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ARTICLE INFO ABSTRACT

Two platinum(II) coordination compounds, [PtCl(4’-R} -terpy)1(SO5CF3) (1) and [PtC1(4’-R2-terpy)](503CF3) 2),
with 4-(2-pyridyl)-2,2:6’,2”-terpyridine (4’-R'-terpy) or 4’-(3-pyridyl)-2,2":6",2”-terpyridine (4-R>-terpy) were
synthesized and the impact of the pendant pyridyl ring on the structure and cytotoxic activity of Pt(II)-terpyr-
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ENA‘bi‘f‘i,i“g idine complexes was explored. The single-crystal X-ray diffraction analysis confirmed square planar coordination
Ay?t:(:i?ty of the cations [PtCl(4’-R"-terpy)] ". The mode of binding of 1 and 2 to calf thymus DNA was examined by UV-Vis
qII{,T?PCR absorption titration, ethidium displacement assay and reaction with 9-ethylguanine, and the mixed covalent-

intercalative mode was demonstrated. The cytotoxicity of the Pt(II) complexes against six cancer cell lines and
three normal ones was determined using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay and compared to cisplatin. The ICso values for the compound 2 towards the
cancer cell lines are in the low micromolar range. Most remarkably, 2 was over 4 times more effective than 1 and
cisplatin against non-small lung adenocarcinoma (A549), and its selectivity index was ~60-80 times higher than
that for 1 and cisplatin. The mechanisms underlying the loss of viability under treatment of 2 was further
investigated including F-actin staining, mitotic index analysis, cytometric cell cycle analysis, Fluorescein iso-
thiocyanate (FITC) -conjugated Annexin V antibody and propidium iodide (PI) staining, measurements of re-
active oxygen species (ROS) in cells, analysis of changes in the mitochondrial mass and potential and quanti-
tative real time polymerase chain reaction (QRT-PCR) genes analysis. The compound 2 was found to have a pro-
oxidative effect by strong stimulation of cells for the production of reactive oxygen species and cytostatic effect
through cell cycle arrest.

1. Introduction

In the last decades, 4’-functionalized 2,2":6’,2”-terpyridines (4’-R-
terpy) have attracted widespread scientific attention owing to their
photophysical and electrochemical properties as well as their co-
ordination ability [1-12]. 2,2":6’,2”-terpyridines, being able to co-
ordinate to both low- and high-oxidation state metal ions in a tridentate

* Corresponding author.

or bidentate bonding mode, form complexes of great potential for cat-
alysis [13-16], molecular electronics [5,12,17-21], supramolecular
chemistry [18,22-25] and chemotherapy [18,26-31]. Noteworthy, the
substituents (R) incorporated into the central pyridine control self-as-
sembly processes, redox and photophysical properties of 2,2:6”,2”-ter-
pyridines and their transition metal complexes, as well as they induce
new functionalities through further derivative reactions [23,32-35].
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For metal-based drugs, the ligand nature is of particular importance in
the binding of the complex to a biomolecule such as DNA or protein
[36-41].

In our previous work, we demonstrated the possibility of tuning the
antitumor behavior of the square-planar [AuCl(4’-R-terpy)](PFg), by
attaching suitable substituent to the central pyridine ring of 2,2":6%,2"-
terpyridine [42]. To control cytotoxic activity of gold(III)-terpyridine
complexes, we chose 4’-(2-pyridyl)-2,2":67,2”-terpyridine (4’-R'-terpy)
and 4’-(3-pyridyl)-2,2”:6’,2”-terpyridine (4’-R*-terpy). The both ligands
bound to the metal center in a tridentate coordination mode leaving the
pendant pyridyl ring available for further interactions. Due to the
presence of pendant pyridyl nitrogen and hydrogen atoms they could
act as both hydrogen-bond acceptors and donors, but formation of
hydrogen bonds and architecture of supramolecular frameworks were
strongly dependent on the position of the nitrogen atom in the sub-
stituent ring. The ligands differed also in the dihedral angle between the
least squares planes of the 2,2:6”,2”-terpyridine skeleton and R sub-
stituent ring. As the pendant pyridyl nitrogen moves closer to the terpy
unit, the molecule 4’-R-terpy achieves a more planar geometry, which
leads to the increased conjugation [43-47]. We presented that this ra-
ther subtle structural difference between 4’-R'-terpy and 4’-R>-terpy
had significant impact on the activity of [AuC1(4'-R1-terpy)](PF6)2 and
[AuCl(4”-R2-terpy)] (PFg)>. While the first complex exhibited pro-
apoptotic activation, the second one showed pro-necrotic activity [42].

2. Results and discussion
2.1. Synthesis and characterization of Pt(II) complexes

Continuing our investigation on transition metal coordination
compounds incorporating 4’-functionalized 2,2":6’,2”-terpyridines and
taking into consideration that a metal ion plays a crucial role in de-
termining the therapeutic properties of coordination compounds, we
synthetized [PtCl(4’-R'-terpy)](SOsCFs) (1) and [PtCl(4’-R*-terpy)]
(SO5CF3) (2) in order to investigate the impact of n-pyridyl substituent
on antiproliferative behavior of Pt(Il) systems.

The complexes [PtCl(4’—R1—terpy)](SOgCFg) (1) and [PtCl(4’-R>-
terpy)1(SO3CF3) (2) (Fig. 1) were conveniently prepared by the mod-
ified procedure of Biichner [48], with the use of the appropriate
2,2”:6/,2”-terpyridine ligand and [PtCl,(NCPh),] as a metal precursor.

+

(CF3S0,)

Fig. 1. Platinum(II) complexes presented in this work.

Journal of Inorganic Biochemistry 201 (2019) 110809

The molecular structures of 1-2 were investigated by Fourier-
transformed infrared spectroscopy (FT-IR) technique (Fig. S1), high
resolution mass spectroscopy with electrospray ionization (ESI-HRMS)
(Fig. S2), 'H and '3C NMR spectroscopy and multidimensional NMR
techniques: heteronuclear '"H—'3C multiple bond correlation (HMBC),
heteronuclear 'H—'°C multiple quantum correlation (HMQC) and
homonuclear *"H—'H correlation spectroscopy (COSY) (Figs. S3-S5) as
well as they were confirmed by X-ray crystallography (Fig. 2).

The stretching vibrations assigned to v,(SO3), vs(SO3) and 8,(SO3) of
the SO3CF; anion occur in the IR spectra of the Pt(II) complexes at
1260, 1030 and 638 cm ! [49], while characteristic bands attributed to
v(C=N), v(C=C) stretching modes of the chelating ligand 4’-R"-terpy
are seen in the range 1607-1556 cm ™. The full assignment of the
signals in the 'H and '*C NMR spectra was performed on the basis of the
multidimensional techniques 'H—C HMBC, 'H-'3C HMQC, 'H-'H
COSY. Signals in the aromatic region of the NMR spectra are downfield
shifted in relation to the free ligands, which is attributed to the impact
of the complexation of platinum(II).

X-Ray analysis revealed that the compounds 1 and 2 are iso-
morphous, and they crystallize in the triclinic space group PI. Their
structures consist of [PtCl(4’-R-terpy)] * cations and SO3CF5;~ packed in
molar ratio 1:1, interlinked by electrostatic forces, weak hydrogen
bonds and x---;w and Cl---; type interactions. Perspective views showing
the asymmetric units of 1 and 2 with the atom numbering are presented
in Fig. 2. The selected bond lengths and angles are gathered in Table S1
in ESIL

In the cations [PtCl(4’-R"-terpy)]*, the platinum atom displays a
distorted square planar coordination defined by three nitrogen atoms of
the 4’-substituted 2,2%;6’,2”-terpyridine ligand and chloride ligand. The
angular deviation from the ideal square planar geometry, reflected by

360° — (a —
parameters 1, (u=-2-C¢"fy and 1,

360° — 20
a— 180° —
(T = 35 f 5 1300—2’ where a and f are the greatest valence angles,

and B > a) [50,51] equal 0.148 and 0.097 for 1 and 0.131 and 0.089
for 2, can be attributed to steric requirements of 4’-R-terpy ligand and
formation of two fused five-member chelate rings with the metal center.
The bond angles N(1)-Pt(1)-N(2) (81.1(2)° for 1 and 81.6(3)° for 2) and
N(1)-Pt(1)-N(3) (81.1(2)° for 1 and for 81.1(3)° for 2), are significantly
smaller than 90° expected for an ideal square planar geometry. Typi-
cally for platinum(I)-terpyridine complexes of square planar geometry
[52-67], the Pt—N bond of the central pyridyl ring of 4’-R-terpy ligand
(Pt(1)-N(1) = 1.938(5) A for 1 and 1.947(7) A for 2) is shorter than
those of the outer rings (Pt(1)-N(2) = 2.010(5) A for 1 and 2.032(8) for
A 2; Pt(1)-N(3) = 2.014(6) A for 1 and 2.006(8) A for 2). The Pt—Cl
distances (2.3110(16) A for 1 and 2.304(2) A for 2) are also unexcep-
tional and they are in good agreement with those reported for the re-
lated structures [52-67].

In 1 and 2, the 4’-subsituted 2,2:6’,2”-terpyridine ligands are ap-
proximately planar. The dihedral angles between the inner and outer
coordinated rings are 1.98° and 3.64° for 1 and 1.51° and 2.14° for 2,
while the twist angle for the substituent ring with respect to the central
ring of the terpy framework is 3.56° for 1 and 1.33° for 2. The molecular
packing of 1 and 2 revealed a linear chain-like arrangement of the
planar cations [PtCl(4’-R-terpy)]*, achieved through weak inter-
molecular hydrogen bonds C—H---Cl and C—H---N. These chains are
interlinked via hydrogen bonds involving SO3CF;~ anions and terpy-
based ligand into layers (Fig. S6a and c), which are further assembled
by Pt---Pt, t---t and Cl.--;t interactions (Fig. S6b and d). The interlayer
metal-metal distances are 3.3821(4) [Pt(1---Pt(1)®] [symmetry code:
(i) = 2-x,1-y,1-z] for 1 and 3.4373(7) [Pt(1)---Pt(1)?’] [symmetry code:
() = 1-x,1-y,-z] for 2.

A summary of the intermolecular contacts in the crystal structures 1
and 2 is provided in spots of Hirshfeld surfaces [68-70] mapped with
dporm and in two-dimensional (2D) fingerprint plots (Fig. 3). The re-
lative contributions of various intermolecular interactions to the
Hirshfeld surfaces are illustrated in Fig. 3c, and metric parameters of

the  structural
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1 [PtCI(4'-R!-terpy)](SO:CF3)

the intermolecular contacts are gathered in Tables S2-S5 in ESI. The
striking difference between 1 and 2 concerns the participation of the
H---N contacts, which are significantly larger in the case of 2.

The cyclic voltammograms of 1 and 2 exhibit two or three reduction
processes, irreversible or quasi-reversible in nature (Fig. S7 and Table
S6). As the first reduction potential takes the same value (—1.37 V) for
1 and 2 and it is comparable to that of the [PtCl(terpy)]™ system
[59,71,72] and [PtCI(4’-R-terpy)]* system [59,71,73-77], it can be
assumed that the reduction process occurs at m-deficient terpyridine
core. The reduction within terpyridine fragment is anodically shifted by
0.83-0.96 V in platinum complexes compared to the free ligands [11].
The irreversible oxidation waves of 1-2 correspond to the oxidation
potentials observed for the free ligands (1.20-1.44 V), and they are in
higher potential region compared to that for [PtCl(terpy)]Cl
(Eox = 1.14V) [78].

Both Pt(II) complexes display strong absorptions in the high energy
UV-region (250-350 nm), attributable to spin allowed intraligand (IL)
7t — nt* transitions of the terpyridyl ligand (Fig. S8 and Table S7). The
lower energy bands of 1-2 are predominately contributed by metal-to-
ligand charge transfer transitions (MLCT) [52,53,76,77,79-81]. Com-
pared to [PtCl(terpy)](SO3CF3), this band is batochromically shifted by
38nm for 1 and 9nm for 2. Replacement of 4’-(2-pirydyl)-2,2":6%,2”-
terpyridine (in 1) by 4’-(3-pirydyl)-2,2":6’,2”-terpyridine (in 2) leads to
shift of MLCT absorption band towards higher energy (from 432 nm in
1 to 403 nm in 2), reflecting larger withdrawing effect of 2-pirydyl
substituent compared to that of 3-pirydyl one [82,83]. In higher con-
centrations (250-500 uM), the lowest energy band of 1 and 2 does not
obey the Beer-Lambert's law (Fig. S9a), signaling aggregation processes
of the Pt(II) complexes through -t interaction of terpyridine ligands,
which is also supported by the previous results for the related com-
pounds [84-87]. The formation of aggregates seems to be also evi-
denced by UV-Vis monitoring of 1-2 in phosphate buffered saline so-
lutions (PBS) over 72h (Fig. S9b). Over the entire spectral range, the
reduction in the absorbance occurred due to formation of precipitates of
1-2. With the reference to the previous studies, however, hydration
process in PBS cannot been excluded [88,89]. On the contrary, no
spectral changes were observed for 72h in the diluted dimethyl sulf-
oxide (DMSO) solution of 1-2 (10-50 uM), confirming their stability in
these conditions (Fig. S9b).

In analogy to the parent [PtCl(terpy)]1(SO5CFs) [53,84,85] and other
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2 [PtC1(4'-R2-terpy)](SO:CF3)

Fig. 2. Molecular structures of 1 and 2 together with the atom numbering. Displacement ellipsoids are drawn at 50% probability level.

related [PtCl(4’-R-terpy)]1X [90], the complexes 1-2 were found to be
non-emissive in diluted (12.5uM) DMSO solution at ambient condi-
tions, most probably due to the thermally activated population of *MC
excited state. Emission maxima of the free ligands 4’-R'-terpy and 4’-R*
terpy in DMSO occur at 356 and 353 nm, respectively. Additional data
concerning emissive properties of 1-2 in solid state and low tempera-
ture (77 K) are available in ESI (see Figs. S10-11 and Table S8).

2.2. DNA binding

The complexes 1 and 2 bear aromatic coplanar terpy-based ligand
and labile chloride ion, so they are able to bind to DNA both covalently
and non-covalently by intercalation [27,87,91-96]. The intercalative
interaction of 1-2 with calf thymus DNA (ct-DNA) was investigated by
UV-Vis absorption titration and ethidium displacement assay, while a
high resolution mass study of their reactions with the model nucleobase
9-ethylguanine (9-EtG) was performed to check if Pt(II) complexes are
able to bind covalently with DNA.

2.2.1. UV-vis absorption titration

Upon addition of calf thymus DNA (ct-DNA) to the solution of 1 and
2, a slight redshift and decrease in intensity of the absorption bands
corresponding to metal perturbed intra-ligand szt — ;t* transitions was
observed (Fig. S12). These spectral changes, hypochromism and bath-
ochromic shift, are indicative for intercalative binding mode between
DNA base pairs and complexes 1-2 bearing aromatic coplanar terpy-
based ligand. However, in analogy to the related Pt(II) systems showing
deviations from Beer's law due to formation of aggregates [97,98], the
spectroscopic titration data of 1-2 cannot be fitted to a suitable binding
model using the Scatchard method for the determination of Ko Va-
lues (Fig. S13).

2.2.2. Ethidium bromide displacement assay

Ethidium bromide (EB) is a planar cationic dye with phenanthridine
ring, which shows the enhanced fluorescence in the presence of DNA
due to strong interactions between adjacent DNA base pairs via inter-
calative binding [99]. Compounds being stronger intercalators are able
to displace ethidium bromide leading to decrease or quenching of the
fluorescence emission.

Ethidium bromide displacement assay was carried out in PBS buffer
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Fig. 3. Hirshfeld surface mapped with dnom along with hydrogen bonds (a), and 2D fingerprint plots (b) for 1 and 2, together with the relative contributions of
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by keeping [DNA]/[EB] = 1 ([DNA] = [EB] = 50 uM) and varying the with the increase of the compound concentration, in agreement with
concentrations of the Pt complexes (from 0 to 10 uM). As shown in intercalative interactions of 1-2 with DNA.
Fig. 4, the fluorescence intensity of the EB bound to ct-DNA decreased The complexes showed 18% (for 1) and 12% (for 2) inhibition of the



S. Altmann, et al.

_1.104
~ 150000 | ' T 105
5 —
s 4 -
2 /
g I/ 0 2 4 6 8 10
/
£ 100000 / Coompouna (HM)
@
o
C
(9]
(5]
(73
2 50000
(=}
3
w
0 T T 1
600 700 800

Wavelength (nm)

1

Journal of Inorganic Biochemistry 201 (2019) 110809

\

|

|

.05
—~ 150000 - ' \
= o e |
8 y 100
@ 0 - | 4 6 8
£ 100000 | Coompound (M)
E
o
[}
1~
[
[}
(2]
g 50000 -
]
w
0 T T 1
600 700 800

Wavelength (nm)

2

Fig. 4. Emission spectra (Aex = 510nm) of EB-DNA in PBS buffer in the absence and presence of 1 and 2 (0-10 pM). The inset shows the Stern-Volmer plots for

corresponding complexes.

EB-DNA fluorescence. The quenching constants of the Pt(II) complexes
were calculated wusing Stern-Volmer equation [100-102]: Iy/
I =1 + Kgy[Q], where I, and I are the intensities of fluorescence in the
absence and presence of the complex, and [Q] is the concentration of
the complex. The linear Stern-Volmer quenching constant Kgy is given
by the ratio of the slope to the intercept in the Iy/1 versus [Q] plot. The
apparent binding constants K., were calculated using equation:
Kapp[Q1,2] = Kgg[EB] [103], where [Q;,2] is the concentration of the
quencher causing 50% reduction in the fluorescence intensity of the
EB-DNA system, Kgg = 1x10’ M~ ! and [EB] = 5x 107> M.

Kapp for complex 1 is 7.42 x 10°M ™" and 7.17 x 10°M ™" for 2.
These value is only slightly changed with 0.1 M NaCl (7.51 x 10° for
complex 2) (Fig. S14), displaying low role of ionic strength on the
nature of binding. This may suggest that the external electrostatic type
of binding of the Pt compounds can be ruled out, but the results should
be taken with caution, since the quenching of EB-DNA fluorescence by
mechanism other than intercalation is still possible.

2.2.3. Reaction with 9-Ethylguanine (9-EtG)

To gain further insights into the binding mode of platinum com-
plexes 1-2, particularly to assess whether they are able to bind DNA
covalently besides intercalation, a high resolution mass study of their
reactions with the model nucleobase 9-ethylguanine (9-EtG) was per-
formed. Since Pt(II) belongs to the group of soft metal ion, platinum(II)
compounds are known to bind preferentially to the nitrogen atoms on
purine nucleobases, while binding to the sugar moiety of nucleosides is
unlikely to occur. In double-stranded DNA, only N3 and N7 nitrogen
atoms are not involved in Watson-Crick hydrogen bonds. However, due
to the fact that N3 is sterically hindered, mainly N7 is available for
coordination to Pt(II) ion. Therefore, in 9-EtG, the sugar moiety at
position N9 of a purine is replaced by an alkyl group, while N3 and N7
positions remains free, which makes it a good model for evaluating the
binding mode of Pt(II) complexes 1-2 to DNA.

The examined complexes were incubated with 9-EtG in DMSO over
a period of 4h and afterwards they were analyzed by high resolution
electrospray ionization mass spectroscopy (ESI-HRMS). The character-
istic feature of isotopic peaks distribution of complex 1, located at
about 514 m/z, is mainly due to the presence of both platinum and
chloride atoms. Mass spectra of the product, derived from incubation
with 9-EtG, showed formation of the platinated complexes. In this case,
the m/z peaks of the 9-EtG-Pt(II) adducts correspond to the loss of the
triflate group and chloride atom and the gain of an additional positive
charge (z = 2), which causes that the peaks are located at the values
corresponding to half of the mass of the adducts. Indeed, as reported in

Fig. 5, the measured m/z values at around 342 and isotopic peaks
distribution suggest that the cluster is formed by ions CoyHo3NgOPE? T,
corresponding to the 9-EtG bound to 1 after removal of both counter-
ions. Similarly, in the case of the reaction of 2 with 9-EtG, in the mass
spectrum shown in Fig. 5, the measured m/z values corresponding to
cluster derived from C,,H,3NgOPt?* ions can be observed. However,
for the quantitative analysis of covalent adducts, the more detailed
studies are required.

2.3. Biological studies

2.3.1. Cytotoxicity

The cytotoxicities of the Pt(I) complexes 1-2 against HCT116,
HCT116p53-/- (colon), Me45 (melanoma), A549 (lung), MCF-7 (breast)
and Hela (cervical) cancer cells and three normal ones were de-
termined using an assay based on the conversion of MTS (3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) into formazan by metabolically active living cells, and
they were compared with the cytotoxicities of [PtCl(terpy)](SO3CF3)
and cisplatin used as standard anticancer drug. The half maximal in-
hibitory concentration (ICsp) with SD (standard deviation) were de-
termined from the dose-dependence of surviving cells after exposure to
platinum(II) complexes for 72h (Fig. S15) using GraphPad Prism 6.05
software (Table 1). In general, for the compound 2, the ICsy values
towards all the cancer cell lines are in the low micromolar range.
Compound 1 shows ICso > 10puM and is equally cytotoxic in non-
malignant cells. For all the cancer cell lines except HeLa, the com-
pounds 1 and 2 are more active than [PtCl(terpy)](SO3CF3) and cis-
platin, and 2 is much more cytotoxic compared to 1 demonstrating
crucial role of the position of the nitrogen atom in the pendant sub-
stituent. Against A549 cells, 2 is over 4 times more effective than 1 and
cisplatin. At the same time, the selectivity index of 2 is ~60-80 times
higher than that for 1 and cisplatin.

For HeLa cells, cisplatin was found to be more active than 1 and
[PtCl(terpy)1(SO3CF3), while the cytotoxicity of 2 was comparable to
cisplatin. The striking difference between 2 and cisplatin against HeLa
cells concerns the selectivity index, which is ~15 times higher in the
case of 2. To get a deeper insight into the mechanisms underlying the
loss of viability under treatment of 2, a more detailed investigation was
performed for this compound.

2.3.2. Impact on actin cytoskeleton and cell morphology
It is known that actin cytoskeleton plays a crucial role in main-
taining cell shape, as well as it affects the cell adhesion and motility
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[104,105]. To assess the influence of 2 on the actin cytoskeleton in-
tegrity and cell morphology, F-actin staining was used. The control cells
exhibited the shape typical for A549 line, and actin cytoskeleton with
well-developed stress fibers and multiple focal adhesions was clearly
visible (Fig. 6c, g, j, n, p). In the population of the cells treated with 2
for 3h, the elongated cells (Fig. 6a) and contracted cells with con-
densed cytoplasm, indicative for some features of apoptosis (Fig. 6b),
appeared among the cells with normal morphology. Similar alterations
were visible in the case of 6-h treatment, but cells of elongated shapes
(Fig. 6d) or showing shrinkage (Fig. 6e) seemed to be much more fre-
quent. The elongated cells, despite the altered morphology, preserved
roughly normal actin cytoskeleton with distinct bundles of microfila-
ments (Fig. 6a, d, h, i, k), whereas the shape of the contracted cells with
condensed cytoplasm was more rounded and microfilaments were
poorly visible (Fig. 6b) or almost completely depolymerized (Fig. 6e).
For longer 24-h and 48-h treatment, only elongated cells, sometimes
with long cytoplasmic tails (Fig. 6h, k, arrows), were present in the cell
population. On the other hand, the vast majority of the cells exhibited
normal morphology and correct actin cytoskeleton organization in the
case of 72-h treatment (Fig. 6n, 0).

Table 1

To sum up, the tested compound 2 has shown to have the biggest
impact on cell morphology in the case of 6-h treatment, leading to the
changes in cell morphology, but without triggering direct depolimer-
ization of actin microfilaments.

2.3.3. Cell cycle

The cytometric cell cycle analysis was performed on a A549 cells
treated with the compound 2 at ICs, dose for a maximum of 96 h, and
the cells were harvested at appropriate times (1, 3, 6, 12, 24, 48, 72 and
96 h). In parallel, the analysis was carried out against a non-synchro-
nized control A549 cells. It resulted in standard histograms with three
cellular fractions: GO/G1 for diploid cells (2n); S for DNA replication
and G2/M for mitotic cells (4n). In comparison to the control A549
cells, the treated cells kept their cycle unchanged during the first 3 h,
and from that point they responded with GO/G1 inhibition. A strong
cycle block in the GO/G1 phase lasts up to the end of the observations.
For better visualization of the cell cycle arrest and showing GO/G1
fraction domination, the G1/G2 ratio was calculated across the time-
points 1-96 h (Fig. 7).

Statins-like drugs (cyto-statins) effectively influence cell cycle, both

Cytotoxicity of the studied compounds towards cancer cell lines and normal cells determined by the MTS assay and presented as the ICso value with SD (the
incubation period of 72h). The selectivity index (SI) was calculated as sum of ICs, mean values for NHDF, BEAS-2B and GM07492 cells/mean ICs, value for a

particular cancer cell line and marked with *. *Data from ref. [42].

Compound
1 2 [PtCl(terpy)1(SO5CF3) Cisplatin
Cancer cells HCT116 [uM] 30.92 = 10.40 4.49 = 0.34 45.74 + 2.52 20.30 + 2.80%
*0.69 *67.14 *1.27 *0.88
HCT116p537/7 [uM] 20.39 = 2.08 4.21 = 0.28 62.19 = 2.73 31.99 + 5.82%
*1.04 *71.65 *0.93 *0.56
Me45 [uM] 29.48 + 4.72 9.02 = 1.05 120.30 + 6.82 11.50 = 0.84
*0.72 *33.43 *0.48 *1.55
A549 [uM] 11.33 = 2.78 2.64 = 0.73 > 50.00 12.82 + 0.99%
*1.87 *114.33 *1.16 *1.39
MCF-7 [uM] 8.34 = 2.58 4.60 = 1.24 49.42 = 50.90 14.99 + 2.09*
*2.54 *65.54 *1.18 *1.19
HeLa [pM] 77.69 * 16.37 20.56 + 2.58 83.17 + 4.28 19.02 = 2.00
*0.27 *14.66 *0.70 “0.94
Normal NHDF [uM] 28.86 = 2.90 126.80 = 48.24 43.71 = 5.90 12.31 * 1.51%
cells BEAS-2B [uM] 7.44 = 1.34 4.32 = 0.98 80.91 + 8.74 12.46 + 1.15%
GM07492 [uM] 27.35 + 6.78 773.00 = 353.60 > 50.00 28.75 + 3.68
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control
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Fig. 6. Actin cytoskeleton organization and cell morphology in the populations of cells treated with 2. F-actin shown in green and DNA - in blue; long cytoplasmic
tails sometimes visible in cells treated with 2 are marked by white arrows; cells during division are marked by white arrowheads; scale = 25 um. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cell cycle inhibition after compound 2 at ICs, dose treatment. Ratio of G1/G2 express a blockade in cell cycle at GO/G1 phase, cells are mainly presented as
mononuclear (diploid cells = 2n) and didn't proceed cell cycle to S or G2/M phase, respectively.
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Fig. 8. Cell cycle after compound 2 at ICs, dose treatment. Flow cytometry measurements from each time-points collected A549 cells with sub-fraction distributions

after DNA-content analysis in control (a) and treated cells (b).

on the interphase (mono-nucleated cells at phase GO/G1 or DNA re-
plicated phase S) or mitosis (bi-nucleated cells at phase G2/M), what
means arrest of the cell cycle progression at check-points level and
blockade at the specific stage of cells division process. Some of the
statins block the cell cycle at GO/G1 stage, and during cell cycle ana-
lysis mostly mono-nucleated cells are observed. After A549 cells
treatment with compound 2 at ICsq dose, the phase of GO/G1 was not
dominated during the observation. Compared to the untreated controls
(Fig. 8), however, the S and G2/M phases decreased, indicating arrest of
the cell cycle. Ratio of G1/G2 phases at each time-point relative to the
controls confirms the inhibitory effects of 2 on A549 cell cycle (Figs. 7
and 8). As a consequence, an S-phase un-propagation and G2/M phase
decrease are observed. The DNA replication (S-phase) could not be
propagated without earlier and effective DNA repair.

2.3.4. Apoptosis analysis

Additional apoptosis analysis, followed by fluorescein iso-
thiocyanate (FITC) -conjugated Annexin V antibody and propidium
iodide (PI) staining, allowed us for cytometric cells observations and
simultaneous discrimination of normal (Annexin V negative and PI
negative), early-stage of apoptotic (Annexin V positive and PI negative),
late apoptotic (Annexin V positive and PI positive), and necrotic (An-
nexin V negative and PI positive) cells. Addition of 2 in an ICsy dose to
A549 cells did not result in changing the dead cell population relative to
its proportion in the untreated cells, determined by Annexin V apop-
tosis assay (Fig. 9a and b). Neither pro-apoptotic nor pro-necrotic ef-
fects were observed in A549 cells treated with 2, which was also evi-
denced by cytometric measurements for mass and mitochondrial
potential. Canonical apoptosis pathway was not induced, so the
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Annexin V apoptosis assay in A549 cells treated with
compound 2
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Fig. 9. Cellular death after treatment by 2 at ICso dose, during long term observations by Annexin V apoptosis and PI necrosis assay of control (a) and A549 treated

cells (b).

compound 2 seems to be ideal cytostatic agents, with pro-oxidative
(Fig. 9) and anti-proliferative activity (Figs. 7 and 8).

2.3.5. Impact on mitotic index and presence of micronuclei

In order to check if the mitotic blockage takes place in A549 cells
treated with the 2 mitotic index was quantified. The analysis showed
that the percent of the dividing cells is generally lower in the case of the
treated cells (Fig. 10). The difference in mitotic index between the
treated and control cells was especially pronounced in the case of
treatments lasting 6h and 48h, with the statistical significance
p < 0.005 and p < 0.05 respectively. As shown by the phase indices
(Table 2), in the case of 6-h treatment, significantly less cells in meta-
phase and anaphase/telophase was scored, whereas for 48-h treatment,
statistically significant differences were obtained for prophase/prome-
taphase. These results confirmed that the compound 2 does not block
cells during cell division, but rather inhibits the cell cycle before mi-
tosis.

The morphological cell analysis revealed the presence of small

chromosome fragments in the dividing cells treated with 2 (Fig. 6f,
arrowheads). In the next stage, such microstructures can form micro-
nuclei, which are commonly known as indicators of genotoxic agents
[106,107]. To assess the potential genotoxicity of 2, a more systematic
analysis of the micronuclei was performed. It showed that the number
of cells with micronuclei was generally higher for the treated cells than
the control ones (Fig. 11). The difference was especially prominent for
6-h treatment, for which the cells with one or two micronuclei were
much more frequent compared to the control population. It is also
worth mentioning that the cells with three or more micronuclei were
never observed in the control population, whereas they occurred among
treated cells after 6-h and 48-h treatment (Fig. 11). Therefore, it can be
supposed that the compound 2 affects the genetic materials of the cells.

2.3.6. Analysis of the level of reactive oxygen species

The intracellular ROS level was determined using 27,7’-di-
chlorodihydrofluorescin diacetate (DCFH-DA) for the control A549 cells
and those treated with 2 at an ICs, concentration. DCFH-DA becomes a

Ecompound 2 @ control

4
= *
8 %k
(8]
Q27
=
=

1 4

0 -

3 6 24 48 72
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Fig. 10. Mitotic index in the populations of cells treated with 2. Statistically significant differences are marked by asterisks (*-p < 0.05; **-p < 0.005; chi-square

test).
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Phase indices in the populations of cells treated with 2. Asterisks mark the values which were significantly lower in the treated cells in comparison to control cells (* -

p < 0.05; ** - p < 0.005; chi-square test).

Time (h) Phase index (%)
Prophase/prometaphase Metaphase Anaphase/telophase
Treated Control Treated Control Treated Control
3 0.17+¢ 0.85 0.94 1.33 0.94 0.76
6 0.38 0.55 0.19* 0.78 0.09* 0.71
24 0.28 0.44 0.46 0.95 0.64 0.66
48 0.17* 0.88 0.83 0.99 0.44 0.58
72 0.63 0.81 0.70 0.94 0.42 0.47

highly fluorescent probe upon deacetylation by intracellular esterases
and oxidation by ROS. It can be detected by fluorescence spectroscopy
with excitation/emission at 495nm/529 nm, and it is a quantitative
method for oxidative stress assessment, mainly hydroxyl, peroxyl and
other ROS activity within the cell.

Addition of compound 2 at ICso dose influenced a ROS production
in A549 cells during long-term observations (1-96 h). Physiological
level of ROS in the control cells comes mostly from oxidative phos-
phorylation in mitochondria, B-oxidation of lipids, proteins peroxida-
tion in proteasomes and other endogenous cellular processes. Addition
of any external stimulators, such as pro-oxidative drugs, impacts the
sensitive oxidative homeostasis in the cells. A slight increase (116%) in
the production of free radicals in the cells treated with 2 begins in the
third hour of incubation and reaches a maximum value after 6h
(296%). This ROS overproduction and oxidative stress lasted up to 12h
(138%). All that ROS accumulations may result from oxidative and
toxic effects of the tested compound, which displayed a direct and pro-
oxidative activity at ICso dose (Fig. 9). Microscopic observations and
cell cycle analysis for control and treated cells revealed that the com-
pound 2 leads to chromosomes and DNA damage with micronuclei
accumulation, and G1 cell cycle arrest (Figs. 7, 10, 11). After 24 h, the
oxidative stress in the treated cells was silenced, and the ROS produc-
tion was suppressed below the control cells (42%). Another, secondary
ROS burst was recorded at the 72 h incubation. It could be an effect of
cell cycle arrest, which is still observed even up to 96 h (Fig. 12).

2.3.7. The mass of mitochondria and the mitochondrial potential A,
To explain the mechanism of cell cycle arrest and ROS production

under the effect of the compound 2, and the fact that the compound did
not cause death by apoptosis or necrosis pathway (lack of higher than in
controls sub-G1 phase on the cell cycle analysis; Figs. 7 and 8), the
analysis of changes in the mitochondrial mass and potential (Fig. 13)
was performed.

The cell multiplies by subjecting to an ordered sequence of events,
during which it first doubles its content and then divides into two new
cells. In most cases, in each cell cycle, cells also multiply their orga-
nelles and macromolecules, using additional time for the growth and
multiplication that the G1 and G2 phases provide. Otherwise, they
would become smaller after each division. Thus, dividing cells must
also coordinate growth with division to maintain their size as well. In
the cells treated with 2, slight oscillations were observed in the mass of
mitochondria. The behavior of cells in the cell cycle and the block in the
GO0/G1 phase indicate that these cells partially began the duplication
process of mitochondrial but through the arrest they were arrested in
this phase (started from 6h), they were not able to significantly in-
crease the number of these organelles. In the first 6 h, the value (125%)
of the mitochondrial mass of cells treated with the compound 2 was
slightly above the control. In 12 to 48 h the number of mitochondria did
not change with respect to control cells (87%-100%), and finally within
72-96 h, the cells increased number of mitochondria (125%-131%).
However, these changes are statistically insignificant. The cell cycle
check-points, and cyclines which stimulated cycline-dependent kinases
(CDKs), are necessary for cell cycle propagation and phases switching.
Although mitochondria are known as autonomic organelles, their pro-
liferation is generally synchronized in time with the main cell cycle.

Despite cell cycle blockade in GO/G1 phase, mitochondria division

@ compound 2

B control

cells with
@ B 1 micronucleus

Cells with micronuclei (%)

Time (h)

N 8 2 micronuclei

£ 3 or more micronuclei

Fig.

10

11. The percent of cells with micronuclei in the populations of cells treated with 2 in comparison to control cells.
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ROS level in compound 2 treated A549 cells
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Fig. 12. Time-dependent ROS production after the treatment of A549 cells with compound 2. Results obtained from three independent experiments in triplicate, and
presented as mean * SD.
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Fig. 13. Time-dependent changes in mitochondrial mass (a) and potential (b) in A549 cells after the treatment of 2. Results obtained from two independent
experiments in triplicate, and presented as mean = SD.
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Fig. 14. Time-depended changing in mitochondrial mass (a) and potential (b) of control A549 and treated cells with 2 at ICs, dose.

is still occurred in A549 cells after addition of 2 (Fig. 13a). Strong cell visualization of subtle changes in mass and mitochondrial potential in
cycle arrest (Fig. 9) and ROS accumulation (Fig. 12) confirm the hy- the treated A549 cells in comparison to the control ones, the raw data of
pothesis that compound 2 is a pro-oxidative with direct (first significant fluorescence [a.u] from flow cytometry analyses were presented

effects at 6 h) and anti-proliferative (cytostatic) activity drug. For better (Fig. 14). Changes between both cells sub-population during long-term
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Gene expression in A549 cells treated with compound 2
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Fig. 15. qRT-PCR array analysis and validation of results. Gene expression analysis in A549 cell line treated with 2 at a ICs, concentration for 12, 24, 48 and 72 h.
The diagram shows log2 ratio for all 6 tested genes (IL-6, IL-8, HR, NER, BER, NHEJ). Results obtained from three independent experiments in triplicate, and

presented as mean + SD.

observations (1-96 h) were rather insignificant and the profiles of mass
and mitochondrial potential were similar after treatment of the com-
pound 2 at ICs, dose.

2.3.8. Molecular mechanism of A549 cells response to treatment

We analyzed expression of six different genes using quantitative real
time polymerase chain reaction (qRT-PCR) analysis. A549 cells were
treated with 2 at a concentration equal to the ICsy, and time of in-
cubation was: 12, 24, 48 and 72 h (Fig. 15). There is a good agreement
between the cell cycle and qRT-PCR results. Interleukin 8 (IL8), whose
expression in tumor cells is large, decreases after 24 h, which causes the
decline of the proliferation ability. We did not observe necrotic effects,
therefore, up or down regulation of interleukin 6 (IL-6) expressions
almost does not exist. We also analyzed genes expression from specific
DNA damage and repair pathways: gene ERCC3 from NER (Nucleotide
Excision Repair); OGG1 from BER (Base Excision Repair); XRCC4 from
NHEJ (Non-Homologous End Joining) and RAD51 from HR (Homo-
logous Recombination). After 24 h, HR, NER and BER were activated,;
expression of marker genes increased, which means that repair path-
ways related to damaged nitrogenous bases (oxidation) and whole
nucleotides (AP-sites) were turned on. There was no activation for the
repair of broken DNA strands (DNA single- or double stranded breaks),
signaling that the expression of genes responsible for repair enzymes
from the NHEJ pathway were not activated. The action of the com-
pound 2 as cytostatic agent, without apoptosis/necrosis activation,
differs from well-known cisplatin, which acts mainly on the S-phase of
cancer cells and inhibits the DNA replication, leading to stop cell pro-
liferation. The compound 2 acted on A549 cells on G1 phase and did
not propagate the cell cycle to next S-phase, that there was no DNA
replication after treatment with 2 at ICso dose. After 72 h, BER was up-
regulated which is correlated with secondary explosion of ROS — most
likely due to oxidative damage of nitrogen bases were still present in
nucleotides. The compound 2 acts as anti-proliferative agent and ef-
fectively blocks the cell cycle, in agreement with measurements of cells
viability by MTS assay, leading to decrease in mitochondrial activity.
The lower viability of cells treated with compound 2 than control cells
resulted from cell cycle arrest, not only from cells death.
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3. Conclusions

The structural, photophysical and biological properties of two Pt(II)
complexes bearing 4’-(2-pyridyl)-2,2":6",2”-terpyridine (4’-R’-terpy)
and 4’-(3-pyridyl)-2,2:6",2”-terpyridine (4’-R*-terpy) were discussed
depending on the pendant substituent and compared with those re-
ported for related [Pt(terpy)Cl]1X and cisplatin. The striking difference
between 1 (with 4-R!-terpy) and 2 (4-R2-terpy) concerns their cyto-
toxicity. Against A549 cells, 2 is almost 4 times more effective than 1
and cisplatin, while the selectivity index of 2 is ~60-80 times higher
than that for 1 and cisplatin.

The compound 2 was found to have the biggest impact on A549
cells morphology in the case of 6-h treatment, leading to the changes in
cells morphology, but without triggering direct depolimerization of
actin microfilaments. The mitotic index indicates that 2 does not block
cells during cell division, but rather inhibits the cell cycle before mi-
tosis. A strong cycle block in the GO/G1 phase starting at 3h on A549
cells treated with 2 was confirmed by the cytometric cell cycle analysis.
Compound 2 has a pro-oxidative effect by strong stimulation of cells for
the production of reactive oxygen species and cytostatic effect, through
cell cycle arrest, but not pro-apoptotic one, as demonstrated by the
cytometric analysis and evaluation of the mitochondrial status. Also, a
decrease of the level of IL8 after 24 h confirms a decrease in the ability
of the cells treated with 2 to proliferate. On the basis of qRT-PCR re-
sults, necrotic effects can be excluded as up-regulation or down-reg-
ulation of IL-6 expression is almost non-existent. The activation of HR,
NER and BER after 24 h indicates that repair pathways associated with
damaged nitrogenous bases (oxidation) and entire nucleotides (AP
sites) are induced.

The mixed nature of the interactions of the test compound with
DNA, through covalent linking and direct intercalation, was also de-
monstrated. This mechanism, as well as the biological effects caused by
2, such as high cytostatic activity and selectivity of action, cause that it
may become an alternative to the classical cisplatin in the future.

4. Experimental
4.1. Materials and methods

All reagents used for the syntheses of the coordination compound
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are commercially available and have been used without further pur-
ification. The [Pt(PhCN),Cl,] starting compound was obtained from
Strem Chemicals Inc. The terpyridine ligands: 4’-(2-pyridyl)-2,2":6%,2"-
terpyridine (4’-R'-terpy) and 4’-(3-pyridyl)-2,2":6’,2"-terpyridine (4'-
R2-terpy) were synthesized according to procedures described pre-
viously in the literatures [80,90,108-110].

Infrared spectra were recorded on a Nicolet iS5 FT-IR spectro-
photometer in the range 4000-400 cm ~ ! using KBr pellets. Electronic
absorption spectra were measured on a Nicolet iS50 UV-VIS-NIR spec-
trophotometer in the range of 600-180 nm in acetonitrile solutions. The
solid state spectra were made for powder samples with use of the
60 mm Spectralon® integrating sphere and the measured reflectance
was set to absorbance. High resolution mass spectrometry (HRMS)
analyses were performed on a Maxis Impact Bruker mass spectrometer
equipped with an electrospray (ESI) ion source and a quadrupole time-
of-flight (Q-TOF) mass analyzer. Analyzed samples were dissolved in
CH3CN. Full-scan MS data were collected from 50 to 1300 m/z in po-
sitive ion mode and the data was calibrated using sodium formate
(Sigma Aldrich). The recorded data were processed using Data Analysis
4.1 software. The 'H and '>C NMR spectra were obtained at room
temperature in CDCl; using a Bruker 500 MHz spectrometer. Elemental
analyses (C, H, N) were performed on a Perkin—-Elemer CHN-2400
analyzer.

The photoluminescence spectra were undertaken on the FLS — 980
spectrophotometer. The room-temperature spectra were prepared in
diluted solutions and solid state (powder). The low-temperature emis-
sion spectra were measured in ethanol:methanol mixture (4:1) frozen-
glass matrix at temperature of liquid nitrogen with Dewar assemble.

The time-resolved measurement was carried out at optically diluted
(0.05 < O0.D < 0.1) solutions at room and low temperature using the
time correlated single photon counting methods (TCSPC) on the FLS-
980 spectrophotometer. Excitation wavelengths were obtained using
the set of picosecond pulsed diodes (EPL-405 nm) or microsecond lamp
as light sources and PMT + 500 nm (Hamamatsu, R928P) in cooled
housing was used as a detector. The system was aligned at the emission
wavelengths. Additionally, for the analysis of a fluorescence decay, an
instrument response function (IRF) was obtained. The IRF contains the
information about the time response of the overall optical and elec-
tronic system. The IRF was designated using Ludox® solution as a
standard at excitation wavelengths.

The quantum yields were examined in solution and solid phase using
integrating sphere direct method. The solvent and Spectralon® reference
standard were used as blanks, respectively in the case of diluted solutions
and powder samples. The compounds were excited with wavelength in
each case corresponding to the obtained excitation bands. The FLS-980
software was used to designate the quantum yield values.

Cyclic voltammetry (CV), differential pulse voltammetry (DPV)
measurements were carried out on the Autolab potentiostat (Eco
Chemie). A three-electrode one-compartment cell was used to contain
the solution of complexes and supporting electrolyte in CH3CN.
Deaeration of the solution was achieved by argon bubbling through the
solution for about 10 min before measurement. The complexes and
supporting electrolyte (n-BuyNPF¢) concentrations were equal to
0.00005 and 0.01 M, respectively. The scan rate was equal to 0.1 V/s. A
glassy carbon disk working electrode (3mm diam.), and an Ag/Ag™
reference electrode were used. All electrochemical experiments were
carried out under ambient conditions.

The experiments involving DNA binding were carried out in
Dulbecco's Modified Phosphate Buffered Saline (PBS, pH 7.4, Sigma-
Aldrich) at 20 °C. Calf thymus DNA (ct-DNA) was obtained from Sigma-
Aldrich. The concentration of ct-DNA was determined by UV absor-
bance at 260nm, with the molar absorption coefficient
€260 = 6600 M~ cm ™! [111]. Solution of ct-DNA in PBS gave a ratio of
UV absorbance Asgo/Azgo Of approximately 1.85, indicating that the
DNA was sufficiently free of protein [112]. The DNA concentration was
measured by using NanoDrop™ 2000/2000c Spectrophotometer

13

Journal of Inorganic Biochemistry 201 (2019) 110809

(Thermo Fisher Scientific™). Stock solution of DNA was stored at 4 °C
for no longer than 4 days before use. Concentrated stock solutions of
metal complexes were prepared by dissolving the complex in 0.1 ml of
DMSO and diluted suitably with PBS buffer to required concentrations
for all the experiments.

The absorption spectra were recorded on a HITACHI U-2900 UV-Vis
spectrophotometer. Absorption titration experiments were performed
by addition of increasing amounts of the ct-DNA solution while keeping
a constant concentration of the compound (25 puM). The mixtures of
compound/ct-DNA were well mixed and immediately measured. The
concentration of the ct-DNA varied from 0 to 3.00 mM. Absorption
spectra were obtained in range 220-500 nm. ESI-HRMS spectra were
recorded on a Mass Spectrometer AB Sciex 4000 QTRAP operated in
positive-ion mode. Fluorescence quenching experiments were carried
out using ethidium bromide (EB) fluorescence displacement assay with
spectra recorded using FLS-980 spectrophotometer. Equimolar amount
(50 uM) of EB solution was added to ct-DNA solution at room tem-
perature, followed by 2h incubation in the dark. The compound was
then titrated into the EB—ct-DNA mixture, well mixed and allowed to
stand for 30 min. The concentration of the complexes varied from 0 to
10 uM. Fluorescence spectra of EB bound to DNA were obtained at
excitation wavelength of 510 nm and emission wavelength of 618 nm.

4.2. Synthesis

A suspension of [Pt(PhCN),Cl,] (0.10 g, 0.21 mmol) in acetonitrile
(10 ml) was treated with an equimolar amount of Ag(CF305S) (0.054 g,
0.21 mmol) dissolved in acetonitrile (5 ml). The reaction mixture was
heated under reflux for 16 h in the dark, the AgCl precipitate was re-
moved by filtration and one equivalent of ligands was added to the
filtrate. The reaction mixture was heated into solvatothermal reactor
under atmospheric pressure for an additional 24 h and then gradually
cooled by another 24 h. The crystals suitable for X-ray analysis were
obtained directly from reaction mixtures.

1: Yield 67%. CyoH;4CIN4Pt, CF503S. Anal. caled: C 36.56% H
2.05% N 8.12% found: C 36.60%, H 2.15%, N 7.99%. HRMS (ESI):
caled for CooHp4CIN,Pt 540.0551 found 540.0559. IR (KBr; cm ™ 1):
3441 V(OH)> 3077 V(ArH)> 1607 V(C=N, C=C); 1477, 1408 d(C—CH out of the
plane)y 1262 Vagso3); 1150 Vic—n; 1095 S(c_cH in the plane); 1030 Vgsoa);
782 S(C—C out of the plane); 661 5(C—C in the plane); 638 6(503)~ lH
NMR (400 MHz, DMSO) § 9.19 (s, 2H, H®?), 8.92-8.89 (m, 3H, H*!
and H®®), 8.84 (d, J = 7.9 Hz, 2H, H**), 8.55-8.47 (m, 3H, H*® and
H?), 8.19 (dt, J=7.8, 1.7Hz, 1H, H®®), 7.98-7.91 (m, 2H, H*?),
7.74-7.68 (m, 1H, H*). '3C NMR (100 MHz, DMSO) § 158.16 (C*®),
154.72 (C®YH, 151.29 (C®3), 151.02 (C*'/C®), 150.97 (CA'/C™),
150.33 (C®Y), 142.61 (C*?), 138.13 (C©), 129.23 (C*?), 126.16 (C°),
126.14 (C*%), 122.83 (C©?), 121.18 (C®?).

2: Yield 72%. C20H14C1N4Pt, CF303S Anal. caled: C 36.56% H
2.05% N 8.12% found: C 36.47%, H 2.22%, N 8.09%. HRMS (ESI):
caled for CooHp4CIN4Pt 540.0551 found 540.0555. IR (KBr; cm™1):
3449 V(oH); 3075V(ArH); 1608 V(Cc=N, C—C)> 1480, 1399 d(C—CH out of the
plane); 1260 Vagso3); 1154 vic—nd; 1097 Sc—cH in the plane); 1031 Vag(sos);
788 S(c—C out of the plane); 657 8—C in the planey; 638 Ssoz). 'H
NMR (400 MHz, DMSO) § 9.32 (s, 1H, H®), 8.92 (s, 2H, H®2), 8.86 (d,
J = 4.5Hz, 1H, H*), 8.65 (d, J = 8.0 Hz, 2H, H**), 8.60 (d, J = 5.4 Hz,
2H, HAY), 8.49 (d, J = 7.9 Hz, 1H, H®®), 8.41 (t, J = 7.8 Hz, 2H, H*®),
7.81 (t, J = 6.6 Hz, 2H, H*?), 7.72 (dd, J = 7.3, 5.1 Hz, 1H, H®®). 3C
NMR (100 MHz, DMSO) § 157.76 (C*®), 154.32 (C®1), 152.12 (C®),
151.16 (CA1), 149.98 (CB3), 148.63 (C®), 142.60 (C*3), 135.24 (C?),
130.39 (C%Y), 129.34 (C*?), 126.05 (C*), 124.22 (C®), 121.51 (CB?).

[PtCl(terpy)](SO3CF3): HRMS (ESI): caled for C;sH;;CIN3Pt
463.0285 found 463.0292. 'H NMR (400 MHz, DMSO) § 8.64 (d,
J=52Hz, 2H, H*), 8.55-8.50 (m, 5H, HA* B2 B3) 844 (1,
J=7.7Hz, 2H, H*®), 7.85 (t, J=6.4Hz, 2H, H*?). 135C NMR
(100 MHz, DMSO) § 158.14 (C*®), 154.24 (C®"), 151.06 (C*"), 142.72
(C13), 142.12 (CB3), 129.21 (C*2), 125.86 (CA%), 124.49 (CB2).
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Table 3

Crystal data and structure refinement.

1

2

Empirical formula
Formula weight

CaoH14CIN4Pt, CF303S
689.96

CaoH14CIN4Pt, CF303S
689.96

Temperature [K] 295(2) 295(2)
Crystal system Triclinic Triclinic
Space group P1 P1
Unit cell dimensions
a [A] 7.8189(3) 7.7706(5)
b [A] 10.9006(4) 10.7776(12)
c [A] 13.7527(5) 14.2210(11)
al’] 106.388(3) 108.343(9)
B[] 95.942(3) 92.338(6)
v [°] 102.559(3) 106.528(8)
Volume [A%] 1080.47(7) 1072.59(17)
Z 2 2
Calculated density 2.121 2.136
[Mg/m?]
Absorption coefficient 6.773 6.823
[mm~']
F(000) 2.121 660
Crystal dimensions 0.24 x 0.17 x 0.06 0.24 x 0.14 x 0.05
[mm]
0 range for data 3.25-29.37 3.34-29.48
collection [°]
Index ranges —-10<h <10, -9<h<10,
-14 <k <13, -14 <k <14,
-18<1<18 -19=<1<18
Reflections collected 19,951 10,349
Independent 5372 5097
reflections [R(int) = 0.0543, [R(int) = 0.0664,
R, = 0.0553] R, = 0.0913]
Data/restraints/ 5372/0/307 5097/0/307
parameters
Goodness-of-fit on F? 1.030 0.997
Final R indices R; = 0.0424, R; = 0.0657,
[I > 20(D)] wR, = 0.1007 wR, = 0.1386
R indices (all data) R; = 0.0624, R; = 0.0954,
WR; = 0.0906 WwR; = 0.1563
Largest diff. peak and 1.341/-0.991 3.075/—-2.629
hole
CCDC number 1915296 1511103

4.3. Crystallography

The crystal of the compound was mounted in turn on a Gemini A
Ultra Oxford Diffraction automatic diffractometer equipped with a CCD
detector, and used for data collection. X-ray intensity data were col-
lected with graphite monochromated MoK, radiation (\. = 0.71073 i\)
at a temperature of 295(2) K, with w scan mode. Ewald sphere reflec-
tions were collected up to 20 = 50.10°. Details concerning crystal data
and refinement are gathered in Table 3. Lorentz, polarization and em-
pirical absorption corrections using spherical harmonics implemented
in SCALE3 ABSPACK scaling algorithm [113] were applied. The struc-
tures were solved by the Patterson method and subsequently completed
by difference Fourier recycling. All the non-hydrogen atoms were re-
fined anisotropically using full-matrix, least-squares techniques. All
hydrogen atoms were positioned in geometrically idealized positions
and were allowed to ride on their parent atoms with U;s,(H) = 1.2 Ueq.
The Olex2 [114] and SHELXS, SHELXL [115] programs were used for
all the calculations. Atomic scattering factors were incorporated in the
computer programs.

4.4. Biological studies

4.4.1. Cell lines

All used cell lines (malignant melanoma Me45, adenocarcinomic
human alveolar basal epithelial cells A549, human breast adenocarci-
noma MCF-7, cervical cancer HeLa, normal human dermal fibroblasts
NHDF, human bronchial epithelial cell line BEAS-2B, normal human
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fibroblasts GM07492) came from the collection obtained from the
Center for Translation and Molecular Biology of Cancers of the Institute
of Oncology in Gliwice. The human colorectal carcinoma cell line
(HCT116) and its variant with knock-out of p53 gene (HCT116p53-/-),
were obtained courtesy of Prof. Marek Rusin. The cells were grown in
Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM F12,
Sigma-Aldrich) which is a widely used basal medium for supporting the
growth of many kinds of mammalian cells. Tumor cell lines were cul-
tured, supplementing the medium with 12% heat-activated fetal bovine
serum (FBS, EURx), while the normal lines were cultured with 15%
non-inactivated serum. The Penicillin-Streptomycin (100x, Sigma-Al-
drich) was used in recommended for application concentration, to
protect cell culture from bacterial contamination. All cells were grown
as monolayer cultures in 75 cm? bottles (Nest Scientific Biotechnology)
and maintained in constant 80% humidity atmospheres and 5% carbon
dioxide concentration at 37 °C (Heracell™ 150i, from Thermo Scien-
tific™). The cells were obtained by trypsynisation with a 0.25% trypsin-
EDTA (Sigma-Aldrich). Trypsin was neutralized by the addition of an
equal amount of culture medium. After centrifugation (1500 rpm for
5min) and deprivation in fresh medium, the cells were counted with
Automatic Cell Counter T'° (Bio-Rad).

4.4.2. The cytotoxicity by the MTS assay

The cytotoxicity of the compounds was determined by the colori-
metric method described in detail in the previous publication [42]. In
this assay, the amount of colored reaction product is proportional to the
number of viable cells. Cells in the exponential growth phase were
seeded into a 96-well plate (NEST Scientific) in 200 ul of complete
medium. Cells were seeded per each well in an amount of: 4 x 102 cells
for HCT116, HCT116p53-/-, HeLa, NHDF and GM 07492, 3 x 102 cells
for MCF-7 and BEAS-2B, 2 x 10° cells for Me45 and 1.5 x 10 cells for
A549. Approximately 24 h after seeding the cells, the compounds were
dissolved in sterile DMSO (Sigma-Aldrich) and then diluted with culture
medium to obtain final concentrations of 0.01 uyM =+ 100 uM and not
exceed the final concentration of 0.3% DMSO. For comparison purpose,
the studies were also performed for Cisplatin, which was prepared ac-
cording to the product protocol. After 72h, the solution of the com-
pound was removed, the plate was rinsed with PBS and 100 ul of DMEM
medium (Sigma-Aldrich) without phenol red was added to each well.
The MTS test was then performed according to the protocol of the
CellTiter 96°® AQueous One Solution Cell Proliferation Assay (Pro-
mega). After 30 min of incubation of cells, the absorbance was mea-
sured using a SYNERGY4 multi-well plate reader (BioTek Instruments,
USA). The number of viable cells was determined with reference to
control cells, not treated with any agent and growing under standard
conditions.

4.4.3. F-actin visualization/cell morphology assessment

A549 cells were seeded in glass bottom p-dish (Ibidi, GmbH) at a
density of 15,000 cells per 35-mm dish in 1 ml of complete medium and
allowed to attach for 24 h. The cells were then treated with 2 (2,5uM
solution in medium) for 3, 6, 24, 48 or 72 h. When the treatment was
completed, the cells were rinsed 3 times with pre-warmed PBS without
Ca?" and Mg?®" and fixed in 3.7% formaldehyde for 10 min. After
rinsing with PBS the cells were permeabilized for 4 min with 0.1%
Triton X-100 in PBS and blocked for 30 min in 1% (w/v) BSA (bovine
serum albumin). Next, cells were incubated with 170 nM Alexa Fluor
488 phalloidin (Invitrogen™) for 30 min at room temperature and then
then rinsed three times with PBS. DNA was counterstained with
Hoechst 33342 (1 pg/ml in PBS, Invitrogen™) for 5 min. After extensive
washing the samples were mounted in Fluoromount (Sigma-Aldrich)
and imaged on Zeiss LSM 780 confocal microscope with Airyscan under
63X or 40 x objectives. 405 nm and 488 nm laser wavelengths were
used to excite Hoechst and AlexaFluor 488 respectively.
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4.4.4. Cell cycle

The A549 cells were seeded at 10* cells per well in 4 ml of complete
medium for 6 wells culture plates. After about 24 h cells were treated
with the compound at a concentration equal to the ICso dose for a
further 1, 3, 6, 12, 24, 48, 72 and 96 h. Next, cells were harvested by
trypsinization, pelleted by centrifugation at 1300 rpm for 5min (in-
cluding cells from old medium), washed three times with sterile PBS
buffer and centrifuged again under the same conditions. Subsequently,
0.5ml of ice-cold 70% ethanol was added to the cells by slowly drop-
ping and gentle shaking. Such fixed cells were stored at —20 °C until
analysis. Before measurement, the cells were centrifuged (1300 rpm,
3 min), rinsed with sterile PBS buffer and centrifuged again. Then, the
supernatant was removed and the cells resuspended in 50 ul PBS and
50 ul RNAse (100 pg/ml). After 15min of incubation, the cells were
stained with propidium iodide (100 ug/ml, Sigma-Aldrich) holding
them in the dark for a further 15min, and finally, the samples were
analyzed using a flow cytometer (Aria III, Becton Dickinson UK).
Fluorescence was measured using a flow cytometer with the PE con-
figuration (547 nm excitation laser line; emission: 585 nm). At least
10,000 cells were analyzed for each sample, recording the DNA content
as a differentiating parameter.

4.4.5. Apoptosis analysis

The number of necrotic and apoptotic cells was also counted using
the FITC Annexin V Apoptosis Detection Kit with PI (Bio Legend). Cells
collected at different times were rinsed twice and finally resuspended in
50 pl of Annexin V Binding Buffer, 2.5 ul of FITC Annexin V and 10 pl
propidium iodide (100 pg/ml). Next the samples were vortexed gently
and incubated for 15min at room temperature (25°C) in the dark.
Before measurement 250 pl of Annexin V Binding Buffer was added to
each tube. The fluorescence of PI (necrotic cells) was detected at con-
figuration for PE channel, and for Annexin V FITC-conjugated antibody
(apoptotic cells) at FITC channel configuration (488 nm excitation laser
line; emission: LP mirror 503, BP filter 530/30).

4.4.6. Mitotic index determination

The samples were prepared similarly as in case of F-actin visuali-
zation with the omission of permeabilization, blocking and incubation
in fluorescent phalloidin and subsequently observed under Zeiss Z1
AxioObserver epifluorescence microscope. Images were captured with
camera AxioCam MRm and Carl Zeiss™ AxioVision Rel. 4.8.2 software.
At least 1000 cells per treatment were scored for the presence of mitotic
figures and micronuclei. Mitotic index (and phase indices) were cal-
culated as the ratio between the number of cells undergoing division (or
in a specific phase of the division) to the total number of cells.
Statistical analysis was performed using the chi-square test.

4.4.7. Analysis of the level of reactive oxygen species

The level of intracellular reactive oxygen species (ROS) was de-
termined using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
(Sigma-Aldrich) and flow cytometry. DCFH-DA diffuses through cell
membranes and then is converted by intracellular esterases into 2’,7’-
dichlorodihydrofluorescein (DCFH). This one in turn, oxidized in the
cytosol by free radicals, becomes a fluorescent compound 2’,7’-di-
chlorofluorescein (DCF) and thus a sensitive marker of oxidative stress.
The level of intracellular reactive oxygen species was determined from
the part of A549 cells incubated with the compound at ICsy con-
centration and harvested at 1, 3, 6, 12, 24, 48, 72 and 96 h. Next the
cells were resuspended in 300 pl of culture medium and 10 pl 2/,7’-di-
chlorofluorescin diacetate (30 uM; Sigma-Aldrich, cat. No292648) and
incubated in the dark for 30 min and 37 °C. After the required time the
cells were centrifuged for 3min, at 4°C and 2500 rpm, washed, re-
suspended in 300 ul of PBS and kept for 15min on ice under dark
conditions. The samples prepared for measurement were stored on ice
and finally analyzed using a flow cytometer (Aria III, Becton Dickinson
UK). At least 10,000 cells were analyzed for each sample. Fluorescence
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was measured using a flow cytometer with the FITC configuration
(488 nm excitation laser line; emission: LP mirror 503, BP filter 530/
30).

4.4.8. The mass of mitochondria and the mitochondrial potential A¥,,

Mass of mitochondria and mitochondrial potential was determined
from the pool of cells incubated with the compound 2 at ICsy con-
centration and then harvested in appropriate times. The mass of mi-
tochondria in cells was evaluated using the fluorescent dye 3,6-bis(di-
methylamino)-10-nonyl-acridinium bromide (NAO, Invitrogen™) that
binds to the mitochondria. Each sample (300 ul) was incubated for
20 min at 37 °C with 100 nM NAO solution. In order to determine the
change in mitochondrial potential AW, the tetramethylrhodamine
ethyl ester perchlorate (TMRE, Sigma-Aldrich) specifically bind to the
inner side of the mitochondrial membrane was used. Cells (300 ul) were
incubated for 20 min at 37 °C with 50 nM TMRE solutions. The samples
were then centrifuged, resuspended in PBS and analyzed by flow cyt-
ometer. Fluorescence for mitochondrial potential was measured using a
flow cytometer with the PE configuration (547 nm excitation laser line;
emission: 585 nm). Configuration for mitochondrial mass was set as for
the FITC channel (488 nm excitation laser line; emission: LP mirror 503,
BP filter 530/30), respectively.

4.4.9. RNA isolation

The RNA isolation was performed using GeneMATRIX Universal
RNA Purification Kit (EURx) following the manufacturer's protocol,
from samples collected at a different time points (3, 6, 24, 48 or 72h)
from cells incubated with ICs, dose of tested compound. RNA was
quantified by absorbance, measurement at 260 nm using a NanoDrop
2000 spectrophotometer (Thermo Scientific), where quality and
amount of isolated RNA were specified.

4.4.10. Reverse transcription

The A549 cells were incubated with the compound 2 at a con-
centration equal to the ICsq or with DMEM F12 (control) for a different
time: 12, 24, 48 and 72h. In the next step, cells were trypsinized,
washed with PBS and stored at —20°C until RNA isolation. Equal
amount of obtained total RNA from each sample was reverse-tran-
scribed into ¢cDNA using NG dART RT kit (EURx) and C1000 Touch
Thermal Cycler (Bio-Rad), within producer protocol. Obtained cDNA
were stored at —20 °C. Prior real time PCR reaction adequate samples
of cDNA solutions were prepared using RNase free water (EURx).

4.4.11. Quantitative real time polymerase chain reaction (QRT-PCR)

The qPCR was performed using SG qPCR Master Mix (EURx) ac-
cording to the producer protocol. 5 g of total RNA was used for cDNA
synthesis (25 pl total volumes). ct-DNA was diluted 100-fold and 6-ul
aliquots were used for Real-Time PCR performed on CFX96 Real-Time
System (Bio-Rad) within reaction profile: 4 min at 95 °C; 54 cycles of
30s at 95°C; 30s at 56 °C; and 30s at 72 °C; final melting curve at
52-92 °C (every 0.5 °C at 5 s). Set of primers (Genomed; Poland) for IL-6
and IL-8 amplification, and genes from DNA damage and repair
pathway: ERCC3 (NER; Nucleotide Excision Repair), OGG1 (BER; Base
Excision Repair) and XRCC4 (NHEJ; Non-Homologous End Joining)
were chosen (2 pM per each reaction/well). For genes expression nor-
malisation reference gen of RPL41 from ribosomal subunit was used.
Sequences of set of primers: IL-6 reverse: 5-~AGATCACCTAGTCCACC
CCC-3’; IL-6 forward: 5-GTTCTGCCAAACCAGCCTTG-3’; IL-8 reverse:
5’-ACCAAGGCACAGTGGAACAA-3’; IL-8 forward: 5-GGTGCAGTTTTG
CCAAGGAG-3’; ERCC3 (NER) reverse: 5-CTTGTCCTTGGCATCGG
AGG-3; ERCC3 (NER) forward: 5-GCTGGAAAGTCCCTGGTTGG-3’;
BER (OGG1) reverse: 5-CCTGACAGCACCGCTTGG-3’; BER (OGG1)
forward: 5-CTGCATCCTGCCTGGAGTGG-3’; NHEJ (XRCC4) reverse:
5’-CCCAGTCCATGCTGAATGACC-3’; NHEJ (XRCC4) forward: 5’-CGGA
AGTAGAGTCACGGAGAGG-3’; RAD51 (HR) reverse: 5-CACACATCCA
AATGCCAGTGC-3’; RAD51 (HR) forward: 5-GAAGTGGAGCGTAAGC
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CAG-3’; RPL41 (reference) reverse: 5-ACGGTGCAACAAGCTAGCGG-3;
RPL41 (reference) forward: 5-TCCTGCGTTGGGATTCCGTG-3'".

The calculation of standardized value of relative gene expression
level in an unknown sample, in relation to control, is performed in
accordance with the formula R = 222" and results presented as log2
(where, value 0 means any changes in gene expression; —1 down-
regulation; +1 up-regulation) [116]. Results obtained from three in-
dependent experiments in triplicate, and presented as mean + SD.

Abbreviations
3MC triplet metal-centered excited state

4 R'-terpy  4-(2-pyridyl)-2,2:6’,2”-terpyridine
4"R>terpy 4-(3-pyridyl)-2,2:6,2”-terpyridine

9-EtG 9-ethylguanine

A549 non-small lung adenocarcinoma cells
BEAS-2B human bronchial epithelial cells
BER Base Excision Repair

BSA bovine serum albumin

CDKs cycline-dependent kinases

COSY 2D NMR correlation spectroscopy
ct-DNA  calf thymus DNA

Ccv cyclic voltammetry

DCF 2’,7’-dichlorofluorescein

DCFH 2’,7’-dichlorodihydrofluorescein

DCFH-DA 2’,7’-dichlorodihydrofluorescein diacetate
DMEM  Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12

DMSO  dimethyl sulfoxide
DPV differential pulse voltammetry
EB ethidium bromide

ESI-HRMS high resolution electrospray ionization mass spectroscopy
FITC fluorescein isothiocyanate

FT-IR Fourier transformed infrared spectroscopy

GMO07492 normal human fibroblast cells

HCT116 human colon cancer cell line

HCT116p53-/- human colon cancer cell line with p53 gene silenced

HeLa human cervical cancer cell line

HMBC  heteronuclear multiple bond correlation 2D NMR spectro-
scopy

HMQC  heteronuclear multiple quantum correlation 2D NMR spec-
troscopy

HR Homologous Recombination

ICso half-minimal inhibitory concentration

IL intraligand transitions

IL-6 interleukin 6

IL-8 interleukin 8

IRF instrument response function

MCF-7  breast cancer cells

Me45 malignant melanoma cell line

MLCT  metal-to-ligand charge transfer transitions

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium

NER Nucleotide Excision Repair

NHDF  Normal Human Dermal Fibroblasts

NHEJ Non-Homologous End Joining

NMR nuclear magnetic resonance spectroscopy

PBS phosphate buffered saline

PI propidium iodide

gqRT-PCR quantitative real time polymerase chain reaction

Q-TOF  quadrupole time-of-flight mass spectrometry analyzer

ROS reactive oxygen species

SD standard deviation

SI selectivity index

TCSPC  time-correlated single photon counting

Terpy 2,2":6%,2”-terpyridine

UV-Vis ultraviolet-visible spectroscopy
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