthalmitis necrotizing pneumonia, and bloodstream
infections due to its AMR. Furthermore, K. pneumoniae is
the major cause of nosocomial infections in hospital environ-
ments.181,182 Thus, there is a demand for alternative targets to
overcome the K. pneumoniae AMR. To this aim, genome-wide
screening and structural confirmation have been carried out on
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Table 1. Summary of Main Features of Bacterial G4s Discussed in the Review

species code sequence (5′-3′ direction)
Tm and K+

concentration (CD)

Tm and K+

concentration
(FRET)

E. coli EC-6 GGTGGGGAGGGGTAAGGGG 60.0 ± 0.3 °C (K+ = 0.5
mM)

49 ± 1 °C (K+ =
0.5 mM)

E. coli EC-9 GGGGCGGGGTGGGTTGG 63.7 ± 0.8 °C (K+ = 5
mM)

52.6 ± 0.3 °C (K+
= 5 mM)

E. coli hemL 5′-FAM-GGTCCGGTCTATCAGGCGGGT-TAMRA-3′ 59.0 °C (K+ =
100 mM)

E. coli dppA 5′-FAM-GGGCTGGACTGGCGATAACGGGG-TAMRA-3′ 50.6 °C (K+ =
100 mM)

E. coli clpB 5′-FAM-GGCGCGTTGGACGGGG-TAMRA-3′ 63.6 °C (K+ =
100 mM)

E. coli yjbD 5′-FAM-GGGAAAAGGGTTAGGGTGAGGG-TAMRA-3′ 53.1 °C (K+ =
100 mM)

E. coli thrA 5′-FAM-GGGCGATGGGGGTAATGGTGCGGGGG-TAMRA-3′ 56.1 °C (K+ =
100 mM)

E. coli pdxA 5′-FAM-GGGGAGTTGGGGGAATAAGGGCGGAGGG-TAMRA-3′ 55.6 °C (K+ =
100 mM)

E. coli glnD 5′-FAM-GCGGTTGACCGGGCAGGGTGGG-TAMRA-3′ 57.0 °C (K+ =
100 mM)

S. aureus SA-3 GGGGCTAATTGGGGCTGGTGG 61.0 ± 0.3 °C (K+ = 20
mM)

54 ± 4 °C (K+ =
20 mM)

S. aureus SA-5 GGAAGGAGGGGTGACAGGG 64.2 ± 0.9 °C (K+ = 5
mM)

55 ± 4 °C (K+ =
5 mM)

S. aureus SA-7 GGGTTTGGGGCGGCGGTTGG 59.4 ± 0.2 °C (K+ =
100 mM)

51 ± 0.4 °C (K+
= 100 mM)

P. aeruginosa murE GGTCGAGGCCCAGGGCGGGG 57.2 ± 1.8 °Cb
(K+ = 100 mM)

P. aeruginosa ftsB GGTACGGTGAAGGGGTGG 50.7 ± 0.2 °Cb
(K+ = 100 mM)

P. aeruginosa mexC GGATCGGGGCGTTGGCTATGG 45.6 ± 0.1 °Cb
(K+ = 100 mM)

N.
gonorrhoeae

gmhB-GQ CTTTGGGTTGGGCGGGTTCGGGGGATG

N.
gonorrhoeae

hldA-GQ TCTTGGGCGCGGGTGGGCTGGTAAATGGGTTCG

N.
gonorrhoeae

modB-GQ TCAGGGCTTGGGTTGGGTTGGGTTG

N.
gonorrhoeae

mtrC-GQ GCAGGGCGGGCAGCCTGCGGGTCGGGAAG

N.
gonorrhoeae

norM-GQ AACGGGGCGGCAGGGGATTTGGTTCGGGCTGATTTTGGGGAAC

M.
tuberculosis

zwf1 TGGGTTGTCGGGCCAATGGGCTAGGGT 44.2 ± 1.4 °C (K+ = 50
mM)

48.5 ± 0.5 °C (K+ =
100 mM)

52.2 ± 1.9 °C (K+ =
150 mM)

M.
tuberculosis

clpx TGGGGGGCCGGAGCAAGCGGGTAGCGTCGGGGCATACACGGGGT 52.0 ± 0.8 °C (K+ = 50
mM)

59.2 ± 0.8 °C (K+ =
100 mM)

74.2 ± 0.6 °C (K+ =
150 mM)

M.
tuberculosis

mosR TGGGCTAGCTCTAGGGGGCAGGGCTTTGACGGGT 49.4 ± 0.5 °C (K+ = 50
mM)

50.8 ± 1.7 °C (K+ =
100 mM)

51.7 ± 1.3 °C (K+ =
150 mM)

M.
tuberculosis

ndhA TGGGCCTTGTGGGCCTTGTGGGCCTTGTGGGT 45.4 ± 1.6/71.2 ± 2.1 °
Ca (K+ = 50 mM)

38.1 ± 0.4/74.4 ± 1.3 °
Ca (K+ = 100 mM)

52.6 ± 3.1/80.2 ± 1.3 °
Ca (K+ = 150 mM)

M.
tuberculosis

espK GGGGTTCCCGGGGTGATCGGGGTTCCCGGGG 73.2 °C (K+ = 50 mM)

M.
tuberculosis

espB GGGCGGCGGTGGCATGGGAATGCCGATGGGTGCCGCGCATCAGGG 81.22 °C (K+ = 50 mM)

M.
tuberculosis

cyp51 GGGGATCGGGGAAGTCTTCGGGGATCCGGTTGGAGATCGCCGGGG 57.86 °C (K+ = 50 mM)
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G4 forming sequences in K. pneumonia, highlighting several
highly conserved G4 putative sequences that control pivotal
genes involved in metabolism, such as D-erythrose 4-phosphate
dehydrogenase (epd), alcohol dehydrogenase (lactaldehyde
reductase), L-ribulose-5-phosphate 4-epimerase (araD), ABC
transporter, and 2,4-dienoyl-CoA reductase. While EMSA,
NMR, and CD spectroscopy have confirmed the stable
formation of G4 structures, the formation of stable intra-
molecular G4s with a predominant mixed hybrid topology in
the presence of K+ ions has been recorded, with only two
sequences (i.e., KP-PGQ-3 and KP-PGQ-5 (Table 1))
showing a predominant parallel topology.183 Furthermore,
the interaction of these G4s of K. pneumoniae with BRACO-19
(Figure 5) has been investigated by CD melting and ITC,
showing a mostly exothermic interaction that becomes
endothermic with time dependency. The association constant
Ka has been found at the highest value for the interaction with
KP-PGQ-3 (Ka = 5.92 × 1011 M−1), highlighting a binding
preference of BRACO-19 for parallel G4s. BRACO-19 has
also been tested in a cellular model system using the MTT
assay, resulting in K. pneumoniae ATCC700603 growth
inhibition with an IC50 of 10.77 μM, an effect that has been
associated with decreased expression of genes harboring the
target and highly conserved G4 sequences. These results
provided by qPCR corroborate the potential interaction of
BRACO-19 with K. pneumoniae G4s in vivo.183

4.8. Helicobacter pylori. H. pylori is a Gram-negative
bacterium that populates the gastric mucus located in the
human stomach, causing chronic gastritis, peptic ulcer disease,
MALT lymphoma, and gastric adenocarcinoma. Noteworthy, it
is estimated that 50% of the world’s human population is
infected by H. pylori.184 Until the 80s, the stomach
environment has been considered unfavorable for the growth
and survival of bacteria, which has favored the spread of H.
pylori infections as well as the emergence of AMR strains.185

Since H. pylori causes chronic infections that led to stomach
cancer, there is an interest in developing effective antibiotics to

overcome its growth as well as AMR. For these reasons, the H.
pylori genome was investigated, with the aim of finding G4
forming sequences. Several putative G4s were identified in
essential genes involved in metabolic pathways, nucleotide
binding, metal binding, etc. The nixA, niuB1, niuB2, and niuD
(Table 1) are Ni2+ transport-associated genes for which a G4
structure was confirmed by multiple spectroscopic techni-
ques.186 The Ni2+ homeostasis is pivotal for urease and Ni/Fe
dehydrogenase activation which are required for the survival
and growth of H. pylori in the human gastric environment.187

In analogy with other studies carried out by the research team,
TMPyP4 (Figure 5) was used as a reference G4 binder to
monitor the ligand-binding properties of target H. pylori G4
sequences, as well as to monitor the expression of Ni2+
transport-associated genes.186

5. DRUG-LIKENESS ISSUES OF CURRENT G4 BINDERS
Although some of the results described above might be
conceived as preliminary and need additional investigations
and confirmations, they corroborate the potential druggability
of bacterial G4 sequences by small molecules. The most
effective mechanism of action reported to date is G4
stabilization by chemical binders able to interact with G-
tetrads by means of π-stacking or hydrophobic interactions,
which can be further reinforced by electrostatic and H-bond
interactions. Indeed, looking at the chemical structures of
Figure 5, G4 stabilizers share some common features such as
an extended aromatic core, which is assumed to stack on the
top of G-tetrads, and a number of positively charged or
chargeable basic groups that surround the aromatic core and
are expected to interact with the phosphate backbone. Despite
their efficacy in G4 stabilization and, in some examples, their
antibacterial properties, these molecules are unfortunately
endowed with a poor drug-likeness, mostly because their
flatness, abundance of positively charged groups that impair
passive cellular uptake, and violations of Lipinski’s rule of five
(e.g., high molecular weight, which significantly decrease the

Table 1. continued

species code sequence (5′-3′ direction)
Tm and K+

concentration (CD)

Tm and K+

concentration
(FRET)

S.
pneumoniae

recD GGGCAACTTGGCTGGGGTCTAGTTCCACGGGACGGG 50.96 °C (K+ = 50 mM)
52.81 °C (K+ = 200
mM)

S.
pneumoniae

hsdS GGGCTAGTGGGGGGAGGG 52.38 °C (K+ = 50 mM)
56.75 °C (K+ = 200
mM)

S.
pneumoniae

pmrA GGGCTAATAGGGAGAGCAGGGACGGGG 51.34 °C (K+ = 50 mM)
55.68 °C (K+ = 200
mM)

V. cholerae RTX the whole sequence described in the original publication is deposited in the GenBank database,
accession number AF119150 (https://www.ncbi.nlm.nih.gov/nuccore/AF119150)

K.
pneumoniae

KP-PGQ-3 GGGGAGAGGGGAAGGGTGAGGG 53.75 °C (K+ = 50 mM)
57.94 °C (K+ = 200
mM)

K.
pneumoniae

KP-PGQ-5 GGGAGAGGGCCGGGGTGAGGG 58.61 °C (K+ = 50 mM)
63.58 °C (K+ = 200
mM)

H. pylori nixA GGGGGGGTAGTGGGGACTTTAGTTTCTGGG 60.78 °C (K+ = 50 mM)
H. pylori niuD GGGATTTCTAGCGGGGCGATGCTAGGCGTGG 52.75 °C (K+ = 50 mM)
H. pylori niuB2 GGAATAGGGTTGTAGGCGTTTCGG 54.95 °C (K+ = 50 mM)
H. pylori niuB1 GGGATAGGGTCGTGGGAATTTCGG 57.16 °C (K+ = 50 mM)
aWhen multiple Tm values are reported, they correspond to different G4 species described in the original publication.

bIn the original publication,
this value is reported as a T1/2.
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bioavailability).188 Moreover, most of the ligands described
herein have been reported to also stabilize G4s from different
species, including Homo sapiens, and some viruses such as HIV-
1 and HCV, which points to the lack of specificity for a target
G4 and to the potential cytotoxicity of these molecules due to
off-target interactions.134,189−191 From a structural standpoint,
this drawback is related to the interaction with G-tetrads, i.e.,
the most conserved structural element of G4s, which renders
these molecules good tools for biochemical/biophysical studies
but weak candidates for pharmacological aims. In contrast,
given the sequence and structural features of G4s described
above, small molecules designed to interact with G4 grooves or
loops are expected to exert a very high specificity for a target
G4 because these are the most variable portions of G4s.192 To
date, only a few examples of G4 groove binders have been
reported,193−198 suggesting that these compounds are
endowed with a significantly higher drug-likeness than G-
tetrad binders and making them potential lead candidates for
drug development. The design of G4 groove binders is
currently challenging due to the lack of exploitable structural
details. However, biophysical studies coupled with computa-
tional investigations might overcome these issues and can
strongly promote a new trend in the development of G4
binders of pharmaceutical relevance.

6. CONCLUSIONS
Bacterial G4s are attractive targets for antimicrobial drug
discovery, given that specific and drug-like G4 binders are
expected to provide antibacterial activity as well as synergize
with existing drugs. While the effective translational potential
of bacterial G4s modulators is currently limited by the use of
undruggable biochemical tools (such as compounds in Figure
5), it is expected that this relatively new field will remarkably
grow in the near future, leading to the disclosure of drug-like
modulators of bacterial G4s that can eventually be developed
up to preclinical or clinical candidates. However, the current
knowledge on the structure, function, and druggability of
bacterial G4s is limited, especially compared to human G4s,
which highlights the need for concerted and multidisciplinary
efforts. In particular, structural features of bacterial G4s are
mostly unavailable, which raises the opportunity for bio-
informaticians and computational structural biologists to
develop predictive tools able to quickly model at least a
rough G4 structure based on sequence features, which can be
further exploited in structure-based drug design approaches.

7. SEARCH CRITERIA FOR STRUCTURAL DATA
Structures of G4s shown in Figure 2 have been searched in the
Protein Data Bank (PDB) at https://www.rcsb.org/. In the
advanced search tab, the following options have been used:

• “quadruplex” as a search term in the Full text box
• “bacteria” as an additional search term in a second Full
text box

• “Entry Polymer Type is Nucleic acid (only)” as a filter in
the Structure Attributes box

• “Structure Title is NOT (has any of words) human”
• ”Source Organism Taxonomy Name is NOT viruses” in
the Structure Attributes box

• “Scientific Name of the Source Organism is NOT
synthetic construct” in the Structure Attributes box

A visual inspection and analysis of results obtained by the
search criteria listed above have resulted in 30 structures,

among which only 2 have been effectively attributed to
bacterial G4s. The remaining 28 structures correspond to
structural studies of custom or modified sequences that adopt
G4 folding.
Statistical data shown in Figure 4 have been extracted from

PubMed at https://pubmed.ncbi.nlm.nih.gov/ by applying the
following search criteria:

• “human AND G-quadruplex”
• “bacteria AND G-quadruplex”
Results were then exported in csv format and filtered in the

interval from 2000 to 2023 before being used to generate the
corresponding graphs.
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