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ABSTRACT: Bacterial G-quadruplexes (G4s) are related to survival and
resistance mechanisms in several pathogens, making them attractive
targets for innovative antimicrobials. However, little structural and ligand
binding information is available so far. Based on the structure of the
TET22 G4 from Pseudomonas aeruginosa, a structure-based multi-
disciplinary approach was applied here to assess its ligandability. A
docking-based virtual screening allowed the identification of the putative
TET22 groove binders 1−13 that were evaluated in biophysical and
biological assays. Circular dichroism (CD) confirmed that compounds 1−
13 and the reference ligand pyridostatin (PDS) bind and stabilize TET22,
each displaying a differential preference for parallel or antiparallel/hybrid
topology. Notably, compounds 5 and 7, the most effective ligands for
TET22 G4, proved to be unable to stabilize a human telomeric G4 model used as a selectivity control. Microbiology evaluation
returned weak efficacy for compounds 1−13, whereas a minimum inhibitory concentration (MIC) of 100 μM was obtained for the
reference compound PDS, indicating that TET22 stabilization stronger than that provided by compounds 1−13 is required to
observe a detectable antimicrobial efficacy. Surprisingly, some well-known human G4 binders were fully inactive.
KEYWORDS: G-quadruplex, Pseudomonas aeruginosa, stabilizers, antibacterial agents, TET22

The World Health Organization (WHO) has highlighted
antimicrobial resistance (AMR) as a global health threat

responsible for around 700,000 deaths per year worldwide,
with severe outcomes in the next two decades.1 Indeed, recent
statistics underscore the remarkable increase in AMR spread
and related issues, including mortality rates, which are
expected to rise to several million deaths by 2050, thus
surpassing cancer-related deaths.2−4 Among the limits that are
currently facilitating AMR spread in clinical and civil settings,
the lack of novel and innovative antibacterial drugs is surely
one of the most critical issues. Starting in the 1990s, a serious
decline in antibiotic research and development (R&D) was
recorded, mostly due to several factors including (i) the lack of
funding by governments and health institutions, (ii) the low
success rate of novel antibiotics in the clinical pipeline, and
(iii) the low economic revenue from the commercialization of
a new antibiotics compared to R&D investments.5 These
criticisms have contributed to the progressive abandonment of
the antibacterial discovery field by several pharmaceutical
companies in favor of more remunerative therapeutic areas,
such as oncology and diabetes. As a result, in the last decades,
only a few antibiotics have been developed with most of them
corresponding only to slight chemical modifications of

available antibiotic drugs, to which most bacteria have already
developed resistance mechanisms.6−9

Recently, some efforts have been spent in the design and
development of adjuvants, i.e., chemical entities able to revert
or interfere with the AMR mechanisms and to resensitize
pathogens toward drugs for which they have developed drug
resistance. Despite some success, for example, the development
of β-lactamase or carbapenemase inhibitors (e.g., the
taniborbactam−cefepime combination, currently pending
approval by FDA),10 very few examples of novel leads that
can directly impair bacterial growth and/or replication through
novel mechanisms of action, endowed with a low susceptibility
to drug resistance, are available.11

In this context, our research interests are aimed at the
identification and validation of novel putative targets for the
development of antibiotics with a high bar to resistance.
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Specifically, noncanonical nucleic acid motifs are highly
attractive because they (i) are readily available by bio-
informatic analyses of bacterial genome sequences, (ii) have
lower tendency to mutate compared to proteins, and (iii) play
a crucial role in several bacterial functions including growth,
replication, and drug-resistance.12 Among them, we focused on
G-quadruplexes (G4s), which are secondary structures of both
DNA and RNA formed in genome sequences rich in guanine
nucleotides.13−16 Extensive knowledge is available for human
G4s, which are profitable targets for anticancer drug discovery,
as highlighted by the running Phase I clinical trial on the G4
stabilizer QN-302 (ClinicalTrials.gov ID NCT06086522).17,18

In contrast, the interest toward bacterial G4s arose much later,
and very little information is available on the structure and
functions of these putative targets for the development of
antibacterial agents. Particularly, the lack of three-dimensional
structures along with the high polymorphism of G4s currently
hampers the application of well-established structure-based
methods for the identification of hit and lead stabilizers of
bacterial G4s. Moreover, both Gram-positive and -negative
bacteria have a thick cell wall that strongly restricts small
molecule entry by passive permeation, which represents a

further challenge in the design of small molecule modulators of
bacterial G4s compared to human G4s. Nonetheless, the
possibility to rapidly identify putative G4-forming sequences in
bacterial genomes by bioinformatic tools, coupled with the
relatively high-throughput access to genome sequences by
next-generation sequencing (NGS) methods, makes G4s
promising drug targets, especially for preparedness against
possible future epidemics/pandemics.
In this frame, we aimed at exploring the druggability of

bacterial G4s by small molecules through the combination of
computational modeling tools, biophysical assays, and micro-
biological investigations. Due to the limited availability of
bacterial G4 structural details, we focused on the G4-forming
sequence TET22 from the pathogen Pseudomonas aeruginosa,
although formerly extrapolated from the Tetrahymena genome,
whose structure was solved by nuclear magnetic resonance
(NMR).19 Notably, P. aeruginosa is an opportunistic Gram-
negative pathogen responsible for hospital-acquired infections,
particularly ventilator-associated pneumonia and cystic fib-
rosis.20,21 Treatment of P. aeruginosa infections has become
increasingly challenging due to its ability to develop resistance
toward many antibiotics, including aminoglycosides, quino-

Figure 1. (A) NMR structure of TET22 (PDB-ID: 186D; the first NMR model is shown); (B) chemical structure of small molecules 1−13 here
selected as putative TET22 G4 binders from virtual screening.
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lones, and β-lactams through several different mechanisms
such as efflux pump expression, production of drug-degrading
enzymes, or acquisition of resistance genes through horizontal
gene transfer.22−25 For these reasons, P. aeruginosa is included
in the high-priority list of pathogens released by the WHO in
2017 and recently updated in 2024,1,26 for which the
development of new antibiotics or alternative therapeutic
strategies is urgently needed.
The NMR solved structure of TET22 G4, whose sequence is

5′-(TTGGGG)4-3′, also described as (T2G4)4, is composed of
three G-tetrads (Figure 1A), two of which have an anti-anti-
anti-syn configuration of the guanines, whereas the third G-
tetrad has a syn-syn-syn-anti configuration, with the G-tetrads
being connected by a GT2G loop, a central T2G loop, and a T2
loop, resulting in a G4 hybrid topology.19 Structural features of
this G4 offer peculiar strand directions and groove widths,
allowing the possibility of exploring multiple binding sites in
the search for small molecule TET22 stabilizers.
Here, the ligandability of P. aeruginosa TET22 G4 was first

explored by a structure-based virtual screening. To this aim,
the MolPort collection containing more than 10 million
compounds was downloaded and customized through
application of a number of chemoinformatic filters. Specifically,
we removed compounds available by custom synthesis or not
in stock, and we retained only compounds available in stock for
a total of 4,818,666 molecules. Then, additional filters were
applied to retain small molecules having the following features:
(i) molecular weight in the range 200−500 Da to align with
lead-likeness; (ii) formal charge in the range 0−2 to promote
electrostatic attractive interactions with negatively charged
nucleic acids; (iii) absence of carboxylic acid moieties to avoid
electrostatic repulsions with the phosphate backbone of nucleic
acids; (iv) up to 1 chiral center to avoid experimental tests on
complex mixtures of isomers. After this preliminary step, the
final sublibrary was composed of 3,540,420 molecules, which
were prepared for virtual screening by conversion into a 3D
format, assignment of the ionization state for pH = 7.4, and
energy minimization according to a standardized proce-
dure.27−29 The sublibrary was docked against the whole
accessible surface of TET22 by the software GOLD, using the
Chemscore function for docking and scoring purposes.30

Docking complexes were further relaxed by energy minimiza-
tion. Docking results were analyzed by a combination of score,
visual inspection of the docking pose, and chemical diversity,

which led to the selection of compounds 1−13 (Figure 1B)
located in the TET22 G4 groove for biophysical and
microbiology investigations. It is worth noting that small
molecules stacking on top of terminal G-tetrads are highly
effective although poorly specific, being able to typically bind
all kinds of G4 structures as well as the most abundant duplex
DNA.31 In contrast, groove binders are thought to be more
selective toward a specific G4 topology, thus allowing potential
discrimination between bacterial and human G4s. Finally, G4
groove binders are generally endowed with a higher drug-
likeness compared to end-stackers, as confirmed by the most
important physicochemical and toxicology descriptors pre-
dicted by SwissADME (Supporting Information, Tables S1
and S2).12,13,32−36

Circular dichroism (CD) studies were performed to evaluate
the effects of the selected compounds 1−13 on the topology
and thermal stability of the target TET22 G4. Ligand effects on
the G4 conformation and overall structuring degree were
evaluated by incubating TET22 with each compound and
recording CD spectra (Figure 2A). In parallel, the thermal
stability of free and ligand-bound TET22 was evaluated by
monitoring the CD signal at 290 and 260 nm, characteristic
maxima for the different G4 topologies of this sequence (see
below), on increasing the temperature (Figure 2B and Table
1). Furthermore, three-dimensional melting curves for the free
TET22 G-quadruplex and TET22/ligand systems were also
obtained by recording whole CD spectra as a function of
temperature (Figures S1−S4).
In order to optimize the experimental conditions for this

study, the thermal stability of free TET22 was first tested in
several conditions mimicking the K+ concentration and pH of
the bacterial environment (Supporting Information, Figure
S1). The following buffered solutions were used: (i) 20 mM
KCl, 5 mM potassium phosphate (pH 7), (ii) 2 mM KCl, 0.5
mM potassium phosphate (pH 7), and (iii) 0.5 mM KCl, 0.5
mM potassium phosphate (pH 7). Considering that buffer (i)
provides TET22 with a thermal stability that prevents the
accurate determination of its melting temperature (Tm > 80
°C), in agreement with literature data,37 buffers (ii) and (iii)
were selected, providing more suitable conditions for ligand
binding studies. Moreover, considering that CD spectra
recorded in the presence of buffers (ii) and (iii) were almost
identical (Supporting Information, Figure S1A, red and blue
curves), buffer (iii) was selected for melting experiments due

Figure 2. (A) CD spectra of 2 μM solutions of TET22 in 0.5 mM KCl, 0.5 mM potassium phosphate (pH 7) in the absence or presence of
compounds 1−13 and PDS (10 equiv). (B) Normalized CD melting curves of 2 μM solutions of TET22 in 0.5 mM KCl, 0.5 mM potassium
phosphate (pH 7) in the absence or presence of compounds 1−13 and PDS (10 equiv), recorded at 290 nm.
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to the higher resolution of the two inflection points in the
melting curve (Supporting Information, Figure S1B, red and
blue curves).
Deconvolution analysis of both CD spectra and CD melting

curves of TET22 proved that, under the conditions explored
herein, this G4 sequence folds into three different topologies,
i.e., parallel, hybrid, and antiparallel (sorted by their relative
abundance), which are in equilibrium in solution (Tables 1
and 2), in agreement with a previous work.38 Thus, melting

temperatures were estimated for each TET22 topology
(parallel, Tm = 48 °C; hybrid or antiparallel (inflection point
1), Tm = 45 °C; hybrid or antiparallel (inflection point 2), Tm
= 69 °C).
Optimized experimental conditions were then used for CD

titration and melting experiments on the TET22/ligand
systems. Upon incubation of TET22 with 10 equiv of each
compound of the investigated set 1−13, relevant changes in
the CD spectrum of TET22 were observed in most cases
(Figure 2A). In detail, all compounds were able to increase the
content of the hybrid topology as well as to decrease the
content of the parallel topology compared to free TET22. In
contrast, changes in the antiparallel topology were observed
only in some cases (Table 2). Significant TET22 stabilizing
effects were detected for 5, 6, 7, and 13 on the hybrid or
antiparallel G4 topology (Figure 2B and Table 1). The well-
known G4 binder pyridostatin (PDS) was used as a positive
control. Its binding to TET22 produced a mixture of all three
G4 topologies, i.e., parallel, hybrid, and antiparallel, in a similar
amount (Table 2), resulting in higher TET22 stabilization
compared to 1−13 (Figure 2 and Table 1). Interestingly, PDS
was also able to induce a full shift of the TET22 G4 topology
mixture to a major parallel G4 fold upon increasing the
temperature (Figure S4D), as recently observed by Martin et
al. in testing the bisquinolinium PyDH2 analogue of PDS
against the G4-forming sequence 5′-G(TTGGGG)4-3′
(TET25) from Tetrahymena thermophila.39

Additionally, for the most stabilizing ligands, i.e., 5, 7, and
PDS, CD titration and CD melting experiments were
performed also with a human telomeric G4 structure model
(tel26, 5′-(TTAGGG)4TT-3′) to evaluate the selectivity of
these compounds for bacterial vs human G4s (Supporting
Information, Figure S5). Notably, while PDS was able to
significantly affect both tel26 conformation and stability, 5 and
7 did not perturb the tel26 structure nor affect its thermal
stability (Supporting Information, Figure S5 and Table S3),
thus evidencing the ability of these ligands to discriminate
between bacterial and human G4s. Our findings reinforce the
hypothesis that G4 groove binders can result in higher
selectivity for a specific bacterial G4 than that of other G4
structures, such as those found in the human genome.
The docking-based binding mode of 5 and 7, which showed

selective stabilizing effects on both hybrid/antiparallel and
parallel TET22 topologies compared to the hybrid human
tel26 G4, was analyzed in more detail. Both compounds can fit
the TET22 groove formed between the 5′ and 3′ ends, and
established H-bond interactions with the phosphate backbone
and with guanine residues, including those forming the G-
tetrads (Figure 3).
Specifically, the 4-aminoantipyrine moiety of 5 was located

within the 3′ end of TET22 groove, where it was H-bonded to
G3 and G23. The N-methylpiperazine group of 5 was
projected toward the 5′ end, establishing a charge-assisted
H-bond interaction with T2 (Figure 3A). Compound 7
occupied the same groove as 5, with the quinone moiety
being H-bonded to G22, whereas all other H-bonds were
established by the sulfamide group to G24 within the 3′ end
(Figure 3B).
Finally, the antimicrobial potential of compounds 1−13 and

PDS was tested against P. aeruginosa ATCC 27853. Results
showed that most compounds exhibited a smaller decrease in
absorbance compared to the positive control PDS at 100 μM
(Figure 4). However, no minimuminhibitory concentration

Table 1. Melting Temperature (Tm) Values of TET22 in 0.5
mM KCl, 0.5 mM Potassium Phosphate (pH 7) in the
Absence or Presence of Compounds 1−13 and PDS (10
equiv) as Measured by CD Melting Experiments Recorded
at 290 or 260 nma

TET22 (290 nm)
− hybrid or
antiparallel

TET22 (290 nm)
− hybrid or
antiparallel

TET22 (260 nm)
− parallel

compound
Tm ± 1
(°C)

ΔTm
(°C)

Tm ± 1
(°C)

ΔTm
(°C)

Tm ± 1
(°C)

ΔTm
(°C)

no ligand 45 69 48
1 44 −1 68 −1 49 +1
2 45 0 69 0 49 +1
3 46 +1 68 −1 48 0
4 45 0 68 −1 49 +1
5 48 +3 70 +1 49 +1
6 47 +2 70 +1 48 0
7 49 +4 69 0 49 +1
8 46 +1 69 0 49 +1
9 45 0 69 0 49 +1
10 46 +1 68 −1 48 0
11 45 0 68 −1 48 0
12 46 +1 68 −1 48 0
13 47 +2 69 0 48 0
PDS 58 +13 b b 69 +21

aΔTm = Tm(DNA/ligand, 1:10) − Tm(free DNA).
bNot determined.

Table 2. Singular Value Decomposition (SVD) Analysis of
CD Spectra of 2 μM Solutions of TET22 in 0.5 mM KCl, 0.5
mM Potassium Phosphate (pH 7) in the Absence or
Presence of Compounds 1−13 and PDS (10 equiv),
Performed by the Software Developed by del Villar-Guerra
et al.40a

compound antiparallel hybrid parallel

no ligand 7.5 43.2 50.3
1 7.3 59.9 33.9
2 1.8 52.7 46.4
3 14.7 49.3 37.0
4 3.8 55.6 41.6
5 6.0 54.2 40.8
6 5.6 57.7 37.6
7 5.9 55.1 40.0
8 5.4 50.6 45.0
9 13.7 43.5 43.8
10 9.2 49.9 39.9
11 10.8 44.6 44.1
12 4.4 57.0 39.6
13 13.3 53.0 34.7
PDS 29.8 32.3 36.8

aThe predicted relative abundance of G4 topologies is reported in %
values.
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(MIC) could be determined for all compounds, whereas a
MIC value of 100 μM was determined for PDS against P.
aeruginosa. This result is consistent with the stronger effects
found for PDS compared to 1−13 determined by CD, thus
suggesting that similar stabilizing activity on TET22 as
exhibited by PDS is required in order to observe a relevant
antimicrobial activity.
To further explore the role of G4 binders against P.

aeruginosa, the activity of additional and well-known G4
stabilizers BRACO-19, TMPyP4, and RHPS4 was subse-
quently tested by CD and microbiological assays. CD studies
proved that also these ligands, as in the case of PDS, induced a
reduction of the CD signal of TET22 (Supporting
Information, Figure S6A). However, differently from what
was observed for human G4s,41 we found that BRACO-19,

TMPyP4, and RHPS4 also failed to provide thermal
stabilization of TET22 (Supporting Information, Figure S6
and Table S4). Interestingly, BRACO-19, TMPyP4, and
RHPS4 proved unable to exert any antimicrobial activity
against P. aeruginosa (Supporting Information, Figure S7),
suggesting that only ligands with a strong effect on TET22 G4
thermal stability, such as PDS, can result in effective
antimicrobial agents.
In conclusion, although no antimicrobial activity was

detected for 1−13, the efficacy observed for PDS against P.
aeruginosa corroborates the hypothesis that targeting bacterial
G4s such as TET22 might be a promising strategy to develop
innovative antimicrobial agents up to drug candidates. In this
framework, structure-based approaches might notably enhance
the discovery of G4-stabilizing agents and contribute to their
optimization up to profitable leads. In targeting the TET22 G4
from P. aeruginosa, 1−13 represent valuable starting com-
pounds for the development of more effective, selective, and
drug-like G4 stabilizers binding TET22 and, generally, other
bacterial G4s.
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Figure 3. Docking-based binding mode of (A) 5 and (B) 7 within the
accessible surface of TET22 G4. TET22 is shown as a green cartoon
and lines; guanine nucleotides from G-tetrads are colored in magenta
and are shown as filled-ring sticks. Small molecules are shown as
yellow sticks; polar interactions are highlighted by black dashed lines.
Residues contacted by the small molecules as well as 5′ and 3′ termini
are labeled. The orientation of TET22 shown in Figure 1 is preserved.

Figure 4. Percentage of absorbance of samples treated with
compounds 1−13 and PDS with respect to the positive control for
P. aeruginosa.
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