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Abstract: Organometallic molecules offer some of the most
promising scaffolds for interaction with G-quadruplex nucleic
acids. We report the efficient synthesis of a family of
organoplatinum(II) complexes, featuring a 2-([2,2’-bipyridin]-
6-yl)phenyl tridentate (N∧N∧C) ligand, that incorporates
peripheral side-chains aiming at enhancing and diversifying
its interaction capabilities. These include a di-isopropyl
carbamoyl amide, a morpholine ethylenamide, two enantio-
meric proline imides and an oxazole. The binding affinities of
the Pt-complexes were evaluated via UV-vis and fluorescence
titrations, against 5 topologically-distinct DNA structures,
including c-myc G-quadruplex, two telomeric (22AG) G-
quadruplexes, a duplex (ds26) and a single-stranded (polyT)
DNA. All compounds exhibited binding selectivity in favour of
c-myc, with association constants (Ka) in the range of 2–5×
105 M� 1, lower affinity for both folds of 22AG and for ds26
and negligible affinity for polyT. Remarkable emission
enhancements (up to 200-fold) upon addition of excess DNA
were demonstrated by a subset of the compounds with c-

myc, providing a basis for optical selectivity, since optical
response to all other tested DNAs was low. A c-myc DNA-
melting experiment showed significant stabilizing abilities for
all compounds, with the most potent binder, the morpholine-
Pt-complex, exhibiting a ΔTm>30 °C, at 1 : 5 DNA-to-ligand
molar ratio. The same study implied contributions of the
diverse side-chains to helix stabilization. To gain direct
evidence of the nature of the interactions, mixtures of c-myc
with the four most promising compounds were studied via
UV Resonance Raman (UVRR) spectroscopy, which revealed
end-stacking binding mode, combined with interactions of
side-chains with loop nucleobase residues. Docking simula-
tions were conducted to provide insights into the binding
modes for the same four Pt-compounds, suggesting that the
binding preference for two alternative orientations of the c-
myc G-quadruplex thymine ‘cap’ (‘open’ vs. ‘closed’), as well
as the relative contributions to affinity from end-stacking and
H-bonding, are highly dependent on the nature of the
interacting Pt-complex side-chain.

Introduction

Over the last decade, the family of non-canonical nucleic acid
topologies known as G-quadruplexes have become the object
of a vast number of studies, owing to their emerging biological
roles, including telomerase inhibition,[1] involvement in chroma-
tin remodelling,[2] epigenetic alteration[3] and genome
instability,[4] as well as regulation of replication,[5] transcription[6]

and translation.[7]

G-quadruplexes are tetraplex helices, assembled from
guanine (G)-rich DNA or RNA sequences, in which the presence
of repetitive guanine tracts enables formation of square planar
G-quartets via Hoogsteen-face hydrogen bonding. G-quartets
are further reinforced by guanine carbonyl coordination to
(monovalent) cations. G-quartet π-π stacking-type accumulation
is responsible for the G-quadruplex core assembly.[8] Extensive
polymorphism is observed among G-quadruplexes, depending
on the environmental conditions, and associated with different
orientations of the four contributing strands, as well as the
type, length and sequence of their interconnecting loops.[9]
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While in vitro G-quadruplexes readily assemble from ssDNA
or RNA, in vivo, where they may exist in equilibrium with
competing topologies (e.g., dsDNA, T-loop, etc), they are
proposed to require the action of protein chaperons for
folding.[10] However, in light of their unusual thermodynamic
and kinetic stability,[11] their transient formation is believed
possible under conditions of negative DNA supercoiling and
molecular crowding caused by protein binding,[12] such as those
encountered in the course of replication, transcription and
recombination events. Recent lines of evidence, stemming from
the use of G-quadruplex-specific antibodies on cancer cells or
tissues,[13] or target-specific small-molecule-based bioimaging
probes against G-quadruplexes in live cells,[14] have suggested
the in vivo occurrence of G-quadruplexes, thus intensifying the
interest in developing appropriate drug candidates to exploit
the untapped medicinal potential offered by these structures.

This interest is owed, predominantly, to the ways in which
G-quadruplexes may potentially serve in anti-cancer
capacities.[15] Notably, the application of small-molecule ligands
that drive the folding or induce stabilization of G-quadruplexes
in the G-rich promoter regions of known oncogenes,[16]

ribosomal DNA regions,[17] tandem telomeric sequences,[18] or 5’-
UTRs of mRNAs,[19] has been correlated with arrest of tran-
scription, ribosome biogenesis, telomerase-mediated telomere
elongation and translation, respectively, with ensuing conse-
quences for cancer cells. A handful of anti-cancer drug
candidates resulting from such applications have now pro-
gressed to clinical trials.[17] Based on these facts, G-quadruplexes
define a novel target family for pharmaceutical intervention.[20]

Of equal importance is the development of more sophisti-
cated G-quadruplex-targeted chemical probes for efficient
detection and monitoring of these labile entities in live cells,[21]

in order to shed light into their yet undisclosed cellular roles. In
this direction, several research teams have been attempting to
identify suitable binding motifs for targeting G-quadruplexes,
whose interaction is accompanied by a detectable change in
optical properties.

Apart from the numerous all-organic ligand families
developed against G-quadruplexes,[22] certain metal-based com-
pounds exhibiting high stabilization ability towards G-quad-
ruplexes have been described.[23] Efficient metal-based G-
quadruplex ligands typically exhibit: (i) extended aromatic
chelators, some intrinsically planar (e.g., porphyrins), while
others exploiting the organizational role of transition-metal
cations with predisposition toward square planar (d8 systems)
or similar geometry; (ii) central cation involvement in cation-
dipole interactions with G-tetrad carbonyls, in lieu of the
physiological monovalent cation; and (iii) satisfactory aqueous
solubility owing to the presence of at least one cationic (metal)
center.

Platinum(II) has been prevalent in metal-based G-quadru-
plex ligands, owing to its d8 electronic configuration favouring
planarity in tetracoordinated complexes, which allows for π-π
stacking with the terminal and solvent-exposed G-quartets.
Additionally, the redox inertness of Pt(II) under physiological
conditions combined with medium toxicity, the anti-cancer
precedent provided by established Pt(II) drugs (e.g., cis-platin)

and, in certain cases, the desirable optical properties of Pt(II)-
complexes, render Pt(II) particularly attractive. Successful exam-
ples of Pt(II)-based G-quadruplex binders comprise bi- or tri-
dentate ligands such as phenanthroline,[24] terpyridine,[25] 2-
(pyridin-2-yl)-1,10-phenanthroline,[25d] 2,6-di(quinolin-2-
yl)pyridine,[25c,26] 2,4-di(pyridine-2-yl)pyrimidine,[27] 2,6-bis(1H-
benzo[d]imidazole-2-yl)pyridine,[26,28] 2,6-di(1H-pyrazol-3-
yl)pyridine,[28] phenanthroimidazole,[29] dipyridophenazine,[30]

7H-dibenzo[de,g]quinolin-7-one[31] and salphen.[32]

While numerous Pt(II)-complexes have been reported for G-
quadruplex interaction, the uncertainty surrounding their
cellular uptake, metal complex integrity and whether that is
retained upon cellular entrance, as well as the issue of free
metal cation-induced toxicity, remain major limitations to their
applicability. To address these challenges, organometallic
counterparts have been proposed. Examples in this category
are still scarce, involving ligands such as 2-phenylpyridine,[30] 2-
phenyl-1,10-phenanthroline[33] and 7H-dibenzo[de,h]quinolin-7-
one.[34] Such organometallic species enhance chemical stability
thanks to their strong C� Pt bond, while some are neutral, thus
favouring membrane permeability and reducing the possibility
for electrostatic, non-specific association to negatively-charged
cellular components.

The current study investigates a newly-synthesized class of
6-phenyl-2,2’-bipyridine derivatives as Pt(II) ligands, with the
purpose of producing enhanced organometallic square planar
G-quadruplex-interacting compounds, that benefit from the
appendage of privileged peptide-mimetic side-chains. The 6-
phenyl-2,2’-bipyridine N∧N∧C ligand has received much atten-
tion, in terms of the light-emitting properties of some of its
simpler organometallic derivatives,[35] which has led to its
application in dye-sensitizing solar cells.[36] Surprisingly, this
ligand has not been systematically investigated in the context
of G-quadruplex binder or optical probe design. The success of
the structurally-related terpyridine-based Pt(II)-complexes as
binders and modulators of various G-quadruplexes[25] has
prompted us to explore the more robust (2-([2,2’-bipyridin]-6-
yl)phenyl)platinum(II) scaffold as a viable motif for G-quad-
ruplex interaction. Our selection of side-chains/appendages was
intended to influence its interaction mode with conformation-
ally-distinct DNA secondary structures, such as the c-myc
oncogene promoter parallel G-quadruplex and the telomeric
hybrid and antiparallel G-quadruplexes, considered potential
targets from an anticancer research standpoint, with other
more common structures (dsDNA, ssDNA) serving as controls.
Specifically, the use of peptide-mimetic (including chiral)
components in the appendages, appears to enhance com-
pound binding affinity and selectivity for c-myc, and to a lesser
extent for telomeric DNA, despite the fact that these com-
pounds comprise a neutral scaffold. Importantly, these Pt(II)-
complexes exhibit remarkable and selective emission enhance-
ments upon c-myc interaction, combined with significant c-myc
stabilization capability, comparable or even superior to structur-
ally-related, charged Pt(II)-complexes. Moreover, UV Resonance
Raman (UVRR) spectroscopy is applied herein as a powerful tool
to probe the nature of the interactions, while a computational
molecular docking simulation is employed to reveal the strong
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influence of the Pt(II)-complex appendages on the binding
modes, and how they dictate a preference toward alternative c-
myc conformations.

Results and Discussion

Selection of DNA targets

Three well-studied and topologically diverse G-quadruplexes
were included in this study: The prototype parallel G-quad-
ruplex of the c-myc oncogene promoter (myc2345-pu22, 5’-
TGAGGGTGGGTAGGGTGGGTAA-3’), and the hybrid and basket-
type antiparallel telomeric (22AG, 5’-AGGGTTAGGGTTAGGGT-
TAGGG-3’) G-quadruplexes, favoured in K+- and Na+-rich
conditions, respectively. c-Myc is found amplified in many
cancer cell lines,[37] while its protein product, a key transcription
factor in oncogenesis, is considered ‘undruggable’.[38] The
telomeric sequence is involved in genome stability while in
cancer cells it serves as recognition site for telomerase, an
enzyme responsible for cancer cell ‘immortalization’, by means
of telomere elongation.[39] These facts justify the need for
developing new recognition motifs against these targets, to be
applied both as DNA-level intervention agents and optical
probes. Our study also employed self-hybridizing duplex ds26
(5’-CAATCGGATCGAATTCGATCCGATTG-3’) and ssDNA polyT (5’-
T20-3’), as comparative controls.

Design and synthesis of organoplatinum compounds

The 6-phenyl-2,2’-bipyridine-based organoplatinum scaffold
makes it possible to test whether neutral square planar organo-
metallic species can be efficient for interaction, when supple-
mented with ‘smart’ appendages. Via chemical modification to
peripherally introduce these diverse side-chains, it may be
rendered capable of a combined interaction on terminal G-
quartets, as well as loop- or groove-exposed moieties of G-
quadruplexes. The current study aimed at generating 5 novel
Pt(II)-compounds from this scaffold, which incorporate peptide-
like features in their side-chains, in an attempt to mimic
interactions and/or steric effects of known G-quadruplex-bind-
ing proteins or peptides.[40] The 4-position of the central
pyridine of the scaffold was chosen for chemical modification
with either bulky hydrophobic, polar cyclic amine-based,
heteroaryl or chiral cyclic moieties, that represent a wide range
of possible interacting elements in G-quadruplex-recognizing
peptides, thus enhancing possibility for favourable modes of
binding.

All derivatives of the 6-phenyl-2,2’-bipyridine N∧N∧C ligand
included in this study were envisaged to derive from a common
precursor, 6-phenyl-[2,2’-bipyridine]-4-carboxylic acid (5), which
was constructed from simple, commercially available building
blocks (Scheme 1). First, 2-acetylpyridine (1) was converted to
1-(2-oxo-2-(pyridin-2-yl)ethyl)pyridin-1-ium iodide (2, 85%
yield), upon treatment with iodine in pyridine, at reflux.[41] In
parallel, maleic anhydride (3), under Friedel-Crafts conditions

(AlCl3 in benzene), afforded 4-oxo-4-phenylbut-2-enoic acid,[42]

with the (E)-geometric isomer (4) being isolated after recrystal-
lization, in 52% yield. An equimolar mixture of 2 and 4 was
submitted to reflux in the presence of NH4OAc in MeOH,
leading, via cyclocondensation/aromatization, to formation of
6-phenyl-[2,2’-bipyridine]-4-carboxylic acid (5), in 89% yield.[43]

While compound 5 has been previously validated as
tridentate ligand for metal cations,[35a] the aim of the current
study was to further derivatize this precursor on the carboxy-
position, in order to gain access to novel ligands, in terms of
their peripheral side-chains and resulting G-quadruplex target-
interacting capabilities. A facile way for derivatization was
amide formation. In the course of screening a number of
carbodiimide- and phosphonium-based activating reagents for
amide coupling, in combination with various solvents and
bases, we serendipitously identified the generation of a
persistent, silica chromatography-stable adduct, in the reaction
between 5 and diisopropylcarbodiimide (DIC, 6) in DMF, in the
presence of diisopropylethylamine (DIPEA) (Scheme 2, reaction
A). This product formed regardless of the presence or absence
of primary amine nucleophile. NMR analysis was consistent with
the structure of carbamoyl amide 8, which was later unambig-
uously confirmed by the crystal structure of its respective
organoplatinum complex (see next section). The formation of 8
can be explained via an intermolecular N,O-rearrangement of

Scheme 1. Synthesis of 6-phenyl-[2,2’-bipyridine]-4-carboxylic acid (5).

Scheme 2. Syntheses of novel amide-type ligands (8, 10, 13 and 14),
employed in this study.
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intermediate 7. Compound 8, isolated in 87% yield, was
deemed interesting for further use as a ligand, since it provides
sterically-hindered, rotationally-constrained hydrophobic seg-
ments that resemble side chains of aliphatic amino acids found
in several G-quadruplex-interacting peptides.[40]

By selecting benzotriazol-1-yloxytris(dimethylamino)
phosphonium hexafluorophosphate (BOP) as the optimal
activating reagent for amide coupling, in DMF, in presence of
DIPEA, we proceeded to synthesize 3 additional amide-type
ligands. Ligand 10 was the amide product obtained in excellent
yield (92%), when primary amine 9 was employed, introducing
a morpholino-tail on the end of a 2-carbon chain (Scheme 2,
reaction B). Amines of similar type, capable of protonation
under physiological conditions, have been previously validated
as appendages on extended aromatic scaffolds for G-quad-
ruplex targeting,[14b,25b,d,33] aiming to enhance overall binding
affinity by contributing electrostatic interactions with nucleic
acid sugar-phosphate backbones. This approach mimics the
behaviour of basic residues in G-quadruplex-targeting
peptides.[40]

Additionally, via reaction of 5 with (in house-prepared[44]) L-
and D-proline methyl ester hydrochloride salts (11 and 12,
respectively), the enantiomeric proline imide ligands were
obtained (Scheme 2, reaction C) in modest yields (13 in 44%
and 14 in 42%, respectively). These offer the possibility of
studying the effect of ligand chirality on the interaction with G-
quadruplexes, constituting a novelty in metal-based binder
design, as very few enantiomeric examples have been reported
in the literature against G-quadruplexes to date, typically
bimetallic that exhibit axial chirality.[45] In the proline imide case,
the chiral center is positioned adjacent to the junction of the
appendage with the plane of the scaffold, rendering it capable
of playing a role in the expected interaction with a terminal G-
quartet and other moieties in its proximity.

Finally, in order to develop a ligand with extended
conjugated π-system, we applied a 3-step route from carboxylic
acid 5, leading to oxazole-containing compound 18 (Scheme 3).
Amide coupling of 5 with serine methyl ester hydrochloride[44]

(15) afforded intermediate 16 (73% yield). This underwent
dehydration/cyclization, enabled by DAST in DCM at � 78 °C[46]

to yield oxazoline 17 (99% yield), which was, in turn,
aromatized to the desired oxazole (18, 95% yield) upon

treatment with BrCCl3 in DCM, in the presence of DBU.[47]

Pyridyl-oxazoles and other N,O-based 5- and 6-membered
heteroaryl systems have been highlighted in relevant work by
several teams including ours,[48] as privileged components for
the construction of G-quadruplex-targeting molecules, due to
their small ring size, hydrophobicity and hydrogen-bonding
potential.

All new ligands generated from 5 (compounds 8, 10, 13, 14
and 18) were subsequently submitted to platination by
refluxing with K2PtCl4 in CH3CN� H2O for 24 or 48 h
(Scheme 4).[49] This mixed solvent (occasionally supplemented
with EtOH) was necessary to solubilize all reactants at the start
of the reaction.

Elimination of HCl afforded a series of square planar
organoplatinum compounds (19–23, respectively), in which the
4 coordination sites on the Pt(II) center are occupied by the
tridentate (N∧N∧C) ligand and a chloride anion. Products 19–22
were obtained upon solvent evaporation, extraction in a
chloroform� water system and recovery from the organic phase.
Product 23 precipitated during the reaction and was collected
by filtration. All products were further purified by recrystalliza-
tion or wash-centrifugation, and obtained in the form of (red,
orange or yellow) small crystals or fine powders, in high yields
(86–91%). The success of each complexation was confirmed by
the disappearance of one aromatic signal in the 1H NMR
spectrum relative to the free ligand, as well as a significant shift
of all remaining aromatic signals and loss of symmetry of the
Ph ring. MS-MALDI-TOF confirmed the expected masses and
UV-vis spectra showed a new weak peak around 450 nm,
corresponding to a d-d transition of the complex. The structure
of compound 19, was also confirmed by X-ray crystallography
(see next section).

Scheme 3. Synthetic route employed in this study for generation of an
oxazole-containing ligand (18).

Scheme 4. Platination reaction generating scaffold-neutral, square-planar
organoplatinum complexes.
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Single-crystal XRD of compound 19

Suitable single crystals of organoplatinum compound 19 were
formed after slow evaporation of a solution in CH3CN and a
crystal structure was obtained by X-ray diffraction. This
compound crystallizes in the orthorhombic space group Pbca
with 8 molecules in each unit cell (Supporting Information,
Table S1). The asymmetric unit of 19 consists of one neutral
molecule, where the Pt(II) center adopts a distorted square
planar coordination geometry. The coordination sphere of the
Pt(II) center consists of a DIC-derived tridentate N∧N∧C ligand
and a terminally ligated Cl� anion. The maximum deviation of
Pt1 from the coordination plane (N1� N2� C16� Cl1, Figure 1A) is
1.06°. The tridentate ligand bite angle was found to be 161.7°
(Supporting Information, Table S5), in agreement with related
terpyridine Pt(II)-complexes reported in the literature.[25d] The
aromatic core of 19 is nearly planar, with most non-hydrogen
atoms lying on the same plane, however, a slight distortion is
observed for the carbon atoms of the central pyridine ring,
which deviate from planarity [deviation from plane C7 (0.18 Å),
C8 (0.23 Å), C9 (0.13 Å)]. Two molecules of 19 are related
through an inversion center and interact through π-π stacking
between the phenyl ring of one and the central pyridine ring of
the other (Figure 1B). These interactions are relatively strong
considering that the distance between the aromatic rings
ranges from 3.244 Å to 3.380 Å, and are comparable to
terpyridine- and 2-phenyl-1,10-phenanthroline-based Pt(II)-
complexes.[25b,d,33] Moreover, the dimers of 19 interact through
N� H···Cl hydrogen bonds (N4� Cl1 distance 3.391 Å) between
the terminally ligated Cl� anion and the nitrogen atom (N4) of
the N-acyl� urea group (Figure 1C), essentially forming 1-dimen-
sional chains along the b-axis.[50]

Binding affinities of Pt(II)-complexes for various DNAs,
assessed via UV-vis and fluorescence titrations

Considering reversible interactions, the binding affinities of the
synthesized Pt-compounds toward a series of DNAs exhibiting

diverse topologies were assessed, by means of two independ-
ent methods, UV-vis and fluorescence titrations. The binding
studies included: c-myc/K+, an oncogene promoter of parallel
G-quadruplex fold; 22AG/K+, a telomeric sequence of hybrid G-
quadruplex fold; 22AG/Na+, folding as antiparallel basket-type
G-quadruplex; ds26, a self-hybridizing duplex; and polyT, a
single strand with no organized secondary structure (CD spectra
in Supporting Information, Figures S44–47). A direct fit ap-
proach, employing a non-linear sigmoidal model to correlate
the working peak maximum (UV-vis) or normalized maximum
(fluorescence) with the variable DNA concentration was applied,
in order to determine the association constants (Ka=1/Kd), for
which our model afforded good convergence (R2�0.99). The
obtained results are presented in Table 1 and graphically in
Figure 2.

In the UV-vis titrations, a 30 μM solution of each Pt-
compound in 50 mM Tris.HCl buffer (pH 7.4), supplemented
with 100 mM KCl or NaCl, was titrated by stepwise addition of
aliquots of a pre-organized DNA solution (concentration in the
range of 0.57–2.15 mM) in the same buffer. A strong interaction
of 19–22 with c-myc manifested as hypochromism along with
significant bathochromism (red shift of ~15 nm) of the working
peak maximum (initially at 340 nm) (Supporting Information,
Figures S3–6). Such behaviour is consistent with a π-π stacking
mode of binding, as previously suggested for interaction of
planar ligands with parallel G-quadruplexes.[51] Moreover, the
presence of isosbestic points in UV-vis titrations with c-myc was
indicative of a single equilibrium. Hypochromism and bath-
ochromism were less evident in UV-vis titrations of 19–22 with
the two telomeric G-quadruplexes and ds26 (Supporting
Information, Figures S7–18), hinting on a weaker interaction.
Interactions of 19–22 with polyT were so negligible that did not
allow convergence of the model for the UV-vis data. Com-
pounds 19–22 demonstrated higher binding affinities for c-
myc, compared to all other DNAs studied, with Ka values in the
range of 2.3–5.2×105 M� 1 (Table 1).

These are comparable to Pt(II)� terpyridine complexes that
bear cyclic amine side-chains.[25b] The binding selectivities
(based on ratios of Ka values) of the members of this compound

Figure 1. X-ray crystal structure of organoplatinum compound 19. A) Single molecule. B) Antiparallel π-π interaction of two neighbouring molecules, side
view, showing selected distances. C) Side-chain interaction with chloride of a second molecule, showing N� H…Cl bonding distance.
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class for c-myc were 2- to 4-fold higher compared to both the
hybrid and antiparallel topologies of 22AG, and 4- to 7.5-fold
higher compared to duplex ds26 (Figure 2).

Model convergence indicated that compounds 19–22
interact with c-myc in a 2 :1 Pt-complex-to-DNA stoichiometry,
consistent with an end-stacking mode at both solvent-exposed
terminal G-quartets of this parallel G-quadruplex. This resem-
bles the interaction mode reported for other types of planar
binders of c-myc.[33,52] Notably, stoichiometry becomes 1 :1 for
all other DNAs studied, which could reflect a steric hindrance
imposed by the longer loop of 22AG or a difficulty encountered
by these bulky ligands for intercalative binding in ds26.

Each distinct set of association constants (Ka) corresponding
to one DNA, comprises values of the same order of magnitude,
suggesting a major contribution to binding from the common
planar organometallic scaffold of 19–22. Notably, the c-myc
dataset exhibits the broadest distribution of Ka values, implying

that it is especially with c-myc that the diverse side-chains exert
an important role, by interacting with domains of the G-
quadruplex other than terminal G-quartets, such as loop and
groove residues. Affinity-wise, compound 20, bearing the
ionizable morpholine appendage, was the most potent binder
against c-myc (Ka=5.2×105 M� 1), presumably due to the
contribution of a protonated side-chain in terms of electrostatic
and/or H-bonding interactions. Predictably, the most sterically
hindered compound (19) had the weakest binding (Ka=2.3×
105 M� 1). Interestingly, the two enantiomeric proline-based Pt-
compounds (21 and 22) exhibited a subtle but statistically
significant deviation from each other, with the D-isomer (22)
appearing somewhat more potent against c-myc. This differ-
ence can be correlated with the proximity of the stereogenic
center to the compounds’ planar scaffold, in conjunction to
steric constrains imposed by the proline ring, which together
may dictate alternative orientations for the 2 enantiomers in

Table 1. Association constants (Ka) for interactions between Pt(II)-complexes and DNAs included in this study, as determined by: A) UV-vis titrations (in
50 mM Tris.HCl buffer, pH 7.4, containing 100 mM KCl or NaCl); and B) Fluorescence titrations (in 10 mM Li-cacodylate buffer, pH 7.2, containing 100 mM KCl
or NaCl).

Entry Pt(II)-
Complex

c-myc/K+

(parallel G4)
22AG/K+

(hybrid G4)
22AG/Na+

(antiparallel G4)
ds26/K+

(duplex)
poly-T/K+

(single stranded)
Ka
(×105 M� 1)
[A]

Ka
(×105 M� 1)
[B]

Ka
(×105 M� 1)
[A]

Ka
(×105 M� 1)
[B]

Ka
(×105 M� 1)
[A]

Ka
(×105 M� 1)
[B]

Ka
(×105 M� 1)
[A]

Ka
(×105 M� 1)
[B]

Ka
(×102 M� 1)
[A]

Ka
(×102 M� 1)
[B]

1 19 2.3�0.1 1.9�0.1 0.6�0.2 0.4�0.1 0.8�0.4 0.4�0.1 0.6�0.3 0.5�0.2 ND[b] 0.4�0.3
2 20 5.2�0.3 4.5�0.2 1.8�0.5 1.3�0.1 1.9�0.7 1.1�0.2 0.7�0.3 0.4�0.1 ND[b] 9.6�7.6
3 21 3.0�0.1 2.4�0.2 1.0�0.3 0.6�0.1 1.7�0.7 0.8�0.1 0.8�0.3 0.4�0.1 ND[b] 3.0�2.5
4 22 3.4�0.1 3.0�0.2 1.2�0.3 0.9�0.2 1.4�0.5 0.7�0.2 0.9�0.3 0.5�0.1 ND[b] 3.7�3.0
5 23 ND[a] 2.2�0.3 ND[a] 0.7�0.3 ND[a] 0.7�0.2 ND[a] 0.6�0.1 ND[a,b] 3.5�2.8

[a] Not determined due to precipitation of compound 23 in the course of the titration. [b] Not determined due to negligible interactions that did not allow
model convergence.

Figure 2. Radar chart allowing comparison of association constants (Ka) as determined by UV-vis titrations (black open line) and fluorescence titrations
(coloured closed line, filled). Each angle corresponds to one of the DNAs included in this study. Units are M� 1. A) 19; B) 20; C) 21; D) 22; E) 23.
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their contacts with residues surrounding the external G-tetrads
(see molecular simulations section).

The results for 22AG/K+, 22AG/Na+ and ds26 showed that
the compounds were not as distinctly-behaved in their
interactions with each of these DNAs, suggesting that the role
of the side-chains, as well as their contribution to binding
affinity, may be more limited in these cases (see Raman study
with other DNAs, Supporting Information).

Pt-compound 23 exhibited abnormal behaviour in UV-vis
titrations, with formation of solid precipitates that prevented
experiment completion. This may be rationalized in terms of
the extended π-system and high hydrophobicity of 23, which
renders the compound capable of significant π-π stacking. The
propensity of 23 for π-π stacking also became evident from the
chemical shifts of aromatic proton signals, observed in variable
temperature and variable concentration NMR experiments (vt-
and vc-NMR, see Supporting Information, Figures S1–2).[53] It is
reasonable to hypothesize that the studied DNAs serve as a
template to drive the self-aggregation of compound 23
molecules.

Fluorescence titrations were deemed necessary, as a
complementary method to allow study of the interactions at
lower concentrations of both Pt-complexes and DNA, in order
to corroborate the findings of UV-vis titrations, assess the
affinity of compound 23 for the DNAs, as well as enable
collection of data with the polyT DNA control.

In fluorescence titrations (Supporting Information, Figur-
es S19–43), a series of mixtures corresponding to various molar
ratios of Pt-compound and DNA was prepared, to the same
total volume and a final Pt-compound concentration fixed at
5 μM. These mixtures corresponded to ‘snapshots’ of an actual
titration. Solutions were buffered with 10 mM lithium cacody-
late (pH 7.2), supplemented with 100 mM KCl or NaCl. Excitation
took place at 320 nm, while emission of the Pt-complexes
occurred in the range of ~575–595 nm, depending on the side-
chain type. While the free Pt-complexes have very low emission
in aqueous buffers, the fluorescence intensity of the mixtures
systematically increased with the increase of DNA-to-Pt-com-
plex ratio, likely due to the exposure of the complexes to the
solvent-protected environment provided by DNA binding
surfaces.

Ka values determined via fluorescence titrations, albeit
somewhat supressed, were found (within experimental error) to
be comparable to UV-vis results and generally followed the
same trends (Table 1 and Figure 2). Compounds 19–22 ranked
in the same order in their interaction with c-myc. Their binding
selectivities for c-myc vs. the other DNAs were determined to
be higher by fluorescence (3- to 5-fold higher vs. the two forms
of 22AG; 4- to 10-fold higher vs. ds26).

The aggregation of 23 was avoided in fluorescence
titrations, and its binding affinities to the various DNAs were
determined. The oxazole-based 23 appeared comparable to the
weakest binder (19) against c-myc (with Ka=2.2×105 M� 1),
which was, nonetheless, its preferred binding partner out of the
DNA structures tested. Compound 23 showed similar affinities
with the proline-based compounds (21 and 22) in its interaction
with the two topologies of 22AG and with ds26. However, its

selectivity for c-myc vs. 22AG (both forms) and ds26 was rather
modest (3-fold and 4-fold, respectively) when compared to
counterparts 19–22.

Finally, all five Pt-complexes showed negligible affinity for
polyT DNA (in the order of 101–102 M� 1, 3–4 orders of
magnitude lower than for G-quadruplexes), demonstrating a
clear selectivity for organized, in particular G-quadruplex, DNA
structures.

Emission enhancement of Pt(II)-complexes upon DNA
interaction

The emission spectra of the five Pt-complexes were recorded in
the absence and presence of excess DNA (5 equiv.), in 10 mM
Li-cacodylate buffer, pH 7.2, containing 100 mM KCl or NaCl
(first and last curve in fluorescence titrations, Supporting
Information, Figures S19–43). As a result of their interaction
with DNA, this series of Pt-compounds exhibit ‘light-up’
behaviour, which may be of interest for the development of G-
quadruplex-targeted optical probes. Emission enhancement for
compounds 19–22 was more pronounced in the presence of c-
myc G-quadruplex, while the same compounds were signifi-
cantly less responsive to the hybrid and antiparallel G-
quadruplex topologies of 22AG, to the duplex ds26 and to
polyT DNA (Figure 3). Compound 23 was less discriminatory
against the various DNAs. The emission enhancements of 19–
22 observed with c-myc were notably higher compared to
other organoplatinum complexes, for which ‘light up’ effects
have been reported.[33] The remarkable optical selectivity of 19–
22 for c-myc, in conjunction with their unusual hydrophobicity,
could provide a basis for development of a new class of cell-
permeable optical probes for c-myc detection.

The optical response of the compounds to c-myc was
strongly dependent on the nature of their side-chain. The
ranking of the compounds from strongest to weakest emission
enhancement with c-myc was: 21>20=22>19>23 (Figure 3).
The differential behaviour of the Pt-complexes with regard to
their optical properties, highlights the importance of the side-

Figure 3. Emission enhancement (I/Io) of Pt-complexes at 1 :5 molar ratio of
Pt-complex-to-DNA, in 10 mM Li-cacodylate buffer (pH 7.2), containing
100 mM KCl or NaCl. [Pt-complex]=5 μM. Optical selectivity for c-myc is
exhibited by compounds 19–22.
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chains in dictating ligand orientation and solvent exposure
during the interaction with c-myc.

Smaller differences between the Pt-complexes’ optical
responses were observed with 22AG and ds26 as well, with a
different complex being predominant in each case (i. e., 22 with
22AG/K+; 21 with 22AG/Na+; 20 with ds26) (Figure 3).

Stabilization induced to c-myc by Pt(II)-complex binding,
determined via circular dichroism (CD) DNA-melting study

Given the promising performance of some of the synthesized
Pt-compounds on c-myc, both in terms of binding affinity and
selectivity, as well as optical response and selectivity, we
focused all additional studies on this particular G-quadruplex
structure.

We next set out to determine any stabilizing effects of the
Pt-complexes on c-myc. The melting temperature, Tm, provides
a measure of the thermodynamic stability of a G-quadruplex,
while the difference of Tm values (ΔTm) in the presence and
absence of an interacting ligand, is indicative of the stabilizing
effect of that ligand. A protocol involving CD spectroscopy-
monitored DNA thermal denaturation (melting)[54] was em-
ployed for assessing Tm values of both the free and ligand-
bound c-myc, taking into account that c-myc maintains a
parallel topology throughout the experiment. CD was selected
over a FRET alternative,[55] in order to exclude any possibility of
Pt-complex interference with the absorption and/or emission of
the dyes routinely used in FRET G-quadruplex melting studies.
A 5 μM c-myc solution in 10 mM Li-cacodylate buffer, pH 7.2,
containing 99 mM LiCl and 1 mM KCl, was employed, in order
to evaluate ligand-induced stabilization on a loosely pre-
organized c-myc G-quadruplex, that allows ample window to
observe the change. The DNA solution was submitted to a
temperature gradient, from 20 to 95 °C, at a rate of 1 °C min� 1,
with the CD spectrum being recorded at 5 °C intervals. Molar
ellipticity (θ), corresponding to the maximum of the positive
peak appearing at λ=265 nm in the CD spectrum of c-myc,
which is characteristic of a parallel G-quadruplex (see Support-
ing Information, Figure S44), was recorded. It was normalized
by dividing with the initial molar ellipticity value at the starting
temperature of the experiment, thus setting initial normalized θ
equal to 1. The normalized θ values were plotted against
temperature (for DNA melting curves, see Supporting Informa-
tion, Figure S52). Fitting of a non-linear, sigmoidal model to the
data allowed determination of Tm for (free or ligand-bound) c-
myc (at normalized θ=0.5).

In all cases, the addition of Pt-complex led to a significant
increase of Tm compared to free c-myc (Tm,c-myc=63.8 °C),
indicating helix stabilization. The determined ΔTm values are
shown in Figure 4. They are superior to those of Pt-terpyridine
counterparts on c-myc,[25e] thus downplaying the need for a
charged scaffold in order to achieve significant thermodynamic
stabilization of G-quadruplexes. However, the appendage of a
peripheral (positively) ionizable amino-side chain to the planar
scaffold indeed proved to be an important component of ligand
design, with morpholino� Pt-complex 20 exhibiting an impres-

sive ΔTm>30 °C. It is presumed that additional interactions
gained due to the presence of the amine make an important
contribution toward G-quadruplex stabilization. This finding is
aligned with the superior binding affinity of this ligand for c-
myc, determined via UV-vis and fluorescence titrations, as well
as the results of the docking study that follows. The enantio-
meric ligands 21 and 22 exhibited a modest difference in ΔTm,
with the L-enantiomer (21) appearing somewhat superior over
the D-enantiomer (22), in enhancing c-myc stability (23.7 vs.
19.6 °C). This suggests that the higher binding affinity of 22 for
c-myc G-quadruplex does not necessarily translate into a
stronger stabilizing effect, as compared to 21. The DIC-derived
Pt-complex (19) exhibited a stabilizing ability intermediate of
the two prolino-Pt-complexes (20.5 °C), suggesting that despite
its significant steric hindrance, favourable interactions within
the loops or grooves may still be developed. Finally, the
oxazolino� Pt-complex 23 appeared to have the lowest stabiliz-
ing ability of this set, with a ΔTm around 14 °C, well correlating
with its lower affinity for c-myc.

In the cases of Pt-ligands 19–22, a second inflection point
may be observed at the initial section of the melting curves,
around 30–50 °C (Supporting Information, Figure S52), which is
not present in the DNA-only case. This may be attributed to an
interaction of the various side-chains, with sites of the G-
quadruplex other than the G-quartet-based core (e.g., loop or
groove-exposed residues), which also participate in the overall
stabilization of the helical structure. These interactions are
expected to be weaker than the forces maintaining the stability
of the G-tetrad core, hence they break up at lower temper-
atures.

Figure 4. Pt-complex-induced stabilization of c-myc G-quadruplex (ΔTm),
determined via circular dichroism (CD)-based DNA melting study. Mixtures
of c-myc and Pt-complex in 5 μM and 25 μM concentrations, respectively,
were employed, buffered with 10 mM Li-cacodylate, pH 7.2, containing
99 mM LiCl and 1 mM KCl.
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UV resonance Raman (UVRR) investigation of interactions
between Pt(II)-complexes and DNAs

UV resonance Raman (UVRR) experiments were performed with
excitation at 266 nm, a wavelength between the absorption
maximum of the c-myc G-quadruplex (at 256 nm) and a
maximum of the Pt-complexes (at 273 nm). This wavelength
was selected for signal enhancement mostly owed to the DNA
bases, since c-myc DNA exhibits extinction coefficient ɛ=

228700 L.mol� 1.cm� 1, approximately one order of magnitude

higher than that of the Pt-compounds (see Supporting
Information, Figures S53–54). Only the four Pt-complexes (19–
22), which were deemed more promising based on c-myc
affinity, binding selectivity and optical response considerations,
were included in the UVRR study.

Excitation at 266 nm probes the structure of DNA and thus
helps confirm the existence of the G-quadruplex helix in c-myc,
as well as observe structural changes upon addition of the Pt-
complexes. The UVRR spectra observed for c-myc (Figure 5A)
agree with literature,[56] and contain contributions from gua-
nines, adenines and thymines (see Table 2 for band assign-
ments). Bands observed at ~1485, 1580 and 1608 cm� 1

correspond to vibrations in the guanine ring involving nitrogen
atoms (C8N9 and N7C8 stretching, N2’H bending, and N1H
bending, respectively). Therefore, these bands are sensitive to
shifts upon Hoogsteen base pairing and consequently to any
disruptions or enhancement of the interbase bonding. Two
other bands that can provide information about the conforma-
tion of guanine-rich sequences are those at 1319 and
1337 cm� 1. The ratio of the intensity of these two peaks works
as an indicator of the percentage of guanosine nucleosides that
are in anti and syn orientation (C2’-endo/anti and C2’-endo/syn),
which can help elucidate the percentage of parallel and
antiparallel G-quadruplex helix in the DNA.[56–58] However, the
presence of adenines in the loops of c-myc with strong bands
in the same region overshadows the contribution of these
bands. Thymine, also present in the loops, contributes two
bands in this spectral region at 1372 and 1660 cm� 1 (C5� CH3
deformation and C4=O stretching, respectively).[56,59] Overall, the
position of the aforementioned key bands observed in the
UVRR spectrum of c-myc (Figure 5A and Table 2) indicates that
c-myc adopts a G-quadruplex conformation, which is preserved
in the presence of Pt(II)-complexes.

However, distinct differences are observed in the UVRR
spectra upon addition of the Pt-complexes to the c-myc
solution, that can be instructive for the interactions that
develop between them. Normalization of the UVRR spectra with
respect to the intensity of the guanine band at ~1485 cm� 1

(Figure 5A) and subtracting the spectra before and after adding
the Pt-complexes illustrates changes in intensity and band

Figure 5. A) UVRR spectra of c-myc G-quadruplex alone and in mixture with
Pt-complexes, with excitation at 266 nm. The asterisk denotes a solvent
band (DMSO). B) Difference Raman spectra of Pt-complexes with c-myc, after
subtraction of the Raman spectrum of c-myc at 266 nm (19: yellow; 20: red;
21: blue; and 22: green). The band at 1420 cm� 1 corresponds to the solvent
(DMSO). The highlighted spectral regions correspond to the bands used in
quantifying the changes upon interaction between the Pt-complexes and c-
myc in Figure 6.

Table 2. Raman bands observed in the 266 nm UVRR spectra of c-myc and its mixtures with Pt(II)-complexes. Inset: Nucleobase numbering.

Entry Raman shift [cm� 1] Vibrational mode description
c-myc +19 +20 +21 +22

1 1244 1241 1243 1241 1241 dT: N3H def, v(CN)
2 1319 1318 1319 1319 1319 dA: v(C8N9, C2N3) purine ring
3 1338 1338 1338 1339 1339 dA: v(C5N7, N7C8) imidazole ring
4 1372 1373 1373 1371 1373 dT: C5� CH3 def
5 1421 dA: v(N1C6)
6 1486 1486 1487 1486 1486 dG: v(N7C8) Hoogsteen H-bond, v(C8N9), δC8H
7 1512 1511 1512 1511 1510 dA
8 1581 1582 1582 1582 1581 dG: δN2’H, H-bond
9 1608 1610 1612 1613 1612 dG: δN1H, H-bond, v(C2N)
10 1661 1660 1661 1659 1660 dT: v(C4=O), H-bond, v(C5=C6)
11 1688 1692 1686 1689 1692 dG: v(C6=O), H-bond
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position more clearly, providing direct information on the
moieties of each base that are involved (Figure 5B). It is
important to note that salts such as sodium sulfate, often used
(in relatively large concentrations) as internal standards to
monitor intensity changes in the RR bands, were avoided here
in order to ensure that no conformational changes to the G-
quadruplex structure are due to the ionic strength of the
solution. This necessitates use of one of the DNA bands for
normalization (the 1485 cm� 1 band here) which, however,
assumes that this particular band does not undergo any
intensity changes upon interaction with the Pt-complexes. The
Pt-complexes do not contribute to the UVRR spectra in this
spectral region, therefore, any changes observed in the spectra
of the small molecule/DNA complexes are solely attributed to
the DNA bases.

In all cases, we observe intensity increases for the bands at
1582, 1608 and 1661 cm� 1 that correspond to guanine and
thymine modes. Band intensity variations are indicators of
perturbation in the environment of the various bases due to
the interaction between the binder and the helix. The increased
intensity of the 1582 and 1608 cm� 1 bands that correspond to
guanine modes reveals an interaction between the Pt-com-
plexes and the guanine tetrads, which could occur either at the
end of the helix (end-stacking), or between guanine tetrads
through classical intercalation.[60] However, the observed hypo-
chromism of the UV-vis absorption spectra of the Pt-complexes
upon DNA addition (see Supporting Information, Figures S3–6)
point to end-stacking interactions. Hypochromism in the
absorption due to base stacking is expected to lead to
reduction in RR band intensity. However, as in our case an
independent internal standard was not used, the increase in
intensity cannot be associated to intercalation between the
tetrads. Similar intensity changes were observed in the work of
Di Fonzo et al. upon end-stacking of BRACO-19 to c-myc.[56]

Intensity changes that varied depending on the Pt-complex
used were also observed for the thymine carbonyl band at
1661 cm� 1. This could be related to a change in the vibrational
coupling between the base and sugar vibrations[61] due to a
stacking interaction of thymine in the loops of the G-
quadruplex with the Pt-complex core, that results in the
modification of the dihedral angle between the base and sugar.
Some evidence exists in the docking simulations described
below that this dihedral angle varies in the most stable
conformers, depending on the side chain of the Pt-complex,
from syn for compounds 20 and 22 to anti for 19 and 21.

The intensity increase of the guanine bands is accompanied
in all cases by a prominent shift in the 1608 band to 1613 cm� 1.
This N1H bending vibration is sensitive to Hoogsteen hydrogen
bonding, and displacement to higher wavenumbers indicates
the stabilization of the quadruplex helix through ‘end-stacking’
interaction. However, this shift appears higher than what is
usually observed for G-quadruplexes, so it is possible that
another interaction is at work in this spectral region. Adenine,
present in c-myc, also possesses a band at 1604 cm� 1 assigned
to the NH2 scissoring. Even though the intensity of this mode is
expected to be lower than the N1H bend of guanine, it is
possible that the shift we observe here is due to hydrogen

bonding of the exocyclic NH2 group to the side chain of the Pt-
complex (see docking simulations below) leading to an upshift
of this band. In addition, the difference spectra of complexes
19, 20 and 22 show a slight downshift of the dG N7C8
stretching band at 1485 (~1 cm� 1 as seen from the UVRR
spectra) leading to a � /+ peak pair (Figure 5B). This band is
also sensitive to Hoogsteen hydrogen bonds, with the down-
shift further indicating that the hydrogen bonds are perturbed
due to the stacking interaction of the Pt-complex molecules
with c-myc.

Although the spectrum of complex 21 (L-enantiomer) shows
an overall similar behavior as the other complexes regarding
interactions with the guanine base pairs, the interactions with
adenine and thymine appear different. In particular, the
thymine C4=O band at 1660 cm� 1 shows smaller enhancement
upon interaction. This indicates that the different stereochemis-
try of the side-chain promotes different interactions of 21 with
the bases in the loops, which could correlate with the unusually
high emission enhancement of 21 upon c-myc binding.

In order to quantify the intensity changes observed upon
interaction of the Pt-complexes with c-myc, the UVRR spectra
were deconvoluted using Voigt functions (e.g., see Supporting
Information, Figure S55) and the peak areas were compared.
The intensity changes are illustrated in Figure 6, where the
percentage change in the intensity of specific peaks, corre-
sponding to certain bases in the quadruplex, is compared for
each complex as a measure of the extent of its interaction with
c-myc. The percentage changes were calculated using Equa-
tion (1):

Change %ð Þ ¼
Area Pt � complexð Þ � Area c � mycð Þð Þ

Area c � mycð Þ
*100 (1)

For each base, representative band(s) were selected, which
were those at 1320/1337, 1580/1610, and ~1660 cm� 1 for
adenine, guanine and thymine, respectively (Figure 5B). It is
important to note that this approach emphasizes only intensity
changes in the particular bands chosen and does not necessa-
rily portray the totality of the interactions between the Pt-
complex and the DNA. Figure 6 shows that all Pt-complexes
significantly modify the guanine-quartet environment, and

Figure 6. Graphical illustration of quantification of structural changes
induced by each Pt-complex at the different bases present in c-myc. The
representative peaks for adenine are 1320 and 1337 cm� 1 (blue); for guanine
1580 and 1610 cm� 1 (red); and for thymine 1660 cm� 1 (yellow).

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202201497

Chem. Eur. J. 2022, 28, e202201497 (10 of 17) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 26.09.2022

2254 / 259357 [S. 166/173] 1



interact to a different extent with the residues in the G-
quadruplex loops. For example, complex 20 shows increased
interactions with the thymine and less with adenine. Interest-
ingly, the two enantiomers 21 and 22 show similar interactions
with the guanines, however, the L-isomer shows diminished
interactions with thymines and adenines in the loops, which we
attribute to the different stereochemistry of the side-chains. The
docking simulations described below confirm this variation in
the interactions and help shed light to the positioning of each
Pt-complex at the terminus of the G-quadruplex stack.

It should be noted that the interactions of Pt-complexes
19–22 with hybrid telomeric G-quadruplex (22AG/K+) were also
investigated by Resonance Raman (see Supporting Information),
which indicated differential behaviour among the various side
chains, including those of the two enantiomers 21 and 22, with
noticeable effects involving G-quartet guanines, as well as loop
thymines and adenines. Despite the modest association of all
complexes with 22AG/K+, compared to c-myc, as determined
by UV-vis and fluorescence titrations, this 22AG/K+ structure
appears susceptible to conformational changes. This is evident
in both UVRR (Supporting Information, Figures S56–57) as well
as CD spectra (Supporting Information, Figure S49) of the DNA
mixtures with the investigated Pt-complexes.

Finally, the (low affinity) interactions of a representative Pt-
compound, 22, with antiparallel telomeric G-quadruplex (22AG/
Na+) and duplex (ds26) DNA corresponded to only minor
changes in the RR spectra (Supporting Information, Figure S59).

Docking simulations of interactions between Pt(II)-complexes
and c-myc

For each of the four optimal Pt-complexes, 19–22, an ensemble
docking protocol was performed and repeated five times (see
computational details in the Experimental Section) on the 20 c-
myc G-quadruplex conformers issued from NMR coordinates
(PDB ID: 1XAV). The best affinity scores, as well as the G-
quadruplex conformers related to the docking solutions, the
number of close contacts and a list of interactions with the G-
quadruplex residues are summarized in Supporting Information,
Table S7.

Among the four Pt-complexes examined, compound 20
shows the best affinity score (� 9.3 kcal.mol� 1), in agreement
with the highest Ka from UV-vis and fluorescence titrations and
the highest ΔTm from the DNA melting experiment. The highest
number of close contacts with the c-myc G-quadruplex target is
also observed with compound 20 (>40 close contacts at a
distance below 3.5 Å), indicating that 20 is deeply docked into
c-myc (Figure 7A). For the five docking runs, the best docking
solution of 20 was always obtained with conformer #8
(Supporting Information, Figure S62), for which the distance
between the first thymine (T1) and the first G-tetrad is the
lowest (Supporting Information, Figure S60). Additionally, con-
former #8 is the only one for which the sugar-base dihedral
angle of T1 is syn (� 90°) while the corresponding dihedral
angle is anti for the 19 other conformers (Supporting
Information, Table S8). Therefore, the T1 base is close to the first

G-tetrad plane and oriented in such a way that the aromatic
moieties of T1 and G13 form a narrow pocket in which the
aromatic core of 20 can be docked via end-stacking interaction.
We observed that, for the five docking runs of 20, from a total
of >40 close contacts between 20 and the G-quadruplex target
(Supporting Information, Table S7), 25 of them turn out to be
close contacts with either G13 (14 close contacts) or T1 (11
close contacts). The other close contacts are owing to the
interactions between the morpholino fragment and G8, as one
H-bond is formed between the oxygen atom of the morpholino
group and the G8 amino group (Figure 7A). Interestingly, the
positive charge of the morpholino group is also closely
positioned to the phosphate of G13, assisting the H-bond with
an electrostatic interaction (Figure 7A). Such a deep positioning
of the morpholino group into the closed G-quadruplex con-
former is allowed thanks to the use of a flexible linker between
the aromatic and morpholino moieties of 20.

For Pt-complex 22, the best docking solutions were also
obtained with the G-quadruplex conformer #8 (Supporting
Information, Figure S63). The aromatic core of 22 is also docked
between the residues T1 and G13 (Figure 7B). However, the
aromatic moieties of 22 are closer to T1 (15 close contacts) than

Figure 7. Superposition of the best binding modes between each ligand and
c-myc G-quadruplex. Selected residues are represented in red sticks (T1/G13)
or blue sticks (A3/G8). G-quadruplex conformers are represented in cartoon
mode. For each Pt-complex, the main interactions encountered in the best
binding modes are zoomed on the right.
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G13 (7 close contacts), an opposite situation compared to the
case of compound 20 (Supporting Information, Table S7). With
a peripheral side-chain in 22 that is shorter, bulkier and more
rigid than the linker of 20, we observed a different docking in
the upper region of the G-quadruplex target, showing the
formation of one H-bond with the amino group of A3 residue
(Figure 7B). This H-bond involves the oxygen atom of the imide,
located in proximity of the aromatic core of the Pt-complex.
The rigidity and the orientation of the proline group, guided by
a specific stereochemistry (D-enantiomer), forced the ligand to
be docked in the upper region of the G-quadruplex target, with
the terminal chain of the ligand exposed to the solvent
environment (Figure 7B). This is in contrast with 20, for which
the morpholino group was deeply docked around the first G-
tetrad. The affinity of 22 is lower in comparison to 20, but
remains relatively high (� 8.8 kcal.mol� 1) due to the efficient
stacking and H-bonding interactions.

For Pt-complex 19, the best docking solutions were
obtained with G-quadruplex conformer #16 (Supporting Infor-
mation, Figure S64), a more ‘open’ structure in terms of distance
between the plane formed by the first G-tetrad and the T1
residue (Supporting Information, Figure S61, left). Additionally,
the orientation of the T1 residue is rather different as the sugar-
base dihedral angle of T1 is anti (� 158°) whereas the
corresponding dihedral angle was syn in conformer #8
(Supporting Information, Table S8). The preference of 19 for
such an ‘open’ conformer can be explained by the bulkiness of
its side-chain and especially the presence of two isopropyl
fragments connected to the two nitrogen atoms. Moreover, the
carbamoyl amide fragment allows the formation of two H-
bonds with residue A3 (Figure 7C). While the binding modes of
both 20 and 22 were guided by strong end-stacking inter-
actions within the ‘closed’ target conformer #8, the binding of
19 is mainly guided by H-bonding in the upper region of the G-
quadruplex target (A3 residue). At the same time, stacking
interactions are clearly less efficient, with a low number of close
contacts involving the G13 and no contacts with T1 (Supporting
Information, Table S7). Nevertheless, the aromatic groups of 19
are still positioned between the T1 and G13 residues (Fig-
ure 7C), but the stacking interactions are much less optimized
because of the higher degree of opening in this c-myc
conformer. Therefore, Pt-complex 19 exhibits the lowest
number of close contacts, i. e., only 13 to 18 contacts
(Supporting Information, Table S7). The affinity score of 19 is
lower than the one of 20, but still at � 8.8 kcal.mol� 1 (as for 22)
thanks to the two strong H-bonds involving the oxygen atoms
of the side-chain.

For Pt-complex 21, the enantiomer of 22, the best docking
solutions were also obtained with ‘open’ target conformers, i. e.,
two with conformer #16 and three with conformer #20
(Supporting Information, Figures S65,61). In this case, two H-
bonds are observed between the amino groups of two different
residues, i. e., A3 and G8 (Figure 7D). In comparison to 19,
complex 21 is found closer to the A3 and G8 residues (more
close contacts), but there are no close contacts with G13
(Supporting Information, Table S7). Therefore, Pt-complex 21 is
the least efficient in terms of end-stacking interactions involving

the T1 and G13 residues, but the most efficient ligand in terms
of H-bonding as it involves two different residues. The affinity
score of 21 is comparable to the affinity scores of 19 or 22
(Supporting Information, Table S7), whereas the binding modes
are quite different.

Conclusions

The current study delivered, through a robust synthesis, a new
class of DNA-interacting agents, based on the square planar (2-
([2,2’-bipyridin]-6-yl)phenyl)platinum(II) scaffold, for in vitro
evaluation of their efficiency in binding topologically diverse
DNA secondary structures, including the c-myc oncogene
promoter G-quadruplex, the 22AG (telomeric) hybrid and
parallel G-quadruplexes, duplex ds26 and ssDNA polyT. Our
intention was to evolve this stable, planar organometallic
scaffold with additional moieties, that would ideally enhance its
affinity and recognition selectivity in favour of G-quadruplex
targets.

In the design of these organometallic compounds, emphasis
was placed on the selection of appendages added to the main
scaffold, aiming to mimic specific structural features of G-
quadruplex-recognizing peptides that impact the nature of
interaction, either electronically or sterically.[40] These involved
bulky lipophilic or heteroaryl side chains, ionizable amino-
residues, hydrogen-bonding moieties and chiral groups. The
individual contributions to binding affinity and G-quadruplex
stabilization of several of these attributes is often side-stepped
in studies of conventional charged Pt-complex binders, most of
which lack such elaborate appendage design, while their
presence in organometallic counterparts has not been system-
atically investigated.

The synthesized Pt(II)-compounds exhibited binding selec-
tivity toward c-myc, and to a lesser extent 22AG (both folds
tested), with only weak affinity for ds26 and no affinity for
polyT. Importantly, these compounds behave as potent binders
for c-myc, with Ka values in the order of 10

5 M� 1, as determined
by two independent methods, UV-vis titrations and
fluorescence titrations. Their Ka values compare well with those
of related charged Pt� terpyridine complexes, suggesting that
the presence of the proposed appendages counteracts the
absence of a charged scaffold in our compounds, likely by
contributing interactions with G-quadruplex loci other than G-
tetrads, in addition to the end-stacking interaction of the planar
organometallic scaffold.

A remarkable feature is the stabilizing effects of this class of
G-quadruplex binders on c-myc, with the ΔTm value for the
optimal binder (20) exceeding 30 °C, which renders it superior
to many known metal-based binders. Moreover, even the
weakest binder, a neutral Pt-complex with rigid heteroaromatic
side-chain (23), appeared to be a potent stabilizer of c-myc.
Notably, the CD-based melting experiment for ΔΤm determi-
nation suggested, by means of a bimodal sigmoidal curve,
combined stabilizing effects on the G-tetrad core and loop
elements of the c-myc G-quadruplex, by the organoplatinum
scaffold and appendages, respectively.
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Gratifyingly, representatives of this compound class (in
particular compound 21) undergo remarkable emission en-
hancements upon their interaction with c-myc, which are
several times higher compared to those observed with all other
DNAs included in the study. Therefore, compounds like 21 may
be employed as selective c-myc-targeted optical probes.

UV Resonance Raman measurements involving the four
most promising compounds (19–22), with regard to their
affinity and optical properties, confirmed that they cause
stabilization of the c-myc G-quadruplex, providing direct
evidence for the specific interactions at work. All complexes
demonstrate modification of the guanine environment suggest-
ing π-π stacking with the outer G-tetrads. However, the
different side chains promote varied interactions with the loop
residues, which are responsible for the different association
constants and ΔTm values observed in the UV-vis and
fluorescence titrations and CD melting experiment, respectively.
Complex 20 shows increased interaction with the thymine in
the loops but not adenine, as does the D-proline enantiomer
22, in contrast to its L-isomer 21, which also shows diminished
interaction with adenine, suggesting a role for stereochemistry
in the stabilization of the helix.

The above results are supported by docking simulations,
showing that the nature, the length, the stereochemistry and
the bulkiness of the appendage impact the binding mode of
the Pt-complexes with the c-myc G-quadruplex target. The
rather long and flexible linker of 20 allows optimal stacking
interactions (T1/G13) on a ‘closed’ G-quadruplex conformer
along with one optimal H-bond with a deeply-located residue.
With a rigid and bulkier side-chain, 19 is preferably docked with
an ‘open’ G4 conformation. Stacking interactions are less
optimal but the affinity score remains high thanks to the
introduction of H-bond acceptor moieties (carbamoyl amide
group) that lead to two optimum H-bonds with a residue in the
loop (A3). Interestingly, the enantiomers 21 and 22 exhibit
different binding modes which, in agreement with the UVRR
results, highlights the importance of the stereochemistry of the
Pt-complex side-chains on c-myc G-quadruplex binding.

In summary, the current study shines light into various
aspects relevant to the impact of peptide-mimetic side-chains
in G-quadruplex target interaction and affinity, recognition
selectivity and stabilization, as well as optical response of the
binder itself. These findings may help inform next-generation
metal-based G-quadruplex binder design, aiming toward ele-
vated selectivity in G-quadruplex target recognition. The neutral
organometallic scaffold employed herein proved to be a viable
recognition motif for c-myc, among the DNAs tested, efficient
both as stabilizer and optical probe. It is further hoped that it
will help address issues of chemical stability of Pt-complexes,
cell membrane permeability, toxicity regulation and target
optical detection. We intend to investigate the plausibility of
this hypothesis in follow-up cell-based studies.

Experimental Section
Compound synthesis, purification and characterization: Organ-
ic chemicals were purchased from TCI Europe N.V., platinum salts
from Strem Chemicals, other inorganic chemicals from Sigma-
Aldrich, anhydrous organic solvents from Carlo Erba Reagents,
silica gel 60, TLC plates and NMR deuterated solvents from
Merck.

All reactions were performed under nitrogen atmosphere and in
anhydrous solvents, unless otherwise stated. Reaction progress was
monitored by TLC. Silica gel 60 (0.06–0.2 mm) was employed in
liquid chromatography purifications of organic intermediates.

NMR spectra were obtained on a Bruker Avance III Ultrashield Plus
spectrometer (at 500 MHz for 1H NMR and 125 MHz for 13C NMR, at
25 °C, chemical shifts relative to tetramethylsilane). MS data were
collected on a Bruker Autoflex III Smartbeam MALDI-TOF/TOF
instrument, using a MTP384 ground steel plate.

Detailed synthetic and purification procedures for all compounds
synthesized in this study, as well as characterization data and
original NMR spectra are provided in the Supporting Information.

Single-crystal X-ray diffraction (XRD): Single crystal X-ray diffrac-
tion data were collected on an Oxford Diffraction Supernova
diffractometer, equipped with a CCD area detector utilizing Mo� Ka
(λ=0.71073 Å) radiation. Suitable crystals of compound 19 were
attached to glass fibers using paratone-N oil and transferred to a
goniostat where they were cooled for data collection. Empirical
absorption corrections (multi-scan based on symmetry-related
measurements) were applied using CrysAlis RED software (Oxford
Diffraction Ltd, Abingdon, Oxford, England, 2008). The structures
were solved by direct methods with SHELXT and refined on F2
using full-matrix least squares with SHELXL-2014/7 (G. M. Sheldrick,
University of Göttingen, Germany, 2014). Software packages
CrysAlis CCD for data collection and CrysAlis RED for cell refinement
and data reduction (Oxford Diffraction Ltd, Abingdon, Oxford,
England, 2008), WINGX for geometric calculations,[62] and
MERCURY[63] for molecular graphics, were used. The non-hydrogen
atoms were treated anisotropically, whereas the hydrogen atoms
were placed in calculated, ideal positions and refined as riding on
their respective carbon atoms. Selected crystal data and crystallo-
graphic analysis details for compound 19 can be found in
Supporting Information (Tables S1–5).

CCDC 2095012 (19) contains the supplementary crystallographic
data for this paper. These data are provided free of charge by The
Cambridge Crystallographic Data Centre.

UV-vis titrations of Pt(II)-complexes with DNAs: Oligonucleotides
c-myc (myc2345� pu22, 5’-TGAGGGTGGGTAGGGTGGGTAA-3’), 22AG
(5’-AGGGTTAGGGTTAGGGTTAGGG-3’) and ds26 (5’-CAATCGGATC-
GAATTCGATCCGATTG-3’) were purchased from Eurogentec (Bel-
gium) and polyT (dT20) was purchased from Sigma-Aldrich. Each
DNA was dissolved in 50 mM Tris.HCl buffer (pH 7.4) containing
100 mM KCl or NaCl, to afford a concentrated solution (0.57–
2.15 M). The following solutions were prepared: c-myc/K+, 22AG/K+,
22AG/Na+, ds26/K+, polyT/K+. Prior to use, each concentrated DNA
solution (except polyT) was annealed at 95 °C for 5 min, followed by
slow cooling to r.t. overnight. The concentration was then
confirmed by UV-vis, based on the extinction coefficient values
provided by the suppliers.

A stock solution of each Pt-complex was prepared in DMSO at
3 mM concentration. In a 10 mm optical path quartz cuvette, 25 μL
of Pt-complex stock solution were diluted with 50 mM Tris.HCl
buffer (pH 7.4) containing 100 mM KCl or NaCl, up to a final volume
of 2.5 mL, affording a 30 μM work solution (1%v/v in DMSO
content). The UV-vis spectrum of this work solution, in the range
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200–600 nm, was recorded on a Shimadzu UV-1700 Pharmaspec
UV-Vis spectrophotometer. A titration was carried out by adding
2.5 μL aliquots of the concentrated pre-folded DNA solution to the
cuvette and mixing thoroughly for 5 mins, before recording the
new spectrum.

The absorbance at the selected maximum in the course of the
titration was plotted vs. total added DNA concentration, corrected
for the dilution factor. A non-linear model (growth sigmoidal
function, Hill1 equation, Levenberg-Marquardt iteration algorithm)
was direct-fitted to the data in ORIGIN Pro, leading to determi-
nation of association constants (Ka) and number of cooperative sites
(n) for the Pt-complex-DNA interaction.

Fluorescence titrations of Pt(II)-complexes with DNAs: A 10 mM
Li-cacodylate aqueous buffer (pH 7.2) containing either KCl or NaCl
at 100 mM concentration was used for preparing 100 μM DNA work
solutions (c-myc/K+, 22AG/K+, 22AG/Na+, ds26/K+, polyT/K+). Each
buffered DNA work solution was annealed at 95 °C for 5 min, then
allowed to cool slowly at r.t. overnight.

Pt-complexes were employed as 2 mM work solutions in DMSO.
Thirteen mixtures representing various DNA-to-Pt-complex molar
ratios in the titration (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5)
were prepared, by combining appropriate volumes of Pt-complex
and DNA work solutions with additional buffer, all to the same final
volume and to a fixed final concentration of the tested Pt-complex
(5 μM), but variable final concentration of DNA (DMSO was kept at
0.25%v/v). Mixtures were gently agitated in Eppendorf tubes for
5 min. The emission spectrum of each mixture was recorded on a
Jasco FP-6300 spectrofluorometer. All spectra were obtained at
21 °C by using a high-precision quartz suprasil cuvette (light path
10 mm×0.5 mm). Excitation took place at 320 nm and emission
spectra were recorded in the 350–800 nm range, with the following
parameters: 5 nm bandwidth (exc.), 10 nm bandwidth (em.), high
response, high sensitivity, 1 nm data pitch, 500 nm.min� 1 scanning
speed, and 3 accumulations. Baseline correction was made to all
spectra by subtracting the spectrum of the buffer, containing the
same percentage of DMSO as the mixtures.

The maximum fluorescence (I) of each mixture from the emission
band was normalized by dividing with the emission maximum of
the free Pt-compound in the absence of DNA (Io). Normalized
fluorescence maxima (norm. max. fluorescence, I/Io) were plotted
vs. total added DNA concentration and the data was fitted with a
non-linear model (growth-sigmoidal function, Hill1 equation,
Levenberg-Marquardt iteration algorithm, fixed starting point) in
ORIGIN Pro, which allowed determination of association constant
(Ka) and number of cooperative sites (n) for the Pt-complex-DNA
interaction. The last and first spectrum of each titration (5 and
0 equiv. of DNA, respectively, relative to Pt-complex), were used
to derive emission enhancements, calculated as the ratio of the
two maxima.

Circular dichroism DNA-melting study: The oligonucleotide c-myc
was dissolved in MilliQ water to afford a 1 mM stock solution. This
solution was then diluted with 10 mM Li-cacodylate buffer (pH 7.2)
containing KCl at 1 mM concentration and LiCl at 99 mM concen-
tration, to produce a 10 μM DNA work solution. Prior to use, the
work solution was annealed at 95 °C for 5 min, followed by cooling
in an ice bath for 1 h. Pt-complex 50 μM work solutions in the same
buffer were used (1%v/v in DMSO). Equal volumes of DNA and Pt-
complex work solutions were mixed to produce a mixture
containing 1 :5 molar ratio of DNA-to-ligand (final concentrations:
5 μM and 25 μM, respectively).

CD spectra were recorded on a Chirascan™ Plus CD spectropho-
tometer from Applied Photophysics, equipped with a TC125
temperature controller from Quantum Northwestern. CD meas-

urements were performed, in the range 220–320 nm, using a
response time of 1 s, 1 nm step, and 0.5 nm bandwidth. Each
spectrum was recorded 3 times of which the normalized average
is presented, with the spectrum of the buffer subtracted from
that of the sample. For melting experiments, the solution (pure
oligonucleotide or oligonucleotide plus Pt-complex) was placed
in a quartz cuvette, heated from a baseline temperature of 20 °C
to 95 °C, at the rate of 1 °C per minute, and CD spectra were
recorded at intervals of 5 °C.

Melting curves were obtained by plotting normalized molar
ellipticity based on the 265 nm positive peak vs. temperature in
ORIGIN Pro and fitting a non-linear model (sigmoidal function,
BiDose response, Levenberg-Marquardt iteration algorithm).

UV resonance Raman study: Pt-complexes 19–22 were initially
dissolved in DMSO and then diluted in 50 mM Tris.HCl buffer
(pH 7.4) containing 100 mM KCl to prepare stock solutions with
concentration 375 μΜ. A 67.5 μΜ stock solution of c-myc was also
prepared by dissolving c-myc oligonucleotide in the same buffer.
The c-myc stock solution was annealed at 95 °C for 5 mins, followed
by cooling in an ice bath for 1 h immediately prior to use.
Appropriate volumes of Pt-complex and c-myc stock solutions were
mixed to produce a solution with final concentrations of 178 μM
and 35.5 μΜ for Pt-complex and c-myc, respectively (5 :1 molar
ratio), which was used for UVRR experiments.

Resonance Raman experiments were conducted with excitation
at 266 nm provided by the fourth harmonic of a Q-switched Nd:
YAG laser (PRO-230, 30 Hz, Spectra Physics). The excitation light
was focused into a spinning cell consisting of an EPR suprasil
tube (4 mm diameter) attached to a rheostat-controlled motor
for choice of rotation speed. Use of the spinning cell prolonged
the lifetime of the samples. Modest excitation energies (3.3 μJ
per pulse) were employed to avoid decomposition of the sample,
which was monitored by obtaining the absorption spectrum of
the sample before and after exposure. The Raman scattered light
was collected in a backscattering geometry and delivered to a
0.75 m focal-length Czerny-Turner spectrograph, equipped with
a 2400 grooves/mm holographic grating. The slit width was set
to 100 μm providing 7 cm� 1 spectral resolution at 266 nm. The
scattered light was detected by a LN2-cooled 2048×512 pixel,
back-illuminated UV-enhanced CCD detector (Spec10 : 2KBUV/LN,
Princeton Instruments). Each spectrum with excitation at 266 nm
is the accumulation of 20×10 min spectra. Frequency calibration
of the spectra was accomplished with the use of cyclohexane.
MATLAB and ORIGIN software were used for spectral treatment
and analysis.

Docking simulation methods: Pt-complexes 19–22 were built
within the Avogadro molecular editor.[64] The 3D coordinates of the
crystal structure shown in Figure 1 were used as a starting
template, and the correct side-chain was replaced for each Pt-
complex, using the Avogadro package. Molecular mechanics
calculations were then performed within Avogadro to optimize the
geometry of the four Pt-complexes. For this, a steepest descent
optimization (10,000 steps) was performed with the Universal Force
Field (UFF)[65] to consider the platinum parameters. The energy
convergence criterion was set at 10� 7 kJ.mol� 1 for the energy
minimization procedure. The coordinates of the c-myc G-quad-
ruplex were obtained from the Protein Data Bank (PDB ID: 1XAV).[66]

The NMR conformations of the G-quadruplex were extracted to
perform ensemble docking calculations, i. e., twenty conformers for
the 1XAV coordinates, to take account in an implicit way of the
target flexibility. Docking calculations were performed with the
QuickVina-W package,[67] a fork of AutoDock Vina package,[68]

optimized for wide search space and blind docking. Since the Pt
atom types are not explicitly included in these packages, the source
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code was modified to consider explicitly Pt atoms. Pt atom type as
well as its parameters were included, i. e. atomic radius (1.375 Å),
van der Waals well depth (0.080 kcal.mol� 1), atomic solvation
parameter (� 0.00110, similar to other metal atoms in the Autodock
energy parameters), atomic solvation volume (12.00 Å3), and the
covalent radius (1.28 Å). The source code was then recompiled to
allow the explicit treatment of the Pt atom. Given the lack of
knowledge concerning the binding modes of the four Pt-ligands, a
sufficiently large grid was needed to perform blind docking
calculations for the exploration of the entire G-quadruplex surface.
Therefore, a large grid size of 42×36×42 Å3 with a spacing of 1.0 Å
was considered. The center of the grid box was located on the
center-of-mass of the G-quadruplex targets. Due to the important
size of the grids, a large exhaustiveness value of 64 was chosen,
much larger than the default value, i. e., 8.[69] The four Pt-ligands
were set as flexible entities with flexibility on torsions along the
linker of the ligands. The 10 most energetically favorable complexes
were retained for each docking calculation. The docking protocol
was repeated 5 times to ensure the reproducibility of the optimum
docking solutions. The PyMOL molecular visualization system was
used to depict illustrations of the docking binding modes (W. L.
Delano, Delano Scientific, San Carlos, 2002).
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