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Synthesis, characterization, interactions with the
DNA duplex dodecamer d(5'-CGCGAATTCGCG-3'),
and cytotoxicity of binuclear n®-arene-Ru(i)
complexest

Christina Georgakopoulou,}? Dimitrios Thomos,® Theodoros Tsolis,®
Konstantinos Ypsilantis,® John C. Plakatouras,®¢ Dimitris Kordias,®

Angeliki Magklara,”“® Constantine Kouderis,? Angelos G. Kalampounias®® and
Achilleas Garoufis (= **€

The novel binuclear ne-arene-Ru(n) complexes with the general formula {[(ne-cym)Ru(L)]z(p-BL)}(PF6)4,
and their corresponding water soluble {[(n®-cym)Ru(L)lo(p-BL)}Cls, where cym = p-cymene, L = 2,2'-
bipyridine (bpy) and 1,10-phenanthroline (phen), BL = 4,4'-bipyridine (BL-1), 1,2-bis(4-pyridyl)ethane
(BL-2) and 1,3-bis(4-pyridyl)propane (BL-3), were synthesized and characterized. The structure of {[(116‘
cym)Ru(phen)l»(u-BL-1)}(PFg)s was determined by X-ray single crystal methods. The interaction of {[(n°-
cym)Ru(phen)lx(p-BL-N}Cly (i = 1, 2, 3; (4), (5) and (6) correspondingly) with the DNA duplex d(5'-
CGCGAATTCGCG-3), was studied by means of NMR techniques and fluorescence titrations. The results
show that complex (4) binds with a K, = 12.133 x 10° M~* through both intercalation and groove binding,
while (5) and (6) are groove binders (Kp = 2.333 x 10° Mt and Ky, = 3.336 x 10° M~ correspondingly).
Comparison with the mononuclear complex [(r]s-cym)Ru(phen)(py)]2+ reveals that it binds to the d(5'-
CGCGAATTCGCG-3), with a Kj, value two orders of magnitude lower than (4) (K, = 0.158 X 10° MY,
indicating that for the binuclear complexes both ruthenium moieties participate in the binding. The com-
plexes were found to be cytotoxic against the A2780 and A2780 res. cancer cell line with a selectivity

rsc.li/dalton index (Sl) in the range of 3.0-5.9.

1. Introduction

It is a well-known fact that complexes with a metal saturated
coordination sphere can interact with DNA mainly in three
different ways: non-specific external association, major or
minor groove binding, and intercalation between adjacent
DNA base pairs." Intercalation can be described as the inser-
tion of a planar aromatic system between adjacent base

“Department of Chemistry, University of Ioannina, GR-45110 Ioannina, Greece.
E-mail: agaroufi@uoi.gr

bBiomedical Research Institute-Foundation for Research and Technology, 45110
Ioannina, Greece

‘Laboratory of Clinical Chemistry, Faculty of Medicine, University of Ioannina, 45110
Ioannina, Greece

Institute of Biosciences, University Research Center of loannina (U.R.C.1.), loannina,
Greece

“University Research Center of loannina (URCI), Institute of Materials Science and
Computing, Ioannina, Greece

tElectronic supplementary information (ESI) available. CCDC 2179567. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d2dt02304k

1 Co-shared first authorship.

13808 | Dalton Trans., 2022, 51,13808-13825

pairs.>® Once the insertion happens, the new intercalator-
DNA complex is stabilized through non-covalent interactions,
such as van der Waals and n-stacking interactions."*”
Intercalation results in DNA changes in structural step para-
meters, helix elongation and unwinding.® DNA-targeting anti-
tumor intercalators, that act as topoisomerase II poisons,
disrupt helicase activity, and cause ribosomal frame-shift
mutations, have been suggested in the literature.” As a result,
the inhibition of the transcription and repair processes of
DNA lead to the apoptotic death of the cell.

The requirements for a metal complex to act as an intercala-
tor® are the presence of (i) a coordinated ligand involving a
planar aromatic moiety, and (ii) a metal coordination sphere
with kinetically inert ligands. Furthermore, the solubility of
the complex in aqueous media and its cationic nature are
desired. In general, platinum square planar complexes with
aromatic ligands, such as terpy, intercalate the entire flat cat-
ionic complex between the DNA base pairs.” On the other
hand, octahedral complexes either intercalate an aromatic
ligand between two continuous bases, unwinding the DNA
helix, or insert themselves into the DNA duplex.®

This journal is © The Royal Society of Chemistry 2022
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Bis-intercalation first drew attention as a mode of ligand-
DNA interaction upon the discovery of echinomycin and its
binding mode."" Bis-metallo-intercalators are always binuclear
complexes which can bind more effectively to DNA than their
mononuclear analogues.’®'® In some cases, this higher
binding affinity may be responsible for their higher cytotoxicity
as well."* Also, it has been suggested that the binding in long-
range intercalation sites might inhibit the DNA repair.'®
However, this is not always the case, as there are examples of
bis-metallo-intercalators showing the same, or even lower,
levels of cytotoxicity compared to their —monomer
analogues.'>'®'” A factor that regulates the binding properties
of a bis-metallo-intercalator is the ligand which bridges the two
mononuclear moieties (BL), by adjusting the distance between
the two intercalating aromatic ligands as well as their relative
orientation. It has been suggested that when the two intercalat-
ing ligands are separated by a rigged BL at approximately 20 A
away from each other, a bis-intercalation binding mode is
favored."”” However, in the cases of flexible BLs, the potentially
intercalating ligands adopt many different orientations, so that
the intercalating one enforces the second to bind in the DNA
double helix."®'® Ruthenium polypyridine bis-metallo-interca-
lators with various bridging, ancillary, and intercalating
ligands are among the most studied complexes.'**?°® Among
them the binuclear complex [{Ru(TAP,)},(i-tpphz)]** (TAP =
1,4,5,8-tetraazaphenanthrene, tpphz = tetrapyrido-3,2-a:2',3'-
¢:3",2"-h:2"",3""-jlphenazine), which photoexcited using near-
infrared irradiation at low power, resulted in specific phototoxi-
city against human melanoma cells.>®** The similar complex
[{Ru(bpy).}.(w-tpphz)]** separated to all its three stereoisomers
(AA, AA, AA) and the interactions of each stereoisomer with
DNA was studied. The results showed a threading intercalation
binding mode with slow and chirality-dependent rates.?*”
Recently, the synthesis of a heterobinuclear complex Ru(i)/Re(r)
with dppz (dipyrido[3,2-a:2',3"-c]phenazine) and N,N'-bis(4-pyri-
dylmethyl)-1,6-hexanediamine as BL has been reported.
Comparison with a similar complex with BL (BL = a simple
dipyridyl alkane ligand) showed that the nature of the linker
affects the excited state dynamics of the complexes and their
DNA photocleavage properties.>*

However, only a few examples involving organometallic bis-
intercalators have been reported, mainly limited to metallo-
arene complexes.®® A bis-intercalating binding mode was
observed in the case of the binuclear complex {[(n°-bip)
RuCl],BL*}** (bip = biphenyl BL* = Et(H)NCH,CH,NH,)
together with inter-strand cross-links with similar efficiency to
cisplatin.’® Sheldricks’ group has studied the DNA binding of
binuclear organoiridium complexes of the type [{(n°-CsMes)Ir
(L}(n-BL?)]" (L = an intercalative ligand e.g. dipyrido[2,3-a:2",3'-
cJphenazine and BLIY = a dipyridinyl bridging ligand),
suggesting that the intercationic distance, adjusted by the BI?,
controls the DNA binding mode. Mono-intercalation binding
mode for a distance of 13.1-13.3 A and bis-intercalation mode
for a distance of 20.6 A, where five bases are sandwiched
between the parallel dppz ligands, were observed.'” Bis-inter-
calation binding was also observed for the complex [{(n*
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CsMes)Ir(dppz)},(4,4-bpy)]** (4,4-bpy = 4,4-bipyridine) and
the oligonucleotide d(5-CGCGTAGGCC-3").*

With the aim to give insight in the binding mode of organo-
metallic complexes, herein we report on the synthesis, charac-
terization, interactions with the DNA 12mer duplex d(5'-
CGCGAATTCGCG-3'), and cytotoxicity of novel binuclear orga-
noruthenium complexes with the general formula {[(n°-cym)Ru
(L)]2(p-BL)}(PF¢),, where cym = p-cymene, L = 2,2"-bipyridine
(bpy) and 1,10-phenanthroline (phen), BL = 4,4-bipyridine
(BL-1), 1,2-bis(4-pyridyl)ethane (BL-2) and 1,3-bis(4-pyridyl)
propane (BL-3). The structures and numbering of the ligands
involved in this study are illustrated in Scheme 1.

2. Experimental

2.1. Materials and methods

All solvents were of analytical grade and were used without
further purification. 2,2"-Bipyridine, 1,10-phenanthroline, 4,4"-
bipyridine, 1,2-bis(4-pyridyl)ethane, 1,3-bis(4-pyridyl)propane,
a-phellandrene were purchased from Sigma-Aldrich. Hydrated
ruthenium trichloride, RuCl;-3H,0 was purchased from
Precious Chemical Company (Pittsburgh, USA). The deoxynu-
cleotide d(5-CGCGATCGCG-3') (DNA) was purchased from
Eurogentec and purified by standard purification option. DNA
concentrations were quantified by measuring the absorbance
at 260 nm. The complexes [(n®-cym)Ru(p-C1)Cl],,** [(n°-cym)Ru
(bpy)Cl]PFs,** [(n®-cym)Ru(phen)CI]PF>** and [(n®-cym)Ru
(phen)(py)](PFe), ** were synthesized according to the litera-
ture methods.

C, H and N determinations were performed on a
PerkinElmer 2400 Series II analyzer. High resolution electro-
spray ionization mass spectra (HR-ESI-MS) were obtained on a
Thermo Scientific, LTQ Orbitrap XL™ system. NMR spectra
were recorded on Bruker Avance spectrometers operating for
'H frequencies of 400.13 and 500.13 MHz and for *C at

Scheme 1 Structures and numbering of the ligands which were used in
this study.
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100 MHz and processed using Topspin 4.1.1 (Bruker Analytik
GmbH). COSY and TOCSY experiments were used to assist the
assignments of 'H signals. The "H NMR spectra of the syn-
thesized complexes were recorded in H,O/D,0, 9:1 (100 mM
phosphate buffer, pH = 7.0), at 298 K. Under the same con-
ditions the spectra of the DNA were recorded as follows: 1D 'H
NMR spectra were recorded for samples with DNA concen-
tration of approximately 0.5 mM, while 2D NMR experiments
were performed with more concentrated samples (e.g., 2 mM).
Two-dimensional NOESY experiments were performed with
300 ms mixing time and data sets were acquired with 4096 x
512 complex points at 8 kHz sweep widths in both dimensions.

2.2. Crystal structure determination

A suitable crystal of compound (4)(PFs), was glued to a thin
glass fiber with cyanoacrylate (super glue) adhesive and placed
on the goniometer head. Diffraction data were collected on a
Bruker D8 Quest Eco diffractometer, equipped with a Photon
II detector and a TRIUMPH (curved graphite) monochromator
utilizing Mo Ka radiation (4 = 0.71073 A) using the APEX3 soft-
ware package.?® The collected frames were integrated with the
Bruker SAINT software using a wide-frame algorithm. Data
were corrected for absorption effects using the multi-scan
method (SADABS).?” The structure was solved using the Bruker
SHELXT Software Package and refined by full-matrix least
squares techniques on F* (SHELXL 2018/3)*® via the ShelXle
interface.®® The non-H atoms were treated anisotropically,
while the organic H atoms were placed in calculated, ideal
positions and refined as riding on their respective carbon
atoms. Some residual electron density present in the void
space of the structure (3.3%) is assigned to volatile solvents;
we could not model it and was treated with SQUEEZE,
implemented in PLATON.*® Probably the loss of lattice solvent
molecules is the reason of slow degradation of the crystal
during the data collection that led to R;,. = 0.1329 for the
dataset. One of the [PFq]” anions was severely disordered and
modelled as two face-sharing octahedra. PLATON was used for
geometric calculations, and X-Seed*' for molecular graphics.
Details on data collection and refinement are presented in
Table S1.f Full details on the structures can be found in the
CIF files deposited with CCDC. CCDC 21795671 contain the
supplementary crystallographic data for this paper.

2.3. Fluorescence measurements

Fluorescence emission study was carried out using a Jasco
FP-8300 fluorimeter equipped with a xenon lamp source. All
the experiments were done by using a 10 mm path length
cuvette in a 100 mM phosphate buffer at pH 7.0. Successive
amounts of each complex (75-750 pL) from a stock solution of
1 mM were added to a 20 uM of d(5-CGCGATCGCG-3'), satu-
rated with ethidium bromide EtBr (5.2 uM),** which is an
important DNA probe for competitive studies with other DNA
binders.”> A DNA-EtBr sample was titrated with (1)Cl,~(6)Cl,
and the emission spectra were recorded at wavelength of
510-850 nm with excitation at 480 nm in a 1 cm quartz cell.
The excitation and emission slit widths were kept at 5 nm
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each. All the measurements were recorded after 15 min of
incubation at 291, 298 and 310 K. Details on the calculations
of K, and K, are presented in the ESL.{

2.4. Molecular docking

Computational investigation of the molecular docking
between the species involved was performed by means of
AutoDock software (version 4.2). DNA was the receptor, while
the ruthenium complexes (4), (5) and (6) were the guest mole-
cules. Initially, the size of the calculation box was set equal to
60 A x 80 A x 120 A, large enough to fit adequately to the DNA
molecule and allow free docking. For all docking calculations,
the assignment of partial charges was performed using
Gasteiger charges.** The sampling was extended, using 250
initial poses and, at the end of the calculation, the best five
were selected. The Lamarckian genetic algorithm was used to
select the poses. Graphics were produced using UCSF Chimera
version 1.16.*> The structure of the DNA fragment d(5'-
CGCGAATTCGCG-3'), was downloaded from the PDB database.

2.5. Cell culture

The human breast adenocarcinoma cell line MCF7 and the
mouse embryonic fibroblast cell line NIH-3T3 were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, high glucose)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. The human ovarian cancer cell line A2780 and
its cisplatin resistant derivative (A2780cis-res) were cultured in
RPMI1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Cells were routinely
passaged every 2 or 3 days, and were incubated in a humidified
atmosphere of 5% CO, at 37 °C.

2.6. Cell growth assay

To monitor the cell growth and validate the cytotoxicity effects
of the complexes, the IncuCyte Zoom system (Essen
BioScience, Hertfordshire, United Kingdom) and software were
used, as it has been previously described.*® The ICs, values of
cisplatin and of the complexes were calculated from a log(con-
centration) versus normalized response curve fit using
Graphpad Prism version 8.01.

2.7. Synthesis of the complexes

The complexes (1)(PF¢),—(6)(PFs), were synthesized similarly. A
typical synthetic procedure follows:

In a round bottom flask, 0.1 mmol of [Ru(cym)(L)Cl]PFs (L
= bpy, phen) was dissolved in 8 mL of a mixture of
H,0:Me,CO (7:1), and 0.095 mmol of AgNO; was then
added. The mixture was heated at reflux for 24 h in the dark
and the precipitated AgCl was removed with centrifugation.
0.05 mmol of BL-i (i = 1, 2, 3) was added to the remaining solu-
tion, which was then heated at reflux overnight. After cooling
the clear orange-yellow solution at room temperature,
0.5 mmol of KPFs was added. The mixture was cooled at the
fridge resulting in a microcrystalline orange solid which was
collected by filtration, washed with cold water (3 x 5 mL H,0)
and dried in vacuum over P,Os.

This journal is © The Royal Society of Chemistry 2022
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2.7.1.  {[(n°®-cym)Ru(bpy)]»(n-BL-1)}(PFe)s, (1)(PFe)s. Yield
60%. Elemental analysis for CsoHs,F,4NgPsRu,, calc. (%), C,
39.54; H, 3.45; N, 5.53. Found C, 39.18; H, 3.54; N, 5.44; 'H
NMR (400 MHz, 298 K, acetone-de, § in ppm): Hye/ec: 6.80 (d,
4H), Hyse: 6.35 (d, 4H), Hye: 1.94 (s, 6H), Hge: 2.67 (m, 2H),
Hog/r0¢: 0.97 (d, 12H), H,: 8.62 (d, 4H), Hy,: 7.77 (d, 4H), Hy/3+
8.78 (d, 4H), Hyy: 8.44 (t, 4H), Hy/s: 8.04 (t, 4H), He/e: 10.03
(d, 4H). HR-ESI-MS; m/z = 616.0837, calc. 616.0812 for
[CsoHs2F15N6P, ' Ru,]*", {[[(n°-cym)Ru(bpy)],(p-BL-1)](PFe)o}".

2.7.2.  {[(n°®-cym)Ru(bpy)]»(1-BL-2)}(PFe)s, (2)(PFe)s. Yield
70%. Elemental analysis for Cs,HssF,4NgP4RU,, calc., C, 40.37;
H, 3.65; N, 5.43. Found C, 40.25; H, 3.74; N, 5.28; "H NMR
(400 MHz, 298 K, acetone-ds, § in ppm): Hyeee: 6.76 (d, 4H),
Hje/se: 6.30 (d, 4H), H: 1.89 (s, 6H), Hge: 2.67 (m, 2H), Hoe/1oc:
0.97 (d, 12H), H,: 8.50 (d, 4H), Hy: 7.37 (d, 4H), H: 2.94 (t,
4H), Hy/3: 8.63 (d, 4H), Hyyu: 8.45 (t, 4H), Hy5: 8.04 (t, 4H),
Hg/e: 10.00 (d, 4H). HR-ESI-MS; m/z = 371.0766, calc. 371.0760
for  [Cs;HseFeNeP ' Ruo]",  {[[(n"-cym)Ru(bpy)]>(4-BL-2)]
(PFe)*", m/z = 628.5909, calc. 628.5969 for
[Cs2Hs6F12N6P, ' Ru,]*", {[[(n°-cym)Ru(bpy)],(1-BL-2)](PFe)o}".

2.7.3.  {[(n°®-cym)Ru(bpy)]»(1-BL-3)}(PFe)s, (3)(PFe)s Yield
75%. Elemental analysis for Cs;HsgF,4NgP4RU,, calc., C, 40.78;
H, 3.75; N, 5.38. Found C, 40.45; H, 3.84; N, 5.30; 'H NMR
(400 MHz, 298 K, acetone-ds, § in ppm): Hyeee: 6.76 (d, 4H),
Hjesse: 6.31 (d, 4H), Hye: 1.92 (s, 6H), Hge: 2.66 (m, 2H), Hoc/1oc:
0.97 (d, 12H), H,: 8.48 (d, 4H), Hy,: 7.31 (d, 4H), H: 2.63 (t, 4H),
Hg: 1.78 (m, 2H), Hy/3: 8.62 (d, 4H), Hy 4t 8.44 (t, 4H), Hs/5: 8.03
(t, 4H), Heje: 10.00 (d, 4H). HR-ESI-MS; m/z = 375.7485, calc.
375.7478 for [Cs3HsgFeNP'"'Ru,]**, {[[(n®-cym)Ru(bpy)],(u-
BL-3)|(PFe)*", m/z = 636.1053, calc. 636.1041 for
[Cs3HssF12N6P, " Ru, ", {[((n®-cym)Ru(bpy))(h-BL-3))(PFe),}".

2.7.4. {[(n°®-cym)Ru(phen)],(1-BL-1)}(PF¢)s, (4)(PFe),. Yield
60%. Elemental analysis for Cs,Hs,F»4NgPsRu,, calc., C, 41.39; H,
3.34; N, 5.36. Found C, 41.25; H, 3.42; N, 5.41; "H NMR (400 MHz,
298 K, acetone-dg, § in ppm): Hyesee: 6.88 (d, 4H), Hzese: 6.48 (d,
4H), Hye: 1.95 (s, 6H), Hge: 2.61 (m, 2H), Hoc10c: 0.85 (d, 12H), Hy:
8.79 (d, 4H), Hy,: 7.61 (d, 4H), Hye: 10.42 (d, 4H), Hyg: 8.38 (t, 4H),
Hy: 9.07 (d, 4H), Hsj: 8.32 (s, 4H). HR-ESI-MS; m/z = 639.0837,
cale.  639.0807 for [CsuHsFiNeP,'"'Rupl™,  {[[(n°-cym)Ru
(phen)],(p-BL-1)](PF,),}>". Suitable crystals for X-ray analysis were
obtained through slow vapor diffusion of diethyl ether into a solu-
tion of (4) in acetonitrile.

2.7.5.  {[(n°®-cym)Ru(phen)],(p-BL-2)}(PFs)s, (5)(PFe)s. Yield
63%. Elemental analysis for CseHseF,4NgP4RU,, calc., C, 42.17;
H, 3.54; N, 5.27. Found C, 42.12; H, 3.64; N, 5.19; "H NMR
(400 MHz, 298 K, acetone-dg, 6 in ppm): Hyee: 6.83 (d, 4H),
Hjese: 6.43 (d, 4H), Hye: 1.87 (s, 6H), Hge: 2.59 (m, 2H), Hoe/1oc:
0.84 (d, 12H), Hy: 8.53 (d, 4H), Hy,: 7.24 (d, 4H), He: 2.75 (t, 4H),
Hao: 10.39 (d, 4H), Hyg: 8.37 (t, 4H), Hy/7: 9.06 (d, 4H), Hsq: 8.32
(s, 4H). HR-ESI-MS; m/z = found 387.0765, calc. 387.0760 for
[Cs6HseFeNeP''Ru,]™",  {[[(n*-cym)Ru(phen)],(1-BL-2)](PFe)}*,
m/z = 653.0907, calc. 653.0963 for [CseHseF1,NeP, ' Ru, ", {[[(n®
cym)Ru(phen)],(u-BL-2)](PFe),}*".

2.7.6. {[(n°-cym)Ru(phen)],(1-BL-3)}(PF¢)s, (6)(PFg)s. Yield
72%. Elemental analysis for Cs;HsgF,4NgP4RU,, calc., C, 42.55;
H, 3.63; N, 5.22. Found C, 40.47; H, 3.73; N, 5.20; 'H NMR
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(400 MHz, 298 K, acetone-dg, 6 in ppm): Hyee: 6.82 (d, 4H),
Hjese: 6.42 (d, 4H), Hye: 1.91 (s, 6H), Hge: 2.59 (m, 2H), Hoe/1oc:
0.84 (d, 12H), H,: 8.50 (d, 4H), Hy,: 7.16 (d, 4H), H,: 2.48 (t, 4H),
Hg: 1.61 (m, 2H), Hy/o: 10.37 (d, 4H), Hz/s: 8.36 (t, 4H), Hy/7: 9.05
(d, 4H), Hys: 8.32 (s, 4H). HR-ESI-MS; m/z = 391.7499, calc.
391.7478 for [Cs;HssFeNeP'"'Ru,]**, {[[(n®-cym)Ru(phen)],(p-
BL-3)|(PFe)P*", m/z = 660.1079, calc. 660.1041 for
[Cs7HssF15NeP, ' "Ru,]*", {[[(n*-cym)Ru(phen)],(4-BL-3)](PFe),}*".

The transformation of the complexes to their corresponding
chloride salt was achieved as described earlier.*® In a typical
experiment, an amount of 20 mg of the [PFe]™ salt was dis-
solved in 5 mL of a saturated acetonic solution of LiCl. The
[CI]” salt was precipitated almost quantitatively, collected by
filtration and washed several times with dry acetone.

2.7.7. (1)Cly. "H NMR (400 MHz, 298 K, H,O : D,0, 90: 10,
8 in ppm): Hyeee: 6.50 (d, 4H), Hsese: 6.09 (d, 4H), Hye: 1.84 (s,
6H), Hge: 2.50 (m, 2H), Hoe/10c: 0.90 (d, 12H), H,: 8.36 (d, 4H),
He: 7.63 (d, 4H), Hyj3: 8.55 (d, 4H), Hyuy: 8.30 (t, 4H), Hg/s:
7.95 (t, 4H), Heje: 9.74 (d, 4H).

2.7.8. (2)Cl,. '"H NMR (400 MHz, 298 K, H,0: D,0, 90: 10,
6 in ppm): Hye/ect 6.46 (d, 4H), Hje/sc: 6.02 (d, 4H), Hye: 1.71 (s,
6H), Hge: 2.47 (M, 2H), Hoc/10c: 0.87 (d, 12H), Hy: 8.24 (d, 4H),
Hy: 7.21 (d, 4H), He: 2.87 (s, 4H), Hyj3: 8.38 (d, 4H), Hyy: 8.30
(t, 4H), Hs/5: 7.93 (t, 4H), He/e: 9.71 (d, 4H).

2.7.9. (3)Cly. "H NMR (400 MHz, 298 K, H,O: D,0, 90: 10,
& in ppm): Hyesec: 6.46 (d, 4H), Hyese: 6.04 (d, 4H), Hy: 1.80 (s,
6H), Hge: 2.50 (m, 2H), Hoc/10c: 0.91 (d, 12H), H,: 8.24 (d, 4H),
Hy: 7.19 (d, 4H), He: 2.56 (t, 4H), Hq: 1.75 (m, 2H), Hy/3: 8.37
(d, 4H), Hyyy: 8.29 (t, 4H), Hsj5: 7.90 (t, 4H), Heje: 9.71 (d, 4H).

2.7.10. (4)Cl,. "H NMR (400 MHz, 298 K, H,0 : D,0, 90: 10,
5 in ppm): Hyejec: 6.50 (d, 4H), Hae/sc: 6.14 (d, 4H), Hye: 1.77 (s,
6H), Hge: 2.35 (m, 2H), Hoe/10c: 0.71 (d, 12H), H,: 8.45 (d, 4H),
Hy: 7.39 (d, 4H), Hy: 10.02 (d, 4H), Hyjg: 8.19 (t, 4H), Hy-:
8.80 (d, 4H), Hs/6: 8.07 (s, 4H).

2.7.11. (5)Cl,. 'H NMR (400 MHz, 298 K, H,0 : D,0, 90 : 10,
8 in ppm): Hyeee: 6.51 (d, 4H), Hese: 6.09 (d, 4H), Hye: 1.59 (s,
6H), Hge: 2.37 (M, 2H), Hoc/1oc: 0.72 (d, 12H), Hy: 8.20 (d, 4H),
Hy: 7.07 (d, 4H), He: 2.74 (s, 4H), Hye: 10.05 (d, 4H), Hy/g: 8.24
(t, 4H), Hy/7: 8.88 (d, 4H), Hs/6: 8.15 (s, 4H).

2.7.12. (6)Cl,. "H NMR (400 MHz, 298 K, H,O : D,0, 90 : 10,
8 in ppm): Hyesec: 6.53 (d, 4H), Hyese: 6.16 (d, 4H), Hye: 1.80 (s,
6H), Hge: 2.39 (m, 2H), Hoc/10c: 0.78 (d, 12H), H,: 8.22 (d, 4H),
Hy: 7.03 (d, 4H), H.: 2.40 (t, 4H), Hq: 1.59 (m, 2H), Hy/o: 10.06
(d, 4H), Hgg: 8.25 (t, 4H), Hy,»: 8.85 (d, 4H), Hy: 8.12 (s, 4H).

3. Results and discussion

3.1. Synthesis and characterization of the complexes (1)-(6)

The binuclear complexes were synthesized by bridging the
mononuclear complexes with the ligands BL-1, 2, 3. The yield of
the reaction increased with the increase of the length of BL,
BL-1 > BL-2 > BL-3. It is notable that the reaction between BL
and the mononuclear complexes proceeds only after removing
the Cl from the ruthenium coordination sphere. The complexes
(1)-(6) were isolated and characterized as [PF¢]|™ salts, however
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their interactions with the DNA and their biological properties
were studied as [Cl]™ salts, which are soluble in aqueous media.
The synthesis is summarized in the following Scheme 2.

The HR-ESI-MS spectra of the prepared complexes show
double, or triple charged cations of (1)(PFe),—(6)(PFs), in
accordance with their proposed formulae. Also, the isotopic
distribution in the observed cluster-peaks confirms that BL
bridges the two ruthenium centers (Fig. S1-S67).

In the "H NMR spectra of (1)(PF4),~(6)(PFs)s, only signals of
the half part of the complexes appeared due to their high sym-
metry (Fig. S7-S121). Downfield shifts in the range of
0.20-0.60 ppm for the protons which are neighboring to the
coordination sites of the chelating ligands (L) were observed,
confirming their coordination to ruthenium center. However,
the proton signals of the bridging ligands shifted unexpectedly
upfield due to their positioning above the aromatic ring
system of L. Similarly, upfield shifts (0.10-0.70 ppm) were also
observed for the methyl and isopropyl group protons of cym
which are in close proximity with the aromatic ring system of
L.*” The above observations were investigated by recording the
2D NOE spectra of (1)(PFs)4—(6)(PFg), at various mixing times.
Indeed, inter-ligand and intra-ligand cross-peaks between
protons of all involved ligands in the complexes were observed
(Fig. 1 and S13f%). For example, in the (4)(PFs), NOESY spec-
trum (Fig. 1), the NOE cross-peaks between the Hj, of BL-1 and
the phen H,/y and Hj/ indicate that the pyridine moieties of
BL-1 are oriented almost vertically towards the aromatic ring
system of phen. Also, the cross-peaks between the cymene ali-
phatic protons Hgc1o. and Hy. and the phen H,y confirm that
phen and cym are in proximity. Similar results were observed
for all the studied complexes.

[(r]s-cym)Ru(L)CI]PFs + AgNO3

H,O:acetone, 7:1

View Article Online
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Suitable crystals for X-ray single-crystal analysis of (4)(PFe)4
were grown in a closed vessel through slow diffusion of diethyl
ether vapors into a solution of the complex in acetonitrile. The
asymmetric unit consists of a binuclear cation, illustrated in
Fig. 2 and formulated as {[(n°-cym)Ru(phen)],(p-4,4"-bpy)}**,
and four [PF|™ anions. Selected geometrical characteristics of
the cation are presented in Table 1. Both metallic centers of
the complex adopt the expected piano stool (pseudo-octa-
hedral) geometry with minor differences from each other.

The ruthenium atoms are surrounded by the n-bonded cym
and three o-bonded nitrogen atoms, two belonging to the che-
lating phen and one more from the bridging 4,4-bpy. The
bond distances and angles around the ruthenium center are
similar to the corresponding of the mononuclear complex [(n°
cym)Ru(phen)(py)](PFe),.*>> The coordination spheres about
the two Ru atoms in the binuclear cation are very similar, as
can be seen by the corresponding geometrical characteristics.
A minor difference can be realized comparing the dihedral
angles formed by the calculated least square planes for the six-
membered cym ring and phen bonded to the same ruthenium
atom. Thus, the above-mentioned angles for Ru(1) and Ru(2)
are respectively 61.17° and 53.36°. Although both cym ligands
are located at the same side of the binuclear complex, they
positioned differently with respect to the relative positions of
the methyl and propyl groups. For example, the isopropyl
group of cym A is directed towards the phen ligand whilst for
cym C towards the 4,4-bpy (Fig. 2). The 4,4"-bpy bridge is
twisted with an angle of 22.5° between the two pyridyl planes.

The phen ligands are almost parallel to each other (the di-
hedral angle between the calculated least squares planes is
6.3°) with an interplanar distance approximately 10.9 A which

[(n®-cym)Ru(L)(H;0)F** + [PFe] + [NO3J

L= bpy, phen BL-i | H,0:acetone
i=1-3 71
KPFg
6 X acetone, LiCl 6 .
{l(n>-cym)Ru(L)lo(u-BL-i)}Cly ~ o {l(n>-cym)Ru(L)lo(1-BL-)}PFe)a
i=1,

(1)Cls - (6)Cl4

(1) and (4)

(2) and (5)

(1)(PFg)4 - (6)(PFg)4

Scheme 2 Synthetic procedure and conditions of the complexes (1)-(6) and structures. (1) = {[(n®-cym)Rulbpy)lo(p-BL-1)}**; (2) = {[(n®-cym)Ru
(bpy)l2(u-BL-2)}**; (3) = {l(n®-cym)Ru(bpy)lx(u-BL-3)}**; (4) = {{(n®-cym)Ru(phen)l,(u-BL-1)}**; (5) = {[(n®-cym)Ru(phen)l,(u-BL-2)}**; (6) = {l(n®-cym)

Ru(phen)],(u-BL-3)}**.
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H8c . H2/9"H8c .
3
4
-5
le T
:::3‘5‘ — ¢ Hz/9-Hsese *Ha-Hsesc ) %
2CEC ¢ Hz/9-Hacec Q ¢ 7
Hp —————y ] . <4
Hs/s ; . -8
Hsis H A
= R T :
-10
Hz/9 ——g Qe o ° . e
F11
NOESY @ S500MHz, tmix 600 ms, 298 K (4)(PF6)4 -

T T T T

11.0 105 100 95 9.0

T T T T T

8.5 7.5 7.0 6.5 6.0 5.5

8.0
2 (ppm)

Fig. 1 NOESY spectrum of (4)(PF¢)4 with assignment of the most important inter- and intra-ligand NOE connectivities. The cross-peaks (blue) are

opposite to diagonal (red) as expected for a small molecule.

Centoid A

4,4'-bpy E

Fig. 2 A "ball and stick” diagram of the cation in compound (4)(PF¢)4 with a partial labeling scheme. Hydrogen atoms have been omitted for clarity.

is comparable to that calculated for the dppz ligands (10.2 A)
in the similar organoiridium [{(n*>-CsMe;)Ir
(dppz)}»(4,4™-bpy)] ™.

In the structure of (4)PFs, there is an interesting supramole-
cular interaction that leads to the formation of pairs of

complex

This journal is © The Royal Society of Chemistry 2022

cations. Two symmetry related (—x + 1, -y + 2, —z + 1) {{(n>
cym)Ru(phen)],(j-4,4"-bpy)}** units interact with a pair of
stacking interaction between the middle rings of phen ligands
forming approximately rectangle channels, running parallel to
the [-1, 1, 0] unit cell direction, and occupying 13.4% of the
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Table 1 Selected geometrical characteristics for the binuclear cation in (4)(PFg)4

Bond lengths (A)

Ru(1)-N(2B) 2.084(5)
Ru(1)-N(1B) 2.096(4)
Ru(1)-N(1E) 2.100(4)
Ru(1)-C(2A 2.176(7)
Ru(1)-C(5A) 2.189(6)
Ru(1)-C(64) 2.196(7)
Ru(1)-C(34) 2.203(6)
Ru(1) C(4A) 2.220(6)
Ru(1)-C(1A) 2.227(7)
Ru(1)-centroid A 1.705
Bond angles (°)
N(2B)-Ru(1)-N(1B) 78.11(19)
N(2B)-Ru(1)-N(1E) 84.30(17)
N(1B)-Ru(1)-N(1E) 84.64(17)
N(1B)-Ru(1)-centroid A 132.1
N(2B)-Ru(1)-centroid A 131.8
N(1E)-Ru(1)-centroid A 127.7

unit cell volume (Fig. 3 and S147). The characteristics of the
interaction are: centroid distance, 3.90 A; mean distance of the
ring planes, 3.60 A; centroid offset, 1.49 A. Squeeze*’ suggested
75 electrons in the solvent accessible void space which corres-
pond approximately to two solvated diethyl ether molecules.

3.2. NMR studies of the interactions of the complexes (4)Cl,,
(5)Cl, and (6)Cl, with the DNA fragment d(5'-
CGCGAATTCGCG-3),

The influence of the bridging ligands of the complexes (4)Cl,,
(5)Cl, and (6)Cl, to their binding mode with the DNA fragment
d(5-CGCGAATTCGCG-3'), was studied by 1D '"H NMR and 2D
NOESY spectroscopic techniques. The 1D 'H and 2D NMR
spectra of the DNA were recorded in H,O:D,O (9:1) at phos-

-, Ru(2)#1

N(2E)#1 N(1E)#1

Fig. 3 A diagram of the supramolecular dimer formed in the crystal
structure of (4) showing the stacking interactions (red dashed lines).
Symmetry operation to generate equivalent atoms: #1, —x + 1, -y + 2,
-z+ 1.

13814 | Dalton Trans., 2022, 51,13808-13825

Ru(2)-N(2D) 2.083(4)
Ru(2)-N(1D) 2.096(5)
Ru(2)-N(2E) 2.114(4)
Ru(2)-C(5C) 2.181(6)
Ru(2)-C(6C) 2.195(6)
Ru(2)-C(2C) 2.206(6)
Ru(2)-C(3C) 2.220(6)
Ru(2)-C(1C) 2.233(6)
Ru(2)-C(4C) 2.241(6)
Ru(2)-centroid C 1.709

N(2D)-Ru(2)-N(1D) 78.09(19)
N(2D)-Ru(2)-N(2E) 87.36(16)
N(1D)-Ru(2)-N(2E) 83.70(17)
N(1D)-Ru(2)-centroid C 131.7

N(2D)-Ru(2)-centroid C 128.7

N(2E)-Ru(2)-centroid C 129.6

phate buffer solution (100 mM pH = 7.0) (Fig. S15-S177).
Under the same conditions the spectra of the complexes (4)
Cly, (5)Cl, and (6)Cl, were recorded, as well (Fig. S10b-S12bf¥).
Then, the DNA was titrated with the complexes at increasing
molar ratio, incubated at 298 K for 30 minutes, and the
spectra were recorded again (Fig. S18, S21, S24, S27, S30, S33,
S36, S39 and S42f). The assignments of the proton signals
were assisted by COSY and NOESY experiments (Fig. S19, S20,
S22, S23, S25, S26, S28, S29, S31, S32, S34, S35, S37, S38, S40,
S41, 543 and S44+).

3.2.1. {[(n®-cym)Ru(phen)],(p-BL-1)}Cl,,  (4)Cl,.  Upon
addition of (4)Cl, to the DNA, double signals for the most of
its protons were observed, indicating that the symmetry of (4)
has been reduced. The phen protons shifted upfield in the
range of 0.11 to 1.37 ppm showing that the phenanthroline
moieties of the complex were moved in a rich electron environ-
ment. Also, the proton signals of (4) appeared significantly
broad, suggesting an intermediate exchange kinetic (in the
NMR time scale and at 298 K) between the complex and the
DNA. Both the magnitude of the upfield shifts and the inter-
mediate kinetic equilibrium are consistent with an above
average affinity of (4) for the DNA helix.*® The results are illus-
trated in Table 2.

However, the signals of the two phen moieties of (4) were
not shifted at the same degree indicating a different environ-
ment for each phen. On the other hand, the BL-1 H, shifted
slightly upfield (0.12 ppm) and Hy, downfield (0.05 ppm) indi-
cating the non-equivalence of the two phen ligands in the
complex and the non-participation of BL-1 in the binding. At
higher molar ratio (r = 1 and r = 2) proton signals of free (4)
are also observable. For example, at r = 1 the presence of the
unbound complex is about 1% of the total addition (based on
the proton signal integrals) increasing with the ratio at about
4% (2:1). These results confirm an intermediate equilibrium
kinetic between the bound and the free form of the complex.

3.2.1.1. Non-exchangeable DNA protons. Along with the
changes of the proton signals of (4)Cl,, changes in the DNA
signals were also observed. At r = 0.5 the A(5, 6)H8 signal was

This journal is © The Royal Society of Chemistry 2022
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Table 2 'H NMR chemical shifts of the (4)Cl, (H,O : D,O, 9:1, 298 K, buffer phosphates 100 mM, pH = 7.0) free (r = 0), and upon the addition to
the d(5'-CGCGAATTCGCG-3'), at r = 0.5, 1, and 2. Shifts are denoting in parenthesis (negative sign upfield and positive sign downfield shifts). n.o. =

not observed. A and B denotes the signals of the two moieties of phen

0.5 1 2
0
Protons/r (4)cly A B A B A B
Ha/o 10.02 9.91 (-0.11) 9.67 (~0.35) 9.94 (~0.08) 9.71 (-0.31) 9.97 (~0.05) 9.77 (=0.25)
Hajg 8.20 8.00 (—0.20) 7.18 (-1.02) 8.00 (—0.20) 7.16 (-1.04) 8.09 (=0.11) 7.46 (-0.74)
Hy, 8.80 8.34 (~0.46) 7.43 (-1.37) n.o. 7.72 (1.16) 8.26 (—0.54) 7.98 (=0.82)
Hs/o 8.07 7.17 (—0.90) n.o. n.o. n.o. n.o. n.o.
H, 8.46 8.33 (-0.13) 8.35 (-0.11) 8.39 (=0.07)
Hp 7.39 7.44 (+0.05) 7.40 (+0.01) 7.42 (+0.02)
Hacoe 6.50 6.42 (~0.08) 6.39 (-0.11) 6.42 (~0.08)
Haese 6.14 6.18 (+0.04) 6.16 (+0.02) 6.16 (+0.02)
Hoc1oc 0.72 0.74 (+0.02) 0.68 (~0.04) 0.74 (+0.02) 0.68 (=0.04) 0.74 (+0.02) 0.69 (—0.03)
Hy. 1.78 1.80 (+0.02) 1.81 (+0.03) 1.81 (+0.03)
Hg, 2.36 2.30 (~0.06) 2.32 (~0.04) 2.33 (~0.03)
split and shifted downfield at 0.02 and 0.03 ppm. Similar DNAA)CI
N 4
downfield shifts were observed for the G(2, 4, 10)H8 while the 11 : }
G12HS8, T(7, 8)H6 and the C(1, 9)H6 remained practically | | " | ‘ | !l J‘ A7
" ooy | o WY « U L B LY. YA,

unaffected. More pronounced were the observed strong upfield ., . 4 ), .l.'. I ~2JUJVVV VL (d)
shifts for A(5, 6)H2 (0.14 and 0.16 ppm respectively). Since o
these protons are located in the DNA helix minor groove, it can DNA:(4)Cls id. 3§ 3
be concluded that the one phen of (4) was associated with the - 2 'I | 5y Z 3 3

§ 2 35 33 '
DNA through the minor groove between the -~A5A6- bases. In =2 L lz“ |1y ) £ 2| ‘I‘V‘,"« @

SR TR T N W M NI G G LA L€
the B-type DNA, the sugar protons H1', H4' and H5' are located £
in the minor groove, as well. In fact, A(5, 6)H1', together with 3 _—gx. §
the T8H1' were among the most affected signals which shifted MK o .24 £ |

. . . - A

upfield in a range of 0.07 to 0.11 ppm (Table S2t). Supposing DNA | HJ l\ A W ',(’\.f. A (®)
that the one phen moiety of (4) is bound at the -A5A6- — s '
sequence, the other cannot be in a long distance, as it is o
limited by the length of BL-1 (about 10.5 A) and it may extend :% E : 3 " Iﬁ :E:
towards the -3’ or the -5’ sides of the sequence. At all cases the @i | | | II ¢ [ ]

rigidity of (4) did not allow the effective binding of the other
phen, since it was restricted by the close contact of the BL-1
with the DNA backbone. Thus, at the first case (—3), (4)
extended towards the T7T8C9 sequence meeting the major
groove of the helix. The protons which were located there,
such as T7(H2", H3"), T8H5'5" and C9H3', shifted significantly
upfield (>0.05 ppm) due to their proximity with the aromatic
ring system of BL-1. The observed upfield shift of T8H1'
(0.07 ppm) could be explained with the assumption that the
binding of (4) disorganized the DNA helix B-form. In the other
case, (—5'), (4) must extend towards the G4C3G2 of the
sequence meeting again the major groove of the helix. Indeed,
the protons of G4(H2', H2") and G2H2' shifted significantly
upfield indicating that the complex is directed towards the 5'-
start of the sequence. In conclusion, both possibilities for the
orientation of (4) are well supported by the '"H NMR obser-
vations (Fig. 4). Downfield shifts for the C1 sugar protons
probably arise from structural perturbations of DNA helix.
Increasing the ratio at r = 1, remarkable downfield shifts for
the major groove aromatic protons of G2H8, C3(H5, H6), G4HS8
and G10HS8, T8CH3 and C9H5 were observed indicating that
(4), after the phen binding between in the -A5A6- bases
through the minor groove, extended to both sides of the helix

This journal is © The Royal Society of Chemistry 2022

ppm

Fig. 4 Aromatic part of the *H NMR spectra (H,O:D,0, 9:1, 298 K,
buffer phosphates 100 mM, pH = 7.0) with proton assignments (a) (4)
Cly, (b) d(5'-CGCGTAGGCC-3),, (c) at r = 0.5; with red color the assign-
ments of B moiety of (4), and (d) at r = 1 indicating with asterisk (*) the
signals of free (4)Cl,.

major groove. It is worth mentioning, that a new signal
assigned to the G4H1' was observed shifted by 0.17 ppm
upfield, probably due to a significant perturbation of the DNA
helix. This signal was observed dramatically upfield
(0.57 ppm) at 7 = 2 (Table S27).

3.2.1.2. Exchangeable  imino  and protons.
Exchangeable imino and amino protons of the DNA bases are
observable in H,0/D,0 (9:1) and their chemical shifts are
informative of the Watson-Crick (W.-C.) hydrogen bonds
between the DNA strands. The C3, C9, and C11NH1 form three
hydrogen bonds with the G10, G4, and G2N1 respectively,
while the T8 and T7N1H form two hydrogen bonds with the
A5 and A6N1. At the ends of the sequence, C1 and G12 are
either not hydrogen bonded or they are, but their imino and

amino

Dalton Trans., 2022, 51,13808-13825 | 13815
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Fig. 5 Part of the *H NMR spectra of the d(CGCGAATTCGCG),. (a) Free,
and upon addition of (4)Cly at r = 0.5, 1, 2 (b—d), showing the imino
protons of the W.—C. hydrogen bonds. Inset the AT and GC hydrogen
bonding base pairs show the major and minor groove of the helix.

amino protons were exchanged very fast with the solvent and
therefore were not observable.”® Thus, in the spectrum of the
free DNA five signals appeared as it is illustrated in Fig. 5.
Upon addition of (4)Cly, at the r = 0.5, significant broaden-
ing of both the T8 and T7N1H was observed, while the C3, C9,
and C11NH1 shifted downfield at the range of 0.1-0.5 ppm. At
ratio 1: 1, significant changes in this part of the spectrum take
place. Both signals of T7 and T8NH1 were lost, indicating that
they no longer participate in hydrogen bonding between the
A5T7 and A6T8 base pairs. On the other hand, the signals of
C3, C9 and C11NH1 shifted considerably upfield by 0.25, 0.18
and 0.27 ppm correspondingly reflecting a weaker interaction
of these protons with the complementary guanine N1. Also,
low intensity broad signals appeared that may be assigned to

View Article Online
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adduct(s) between the DNA and (4)Cl,. At higher ratio 2: 1, the
signals of C3 and CONH1 disappeared while the signal of the
remaining hydrogen bonded C9NH1 shifted upfield by
0.23 ppm indicating that only the pair C9G4 is still connected
by this bond. Additional information may be gained through
the hydrogen bonded amino protons of the bases C and G. At r
= 0.5 downfield shifts were observed. At r = 1 double signals
for G4N2H/C9N2H, G10N2H/C3N2H and G2N2H/C11N2H
were observed showing a reduction in the symmetry of the
helix and a general unwinding of the strands. At r = 2 only two
signals of the GAN2H/C9N2H were observed confirming that
the strands connected only through these G4C9 hydrogen
bonds. In other words, it seems that the addition of (4)Cl,
caused separation of the DNA strands, starting from the
central part of the sequence —-A5A6- at low ratio. At higher
ratio the unwinding extended to both sides of the helix
(-G2C3- and -G10C11-) omitting the base pair C9G4. The
above results are summarized in Table 3 and Fig. 5.

NOESY spectra at r = 0.5, 1 and 2 were recorded to give
insight of the binding mode of (4) (Fig. S20, S23 and S26%).
However, just a few unambiguous, low intensity cross-peaks
were observed arising from the phenanthroline protons and
the DNA. Thus, meaningful are the NOE connectivities
between the binding to A5A6 phen (phenH3/8, phenH4/7 —
A6HS) as well as those of the other phen (phenH2/9 — T8H3’
and phenH4/7 — C9H5H5") supporting that (4) was oriented
towards the 3-end of the sequence. Also, the NOEs between
the phenH2/9 — G2HS8, C3H6 and C3H5 support that (4) was
oriented towards the 5'- start of the sequence.

Visualization drawings of the NMR results are presented in
Fig. 6.

3.2.2. {[(n°®-cym)Ru(phen)],(u-BL-2)}Cl,, (5)Cl,. The higher
degree of flexibility in BL-2, compared to BL-1, resulted in
different "H NMR spectra upon the titration of the DNA. In
contrast to what has been observed in the case of (4)Cl,, the
addition of (5)Cl, to DNA was characterized by a fast exchange
equilibrium (in the NMR time scale and at 298 K) since all the
proton signals appeared to be sharp and new signals didn’t
pop up. Most of the protons of (5) shifted upfield and double

Table 3 'H NMR chemical shifts of the exchangeable imino and amino protons of the free d(5'-CGCGAATTCGCG-3'), (H,0:D,0, 9:1, 298 K,
buffer phosphates 100 mM, pH = 7.0), and induced shifts upon the addition (4)Cl, at r = 0.5, 1, and 2. Negative sign for upfield shifts and positive
sign for downfield shifts (in parenthesis). In bold indicated shifts which are higher than 0.05 ppm. n.o. = not observed

r=0 r=0.5 r=1 r=2
N1H N2H N2H* N1H N2H N2H* N1H N2H N2H* N1H N2H N2H*
C1G12 n.o. n.o. n.o. n.o. n.o. n.o. n.o n.o.
G2C11 13.04 8.44 6.57 12.94 8.42 6.61 12.77 8.43 6.51 — 6.77
(-0.10) (-0.02) (+0.04) (-0.27) (=0.01) (6.62) (6.73)
C3G10 12.88 8.36 6.41 12.80 8.36 6.49 12.63 8.37 6.81 — 6.87
(—0.08) (0.00) (+0.08) (—0.25) (+0.01) (6.94) (6.92)
G4C9 12.68 8.40 6.79 12.63 8.42 6.88 12.50 8.41 7.01 12.45 8.41 7.02
(—0.05) (+0.02) (+0.09) (—0.18) (+0.01) (7.06) (—0.23) (+0.01) (7.05)
A5T8 13.75 — 13.69 — —
(—0.06)
A6T7 13.62 — 13.51 — —
(-0.11)
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(b)

Fig. 6 Cartoon representation of the binding of (4) to the DNA
sequence d(5'-CGCGTAGGCC-3'), based on NMR data. (a) A5A6 binding
extended towards C1, (b) A5A6 binding extended towards G12.

signals were observed, mainly for its two phen moieties, indi-
cating a symmetry reduction due to the different environment
of the two phen. However, the observed upfield shifts were sig-
nificantly lower than those observed in the case of (4), reflect-
ing either a non-selective binding or a weaker binding mode.
In any case, however, it can be concluded that both phenan-
throlines of (5) contribute to the binding, as far as the length
of BL-2 allowed. Increasing the ratio, most of the signals of (5)
slightly shifted indicating that it almost reaches the equili-
brium. The results are illustrated in Table 4.

3.2.2.1. Non-exchangeable DNA protons. More informative
about the binding mode of (5) are the affected proton signals
of the DNA (Table S37). Thus, from the lower ratio (r = 0.5) sig-
nificant downfield shifts were observed for the C3H5
(0.06 ppm), G4HS8 (0.05), C9H5 (0.08 ppm) and G10HS8
(0.05 ppm) indicating a decrease in the stacking between these
bases. However, significant upfield shifts of the minor groove

View Article Online
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located protons G(2,4)H1’, T8H1', G10H1' and C11H1' were
observed indicating the presence of the aromatic ring systems
of (5) in the helix minor groove. Perturbations of the helix con-
formation at the C1-G2 start of the sequence may also be
assumed due to the downfield shifts of C1 sugar protons. In
principle, at r = 1 four phen moieties can be bound to DNA.
Since the distance between C3G4 and T8C9 of the sequence is
too long so that one (5) may be associated in both sequence
places, it can be assumed that two different (5) bind to C3G4
and T8C9. At higher ratios all the proton signals of the DNA
shifted further, while significant shifts were observed for the
C3H6, G2H8 and C11H6 as well as for the majority of the
base’s H1'. All of the above observations are consistent with a
binding of (5) at the C3G4 and T8C9 bases of the sequence in
such a manner so that the second phen extended towards the
end or the start of the sequence. It is worth mentioning that
the affected aromatic protons of C3(H5, H6), G4AH8 and C9HS5,
G10HS8 are located at the helix major groove, while the sugars
H1' protons in the helix minor groove.

3.2.2.2. Exchangeable DNA protons. Upon the addition of (5)
to DNA, the exchangeable non-hydrogen bonding amino
protons N2H* of both C9 and C3 shifted significantly down-
field showing a perturbation in helix conformation. Also, the
imino C3N1H, C11N1H and T7N1H shifted upfield indicating
that the C.-W. hydrogen bonds between the C3G10, C11G2
and T8A5 began to weaken (Fig. 7). Considering that these
protons are located both in major and minor groove of the
helix, it can be suggested that (5) is bound with the one phen
in the major groove, extended at the allowed length of BL-2, to
the helix minor groove. However, there are two different areas
of the sequence where the one phen of (5) binds in the major
groove: the -C3G4- and the -C9G10-. From this position, (5)
extended either to the 3’ end or to 5 start point of the
sequence (Fig. 8). It is worth mentioning that the imino
protons of CON1H and T8N1H were not affected at all during
the titration indicating that the C.-W. bonds of the base pairs
C9G4 and T8AS5 stabilize the duplex, as it was also observed.
The above results are summarized in Table 5.

Table 4 'H NMR chemical shifts of the (5)Cl, (H,O: D,0, 9:1, 298 K, buffer phosphates 100 mM, pH = 7.0) free (r = 0), and upon the addition to
the d(5'-CGCGAATTCGCG-3'), at r = 0.5, 1 and 2. Shifts are denoting in parenthesis (negative sign upfield and positive sign downfield shifts). n.o. =

not observed. A and B denotes the signals of the two moieties of (5)

0.5 1 2

Protons/r (5)Cly A B A B A B

Hao 10.04 9.94 (—0.10) 9.82 (—0.22) 9.96 (—0.08) 9.86 (—0.18) 9.99 (—0.05) 9.89 (—0.15)
Hajg 8.24 8.12 (—0.12) 7.78 (—0.46) 8.14 (—0.10) 7.82 (—0.42) 8.19 (—0.05) 7.86 (—0.38)
Hy/» 8.87 8.47 (—0.40) 8.32 (—0.55) 8.53 (—0.34) 8.36 (—0.51) 8.60 (—0.27) 8.43 (—0.34)
Hss 8.15 7.62 (=0.53) 7.60 (—0.55) 7.65 (=0.50) 7.65 (—=0.50) 7.72 (—0.43) 7.70 (—0.45)
H, 8.20 8.19 (—0.01) 8.18 (—0.02) 8.17 (—0.03)

Hy 7.06 7.13 (+0.07) 7.13 (+0.07) 7.11 (+0.05)

H, 2.74 2.73 (=0.02) 2.71 (—0.03) 2.68 (—0.04)

Hocoe 6.52 6.41 (—0.11) 6.41 (=0.11) 6.42 (—0.10)

Hicse 6.09 6.10 (+0.01) 6.09 (0.00) 6.08 (=0.01)

Hocroc 0.72 0.67 (=0.05) 0.64 (—0.08) 0.67 (=0.05) 0.64 (—0.08) 0.67 (=0.05) 0.65 (—0.07)
Hye 1.59 1.60 (+0.01) 1.60 (+0.01) 1.62 (+0.03)

Hge 2.37 2.27 (=0.10) 2.29 (=0.08) 2.29 (=0.08)

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Part of the 1H NMR spectra of the d(5'-CGCGAATTCGCG-3'), (a)
free, and upon addition of (5)Cly at r = 0.5, 1 and 2, (b—d), showing the
imino protons of the W.—C. hydrogen bonds.

(a) (b)

Fig. 8 Cartoon representation of the binding of (5) to the DNA
sequence d(5-CGCGTAGGCC-3'), based on NMR data. (a) —C3G4-
major groove binding extended towards G12, (b) -G10C9- major
groove binding extended towards C1.

The NOESY spectra of the adducts at all ratios showed a few
NOE connectivities between (5) and DNA due to the fast
exchange equilibrium (Fig. S29, S32 and S35t). Among them

13818 | Dalton Trans., 2022, 51,13808-13825
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are those arising from the one phen moiety (phenH2/9 — G4HS8
and C3H5, phenH4/7 — C9H5’) as well as those of the other
phen moiety of (5) (phenH3/8 — T8H3', phenH4/7 — COH5H5").
Also, cross-peaks between the BL-2 and the DNA sugar protons,
such as Ha — C9H4', Hb — C9H3', Hc — A6H3’ showed that (5)
extended in both major and minor groove of the helix.

Visualization drawings of the NMR results are presented in
Fig. 8.

3.2.3. {[(n°-cym)Ru(phen)],(p-BL-3)}Cl,, (6)Cl,. Bridging
ligand BL-3 is one carbon-carbon bond longer than BL-2, dis-
playing even higher flexibility degree. These features result in
differences in its proton’s chemical shifts upon the titration of
the DNA, which however show more similarities with BL-2
than BL-1. Thus, the addition of (6)Cl, to DNA, which was
characterized by a fast exchange equilibrium, reduced its sym-
metry exhibiting double signals for both phen moieties. In
contrast to what has been observed earlier in the cases of (4)
and (5), the double signals differ only slightly with each other
(0.01-0.04 ppm). At r = 0.5 the most affected signals were those
of the two phen which shifted almost equally upfield in the
range of 0.12-0.56 ppm suggesting that (6) binds to DNA
through the phen ligands. However, the significant upfield
shifts observed for the cym isopropyl (H9cH10c and H8c) and
methyl group (H7c) cannot be ignored, indicating that cym
may be involved in the binding mode of (6). Even though there
are a lot of similarities with the binding mode of (5), the par-
ticipation of the cym’s aliphatic groups in (6) denotes a novel
binding mode. The results are summarized in Table 6.

3.2.3.1. Non-exchangeable DNA protons. Marginal changes
of the DNA signals at r = 0.5 were observed with the exception
of the downfield shift of C(1, 3, 11)H5 (0.05 ppm) and the
upfield shift for the TSH1' (0.06 ppm). At r = 1 the above shifts
were significantly prolonged together with downfield shifts for
the C(3, 11)H6 and upfield shifts of the H1’ of G4, T8 and C11.
At r = 2 significant upfield shifts (>0.05) were observed for the
H1' at the end of sequence from T8 to G12 (Table S471). The
above results are consistent with a binding of (6) in both
minor and major groove of the helix, since the C(1, 3, 11)H5/
H6 and G2HS8 are located in the major while the sugar H1' in
the helix minor groove.

3.2.3.2. Exchangeable DNA protons. Upon the addition of (6)
to DNA the signals of non-hydrogen bonding N2H* shifted sig-
nificantly downfield suggesting a perturbation of helix confor-
mation features. In parallel, the C11N1H imino proton contri-
buting the G2C11 C.-W. hydrogen bonding, shifted upfield by
0.26 ppm (r = 2) indicating that this base pair began to dis-
sociate. Similarly, the base pairs G10C3 and G4C9 showed the
same tendency. However, the central part of the sequence
—-AATT- seemed to be rather undamaged. In other words, the
binding of (6) unwound the DNA strands from the ends of the
sequence affecting the -CGCG- domains. The above results are
summarized in Fig. 9 and Table 7.

The NOESY spectra at all ratios show some very weak inten-
sity NOE connectivities between (6) and DNA due to the fast
exchange equilibrium which cannot be evaluated (Fig. S38,
S41 and S447).

This journal is © The Royal Society of Chemistry 2022
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Table 5 'H NMR chemical shifts of the exchangeable imino and amino protons of the free d(5'-CGCGAATTCGCG-3'), (H,O:D,0, 9:1, 298 K,
buffer phosphates 100 mM, pH = 7.0), and induced shifts upon the addition (5)Cl, at r = 0.5, 1 and 2. Negative sign for upfield shifts and positive sign
for downfield shifts (in parenthesis). In bold indicated shifts which are higher than 0.05 ppm. n.o. = not observed

r=0 r=0.5 r=1 r=2
N1H N2H N2H* N1H N2H N2H* N1H N2H N2H* N1H N2H N2H*
C1G12 n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
G2C11 13.04 8.44 6.57 12.99 8.42 6.62 12.97 8.42 6.65 12.94 8.42 6.65
(—0.05) (-0.02) (+0.05) (—0.07) (-0.02) (+0.08) (—0.10) (—0.02) (+0.08)
C3G10 12.88 8.36 6.41 12.79 8.36 6.53 12.73 8.36 6.53 12.69 8.34 6.55
(—0.09) (0.00) (+0.08) (—0.15) (0.00) (+0.08) (—0.19) (—0.02) (+0.14)
G4C9 12.68 8.40 6.79 12.65 8.43 6.88 12.63 8.43 6.93 12.61 8.42 6.94
(=0.03) (+0.03) (+0.09) (—0.05) (+0.03) (+0.14) (~0.07) (+0.02) (+0.15)
A5T8 13.75 — — 13.73 — — 13.73 — — 13.72 — —
(—0.02) (—0.02) (—0.03)
A6T7 13.62 — — 13.56 — — 13.53 — — 13.51 — —
(—0.06) (—0.09) (-0.11)

Table 6 H NMR chemical shifts of the (6)Cl, (H,O: DO, 9: 1, 298 K, buffer phosphates 100 mM, pH = 7.0) free, and upon the addition to the d(5'-
CGCGAATTCGCG-3), at r = 0.5, 1, and 2. Shifts are denoting in parenthesis (negative sign upfield and positive sign downfield shifts). A and B

denotes the signals of the two moieties of (6). n.o. = not observed

0.5 1 2

Protons/r (6)Cly A B A B A B

Hayyo 10.03 9.91 (-0.12) 9.88 (=0.15) 9.91 (~0.09) 9.92 (=0.11) 9.93 (~0.10) 9.93 (=0.10)
Has 8.21 7.91 (—0.30) 7.96 (—0.25) 8.04 (—0.17)

H,,» 8.83 8.33 (—0.50) 8.29 (—0.54) 8.41 (—0.42) 8.37 (—0.46) 8.47 (—0.36) 8.43 (—0.40)
Hy/o 8.10 7.57 (—0.53) 7.54 (—0.56) 7.57 (—0.53) 7.56 (—0.54) 7.70 (—0.40) 7.69 (—0.41)
H, 8.20 8.15 (—0.05) 8.16 (—0.04) 8.16 (—0.04)

Hp, 7.01 7.07 (+0.06) 7.09 (+0.08) 7.06 (+0.05)

H. 2.40 2.42 (+0.02) 2.41 (+0.01) 2.42 (+0.02)

Hq 1.57 1.55 (—0.02) 1.55 (—0.02) 1.55 (—0.02)

Hacoe 6.51 6.37 (=0.14) 6.39 (-0.12) 6.41 (~0.10)

Hjese 6.14 6.05 (—0.11) 6.07 (—0.07) 6.08 (—0.06)

Hoc1oc 0.75 0.67 (—0.08) 0.65 (=0.10) 0.69 (+0.06) 0.66 (—0.09) 0.69 (—0.06) 0.67 (=0.09)
Hyc 1.78 1.70 (—0.08) 1.71 (—0.07) 1.71 (—0.07)

Hge 2.39 2.22 (-0.17) 2.26 (—0.13) 2.28 (—0.11)

Visualization drawings of the NMR results are presented in
Fig. 10.

3.3. NMR studies of the interaction of the mononuclear
complex [(n°-cym)Ru( phen)(py)]Cl, (7)Cl, with the DNA frag-
ment d(5-CGCGAATTCGCG-3),

For comparison reasons, the interaction of the mononuclear
complex [(n°-cym)Ru(phen)(py)]Cl, with the DNA was studied
(Fig. S45-S471). At r = 1, marginal upfield shifts for the proton
signals of (7) were observed, mainly at phen Hs (Table 8). At
higher ratios, the protons of phenanthroline were affected
more than those of py and cym indicating that (7) interacts
with the DNA through the chelating ligand phen. However, the
magnitude of the observed upfield shifts is small enough,
indicating a weak binding of (7) with the DNA. Also, marginal
shifts were observed for the DNA non-exchangeable protons
while the signals of the W.-C. hydrogen bonding protons
remained intact (Fig. 11). It is worth mentioning that this
complex exhibited promising cytotoxic activity against A2780
cell line (ICs = 25.9 pM).*®

This journal is © The Royal Society of Chemistry 2022

3.4. Fluorescence quenching studies of the interactions of
the complexes (4)Cly, (5)Cly, (6)Cl; and the mononuclear (7)Cl,
with the DNA fragment d(5-CGCGAATTCGCG-3'),

Fluorescence is a very sensitive and efficient method to study
interaction between DNA and various types of binders.>
Among them, ethidium bromide (EtBr) is known to bind to
DNA mainly through intercalation. The displacement of EtBr
from a DNA-EtBr complex by a DNA binder is evidence that it
intercalates as well. The above process results in a decrease in
the DNA-EtBr emission intensity. However, EtBr can also bind
to the DNA minor groove.”® In this case, its displacement
causes smaller decrease in the intensity of the DNA-EtBr emis-
sion indicating a non-intercalative binding mode, most prob-
ably through the helix minor groove.>® Recently it has been
reported that EtBr intercalates mainly in the terminal bases as
well as in the internal pairs of d(5-CGCGAATTCGCG-3"),.>?
Initially, we loaded an amount of EtBr to a solution of d(5'-
CGCGAATTCGCG-3'), (aqueous buffer phosphates 100 mM,
pH = 7.0) until the intensity of emission became practically
unaffected. Samples of the above stock-solution were titrated
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Fig. 9 Part of the *H NMR spectra of the d(5'-CGCGAATTCGCG-3'); (a)
free, and upon addition of (5)Cly at r = 0.5, 1 and 2, (b—d), showing the
imino protons of the W.—C. hydrogen bonds.

with the complexes (1)Cl,—(6)Cl, and the monometallic (7)Cl,.
At all cases the fluorescence intensity of the DNA-EtBr system
decreased upon increasing the concentration of the complexes
in different degree, without any considerable change in the
wavelength of the emission maximum (Fig. 12 and S48, S49%).
These results are consistent with displacement of the EtBr
from the DNA-EtBr due to the binding of the complexes either
through intercalation or through binding to the helix minor
groove.” This is exactly what the competition quenching con-
stant, K, reflects. The quenching percentage of the complexes
is 31-81% at 291 K, 49-90% at 298 K and 54-91% at 310 K.
The values of the Stern-Volmer quenching constant (Kj,) were

View Article Online
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(a) (b)

Fig. 10 Cartoon representation of the binding of (6) to the DNA
sequence d(5'-CGCGTAGGCC-3'), based on NMR data. (a) —-CG- major
groove binding extended towards the central part of the sequence, (b)
-GC- major groove binding extended towards the central part
sequence.

found from the slopes of the plots F/F, = f([Q]) (Fig. S507). The
fluorescence quenching of the DNA-EB adduct was in good
agreement with the Stern-Volmer linear equation (R > 0.98).

The binding constants (K,) and the number of binding
sites per dimer (n) were estimated by fluorescence titration
data and calculated through the double logarithmic plot log[F,
— FJ/F] versus log[Q] (Fig. S51 and S52t). The K, K, and n
values are summarized in Table 9 and Table S5.1 The values of
binding constants were in the range of 10°-10* M7,
suggesting moderate binding affinity of the complexes, with
the number of binding sites practically being one.>®

All the above results suggest that the complexes (4) and (1)
were the most effective in competing the EtBr, with the ten-
dency for all complexes to be: (4) > (1) > (3) > (2) > (5) > (6).
Also, the binding constants of (4) and (1) were one order of
magnitude greater than the other studied complexes.

Table 7 'H NMR chemical shifts of the exchangeable imino and amino protons of the free d(CGCGAATTCGCG), (H,O:D,0, 9:1, 298 K, buffer
phosphates 100 mM, pH = 7.0), and induced shifts upon the addition (6)Cl, at r = 0.5, 1, and 2. Negative sign for upfield shifts and positive sign for
downfield shifts (in parenthesis). In bold indicated shifts which are higher than 0.05 ppm. n.o. = not observed

0 0.5 1 2
r
Base N1H N2H N2H* N1H N2H N2H* N1H N2H N2H* N1H N2H N2H*
C1G12 n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
G2C11 13.04 8.44 6.57 12.97 8.44 6.62 12.86 8.47 6.68 12.78 n.o. 6.72
(-0.07) (0.00) (+0.05) (—0.18) (+0.03) (+0.11) (—0.26) (+0.15)
C3G10 12.88 8.36 6.41 12.84 8.39 6.48 12.78 8.42 6.57 12.74 8.43 6.62
(-0.04) (+0.03) (+0.07) (-0.10) (+0.05) (+0.16) (—0.14) (+0.07) (+0.21)
G4C9 12.68 8.40 6.79 12.67 8.44 6.84 12.62 8.44 6.89 12.62 8.47 6.92
(=0.01) (+0.04) (+0.05) (—0.04) (+0.04) (+0.10) (—0.06) (+0.07) (+0.14)
A5T8 13.75 — 13.74 —_ — 13.72 13.71
(=0.01) (-0.03) (~0.04)
A6T7 13.62 — 13.60 — — 13.58 13.56
(=0.02) (~0.04) (—0.06)

13820 | Dalton Trans., 2022, 51,13808-13825
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Table 8 *H NMR chemical shifts of the (7)Cl, (H,O : D0, 9:1, 298 K, buffer phosphates 100 mM, pH = 7.0) free, and upon the addition to the d(5'-
CGCGAATTCGCG-3), at r = 1 and 2. Shifts are denoting in parenthesis (negative sign upfield and positive sign downfield shifts). n.o. = not observed

Hyo Hs/g Hyy Hs/e Hocee Hjese Hoc10c Hye Hgc PyHzs6 PyHs/5 pyH,
r= 10.06 8.23 8.84 8.12 6.53 6.17 0.75 1.83 2.21 8.40 7.27 7.78
S: 10.05 8.22 8.82 8.08 6.51 6.16 0.74 1.81 2.21 8.39 7.26 7.78
1 (-0.01) (<0.01)  (-0.02)  (=0.04)  (=0.02)  (=0.01)  (=0.01)  (=0.02)  (0.00)  (=0.01)  (-=0.01)  (0.00)
r=10.03 8.20 8.80 8.05 6.50 6.14 0.74 1.80 2.20 8.38 7.25 7.77
2 (-0.03) (-0.03)  (-0.04)  (=0.07)  (=0.03)  (=0.03)  (=0.01)  (-0.03)  (0.01)  (=0.02)  (-0.02)  (—0.01)
In the cases of (1)-(6), the values of both AH® and AS° were
positive indicating that the binding between the complexes
s and DNA is driven by hydrophobic forces in the rich areas of
C] the DNA helix, such as the minor groove and the stacked
bases. Furthermore, the negative AG values showed the spon-
taneous interaction between the complexes and the DNA
(Table 10 and Table S61). The spontaneity of the reaction was
(b) 1 due to the higher negative values of TAS°, compared to AH®,
WE g g suggesting that the interaction of the complexes with d(5'-
5 § s 9 CGCGAATTCGCG-3"), is mainly entropy-driven.
o
3.5. Molecular docking
DNA

133 3.0
1 (ppm)

Fig. 11 Part of the 'H NMR spectra of the d(5'-CGCGAATTCGCG-3'),
(a) free and upon addition of (7)Cl, at r = 1, and 2, (b) and (c), showing
the imino protons of the W.—C. hydrogen bonds.

Regarding the values of the K, and K, constants, it is con-
cluded that the complexes (4) and (1) bound to DNA intercalate
at least with one phen moiety between the DNA bases, while
(3), (2), (5) and (6) are probably groove binders. Apart from the
bridging ligand, the chelating ligand (phen or bpy) also plays
a significant role in the interaction with the DNA. The K,
value of (4) was 20 times higher than that of (1) due to the
more extended aromatic ring system of phen compared to bpy,
allowing (4) to stack easier between the DNA bases.>® On the
other hand, the calculated values for the mononuclear
complex (7)Cl, Ky, = 2.014 + 0.129 x 10> M~ and K, = 0.158 +
0.001 x 10° M~ were significantly lower than those of (1)Cly~
(6)Cly, indicating a lower ability to displace the EtBr from
DNA-EtBr and much lower DNA binding affinity than the
corresponding bimetallic ones (Fig. S537). Similarly, a weak
binding mode has been reported for the complex [(n®-cym)Ru
(bpm)(4,4-bpy)**.**

In general, the type of DNA-ligand interactions can be pre-
dicted by measuring the thermodynamic parameters (AH®, AS
° and AG°). These parameters can usually be calculated by the
van’t Hoff plot (Fig. S547). Specifically, based on the enthalpy
and entropy value, the following can be assumed: (i) AH < 0
and AS < 0, van der Waals or hydrogen bonding, (ii) AH > 0
and AS > 0, hydrophobic forces, (iii) AH < 0 or AS = 0 and AS
> 0, ionic interactions and (iv) AH < 0 or AH ~ 0 and AS > 0,
electrostatic forces.

This journal is © The Royal Society of Chemistry 2022

The molecular docking studies have been carried out for the
complexes (4), (5) and (6).

In the case of (4), since the NMR and fluorescence data
indicate an intercalation binding for the guest molecule
(DNA), a special twist was required. The free docking cannot
handle intercalation, as the DNA is a rigid body and the space
between the nucleic acids is too small. To overcome this issue,
anthracenes were used in order to widen the gap between
nucleic acids. A force field (OPLS3) was also utilized for the
relaxation of the DNA into the new pose. This new pose was
used as the receptor for complex (4). In addition, the narrow-
ing down of the box to specific locations, especially in the
center of the DNA, was used to enhance the docking results.””
By arranging the energy conformations (4) was found to adopt
the lowest energy pose (—4.84 kcal mol™") by binding between
the bases A5 and A6 of the one strand, through the phenan-
throline, extending towards the end of the sequence. In this
arrangement the other phenanthroline of (4) is placed close to
the base pairs G10/C3 and C11/G2 (Fig. 13a). In the case of (5)
the pose with the lowest binding energy showed that the
complex binds to the minor grove with the one phenanthroline
at the ~AATT- part of the sequence while the second phenan-
throline is placed in the major groove. Similar results were
obtained and in the case of (6). In summary, the molecular
docking results are in a good agreement with those achieved
from the NMR and fluorescence studies and are illustrated in
Fig. 13.

3.6. Cytotoxic activity

To study the effects of the (4)Cl,, (5)Cl, and (6)Cl, complexes
on cell growth in vitro, three cancer cell lines and an immorta-
lized mouse normal cell line were treated with increasing con-
centrations of these complexes for 72 h. Cells were also treated

Dalton Trans., 2022, 51,13808-13825 | 13821
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Fig. 12 Fluorescence emission spectra of DNA—EtBr titrated with (1)Cl;—(6)Cl, at 298 K. [DNA] = 20 uM, [EtBr] = 5.2 uM, and [complex] = 0 to

20.10 pM. (A) (1)Cly, (B) (2)Cls, (C) (3)Cls, (D) (4)Cly, (E) (5)Cls and (F) (6)Cla.

Table 9 Binding parameters of the (1)Cl,—(6)Cl; and (7)Cl, with the

DNA duplex d(5'-CGCGAATTCGCG-3'), at 298 K

Table 10 Thermodynamic parameters for binding of (1)Cly—(6)Cl, to
d(5'-CGCGAATTCGCG-3'), at 298 K

Complex Ky (10°M™) K, (10°M™) n Quenching (%) Complex AHP (k] mol™) AS° (J mol™) AG° (k] mol™)
1) 0.780 = 0.073 10.002 £ 0.001 1.03 77.29 (1) 40.38 + 0.019 212.18 + 0.065 —22.85 +£0.038
() 0.747 +0.031  6.511£0.001 0.99  68.25 @) 63.77 +0.108 286.51 + 0.366 —21.60 + 0.218
(3) 0.771 +£ 0.025 3.473 + 0.001 0.92 69.65 (3) 64.24 + 0.187 282.46 + 0.630 —19.93 £ 0.375
(@) 16.65 + 0.080 12.133 £ 0.001 0.97 89.86 () 28.09 + 0.032 172.31 £ 0.107 —23.25 £ 0.064
(5) 0.286 + 0.018 2.333 £ 0.001 0.98 43.11 (5) 34.56 + 0.032 180.61 + 0.108 —19.26 + 0.065
(6) 0.273 £ 0.027 3.336 + 0.001 1.03 39.95 (6) 88.01 £ 0.172 363.63 £ 0.581 —20.34 £ 0.346
(7) 2.014 + 0.129 0.158 + 0.001 0.98 35.03

with cisplatin as a positive control. The cytotoxic effects of the
3 complexes and cisplatin were monitored by employing real-
time imaging using the Incucyte ZOOM system and the results
are shown in Table 11. Cisplatin showed the greatest cyto-
toxicity of all agents in all cell lines, as expected, with ICs,
values ranging from 3.87 to 17.10 uM (Table 11). Notably, the

13822 | Dalton Trans., 2022, 51,13808-13825

human ovarian cancer cell line A2780 and its cisplatin-resist-
ant counterpart (A2780cis-res) were the most sensitive to the
complexes (5)Cl, and (6)Cl,;, which showed similar cytotoxic
action (Table 11). In contrast, the two complexes showed weak
cytoxic effects in the mouse embryonic fibroblast cell line
NIH-3T3 and even weaker in the human breast adeno-
carcinoma cell line MCF-7. The complex (4)Cl, was moderately

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 Molecular docked models of the complexes (a), (4); (b), (5); (c), (6), showing the binding with the DNA sequence d(5'-CGCGAATTCGCG-3'),.

Table 11

ICs0 values of complexes (4)Cl,—(6)Cly, against the cancer cell lines, MCF-7 (breast cancer), A2780 (human ovarian cancer) and A2780cis-

res (human ovarian cancer cisplatin-resistant) and non-malignant cell line NIH-3T3 (embryonic fibroblast). In parenthesis the selectivity index (SI)?
for every cancer cell line. Values are given in pM and represent the average of three independent experiments

NIH-3T3 MCF-7 A2780 A2780cis-res
Cisplatin 11.63 + 0.60 11.88 + 1.20 (1.0) 3.87 +0.33 (3.0) 17.10 + 0.24 (0.7)
(6)Cl, 184.9 + 13.07 337.5 +0.16 (0.5) 34.77 +1.71 (5.3) 47.42 + 3.51 (3.9)
(5)Cl, 137.6 + 18.45 275.8 +37.43 (0.5) 35.57 +9.75 (3.9) 46.00 + 6.13 (3.0)
(4)cly 192.3 +25.38 302.7 + 26.62 (0.6) 117.3 + 26.92 (1.6) 193.00 + 33.15 (1.0)

“The selectivity index (SI) has been introduced as the ratio of the ICs, of a compound against a cancer cell line and its toxicity ICs, against non-

malignant cell line.”®

cytotoxic in the A2780 cells, had weak effects in NIH3T3 and
A2780cis-res cells and had very low cytotoxicity in the MCF-7
cells (Table 11).

In conclusion, the complexes (5)Cl, and (6)Cl, are quite
efficient in ovarian cancer in vitro and have low cytotoxic
activity in breast cancer and normal cells. These data suggest
that they could be potentially used as new pharmacological
agents specifically in this type of cancer.

4. Conclusions

Bridging of nf-arene-Ru(u)-N,N'-1,10-phenanthroline or 2,2'-
bipyridine, with various in length 4,4"-bipyridines (BL), leads
to the formation of bimetallic complexes with saturated ruthe-
nium coordination sphere. The inter-ruthenium distance is
determined from the BL, as well as the relative orientation of
the chelating ligand, producing different geometries. The
latter is the factor that defines their DNA binding properties.
In the case of (4) the ridged and short BL-1 leads to the inter-
calation of the one phenanthroline and minor groove binding
of the other as indicated from the NMR and fluorescence titra-

This journal is © The Royal Society of Chemistry 2022

tions (K, = 12.133 x 10®> M™"). Remarkable unwinding of the
d(5-CGCGAATTCGCG-3'), helix is induced, starting from the
disruption of the C.-W. hydrogen bonds of the ~AATT- central
part of the sequence. Despite the effective binding with a K, =
12.133 x 10> M™' and the derangement of the DNA helix,
complex (4) was found to be almost inactive against all the
studied cancer cell lines with low selectivity (SI = 0.5-1.6). In
contrast, the complexes (5) and (6), that were found to be
groove binders with K, values one order of magnitude lower
than that of (4), showed high selectivity against A2780 and
A2780res (SI = 3.0-5.3). Finally, the similar mononuclear
complex [(n®-cym)Ru(phen)(py)]** showed even lower binding
affinity for the d(5-CGCGAATTCGCG-3"), (K, = 0.158 x 10°
M™'). However, it was found to be cytotoxic against A2780 cell
line (IC50 = 25.9 uM).**

In conclusion, n®arene-Ru(u) binuclear complexes with
ruthenium saturated coordination sphere bind to DNA with
higher affinity than the corresponding mononuclear ones. The
DNA K;, values might be regulated by the BL (inter-ruthenium
distance) and the L, providing the ability for different binding
modes. The binding through intercalation, that causes dra-
matic alterations in the DNA helix, is not the sufficient con-

Dalton Trans., 2022, 51,13808-13825 | 13823
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dition for such type of ruthenium compounds to be cytotoxic.
Even though the binding mode is the crucial factor, the dis-
tance between the binding regions in the sequence seems to
follow the rule, that the lengthier is the most cytotoxic.
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