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H I G H L I G H T S

Multi-technique approach was newly adopted
to gain a deeper understanding of the
molecular interaction mechanisms that
underlie the binding of a human telom-
eric G-quadruplex and BRACO19.
The essential role of the quadruplex con-
formation in its interaction with BRACO19
was elucidated. The unbound Tel22 adopts
different conformations in K+ or Na+
environment.
A multi-step binding process is con-
firmed to occur in both environments.
In K+ the interaction between the hu-
man telomeric G-quadruplex and BRACO19
involves the stacking mode, promoting
moderate Tel22 dimerization.

G R A P H I C A L A B S T R A C T

R T I C L E I N F O
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A B S T R A C T

Human telomeres (HTs) can form DNA G-quadruplex (G4), an attractive target for anticancer and antiviral
drugs. HT-G4s exhibit inherent structural polymorphism, posing challenges for understanding their specific
recognition by ligands. Here, we aim to explore the impact of different topologies within a small segment of
the HT (Tel22) on its interaction with BRACO19, a rationally designed G4 ligand with high quadruplex affinity,
already employed in in-vivo treatments. Our multi-technique approach is based on the combined use of a set
of contactless spectroscopic tools. Circular dichroism and UV resonance Raman spectroscopy probe ligand-
induced conformational changes in the G4 sequence, while UV-visible absorption, coupled with steady-state
fluorescence spectroscopy, provides further insights into the electronic features of the complex, exploiting the
photoresponsive properties of BRACO19. Overall, we find that modifying the topology of the unbound Tel22
through cations (K+ or Na+), serves as a critical determinant for ligand interactions and binding modes, thus
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influencing the HT-G4’s assembly capabilities. Furthermore, we show how fluorescence serves as a valuable
probe for recognizing cation-driven multimeric structures, which may be present in living organisms, giving
rise to pathological forms.
1. Introduction

G-quadruplexes (G4s), unique secondary structures formed by
guanine-rich nucleic acid sequences [1,2], have garnered significant
attention for their pivotal roles in regulating gene expression, DNA
replication, and genomic stability. G4s form four-stranded helical struc-
tures comprising several stacked flat arrays of four guanine bases
connected through cyclic Hoogsteen hydrogen bonds, referred to as
G-tetrads [3]. Three main classes of G4 topologies, differing in the
orientation of the four guanine runs and the arrangement of the loop
regions, are typically identified: parallel, antiparallel, and hybrid [4–
6]. Their shape is influenced not only by the specific oligonucleotide
sequence but also by environmental factors such as the type and con-
centration of ions, molecular density, and dehydration conditions [7–
10]. G4s have been identified in telomeric regions, promoter sequences,
and other critical genomic regions [11,12], displaying a wide variety
of secondary structure conformations. The structural stability and the
biological activity of G4 sequences have become the focus of extensive
biochemical and pharmacological research. The principal aim is to
develop ligands with a high degree of G4 targeting selectivity compared
to canonical DNA.

Regarding the human telomeric (HT) sequences, considerable efforts
have been devoted to exploring the influence of different environ-
ments [13–15] on the interaction with small ligands [16,17]. Research
in this field proposes HT-G4 structures as appealing pharmacologi-
cal targets [18] to inhibit telomerase activity in cancer cells [3,19].
Remarkably, some HT-G4 ligands are already undergoing medical tri-
als [20,21]. However, the picture is complicated due to the high
polymorphism of HT-G4 structures. Indeed, in vivo studies [22] revealed
hat HT-G4 structures tend to mainly assume a mixture of hybrid
opologies.

In this framework, our work aims to explore the role of the HT-G4
opology in the interaction between a HT sequence and a model drug.
herefore, we chose the HT AG3(TTAG3)3 (Tel22) sequence, which is
apable of mimicking the HT-G4 secondary structure arrangements ac-
ually found in in-vivo [22], especially in potassium environment [23].
o further explore the distinct behavior of HT-G4s in mixtures of
opologies compared to those adopting an almost unique conforma-
ion, we employed the same sequence in a Na+ buffer. In this buffer,

Tel22 predominantly adopts an antiparallel secondary structure [24].
Among all the available HT-G4 ligands, our study focuses on BRACO19,
which has emerged as a highly promising rationally designed drug
for potential therapeutic application. This compound has demonstrated
remarkable potential in cancer therapy, exhibiting substantial growth
inhibition in various cancer cell lines such as human uterus carcinoma
UXF1138L [25], breast cancer [26], and glioblastoma multiforme [27].
Beyond its anticancer prowess, BRACO19 showcases additional versatil-
ity by demonstrating antiviral properties against HIV-1 and HSV-2 [28,
29].

Even though BRACO19 is a well-studied ligand for HT-G4 struc-
tures [16,25,30], there is no clear information on its interaction with
the HT-G4 under physiological conditions. This lack might originate
from the polymorphism in HT-G4, which enables diverse binding modes
with small molecules. Computational methods have shown that, when
interacting with BRACO19, significant variations in the energetic sta-
bility of top/bottom stacking, intercalation, and groove binding modes
can be observed depending on the initial conformation of the telomeric
structure [16].

Therefore, gaining insight into these binding (or multi-binding)
patterns represents a fundamental starting point for designing new
2

promising drugs with enhanced performances [31,32].
Here, we propose an all-optical experimental strategy to probe the
role and consequences of HT-G4 topologies in the interaction with drug
molecules. Our focus is on the Tel22-BRACO19 binding under differ-
ent buffer conditions. It is important to emphasize that the proposed
approach can be extended to many other ligands, such as those, like
BRACO19, that are photoresponsive. This peculiar property enables
us to characterize binding affinity through ultraviolet–visible (UV–
Vis) absorption titration and to explore the binding mode as well as
potential charge rearrangements in the complex through fluorescence
spectroscopy [33,34].

Furthermore, the combination of circular dichroism (CD) and UV
resonance Raman (UVRR) spectroscopy provides information about the
variations in secondary structure and molecular vibrations upon ligand
binding [35–39]. The exceptional sensitivity of UVRR scattering, in
comparison to conventional Raman spectroscopy, enables us to conduct
experiments in highly diluted physiological conditions, but maintaining
a satisfactory signal to noise ratio. Given that the structure of polymor-
phic HT-G4 sequences is significantly influenced by concentration, it is
crucial to ensure the uniformity of all experiments for a comprehensive
perspective. The synergy between the used techniques constitutes a
key strength of the present investigation, allowing, in general, for a
thorough exploration of the molecular interaction mechanisms between
G4 and drugs.

2. Material and methods

2.1. Sample preparation

The oligonucleotide sequence AG3(TTAG3)3 (Tel22) was purchased
from Eurogentec (Belgium) and used without further purification. The
DNA powder was dissolved in two buffers (50 mM K-phosphate buffer
at pH 7, 0.3 mM EDTA, 150 mM KCl and 50 mM Na-phosphate
buffer at pH 7, 0.3 mM EDTA, 150 mM NaCl) reaching 1 mM DNA
concentration. The two solutions were heated to 95 ◦C for 5 min and
then slowly cooled down to room temperature in ∼3.5 h, and left
at room temperature overnight. BRACO19 was purchased from Merck
KGaA (Darmstadt, Germany) and used without other purification.

2.2. UV–Vis absorption spectroscopy

Absorption spectra were measured by Jasco V-570 spectrophotome-
ter with a 1 mm path-length quartz cuvette. Spectra were recorded
in the 200–500 nm range at room temperature. Absorption titration
measurements were carried out using different stock solutions with
fixed BRACO19 concentration (80 μM) and increasing the Tel22 con-
centration from 0 μM to 100 μM. Beside BRACO19 alone (Tel22 equal
to 0 μM), those concentrations correspond to the following molar
ratios for Tel22:BRACO29 complexes: 1:80, 1:40, 1:20, 1:10, 1:5, 1:3.3,
1:2.5, 1:2, 1:1.3, 1:1, 1:0.8. The titration was terminated when the
wavelength and intensity of the absorption band of BRACO19 at about
363–373 nm did not change upon increasing the Tel22 concentration.

2.3. Fluorescence spectroscopy

Fluorescence experiments were carried out on the same samples
prepared for absorption measurements, by exciting the samples with
the 365 nm pulses of an Ekspla NT340 laser (repetition rate 10 Hz, 5 ns
pulse duration). The laser power was kept below 5 mW. Photobleaching
effects are minimized by the reduced size of the scattering volume
(about 10 μm in size) as compared to the total solution. Samples

were held in a suprasil quartz cuvette. The fluorescence emission was
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Fig. 1. UV–Vis absorption spectra of Tel22-BRACO19 complexes at fixed BRACO19 concentration (80 μM) and increasing Tel22 concentration from 0 to 100 μM: (a) in potassium
and (b) in sodium environment. Dotted lines in the inset represent the maximum absorbance at 363 nm of the free BRACO19. Fraction of bound BRACO19 as a function of Tel22
concentration (c) in potassium and (d) in sodium environment, respectively.
collected at an angle of 90◦ with respect to the excitation beam with ap-
propriate optics and delivered to a f = 3.2 Czerny Turner spectrograph
(Horiba Ltd) equipped with a 600 gr/mm diffraction grating, ensuring
a spectral resolution better than 1 nm. The dispersed fluorescence light
was detected by a CCD. The spectra were processed and analyzed using
LabSpec 6 and Origin 9 softwares.

2.4. Circular dichroism

CD experiments were carried out with Jasco J-810 spectropolarime-
ter. Since CD is very sensitive to quadruplex conformational changes,
measurements were performed on the Tel22 alone at 30 μM con-
centration and on the complexed sample in stoichiometric ratios of
Tel22:BRACO19 1:1, 1:2, and 1:4. To achieve the best signal-to-noise
ratio, a 1 mm path-length quartz cuvette was utilized. Each spectrum
was collected in the range from 220 to 350 nm, with a scan speed of
50 nm/min.

2.5. UV resonance Raman spectroscopy

UVRR measurements were performed at the IUVS beamline at Elet-
tra Sincrotrone Trieste using a synchrotron-based set up [40], on the
3

same samples measured through CD spectroscopy. A 10 mm path-
length quartz cuvette was used as sample holder. The excitation wave-
length was set at 250 nm by regulating the undulator gap aperture
and monochromatizing the incoming radiation through a 750 cm fo-
cal length spectrograph equipped with holographic gratings at 1800
and 3600 groves/mm (Princeton Instruments). The Raman signal was
collected in backscattering geometry and analyzed via a single-pass
Czerny–Turner spectrometer (Princeton Instruments, 750 mm of fo-
cal length), equipped with holographic grating at 1800 g/mm, and
detected using a UV-optimized CCD camera (resolution of about 2 cm-
1/pixel). The calibration of the spectrometer was performed using cy-
clohexane (spectroscopic grade, Sigma-Aldrich). Beam power measured
on the samples was about 4 μW.

3. Results and discussion

3.1. Tel22-BRACO19 titration experiments

To explore the influence of the cationic environment on the binding
mechanisms of Tel22-BRACO19, we carried out a series of titration ex-
periments through different steady-state optical spectroscopies. UV–Vis
absorption and fluorescence measurements were performed to investi-
gate the variations in the electronic properties of BRACO19 resulting
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Fig. 2. Fluorescence results in potassium environment: (a) normalized absorbance (solid line) and fluorescence (dashed line) spectra of BRACO19 at 80 μM (black) and BRACO19-
Tel22 complex at 100 μM of Tel22 (red), using a 𝜆 = 365 nm excitation wavelength; (b) fluorescence spectra of Tel22-BRACO19 complex as a function of Tel22 concentration
from 0 to 100 μM. (c) Stokes shift (defined in the text) and (d) intensity of fluorescence spectra at 490 nm as a function of Tel22 concentration.
from its interaction with Tel22. Figs. 1a and 1b report UV–Vis absorp-
tion spectra of BRACO19 at a fixed concentration (80 μM) as a function
of Tel22 concentration from 0 to 100 μM. The corresponding values
in terms of Tel22-BRACO19 stoichiometric ratios are reported in the
Material and methods section. BRACO19 has characteristic absorption
bands with three major peaks at 264 nm, 293 nm, and 363 nm.
These bands are peculiar of aminoacridine structures and result from
𝜋 − 𝜋∗ electronic transitions of acridine rings [41]. Since Tel22 has
an absorption band at ∼260 nm and a free spectral window at higher
wavelengths, the evolution of the band centered at 363 nm was mainly
considered in the titration spectra (see the inset of Figs. 1a and 1b). The
changes in this band, indeed, more prominently reflect the interaction
between Tel22 and BRACO19, making it an effective spectroscopic
descriptor for the formation of the complex and for the monitoring of
binding mechanisms.

In K+ environment, upon increasing the Tel22 concentration, the
BRACO19 absorption band at 363 nm red-shifts of 10 nm (bathochromic
effect) and decreases of ∼60% (hypocromic effect, see Fig. S1a of
Supporting Information). In Na+ environment, the BRACO19 band is
affected by a lower red-shift (∼8 nm) and the absorbance titration trend
shows a two-step behavior. Indeed, the absorption slightly increases for
Tel22 concentration up to 8 μM (i.e. Tel22:BRACO19 1:10) and then
decreases of ∼35% for higher HT-G4 concentrations, as shown in Fig.
S1b of Supporting Information. According to previous literature [42–
44], absorption bands of ligands that, due to the interaction with DNA,
exhibit a red-shift greater than 15 nm and a hypochromic effect larger
than 35% are indicative of an intercalative binding mechanism. Instead,
when the red-shift is more than 10 nm, the interaction is likely due to
𝜋-stacking [45]. Based on our spectral trends, it is highly plausible that
BRACO19 and Tel22 interact via stacking modes in K+ environment. In
contrast, in Na+ buffer, the lower red-shift indicates a different type of
interaction, possibly involving groove-loop bindings.
4

Furthermore, in both environments, a clear isosbestic point cannot
be identified during the titration. This evidence represents an indication
that the Tel22-BRACO19 binding process cannot be related to a two-
state interaction mechanism, which involves the free and the bound
states only. The present data support then a multi-step binding mecha-
nism, consistent with previous findings from surface plasmon resonance
and calorimetry, where two steps were found, the first binding mode
being approximately ten times more efficient than the second [46].

To obtain information on the saturation binding curve, the fraction
of bound BRACO19 as a function of Tel22 concentration is shown in
Fig. 1c and Fig. 1d. The concentrations of bound (C𝑏) and free (C𝑓 )
BRACO19 were evaluated by using the relations C𝑓 = C ⋅ (1 - 𝛼) and
C𝑏 = C - C𝑓 . Here, C is the total ligand concentration (80 μM) and 𝛼 is
calculated through the equation: 𝛼 = (A𝑓 -A)/(A𝑓 - A𝑏), where A𝑓 and
A𝑏 are the absorbances of the free and fully bound BRACO19 at 363 nm
respectively, and A is the absorbance at the same wavelength for each
measurement. In K+ environment, the bound fraction reaches a plateau
at a DNA:ligand stoichiometric ratio of about 1:2.5, while in Na+ buffer
the plateau is obtained at a higher stoichiometric ratio (1:4).

The interaction of BRACO19 with Tel22 was further studied using
fluorescence spectroscopy. The ligand fluorescence, obtained by excit-
ing the sample in solution with a 365 nm wavelength, depends on both
the molecular structure and the environment around the molecule. A
broad fluorescence band centered at ∼470 nm was observed in the
presence of both cations, as reported in Figs. 2a and 3a. Comparing
the absorption and the emission spectra of BRACO19 in K+ and Na+
(Fig. S2 of Supporting Information), we observed that changing the
buffer solution led to a shift in the fluorescence wavelength, but not in
the absorption one, indicating a stronger interaction between solvent
and BRACO19 in the excited state. Indeed, when the shift of the
emission band is higher than that of the absorption band, the molecule
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Fig. 3. Fluorescence results in sodium environment: (a) normalized absorbance (solid line) and fluorescence (dashed line) spectra of BRACO19 at 80 μM (black) and BRACO19-Tel22
complex at 100 μM of Tel22 (red), using a 𝜆 = 365 nm excitation wavelength. (b) Fluorescence spectra of Tel22-BRACO19 complex as a function of Tel22 concentration from 0
μM to 100 μM. (c) Stokes shift (defined in the text) and (d) intensity of fluorescence spectra at 490 nm as a function of Tel22 concentration.
shows a greater dipole moment in the excited state than in the ground
state [47]. Acridine-based molecules, such as BRACO19, exhibit an
increase in dipole moment when transitioning from the ground to the
excited state. In fact, the electronic charge distribution of the 𝜋 − 𝜋∗

excited state is more extended than that of the ground state, making
the former more polarizable [47].

Fig. 2b shows the fluorescence titration spectra of Tel22-BRACO19
complexes in K+ buffer at the same concentrations used in the absorp-
tion experiments. Up to ∼16 μM, corresponding to Tel22:BRACO19
1:5 molar ratio, the spectral shape does not change but its intensity
increases. Above that point, the increase in HT-G4 concentration is
related to a drastic change of the fluorescence signal, which results
in a structureless, red-shifted, broad band. The Stokes shift, defined
as the difference between the spectral position of the maximum of the
emission band and the maximum of the absorption one, is reported in
Fig. 2c as a function of Tel22 concentration, while the intensity of the
spectra at 490 nm is shown in Fig. 2d. They both suggest the occurrence
of a multi-step binding mechanism between Tel22 and BRACO19, as
already pointed out by the absorption results.

It has been already observed in the literature that acridine molecules
could form large aggregates in solution, resulting in a self-quenching
of the fluorescence signal [48,49]. Therefore, in our case, the initial
enhancement of fluorescence intensity upon Tel22 addition up to 16
μM could be attributed to the dissociation of ligand aggregates caused
by the preferential interaction of BRACO19 with G4. Furthermore, this
increase in fluorescence intensity is not accompanied by a change of the
spectral shape, thus suggesting electrostatic interactions between the
negatively charged Tel22 phosphate groups and the positively charged
BRACO19 quaternary nitrogen [45]. Further, by increasing the Tel22
concentration, the shape, the position, and the intensity of the emission
band of the complex has changed, thus indicating a variation of the
5

Tel22-BRACO19 interaction. In particular, the red-shift of the spectral
center of ∼20 nm and the slight light-up prove that BRACO19 aromatic
rings start to interact possibly through head-to-tail 𝜋 − 𝜋 stacking.

Steady-state fluorescence titration measurements were also carried
out in Na+ aqueous solutions, as reported in Fig. 3. The evolution of
the fluorescence spectrum of Tel22-BRACO19 complex upon increasing
Tel22 concentration resulted in a fluorescence decrease with an almost
complete quenching (see Fig. 3b). The efficient fluorescence quenching
allows monitoring the complexation process. In the first part of the
titration, the optical changes are qualitatively similar to those occurring
in K+ buffer. In this instance as well, BRACO19 may form aggregates
in solution, which can be dissociated upon HT-G4 addition. Also in this
case, the initial light-up of fluorescence intensity up to 8 μM HT-G4
concentration, without any differences in terms of position or shape, in-
dicates an electrostatic interaction between BRACO19 and Tel22. This
is in line with our expectations, considering the tricationic nature of the
ligand, which may facilitate long-range interactions with the negatively
charged phosphate groups along the HT-G4 grooves. Further increasing
Tel22 concentration, an almost complete fluorescence quenching was
observed. This evidence, along with the hypochromic red-shift of the
absorption band during the titration (Fig. 3c and Fig. 3d), suggests
that BRACO19 binds to the outside of the Tel22 molecule involving
interactions that are not limited to the electrostatic forces [50].

3.2. Circular dichroism and UVRR spectroscopy

Modifications at the secondary structural level induced by BRACO19
on Tel22 were identified by examining the CD signal of the complexes.
In K+ environment, Tel22 has a characteristic CD profile of a mixture
of conformations, with a maximum at ∼290 nm, a shoulder at 270 nm,
and a minimum at ∼234 nm. The use of a specific algorithm, which was
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Fig. 4. CD spectra of Tel22 in (a) K+ buffer and (c) Na+ buffer, along with the best fits using the algorithm explained in the text [51]. The corresponding percentages of the
tertiary structure components (parallel, antiparallel, and hybrid) are reported in the inset of both panels. CD spectra of Tel22 complexed with BRACO19 at four different molar
ratios (1:0, 1:1, 1:2, and 1:4): (b) in potassium and (d) in sodium environment.
developed to derive the secondary structure content of quadruplexes
from their experimental CD spectra [51], provided the percentages of
the main different species. The two most prevalent topologies were
the hybrid (∼63%) and the antiparallel (∼26%) ones, as represented
in Fig. 4a (see also Table S1 in Supporting Information). Fig. 4b shows
Tel22-BRACO19 in K+ buffer at selected stoichiometric ratios, namely
1:0, 1:1, 1:2, and 1:4. The complexation with BRACO19 induces a
drastic change of the CD features, with an increase of the peak at
290 nm, the formation of a maximum at 240 nm and a minimum
at 260 nm. Therefore, upon complexation, the Tel22 structure under-
goes conformational switching towards an increasingly antiparallel-like
structure at the expense of the parallel population. This change is
accompanied by an overall increase in the maximum and minimum
intensities as the BRACO19 concentration increases.

Conversely, Tel22 in Na+ adopts a predominantly antiparallel topol-
ogy (∼87%) with two maxima at ∼296 nm and at 243 nm and a
minimum at 263 nm (see Fig. 4c). Fig. 4d shows that, different from
that in the K+ environment, as the ligand concentration increases, the
peak positions slightly shift towards shorter wavelengths upon com-
plexation and their intensities slightly vary. This observation supports
the interpretation of different interaction mechanisms of BRACO19
with Tel22 in the two investigated cationic environments.

To gain insights into the effects induced by complexation on the
HT-G4 structure at a molecular level, UVRR spectroscopy was em-
ployed exploiting the 250 nm exciting wavelength. This wavelength is
commonly chosen because it is near the Tel22 absorption maximum,
thus ensuring a significant, selective amplification of the vibrational
modes of quadruplex structure. In particular, the bands within the
1150–1600 cm−1 range predominantly arise from the combination of
vibrational motions associated with the exocyclic rings of the base
residues. The UVRR spectra, measured for Tel22 and Tel22-BRACO19
samples at the same stoichiometric molar ratios employed for the
6

CD experiments, are shown in Figs. 5a and 5c, in K+ and in Na+
environments, respectively, over the wavenumber range from 1200 to
1800 cm−1.

This spectral range contains bands that are mostly ascribed to
vibrations of dG residues, with minimal contributions from dA, which
is less stoichiometrically significant in Tel22 [38,52–54]. Changes of
the intensity and/or frequency shifts of these peaks can be associated
with environmental, and thus conformational effects.

As the BRACO19 contribution strongly influences the UVRR signal
above 1500 cm−1 (see Fig. S3 of the Supporting Information) thus
making data treatment challenging, we restricted our detailed analysis
to lower wavenumber. All the spectra have been normalized on the
OH stretching band at ∼3400 cm−1. By using Gaussian shape func-
tions as reported in Refs. [35,37], it was possible to reproduce the
vibrational features from 1280 to 1520 cm−1. Representative best-
fit curves are shown for the unbound samples in Figs. 5b and 5d.
The bands that have proven to be particularly informative are those
centered at 1323 and 1337 cm−1, hereafter referred to as I and II,
and that peaked at 1483 cm−1, referred to as III. The I and II bands
are indicators of glycosidic torsion angles of guanosines, respectively
C2’-endo/syn-G and C2’-endo/anti-G [55]. Thus, the ratio between the
corresponding areas, i.e. A𝐼/A𝐼𝐼 , can be considered an identifier of
the conformational change from an ‘‘hybrid-like’’ structure to a more
antiparallel one: the higher the intensity of I, the higher the antiparallel
population [56]. This ratio is reported in Fig. 6 as a function of the
BRACO19 concentration.

It is evident that, in K+ buffer, this parameter increases as a function
of the Tel22:BRACO19 stoichiometric ratio, indicating a rise in the
antiparallel population. Remarkably, a similar trend is observed in the
behavior of the CD signal taken at a 260 nm wavelength (Fig. 6a),
which is a marker for the parallel conformation, whose decrease is com-

pensated by the corresponding growth of the antiparallel component. A
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Fig. 5. UVRR spectra of Tel22 complexed with BRACO19 at four different molar ratios (1:0, 1:1, 1:2, and 1:4): (a) in potassium and (c) in sodium environment. UVRR spectra
(circles) and the best fitting results (solid lines) of Tel22 in the two different environments: (b) K+ buffer and (d) Na+ buffer. The main representative vibrational bands are
indicated with I (green), II (cyan), and III (orange). Gray lines represent the other components used for the deconvolution of the whole spectral region.
Fig. 6. (a) Intensity ratio of the UVRR bands indicated as I and II in Fig. 5 (black circles) compared to the CD intensity at 260 nm (pink squares) for the different Tel22-BRACO19
stoichiometric ratios in K+ environment. (b) Analogous of panel (a) in Na+ environment with blue symbols representing the CD intensity at 243.5 nm.
similar correlation between UVRR and CD can also be observed in the
case of Na+ environment. Here, the A𝐼/A𝐼𝐼 ratio does not significantly
vary in all the analyzed samples, a behavior perfectly reproduced
by the value of ellipticity at about 240 nm, which is indicative of
the antiparallel population. Both of these parameters do not suggest
remarkable alterations in the secondary structure, reinforcing the idea
that BRACO19 exerts minimal influence on the Tel22 topology in the
Na+ environment.
7

Informative insights can be further obtained by examining band
III, which arises from the bending of C8–H and the stretching of N9–
C8 and C8–N7 [52,53]. A decrease in the Raman signal of this peak,
i.e. the hypochromic effect, upon BRACO19 complexation was observed
in K+ environment (see Fig. S4 in Supporting Information) and can
be ascribed to a modification of base stacking interactions, compatible
with an end-stacking binding mode [38,54,57]. On the contrary, in
Na+ environment, no evident hypochromism was observed (see Fig. S4
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in Supporting Information). These observations are consistent with the
results obtained from UV–Vis absorption and fluorescence titrations.

It is worth noting that, when comparing the spectrum of Tel22
in Na+ (whose topology is predominantly antiparallel) with that of
the Tel22-BRACO19 1:4 complex in K+ (Fig. S5a of Supporting Infor-
mation), there is a notable overlap in the region of glycosidic bond
markers, and both spectra show comparable A𝐼/A𝐼𝐼 ratio (see Fig. S5b
of Supporting Information). This observation confirms the ability of
the BRACO19 to induce conformational switching from a mixture of
conformations (in hybrid prevalence) to an antiparallel-like topology
in Tel22 in K+ environment.

4. Conclusions

In this study, a multi-technique approach was newly adopted to gain
a deeper understanding of the molecular interaction mechanisms that
underlie the binding of Tel22, a highly polymorphic segment of the
DNA telomere, and BRACO19, a model ligand selected for its potential
application in cancer therapy and antiviral treatments.

By integrating structural and conformational information from CD
and UVRR spectroscopy, along with electronic properties revealed by
UV–Vis absorption and fluorescence spectroscopy, the essential role
of the quadruplex conformation in its interaction with BRACO19 was
elucidated. Indeed, the unbound Tel22 adopts different conformations
in K+ or Na+ environment. Even though BRACO19 is capable to bind
both topologies, we demonstrated that it induces a conformational
switching only in K+ buffer, where Tel22 is driven from a mixture
of hybrid conformations towards a predominantly antiparallel sec-
ondary structure upon BRACO19 complexation. On the contrary, in
Na+ buffer, the prevalent Tel22 antiparallel topology does not sig-
nificantly vary upon BRACO19 complexation. UV–Vis absorption and
fluorescence results provide important information on the BRACO19
binding mode. A multi-step binding process is confirmed to occur in
both environments. In Na+ buffer, BRACO19 seems to adopt groove
binding modes predominantly. Conversely, in a K+ environment, UV–
Vis absorption and UVRR measurements revealed that the interaction
between Tel22 and BRACO19 involves the stacking mode, promot-
ing moderate Tel22 dimerization. This observation, which aligns with
recent suggestions derived from a combined analysis of structural
experiments and coarse-grained simulations [58], is also supported
by small-angle X-ray scattering (SAXS) experiments performed on the
Tel22 complexes in K+ buffer, at different DNA/ligand molar ratios
(i.e. 1:1, 1:2, and 1:4). SAXS profiles of Tel22 samples with ligand show
an excess scattering intensity for 𝑄 < 1 nm−1 compared to the plateau
observed with Tel22 monomers (see Fig. S6), signaling the presence of
G4 aggregates for stoichiometric ratios higher than 1:2. The emergence
of multimers is further validated by our fluorescence results, which
suggest the possible formation of J-type aggregates, with monomers
aligned head-to-tail [59,60]. Indeed, the bathochromic effect along
with the light-up of the fluorescence emission band could be attributed
to the creation of strongly coupled multimers, as recently reported in
the literature for pseudoisocyanine dyes and DNA duplex [61].

In conclusion, we provided evidence that the Tel22 topology, here
selected by the cationic environment, serves as a critical determinant
for ligand interactions and binding modes, influencing also the stacking
capability of the quadruples. Interestingly, Tel22-BRACO19 complexes
in a K+ environment are found to be more prone to form multimeric
structures than in Na+ solution. This result arises by the application of
fluorescence to G4-based systems, which helps to identify the type of
aggregates. The method applied here, in combination with structural
and computational techniques [58], could provide a promising multi-
messenger investigative approach for a more rationalized design of
specific molecules capable of binding to flexible HT DNA [62–66].
Given the relevance of multimeric G4s as potentially exerting delete-
rious effects in the pathogenic cascade of various diseases [62], the
efforts to assess the affinity of new ligands for multimeric HT-G4s
hold the potential for significant impact across various fields, including
8

medicine, biotechnology, and pharmacology.
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