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Abstract

Antibiotic resistance poses a significant global health threat, necessitating innovative strategies to combat multidrug-resistant bacterial infections.
Streptococcus pneumoniae, a pathogen responsible for various infections, harbors highly conserved DNA quadruplexes in genes linked to its
pathogenesis. In this study, we introduce a novel approach to counter antibiotic resistance by stabilizing G-quadruplex structures within the
open reading frames of key resistance-associated genes (pmrA, recD and hsdS). We synthesized An4, a bis-anthracene derivative, using Cu(l)-
catalyzed azide-alkyne cycloaddition, which exhibited remarkable binding and stabilization of the G-quadruplex in the pmrA gene responsible for
drug efflux. An4 effectively permeated multidrug-resistant S. pneumoniae strains, leading to a substantial 12.5-fold reduction in ciprofloxacin
resistance. Furthermore, An4 downregulated pmrA gene expression, enhancing drug retention within bacterial cells. Remarkably, the pmrA
G-quadruplex cloned into the pET28a(+) plasmid transformed into Escherichia coli BL21 cells can template Cu-free bio-orthogonal synthesis of
An4 from its corresponding alkyne and azide fragments. This study presents a pioneering strategy to combat antibiotic resistance by genetically

reducing drug efflux pump expression through G-quadruplex stabilization, offering promising avenues for addressing antibiotic resistance.

Graphical abstract

pmrA = drug efflux pump in S.pneumoniae

Introduction

G-quadruplexes (G4s) are four-stranded DNA secondary
structures that act as molecular switches in regulating key
physiological processes (1-3). Their crucial role in telom-
ere maintenance, oncogene expression, DNA replication etc.,
makes them important drug targets for anticancer therapeu-
tics (4-7). Intriguingly, highly conserved G-quadruplex se-
quences have been identified throughout the genome of mi-
crobial organisms and are anticipated to play key roles in
microbial propagation, gene regulation, recombination pro-
cesses and pathogenesis (8—14). While many G4-binding small
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molecules exhibit significant iz vitro and in vivo anti-cancer
activities (15,16), studies using small molecular probes to elu-
cidate the functional role of G-quadruplexes in pathogens
and their influence on pathogenicity are less studied to
date (11,13,17-21). One of the earliest reports by Seifert
and Cahoon showed that an intramolecular G-quadruplex
formed near the PilE gene have a potential role in exhibit-
ing antigenic variation in Neisseria gonorrboeae (11). Nico-
las et al. showed that bisquinolinium ligands Phen-DC 3
and Phen-DC 6 effectively binds G4s in S. cerevisiae trig-
gering genetic instability (17). Cebrian et al. showed that
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naphthalene diimide (NDI) ligands (known G4-binders) can
modulate transcription in Gram-positive and Gram-negative
bacteria through G-quadruplex stabilization (19). NDIs were
also reported to influence gene expression in the parasite T.
brucei through G-quadruplex stabilization (J. Med. Chem.
2018, 61, 1231—1240).

Streptococcus pneumoniae, primarily known for causing
community acquired pneumonia (22), contains highly con-
served G-quadruplex motifs in the open reading frames of
three crucial genes, pmrA, recD and hsdS, involved in patho-
genesis (23). The pmrA gene encodes for a trans-membrane
protein, PmrA, one of the major facilitator superfamily of
efflux pumps responsible for drug efflux in S. preumo-
niae (24,25). Drug efflux, by which bacteria spontaneously
throw out ingested anti-bacterial substances, is one of the
major causes of antibiotic resistance. Fluoroquinolone resis-
tance associated with PmrA has been well characterized in S.
pneumoniae (24). Therefore, targeting the G-quadruplex in
the pmrA gene will be an alternative strategy for combating
drug resistance in S. prneumoniae. In addition to pmrA, highly
conserved G4-forming motifs have been identified in recD and
hsdS genes of S. pneumoniae, which are known to be involved
in host-pathogen interactions (23). The hsdS gene has the pu-
tative G4 forming sequence in its coding region, vital in reg-
ulating the type 1 restriction-modification system. Depending
on the host niche for facilitating infection, the hsdS gene is
directly involved in controlling the interconversion of virulent
to less-virulent phenotypes of S. prneumoniae (26). Conversely,
the recD gene plays an essential role in the bacteria’s DNA
double-strand break repair mechanism (27). The formation
of the G4 motif in the coding region of the recD gene hinders
expression of the RecD protein leading to inhibition of the
DNA recombination and repair mechanisms (23).

Given the increasing prevalence of resistance to traditional
B-lactam antibiotics, there is an urgent need to develop novel
therapeutic approaches to combat multidrug resistance (28—
30). In this study, we have developed bis-anthracene deriva-
tives designed to target G-quadruplexes (G4s) within three
specific genes (pmrA, recD and hsdS) found in Streptococcus
pneumoniae. We have evaluated the effect of these ligands on
clinical isolates of multidrug-resistant (MDR) S. prneumoniae.
Interestingly, the most potent ligand was synthesized through
bioorthogonal cycloaddition within live bacterial cells that
had been transformed with a plasmid containing the pmrA-
G4 sequence.

Materials and methods

Identification of bacterial strains from clinical
isolates

Bacteria from the patient’s urine were cultured in a blood agar
plate and incubated in 37°C incubator. Colonies (3—35 each)
from the overnight culture plate were diluted in 0.45% NaCl
buffer (pH ~ 4.5—7.2) to make a solution with 0.5 MCF tur-
bidity. Bacterial solution (1 pl) was then mixed with 1ul -
CHCA matrix. The sample mixture (2 pl) was then dropped
on MALDI 96 well plate dried and then placed into the ion-
ization chamber of the mass spectrometer. Specific peaks cor-
responding to m1/z values of different biomolecules were ob-
tained. The software compares the obtained spectrum to the
peak weights defined for each claimed species. A quantitative
value, the confidence value, was calculated and expressed the
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similarity between the unknown organism and every organ-
ism or organism group in the database. When no match was
found, the organism was considered as non-identified. This
method was employed to identify Streptococcus pneumoniae,
Klebsiella pneumoniae, Eschericia coli, Pseudomonas aerugi-
nosa and Staphylococcus aureus.

Antibiotic susceptibility analysis of the bacterial
strains

The resistance of the clinically isolated bacterial strains to-
wards different groups of antibiotics was evaluated using the
clinical VITEK 2 drug-resistant diagnostic method (31). Bac-
terial strains were isolated from clinical samples (urine) and
plated on blood agar plates according to the standard proce-
dure. Colonies (3—35 each) from the overnight culture plates
were diluted in 0.45% NaCl buffer (pH ~ 4.5—7.2) to make
a solution of 0.5 MCF turbidity. Then, a 20-fold dilution was
made and dispensed into the reagent card (for e.g. AST ST03
for S. pneumoniae drug-resistant testing card) for automatic
reading by the VITEK 2 Compact system to obtain drug re-
sistant information.

Minimal inhibitory concentrations (MIC)

The antibacterial property of the ligands was evaluated by
determining the minimum inhibitory concentration or MIC
using broth microdilution assay. Antibacterial properties of
the bis-anthracene ligands were determined against Gram-
positive (S. aureus, S. pneumoniae) and Gram-negative (E.
coli, P. aeruginosa and K. pneumoniae) bacteria. Different
bacterial strains were cultured overnight in suitable media
containing ~10° CFU ml~! (determined by spread plating
method). 1.5% of the overnight grown primary culture was
inoculated in fresh appropriate media at 180 rpm, 37°C and
allowed to grow to 0.5 MCEF turbidity (log phase). 5 ul of the
log phase cells was mixed in 5 ml fresh media and 200 ul of
the suspension from the mixture was transferred to each well
of the 96-well plate. The bacterial suspensions were then in-
oculated with increasing concentrations of the ligands up to
800 uM. The same was also done in combination with stan-
dardized amount of ciprofloxacin. Negative control contain-
ing 200 ul of only fresh media and positive control containing
bacterial suspension and ampicillin were also kept. The sus-
pensions were then incubated at 37°C for a period of 12-16
h and the O.D. values, measured at 600 nm using a multiscan
FC ELISA reader (Thermo Scientific). The experiment was per-
formed in triplicates and MIC values reported are an average
of the data obtained.

Fractional inhibitory concentration (FIC): For two antimi-
crobial agents, P and Q, here P refers to ciprofloxacin and Q
refers to An4, the FICI index is calculated by adding FICp with
FICq, as follows:

FICI = FICP + FICQ

Here,

MIC of P in presence of Q 14
FICP = MIC of P alone 80 0-17
FICQ = MIC of Q in presence of P _ 4 — 008

MIC of Q alone 50

Therefore, the FICI is 0.25 indicating synergistic activity of
ciprofloxacin and An4.
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FRET melting studies

Dual labeled DNA sequences (see S.I. for details) with a
donor 5’-FAM (fluorophore 6-carboxyfluorescein; Aex ~ 490
nm/Aem ~ 520 nm) and an acceptor fluorophore 3'-TAMRA
(6-carboxytetramethylrhodamine; Aex ~ 555 nm/Aepm~ 580
nm) were first diluted to 400 nM using a 60 mM potassium ca-
codylate (K-Caco, pH 7.4) buffer and annealed by heating to
95°C for 5 min followed by slow cooling to room temperature
and then incubated overnight at 4°C. Subsequently, sample so-
lutions were prepared in Roche 96-well plate (with a total vol-
ume of 100 pl) by mixing the pre-annealed DNA (at 200 nM
final concentration) with ligands An1, An2, An3, An4 (0-10
equivalent) in 60 mM potassium cacodylate, pH ~7.4 and in-
cubated in dark for 1 h. Measurements were made in triplicate
with excitation at 483 nm and detection at 533 nm. Melting
curves for the determination of melting temperature (Ty,) were
then obtained by recording FAM fluorescence with increasing
temperatures from 37 to 95°C at the rate of 0.9°C/min using
Roche Light Cycler II. The analysis of T, values was accom-
plished using OriginPro 2018 software.

Fluorimetric titrations
Fluorescence spectroscopic titrations were recorded in Horiba
Jobin Yvon Fluoromax 3 instrument at 25°C using a 1 mm
quartz cuvette. Fluorimetric titrations were performed with
successive addition of the pre-annealed DNA (See S.I. for de-
tails) solution into the 1 M ligand solution in 100 mM Tris—
KCl buffer, pH ~7.4. The emission of An1-An4 was measured
from the wavelength range of 350-500 nm.

The following Hill equation was used to calculate the dis-
sociation constants.

(Fmax - FO) [DNA]
Kp + [DNA]
where F denotes fluorescence intensity, Fp,y for maximum flu-

orescence, Fy for fluorescence in the absence of DNA and Ky
indicates dissociation constant.

F = Fo+

Isothermal titration calorimetry (ITC)

ITC experiments were conducted in MicroCal PEAQ-ITC
(Malvern, USA) microcalorimeter. DNA sequences were pre-
annealed in 100 mM potassium chloride buffer (pH ~ 7.4)
by heating in a dry bath to 95°C for § min followed by slow
cooling at 25°C and incubated overnight at 4°C. The refer-
ence cell was filled with 100 mM KCl buffer (pH ~ 7.4). The
pre-annealed DNA G-quadruplex (2.5 uM) in buffer was kept
in the sample cell and the ligands (25 uM) were filled in the
syringe of volume 40 pl in the same buffer. Ligand solution
was added sequentially, mixing was carried out by stirring the
syringe at a speed of 750 rpm at 298 K. 30 Injections with
duration of 2.6 and 100 s of spacing between two injections
were set up. Blank titrations were conducted by injecting the
ligand into the cell containing only buffer under the same con-
ditions. The heat generated due to interaction was determined
by subtracting the blank heat from that for the ligand~-DNA
titration. The raw data were analyzed using the Malvern ITC
Analysis software provided with the instrument. The data fit-
ting was done using an appropriate binding model.

Cell viability analysis using XTT assay

Adult human normal kidney epithelial (NKE) cells were cul-
tured using RPMI 1640 containing 10% FBS, 1% penicillin—

streptomycin. The NKE cells were cultured at 37°C in a 5%
carbon dioxide (CO;)/95% air atmosphere. Cytotoxicity of
different ligands in human normal kidney epithelial cells was
evaluated using XTT assay. XTT (Invitrogen) is a colorless
or slightly yellow compound which is metabolically reduced
to give bright orange colour in live cells. The NKE cells were
then treated with increasing concentrations (up to 100 uM)
of bis-anthracene ligands and incubated for 24 h. 25 ul Solu-
tion containing 1mg/ml of XTT and 3 mg/ml of PMS were
added to 100 pl of cell culture medium into each well of 96-
well plate. PMS enhances the reduction reaction for better
detection. Absorbance (A) of formazan dye was recorded at
450 nm using a micro plate reader. The percentage of viable
cells was determined by the following equation. The final ICs
values of each ligand were calculated by using the OriginPro
2018.

Absorbance of treated cells
iable cells (%) = 1
Viable cells (%) Absorbance of untreated cells 00

Confocal imaging

A single colony of the MDR S. preumoniae was inoculated
into fresh TSB and allowed to grow overnight at 37°C and
180 rpm. 1.5% of the primary culture was inoculated in fresh
appropriate media at 180 rpm, 37°C and allowed to grow
to 0.5 MCF turbidity (log phase). Log phase cells were then
treated with 20 uM ligand An4 (less than MIC concentra-
tion) and kept overnight at 37°C. The cells were centrifuged
at 4000g for 5 min and washed with 1x PBS twice. 4%
Paraformaldehyde was used for fixing the cells and they were
washed again twice with 1x PBS. Finally, the bacterial cell pel-
let was dissolved in 200 ul 1x PBS and mounted on glass slide
with antifade solution (ProLong Gold Antifade Mountant).
The sample was the visualized using Leica DMIS8 Stellaris
S microscope.

RNA extraction and gRT-PCR

A single colony of the clinical isolate of S. prneumoniae was
inoculated into fresh TSB (Tryptone Soya Broth; Himedia
MO011) and allowed to grow overnight at 37°C and 180 rpm.
1.5% of the primary culture was inoculated in fresh appro-
priate media at 180 rpm, 37°C and allowed to grow to 0.5
MCEF turbidity (log phase). The log phase cells were divided
into 4 tubes, and then one was treated with ligand An4 only,
another with ciprofloxacin only, the third one with both An4
and ciprofloxacin, and the last one was kept untreated. After
overnight incubation, total RNA was isolated using HiPurA
Bacterial RNA Purification Kit (Himedia) according to the
manufacturer’s instructions. RNA quantification was carried
out by a Cary Win 300 UV-Vis spectrophotometer. The total
500 ng of RNA was employed as a template for cDNA syn-
thesis using a Verso kit (Thermo Fisher Scientific) as per the
supplied protocol. Real-time PCR was carried out on Roche
LightCycler 480 by the use of SYBR Premix (Roche), accord-
ing to the manufacturer’s instructions. The C, method (com-
parative cycle threshold method) was used to calculate rela-
tive mRNA expression. The C; values were normalized to 16s
rRNA and compared to the untreated cells. The quantifica-
tion was performed in triplicates. The significance level was
statistically analyzed by employing a Student’s ¢ test, and the
results were statistically significant when *P < 0.05.



eGFP reporter assay

The overnight-grown primary culture (1.5%) of pmrA-
eGFP_pET28a (+) transformed E. coli BL21 cells was seeded
in fresh Luria Bertini Broth and allowed to grow to 0.5 MCF
turbidity (log phase) at 180 rpm, 37°C. Cells were then treated
with 5 pg/ml and 10 pg/ml ligand An4 (less than MIC con-
centration) and incubated for 6 h at 30-37°C. After incuba-
tion, the cells were induced with 0.5 mM IPTG (isopropyl B-
D-1-thiogalactopyranoside) for 3—4 h. The induced cells were
used for total RNA extraction. RNA isolation was performed
using HiPurA Bacterial RNA Purification Kit (Himedia) ac-
cording to the manufacturer’s instructions. RNA quantifica-
tion was carried out by a Cary Win 300 UV-Vis spectropho-
tometer and the total 500 ng of RNA was employed as a tem-
plate for cDNA synthesis using a Verso kit (Thermo Fisher Sci-
entific) as per the supplied protocol. Real-time PCR was car-
ried out on Roche LightCycler 480 by the use of SYBR Premix
(Roche), according to the manufacturer’s instructions. The C,
method (comparative cycle threshold method) was used to cal-
culate relative mRNA expression. The C; values were normal-
ized to 16 s rRNA and compared to the untreated cells. The
quantification was performed in triplicates. The significance
level was statistically analyzed by employing a Student’s # test,
and results were statistically significant when *P < 0.05.

SIMS analysis

ToF-SIMS experiments were carried out in a Ion-TOF TOF-
SIMS 5-100 manufactured by Muinster, Germany, equipped
with a Bi LMIG and GCIB Ar electron impact source. Bacte-
rial cells (2 ml) grown till 0.5 MCF were treated with ligand
An4 (5 and 10 pg/ml) for 16 h. The cells were then washed
with PBS and again treated with EtBr (0.5 pg/ml) for 2 h at
0.5 MCEF turbidity to ensure equal distribution of bacteria.
Excess EtBr was the removed by successive washing steps us-
ing 1x PBS. The cells were resuspended in 200 ul PBS and
mounted on clean glass slides. The sample was air dried and
kept in the desiccator for 24 h prior to ToF-SIMS analysis (see
S.I. for details).

Results and discussions

We employed a Cu(I)-catalyzed azide-alkyne cycloaddition re-
action between an anthracene-based azide compound and bis-
alkynes derived from pyridine and benzene dicarboxamides
to synthesize bis-anthracene ligands (as shown in Scheme 1).
These ligands feature extended aromatic anthracene motifs
that are anticipated to engage in — stacking interactions with
the G-quartet structure of G4 DNA. Additionally, the triazole
heterocycles offer a wide range of pharmacological proper-
ties, including antimicrobial effects. (32) Moreover, the pep-
tidomimetic backbone of these ligands, along with their alkyl
amine side chains, may facilitate their permeability through
the bacterial cell wall.

First, we evaluated the ability of these ligands to stabilize G-
quadruplex structures (G4s) located within the open reading
frames (ORF) of the pmrA, recD and hsdS genes in S. pneu-
moniae using the FRET-based melting assay (34). The stabi-
lization potential of bis-anthracene ligands An1-An4 was de-
termined by measuring the emission of the donor (FAM) in
5 FAM and 3 TAMRA labeled G4 sequences (pmrA, recD,
hsdS) and dsDNA with increasing temperature. It was ob-
served that An4 effectively stabilized the pmrA G4 struc-
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ture compared to other G4s and dsDNA (Figure 1A and B,
Supplementary Figure S1-S5), with a ATy, value of 7°Cata §
uM concentration. In contrast, An2 raised the melting temper-
ature of the hsdS G4 by 10°C at the same concentration. Thus,
water soluble methyl-amine side-chains present in An2 and
An4 contributes to the thermal stabilization of the pmrA and
hsdS G-quadruplexes. However, ligands An1 and An3 lacking
the side-chain did not significantly stabilize the G4s or duplex
DNA.

Subsequent fluorimetric titrations of the ligands with G4
DNAs validate the observations from FRET melting assay.
(Figure 1C-D, Supplementary Figure S6-510). Ligands Anl-
An4, owing to the presence of the UV-active anthracene moi-
ety, displayed distinct emission bands at 396,418 and 441 nm
when excited at 320 nm. Among them, An4 exhibited remark-
able fluorescence enhancements and displayed the highest
binding affinity towards the pmrA G4, with a K4 value of 0.6
uM, accompanied by a 10 nm red-shift. An2 exhibited higher
affinity for the hsdS G4 compared to pmrA and recD G4s.
However, none of the ligands exhibited binding to dsDNA
or human telomeric G-quadruplex DNA, indicating a lower
chance of cross-reactivity with human G4 DNAs. Ligands
An1 and An3 did not exhibit significant binding to any of the
DNAs considered in this study. As An2 showed insignificant
anti-bacterial activity even in the presence of ciprofloxacin,
it was excluded from further studies. An4, which showed
selectivity towards the pmrA G-quadruplex, was subjected
to detailed analysis of molecular interactions using isother-
mal calorimetry. The thermograms obtained upon titration
of the three G-quadruplexes with An4 displayed exothermic
peaks, suggesting intercalation of the bis-anthracene ligands
into the G4 DNAs, due to 7—m stacking interactions with
the DNA bases. An4 exhibited the highest binding affinity
for pmrA (Kg = 1.9 uM, AH = —80 kcal/mol) with a 1:1
stoichiometry (Figure 1E). It displayed lower binding affin-
ity towards recD (Kq ~ 6 uM) and hsdS (K4 ~ 5 uM) G4
DNAs (Supplementary Figure S11). The thermodynamic find-
ings helped us gain insights of the binding ability of the ligand
An4 to the three G4s. Comparing the Ky and enthalpy (AH)
values from the ITC thermogram data of recD and hsdS to
those of pmrA indicated that An4 exhibits stronger binding
to the pmrA G4. Thus, recD and hsdS were excluded from
further experiments. Nevertheless, these G4s have much bio-
logical importance and could emerge as potential targets for
drug development in the future. However, no binding data of
An4 could be extracted from the scattered plot obtained with
dsDNA, suggesting no significant interaction between them.

The antibacterial efficacy of the bis-anthracene ligands was
simultaneously assessed using a minimum inhibitory concen-
tration (MIC) assay against clinical isolates of S. preumo-
niae strains, and the results are summarized in Table 1. Ad-
ditionally, these compounds were also tested against other
pathogenic strains, including K. pneumoniae, E. coli, P. aerug-
inosa and S. aureus (Table 1). The clinical bacterial strains
were identified using the automated VITEK MALDI-TOF MS
system (manufactured by Biomerieux,). The antibiotic suscep-
tibility profiles for each strain were determined using the au-
tomated Vitek 2 Compact system, which reveals that these
bacterial strains exhibit resistance to a variety of antibiotics
(see Supporting Information, Supplementary Table S1). The
MIC values of bis-anthracene ligands against S. prneumoniae,
showed moderate antibacterial activity with ligand An4 ex-
hibiting a comparatively lower MIC of 80 ug/ml. However,
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Scheme 1. Chemical synthesis of bis-anthracene derivatives (An1-An4) by Cu(l)-catalyzed azide—alkyne cycloaddition.
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Figure 1. (A) Stabilization potential (A Ty,) of bis-anthracene derivatives (An1-An4) at 5 M concentration for pmrA, recD, hsdS G4 and dsDNA analyzed
by FRET melting assay. (B) Melting curve of pmrA G4 DNA in the presence of An1-An4. (C) Fluorescence spectroscopic titrations of ligand An4 (1 M)
with pmrA G4 DNA. (D) Fluorescence response curves of An4 upon titration with pmrA, recD, hsdS G4 and duplex DNA. (E) Isothermal calorimetric
titration of pmrA G-quadruplex with An4; heat-burst curve (upper panel) and binding isotherm profile (lower panel).

these ligands exhibited notably reduced antibacterial activity
against multidrug- resistant S. pneumonia strains (Table 1).

To evaluate their combined impact, we co-administered
ciprofloxacin with the newly synthesized anthracene ligands
(An1-An4) in S. pneumoniae cultures with a turbidity of
0.5 MCEF. Ligand An4 enhanced the antibiotic activity of
ciprofloxacin, reducing its MIC value to 4 pg/ml, a substan-
tial 12.5-fold improvement. However, An1, An2 and An3 did
not exhibit a similar reduction in ciprofloxacin resistance in
S. pneumoniae (Figure 2A).

Next, we determined the fractional inhibitory concentra-
tion indices (FICI) (33) to assess the synergistic effect of
ligand An4 when combined with ciprofloxacin against the
multidrug-resistant (MDR) strain of S. pneumoniae. The re-
sulting FICI value of 0.25 indicated a synergistic interaction
between An4 and ciprofloxacin. (FIC < 0.25 denotes syner-
gism, while 0.25 < FICI < 2 suggests indifference, and FIC > 2
implies antagonism).

To assess the cellular toxicity of the ligands for potential
use as antibacterial agents, an XTT assay was conducted us-

ing An1-An4 on normal human kidney epithelial (NKE) cells.
Results indicated that all ligands were non-toxic, and ICs
values could not be determined even at a concentration of
80 pg/ml in human NKE cells (Supplementary Figure S12).
Furthermore, confocal microscopy was employed to visualize
the localization of An4 in S. pneumoniae. Bacterial cells in the
logarithmic growth phase (O.D. ~ 0.4-0.6) were treated with
5 ug/ml of An4, a concentration below its MICsg value, for 3
h at 37°C. After washing with PBS, the cells were resuspended
in an anti-fade solution and mounted on glass slides with cov-
erslips before confocal imaging. The intense fluorescent blue
color observed in S. prneumoniae confirmed the permeability
of An4 through the cell wall of the Gram-positive bacteria
(Figure 2B). To gain insights into An4’s antibacterial mecha-
nism, we first evaluated whether the clinically isolated strain
of S. pneumoniae could indeed express the pmrA gene by qRT-
PCR assay. We observed that the S. pneumoniae strain could
significantly express the pmrA gene (C; ~ 20), calculated af-
ter normalization to 16s rRNA. Subsequently, we investigated
the effect of ciprofloxacin and An4 in reducing the expression
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Table 1. The MIC values of An1-An4 against a range of pathogenic clinical isolates of E. col, K. pneumoniae, P aeruginosa, B. cereus and S. pneumonia
E. coli K. pneumoniae P. aeruginosa S. aureus S. pneumoniae
(ug/ml) (ng/ml) (ng/ml) (pg/ml) (ug/ml)
An1l 350 350 >700 350 350
An2 >800 >800 >800 640 160
An3 >560 >700 >700 560 140
An4 640 >800 400 640 80
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Figure 2. (A) Determination of MIC of ciprofloxacin, An4, and ciprofloxacin combined with 10 pg/ml An4 against MDR strain of S. pneumoniae. (B)
Confocal images of S. pneumoniae showing cellular localization of An4, panel (i) bright field image of S. pneimoniae, panel (ii) image of S. pneumonia in
blue filter and panel iii) merged image of panels i and ii; scale bar ~ 10 uM; DMI8 Stellaris 5 microscope. (C) Normalized fold change in expression of
pmrA gene upon treatment with of An4 (10 uM) and ciprofloxacin in MDR S. pneumoniae. (D) Relative GFP expression upon binding of An4 to pmrA
G-quadruplex formed in the pmrA gene cloned upstream of the eGFP gene in pmrA-eGFP_pET28a(+) vector. Data are shown as mean values + SD of
three independent samples. The asterisks denote statistically significant differences from control **P < 0.001, ***P < 0.0001 (Student's t test).

of the pmrA gene using qQRT-PCR. S. preumoniae cells were
treated with ciprofloxacin and An4 for 16 h, and the total
RNA was isolated, reverse transcribed to cDNA and quanti-
fied by real-time SYBR Green PCR assay. The results indicated
that cells treated with ciprofloxacin exhibited no substantial
impact on pmrA mRNA expression, whereas cells treated with
An4 demonstrated a remarkable 86 % reduction in expression
(as shown in Figure 2C and Supplementary Figure S13). This
data explains the rationale behind the higher MIC of An4
when administered alone compared to when used in combi-
nation with ciprofloxacin. An4 exerts its antibacterial effects
by inhibiting the expression of the drug efflux pump in drug-
resistant S. pneumoniae. Consequently, this leads to increased
intracellular retention of ciprofloxacin within S. prneumoniae,
enhancing its antibiotic efficacy.

Subsequently, a GFP-based reporter assay confirming that
the observed inhibition of pmrA expression results from An4’s
G-quadruplex stabilization was performed. (35) There are in-
stances of hindrance in the movement of transcriptional or
translational machinery due to the formation and stabiliza-
tion of a G-quadruplex structure in the promoter/ORF/UTR
of a gene (36). We, then designed a reporter vector by in-
corporating the pmrA G-quadruplex-forming sequence im-
mediately upstream of an eGFP gene within the pET28a
(+) plasmid. The pmrA-eGFP_pET28a (+) vector was intro-
duced into E. coli BL21 cells to facilitate GFP expression
(Supplementary Figure S14A). The changes in GFP expression
due to binding of An4 to the pmrA G-quadruplex was mon-

itored by qRT-PCR analysis. Notably, it was observed that
An4 reduced a dose-dependent reduction in GFP RNA expres-
sion (normalized using 16s rRNA as a house-keeping gene),
reducing it by 36% and by 80% at 5 and 10 pug/ml, respec-
tively (Figure 2D and Supplementary Figure S14B). However,
it’s worth mentioning that ligand An4 did not influence GFP
expression in E. coli transformed with a control GFP vector
that lacked the pmrA G4 element (Supplementary Figure S15).
Therefore, these changes in GFP reporter expression in the
presence of An4 was also cross validated using fluorescence
imaging (Supplementary Figure S16). Therefore, based on
these findings, it can be deduced that the reduction in GFP
expression is a consequence of transcriptional hindrance re-
sulting from the An4-mediated stabilization of the pmrA G-
quadruplex located immediately upstream of the GFP reporter
gene. The images demonstrated a dose-dependent reduction
in GFP expression in pmrA-eGFP_pET28a (+) transformed E.
coli cells compared to control cells transformed with eGFP-
pET28a (+) lacking the pmrA construct. These observations
suggest that the decrease in GFP expression is attributed to
transcriptional hindrance, caused by the An4-mediated stabi-
lization of the pmrA G-quadruplex located immediately up-
stream of the GFP reporter gene.

To assess drug retention in multidrug-resistant (MDR) S.
pneumoniae following pmrA inhibition, we employed spec-
tral scanning and 2D time-of-flight secondary ion mass spec-
trometry (ToF-SIMS). (37) Bacterial cells were cultured to
a turbidity of 0.5 MCF and treated with 5 pg/ml of An4.
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Figure 3. ToF-SIMS analysis, positive ion spectra corresponding to specific fragment of (A) EtBr drug (m/z value ~ 314.2) and (B) S. pneumoniae
bacterial film (m/z ~ 288.9). (C) Positive ion spectra showing the increase in intensity of m/z peak at 314.3 with increasing the concentration of An4 (0,
5 and 10 pg/ml, respectively) in bacterial treatment, and (D) ToF-SIMS images of EtBrions (m/z ~ 314.2) in An4 (5 and 10 pug/ml) treated S. pneumonia

bacterial films suggesting the retention of EtBr in S. pneumonia.
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Scheme 2. Proposed mechanism of G-quadruplex-mediated drug-efflux inhibition. The drug efflux pump gene pmrA is normally overexpressed in MDR
S. pneumoniae. However the G-quadruplex present in the open-reading frame of pmrA presents a hindrance to the transcriptional machinery.
Bis-anthracene ligands reduces pmrA gene expression by stabilizing the pmrA-G4s; thereby increases drug retention in the bacteria.

After 24 h, cells were exposed to ethidium bromide (EtBr)
for 2 h, followed by thorough washing before sample prepa-
ration. We evaluated EtBr retention in the MDR bacteria by
measuring the intensity of EtBr fragment ion peaks in SIMS-
based spectra. EtBr, with a prominent mass (7/z) intensity
peak at 314.18, distinct from S. prneumoniae characteristic
peaks, enabled clear mapping of its distribution across the
bacteria (Figure 3A). A mass peak at 288.89 was observed
as one of the major peaks of S. pneumoniae, and its inten-
sity was kept constant throughout the experiment for accu-
rate EtBr detection in a fixed population of bacteria (Fig-
ure 3B). The surface ion densities increased approximately
fourfold and six fold with increasing An4 concentration of
5 pg/ml and 10 pg/ml, respectively, compared to the un-
treated control (Figure 3C). Furthermore, the distribution of
the product ions was investigated by MS/MS ion images. The
surface ion density and 3D images for mass peak 314.18

demonstrated a dose-dependent increase in EtBr concentra-
tion within S. prneumoniae as the An4 concentration increased
(Figure 3D and Supplementary Figure S17). This observation
aligns with the proposed mechanism for overcoming antibi-
otic resistance, wherein An4-mediated pmrA G-quadruplex
stabilization leads to the inhibition of drug efflux. Conse-
quently, this inhibition results in higher retention of the an-
tibiotic ciprofloxacin in S. prneumoniae (Scheme 2).
Bio-orthogonal reactions were first carried out in bacteria
by Bertozzi et al. to understand the peptidoglycan dynam-
ics by metabolically inserting synthetic azidosugar (one of its
components) followed by visualization using covalent reac-
tions with click chemistry (38,39). Following this discovery,
click chemistry has been extensively applied to bacteria to la-
bel carbohydrates (38,40-42), lipid (43,44), DNA (45) and
proteins (46,47). Recently we have shown Cu-free macrocy-
clization of bisazide and bisalkyne fragments in live HeLa cells
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using endogenous G-quadruplexes as target templates. (48)
Since An4 was identified as an excellent G-quadruplex binder,
we thought of executing bio-orthogonal synthesis of An4 us-
ing pmrA G-quadruplex as the template. First, we tried to
synthesize An4 by incubating S. prneumoniae with the corre-
sponding alkyne 2b and azide 3b building fragments of An4.
However, ESI-MS analysis of azide-alkyne-treated S. pneumo-
niae cell lysate produced no detectable peaks corresponding
to An4. Next, the pET28a (+) plasmid containing the pmrA
G-quadruplex forming sequence was transformed into E. coli
BL21 cells. The cells were grown till 0.5 MCF turbidity and
were treated with 2b and 3b in 1:5 ratio for 24 h. Cells
were lysed with lysozyme, and the lysate was centrifuged at
6000 rpm. ESI-MS analysis of the supernatant revealed the
presence of An4, indicating its bioorthogonal synthesis in liv-
ing bacterial cells (Supplementary Figure S18). No m2/z corre-
sponding to An4 was observed for untreated control.

In summary, we have introduced a novel strategy to com-
bat antibiotic resistance by modulating the expression of a
drug efflux pump (PmrA) in multidrug-resistant (MDR) S.
pneumoniae. This was achieved through the stabilization of
G-quadruplex DNA present within the ORF of pmrA gene.
We synthesized a series of bis-anthracene derivatives (Anl-
An4), with An4 displaying significant binding affinity for the
pmrA G-quadruplex DNA, over other G-quadruplexes, hu-
man telomeric G4-DNA, and dsDNA. An4 exhibited a mod-
erate MIC against MDR S. preumoniae; however, when com-
bined with ciprofloxacin, it remarkably reduced the MIC of
ciprofloxacin by 12.5-fold. Although these molecules did not
show any impact on the recD and hsdS Gd4s, it is important
to note that these targets hold considerable biological rele-
vance. We are trying to synthesize new molecules with the aim
of targeting and stabilizing these G4s which could potentially
lead to a notable reduction in the MIC of S. pneumoniae over-
all. An4 effectively inhibited pmrA expression, in contrast to
ciprofloxacin, which had no impact on pmrA expression. A
GFP-based reporter assay confirmed this inhibition resulted
from An4’s binding to the pmrA G-quadruplex. Moreover,
TOEF-SIMS analysis revealed An4’s ability to enhance the re-
tention of ethidium bromide (EtBr) in a dose-dependent man-
ner. Furthermore, we have achieved bio-orthogonal synthesis
of An4 using pmrA G-quadruplex as templates within live
bacterial cells. Overall, our study, on G-quadruplex-mediated
drug efflux inhibition in S. preumoniae, suggests that DNA G-
quadruplexes may play a broader role in bacterial transcrip-
tional regulation and present potential drug targets to address
the pressing issue of antibiotic resistance.
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