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Another step toward DNA selective targeting:
Ni" and Cu' complexes of a Schiff base ligand
able to bind gene promoter G-quadruplexes+
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DNA G-rich sequences are able to form four-stranded structures organized in stacked guanine tetrads.

These structures, called G-quadruplexes, were found to have an important role in the regulation of onco-

genes expression and became, for such a reason, appealing targets for anticancer drugs. Aiming at finding

selective G-quadruplex binders, we have designed, synthesized and characterized a new water soluble

Salen-like Schiff base ligand and its Ni" and Cu'" metal complexes. UV-Vis, circular dichroism and FRET
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Introduction

DNA can adopt a variety of conformations based on particular
sequence motifs that are different from the double-helical
B-DNA (ds-DNA) secondary structure. These non-B-DNA struc-
tures have attracted an exponentially growing interest as key
targets for novel anticancer drugs, due to their involvement in
cellular carcinogenic pathways." Of particular appeal are
G-quadruplexes (G4s) which are G-rich sequences capable of
forming 4-stranded structures organized in stacked guanine
tetrads connected by looping bases. Such structures are not
randomly located within the human genome but are overrepre-
sented in telomeres, where they inhibit the activity of telomer-
ase, and in certain gene promoters, e.g. oncogenes, with
important functions in transcriptional regulation.”

“Institute of Inorganic Chemistry, University of Vienna, Waehringerstr. 42, A-1090
Vienna, Austria. E-mail: alessio.terenzi@univie.ac.at

bResearch Platform “Translational Cancer Therapy Research”, University of Vienna
and Medical University of Vienna, Vienna, Austria

‘Department of Medicine I, Institute of Cancer Research and Comprehensive Cancer
Center, Medical University Vienna, Borschkegasse 8a, A-1090 Vienna, Austria
dDipartimento di Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche,

Viale delle Scienze, Edificio 17, 90128 Palermo, Italy.

E-mail: giampaolo.barone@unipa.it

tElectronic supplementary information (ESI) available. CCDC 1451694-1451696.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c6dt00648e

7758 | Dalton Trans., 2016, 45, 7758-7767

measurements indicated that the nickel complex can stabilize oncogene promoter G-quadruplexes with
high selectivity, presenting no interactions with duplex DNA at all. The same compound exhibited dose-
dependent cytotoxic activity in MCF-7 breast cancer cells when combined with lipofectamine as lipophilic

In the last 15 years several small molecules, including metal
complexes,® able to bind G4 structures have been reported.'™®
Due to the heterogeneity of G4 conformations, the selective tar-
geting of these structures with small molecules is a promising
anticancer strategy, especially via specific down-regulation of
oncogene expression.' Nevertheless, the development of novel
G4 binders able to reach reasonable high selectivity for specific
G4s in oncogene promoters, together with an excellent target
affinity (K}, in the nanomolar range), was rarely achieved.”

In the last few years, Vilar,®® Thomas,'® Ralph'' and co-
workers reported on series of Salen-like and Salphen-like metal
complexes with excellent quadruplex DNA binding properties.
At the same time, our group developed Ni", Cu" and Zn" Schiff
base Salphen-like complexes with DNA-binding ability and, in
some cases, good G4 over ds-DNA selectivity.”*

With the aim of improving the G4 selectivity of our com-
pounds, hence avoiding ds-DNA intercalation and promoting dis-
criminatory binding to peculiar G4 structures, we present in this
study the synthesis and characterisation of a novel Salen-like
ligand and its nickel(n) and copper(n) complexes, 1 and 2
(Fig. 1a). Moreover, we investigated their affinity toward a
number of G4 motifs, their biological evaluation toward human
cancer cell lines and a molecular model corroborating the experi-
mental results. In addition, we compare the results for this novel
compounds with those recently obtained for the Ni" Schiff base
complex 3 (Fig. 1b), with a naphthalene moiety in the N,N'
bridge, possessing remarkable anticancer properties and the
ability to selectively bind G4s structures over ds-DNA.**"

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Structures of (a) the newly synthesized Ni" (1) and Cu" (2) metal
complexes and of (b) the Salnaphen-like Ni" complex (3).

Results and discussion
Synthesis and characterisation

The Ni"" and Cu™ complexes 1 and 2 were prepared in a one
step synthesis involving, simultaneously: (i) the condensation
of the salicylaldehyde and the diamine to form the Schiff base
ligand, (ii) the deprotonation of the slightly acidic OH group
by a strong base (NaOH) and (iii) the coordination of the metal
centre by adding the corresponding perchlorate salt. The two-
step synthetic procedure, with the isolation of the ligand L1
and its further complexation, was also performed with analo-
gous results (Scheme 1).

Crystals suitable for X-ray data collection were obtained by
slow evaporation of a MeOH solution of L1 and by diffusion of
diethyl ether into a MeOH solution of 1 and 2 at room temp-
erature. The results of the X-ray diffraction studies are shown
in Fig. 2. The single bond between C8 and the symmetric equi-
valent C8' (2 — x, —y, 1 — 2) of L1 is arranged as “anti” confor-
mer (exactly 180°, because of symmetry reasons), with N1 and
N1’ of the ehylenediamine in a trans configuration. Complexa-
tion of the ligand L1 with Ni" and Cu" led to metal complexes
with slightly different geometries. They display molecular con-
figurations and geometries that fall within the typical ranges
for these types of compounds.'® In detail, due to their coordi-
nation bonds, Cu' and Ni" atoms force the distorted ligand L1
in a square planar disposition with a N1/N1' ¢is configuration.
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Scheme 1 Reaction pathway for the synthesis of compounds 1, 2 and
the ligand L1.
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As expected, the nickel complex 1 is perfectly planar while the
copper complex has a distorted geometry. Accordingly, the
torsion values and out of plane shifts of the atoms of the
metal coordination sphere are presented in Tables S9 and
S10,7 and are represented in Fig. S4.7

DNA-binding

FRET. FRET (Fluorescence or Forster Resonance Energy
Transfer) melting assays'® were performed to test the selecti-
vity of our compounds using one double stranded DNA
model oligonucleotide (ds-DNA) and six different quadruplex
sequences (see Table 1). Stabilization of a folded DNA
conformation corresponds to an increase in its melting temp-
erature. In detail, we used the human telomeric A-Telo,'”®
and four G4s from gene promoters: c-Myc,"® c-Kit1,>° bcl2,**
and h-TERT.*

The exact sequences and their folding G4 topology in KCI
buffered solution are listed in Table 1. All of them are conju-
gated with the fluorophore FAM at the 5’ extremity and with
the quencher TAMRA at the 3' extremity in order to be used for
FRET experiments. FAM/TAMRA conjugated TATAGCTATA-Heg-
TATAGCTATA sequence was used as a oligonucleotide model
able to self arrange in double-helical conformation in physio-
logical conditions.

5,10,15,20-Tetrakis(1-methyl-4-pyridinio)porphyrin (TMPyP),
which displays high affinity for both duplex and G4 DNA,
regardless of its conformation,>*** and 3, which displays pre-
ference for G4 structures over ds-DNA but essentially no
selectivity among quadruplexes,'* were used as controls.

For each experiment, the final concentrations of the oligo-
nucleotide and of each binder compound were 0.2 pM and
1 pM, respectively. In Fig. 3 is shown the change in melting
temperature (ATy,) of the selected sequences upon binding of
the novel compounds and of the controls.

Strikingly, the L1 ligand and their metal complexes 1 and
2 do not show any binding affinity for ds-DNA, while com-
pound 1, and to a lower extent also compound 2, are able to
induce a consistent increase of the melting temperature of ¢-
Kit1, h-TERT and bci2 quadruplexes. In comparison, TMPyP4
and 3 show larger AT;,, values, hence stronger DNA-binding
affinity than the novel compounds, however without strong
selectivity between ds-DNA and the G4s.'* In addition,
TMPyP4 and 3 display no selectivity among the different G4s.
Thus, compound 1 shows distinctly improved properties,
with 100% selectivity toward G4, compared to ds-DNA, and
an additional interesting selectivity among the different G4
conformations.

Moreover, the nickel(n) complex 1 is a stronger G4 binder
than the copper(u) analogue 2, emphasizing the impact of the
metal centre in their binding ability. X-ray crystallography pro-
vides a hint to rationalize this trend, pointing out that the struc-
ture of 1 is perfectly planar, while that of 2 is distorted. In fact,
this feature could impart the nickel(n) complex 1 better groove
binding properties and, as a consequence, higher AT, values.

FRET melting profiles of ¢-Kit1, h-TERT and bcl2, vs. increas-
ing amounts of 1 (Fig. 4), show a concentration dependent

Dalton Trans., 2016, 45, 7758-7767 | 7759
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Fig. 2 Molecular Structures of L1, 1 and 2 drawn with 50% displacement ellipsoids. CDCC codes are 1451696, 1451694 and 1451695 for L1, 1 and 2,

respectively.

Table 1 5'-3" sequences of the oligonucleotides used for FRET measurements together with their G4 conformation type in KCl buffered solutions.
In bold the 4 runs of guanines responsible of the quadruplex formation are shown

Oligos Sequence Strands orientation
h-Telo AGG GTT AGG GTT AGG GTT AGG G Mixed parallel-antip.
¢-Myc TGG GGA GGG TGG GGA GGG TGG GGA AGG Parallel

c-Kit1 AGG GAG GGC GCT GGG AGG AGG G Parallel

h-TERT GGG GGC TGG GCC GGG GAC CCG GGA GGG GTC GGG ACG GGG CGG GG Mixed parallel-antip.
bcl2 AGG GGC GGG CGC GGG AGG AAG GGG GCG GGA GCG GGG CTG Mixed parallel-antip.
TERRA UUA GGG UUA GGG UUA GGG UUA GGG Parallel

ds-DNA TATAGCTATA-Heg-TATAGCTATA Double helical

stabilization of the three quadruplexes. Interestingly, at lower
binder/G4 molar ratios the three sequences show essentially
the same AT, trend, with c-Kit1 slightly more stabilized by 1,
while at higher binder/G4 molar ratios a higher stabilization of
bcl2 quadruplex was observed.

It is worth pointing out that, as already observed for similar
nickel(u) Schiff base complexes, quadruplex stabilization is
higher in the presence of aromatic planar groups on the N,N’
bridge.”™"" Interestingly, Lecarme et al. recently reported on
similar nickel(u)-Salphen complexes with alkyl-imidazolium
side-chains that showed high ATy, values for telomeric G4 but
no-affinity toward ds-DNA."® The novelty of our compound 1 is
its selectivity among different G4 conformations, with particu-
lar affinity for c-Kit1.

Circular dichroism and UV-visible studies

Intriguingly, the three G4s for which the Ni"" compound 1 has
higher affinity are known for their peculiar folding patterns
(see Fig. 5): (i) the c-Kit1 sequence, 87 nucleotides upstream of
the transcription start site of the human c-Kit gene, forms a
G4 with a unique large binding pocket due to discontinuity in

7760 | Dalton Trans., 2016, 45, 7758-7767

the tetrads connection,* (ii) the A-TERT sequence forms an
atypical quadruplex conformation with two pairs of consecu-
tive G-tracts separated by a 26-base loop arranged in a stable
hairpin structure,® and (iii) the bcl2 promoter, finally, is
known to form a mixture of three distinct intramolecular
quadruplexes,”>*® with the most stable one adopting a novel
folding of mixed parallel/antiparallel-stranded structure.**

We performed circular dichroism (CD) measurements to
monitor the formation of G4 structures and to check whether
these structures are preserved upon interaction with our lead
compound 1. Increasing amounts of 1 were added to Tris-HCl/
KCI solutions of previously G4-annealed c¢-Kit1, h-TERT and
bcl2, and their CD spectra recorded.

The three sequences produced CD spectra characteristic
of G4 structures in a potassium chloride solution (black
solid line in Fig. 5a-c). They share a positive maximum at
264 nm and a negative minimum at 240 nm, typical for CD
spectra of a parallel G-quadruplex.*”*® In addition, h-TERT
and bcl2 exhibit a small positive shoulder adsorption in the
range 280-300 nm, indicative of a mixed parallel/antiparallel
G-quadruplex.?*?>:2¢

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 FRET stabilization ability of compounds 1, 2 and L1 (top) and of
the control binders, TMPyP4 and 3 (bottom), upon binding to the
selected oligonucleotides. Buffer: 60 mM potassium cacodylate, pH 7.4.

a) ——cKit1 02 uM b) ——hTERT 0.2pM
104 ——+10pM1 104 —=—+10uM1
S +20iM1 —+—+20pM 1
5 ——+30pM1 5 ——+30puM1
‘% 081 ——+40uM1 g5 084 ——+40uM1
8 ——+60pM1 8 ——+6.0pM1
5 06 5 o064
% 04+ % 0.4
§ 02 E 02
00- 00
20 30 40 5 6 70 8 9 100 20 3 40 5 60 70 8 9 100
Temperature (°C) Temperature (°C)
Q) d)
——bci202pM 204 )
10] ——+10uM1 —=—cKit!
—#—+20uM1 18 —e— hTERT
5 ——+30uM1 —A—bel2
208 ——+40uM1 164
8 —e+60 M1
qE) 0.6 o
=
§ 04 <
g 104
024
2 81
00 64
20 30 40 50 60 70 8 90 100 5 10 15 20 25 30
Temperature (°C) [1)/[oligo]

Fig. 4 FRET melting profiles of (a) c-Kitl, (b) h-TERT and (c) bcl2 G4 in
presence of increasing amounts of 1 in 60 mM potassium cacodylate.
(c) ATy, trend as function of [1]/[oligo] molar ratios.

Upon addition of increasing amounts of 1, small spectral
changes were observed in the CD of the three quadruplexes
(Fig. 5), implying that the G4 conformations are preserved

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Circular dichroism spectra of (a) c-Kitl, (b) h-TERT and (c) bcl2
G4 in presence of increasing amounts of 1 in 50 mM Tris-HCl and
100 mM KCL

after the interaction. Small hypsochromic and hypocromic
shifts of the bands around 260 and 240 nm were observed
with the most pronounced effects in case of bcl2 at higher con-
centration of 1, in accordance with FRET results.

In order to determine the intrinsic binding constant (K;) of
the 1-DNA systems, UV-Vis spectra of 1 were recorded in the
presence of increasing amounts of duplex and G4 DNA. The
characteristic band of compound 1 at 389 nm (black solid line
in Fig. S9-S12 ESIt), in a region where DNA is transparent, was
affected by the addition of increasing amounts of the selected
G4 oligonucleotides, producing hypochromic and bathochro-
mic shifts (see Fig. S10-S12 ESIY), while no effect was observed
when ds-DNA was added (Fig. S9, ESI{). DNA-binding con-

Table 2 Binding constant values for the 1-DNAs systems

Ky M) Reciprocal plot Intrinsic method
ds-DNA No interaction No interaction
c-Kit1 (2.4 £0.5) x 10° (4.9 +0.3) x 10"
h-TERT (1.1+0.1) x 10° (3.7 + 0.4) x 10*
bcl2 (2.0 + 0.4) x 10° (3.4 +0.3) x 10*

Dalton Trans., 2016, 45, 7758-7767 | 7761
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stants (see Table 2) were obtained by fitting the absorption
data using two equations: one developed by Wolfe et al
(reciprocal plot),*® recently used for Schiff base metal com-
plexes interacting with Ga4s,” and the one proposed by Rodger
and Nordén (Intrinsic method)*® (see ESIf for further details).

Interestingly, data treatment by reciprocal plot method
provides K, values of roughly one order of magnitude
higher. Nevertheless, both approaches corroborate the results
obtained by FRET. In fact, no interaction of 1 with double
stranded DNA was observed, and a slight preference for c-Kit1
over the other two G4s was confirmed.

Remarkably, compound 1 demonstrated to be efficiently
G4-selective over DNA duplex. In comparison, the control com-
pound 3 shows higher affinity for G4 structures, with K
of about 10° M™" for telomeric quadruplex,'* but also a high
ds-DNA binding constant at ca. 10* M~"."*

Biological activity

We also evaluated whether the selective G4 stabilizers 1 and 2
exhibit cytotoxic activity. Accordingly, several malignant cell
models derived from melanoma (VM01 and VM47), osteosar-
coma (U2-0S), glioblastoma (U87MG) and breast cancer
(MCF-7) were treated with compounds 1 and 2. Interestingly,
the viability of the investigated cancer cell lines was
not affected upon 72 h drug exposure (Fig. S14, ESI{). We
hypothesized that the lower lipophilicity of 1 and 2, compared
to 3 (Fig. 1), might inhibit cellular uptake through cell
membranes.

To test this assumption, we performed cytotoxicity assays in
MCF-7 breast cancer cells in the presence of lipofectamine
2000. Lipofectamine is a known lipophilic carrier commonly
used as transfection agent in vitro,>' that we have previously
used as transmembrane carrier for copper(n) and zinc(u) com-
plexes.”* Indeed, compound 1 exhibited increased and dose-
dependent cytotoxic activity when combined with lipofecta-
mine (Fig. 6a). The effect was comparable but less pronounced
for the copper complex 2 (Fig. 6b).

Molecular modelling

To get perception of the binding sites of compound 1 within
the selected G4 structures, molecular docking simulations
were performed (see Computational details). PDB entries
203M and 2F8U were used as 3D models of ¢-Kit1 and bcl2
quadruplexes.

Fig. 7 shows the poses with better scores, (see Table 3)
extracted and aligned with the G4 3D structures. Docking
results revealed that 1 prefers groove-binding over top-stacking
for both G4s. Of particular interest is the position of com-
pound 1 within the groove binding pocket of the c¢-Kit1 struc-
ture. Indeed, it was suggested that this pronounced cleft, not
found in any other known G4 so far, may be suitable for selec-
tive ligand binding."

The binding features of compound 1, confirmed via both
experimental and in silico approaches, are distinctly different
from known unselective G4 ligands called top/end-stackers,
which in fact are usually polyaromatic molecules, such as

7762 | Dalton Trans., 2016, 45, 7758-7767
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Fig. 6 Cytotoxic activity of compound 1 and 2 in MFC-7 breast cancer
cells and impact of lipofectamine. Cells were treated with substance 1
(A) and 2 (B) at the indicated concentrations in the presence or absence
of lipofectamine. After 72 hours incubation, cell viability was determined
by MTT assays. Cytotoxicity levels are additionally expressed as ICsq
values calculated by Graph Pad prism software using point-to-point
function. Statistical analysis was performed by Two-way ANOVA
(**P < 0.01; ***P < 0.001).

Fig. 7 Cartoons showing possible binding sites of 1 with (a) c-Kitl (PDB
entry 203M) and (b) the bcl2 (PDB entry 2F8U) G4 motifs, obtained
through the docking study. Images on the left-hand side show side
views of 1 (coloured in red) groove-binding; images on the right-hand
side show the models from other angles with a van der Waals surface.
(Colours: G = blue, C = orange, T = gold, A = green).

BRACO-19** and RHPS4,*® as well as TMPyP4 and compound
3,"* binding to the ends of the G-tetrads by =-stacking
interactions.

This journal is © The Royal Society of Chemistry 2016
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Table 3 Docking binding scores for compound 1 with c-Kitl and bcl2
quadruplexes

Score (kcal mol™)

1-cKit1 -7.0
1-bcl2 -5.8
TMPyP-2HRI” -7.7

“Parallel stranded human telomeric quadruplex in complex with the
compound TMPyP4 (PDB ID: 2HRI),** is shown as control (pose in the
ESI Fig. S15).

To rationalize G4 over DNA-duplex selectivity, from the
structural point of view, it can be useful to compare the size of
the grooves of double helical DNA and of the considered G4s,
obtained from static structural studies: the grooves of c-Kit1
and hcl2 G4, where 1 perfectly fits, are about 7 A (Fig. S16,
ESIt), while in double helical B-DNA the minor and major
grooves are about 5 A and 12 A, respectively.**>® Such data
would indicate that the minor and major groove sizes of DNA
duplex are too small and too big, respectively, for an efficient
non-covalent interaction with 1.

Conclusions

We have synthesized and thoroughly characterized a nickel(i)
and a copper(u) Schiff base Salen-like cationic complexes,
1 and 2, and spectroscopically studied their binding toward
duplex and G-quadruplex DNA in solution. Compared with the
reference nickel(n) compound 3, bearing a naphtalene group
on the N,N’ bridge of the Salen scaffold, the affinity of com-
pounds 1 and 2 slightly decreases toward G-quadruplex DNA,
but the G-quadruplex vs. duplex DNA selectivity is dramatically
enhanced. In fact, both 1 and 2 are not ds-DNA intercalators
and, moreover, a preference for the binding to defined G4
sequences is revealed, such as ¢-Kit1 vs. h-Telo.

Furthermore, the planarity of 1, compared to the distorted
geometry of 2, confirmed by X-ray crystallography, plays an
important role in the binding mode, making compound 1 a
better G4 binder.

The DNA-binding studies, together with the support of
molecular modelling, reveal the occurrence of an unusual
“groove binding” mechanism for lead compound 1 with
G-quadruplex structures from c¢-Kit1, bcl2, and h-TERT
sequences, different from the well-known top-stacking
interaction.

The cationic charge of the complexes and the absence of
any aromatic group on the N,N’ bridge, inhibit the crossing of
the cell membrane of cancer cell lines. However, in the pres-
ence of the lipophilic carrier lipofectamine, both compounds
exhibited dose-dependent cytotoxic activity. Interestingly, this
was less pronounced for 2 as compared to 1, in parallel to the
G-quadruplex affinity.

Compounds like 1, recognizing specific groove confor-
mations of G4 structures but being not able to interact with

This journal is © The Royal Society of Chemistry 2016
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double helical DNA, represent a promising and more selective
alternative to G4 top/end-stackers.

Experimental
General

Solvents (analytical grade) were all commercial and used
without further purification. Chemicals, including 5,10,15,20-
tetrakis(1-methyl-4-pyridinio)porphyrin  tetra(p-toluenesulfo-
nate) (TMPyP), were purchased from Sigma Aldrich or Acros
and used as received.

"H NMR and "*C NMR spectra were recorded at 500.10 MHz
and 125.75 MHz, respectively, using a Bruker FT-NMR spectro-
meter Avance III™ 500 MHz. DMSO-d, was used as solvent for
the NMR experiments, with samples concentrations around
2-4 mM. Electrospray ionization mass spectra were recorded
on a Bruker Esquire 3000 in positive and negative mode; the
samples were dissolved in methanol. Elemental analyses were
carried out with a Eurovector EA3000 Elemental Analyzer by
the Microanalytical Laboratory of the University of Vienna.

Analysis and plotting of the data were carried out using
Origin 9.5 (OriginLab Corp.).

Synthesis

Compound 3 was synthesized and characterized as recently
reported.’™"® 5-Chloromethyl salicylaldehyde was synthesised
according to literature procedures.®® Starting material (5-(tri-
ethylammoniummethyl)salicylaldehyde chloride) was prepared
from 5-chloromethyl salicylaldehyde and triethylamine in
tetrahydrofuran, as previously reported.**°

[NV,N'-Bis(5-triethylammoniummethylsalicylidene)-1,2-ethyle-
nediamine](Cl0,), (L1). Pure ethylenediamine (27 pl,
0.4 mmol) in MilliQ water (0.5 ml) was added dropwise to 5-
(triethylammoniummethyl)salicylaldehyde chloride (220 mg,
0.81 mmol) previously dissolved in H,O/EtOH 5:1 (5.0 ml).
The mixture was stirred at room temperature for 30 min. After
the addition of NaClO, (98 mg, 0.80 mmol) a pale yellow pre-
cipitate was collected, washed with cold ethanol, diethyl
ether and dried under vacuum to give the product (180 mg,
yield: 65%).

Crystals suitable for X-ray diffraction analysis were obtained
by slow evaporation of a MeOH solution of the compound at
room temperature.

'H NMR 500 MHz, DMSO, 298 K; § (ppm) 1.30 (t, 18H, J =
7.1 Hz, CH3,); 3.15 (q, 12H, J = 7.1 Hz, CH,); 3.98 (s, 4H, CH,);
4.44 (s, 4H, CH,); 6.97 (d, 2H, J = 8.6 Hz, Ar-H); 7.46 (dd, 2H,
J = 8.6, 2.2 Hz, Ar-H); 7.61 (d, 2H, J = 2.2 Hz, Ar-H); 8.70
(s, 2H, imminic H); 13.82 (s, 2H, OH).

BC{'"H} NMR, 126 MHz, DMSO, 298 K; § (ppm) 8.0 (CH,);
52.1 (CH,); 58.6 (CH,); 59.4 (CH,); 117.8 (Ar, C); 118.1
(Ar, CH); 118.9 (Ar, C); 136.5 (Ar, CH); 137.0 (Ar, CH); 163.1
(Ar, C); 167.1 (imminic CH).

Elemental analysis for C;oHysCl,N,O0;59 (L1). Found:
C, 51.95%, H, 7.05%, N 8.02%; calc.: C, 51.80%, H, 6.96%,
N, 8.05%.
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[(v,N-Bis(5-triethylammoniummethylsalicylidene)-1,2-ethylene-
diiminato)nickel(u)] (ClO,4), (1). 5-(Triethylammoniummethyl)-
salicylaldehyde chloride (135.9 mg, 0.50 mmol) was dissolved
in H,O/EtOH 5:1 (5 ml) and solid NaOH (ca. 20.0 mg,
0.50 mmol) was added. To this solution, an aqueous solution
of ethylenediamine (16.7 pl in 0.5 ml H,0, 0.25 mmol) was
added dropwise and the mixture stirred for 30 min. Finally,
Ni(ClO,),-6H,0 (91.4 mg, 0.25 mmol) previously dissolved in a
minimum amount of water was added dropwise. The resulting
mixture was stirred for 6 h at room temperature. The brilliant
orange precipitate was filtered and washed with cold water,
cold ethanol and diethyl ether, and recrystallized from 50%
CH,Cl,-MeOH solution to afford the compound as an orange
solid (yield 106.0 mg, 56%). Crystals suitable for X-ray diffrac-
tion analysis were obtained by diffusion of diethyl ether into a
MeOH solution of the compound at room temperature.

'H NMR 500 MHz, DMSO, 298 K; § (ppm) 1.29 (s, 18H,
CH;); 3.12 (s, 12H, CH,); 3.49 (s, 4H, CH,); 4.32 (s, 4H, CH,)
6.81 (d, 2H, J = 6.9 Hz, Ar-H); 7.26 (d, 2H, J = 6.9 Hz, Ar-H);
7.44 (s, 2H, Ar-H); 8.02 (s, 2H, NCH imminic H).

BC{'H} NMR, 126 MHz, DMSO, 298 K; § (ppm) 7.9 (CH,);
51.8 (CH,); 58.7 (CH,); 59.6 (CH,); 113.5 (Ar, C); 120.9
(Ar, CH); 121.0 (Ar, C); 137.4 (Ar, CH); 138.1 (Ar, CH); 163.5
(imminic CH); 165.2 (Ar, C).

Elemental analysis for Cj3oH43Cl,N4NiO;,-H,0. Found:
C, 46.67%, H, 6.18%, N 6.98%; calc.: C, 46.78%, H, 6.28%,
N, 7.27%.

[(N,N'-Bis(5-triethylammoniummethylsalicylidene)-1,2-
ethylenediiminato)copper(un)] (ClO4), (2). 5-(Triethyl-
ammoniummethyl)salicylaldehyde  chloride (1359 mg,
0.50 mmol) was dissolved in H,O/EtOH 5:1 (5 ml) and solid
NaOH (20.0 mg, 0.50 mmol) was added. To this solution, an
aqueous solution of ethylenediamine (16.7 pl in 0.5 ml H,O,
0.25 mmol) was added dropwise and the mixture was stirred
for 30 min. Finally, Cu(ClO,),-6H,0 (92.6 mg, 0.25 mmol) pre-
viously dissolved in a minimum amount of water was added
dropwise. The resulting mixture was stirred for 4 h at room
temperature. The green precipitate was washed with cold
water, cold ethanol and diethyl ether, and recrystallized from
hot MeOH to afford the compound as a greenish solid (yield
130.0 mg, 69%). Crystals suitable for X-ray diffraction analysis
were obtained by diffusion of diethyl ether into a MeOH solu-
tion of the compound at room temperature.

Elemental analysis for C;oH,5Cl,N,CuO4;,-H,0O. Found:
C, 46.24%, H, 6.17%, N 7.01%; calc.: C, 46.48%, H, 6.24%,
N, 7.23%.

X-Ray crystallography

The X-ray intensity data were measured on Bruker D8 Venture
(compound 1) and Bruker X8 Apex2 (compounds L1 and 2)
diffraktometers equipped with multilayer monochromators,
Mo K/a INCOATEC micro focus sealed tube and Kryoflex
cooling devices. The structures were solved by direct methods
and charge flipping and refined by full-matrix least-squares
techniques. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were inserted at
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calculated positions and refined with riding coordinates
respectively as rotating groups. The following software was
used: frame integration, Bruker SAINT software package,'’
using a narrow-frame algorithm, absorption correction, TWI-
NABS&SADABS,** structure solution, SHELXS-2013,** OLEX2,**
refinement, SHELXL-2013,"* OLEX2,"* SHELXLE," molecular
diagrams, OLEX2.** Experimental data and CCDC code can be
found in Table S1.7 Crystal data, data collection parameters,
and structure refinement details are given in Tables S2-S8.7
Selected bond lengths angles and distances are listed
in Tables S9-S12.f Molecular Structures are displayed in
Fig. $1-85.F

FRET studies

FRET experiment were performed in 96-well plates and run on
an Applied Biosystems® 7500 Real-Time PCR cycler equipped
with a FAM filter (lex = 492 nM; Aer, = 516 nm). All fluoro-
labelled oligonucleotides (see Table 1) were purchased from
IDT (Integrated DNA Technologies, Belgium) in HPLC purity
grade. The FRET probes used were FAM (6-carboxyfluorescein)
and TAMRA (6-carboxy-tetramethylrhodamine). As model for
ds-DNA the TATAGCTA-Heg-TATAGCTATA sequence was used
(Heg linker = [(-CH,-CH,-0-)¢])-

The lyophilized strands were firstly diluted in MilliQ water
to obtain 100 pM stock solutions. The exact concentration of
the oligonucleotide stock solutions was checked measuring
the absorbance at 260 nm of the corresponding diluted solu-
tions using the extinction coefficient values provided by the
manufacturer.

Stock solutions were diluted to a concentration of 400 nM
in 60 mM potassium cacodylate buffer (pH 7.4) and then
annealed to form G4 structures by heating to 95 °C for 5 min,
followed by slowly cooling to room temperature overnight.

Experiments were carried out in a 96 well plate with a total
volume of 30 pl. Final concentration of the oligonucleotides
was 200 nM. All compounds, including control TMPyP4, were
previously dissolved in DMSO to give 1 mM stock solutions.
These were further diluted using 60 mM potassium cacodylate,
and added to obtain a final concentration of 1 uM (with a total
percentage of DMSO around 0.1%).

The machine was set to perform a stepwise increase of 1 °C
every 30 s starting from 25 °C to reach 95 °C, and measure-
ments were acquired after each step. To compare different sets
of data, FAM emission was normalised (0 to 1).'® Ty, is
defined as the temperature at which the normalised emission
is 0.5. Measurements were made in duplicate or triplicate.

UV-visible absorption

UV-vis spectra were collected on a PerkinElmer LAMBDA 35
double beam spectrophotometer equipped with a Peltier temp-
erature controller, using 1 cm path-length quartz cuvettes. Lyo-
philized calf thymus DNA (Sigma-Aldrich) was used a model
for ds-DNA. It was resuspended in 1.0 mM tris-hydroxymethyl-
aminomethane (Tris-HCl) pH = 7.5 and dialyzed as described
in the literature.’® DNA concentration, expressed in monomers
units  ([DNAphosphate]) Was determined by UV  spectro-
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photometry using 6600 M~* cm™" as molar absorption coeffi-
cient at 260 nm."” All experiments were carried in 100 mM
KCl, 50 mM Tris-HCI aqueous buffer at pH = 7.5.

The G4 sequences c¢-Kitl (AG3AG;CGCTG;AGGAG;),
h-TERT (G5CTG;CCG,ACCCG;AG,TCG;ACG,CG,) and hcl2
(AG,4CG3CGCG3AGGAAG;CG3AGCG,CTG), were purchased
from IDT (Integrated DNA Technologies, Belgium) in HPLC
purity grade. The oligonucleotides were dissolved in MilliQ
water to yield a 100 pM stock solution. These were then diluted
using 50 mM Tris-HCl/100 mM KCl buffer (pH 7.4) to the
desired concentration. The oligonucleotide were folded by first
heating the solutions up to 90 °C for 5 min and then by slowly
cooling down to room temperature. Concentration of the oligo-
nucleotide solutions was checked measuring their absorbance
and using the appropriate extinction coefficients as reported
by the manufacturer.

UV-visible absorption spectra were recorded at 25 °C. The
titrations were carried out by adding increasing amounts of
DNA (ct-DNA or oligos) solution to a metal-complex solution
with constant concentration. To ensure that during the titra-
tion the concentration of the selected metal complex remained
unaltered, for each addition of the DNA solution the same
volume of a double-concentrated metal complex solution was
added.

Circular dichroism

Circular dichroism spectra were recorded on a Chirascan™ CD
Spectrometer (by AppliedPhotophisics), using 1 cm path-
length quartz cuvettes, at 25 °C with the following parameters:
range 500-200 nm, bandwidth: 1.0 nm, time per point: 0.5 s,
repeats: 4. The titrations were carried out by adding increasing
amounts of a metal-complex stock solution to a DNA solution
with constant concentration. To ensure that during the titra-
tion the concentration of the DNA remained unaltered, for
each addition of the complex solution, the same volume of a
double-concentrated DNA solution was added. UV-Vis spectra
of the same solutions were recorded and are represented in
Fig. S6-S8 of the ESL.{

Biological activity

Malignant cell models derived from melanoma (VMO01 and
VMA47, established at the Medical University Vienna), osteosar-
coma (U2-OS, purchased from ATCC, VA, USA), glioblastoma
(U87MG, purchased from ATCC) and breast cancer (MCF-7,
purchased from ATCC) were used to determine the impact on
cell viability. Therefore, 2 x 10* cells per ml were seeded in 96-
well plates and allowed to attach for 24 h. Afterwards cells
were treated with the compounds at the indicated concen-
trations in presence or absence of lipofectamine (Thermo
Fisher Scientific, Waltham, MA, USA). Upon 72 hour continu-
ous drug exposure, anticancer activity was measured by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT)-based vitality assay (EZ4U; Biomedica, Vienna, Austria)
following the manufacturer’s instructions.*® Cell viability was
determined using the Graph Pad Prism software (version 5;
GraphPad Software, San Diego, CA) and response to the
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compounds was expressed as IC50 values (drug concentrations
inducing a 50% reduction of cell number in comparison to
untreated controls).

Computational details

Molecular docking was performed by the software AutoDock
Vina 1.1.2,"° using default parameters. The Protein Data Bank
files PDB ID: 203M and PDB ID: 2F8U were used as models of
¢-Kit1 and bcl2 G-quadruplex receptors, respectively. The crys-
tallographic geometry of compound 1, to be used in the
docking studies, was previously fully optimized by DFT calcu-
lations implemented in the Gaussian09 program package,’®
using the B3LYP functional,>>* the Lanl2dz pseudopotential
basis set for nickel,** and the 6-31G(d,p) basis set for the other
atoms.”>"®

The Autodock Tools 1.5.6 software was used to add and
merge non-polar hydrogens to the receptors and to assign the
rotatable bonds to the ligands.”” A grid box large enough to
allow any possible ligand-receptor complex (blind-docking)
was created. In particular, grid size for 203M was set to 30 A x
30 A x 26 A points with grid spacing of 1.0 A and a grid center
of —=1.033, 2.235 and —1.266. Grid size for 2F8U was set to 26 A
x 26 A x 26 A points with grid spacing of 1.0 A and a grid
center of 0.0, 0.0 and 0.0. Validation of AutoDock Vina was per-
formed running a docking calculation on a parallel stranded
human telomeric quadruplex in complex with the compound
TMPyP4 (PDB ID: 2HRI),** confirming both the position of the
ligand and the reasonability of the scoring values (see ESI,
Fig. S147). Figures were rendered using Chimera software.>®

Acknowledgements

European COST Action CM1105 is gratefully acknowledged. AT
has received funding from the Mahlke-Obermann Stiftung and
the European Union’s Seventh Framework Programme for
research, technological development and demonstration under
grant agreement no 609431.

Notes and references

1 S. Balasubramanian, L. H. Hurley and S. Neidle, Nat. Rev.
Drug Discovery, 2011, 10, 261-275.

2 M. L. Bochman, K. Paeschke and V. a. Zakian, Nat. Rev.
Genet., 2012, 13, 770-780.

3 S. N. Georgiades, N. H. Abd Karim, K. Suntharalingam and
R. Vilar, Angew. Chem., Int. Ed., 2010, 49, 4020-4034.

4 A. Arola and R. Vilar, Curr. Top. Med. Chem., 2008, 8, 1405—
1415.

5 S. A. Ohnmacht and S. Neidle, Bioorg. Med. Chem. Lett.,
2014, 24, 2602-2612.

6 A. Lauria, A. Terenzi, R. Bartolotta, R. Bonsignore,
U. Perricone, M. Tutone, A. Martorana, G. Barone and
A. M. Almerico, Curr. Med. Chem., 2014, 21, 2665-2690.

Dalton Trans., 2016, 45, 7758-7767 | 7765


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt00648e

Open Access Article. Published on 04 April 2016. Downloaded on 3/5/2026 4:07:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

7

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

B. R. Vummidi, J. Alzeer and N. W. Luedtke, ChemBioChem,
2013, 14, 540-558.

N. H. Abd Karim, O. Mendoza, A. Shivalingam,
A.J. Thompson, S. Ghosh, M. K. Kuimova and R. Vilar, RSC
Adv., 2014, 4, 3355-3363.

N. H. Campbell, N. H. A. Karim, G. N. Parkinson,
M. Gunaratnam, V. Petrucci, A. K. Todd, R. Vilar and
S. Neidle, J. Med. Chem., 2012, 55, 209-222.

L. Lecarme, E. Prado, A. De Rache, M. L. Nicolau-Travers,
R. Bonnet, A. Van Der Heyden, C. Philouze, D. Gomez,
J. L. Mergny, H. Jamet, E. Defrancq, O. Jarjayes and
F. Thomas, Inorg. Chem., 2014, 53, 12519-12531.

K. J. Davis, C. Richardson, J. L. Beck, B. M. Knowles,
A. Guédin, J.-L. Mergny, A. C. Willis and S. F. Ralph, Dalton
Trans., 2015, 44, 3136-3150.

G. Barone, A. Terenzi, A. Lauria, A. M. Almerico, J. M. Leal,
N. Busto and B. Garcia, Coord. Chem. Rev., 2013, 257, 2848—
2862.

A. Terenzi, C. Ducani, L. Male, G. Barone
M. J. Hannon, Dalton Trans., 2013, 42, 11220-11226.
A. Terenzi, R. Bonsignore, A. Spinello, C. Gentile,
A. Martorana, C. Ducani, B. Hogberg, A. M. Almerico,
A. Lauria and G. Barone, RSC Adv., 2014, 4, 33245-33256.
A. Lauria, R. Bonsignore, A. Terenzi, A. Spinello,
F. Giannici, A. Longo, A. M. Almerico and G. Barone,
Dalton Trans., 2014, 43, 6108-6119.

D. Renciuk, J. Zhou, L. Beaurepaire, A. Guédin,
A. Bourdoncle and J.-L. Mergny, Methods, 2012, 57, 122—
128.

A. Ambrus, D. Chen, J. Dai, T. Bialis, R. A. Jones and
D. Yang, Nucleic Acids Res., 2006, 34, 2723-2735.

J. Dai, C. Punchihewa, A. Ambrus, D. Chen, R. a. Jones and
D. Yang, Nucleic Acids Res., 2007, 35, 2440-2450.

A. Ambrus, D. Chen, J. Dai, R. A. Jones and D. Yang, Bio-
chemistry, 2005, 44, 2048-2058.

A. T. Phan, V. Kuryavyi, S. Burge, S. Neidle and D. J. Patel,
J. Am. Chem. Soc., 2007, 129, 4386-4392.

J. Dai, D. Chen, R. A. Jones, L. H. Hurley and D. Yang,
Nucleic Acids Res., 2006, 34, 5133-5144.

S. L. Palumbo, S. W. Ebbinghaus and L. H. Hurley, J. Am.
Chem. Soc., 2009, 131, 10878-10891.

L. Stefan, B. Bertrand, P. Richard, P. Le Gendre, F. Denat,
M. Picquet and D. Monchaud, ChemBioChem, 2012, 13,
1905-1912.

F. X. Han, R. T. Wheelhouse and L. H. Hurley, J. Am. Chem.
Soc., 1999, 121, 3561-3570.

J. Dai, T. S. Dexheimer, D. Chen, M. Carver, A. Ambrus,
R. a. Jones and D. Yang, J. Am. Chem. Soc., 2006, 128, 1096—
1098.

T. S. Dexheimer, D. Sun and L. H. Hurley, J. Am. Chem. Soc.,
2006, 128, 5404-5415.

S. Paramasivan, I. Rujan and P. H. Bolton, Methods, 2007,
43, 324-331.

A. 1. Karsisiotis, N. M. A. Hessari, E. Novellino, G. P. Spada,
A. Randazzo and M. Webba Da Silva, Angew. Chem., Int.
Ed., 2011, 50, 10645-10648.

and

7766 | Dalton Trans., 2016, 45, 7758-7767

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46
47

48

49

50

View Article Online

Dalton Transactions

A. Wolfe, G. H. Shimer and T. Meehan, Biochemistry, 1987,
26, 6392-6396.

A. Rodger and B. Nordén, Circular Dichroism and Linear
Dichroism, Oxford University Press, 1997.

B. Dalby, Methods, 2004, 33, 95-103.

A. Terenzi, M. Fanelli, G. Ambrosi, S. Amatori, V. Fusi,
L. Giorgi, V. Turco Liveri and G. Barone, Dalton Trans.,
2012, 41, 4389-4395.

G. N. Parkinson, R. Ghosh and S. Neidle, Biochemistry,
2007, 46, 2390-2397.

A. M. Burger, F. Dai, C. M. Schultes, A. P. Reszka,
M. J. Moore, ]J. A. Double and S. Neidle, Cancer Res., 2005,
65, 1489-1496.

P. Phatak, J. C. Cookson, F. Dai, V. Smith,
R. B. Gartenhaus, M. F. G. Stevens and A. M. Burger,
Br. J. Cancer, 2007, 96, 1223-1233.

H. R. Drew, R. M. Wing, T. Takano, C. Broka, S. Tanaka,
K. Itakura and R. E. Dickerson, Proc. Natl. Acad. Sci. U. S.
A., 1981, 78, 2179-2183.

L. Nekludova and C. O. Pabo, Proc. Natl. Acad. Sci. U. S. A.,
1994, 91, 6948-6952.

C. Oguey, N. Foloppe and B. Hartmann, PLoS One, 2010, 5,
1-8.

P. U. Naik, G. ]J. McManus, M. ]J. Zaworotko and
R. D. Singer, Dalton Trans., 2008, 4834-4836.

G. Barone, N. Gambino, A. Ruggirello, A. Silvestri,
A. Terenzi and V. Turco, J. Inorg. Biochem., 2009, 103, 731-
737.

Bruker, SAINT V8.32B and V7.68A, Bruker AXS.

G. M. Sheldrick, TWINABS&SADABS, University of
Gottingen, Germany, 1996.
G. M. Sheldrick, SHELXS, University of Goéttingen,

Gottingen, Germany, 1996.

O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard
and H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339-341.
C. B. Hiibschle, G. M. Sheldrick and B. Dittrich, J. Appl.
Crystallogr., 2011, 44, 1281-1284.

P. McPhie, Methods Enzymol., 1971, 22, 23-32.

M. E. Reichmann, S. A. Rice, C. A. Thomas and P. Doty,
J. Am. Chem. Soc., 1954, 76, 3047-3053.

D. Lotsch, E. Steiner, K. Holzmann, S. Spiegl-Kreinecker,
C. Pirker, J. Hlavaty, H. Petznek, B. Hegedus, T. Garay,
T. Mohr, W. Sommergruber, M. Grusch and W. Berger,
Oncotarget, 2013, 4, 1904-1918.

O. Trott and A. J. Olson, J. Comput. Chem., 2010, 31, 455-
461.

M. ]. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J]. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar,

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt00648e

Open Access Article. Published on 04 April 2016. Downloaded on 3/5/2026 4:07:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

51
52

J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, ]J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. ]J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, ]J. V. Ortiz, J. Cioslowski
and D. J. Fox, Gaussian Inc., Wallingford, CT, 2009, 34,
Wallingford, CT.

A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

C. Lee, W. Yang and R. G. Parr, Phys. Rev. B: Condens.
Matter, 1988, 37, 785-789.

This journal is © The Royal Society of Chemistry 2016

53

54
55

56
57

58

View Article Online

Paper

P. J. Stephens, F. ]J. Devlin, C. F. Chabalowski and
M. J. Frisch, J. Phys. Chem., 1994, 98, 11623-11627.

P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270-283.
P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 1973, 28,
213-222.

M. M. Francl, J. Chem. Phys., 1982, 77, 3654-3665.

G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner,
R. K. Belew, D. S. Goodsell and A. J. Olson, J. Comput.
Chem., 2009, 30, 2785-2791.

E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch,
D. M. Greenblatt, E. C. Meng and T. E. Ferrin, J. Comput.
Chem., 2004, 25, 1605-1612.

Dalton Trans., 2016, 45, 7758-7767 | 7767


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt00648e

	Button 1: 


