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The selective recognition of G-quadruplex (G4) DNA structures by metal complexes holds considerable promise
for anticancer drug development, particularly for targeting oncogene promoters and telomeric regions. Herein,
we report the synthesis, structural characterization, and DNA-binding strength evaluation of a new series of

Ifl(i)flfe elr transition metal complexes derived from a Ny tetradentate naphthalene-bridged Schiff base ligand (Naphthim).
Zinc The zinc(Il), copper(Il) and nickel(II) complexes were obtained via in situ or transmetallation protocols and

characterized by NMR, HR-ESI-MS, and elemental analysis. Among them, the copper(Il) complex, 2,
[CuNaphthim] 2*, exhibited the highest DNA-binding affinity and G4-stabilizing ability, as assessed by FRET-
based DNA melting assays, UV-Vis absorption, and circular dichroism (CD) spectroscopy. Despite lacking
cationic side chain substituents, 2 showed moderate stabilization of several G4 structures, with a preferential
effect on the cMyc quadruplex. Comparative studies with the benchmark [CuPhenim] 2+ complex revealed that
n-extension of the ligand framework substantially enhances DNA-binding affinity and modulates selectivity.

UV-Vis and CD spectroscopy revealed clear differences in DNA-binding behavior between 2 and
[CuPhenim] 2%, with compound 2 exhibiting stronger and more defined interactions across both G4 and duplex
targets. These trends found support by molecular docking, which uncovered distinct binding modes depending
on G4 topology and echoed the observed affinity profiles. These findings highlight the Naphthim scaffold as a
promising modular platform for the design of G4-targeting metal complexes.

FRET DNA melting assay

1. Introduction

G-quadruplexes (G4s) are non-canonical nucleic acid secondary
structures characterized by stacked planar guanine tetrads stabilized
through Hoogsteen hydrogen bonding. These structures are integral to
essential biological processes, including telomere maintenance, tran-
scriptional regulation, and genome stability [1]. Their enrichment in
promoter regions of oncogenes—such as cMyc, Bcl2, and hTert—and at
telomeric ends, positions them as critical elements in the control of cell
proliferation, senescence, and apoptosis [1]. Notably, G4 structures
have been implicated in the epigenetic regulation of gene expression,
with mounting evidence showing that their stabilization can suppress
oncogene transcription and limit uncontrolled growth in tumor cells [2].
This has inspired a growing effort to develop small-molecule G4 binders
as precision anticancer therapeutics [1]. Moreover, the selective

formation and stability of G4s under cellular stress conditions, particu-
larly in rapidly dividing cells, further enhance their relevance as drug
targets. Recent advances in structural biology, including X-ray crystal-
lography and NMR, have shed light on the structural polymorphism of
G4s and the diverse conformational states they adopt in physiological
contexts, emphasizing the need for binders capable of accommodating
this variability [3].

The past decade has witnessed the development of an expanding
arsenal of synthetic binders capable of stabilizing G4 with varying de-
grees of selectivity and potency. These binders are designed to interact
through end-stacking on terminal G-quartets, groove binding along the
phosphate backbone, or loop-binding that exploits the structural flexi-
bility of the G4 loops [4]. Among these, planar aromatic systems with
extended rm-conjugation have shown considerable promise for maxi-
mizing n-r stacking interactions with the terminal G-tetrads. However,
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despite these advances, achieving a balance between high binding af-
finity and structural selectivity remains a key challenge. Electrostatic
interactions, hydrogen bonding capacity, and spatial complementarity
all influence the binding mode, making binder modularity a valuable
asset. Tunable scaffolds, hence, allow chemists to explore how subtle
structural changes impact the binding profile, thereby enabling the
rational optimization of G4 affinity and selectivity.

In this context, Schiff base ligands have emerged as privileged scaf-
folds due to their synthetic accessibility and versatile structural motifs
[5]. Among these, salphen-type ligands—formed by the condensation of
salicylaldehydes with phenylenediamines—have garnered particular
attention. These ligands form rigid, planar N2Oz-donor chelating metals
with a high degree of conjugation, and providing an excellent platform
for n—r interactions with G4. Their ability to form stable complexes with
a variety of metal ions adds further functional diversity.

Transition metal complexes derived from salphen-type ligands offer
distinctive advantages for G4 targeting, providing additional handles for
tuning geometry, coordination preferences, and compounds’ stabilities.
The metal center not only modulates the electronic distribution across
the ligand framework but also dictates the overall topology of the
resulting complex, which can strongly influence DNA-binding affinity
and mode [6]. Studies have shown that switching the metal core—from
diamagnetic zinc(II) to paramagnetic copper(Il) or nickel(Il), for
instance—can dramatically alter the DNA-binding profile, not only in
terms of strength but also in selectivity for particular G4 topologies [7].
Additionally, ligand-centred variations—such as the incorporation of
pendant arms, variation of N'N bridge substituents, or changes in co-
ordination geometry—can shift the preferred binding site from external
stacking to groove or loop binding [8-16]. Collectively, these features
endow salphen-like complexes with exceptional structural plasticity,
enabling the design of metal-based G4 binders tailored for specific
biological targets.

More recently, alternative Schiff base architectures such as the Phe-
nim scaffold ((1E,1'E)-N,N-(1,2-phenylene)bis(1-(1H-imidazol-4-yl)
methanimine) in Fig. 1) have been introduced, replacing the classical
bis-salicylidene backbone with a bis(imidazole) motif, endowed with an
Ny-donor system. This modification introduces notable changes in both
electronics and coordination geometry, while preserving the binder’s
symmetry and synthetic accessibility. The introduction of imidazole
donors confers a softer donor environment and alters the electronic
distribution around the metal center, modulating the compound spec-
troscopic signatures. Phenim ligands are capable of supporting a range of
transition metal ions and have shown promising results in stabilizing G4
structures, although the observed binding profiles depend strongly on
the identity and charge of the central metal and the nature of the G4
topology [7]. Notably, molecular dynamics and spectroscopy studies
have suggested that Phenim-based copper(Il) complex, [CuPhenim] %
in Fig. 1, engages in non-classical binding modes, such as loop binding,
that may selectively recognize certain G4 topologies over others. These
insights underscore the potential of Phenim-like scaffolds for fine-tuning
DNA interaction profiles through small structural alterations [7]. In a
follow up study, [CuPhenim]2* has demonstrated a potent anticancer
effect on HepG2 cancer cell lines, likely due to the ROS production [17].

Phenim Naphthim

Fig. 1. Molecular structures of the previously reported (left) and newly
designed (right) ligands, Phenim and Naphthim.
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Building upon these developments, the current study presents the
synthesis and comprehensive characterization of novel zinc(Il), copper
(II) and nickel(II) complexes featuring naphthalene-based Schiff base
ligands (Naphthim, ((1E,1'E)-N,N-(2,3-naphthalene)bis(1-(1H-imidazol-
4-yl)methanimine)). By replacing the phenylene bridge of the Phenim
system with a more extended and conjugated naphthalene unit, we
enhanced the z-surface of the G4 binder while preserving the N4-donor
motif responsible for metal coordination. The use of the Naphthim
framework not only increases planarity and n-delocalization but also
influences the ligand’s rigidity and overall three-dimensional topology,
factors that are known to modulate DNA-binding modes. This manu-
script provides detailed structural analyses through NMR, mass spec-
trometry, and elemental analysis, alongside biophysical evaluations
including UV-Vis binding experiments, FRET melting assays, and cir-
cular dichroism spectroscopy. Our findings provide critical insights into
ligand-metal interactions, delineating key structure-activity relation-
ships essential for the rational design of next-generation G4-targeting
metal complexes. The resulting data not only support the effectiveness of
the Naphthim platform but also offer broader implications for tuning
metal-based molecular recognition of nucleic acid structures.

2. Results and discussion
2.1. Synthesis

The synthesis of zinc(II) and copper(Il) complexes (Compounds 1
and 2, Scheme la) was performed in situ by slightly adapting an
established protocol previously applied to the parent compound [7]. The
Schiff base ligand was synthesized through condensation between
equimolar ethanolic solutions of 4-imidazolecarboxaldehyde and 2,3-
diaminonaphthalene. Subsequently, 0.5 equivalents of the respective
metal perchlorate salt were added, and the mixture was continuously
stirred for 24 h. After this period, the desired complexes were collected
by filtration as precipitates, yielding high purity products in good yields.

The zinc(II) complex was comprehensively characterized by both H
and 13C NMR spectroscopy (Figs. S1 and $2). The 'H NMR spectrum
revealed resonances consistent with those documented previously for
the structurally similar Phenim derivative [7]. Specifically, the Schiff
base formation was verified by the characteristic resonances observed at
approximately 9.4 and 148.8 ppm in the 'H and '*C NMR spectra,
respectively. Moreover, the broad resonance around 13.6 ppm observed
in the 'H NMR spectrum corresponded to the NH imidazolic proton,
confirming its retention in the complex. Additionally, the appearance of
only six distinct signals in the 'H NMR spectrum affirmed the symmet-
rical structure of the synthesized complex. This signal distribution is
consistent with a Cy-symmetric square-planar zinc(II) coordination
environment and confirms that both imidazole arms participate equally
in metal binding, ruling out asymmetric binding or partial protonation/
deprotonation states.

Due to the intrinsic paramagnetic nature of copper(II), NMR char-
acterization was not feasible for its corresponding complex (2). Further
structural validation was accomplished through HR-ESI-MS analysis for
both 1 and 2 (Figs. S3, S4). Mass spectra exhibited distinct peaks cor-
responding to the [ML2H] ions, at m/z values of 189.0287 for zinc(II) (1)
and 188.5292 for copper(Il) (2) complexes (Figs. S3b, S4b). Addition-
ally, a prominent secondary peak, associated with the singly charged
species formed via the loss of the imidazolic proton [ML-H'], was
detected and aligned well with prior observations for analogous Phenim
complexes (Figs. S3c, S4c). Interestingly, in contrast to the Phenim
complex series where the in situ protocol readily produced the nickel(II)
complex, analogous attempts to synthesize the nickel(II) Naphthim de-
rivative (3) under similar conditions consistently yielded inseparable
mixtures.

To overcome the synthetic limitations encountered with the in situ
approach, a transmetallation strategy was pursued using the zinc(II)
complex (1) as a reactive intermediate. In the context of the Naphthim
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Scheme 1. Synthetic pathway including in situ metal complex formation (a) and transmetallation approach (b).

system, which features a fully aromatic N4 chelating pocket and
embedded imidazolic rings, the use of zinc(II) as a synthetic linchpin
offers both electronic stabilization and steric accessibility, enabling
post-synthetic metal exchange without compromising the integrity of
the conjugated framework. This strategic choice was grounded in the
well-documented propensity of zinc(I)-centered salphen-like complexes
to act as labile yet structurally preorganized platforms for metal ex-
change [18,19]. In particular, the zinc(Il) ion, characterized by a closed-
shell d'° configuration and pronounced Lewis acidity, displays a good
affinity for oxygen and nitrogen donors yet resulting quite labile. This
balance renders zinc(II) complexes kinetically accessible and thermo-
dynamically poised for substitution by more strongly coordinating
transition metals such as nickel(II), which form more inert and ther-
modynamically stable metal complexes [18,20].

Literature precedent, notably from Benet-Buchholz and Kleij [21],
supports an associative mechanism wherein a transient heterobimetallic
intermediate is formed, allowing stepwise metal displacement via ligand
redistribution [22]. This pathway is influenced by both steric and
electronic factors within the ligand framework, with more electron-
deficient salphen cores enhancing the electrophilicity of the complex
and promoting faster transmetallation [21]. In this context, the zinc(II)
precursor (1) serves not only as a synthetic intermediate but also as a
mechanistically rational scaffold that streamlines access to the struc-
turally defined nickel(I) derivative (3), overcoming the limitations
posed by direct metalation strategies.

Therefore, we decided to prepare a suspension of one equivalent of 1
in tetrahydrofuran, to which an equimolar amount of nickel(II) acetate,
previously dissolved in the same solvent, was added. The slurry mixture
was stirred at room temperature for 24 h, and the formation of a bright
orange precipitate indicated the formation of the desired product. This
solid was subsequently isolated by filtration.

Furthermore, the nickel(II) complex exhibited characteristic para-
magnetic behavior, resulting in no interpretable NMR signals. Such a
result is consistent with previously reported octahedral nickel(II)
salphen-type complexes exhibiting S = 1 triplet ground states, which
typically lead to broadened or entirely suppressed 'H resonances due to
fast relaxation and magnetic anisotropy [7]. This geometry assignment
is further supported by the X-ray crystallographic data reported by our

group on the structurally related nickel(Il) Phenim complex, which
confirmed a distorted octahedral arrangement consistent with a triplet
electronic configuration. The proposed structure was conclusively
confirmed via mass spectrometry (Figs. S5), revealing a clear peak at
186.0306 m/z corresponding to the [ML2*] species and a second peak at
371.0524 m/z for the [ML-H'] species. These signals confirm not only
the success of the transmetallation but also the preservation of the li-
gand’s protonation state and coordination mode, underscoring the
structural robustness of the Naphthim scaffold throughout the synthetic
sequence.

Final verification of structural integrity and purity for all three
complexes was achieved through elemental analysis, demonstrating
purities exceeding 99.5 % (see Materials and Methods section).

2.2. DNA binding

To investigate the G-quadruplex (G4) binding properties of the
synthesized metal complexes, we employed a fluorescence resonance
energy transfer (FRET)-based DNA melting assay. This method is widely
recognized for its sensitivity in detecting binder-induced stabilization of
nucleic acid secondary structures, particularly G4 motifs. The experi-
mental setup relied on DNA oligonucleotides site-specifically labeled
with a FAM donor fluorophore at the 5’ end and a TAMRA acceptor at the
3’ end, enabling real-time monitoring of the thermal unfolding process
via fluorescence signal changes. Upon progressive temperature increase,
disruption of the folded G4 conformation leads to fluorophore separa-
tion and fluorescence enhancement. The temperature at which half of
the folded structures are denatured is recorded as the melting temper-
ature (Tp), and any shift in Ty, upon addition of a binder (ATy,) is taken
as a direct indication of structural stabilization.

A screening assay was first carried out on a panel of biologically and
structurally diverse G4-forming sequences, including the promoter-
associated G4s of cKitl, cKit2, Bcl2, hTert and cMyc, as well as the
telomeric-related sequence hTelo, and a duplex B-DNA (ds-DNA) con-
trol. Each oligonucleotide was incubated with the tested metal com-
plexes at a 1:5 DNA-to-binder molar ratio under physiologically relevant
buffer conditions. Among the series of compounds, the copper(II) com-
plex 2 exhibited the most appreciable stabilizing effects, with ATy
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values of 3.1 °C for cKitl, 4.2 °C for Bcl2, and 3.3 °C for cMyc (Table 1).
These values are consistent with moderate G4 stabilization and highlight
the capability of 2 to engage structured DNA targets even in the absence
of cationic appendages. In contrast, the corresponding nickel(II) and
zinc(II) complexes, 1 and 3, induced minimal thermal shifts across the
full sequence panel (Table 1), supporting the hypothesis that copper(Il)
offers a more favorable balance of coordination geometry and ligand
electronic characteristics within the Naphthim framework for engaging
structured nucleic acid targets.

To further contextualize the performance of 2, a direct comparative
analysis was performed with the benchmark [CuPhenim]2t. As shown
in Fig. 2a, [CuPhenim] 2+ consistently induced higher ATy, values
across all tested G4 sequences, reflecting its uniform affinity for G4.
However, while displaying overall lower ATy, values than the bench-
mark, 2 surpassed by a few degrees [CuPhenim] 2* specifically on the
cMyc G4. This distinctive profile suggests that subtle variations in the
metal complex framework — such as the more extended aromatic sur-
face and altered electronic distribution of the Naphthim scaffold — may
selectively enhance interactions with the structural features of partic-
ular G4 topologies. This sequence-selective behavior — especially the
preferential stabilization of cMyc — aligns with the broader goal of
developing binders capable of targeting regulatory quadruplex struc-
tures with high precision.

To explore this further, concentration-dependent FRET melting ex-
periments were performed on 2’s most responsive targets, Bcl2 and
cMyc, using a range of complex concentrations from 0.5 to 20 equiva-
lents. The resulting thermal profiles, reported in Fig. 2b, revealed an
interesting pattern. For Bcl2, thermal stabilization rose up to 1 equiva-
lent of 2 and then remained constant within the experimental error,
suggesting that binding saturation is reached under these conditions. In
contrast, ATy, values for cMyc continued to increase beyond 5 equiva-
lents without clear signs of plateauing, indicating that the interaction is
still responsive to additional binder. These differing trends support the
view that 2 interacts with G4 structures in a sequence-dependent
manner, with the Bcl2 G4 forming a well-defined binding interface
that saturates quickly, while cMyc exhibits a more progressive response
to increasing concentrations. Taken together, the data suggest that 2
engages the two G4s via different binding modes: the rapid saturation
observed with Bcl2 could be consistent with a discrete, well-defined site
in a groove or in a loop, whereas the gradual increase observed with
cMyc implies a more accessible and potentially less structurally
restricted binding region. Hence, the existence of two distinct binding
modes for the copper(II) complex and the two different G4s can
reasonably be proposed based on these experimental differences.

To complement the FRET-based findings with a spectroscopic
perspective, UV-Vis DNA Binding studies of the copper(Il) complexes 2
and [CuPhenim] 2+ were next performed in buffered aqueous solution.
Notably, the electronic absorption spectrum of 2, featuring the more
extended n-conjugated Naphthim core, displays a single broad absorp-
tion band centered at 337 nm. This contrasts with [CuPhenim] 2*,
which exhibits two partially resolved bands at 314 and 347 nm. Such
differences in spectral profiles underscore distinct electronic structures
in these two complexes, as previously noted for structurally related
Schiff base copper(Il) systems [7]. These spectral features thus provide
useful markers for subsequent DNA interaction studies.

In order to investigate the DNA-binding affinity of the copper(Il)
complexes 2 and [CuPhenim] ?*, UV-Vis absorption experiments were
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performed by adding increasing amounts of DNA sequences to the two
metal complexes. In particular, calf thymus DNA (Ct-DNA) was chosen
as a model for duplex B-form DNA, while Bcl2 and cMyc G-quadruplex-
forming sequences were selected according to the FRET DNA melting
results (see Fig. 3). To minimize spectral interference from the nucleic
acid absorption near 260 nm, the DNA-binding was monitored by
exploiting solely the absorption bands at 337 nm (2) and 347 nm
([CuPhenim]2") of the complexes. Although the interaction of
[CuPhenim] 2+ with Ct-DNA and cMyc had been previously reported
[71, these experiments were repeated under the current buffer condi-
tions, as ionic strength is known to strongly affect nucleic acid recog-
nition by small molecules [23].

For 2, the absorption maximum at 337 nm red-shifted markedly with
increasing DNA equivalents, while sharp and persistent isosbestic points
were observed throughout the experiments, indicating an equilibrium
between the free metal complex and the DNA-bound one. In contrast,
DNA-binding analysis with [CuPhenim] 2+ resulted in more modest red
shifts and less well-defined isosbestic points, suggesting a weaker
interaction.

To quantify these observations, in particular to achieve a consistent
comparison among the investigated metal complexes, binding constants
(Kp) were calculated by fitting the absorption changes according to
literature known protocols [24,25]. Importantly, compared to linear
fitting methods [26], this approach does not introduce overestimation of
the binding constants, as recently highlighted [27]. The analysis of their
values, reported in Table 2, revealed that 2 binds all three DNA se-
quences more tightly than [CuPhenim] 2", with differences ranging
from one to nearly two orders of magnitude. In particular, for Bcl2 and
cMyc, 2 displayed K}, values approximately 10-fold higher than its Phe-
nim analogue, confirming its enhanced ability to engage G4s. While a
direct comparison between different techniques is not ideal, it should be
noted that the similar affinity of 2 observed for Bcl2 and cMyc mirrors
the trend observed in FRET melting experiments.

However, the most striking difference emerged in the binding to Ct-
DNA. While [CuPhenim] 2+ exhibited a similar affinity for the duplex
target than G4, 2 bound Ct-DNA even more tightly than either of the
G4s, reaching Ky, values in the 106 M~ range: this resulted in an overall
difference of nearly two orders of magnitude in Ct-DNA binding between
the two copper(Il) complexes, 2 and [CuPhenim] 2+ such a profile
indicates that 2 is capable of engaging both canonical and non-canonical
DNA topologies with high efficiency, likely due to its extended aromatic
surface and planar coordination geometry, which may facilitate stacking
or groove-binding interactions across multiple DNA forms.

To probe whether such interactions are purely affinity-driven or also
induce conformational consequences, we next turned to circular di-
chroism (CD) spectroscopy to assess potential structural changes in
duplex DNA upon binding. Under the tested buffer conditions, calf
thymus DNA (Ct-DNA) exhibits a canonical B-form CD spectrum, char-
acterized by a strong positive band at about 275 nm and a negative band
at ca. 245 nm, both of which are associated with right-handed helicity
and base stacking interactions. These signals provide a reliable baseline
for monitoring binder-induced alterations.

Upon addition of increasing equivalents of 2 clear perturbations to
Ct-DNA signature emerged, with a notable decrease in the positive band
intensity. More importantly, the copper(II) complex presence resulted in
the appearance of induced CD (ICD) bands matching the complex’s
UV-Vis absorption range (see inset in Fig. 4a). The emergence of these

Table 1
AT, values and associated errors of 0.2 pM Ds- and G4-DNAs upon interaction with metal complexes at 1 pM concentration.
Complex Ds-DNA cKitl cKit2 Bcl2 hTert hTelo cMyc
1 04+13 0.6 £ 0.1 0.5+ 0.4 0.8 +0.1 0.6 £ 0.2 1.1+0.1 21+27
2 0.4+0.3 3.1+05 29+0.1 4.2 +£0.8 29+ 0.6 2.8+0.1 3.3+0.2
3 0.1 £0.1 22+0.8 1.1+ 0.6 1.2+0.7 0.7 £ 0.1 21+0.4 0.5+0.3
[Cu-Phenim] ** 1.5+0.7 89+ 21 3.4+04 6.7 £ 0.2 3.7+0.4 1.7 £0.1 0.3+0.4
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Fig. 3. UV-Vis absorption spectrum of 2 (a-c) and [CuPhenim] 2+(d-f) in combination with increasing amount of cMyc (a-d), Bcl2 (b,e) G4s and Ct-DNA (c,f).

Concentration of DNA is reported in bases. (a) [2] = 21.5 pM, [cMyc] = 0-74.8 pM; (b) [2] = 21.9 pM, [Bcl2] =
=24.0 pM, [Bcl2] =

UM. (d) [CuPhenim]?* = 24.9 uM, [cMyc] = 0-98.7 uM; (e) [CuPhenim] %" =
pM. In the inset, representative data fitting.

Table 2
K}, values calculated by UV-Vis experiments.
Complex Ct-DNA Bcl2 cMyc
5 (16.50 £+ 0.01) * (1.17 £0.03) * (1.22 £0.02) *
10° 10° 10°
[Cu- . 105 (0.28 + 0.02) * (0.11 £ 0.03) *
Phenim] 2+ (0.70 + 0.02) * 10 10° 10°

ICD signals strongly supports a chiral environment-induced ordering of
2 — consistent with its well-defined orientation along the DNA groove
or within its base stack. Such behavior is typically associated with
groove binding or partial intercalation, rather than mere electrostatic
association. By contrast, [CuPhenim] 2+ elicited far subtler changes in
the CD spectrum, with the B-form features largely preserved and only
negligible ICD signals emerging, consistent with a weaker mode of
interaction. The more profound spectral changes seen with 2, hence,

0-67.3 pM; (c) [2] = 17.9 uM, [Ct-DNA] = 0-39.56

0-154.0 uM; (f) [CuPhenim] > = 25.7 uM, [Ct-DNA] = 0-16.8

point toward a different binding paradigm, likely facilitated by its more
extended n-conjugation and planar coordination framework. Similar CD
measurements performed on the G4-forming sequences Bcl2 and cMyc
(Fig. S7) showed only minor spectral perturbations by the two metal
complexes. The absence of appreciable ICD bands in the presence of G4-
DNA, together with their clear appearance in the 2-Ct-DNA solutions, is
consistent with the tighter and more ordered binding interaction of 2
with the duplex DNA, observed through UV-Vis absorption
measurements.

In an effort to gain deeper insights into the experimental UV-Vis and
FRET observations, molecular docking studies were performed with
compound 2 and [CuPhenim] 2+ targeting the Bcl2 and cMyc G4s. The
docking outcomes revealed distinct and intriguing binding preferences
that align closely with the observed experimental behaviors (Fig. 5 and
Fig. S8).

For the Bcl2 G4 structure, 2 notably adopts an unconventional
groove-binding mode, interacting intimately within the G4 grooves
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Fig. 4. CD spectra of Ct-DNA in the presence of increasing aliquots of 2 and [CuPhenim] 2. Tris-HCl 50 mM, KCI 100 mM, pH = 7.4. a) [Ct-DNA] = 21.9 uM, [2] =
0-67.3 pM; b) [Ct-DNA] = 37.8 M, [CuPhenim]** = 0-45.0 pM. In the inset, variations of the DNA-CD signals recorded in the presence of increasing amounts of 2.

Fig. 5. Cartoons showing top view possible binding sites of (a) [CuNaphthim]>* (2) (Orange) and [CuPhenim]*" (Grey) with Bcl2 G4 (PDB id: 6ZX7) and (b) of
[CuNaphthim] >* (Orange) and [CuPhenim] 2" (Grey) cMyc (PDB id: 2LBY) G4 motifs. Side views are shown in the ESI.

rather than engaging the terminal guanine tetrads directly. This
distinctive groove-binding mode, visualized clearly in the docking pose
(orange coloured compound in Fig. 5a and S7), could plausibly explain
the rapid saturation observed in the FRET melting assays, indicating a
defined and potentially constrained binding interface. By contrast, the
structurally related complex [CuPhenim] 2+ demonstrates the classical
end-stacking mode, effectively sandwiching itself onto the planar G-
quartets, as expected from its rigid planar geometry (grey coloured
molecule in Fig. 5a,c and S8). This juxtaposition not only highlights the
influence of subtle ligand modifications on binding orientation but also
underscores how structural flexibility can open alternative binding
pathways.

Turning to the cMyc G4 (Fig. 5c and S8), both complexes show a
preference for the traditional top-stacking interaction, positioning
themselves squarely atop the terminal guanine tetrads. This binding
mode corroborates well with the gradual stabilization profile captured
in FRET experiments, suggestive of a broader and more accessible
binding surface on cMyc compared to Bcl2.

While docking scores for metal-based complexes must be interpreted
with caution—owing to the limitations of most scoring functions in
accurately capturing metal coordination and electronic effects [28]—
they nonetheless reflect a consistent and meaningful trend. In both G4
systems, compound 2 yields more favorable docking scores than
[CuPhenim] 2+, with values of —6.24 and — 5.54 kcal-mol ! for Bcl2
and cMyc, respectively, compared to —4.90 and — 4.84 kcal-mol ™! for
the Phenim-based reference. This trend compellingly echoes the outcome
of the UV-Vis binding studies, which revealed stronger affinities for 2
across all targets.

The convergence of computational and spectroscopic data
strengthens the proposed binding models: in this context, the copper(Il)
complex, 2, emerges as a structurally adaptable ligand capable of opti-
mizing its binding mode to exploit distinct topological features in

different G4 (and Ds-DNA) targets—a feature that may underpin its se-
lective stabilization behavior observed experimentally.

Conclusions. The present work underscores the potential of
naphthalene-bridged Schiff base ligands (Naphthim) as a versatile scaf-
fold for the development of metal-based DNA binders capable of
engaging both canonical and non-canonical nucleic acid structures.
Through the synthesis and comprehensive spectroscopic evaluation of
zine(Il), copper(Il), and nickel(I) complexes derived from this expanded
n-conjugated ligand, we demonstrate how subtle structural modifica-
tions can fine-tune both affinity and mode of DNA interaction. Among
the series, the [CuNaphthim] 2+ complex, 2, stood out for its consis-
tently higher binding affinities and G4-stabilizing properties, despite the
absence of cationic substituents or appended side chains.

While 2 does not display pronounced selectivity for G-quadruplexes
over duplex DNA under the tested conditions, its capacity to stabilize
select G4 structures—most notably the oncogenic cMyc motif—more
effectively than the benchmark [CuPhenim] 2™, suggests that ligand
topology and electronic tuning alone can impart a degree of sequence
responsiveness.

Molecular docking provided additional mechanistic insights,
revealing that 2 adopts differentiated binding modes depending on the
topology of the G4 target. A groove-binding orientation was observed
with the Bcl2 G4, consistent with rapid saturation in FRET melting as-
says, while a conventional terminal stacking mode was favored in the
interaction with cMyc. Notably, the observed docking score trends
mirrored the experimental UV-Vis binding constants, reinforcing the
hypothesis that t-extension and increased planarity in the ligand scaf-
fold enhance both DNA affinity and topological adaptability. Although
the absolute accuracy of docking energies for transition metal complexes
remains limited, the convergence of computational and spectroscopic
data lends credence to these structural models.

Collectively, these findings reveal how minor yet strategic changes in
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ligand design—such as the shift from a phenylene to a naphthalene
bridge—can profoundly reshape the DNA-binding behavior of copper(II)
complexes. The differentiated interaction profiles observed for
[CuNaphthim] 2t not only provide a structural rationale for its
experimental performance but also offer valuable design principles for
next-generation G4-targeting agents. Looking ahead, further derivati-
zation of the Naphthim platform, along with redox activity studies and
cellular assays, will be essential to fully explore its potential as a
modular core for metal-based therapeutics. In particular, modifications
at the aldehydic positions—such as the introduction of positively
charged side chains—may enhance aqueous solubility and electrostatic
attraction toward the negatively charged DNA backbone, potentially
increasing both affinity and selectivity for G4 structures. This strategy,
already successful in classical salphen systems, could be adapted to the
Naphthim scaffold to synergistically combine n-stacking capability with
backbone anchoring, opening avenues for the design of highly efficient
G4 stabilizers.

3. Experimental procedures
3.1. Synthesis

Compounds 1 and 2 were synthesized by dissolving 0.50 mmol of 2,3
diaminonaphthalene in ethanol, followed by the dropwise addition of
1.00 mmol of 4-imidazolecarboxaldehyde under continuous stirring.
After the complete addition of the aldehyde, 0.50 mmol of the appro-
priate metal salt (Zn?* for compound 1 or Cu?* for compound 2) was
added to the reaction mixture. The resulting solution was stirred at room
temperature for 24 h using a magnetic stirrer.

After the reaction period, the formation of a solid precipitate was
observed in both cases and collected after filtration. The crude products
were washed successively with cold diethyl ether, ethanol and water to
remove residual impurities. The resulting solids were dried under vac-
uum and used without further purification.

To obtain compound 3, 0.14 mmol of compound 1 were dissolved in
15 mL of tetrahydrofuran (THF). To this solution, 0.15 mmol of nickel
(I1) acetate, pre-dissolved in 7 mL of THF, was added and stirred at room
temperature for 24 h. Following the reaction period, a precipitate was
observed and collected by filtration. The solid was then washed
sequentially with distilled water, cold methanol, ethanol, and diethyl
ether. The final product, obtained as an orange solid, was dried under
vacuum prior to further analysis.

Sbbe [DNA]
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186.0326.
Elemental analysis of CigH16CloNgOgNi (3eH20): Calculated: C
36.65 %, H 2.73 %, N 14.25 %. Found: C 36.80 %, H 2.86 %, N 13.9 %.

3.2. FRET DNA melting assay

To evaluate the G4 stabilizing capabilities of the synthesized com-
plexes, a FRET-based DNA melting assay was employed. This technique
assesses the thermal stability of a labeled oligonucleotide sequence
bearing two fluorophores—typically FAM at the 5" end and TAMRA at
the 3’ end. In such a configuration, FAM emits fluorescence at a wave-
length absorbed by TAMRA. When the G4 structure is intact, the fluo-
rophores remain in proximity, resulting in efficient fluorescence
resonance energy transfer (FRET) and quenching of the FAM signal.
Upon gradual heating of the solution, the hydrogen bonds stabilizing the
G-quartets are disrupted, causing the oligonucleotide to unfold and
increasing the spatial separation between the fluorophores. This leads to
a reduction in FRET efficiency and a concomitant rise in the detectable
FAM fluorescence signal.

The oligodeoxynucleotides (ODNs) were diluted to the desired con-
centrations using a 60 mM or 10 mM (4 50 mM LiCl) potassium caco-
dylate buffer (pH 7.4). To induce folding into either B-DNA or G4
topologies, the solutions were heated to 95 °C for 5 min, followed by
gradual cooling to room temperature overnight. In the final assay mix-
tures, the ODN concentration was adjusted to 0.2 M in a total volume of
30 pL. The metal complexes were initially dissolved in DMSO to prepare
1 mM stock solutions and subsequently diluted with buffer, ensuring
that the final DMSO concentration did not exceed 0.1 %.

3.3. UV-Vis and Circular dichroism

UV-Vis absorption spectra were recorded at room temperature using
a Cary 1E double-beam spectrophotometer. Experiments were per-
formed by gradually adding increasing amounts of G4-DNA or B-DNA to
a solution of metal complexes 2 and [CuPhenim] 2+ at constant con-
centration. To ensure that the concentration of each metal complex
remained unchanged throughout the assay, an equal volume of a double-
concentrated metal complex solution was added simultaneously with
each DNA addition. Binding constants (Kp) were obtained fitting the
UV-Vis titration data at 337 (2) and 347 nm ( [CuPhenim] 2T) by means
of the following equation [24,25].

Abs = ( &

Compound 1. 'HNMR (400 MHz, DMSO-dg) 6 13.58 (s, 1H), 9.44 (s,
1H), 8.62 (s, 1H), 8.57 (s, 1H), 8.26 (s, 1H), 8.01 (dd, J = 6.2, 3.3 Hz,
1H), 7.64 (dt, J = 6.3, 3.4 Hz, 1H).

3¢ NMR (101 MHz, DMSO) 5 148.84, 139.22, 136.12, 135.21,
132.62, 128.45, 127.68, 124.37, 116.11.

ESI-MS Expected for [ML2*7: 189.0286; found 189.0287.

Elemental analysis of C1gH;4CloNgOgZn (1): Calculated: C 37.36 %,
H 2.44 %, N 14.52 %. Found: C 36.97 %, H 2.63 %, N 14.26 %.

Compound 2. ESI-MS Expected for [ML*"]: 188.5281; found
188.5292.

Elemental analysis of CjgH;6ClaNgO9Cu (2eH20): Calculated: C
36.35 %, H 2.71 %, N 14.13 %. Found: C 36.50 %, H 2.66 %, N 13.82 %.

Compound 3. ESI-MS Expected for [ML>*]: 186.0306; found

1 +0.5{ — (1 — Ky [B] + Ky[DNA] ) + \/(1 — Ky[B] + K, [DNA] )? + 4K, [B] }

- (1 — K3[B] 4 Ky [DNA] + \/(1 — K3[B] + Ky [DNA] )* + 4K, [B] )

% 2K,

where [B] is the concentration of the complexes used during the ex-
periments, €, = AbSgpserved/[Bl, €p is the extinction coefficient of the
DNA-bound complex, treated as a free variable and optimized together
with K; by minimizing the global residual error across the entire titra-
tion dataset, g is the extinction coefficient of the free complex deter-
mined by a calibration curve, following the Beer-Lambert law, and b is
the path length.

The compounds were initially dissolved in dimethyl sulfoxide
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(DMSO) and subsequently diluted with the titration buffer, consisting of
10 mM Tris-HCl supplemented with 50 mM KCI.

CD spectra were recorded using a Jasco J-715 spectropolarimeter at
25 °C. Increasing amounts of metal complexes 2 and [CuPhenim] 2+
were added into a DNA solution maintained at constant concentration.
Experimental parameters were as follows: wavelength range 450-220
nm, response time 0.5 s, 4 accumulations, and a scanning speed of 200
nm/min.

ODNs and Ct-DNA were dissolved in Tris—KCl buffer (50 mM Tris—HCI,
100 mM KCl, pH 7.4) to obtain 100 uM stock solutions, expressed in
monomer units. G4 folding was performed as described in the FRET
analysis section. To ensure that the concentration of ODNs or Ct-DNA
remained unchanged throughout the assay, an equal volume of a double-
concentrated DNA or ODN solution was added simultaneously with each
addition of metal complex solution.

3.4. Docking calculations

The structures of the metal complexes were fully optimized using
Density Functional Theory (DFT) as implemented in the Gaussianl6
software package [29]. The B3LYP functional was employed in combi-
nation with the CEP-121G pseudopotential basis set for the metal cen-
ters, and the 6-311G(d,p) basis set for all remaining atoms.

Receptor structures for Bcl2 (PDB ID: 6ZX7) and cMyc (PDB ID:
2LBY), along with the optimized metal complexes, were prepared for
docking using AutoDock Tools 1.5.6 [30]. The systems were converted
into the required PDBQT format. Blind-docking was performed by
generating sufficiently large grid boxes to encompass all potential
binding regions of the receptors. Specifically, for Bcl2 (6ZX7), the grid
dimensions were set to 60 x 70 x 56 points with a spacing of 0.375 A,
and centered at coordinates x = —0.736, y = 0.513, z = —3.276. For
cMyc (2LBY), the grid was defined as 56 x 52 x 54 points with the same
grid spacing, and centered at x = —0.273, y = —0.037, z = —0.135. All
molecular visualizations were generated using ChimeraX [31].

Docking calculations were carried out using AutoDock 4.2 [30],
employing the Lamarckian Genetic Algorithm. All docking parameters
were kept at their default values unless otherwise specified. The pre-
dicted binding affinities are reported as estimated free energies of
binding in keal-mol L.
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