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The synthesis, spectroscopic characterization, cytotoxic activity and DNA binding evaluation of seven new
dinuclear platinum(i) complexes Pt1-Pt7, with the general formula [{Pt(L)Cl},(p-1,5-nphe)l(ClO4), (1,5-
nphe is 1,5-naphthyridine; while L is two ammines (Pt1) or one bidentate coordinated diamine: ethylene-
diamine (Pt2), (+)-1,2-propylenediamine (Pt3), trans-(+)-1,2-diaminocyclohexane (Pt4), 1,3-propylenedi-
amine (Pt5), 2,2-dimethyl-1,3-propylenediamine (Pt6), and 1,3-pentanediamine (Pt7)), were reported.
In vitro cytotoxic activity of these complexes was evaluated against three tumor cell lines, murine colon
carcinoma (CT26), murine mammary carcinoma (4T1) and murine lung cancer (LLC1) and two normal cell
lines, murine mesenchymal stem cells (MSC) and human fibroblast (MRC-5) cells. The results of the MTT
assay indicate that all investigated complexes have almost no cytotoxic effects on 4T1 and very low cyto-
toxicity toward LLC1 cell lines. In contrast to the effects on LLC1 and 4T1 cells, complexes Ptl and Pt2
had significant cytotoxic activity toward CT26 cells. Complex Ptl had a much lower ICsq value for activity
on CT26 cells compared with cisplatin. In comparison with cisplatin, all dinuclear Pt1-Pt7 complexes
showed lower cytotoxicity toward normal MSC and MRC-5 cells. In order to measure the amount of plati-
num(i) complexes taken up by the cells, we quantified the cellular platinum content using inductively
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platinum centers which are linked through a flexible bridge
such as an aliphatic chain,® or a rigid bridge that consists, for
instance, of azole molecules.” Some of the azole-bridged
dinuclear platinum(u) complexes are highly effective in vitro in
cisplatin-resistant cell lines, as well as in several tumor cell
lines.”'® The development of research in this area was driven
by the hypothesis that complexes with distinctly different
DNA-binding mechanisms may exhibit unique biological
activity in comparison with current mononuclear clinically
used agents."'

DNA molecules play a key role in controlling cellular
functions, and hence is considered an excellent drug target,
most notably for cancer. Reactive ligands form covalent
bonds with DNA (intrastrand and interstand cross-links,
Fig. S17), although in most cases the drugs form non-
covalent association through electrostatic, hydrogen-
bonding and n-=n stacking interactions (groove binding and
intercalation, Fig. $21).">'® The main binding modes for
small molecules are intercalation and minor-groove binding.
The bindings into the minor groove have a significantly
higher DNA sequence selectivity and efficiency,'*'* while
the intercalation is followed by conformational changes of
DNA, due to the formation of a binding cavity,"*'* which is
not required for minor-groove binding. The majority of
intercalating drugs have a preference to GC-rich regions,'*"*
while the drugs bonded into the minor groove show prefer-
ences to binding to AT-rich regions.''®' The proteins
often occupy the major groove, and the biological activity of
these proteins is often determined by minor-groove binding
drugs.'*

Highly-charged polynuclear platinum(u) complexes are a
class of antitumor agents with wide capacity and new manner
of DNA binding (backbone tracking or groove spanning,
Fig. S37),'® structurally distinct from those formed by the
metal complexes and by other organic compounds (Fig. S1
and S27). Recently, another class of dinuclear platinum(u)
complexes with six-membered heterocyclic diazines as the
bridging ligands, [{Pt(L)Cl},(n-pz)]** (L is ethylenediamine
(en), (£)-1,2-propylenediamine (1,2-pn), trans-(+)-1,2-diamino-
cyclohexane (dach), 1,3-propylenediamine (1,3-pd), 2,2-
dimethyl-1,3-propylenediamine  (2,2-diMe-1,3-pd), (+)-1,3-
pentanediamine (1,3-pnd) and pz is the pyrazine bridging
ligand),"®" as well as [{Pt(en)Cl},(p-pydz)]** (pydz is the
bridging pyridazine ligand),”> have been synthesized and
were developed and evaluated in bioassays for further poten-
tial development towards novel anticancer agents. The cyto-
toxic potential of these dinuclear Pt(un) complexes in compari-
son with cisplatin was tested on human lung fibroblasts
(MRC5) and two carcinoma cell lines, melanoma (A375) and
colon cancer (HCT116) by the MTT assay.>* It was found that
[{Pt(1,3-pd)Cl},(u-pz)]** showed improved and [{Pt(en)
Cl},(p-pydz)]** showed comparable activity to that of clinically
relevant cisplatin.>® As a continuation of our ongoing interest
towards the chemistry of platinum(u) with bridging nitrogen-
containing heterocyclic ligands,* in the light of the fact that
polynuclear Pt(n) complexes represent promising antitumor
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agents, in the present paper we report the synthesis and spec-
troscopic characterization of seven new [{Pt(L)Cl},(p-1,5-
nphe)]** complexes (Pt1-Pt7), all differing in the ligand L (L
is two ammines (NH;) Pt1 or bidentate coordinated diamines:
ethylenediamine (en) Pt2, (+)-1,2-propylenediamine (1,2-pn)
Pt3, trans-(+)-1,2-diaminocyclohexane (dach) Pt4, 1,3-propyl-
enediamine (1,3-pd) Pt5, 2,2-dimethyl-1,3-propylenediamine
(2,2-diMe-1,3-pd) Pt6, and 1,3-pentanediamine (1,3-pnd) Pt7,
and 1,5-nphe is the bridging 1,5-naphthyridine ligand)
(Fig. 1). In vitro cytotoxic activity of the Pt1-Pt7 complexes
was evaluated against three tumor cell lines, murine colon
carcinoma (CT26), murine mammary carcinoma (4T1) and
murine lung cancer (LLC1), and two normal cell lines,
murine mesenchymal stem cells (MSC) and human fibroblast
(MRC-5) cells. The uptake of the platinum(u) complexes into
the cells was investigated. The cytotoxicity and cellular
uptake of all these complexes were compared with those of
cisplatin. The binding studies of these complexes with calf
thymus DNA (CT-DNA) were studied by UV-vis absorption and
fluorescence spectroscopy. A molecular docking study is per-
formed to evaluate the potential binding mode of the dinuc-
lear platinum(ir) complexes Pt1-Pt7 and their aqua derivatives
W1-W7, respectively, at double stranded DNA.
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Fig. 1 Schematic drawing of the [{Pt(L)Cl},(u-1,5-nphe)]>* complexes
Pt1-Pt7 (L is 2NHz or a bidentate coordinated diamine ligand: en, 1,2-
pn, dach, 1,3-pd, 2,2-diMe-1,3-pd and 1,3-pnd; 1,5-nphe is 1,5-
naphthyridine).
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Results and discussion

Synthesis and spectroscopic characterization of dinuclear Pt (i)
complexes Pt1-Pt7

Seven new 1,5-naphthyridine-bridged (1,5-nphe) dinuclear
platinum(u) complexes Pt1-Pt7, with the general formula
[{Pt(L)Cl},(p-1,5-nphe)](ClO,),, have been synthesized and
characterized by elemental microanalysis, NMR (*H and *C),
IR and UV-vis spectroscopy (Fig. 1; L is two ammines (NHj;)
Pt1, or bidentate coordinated diamine: ethylenediamine (en)
Pt2, (+)-1,2-propylenediamine (1,2-pn) Pt3, trans-(+)-1,2-
diaminocyclohexane (dach) Pt4, 1,3-propylenediamine (1,3-pd)
Pt5, 2,2-dimethyl-1,3-propylenediamine (2,2-diMe-1,3-pd) Pt6,
and (+)-1,3-pentanediamine (1,3-pnd) Pt7).

Our attempts to crystallize these complexes from their
amorphous powders using different solvents (water, methanol,
acetone, chloroform, and dimethylformamide) were unsuc-
cessful. As can be seen from Fig. 1, all these complexes have
the same 1,5-naphthyridine-bridged ligand, but differ in the
nature of the ligand L. Thus, complex Pt1 contains two amine
(NH;) ligands while in the other six complexes Pt2-Pt7 these
two ammines are replaced with different bidentate co-
ordinated diamine ligands. In comparison with complexes
Pt2-Pt4, all having a five-membered ethylenediamine ring,
complexes Pt5-Pt7 contain a six-membered 1,3-propanedi-
amine ring. The schematic presentation of the reaction for the
synthesis of complexes Pt1-Pt7 is given in Scheme S1.} The
corresponding mononuclear [Pt(L)Cl,] complex was reacted
with an equimolar amount of AgNO; in DMF solution to
replace one chloride ligand with a DMF molecule. To the
monoactivated [Pt(L)CI(DMF)]" species 1,5-naphthyridine
(1:0.5 molar ratio, respectively) was added and resulting
mixture was stirred at room temperature to form the 1,5-
naphthyridine-bridged dinuclear Pt(u) complex. The obtained
solution was evaporated to dryness, and complexes Pt1-Pt7
were obtained as perchlorate salts from water solution in an
excess of LiClO,.

Spectroscopic characterization. The proton chemical shifts
for the free 1,5-nphe ligand and investigated dinuclear plati-
num(u) complexes Pt1-Pt7 in D,O are reported in Table S1.7 In
the aromatic region, the "H NMR spectra of complexes Pt1-Pt7
consist of three sets of resonances attributed to the protons of
the Pt(u)-coordinated 1,5-nphe ligand (C2H and C6H, C4H and
C8H, and C3H and C7H), with the chemical shifts differing
from those of the uncoordinated 1,5-nphe ligand. As can be
seen from Table S1,7 these resonances for the complexes Pt1-
Pt7 are shifted downfield in comparison with those for the
free bridging ligand. The downfield shifting of the protons in
the 1,5-nphe ligand after its platination can be ascribed to a
delocalization of the charge deficiency (cation formation by
Pt(u) coordination) throughout all of the rings in the molecule
as anticipated.>**> Considering all aromatic protons, the sig-
nificant values of the A(*H)coora coordination shifts are +0.68
and +1.81 ppm for all complexes Pt1-Pt7.

It is important to note that the "H chemical shifts for the
aliphatic methyl, methylene and methine protons of the biden-
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tate coordinated ligand L in complexes Pt1-Pt7 are in agree-
ment with those for the structurally similar dinuclear plati-
num(i) complexes previously reported.'"

The *C NMR spectra of Pt1-Pt7 in D,O due to the aromatic
carbons display four distinct signals and are noticeably
different from those of the uncoordinated 1,5-nphe ligand.
Addition of the free 1,5-nphe to the D,O solution of the com-
plexes results in the appearance of another set of >C signals
(Table S17). As a consequence of the Pt(i) complexation of the
investigated 1,5-naphthyridine ligand, signals of all the ring
carbons are shifted downfield after the bidentate coordination
of two equivalent mononuclear platinum(u) units. The chemi-
cal shifts of the methyl, methylene and methine carbons of
the bidentate coordinated diamine ligand L in Pt2-Pt7 are
identical to those for these carbons of the mononuclear
[Pt(L)Cl,] complex which are used as the starting material for
the preparation of the corresponding dinuclear Pt(u) com-
plexes Pt1-Pt7.'%>

The UV-vis absorption spectra of Pt1-Pt7 in water at a con-
centration of 5 x 107> M are shown in Fig. S4.f The wave-
lengths of maximum absorption for these complexes (Amax,
nm) and the molar extinction coefficients (¢, M~ cm™") deter-
mined right after the dissolution of the complexes are listed in
the Experimental section. Similar spectral shapes and values
of the Amax were obtained for all the complexes suggesting the
same coordination mode of 1,5-naphthyridine. The absorption
maxima within a wavelength range of ~316-317 nm have been
observed for all the complexes and attributed to the LMCT
(ligand-to-metal charge transfer) transition. The observed
bathochromic shift of the absorbance peak can be attributed
to the © — n* transitions in the 1,5-naphthyridine ligand after
its coordination to the Pt(u) ion.

The IR spectral data of Pt1-Pt7 complexes are listed in the
Experimental section. The IR spectra of the complexes
recorded in the wave number range of 4000-450 cm™" show
the bands attributable to the vibration of the coordinated
N-heterocyclic aromatic ligand (1,5-nphe), as well as those due
to the bidentate coordinated diamine ligands and perchlorate
counter anion. In addition, the complexes Pt1-Pt7 display two
very strong and sharp bands, which are attributed to the asym-
metric (~3300 cm™') and symmetric (3200 cm™') stretching
vibrations of the coordinated amino group of diamine
ligands.”® The IR spectra of all Pt1-Pt7 complexes show a very
strong band with two sub-maxima at 1174-1080 cm " and a
strong one at ~625 cm ' which can be distinguished and
ascribed to the »(ClO) and §(OClO) modes, respectively, of the
uncoordinated perchlorates.*”

Cytotoxic activity and uptake assays of the platinum(u)
complexes

The results of the MTT assay indicate that all seven newly syn-
thesized dinuclear Pt(u) complexes Pt1-Pt7 have almost no
cytotoxic effect on murine mammary carcinoma cell lines, 4T1
and very low cytotoxicity toward murine lung cancer cells,
LLC1 (Fig. S57). In both cases complex Pt1 exerted the highest
cytotoxic potential, especially toward LLC1 cells. The percen-
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Table 1 ICso (MmM) for the 72 h of action of the Pt(i) complexes and cisplatin on 4T1, CT26, LLC1, MSC and MRC-5 cells, as determined by the MTT
assay. The data are presented as the mean values + SD (standard deviation) from three experiments

Cell lines
Complex 4T1 CT26 LLC1 MSC MRC-5
Pt1 64.5 £9.2 3.3+1.0 18.2 £ 3.1 8.1+1.3 37.0+1.7
Pt2 191.3 + 36.2 42.0+ 7.2 111.7 £ 16.3 121.8 £ 3.1 378.7 4.0
Pt3 523.6 + 83.6 >1000 337.7 £ 56.2 117.6 £ 2.5 310.8 +4.9
Pt4 193.2 £ 39.5 174.9 £ 18.9 119.7 £ 20.0 66.8 + 3.8 93.8+11.4
Pt5 327.2+76.1 >1000 183.8 +21.4 133.5+6.9 198.2 £ 2.5
Pt6 185.7 £22.0 331.0+£92.1 171.4 £22.1 120.0 = 8.2 150.6 £ 3.3
Pt7 186.2 + 31.5 483.5 + 87.6 159.9 +18.5 72.2 +12.8 135.2 +3.9
Cisplatin <7.8 29.1+5.9 <7.8 <7.8 <7.8

tage of viable LLC1 cells after exposure to complex Pt1 and cis-
platin at a concentration of 62.5 pM was similar (Fig. S57).
With respect to cisplatin, all dinuclear platinum(i1) complexes
showed lower cytotoxic effects on the two normal cells, murine
mesenchymal stem cells (MSC) and human fibroblasts
(MRC-5). Analysis of ICs, values also indicates very low cyto-
toxic activity of the investigated platinum(i) complexes on 4T1
and LLC1 cells (Table 1). Complex Pt1 had the highest activity
toward murine colon carcinoma LLC1 (ICs, is 18.2 + 3.1) and
4T1 (ICs is 64.5 + 9.2) cells, but still much weaker compared
with the activity of cisplatin (IC5, < 7.8). In contrast to the
effects on LLC1 and 4T1 cells, complexes Pt1 and Pt2 had sig-
nificant cytotoxic activity toward CT26 murine colon carci-
noma cells. Although complex Pt2, at the lowest tested concen-
trations, had better cytotoxic activity toward murine colon car-
cinoma cells (CT26) in comparison with cisplatin, the ICs,
value for complex Pt2 was higher than the ICs, for cisplatin
(Table 1). However, complex Pt1 had a much lower IC5, value
for activity on CT26 cells compared with cisplatin (Table 1).
Complexes Ptl and Pt2 showed selective activity toward the
tumor cell line CT26 in comparison with murine MSC and
MRC-5 (Table 1). The ICs, value of Pt1 for CT26 cells was 2.5
and 12 times lower in comparison with those for MSC and
MRC-5, respectively. Nearly, the same difference between the
ICs values for CT26, MSC and MRC-5 was found for complex
Pt2 (Table 1).

For the determination of the potential for the induction of
apoptotic death of the tested Pt1-Pt7 complexes flow cytometry
analysis of CT26 cells stained with Annexin V and PI after
exposure to these complexes (concentration 15 pM) for
24 hours was done. Our results indicate that all tested com-
plexes after 24 hours induce the apoptotic death of CT26 cells
(Fig. 2). According to the MTT viability assay, complexes Pt1
and Pt2 had higher cytotoxic effects on CT26 compared to cis-
platin (concentration 15 mM), based on the detection of
Annexin V stained cells.

There are two known pathways by which Pt-based anti-
cancer agents most likely enter the cell: passive diffusion
through the plasma membrane and active transport by a
number of transport proteins.”® The active transport of plati-
num complexes includes, Cu transporters (Ctrs), organic
cation transporters (OCTs), solute carriers (SLCs) and ATP-
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Fig. 2 Representative flow plots showing the percentages of early
apoptotic, late apoptotic and viable CT26 cells after 24 h of treatment
with the platinum(i) complexes (concentration: 15 mM).

binding cassette (ABC) multidrug transporters.*® In order to
measure the amount of dinuclear Pt1-Pt7 complexes and cis-
platin taken up by tumor cells, we quantified the cellular plati-
num content in LLC1 cells using inductively coupled plasma
mass spectrometry (ICP-QMS). The results of six independent
experiments are depicted in Fig. 3 and Table S2.1 All investi-
gated dinuclear Pt(n) complexes showed a higher level of cellu-
lar uptake compared to cisplatin. Complex Pt1 which contains
two Pt(u) units structurally similar to cisplatin along with Pt2

Pt [ug/g]

Pt1 Pt2 Pt3 Pt4 Pt5 Pt6 Pt7 cisplatin untreated
compound

Fig. 3 Cell uptake of Pt1-Pt7 complexes and cisplatin by LLC1 cells
after 2 h of treatment at 37 °C with compounds at 2 uM in DMSO. The
data are shown as the mean values + standard deviations from six inde-
pendent experiments.
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and Pt5 complexes, both containing the five-membered ethyl-
enediamine and six-membered 1,3-propanediamine rings,
respectively, display significantly higher levels (5-9 times) of
the cellular uptake in comparison to those for the other pre-
sently investigated dinuclear complexes. The low cellular
uptake of Pt3, Pt4, Pt6 and Pt7 complexes results from the fact
that ethylenediamine (Pt3 and Pt4) and 1,3-propanediamine
(Pt6 and Pt7) rings have an alkyl substituent which has an
impact on the uptake of the Pt(u) complex into the cell. As
there is no drastic difference in the size of Pt2 and Pt3 com-
plexes (ethylenediamine derivatives), and between Pt5, Pt6 and
Pt7 complexes (1,3-propanediamine derivatives), it is obvious
that the passive transport is not responsible for the differences
in the cellular uptake level of the investigated dinuclear Pt(u)
complexes. Namely, the introduction of alkyl substituents
increases the electron density on chelate rings and the hydro-
phobic area of the complex, but also decreases the flexibility of
the rings. The flexibility of unsubstituted five- and six-mem-
bered rings is due to the rapid ring inversion (ring flipping). A
ring flipping of the substituted diamine rings to the confor-
mation with the axial (or pseudoaxial) substituent is unfavour-
able because of the steric repulsion between the substituents
occupying the axial (or pseudoaxial) positions.*® It is known
that molecular recognition is driven primarily by enthalpic
effects, determined by the formation of specific interactions
between the protein and the ligand, while the entropic effect,
reflected through the ligand flexibility, could compensate the
weaker interactions of these two species.’® In our case, the
greater flexibility of unsubstituted chelate diamine rings
allows a better accessibility of NH, groups for hydrogen
bonding, as well as a greater conformational freedom of the
complexes in contact with biomolecules. This is probably the
reason why the Pt1, Pt2 and Pt5 complexes are bound to a loop
of human serum transferrin, while the remaining complexes
are bound in the area between the two helices (results of the
docking study are shown in Fig. S6 and S77). In addition, the
remaining complexes (Pt3, Pt4, Pt6 and Pt7) are bound close
to Met313, confirmed by NMR as the coordination binding
center of Pt compounds at the N-lobe of the transferrin. The
main function of transferrin is the binding and transport of
metal ions (primarily iron ions) into the cell via receptor-
mediated endocytosis, and the results of the docking study
have shown that small amounts of Pt3, Pt4, Pt6 and Pt7 com-
plexes are coordinated to transferrin, that affect the amount of
complexes entering the cell. On the other hand, the results of
the docking study also point to the similarities in the binding
of these complexes to protein, and it can be considered as a
reason for the similar cellular uptake.

Interaction of the platinum(u) complexes with DNA

Spectroscopic studies. The interaction of dinuclear Pt1-Pt7
complexes with calf thymus DNA (CT-DNA) has been moni-
tored by UV-vis spectroscopy in aqueous phosphate buffer
solution (PBS) at pH 7.40 and 37 °C. The absorption spectra of
dinuclear Pt2 and Pt5 complexes in the absence and in the
presence of increasing amounts of CT-DNA at a constant con-
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centration of the Pt(n) complex are shown in Fig. S8.1 The
obtained results for the other presently investigated dinuclear
Pt(u) complexes are almost identical to those presented in
Fig. S8.1 As is shown in this figure, the absorption intensity of
the dinuclear Pt2 and Pt5 complexes decreased slightly after
the addition of CT-DNA (H% = 5, hypochromism). However,
no change in the absorption wavelength maximum at 317 nm
was observed in the presence of increasing amounts of
CT-DNA. These observations could be attributed to the pres-
ence of electrostatic interactions between the positively
charged platinum(u) complexes and the negatively charged
DNA backbone, which is in accordance with the results
obtained from the molecular docking study performed for the
hydrolyzed Pt1-Pt7 complexes (renamed as W1-W?7, respect-
ively) and double stranded DNA.

The binding of dinuclear Pt1-Pt7 complexes to CT-DNA was
also studied by the fluorescence technique. The emission
spectra of the CT-DNA-EtBr system in the absence and in the
presence of increasing amounts of the platinum(ir) complexes
were measured in 0.01 M in PBS at pH 7.40 and room tempera-
ture. The obtained results presented in Fig. S9f for Pt2 and
Pt5 complexes, respectively, show that the fluorescence inten-
sity of the CT-DNA-EtBr system decreases slightly after the
addition of the platinum(un) complex, which indicates very
weak binding of the investigated platinum(u) complexes to
DNA.

Molecular docking study. Molecular docking is a useful tech-
nique for the prediction of the drug binding mode to DNA
(Fig. S1-S37), although nucleic acids are more flexible than
proteins.?’* In this work, the molecular docking study was
performed to evaluate the potential binding mode of dinuclear
[{Pt(L)(H,0)},(1-1,5-nphe)]** complexes (W1-W7; Fig. 4) which
represent aqua derivatives of the corresponding chloride plati-
num(i) complexes Pt1-Pt7, respectively.

Binding energies of the most stable adducts are in the
range from —8.60 to —10.63 kcal mol™, (Table 2). In the
adducts illustrated in Fig. 4, the hydrogen bonds between the
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Fig. 4 The structures of DNA (pdb code-1BNA) and optimized struc-
tures of dinuclear [{Pt(L)(H,O)}.(p-1,5-nphe)]** complexes (W1-W?7)
which represent the aqua derivatives of the corresponding chloride
platinum(i) complexes Pt1-Pt7, respectively.
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Table 2 Summary of the binding energies (in kcal mol™) and results of
energy decomposition analysis, for dinuclear platinum(i)-aqua com-
plexes W1-W?7 and DNA, as assessed by molecular docking

Decomposition of energy (E. = E1 + E2 +

E3 + E4 — E5)
Model  Total energy
system  (E) E1 E2 E3 E4 E5
Wi —8.60 —2.44 —8.35 +0.59 +2.20  +0.59
W2 —10.63 —2.52 -9.21 +10.63 +1.10 +10.63
W3 -9.14 —2.55 -7.70 +2.29 +1.10  +2.29
Wi -9.33 —3.28 -7.15 +2.22 +1.10  +2.22
W5 -9.38 —3.46 —7.03 +2.45 +1.10  +2.45
W6 -10.27 -3.91 —7.46 +2.74 +1.10 +2.74
W7 -9.47 —-4.77 —6.35 +2.35 +1.65 +2.35

E. - Estimated free energy of binding. E1 - vdW + Hbond + desolv
energy. E2 - Electrostatic energy. E3 - Final total internal energy.
E4 - Torsional free energy. E5 — Unbound system’s energy.

(Pt)-N-H and (Pt)-O-H groups of the metal complex and back-
bone oxygens of DNA (Fig. S10-S137) result in either the
groove spanning or backbone tracking binding mode. The
difference in the binding energies is a result of the different
number of hydrogen bonds, their geometry as well as whether
the (Pt)}-O-H or (Pt)-N-H groups are involved in hydrogen
bonding. However, the results of energy decomposition ana-
lysis (Table 2) show that the electrostatic energy (E2) has a
greater contribution in attraction than the energy of hydrogen
bonding (E1). Namely, there is very strong coulombic attraction
between the positively charged metal complexes (+4) and the
negatively charged DNA backbone. These findings are in agree-
ment with the results of UV-vis spectroscopy, that are attribu-
ted to the presence of electrostatic interactions between the
positively charged platinum(n) complexes and the negatively
charged DNA backbone.

The docking study was also performed for the chloride
Pt(u) complexes Pt1-Pt7, and the results showed that groove
spanning is the most stable binding mode in the majority of
the structures (Fig. S14t), except for the complexes Pt3 and
Pt6, where the minor groove bonding occurs in the most
stable orientation, in the G-C rich region of DNA. The
groove spanning binding mode is strongly favoured, despite
the fact that Pt1-Pt7 complexes are less charged (+2), com-
pared to the corresponding Pt(un) aqua complexes (+4)

(Fig. 5).

DNA binding mode of polynuclear platinum(u) complexes in
relation to the complex structure

It is known that the polynuclear platinum(i) complexes (PPCs)
could be divided into the class of complexes that form covalent
bonds with DNA (such as triplatin tetranitrate, Scheme S2,t
the only “non-classical” platinum-based cytotoxic drug to
enter clinical trials for the treatment of human cancer) and
the class of non-covalently binding complexes, mainly with
substitutionally inert PtN4 coordination spheres.”® The crystal
structure of the DNA adduct with the non-covalently bonded
trinuclear platinum(un) complex (triplatinNC, Scheme S27)
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Fig. 5 The structures of the most stable binding modes of dinuclear
platinum(in) complexes W1-W7 to DNA, as assessed by molecular
docking. These complexes represent the aqua derivatives of the corres-
ponding chloride platinum(i) complexes Pt1-Pt7, respectively.

showed a new binding motif, slightly different from that of the
conventional intercalation and groove binding mode, which is
called a phosphate clamp motif, including the backbone track-
ing and groove-spanning modes.>® The presently reported
results demonstrate this unique phosphate clamp binding
motif of +2 charged complexes, non-covalently bonded to
DNA, also through the groove spanning and backbone tracking
binding modes. Five dinuclear Pt(i) complexes, Pt1, Pt2, Pt4,
Pt5 and Pt7, prefer groove spanning as a binding mode, while
the minor groove bonding is found to be the most stable
binding mode for only two complexes, Pt3 and Pt6. The results
of the docking study on the hydrolysed complexes W1-W7
(aqua derivatives of the corresponding chloride Pt1-Pt7 com-
plexes, respectively) have shown that these complexes have the
tendency to the groove spanning binding mode (except the W7
complex which has a slightly greater tendency to the backbone
tracking binding mode). In our complexes, the replacement of
the central tetraammine unit of triplatin derivatives by 1,5-
naphthyridine did not lead to changes in the binding motif of
the complexes, except that the considered dinuclear Pt(un) com-
plexes show slightly more affinity towards the groove spanning
binding mode.

It is also known that the polynuclear platinum(i) complexes
of biologically important polyamines, spermidine and sper-
mine show a superficial resemblance to triplatin derivatives
(Scheme S27). The incorporation of linear polyamines into the
triplatin polynuclear framework produces a class of poly-
nuclear complexes that replicate the biological activity of tri-
platin derivatives,”*® but with different binding profiles.
Namely, the spermidine and spermine complexes prefer the
formation of long-range inter-strand crosslinks.*”

Earlier studies of dinuclear Pt(n) complexes, with
coordinated polyamines and with the general formula

This journal is © The Royal Society of Chemistry 2018
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[{Pt(NH;);},(u-(H,N(CH,),NH,))]**, showed that metal com-
plexes are significantly more effective initiators of confor-
mational transitions of suitable DNA structures (B — Z and
B — A conformations), compared to uncoordinated sper-
mine.’”*! The groove spanning binding mode displays a
slightly greater influence on the tertiary structure of superhe-
lical and B-DNA, that strongly suggest the condensation of
DNA.*? As a consequence of this, there is a displacement of
intercalated ethidium bromide (EtBr) from the DNA double
helix to the solution, accompanied by a quenching of its fluo-
rescence, and a cooperative facilitation of minor-groove
binding.*? The cooperative binding was explained as a result
of the minor groove expansion caused by phosphate clamps
of a polynuclear platinum(u) complex,®*>>%** while the
quenching of EtBr fluorescence was connected to conden-
sation effects (conformational changes on the tertiary struc-
ture of DNA) that disfavour the intercalation of EtBr. It is also
known that triplatinNC and triplatinNC-A are significantly
more effective condensing agents compared to uncoordinated
spermine.”**> The quenching of the EtBr fluorescence and
groove spanning binding mode, predicted by the docking
study indicates that the binding of our considered platinum
() complexes leads to condensation of DNA.

The triplatinNC-type complexes display a slight preference
to the backbone tracking mode in the G-C rich region of
DNA, while the groove-spanning binding displays slight
affinity for the A-T rich region,*>*>*® The results of the
docking studies have shown that our dinuclear Pt(u) com-
plexes have a higher affinity to groove spanning binding, that
actually occurred in the A-T rich region, while the less
common binding (backbone tracking) is shifted toward the
G-C rich region. Differences in the preferred binding modes
between our complexes and the triplatinNC-type complexes
are caused by the differences in the nature of bridging
ligands. Our complexes have a very rigid bridging ligand,
with an aromatic character (1,5-naphthyridine), while the
central unit of triplatinNC-type-derivatives is a tetraammine
fragment, with a pronounced tendency to electrostatic inter-
actions and hydrogen bonding. Although our complexes
satisfy the structural requirements for the crosslinking of
DNA (contains two Pt-Cl coordination bonds), it is obvious
that the bridging ligand has a decisive role for preference to
the groove spanning binding mode.

Three factors with the greatest impact on the cytotoxicity of
the Pt complexes are cellular uptake, metabolic transformation
of the complexes through the reaction with biomolecules, as
well as the formation of adducts with DNA. Increasing the
positive charge of the polynuclear Pt(u) complex leads to an
increase in the cellular uptake, hence the cellular uptake of
TriplatinNC is significantly enhanced over that of the “parent”
Triplatin.*” The noncovalent binding of TriplatinNC in com-
parison with the coordinative binding of cisplatin is the
reason for the very high cellular uptake. Our results are in line
with this observation, because all tested dinuclear complexes
showed a slightly higher cellular uptake compared to cisplatin.
Replacement of the chloride ligand of Triplatin by -NH; or the
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amine ligand (as in the case of TriplatinNC-A and TriplatinNC)
prevents metabolic deactivation. For this reason, the treatment
of A2780 ovarian carcinoma cells with HSA-bound TriplatinNC
(TriplatinNC/HSA) showed identical cytotoxicity, cellular
accumulation, and DNA adduct formation compared to the
treatment with TriplatinNC alone.”® In contrast, the HSA-
bound cisplatin and Triplatin (cisplatin/HSA and Triplatin/
HSA), showed dramatic decreases of cytotoxic profiles and the
levels of cellular accumulation.*® An in vivo study showed that
TriplatinNC does not covalently bind to serum proteins, due to
its high charge and the absence of a substitution-labile leaving
group, that would allow the complex to undergo the same
types of deactivation reactions as seen with the coordinatively
bound platinum analogues.”® However, TriplatinNC demon-
strated cytotoxic activity in a wide range of human tumor cell
lines, at micromolar concentrations, like cisplatin.’” The bio-
logical action of TriplatinNC-A and TriplatinNC may be associ-
ated with the unique ability of these complexes to induce the
nucleic acid condensation and aggregation of small transfer
RNA molecules, and consequently to the inhibition effects on
topoisomerase-I mediated relaxation of supercoiled DNA.*°
Despite the similar binding modes of our complexes to DNA,
compared to TriplatinNC, the differences in their cytotoxicity
can be attributed to a smaller positive charge of our complexes
(+2) and the presence of chemically active Pt-Cl bonds, that
make our complexes slightly different chemical agents for the
reaction with biomolecules.

Conclusions

In this paper, the synthesis, spectroscopic characterization,
and cytotoxic and DNA binding evaluation of seven new dinuc-
lear Pt(n) complexes Pt1-Pt7, with the general formula
[{Pt(L)Cl},(p-1,5-nphe)](ClO,), (L is two ammines Pt1 or
different bidentate coordinated diamines: en, Pt2; 1,2-pn, Pt3;
dach, Pt4; 1,3-pd, Pt5; 2,2-diMe-1,3-pd, Pt6; 1,3-pnd, Pt7 and
1,5-nphe is 1,5-naphthyridine as a bridging ligand) were
reported. In vitro cytotoxic activity of the complexes was evalu-
ated against three tumor cell lines, murine colon carcinoma
(CT26), murine mammary carcinoma (4T1) and murine lung
cancer (LLC1) and two normal cell lines, murine mesenchymal
stem cells (MSC) and human fibroblast (MRC-5) cells. The
results of the MTT assay indicate that all investigated com-
plexes have almost no cytotoxic effects on 4T1 and very low
cytotoxicity toward LLC1 cell lines. Complexes Pt1 and Pt2
have significant cytotoxic activity toward CT26 cells, compar-
able with cisplatin. The molecular docking study, performed
for the chloride Pt(u) complexes and their aqua derivatives,
showed that groove spanning is the most stable DNA binding
mode in the majority of the investigated complexes. This study
reveals the DNA binding modes of dinuclear Pt(in) complexes
containing an aromatic 1,5-naphthyridine bridging ligand and
helps in further insight into the structure-function paradigm
of platinum(u) antitumor compounds.
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Experimental
Materials and methods

Distilled water was demineralized and purified to a resistance
greater than 10 MQ cm™'. The compounds deuterium oxide
(D,0), ethylenediamine (en), (+)-1,2-propylenediamine (1,2-
pn), trans-(+)-1,2-diaminocyclohexane (dach), 1,3-propylenedi-
amine (1,3-pd), 2,2-dimethyl-1,3-propylenediamine (2,2-diMe-
1,3-pd), (+)-1,3-pentanediamine (1,3-pnd), 1,5-naphthyridine
(1,5-nphe), ethidium bromide (EtBr), calf thymus DNA
(CT-DNA) and K,[PtCl,] were obtained from Sigma-Aldrich
Chemical Co. A stock solution of CT-DNA was prepared in
0.01 M phosphate buffered saline (PBS) buffer (Sigma Aldrich)
at pH = 7.4, which gave a ratio of UV absorbance at 260 nm
and 280 nm (A260/A280) of ca. 1.8-1.9, indicating that DNA
was sufficiently free of protein contamination. The concen-
tration of DNA was determined by UV absorbance at 260 nm
(e = 6600 M~" cm™").>"** Elemental microanalyses for carbon,
hydrogen and nitrogen were performed by the Microanalytical
Laboratory, Faculty of Chemistry, University of Belgrade. All
pH measurements were made at room temperature. The pH
meter (S220 SevenCompact, pH/Ion, Mettler Toledo) was cali-
brated with a buffer solution of pH 4.00 and 7.00. The UV-vis
spectra were recorded on a Shimadzu double-beam spectro-
photometer equipped with thermostatted 1.00 cm quartz
Suprasil cells, after dissolving the corresponding dinuclear
platinum(i) complexes in water, over the wavelength range of
200-600 nm. The concentration of the dinuclear Pt(u) com-
plexes was 5 x 107> M. The infrared spectra were recorded as
KBr pellets on a PerkinElmer Spectrum One spectrometer over
the range 4000-450 cm™'. The 'H and "*C NMR spectra were
recorded on a Varian Gemini 2000 spectrometer (‘H at
200 MHz, *C at 50 MHz) using 5 mm NMR tubes, at 25 °C in
D,O containing TSP (sodium 3-(trimethylsilyl)propionate) as
the internal reference. The chemical shifts are reported in
parts per million (ppm) and scalar couplings are reported in
hertz (Hz). The NMR samples were prepared in D,O as the
solvent and the total volume was 0.6 mL. Fluorescence
measurements were carried out on a RF-1501 PC spectrofluoro-
meter (Shimadzu, Japan). The excitation and emission band-
widths were both 10 nm. The HRMS spectra were measured on
an Agilent 6224 Accurate Mass TOF LC/MS instrument at the
University of Ljubljana.

Synthesis of dinuclear platinum(u) complexes Pt1-Pt7

Dinuclear platinum(i) complexes Pt1-Pt7 were prepared from
the corresponding mononuclear [Pt(L)Cl,] complexes (L is
2NH; (Pt1), en (Pt2), 1,2-pn (Pt3), dach (Pt4), 1,3-pd (Pt5), 2,2-
diMe-1,3-pd (Pt6), and 1,3-pnd (Pt7)) by modification of the
procedure published in the literature.'®*>*>3* The procedure
for the preparation of cis-[PtCl,(NH;),] was described else-
where.”* However, for the preparation of the other mono-
nuclear [Pt(L)Cl,] complexes we used the method which was
slightly modified in accordance with that previously described
in the literature.>*” To the solution of 207.56 mg (0.50 mmol)
of K,[PtCl,] dissolved in 10 mL of water was added 332.02 mg
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(2.00 mmol) of potassium iodide and the mixture was heated
at 50 °C for 5 min. Subsequently, an equimolar amount
(0.5 mmol) of the diamine ligand (L) was added to the
obtained reaction mixture with heating (50 °C) and stirring
continued for 30 min. All [Pt(L)I,] complexes were crystallized
from water at room temperature. The corresponding aqua
derivatives of the [Pt(L)I,] complexes were obtained by treat-
ment with 1.98 equivalents of AgNO; according to a previously
published method.’® The mixture was stirred overnight at
room temperature in the dark. In each case, the precipitated
AgCl was removed by filtration, and in the obtained fresh solu-
tions of the aqua complexes an excess of potassium chloride
was added. The pale-yellow precipitate of the [Pt(L)Cl,] com-
plexes was removed by filtration, washed with methanol and
then ether, and air-dried. The yield was between 80-90%. The
experimental results of the elemental analysis for C, H and N
parameters for all mononuclear Pt(u) complexes are in accord-
ance with the theoretical values calculated for [Pt(L)Cl,] type
complexes.

The mononuclear [Pt(L)Cl,] complexes were converted into
the corresponding monodimethylformamide (DMF) complexes
[Pt(L)CI(DMF)]" by treatment with 0.98 equivalents of AgNO;.
A suspension of [Pt(L)Cl,] (0.30 mmol) in 10 mL of DMF was
added to a solution of AgNO; (49.26 mg, 0.29 mmol) in 5 mL
of DMF. The mixture was stirred overnight at room tempera-
ture in the dark. The precipitated AgCl was removed by fil-
tration and the resulting pale yellow DMF solution of [Pt(L)CI
(DMF)]" was used for further synthesis of the required 1,5-
naphthyridine-bridged platinum(n) complexes.

The DMF solution of 1,5-naphthyridine (10.00 mg,
0.15 mmol) was added dropwise to the solution of [Pt(L)CI
(DMF)]". The mixture was stirred at room temperature in the
dark for 24 h. After the evaporation of the solvent the residue
was washed with ether. The crude product was dissolved in a
minimal amount of 0.5 M LiClO, aqueous solution. The
obtained solution was left overnight in the dark. The pale-
yellow precipitate of the dinuclear Pt(i) complex was removed
by filtration, washed with methanol and then ether, and air-
dried. Yield was between 35-40%. The purity of the complexes
was checked by elemental microanalysis, NMR (*H and **C),
UV-vis and IR spectroscopy.

Anal. caled for Pt1 (CgH,gN¢Cl,O¢Pt,;: FW = 858.23): C,
11.20%; H, 2.11%; N, 9.79%. Found: C, 11.13%; H, 2.19%; N,
9.65%. 'H NMR (200 MHz, D,0, &, ppm): 8.24 (dd, 2H, C3H,
C7H), 9.69 (d, 2H, C4H, C8H), 10.38 (d, 2H, C2H, C6H). *C
NMR (50 MHz, D,0, §, ppm): 130.5 (C3, C7), 147.4 (C4, C8),
147.5 (C4a, C8a), 161.4 (C2, C6). IR (KBr, v, cm™*): ~3299, 3225
(N-H stretch); 1622, 1514 (C=N/C=N 1,5-naphthyridine group
stretch); 1093, 1083, 625 (perchlorate counter ion). UV-vis
(H20, Amax, NM): 317 (¢ = 10.5 x 10> M™' ecm™"). ESI-HRMS
(CH;CN): [[{PtCI(NH;),}»(p-1,5-nphe)]ClO,4]" (m/z = 758.97),
[PtCI(NH;),(u-1,5-nphe)]” (m/z = 395.04), [{PtCI(NHs),}5(p-1,5-
nphe)** (m/z = 328.51), [PtCI(NH;),]" (m/z = 262.98).

Anal. caled for Pt2 (C;,H,,NgCl,OgPt,: FW = 910.31): C,
15.83%; H, 2.44%; N, 9.23%. Found: C, 15.48%; H, 2.56%; N,
8.99%. 'H NMR (200 MHz, D,0, &, ppm): 8.17 (m, 2H, C3H,
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C7H), 9.61 (d, 2H, C4H, C8H), 10.25 (d, 2H, C2H, C6H). *C
NMR (50 MHz, D,0, §, ppm): 129.0 (C3, C7), 141.4 (C4, C8),
147.6 (C4a, C8a), 159.6 (C2, C6). IR (KBr, v, cm™'): ~3280-3197
(N-H stretch); 1631, 1586, 1511 (C=N/C=N 1,5-naphthyridine
group stretch); 1145, 1089, 626 (perchlorate counter ion). UV-
vis (H,0, Amax, NM): 317 (£ = 11.0 x 10° M~' ecm ™). ESI-HRMS
(CH;CN):  [[{Pt(en)Cl},(p-1,5-nphe)|ClO,]" (m/z = 811.00),
[Pt(en)Cl(p-1,5-nphe)]" (m/z = 421.05 [{Pt(en)Cl},(p-1,5-nphe)**
(m/z = 354.03), [Pt(en)Cl]" (m/z = 290.00).

Anal. caled for Pt3 (C;,HpsNeClOgPty,: FW = 938.36): C,
17.92%; H, 2.79%; N, 8.96%. Found: C, 17.73%; H, 2.66%; N,
8.89%. '"H NMR (200 MHz, D,0, 6, ppm): 8.16 (d, 2H, C3H,
C7H), 9.58 (m, 2H, C4H, C8H), 10.22 (d, 2H, C2H, C6H). *C
NMR (50 MHz, D,0, §, ppm): 130.3 (C3, C7), 142.9 (C4, C8),
147.5 (C4a, C8a), 161.0 (C2, C6). IR (KBr, v, cm™'): ~235, 3144,
3068 (N-H stretch); 1590, 1514 (C=N/C=N 1,5-naphthyridine
group stretch); 1105, 1087, 626 (perchlorate counter ion). UV-
vis (HyO, Amax, NM): 317 (¢ = 9.7 x 10> M~" ecm™"). ESI-HRMS
(CH;CN): [[{Pt(1,2-pn)Cl},(p-1,5-nphe)]ClO,]" (m/z = 839.03),
[Pt(1,2-pn)Cl(p-1,5-nphe)]”  (m/z = 435.07), [{Pt(1,2-pn)
Cl},(p-1,5-nphe)** (m/z = 370.04), [Pt(1,2-pn)Cl]" (m/z =
303.02).

Anal. caled for Pt4 (C,oH34NsCl,OgPty,: FW = 1018.49): C,
23.59%; H, 3.36%; N, 8.25%. Found: C, 23.29%; H, 3.42%; N,
8.36%. '"H NMR (200 MHz, D,0, &, ppm): 8.16 (m, 2H, C3H,
C7H), 9.58 (m, 2H, C4H, C8H), 10.23 (m, 2H, C2H, C6H). *C
NMR (50 MHz, D,0, §, ppm): 130.2 (C3, C7), 142.2 (C4, C8),
147.2 (C4a, C8a), 161.7 (C2, C6). IR (KBr, v, cm™'): ~3273, 3231
(N-H stretch); 1595, 1513 (C=N/C=N 1,5-naphthyridine group
stretch); 1170, 1095, 624 (perchlorate counter ion). UV-vis
(H20, Amax, NM): 317 (¢ = 10.5 x 10> M™' em™"). ESI-HRMS
(CH;CN): [[{Pt(dach)Cl},(p-1,5-nphe)]ClO,]" (m/z = 919.09),
[Pt(dach)Cl(p-1,5-nphe)]” (m/z = 475.10), [{Pt(dach)Cl},(p-1,5-
nphe)]** (m/z = 409.07), [Pt(dach)C1]" (m/z = 343.05).

Anal. caled for Pt5 (Cy4H,¢NeCl,O4Pt,: FW = 938.36): C,
17.92%; H, 2.79%; N, 8.96%. Found: C, 17.81%; H, 2.84%; N,
8.85%. '"H NMR (200 MHz, D,0, §, ppm): 8.18 (m, 2H, C3H,
C7H), 9.58 (d, 2H, C4H, C8H), 10.27 (d, 2H, C2H, C6H). *C
NMR (50 MHz, D,0, §, ppm): 130.4 (C3, C7), 142.3 (C4, C8),
148.0 (C4a, C8a), 161.2 (C2, C6). IR (KBr, v, cm™'): ~3241, 3135
(N-H stretch); 1599, 1590, 1510 (C=N/C=N 1,5-napthyridine
group stretch); 1096, 1080, 623 (perchlorate counter ion). UV-
vis (H,0, Amax, NM): 317 (£ = 12.3 x 10> M~' ecm™'). ESI-HRMS
(CH,CN): [[{Pt(1,3-pd)Cl},(p-1,5-nphe)|ClO,]" (m/z = 839.03),
[Pt(1,3-pd)Cl(p-1,5-nphe)]" (m/z = 435.07), [{Pt(1,3-pd)Cl},(p-1,5-
nphe)** (m/z = 370.04), [Pt(1,3-pd)C1]" (m/z = 303.02).

Anal. caled for Pt6 (C,3H3,NCl,O4Pt,: FW = 995.05): C,
21.74%; H, 3.45%; N, 8.45%. Found: C, 21.54%; H, 3.52%; N,
8.69%. "H NMR (200 MHz, D,0, §, ppm): 8.16 (dd, 2H, C3H,
C7H), 9.57 (d, 2H, C4H, C8H), 10.27 (d, 2H, C2H, C6H). *C
NMR (50 MHz, D,0, §, ppm): 130.5 (C3, C7), 142.3 (C4, C8),
148.4 (C4a, C8a), 161.0 (C2, C6). IR (KBr, v, cm™'): ~3255 (N-H
stretch); 1603, 1514 (C=N/C=N 1,5-naphthyridine group
stretch); 1174, 1089, 625 (perchlorate counter ion). UV-vis
(H,0, Amax, nmM): 316 (¢ = 9.0 x 10° M ' cm™).
ESI-HRMS  (CH;CN):  [[{Pt(2,2-diMe-1,3-pd)Cl},(p-1,5-nphe)]
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clo,]" (m/z = 895.10), [Pt(2,2-diMe-1,3-pd)Cl(p-1,5-nphe)]”
(m/z = 463.10), [{Pt(2,2-diMe-1,3-pd)Cl},(u-1,5-nphe)]** (m/z =
397.07), [Pt(2,2-diMe-1,3-pd)Cl]" (m/z = 331.05).

Anal. caled for Pt7 (Ci3H34NClOgPty: FW = 995.05): C,
21.74%; H, 3.45%; N, 8.45%. Found: C, 21.54%; H, 3.52%; N,
8.69%. 'H NMR (200 MHz, D,0, §, ppm): 8.17 (m, 2H, C3H,
C7H), 9.58 (m, 2H, C4H, C8H), 10.23 (m, 2H, C2H, C6H). **C
NMR (50 MHz, D,0, §, ppm): 130.4 (C3, C7), 142.6 (C4, C8),
147.6 (C4a, C8a), 161.1 (C2, C6). IR (KBr, v, cm™'): ~3233 (N-H
stretch); 1595, 1514 (C=N/C=N 1,5-naphthyridine group
stretch); 1093, 1080, 623 (perchlorate counter ion). UV-vis
(H20, Amax, NM): 317 (¢ = 11.0 x 10> M™' ecm™"). ESI-HRMS
(CH;CN): [[{Pt(1,3-pnd)Cl},(p-1,5-nphe)]ClO,]" (m/z = 895.10),
[Pt(1,3-pnd)Cl(p-1,5-nphe)]”  (m/z = 463.10), [{Pt(1,3-pnd)
Cl,(p-1,5-nphe)** (m/z = 397.07), [Pt(1,3-pnd)Cl]" (m/z =
331.05).

Preparation of drug solutions

Complexes were dissolved in distilled water at a concentration
of 10 mM and filtered through a 0.22 mm Millipore filter.
These stock solutions were diluted in the culture medium
immediately before use. MTT,3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide was dissolved (5 mg mL™") in a
phosphate buffer saline having a pH of 7.20 and filtered
through the 0.22 mm Millipore filter before use. All reagents
were purchased from Sigma Chemicals.

Cell culture

CT26, 4T1, LLC1 and MRC-5 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, USA).
Murine MSC, isolated from the bone marrow of C57BL/6 mice,
were purchased from Gibco (catalog no. S1502-100). The cells
were maintained in DMEM (Sigma Aldrich, Munich, Germany)
supplemented with 10% fetal bovine serum (FBS, Sigma
Aldrich, Munich, Germany), penicillin (100 IU mL™"), and
streptomycin (100 pg mL™") under a humidified atmosphere of
95% air/5% CO, at 37 °C. Subconfluent monolayers, in the log
growth phase, were harvested by a brief treatment with 0.25%
trypsin and 0.02% EDTA in phosphate buffered saline (PBS,
Sigma Aldrich, Munich, Germany) and washed three times in
serum-free PBS. The number of viable cells was determined by
trypan blue exclusion.

Cytotoxicity assay

The effects of the tested compounds on cell viability were
determined using the MTT colorimetric technique.>® All exam-
ined cells were diluted with the growth medium to 5 x 10*
cells per mL and the aliquots (5 x 10° cells per 100 mL) were
placed in individual wells in 96-multiplates. The next day the
medium was exchanged with 100 pL of the different com-
pounds, which had been serially diluted 2-fold in the medium
to concentrations ranging from 1000 pM to 7.8 pM in the
growth medium. Each compound was tested in triplicate. The
cells were incubated at 37 °C under a 5% CO, atmosphere for
72 h. After incubation, the supernatant was removed and 15%
MTT solution (5 mg mL™" in PBS, 10 pL) in DMEM medium
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without FBS was added to each well. After an additional 4 h of
incubation at 37 °C under a 5% CO, atmosphere, the medium
with MTT was removed and DMSO (150 pL) with glycine buffer
(20 pL) was added to dissolve the crystals. The plates were
shaken for 10 min. The optical density of each well was deter-
mined at 595 nm using a microplate Zenyth 3100 Multimode
detector. The percentage of cytotoxicity was calculated using
the formula: % cytotoxicity = 100 — ((E — B)/(S - B) x 100),
where B is the background of the medium alone, S is the total
viability/spontaneous death of untreated target cells, and E is
the experimental well. Each of the tested complexes was evalu-
ated for cytotoxicity in three separate experiments.

Apoptosis assay

For the detection of apoptosis, the cells were plated at T25
culture flasks and allowed to grow overnight. After the cells
reached subconfluency, the medium was replaced with tested
complexes (15 mM). The exposed cells were placed at 37 °C in
a 5% CO, incubator for 24 h. The cultured cells were washed
twice with PBS and resuspended in 1x binding buffer (10x
binding buffer: 0.1 M Hepes/NaOH (pH 7.40), 1.4 M NacCl,
25 mM CaCl,) at a concentration 1 x 10° mL~". Annexin FITC
and propidium iodide (PI) were added to 100 mL of the cell
suspension and incubated for 15 min at room temperature
(25 °C) in the dark. After incubation 400 mL of 1x binding
buffer was added to each tube and the stained cells were ana-
lyzed within 1 h using FACS Calibur (BD, San Jose, USA) and
Flow Jo software (Tri Star). Since, Annexin V FITC staining pre-
cedes the loss of membrane integrity that accompanies the
later stage identified by PI, Annexin FITC positive, PI negative
indicates early apoptosis, while the viable cells are Annexin V
FITC negative, PI negative. The cells that are in late apoptosis,
or dead are both Annexin V FITC and PI positive.

Platinum cellular uptake assay

Sample preparation. Two x 10° LLC1 cells were seeded in a
total volume of 5 ml of the RPMI medium, cultured for 24 h,
and then exposed to 2 uM of the investigated compounds for
2 h at 37 °C. After exposure, the compound-containing
medium was removed, and the cells were washed with 5 ml of
PBS and pelleted.

The cells were prepared as follows. The samples were
weighed on an analytical balance in a vial (volume of 1.5 ml).
Thereafter, 0.3 ml of concentrated nitric acid and 0.1 ml of
hydrogen peroxide were added to the sample. The samples
were slightly warmed up for about 15 minutes in an aqueous
bath at a temperature of 85 °C. Subsequently, the samples
were diluted in normal vessels to 10 ml. Thus, the prepared
samples were analyzed by ICP-QMS.

Chemicals and instrumentation. All used chemicals were of
analytical grade (Sigma-Aldrich, Germany). In order to reduce
the level of contamination during sample preparation, concen-
trated nitric acid (65% w/w) was additionally purified by distil-
lation. Hydrogen peroxide was puriss. p.a. 30% (w/w).
Platinum, plasma standard solution 1000 pug ml~"* (Alfa Aesar,
Germany) was used for the calibration of the instruments
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along with appropriate dilution. Ultra-pure water was used to
prepare all standards and samples. Ultra-pure water was pre-
pared by passing double de-ionized water of the Milli-Q system
(18.2 MQ).

The analysis was performed using quadrupole Inductively
Coupled Plasma - Mass Spectrometry (ICP-QMS) technique on
the instrument Thermo Scientific iCAP Q ICP-MS (Thermo
Scientific, UK). Optimized operating conditions of ICP-QMS
are summarized in Table S3.1 All measurements on ICP-QMS
were performed in kinetic energy discrimination (KED) mode
with helium as the collision cell gas.

Quantification of all samples was done using external stan-
dard calibrations. Six standard solutions of the following plati-
num concentrations were used 1, 2, 5, 10, 25 and 50 pg L™},
along with the blank solution prepared in 1% distilled nitric
acid. The correlation coefficient of the regression line was
1.0000.

Spectroscopic studies on DNA interaction

Absorption spectroscopic studies. The interaction of the
dinuclear Pt(u) complexes Pt1-Pt7 with CT-DNA was studied
by UV-vis spectroscopy. The platinum(u)-DNA binding experi-
ments were performed in 0.01 M phosphate buffer solution
(PBS) at pH 7.40 and 37 °C. The series of the complex-DNA
solutions were prepared by mixing of the corresponding dinuc-
lear Pt(u) complex solution (8 pM) with increments of the DNA
stock solution (0-16 pM).

Ethidium bromide displacement studies.. The binding inter-
action of the Pt1-Pt7 complexes with DNA was also studied by
fluorescence spectroscopy. The fluorescence intensities were
measured with an excitation wavelength at 527 nm and fluo-
rescence emission at 612 nm. Ethidium bromide (EtBr) and
DNA were mixed in a 1:1 molar ratio in 0.01 M PBS at pH
7.40. The possible binding effect of the complexes was investi-
gated step by step after the addition of a certain amount of the
complex solution into diluted DNA-EtBr solution at constant
concentration. Before the measurements, each system was
shaken and incubated at room temperature for 5 min. The
emission was recorded in the range 550-750 nm.

Molecular docking

The key step for the reaction of anticancer chlorido-platinum(u)
complexes with the target DNA is the hydrolysis complexes,
leading to the activated drug forms.®® Accordingly, the mole-
cular docking study was performed on hydrolyzed dinuclear
Pt(u) complexes. The structures of the aqua derivates of dinuc-
lear Pt(u) complexes (W1-W7, Fig. 4) were optimized by the
wb97xd method, with the 6-31g** basis set for non-metal
atoms and lanl2dz basis set for Pt. At the same level, the
Merz-Kollman atomic charges were calculated for all atoms,
according to the scheme via the RESP procedure.®!

The crystal structure of DNA, extracted from the Protein
Data Bank (pdb code: 1BNA),®> was used for the docking study
as a target for tested compounds. The selected structure of
DNA  represents the  synthetic  double  stranded
d(CpGpCpGpApApTPTpCpGpCpG) dodecamer with two G=C
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rich regions and one A = T rich region, between them (Fig. 4).
The DNA molecule has more than one complete turn of the
right-handed B helix, without the DNA intercalation gap. The
docking study was also done at the apo form (iron-free form)
of the recombinant N-lobe of human serum transferrin
(ApoTfN, pdb code 1BP5).%

The AutoDock 4.2 software program®! was used for the
preparation of DNA and transportation of protein structures,
which includes the addition of hydrogen atoms and removal of
water and ligand molecules from the crystal structure. The
AutoDockTools program® was used to generate the grid and
docking parameter files for the optimized structures of tested
complexes, and DNA and protein structures. The structure of
the biomolecule (DNA or protein) was considered as a rigid
species while some bonds of the metal complexes were
allowed to rotate freely. A grid box containing the whole bio-
molecule was used to accommodate the tested compounds
during the docking study, while Lamarckian genetic algorithm
was used as the search method for virtual screening, with 50
runs for each docking screen. To visualize and analyze the
results of docking studies, the Discovery Studio (BIOVIA
Software product) was used.®
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