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ARTICLE INFO ABSTRACT

We report on chemistry and cytotoxic studies of four new ruthenium (II) complexes containing uracil derivatives.
All compounds are neutral, presenting the formula [Ru(PPh3)»(2TU),] (1), [Ru(PPh3),(6m2TU),] (2), [Ru(dppb)
(2TU),] (3) and [Ru(dppb)(6m2TU),] (4), where PPh; = triphenylphosphine; dppb = 1,4-bis(diphenylpho-
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DNA sphino)butane, 2TU = 2-thiouracil and 6m2TU = 6-methyl-2-thiouracil. They were characterized using NMR,
BSA . . . . .
Antitumor UV-vis and IR spectroscopies, microanalytical analysis and mass spectrometry. Furthermore, the crystal struc-

tures of 1-4 were determined by single-crystal X-ray diffraction. The coordination of 2-thiouracil derivatives
with ruthenium increases regions able to carry out hydrogen bonds with the biological targets, such as DNA. We
evaluated the interaction of the complexes with DNA by UV/Vis spectrophotometric titration, and as a result, the
values of DNA-binding constants are in the range of 0.8-1.8 x 10*M~!. Moreover, the interaction of the
complexes with BSA was investigated. In vitro, activities against B16-F10 (mouse melanoma), HepG2 (human
hepatocellular carcinoma), HL-60 (human promyelocytic leukemia) and K562 (human chronic myelocytic leu-
kemia) and non-tumor cells: PBMC (human peripheral blood mononuclear cells activated with concanavalin A —
human lymphoblast) were carried out. Cytotoxicity assays revealed that complexes (2) and (4) present biological
activity against tumor cells comparable with oxaliplatin, the reference platinum drug, revealing that they are
promising molecules for developing new antitumor compounds.

1. Introduction shown that bioligand-coordinated Ru(II) complexes potentially inhibit
cancer [7-12], bacteria [13-17] and parasite [18,19] proliferation. As
part of this ongoing long-term study to improve the pharmacological

potential of mononuclear and octahedral Ru(II)-complexes, we are in-

Over the last decade, considerable interest has been expressed in
metallodrugs based on ruthenium(II) given that a number of com-

pounds present promising pharmacological properties, including an-
ticancer [1], antibacterial [2] and antiparasitic [3] ones. A key strategy
used by many research groups has been to select a suitable target for
specific diseases. For instance, concerning cancer, either DNA or protein
(i.e. topoisomerases, kinases) can be chosen to understand the me-
chanism of action [4-6], aiming to design selective molecules that bind
tightly to the biological target. Ruthenium compounds are known as
promising anticancer agents, which are well-exemplified by KP1339,
RAPTA and staurosporine-like compounds [4-6]. Recent studies have
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terested in the application of nucleobase analogs as potential ligands for
ruthenium coordination. Six-coordinate metal complexes present ad-
ditional geometric possibilities compared with four-coordinate carbon.
This makes this class of compound an attractive approach for devel-
oping new active species [20]. Moreover, bioligands such as nucleobase
analogs, for instance as 2-thiouracil (2TU) and 6-methyl-2-thiouracil
(6m2TU), have a great potential for designing anticancer Ru(II)-com-
plexes because they play a role in recognizing nuclear DNA, especially
for non-canonical DNA sequences in aberrant and mutated cells, best
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observed in cancer cells [21]. However, Ru(Il)-complexes with only
nucleobase ligands may present poor lipophilicity, limiting their cell
permeation. To overcome this, inserting highly inert and lipophilic
phosphine co-ligands is a powerful strategy in providing cell-permeable
Ru(II)-complexes [22,23]. To date, most studies of anticancer metal-
complexes have been conducted for N,O-coordinated nucleobase li-
gands and mimetics [24], while much less studies have been devoted to
underlying the N,S-coordinated sites [12,25].

Moreover, the metal interaction with the nucleobase has kindled
great interest in biochemistry despite the biological importance of nu-
cleobases. From the structural point of view, this molecular system has
become interesting because of the many coordination modes and the
ability to form strong hydrogen bonds, allowing the base pairing. In
particular, nucleobases are molecules with many possibilities of
binding, including nitrogen and oxygen atoms of pyrimidine and purine
moiety, which allow different reactivity, depending essentially on the
metal ion with a “hard” or “soft” acidic character [26]. In DNA, “hard”
metal ions interact preferentially with the phosphate group, influencing
the stabilization of the double helix. On the other hand, “soft” metal
ions may interact with the nitrogen of purine or pyrimidine moiety, and
consequently, destabilize the DNA structure and base pairing. Thus, the
use of thiouracil ligands due to the “soft” base characteristic of sulfur
may be an alternative to form stable complexes with “soft” or ‘border-
line” acid metals such as Ru(Il) [26].

Therefore, as part of our ongoing efforts to improve the biological
activity of Ru(II)-based complexes, herein we used uracil nucleobase
analogs as ligands. Nucleobase analogs, such as 2-thiouracil (2TU) and
6-methyl-2-thiouracil (6m2TU), have a great potential for designing
anticancer Ru(II)-complexes because these ligands can play a role in
recognizing nuclear DNA, especially for non-canonical DNA sequences
in aberrant and mutated cells, best observed in cancer cells. In order to
investigate the reactivity of Ru(Il) ions towards the nucleobase, we used
uracil derivatives as ligands that may behave differently, depending on
the nature of the metal ion. Scheme 1 (top) shows the chemical struc-
ture of uracil, as well as atom labeling, highlighting two ligands studied
here: 2-thiouracil (2TU) and 6-methyl-2-thiouracil (6m2TU). Several
metal complexes present monodentate coordination mode with 2-
thiouracil derivatives, occurring through the N1 atom (e.g. Cu(I) com-
plex) [27], N3 atom (e.g. Pd(II), Hg(II) complexes) [28,29] S atom (e.g.
Ru(Il), Cu(I), Au(I) complexes) [30-32] or O atom (e.g. Co(II), Ni(II),
Mn(II) Zn(II) complexes) [33-35].

At the bottom of Scheme 1, the coordination modes of these ligands
as bidentate are highlighted. There are at least four possibilities of
coordination as bidentate (a-d) for both 2TU and 6m2TU ligands. Some
of these coordination modes were studied by Lusty and collaborators
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Scheme 1. (Top) Structure of uracil (U) and the two ligands: 2-thiouracil (2TU)
and 6-methyl-2-thiouracil (6m2TU), as well as numbered atoms. (Bottom)
Representation of coordination binding sites for 2TU ligand. The same trend
can also be expected for uracil and 6m2TU ligands.
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[36], in which they discussed the coordination represented in (a) and
(b) upon the presence of platinum and rhodium centers, respectively,
which are in fact the two most classical coordination modes for this
class of ligands. Complexes with Pd(II) and Zn(II) also exhibit the co-
ordination mode (a) [28,37], while the coordination mode (b) occurs
for Co(II) complexes [38]. To date, possibility (c) was not observed for
thiouracil derivatives, occurring in an osmium/uracil complex [39].
The coordination mode viewed in (d) is observed for Ru(II) complex
with 2,2’-bipyridine (bipy) [40] and tin(IV) complexes [41]. Focusing
on Ru(II) complexes with 2-thiouracil derivatives, only the coordination
modes (d) in the [{(bipy)oRu}»(u-6m2TU)]Cl04 with 6m2TU as a ver-
satile ambidentate ligand, and monodentated directly linked through
the sulfur atom in the [Ru(n6-p-cymene)(2TU)C12] were reported, de-
pending on the starting complexes used for synthesis. To the best of our
knowledge, the structural and biological studies were not explored for
ruthenium(II)/phosphinic-based complexes containing 2-thiouracil de-
rivatives.

Therefore, this paper presents the synthesis and characterization of
four new complexes containing 2-thiouracil derivative as ligands that
were obtained from the [RuCl,(PPh3);] and [RuCl,(PPhs)(dppb)]
complexes, as starting material, where PPhs = triphenylphosphine;
dppb = 1,4’-bis(diphenylphosphino)butane. The complexes were fully
characterized by physical and chemical techniques, especially by X-ray
crystallography. Moreover, the DNA-binding studies by UV/Vis spec-
trophotometric titration, interaction with BSA by fluorescence tech-
nique and the in vitro study of cytotoxicity against B16-F10 (mouse
melanoma), HepG2 (human hepatocellular carcinoma), HL-60 (human
promyelocytic leukemia), K562 (human chronic myelocytic leukemia)
and non-tumor cell PBMC (human peripheral blood mononuclear cells
activated with concanavalin A - human lymphoblast) were evaluated.

2. Materials and methods
2.1. Materials and physical measurements

The chemicals used were of reagent grade or comparable purity.
RuCl3.3H,0, PPhj (triphenylphosphine), dppb (1,4’-bis(diphenylpho-
sphino)butane), bipy (2,2’-bipyridine), 2TU (2-thiouracil) and 6m2TU
(6-methyl-2-thiouracil) were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used as supplied. Elemental analyses were carried out on
an EA 1108 FISONS Instrument CHNS microanalyzer. Conductivity
values were obtained at room temperature using 10~ >M solutions of
the complexes in DMSO (dimethylsulfoxide) by using a MeterLab
CDM2300 instrument. The IR spectra were recorded on a FT-IR Bomem-
Michelson 102 spectrometer in the 4000-200 cm ™' region, using CsI
pellets (Fig. S1). The UV-Vis spectra of the complexes were recorded in
CH,Cl, (dichloromethane) on a Hewlett Packard diode array-8452A.
Cyclic voltammetry (CV) experiments were performed in an electro-
chemical analyzer BAS, model 100B and carried out at room tempera-
ture. The typical conditions were: CH,Cl, containing 0.10 molL™!
BuyNClO4 (TBAP) as the supporting electrolyte, using a one-compart-
ment cell, where both working and auxiliary electrodes are stationary
Pt foils, and the reference electrode was Ag/AgCl, 0.10M TBAP in
CH,Cl,. Under these conditions, the ferrocene (Fc) is oxidized at 0.43 V
(Fc™ /Fc). High resolution mass spectra of complexes 1-4 were obtained
by direct infusion in a MicroTof-Q II Bruker Daltonics Mass
Spectrometer (Le) in the positive ion mode, using methanol/acetonitrile
mixture (LC/MS grade from Honeywell/B&J Brand). All complexes
were studied using the NMR technique. The 'H, 3'P{*H} and '*C NMR
spectra were recorded on a Bruker DRX 400MHz using TMS
(Tetramethylsilane) as a reference and solvent DMSO-dg for the com-
plexes. The 3'P chemical shifts are reported in relation to HzPO,, 85%.
The spectra are shown in the Supplementary information (Figs. S1-525).
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2.2. Synthesis of the complexes

[Ru(PPh3)5(2TU),] (1) and [Ru(PPhs3),(6m2TU),] (2). In a Schlenk
flask, 0.25 mmol of 2TU or 6m2TU ligands were dissolved in ethanol
(50 mL) solution containing 20 pL of triethylamine (Et3N). Afterwards,
100 mg (0.12 mmol) of the [RuCl,(PPh3)3)], obtained according to the
literature [42], solubilized in 50 mL of dichloromethane, was added to
the reaction flask. The mixture was kept under stirring and reflux for
12h. Then, the volume of the solution was reduced to ca. 4 mL and
yellow solids were formed. The solid was collected by filtration, washed
with ethanol, diethyl ether and dried under vacuum to yield 76 mg
(83%) of complex (1) and 70 mg (74%) of complex (2).

[Ru(dppb)(2TU),] (3) and [Ru(dppb)(6m2TU),] (4). In a Schlenk
flask, 0.35mmol of the ligands 2TU or 6m2TU were dissolved in a
methanol (50 mL) solution containing 20 pL of triethylamine (Et3N).
Afterwards, 50 mL of dichloromethane solution containing 100 mg
(0.12mmol) of the [RuCl,(PPh3)(dppb)] precursor was added to the
reaction media. The mixture was maintained under stirring and reflux
for 12 h. Then, the volume of the solution was reduced to c.a 4 mL and
yellow solids were formed. The solid was collected by filtration, washed
with methanol, diethyl ether and dried under vacuum to yield 75 mg
(82%) of complex (3) and 69 mg (73%) of complex (4).

Complex (1). Anal. Calc. for [RuC44H36N405P5S,]: exp. (calc) 59.90
(59.92); H, 4.21 (4.34); N, 6.28 (6.36); S, 7.55 (7.27) %. Molar con-
ductance (Q~'cm®mol !, DMSO) 6.9. IR (cm™'): 3200, 3053, 2955,
2924, 1688, 1637, 1570, 1481, 1458, 1433, 1311, 1273, 1186, 1159,
1088, 1020, 1001, 814, 744, 717, 696, 619, 538, 507, 460, 420, 311,
31p NMR (162MHz, DMSO-ds, 298K) &(ppm): 52.8 (s); 'H NMR
(400 MHz, DMSO-ds, 298 K) 8(ppm): 12.3 (2H, N—H), 7.3-7.0 (30H
aromatic hydrogen atoms of PPhs); 6.9 (2H, C¢—H of 2TU); 5.4 (2H,
Cs—H of 2TU). *C{'H} NMR (125.74 MHz, DMSO-dg, 298 K) 8(ppm):
179.0 (C=S); 160.8 (C=0); 148.3 (C6 of 2TU), 108.3 (C5 of 2TU);
135-127 (36C of PPhj). UV-Vis (DMSO, 2.5 x 10~° M): A/nm (e/
mol ~'Lem ™ 1) 298 (14300), 342 (8570).

Complex (2). Anal. Calc. for RuC46H40N402P5S>.2H,0: exp. (calc) C
58.75 (58.53), H 4.60 (4.70), N 5.65 (5.93), S 6.79(6.79) %. Molar
conductance (Q~'ecm?mol~!, DMSO) 5.55. IR (cm™') 3175, 3059,
2972, 2835, 2681, 1659, 1640, 1585, 1574, 1500, 1481, 1443, 1431,
1394, 1364, 1313, 1209, 1240, 1120, 1140, 1161, 1092, 1030, 993,
966, 817, 748, 698, 680, 598, 542, 522, 460, 420, 322. *'P{'H} NMR
(162 MHz, DMSO-ds, 298K): 8(ppm) 50.6 (s); 'H NMR (400 MHz,
DMSO-dg, 298 K) 8(ppm): 11.9 (2H, N—H), 7.3-7.0 (30H aromatic hy-
drogen atoms of PPhj); 5.2 (2H, Cs—H of 6m2TU); 1.9 (6H, CH; of
6m2TU). *C{*H} NMR (125.74 MHz, DMSO-dg, 298 K) 8(ppm): 179.2
(C=9); 163.7 (C=0); 160.2 (C6 of 2TU), 106.8 (C5 of 2TU); 136-127
(36C of PPh3). UV-Vis (DMSO, 2.2 x 10~° M): A/nm (¢/mol ™ 'Lem ™ 1)
298 (12000), 350 (96000).

Complex (3). Anal. Calc. for [RuC3gH34N4S5P5]: exp. (calc) 55.08
(55.16); H, 4.70 (4.63); N, 7.28 (7.15); S, 8.07 (8.18) %. Molar con-
ductance (Q 'cm®mol ', DMSO) 5.1. IR (cm™'): 3196, 3053, 2924,
3074, 2866, 1674, 1657, 1639, 1568, 1495, 1454, 1433, 1311, 1275,
1159, 1144, 1094, 1018, 999, 970, 899, 815, 741, 717, 698, 650, 580,
515, 461, 424, 357. >'P{"H} NMR (162 MHz, DMSO-ds, 298 K): §(ppm)
51.4 (s); 'H NMR (400 MHz, DMSO-ds, 298 K) 8(ppm): 12.1 (2H, N—H),
7.5-7.0 (20H aromatic hydrogen atoms of dppb); 6.9 (2H, Cc—H of
2TU); 5.4 (2H, Cs—H of 2TU); 2.8-1.5 (8H, CH, of dppb). *C{*H} NMR
(125.74 MHz, DMSO-ds, 298 K) §(ppm): 179.2 (C=S); 160.8 (C=0);
149.0 (C6 of 2TU), 107.8 (C5 of 2TU); 138-127 (24C of dppb); 30-23
(4C of dppb). UV-Vis (DMSO,, 6 X 10~° M): A/nm (¢/mol ™ 'Lem 1)
298 (9980), 338 (7300).

Complex (4). Anal. Calc. for [RuC3gH3gN405P5S,]: exp. (calc) 56.60
(56.21); H, 4.70 (4.91); N, 6.76 (6.90); S, 7.58 (7.90) %. Molar con-
ductance (Q~'cm®mol !, DMSO) 6.2. IR (cm™'): 3175, 3053, 2922,
3074, 2853, 1645, 1587, 1574, 1495, 1483, 1448, 1433, 1396, 1361,
1228, 1207, 1190, 1094, 1041, 995, 960, 889, 820, 748, 741, 698, 660,
619, 594, 570, 517, 511, 463, 422, 322. *'P{'H} NMR (162 MHz,
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DMSO-ds, 298K): &(ppm) 49.5 (s); 'H NMR (400 MHz, DMSO-de,
298K) 4(ppm): 11.7 (2H, N—H), 7.5-7.0 (20H aromatic hydrogen
atoms of dppb); 5.2 (2H, Cs—H of 6m2TU); 3.0-1.6 (8H, CH, of dppb).
13¢{'H} NMR (125.74 MHz, DMSO-ds, 298 K) 8(ppm): 178.3 (C=S);
163.7 (C=0); 153.0 (C6 of 2TU), 106.0 (C5 of 2TU); 140-127 (24C of
dppb); 30-18 (4C of dppb). UV-Vis (DMSO, 4 x 10~> M): A/nm (g/
mol ~'Lem 1) 298 (10100), 350 (8040).

2.3. X-ray structure determination

Single crystals of complexes 1-4 were grown from diethyl ether
diffusion into a methanol/dichloromethane solution of complex at
room temperature (293 K). X-ray diffraction experiments were carried
out at room temperature using a suitable crystal mounted on glass fiber,
and positioned on the goniometer head. Intensity data were measured
on an Enraf-Nonius Kappa-CCD diffractometer with graphite mono-
chromated MoKa radiation (A = 0.71073 A). The structures were
solved by the Direct method using SHELXS-97 and refined using the
software SHELXL-97 [43]. In all complex structures, the Gaussian
method was used for the absorption corrections [44]. Non-hydrogen
atoms of the complexes were unambiguously located, and a full-matrix,
least-square refinement of these atoms with anisotropic thermal para-
meters was carried out. In all ligands of complexes 1-4, the aromatic
C—H hydrogen atoms were positioned stereochemically and were re-
fined with fixed individual displacement parameters [Ujs(H) = 1.2
Ueq(Csp?)] using a riding model with aromatic rings. Moreover, C—H
bond lengths were fixed of 0.93 A. Methylene groups of the dppb ligand
were also set as isotropic with a thermal parameter 20% greater than
the equivalent isotropic displacement parameter of the atom to which
each one was bonded and C—H bond lengths were fixed of 0.97 A.

Tables were generated by WinGX [45] and the structure re-
presentations by MERCURY [46]. The CrystalExplorer program [47]
was used to generate the Hirshfeld surfaces and the fingerprint plot of
1-4 (Fig. S26). The Hirshfeld surfaces define the intermolecular en-
vironment of molecules within the crystal of each complex, allowing us
to explore its intermolecular contacts in a crystalline structure. The
fingerprint plot or 2D-fingerprint graphics was constructed by the de
versus di plot (de = external distance is defined as the distance between
the calculated Hirshfeld surface and the nearest atom of an adjacent
molecule; di = internal distance is the distance between the nearest
nucleus internal and the calculated Hirshfeld surface). Relationships
between crystal packing pattern and molecular geometry are under-
stood by analyzing parameters present in the Hirshfeld fingerprint
plots. The 2D-fingerprint also provides the percentage of each inter-
molecular contact occurring in the complex structure.

2.4. CT-DNA binding experiments

2.4.1. Spectroscopic titrations

Calf thymus DNA solution (CT-DNA, purchased from Sigma-Aldrich)
was prepared in a Tris-HCI buffer (5 mM Tris-HCl, pH 7.2). A solution of
CT-DNA in the buffer gave a ratio of UV absorbance at 260 and 280 nm
of about 1.8:1, indicating that the solution is protein-free. The con-
centration of CT-DNA was measured from its absorption intensity at
260nm using the molar absorption coefficient value of
6600 M~ cm ™. The solution of ruthenium complexes used in the ex-
periments was prepared in a Tris-HCl buffer containing 5% DMSO. For
the titration experiment, different concentrations of the CT-DNA were
used while the ruthenium complex was 25 pM. A sample correction was
made for DNA absorbance and the spectra were recorded after solution
equilibration for 2 min. The intrinsic equilibrium binding constant (K;)
of the complexes to CT-DNA was obtained using the expression pro-
posed by Wolfe et al. [48]. Changes in the absorption intensity in-
creasing concentration of CT-DNA was monitored and analyzed by re-
gression analysis.
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Scheme 2. Synthetic route used to obtain the ruthenium complexes (1-4).

Table 1
31p{'H} NMR and cyclic voltammetry data for complexes 1-4.
Complexes 3'p{*H}, § (ppm) Epa® (mV) EY (mV) |Ipa/Ipc|
(€] 52.8 922 839 0.96
2) 50.6 880 727 1.00
3) 51.4 765 697 0.97
(C)] 49.5 775 682 0.99

@ Electrolyte: TBAP 0.1 mol L™ %, Solvent: CH,Cl, and Reference: Ag/AgCl.

2.5. Bovine serum albumin binding experiment

The protein binding experiment was carried out using the bovine
serum albumin (BSA, 2.5pM) in a Tris-HCI buffer by fluorescence
quenching of tryptophan residues. Complexes (1-4) were used as
quenchers with increasing concentration. The fluorescence spectra were
performed by excitation at 280nm and emission at 340nm on a
SpectraMax M3 at 298 and 310K, using an opaque 96-well plate.

2.6. Cells

The tumor cell lines B16-F10 (mouse melanoma), HepG2 (human
hepatocellular carcinoma), K562 (human chronic myelocytic leukemia)
and HL-60 (human promyelocytic leukemia) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA), and
were cultured as recommended by ATCC. All cell lines were tested for
mycoplasma using the Lookout® Mycoplasma qPCR detection kit
(Sigma-Aldrich) to validate the use of cells free from contamination.
Peripheral blood mononuclear cells (PBMCs) were isolated via a stan-
dard protocol using a Ficoll density gradient in GE Ficoll-Paque Plus
from heparinized blood collected from 20- to 35-year-old, non-smoker
healthy donors with informed consent. The PBMCs were cultured in the
RPMI 1640 medium supplemented with 20% fetal bovine serum, 2 mM
glutamine, and 50 pg/mL gentamycin at 37 °C with 5% CO,. ConA
(10 pg/mL) was added at the beginning of the culture, and the cells
were treated with the test drugs after 24h. The Research Ethics
Committee of the Oswaldo Cruz Foundation (Salvador, Bahia, Brazil)

approved the experimental protocol (number 031019/2013).

Table 2
Crystal data and structure refinement parameters obtained for 1-4.
Complex 1 2 3 4
Empirical formula [RuC44H36N405P5S5] [RuC46H4oN405P5S5] [RuC3¢H34N40,P,S,] CH,Cl, [RuC3gH33N405P5S5]
2CH;0H

Formula weight 879.90 972.03 885.26 809.85

Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic

Space group P2;cn P2, C2/c C2/c

Unit cell dimensions (10\, %) a = 17.529(6) a = 10.0940(4) a = 20.9432(12) a = 33.6253(12)
b = 13.314(4) b =15.4510(12) b = 32.860(4) b =11.2764(4)
c=18.311 c = 14.8220(7) ¢ = 14.2589(8) ¢ = 20.2448(6)

B =97.157(3) B = 122.894(2) B =104.116(2)

Volume (A3) 4273.4 (4) 2293.7(2) 8239.7(13) 7444.1(4)

Z 4 2 8 8

Density calculated (Mg/m®) 1.368 1.407 1.427 1.445

u (mm~1) 0.580 0.551 0.727 1.445

F(000) 1800 1004 3620 3328

Crystal size (mm®) 0.07 x 0.19 x 0.40 0.03 x 0.15 x 0.19 0.08 x 0.14 x 0.18 0.10 x 0.13 x 0.21

6 range (°) 3.26 to 25.76° 2.91 to 26.36° 3.15 to 26.39 2.93 to 26.73

Index ranges 0=<h=<21. —12<h=<12. —0=<h=<26. —42 < h < 42.
0=<k=<15. -19=<k=19. -0=<k<19 -14<k =14
-22<1=<22 -18<1<18 -17=<1<14 -25<1<25

Reflections collected 7636 16,151 8426 26,509

Independent reflections 4037 [R(int) = 0.0254] 8937 [R(int) = 0.0383] 8426 [R(int) = 0.0498] 7847[R(int) = 0.0319]

Completeness to 6 (%) 95.5 99.4% 99.4 99.2

Data / restraints / parameters 4037 /1 / 496 8937 /1 / 549 8426 / 0/ 451 7847 / 0 / 444

Goodness-of-fit on F> 1.062 1.067 1.050 1.061

Final R indices [I > 2sigma(I)] R; = 0.0360. R; = 0.0484. R; = 0.0567, wR, = 0.1508 R; = 0.0369.
wR, = 0.0920 WR, = 0.1049 wR, = 0.0928

R indices (all data) R; = 0.0392. R; = 0.0618. R; = 0.0854, wR, = 0.1655 R; = 0.0486.
WwR; = 0.0946 wR, = 0.1107 wR; = 0.0974

Flack parameter 0.07(3) 0.00(2) - -

Apmax. € Apmin, (€. A7)

0.467 and — 0.505

0.650 and — 0.979

0.860 and — 0.742

0.399 and — 0.733
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Table 3
Representation of the main bond lengths for complexes 1-4 and the free
thiouracil derivatives [55].

Bond ) 2) 3) (€] 2TU 6m2TU
Rul-N1  2.147(4) 2.212(4) 2.164(5) 2.2075(19) - -
Rul-N1"  2.172(4) 2.191(4) 2.162(4) 2.205(2) - -
Rul-P1  2.3476(13) 2.3148(13) 2.2808(15) 2.2754(7) - -
Rul-P2  2.3139(14) 2.3120(13) 2.2725(15) 2.205(2) - -
Rul-S2  2.4539(11) 2.4195(13) 2.4235(15) 2.4250(6) - -
Rul-S2" 2.4381(12) 2.4272(13) 2.4502(15) 2.4284(6) - -
§2-C2 1.719(5) 1.701(5) 1.709(6) 1.706(3) 1.684 1.675
N1-C2 1.353(6) 1.335(6) 1.334(7) 1.328(3) 1.352 1.357
N1-Cé 1.346(7) 1.372(6) 1.348(8) 1.365(3) 1.371 1.378
N3-C2 1.355(5) 1.371(6) 1.352(7) 1.352(3) 1.356 1.359
N3-C4 1.404(7) 1.378(6) 1.400(8) 1.383(3) 1.395 1.389
04-C4 1.243(6) 1.259(6) 1.236(7) 1.240(3) 1.232 1.233
C4-C5 1.425(8) 1.406(8) 1.419(10) 1.412(4) 1.444 1.438
C5-Cé 1.381(8) 1.373(8) 1.355(9) 1.361(4) 1.352 1.363

2.7. In vitro cytotoxic activity assay

Cell growth was quantified using the alamar blue assay as pre-
viously described [49]. Cells were seeded into 96-well plates for all
experiments (0.7 X 10° cells/mL for adherent cells or 0.3 x 10° cells/
mL for cells suspended in 100 puL of medium). After 24h, the com-
pounds (0.19-25.0 ug/mL), dissolved in dimethyl sulfoxide (DMSO,
Sigma Chemical Co.), were added to each well and incubated for 72 h.
As positive controls, oxaliplatin (Sigma-Aldrich) and doxorubicin
(doxorubicin hydrochloride, Laboratory IMA S.A.I'C) were used. The
negative controls received the vehicle used for diluting the tested
compounds (0.5% DMSO). Four (for cell lines) or 24 (for PBMCs) h
before the end of incubation, 20 puL of a stock solution (0.312 mg/mL) of
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alamar blue (resazurin, Sigma-Aldrich Co) was added to each well.
Absorbance was measured using a SpectraMax 190 multiplate reader at
570 nm and 600 nm.

2.8. Internucleosomal DNA fragmentation and cell cycle distribution

Cells were harvested in a permeabilization solution (0.1% triton X-
100, 2 ug/mL propidium iodide, 0.1% sodium citrate and 100 pg/mL
RNAse, all from Sigma-Aldrich Co.) and incubated in the dark for
15 min at room temperature. Cell fluorescence was measured by flow
cytometry. At least 10* events were recorded per sample using a BD
LSRFortessa cytometer, as well as BD FACSDiva Software (BD
Biosciences, San Jose, CA, USA) and Flowjo Software 10 (Flowjo LCC,
Ashland, OR, USA). The cellular debris was omitted from the analysis.

2.9. Statistical analysis

Data are presented as half-maximal inhibitory concentration (ICso)
values and their 95% confidence intervals were obtained via nonlinear
regression from three independent experiments performed in duplicate.
The statistical analysis was carried out using the GRAPHPAD software
(Intuitive Software for Science).

3. Results and discussion

The chemical reactivity of the 2-thiouracil derivatives in the pre-
sence of the precursors [RuCl,(PPh3);] and [RuCl,(PPhs3)(dppb)] was
investigated. As a result, the neutral complexes [Ru(PPh3),(2TU),] (1),
[Ru(PPh3),(6m2TU),] (2), [Ru(dppb)(2TU),] (3) and [Ru(dppb)
(6m2TU),] (4), containing the monoanionic 2-thiouracil derivatives as
chelated ligand were isolated at mild conditions, as summarized in the
procedure illustrated in Scheme 2.

Fig. 1. Crystal structures of complexes 1-4, presenting the main atoms labeled and thermal ellipsoids drawn at the 30% probability level.
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Table 4
Distance (A) and angle (°) for H-bonds of 1-4.
Complex D-H-A D-H H-A D-A D-H-A
1 N3-H304’ 0.86 1.95 2.806(6) 175
N3-H3" 04 0.86 1.95 2.747(5) 154
2 N3-H304 0.86 1.95 2.809(6) 176
N3’-H3"0O1s 0.86 1.97 2.818(8) 171
Ols-Hlw02s 0.82 1.95 2.762(11) 173
02s-H2w 04 0.82 1.88 2.698(9) 173
3 N3-H304 0.86 1.94 2.769(9) 160
N3-H3" 04’ 0.86 1.92 2.773(8) 174
4 N3-H304 0.86 1.87 2.725(3) 173
N3’-H3" 04’ 0.86 1.93 2.743(8) 156

Fig. 2. N-H...O Bifurcated intermolecular H-bonding occurring in complex 1,
stabilizing the crystal self-assembly.

All four complexes are neutral, presenting low molar conductivity
values (5-7 Q~ 'em®mol ~!, in DMSO) [50]. The elementary analysis
confirms the stoichiometric ratio of 2:1 of thiouracil ligand to metal, for
all the complexes. Both 2TU and 6m2TU ligands are coordinated in a
similar way, involving the N—S atoms as monoanionic. Further evi-
dence for this behavior was observed by *'P{'H} NMR data, showing a
singlet in the region of 52-49 ppm for all four compounds (Table 1).
This clearly suggests the same stereochemistry around the Ru(Il) center
for 1-4. As the phosphorus atoms of the chelating dppb ligand adopt a
cis configuration, it is expected that the two PPh; ligands also adopt the
same configuration. Comparing complexes 1 and 3 (with 2TU) and 2
and 4 (with 6m2TU), it can be observed that the chemical shift values
for those with 2TU occurs in the lower field region compared to the
complexes presenting the 6m2TU ligand. There is a strong indication
that the presence of a methyl group at position 6 (see Scheme 1) makes
the N-heterocyclic atom of the ligand 6m2TU richer in the electronic
density than that one of the 2TU ligand. This contributes to an increase
in the electron density in the N-Ru-P bond axis, shielding the phos-
phorus atom trans to nitrogen N1, in complexes 2 and 4. In addition, it
should be emphasized that the 3'P NMR, as well as UV-Vis techniques
were used to evaluate the stability of the complexes, in which the four
compounds showed to be stable in 24, 48 and 72 h (Figs. $28-S39). The
effect of the chemical shift under different phosphines was also in-
vestigated. For instance, the complexes with the same phosphine li-
gand, 1 and 2 (with PPh3) or 3 and 4 (with dppb). It is observed that the
complexes with PPh; as ligand present more unshielded phosphorus
atoms than those ones containing the dppb as ligand. This behavior can
be supported comparing the pKa values of PPh; (pKa = 2.73) and dppb
(pKa = 4.72) [51,52], which agrees with the electrochemical data
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presented in Table 1, in which the dppb ligand is a better electronic
donor than the triphenylphosphine one.

In fact, the electrochemical study revealed similar stereochemistry
occurring in all complexes, given that the redox potentials occur in the
same region as the voltammogram (Table 1, Figs. S21-24). The elec-
trochemical potential values are lower for complexes presenting
6m2TU as ligand (pKa = 8.20) and this aspect can be explained due to a
methyl group at position 6, acting as the electron donor. On the other
hand, the highest electrochemical potential values occur for compounds
with 2TU ligand which are more acid (pKa = 7.75) than the 6m2TU
ligand. As can be seen in Table 1, the complexes containing the dppb
ligand present their oxidation potential at a lower value than those
containing the PPh; ligand.

The infrared studies were carried out to analyze the main changes
related to the free ligand [53]. One of the most important pieces of
information refers to the position of the carbonyl group stretching vi-
bration. The vC =0 bands of the 2TU and 6m2TU ligands present values
of 1711 and 1674 cm™!, respectively. In the complexes, the ¥C=0
stretching vibration was shifted to lower frequencies, concerning the
free ligands with a variation of only 23, 15, 37 and 29 ecm~!forl,2,3
and 4, respectively. In all cases, the small variation cannot be assigned
to the C=0 group coordination. The band assignments are summarized
in Table S1.

The accurate mass and fragmentation of these complexes were
analyzed by high resolution mass spectrometry (HRMS) (see
Supplementary information). For complex 1, the experimental data
occur at 880.0792 Da, while the theoretical one is 880.0803 Da for [M-
H]* species . The fragmentations and formation of intermediate mo-
lecules were observed during the experiment . The identification of
these signals at 617.9859 Da and 753.0911 Da suggests the loss of PPh;
and the 2TU ligand, respectively, in complex 1. Furthermore, adducts
with water or acetonitrile molecules were also observed. This same
behavior is also observed in complexes 2-4.

The crystal structure obtained by XRD confirmed the coordination
of two molecules of thiouracil derivatives per ruthenium(II), and the
stereochemistry of the compounds were also confirmed (Fig. 1). The
data collections and experimental details for complexes 1-4 are sum-
marized in Table 2. As can be seen, the 2-thiouracil derivatives are
coordinated as bidentate ligands via S and N(1), with the sulfur atom
trans to other sulfur atoms of the adjacent ligand, and the nitrogen (N1)
atom located is found trans to phosphorus. The same stereochemistry of
all complexes are in agreement with 31p{'H} NMR data, as well as the
Ru(Il) compounds previously reported [17,54].

An important trend which can be highlighted is that the bond
lengths of Ru—N1 and Ru-N1’ are larger in complexes with the 6m2TU
ligand than in complexes with the 2TU ligand (Table 3). A plausible
explanation for this behavior is the steric hindrance provided by the
methyl attached at position 6 of 6m2TU. Moreover, the Ru—P distances
in complexes 2 and 4 (with the dppb ligand) are shorter than those
determined in complexes 1 and 3 (with the PPhj ligand). In such a
situation, this behavior may be warranted due to the chelate effect of
dppb, keeping the ligand strongly coordinated to the metal center. In
addition, bond distances of the 2TU and 6m2TU free ligands are slightly
different due to the metal coordination [55]. It can be observed that the
C2-S2 bond lengths increased in the complexes, adopting a single bond
character, and the N1-C2 bond distances are shorter in the complexes,
presenting a double bond character. The coordinated 2-thiouracil de-
rivatives are negatively charged with electron delocalization on the
§22C2:N1 atoms.

All the complexes present strong H-bonds that play an important
role in stabilizing the crystal packing and conformation of complexes
(see Table 4). All intermolecular contacts were mapped by Hirshfeld
analysis (Fig. $26), revealing the presence of short contacts around non-
coordinated moiety (N3-H3 and C4=04) of 2-thiouracil derivatives. As
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Fig. 3. Cell survival curves obtained from three independent experiments performed in duplicate and measured by alamar blue assay after 72 h of incubation. Tumor
cells: B16-F10 (mouse melanoma), HepG2 (human hepatocellular carcinoma), HL-60 (human promyelocytic leukemia) and K562 (human chronic myelocytic leu-
kemia). Non-tumor cell: PBMC (human peripheral blood mononuclear cells activated with concanavalin A — human lymphoblast).

can be seen by X-ray analysis in all structures, the O4 atom is involved
in a strong H-bond. As a consequence, the C4=04 bond lengths can be
observed which are slightly longer compared with free ligands. Thus,
this aspect can be attributed due to the effect of strong hydrogen bonds
involving the N-H...O atom to form a ring type R,%(8) graph-set motif.
In Fig. 2, the N-H...O interactions link the molecules of complex 3 in an

infinite chain along the c axis. This kind of molecular synthon occurs for
all structures, except the cis-[Ru(PPh3),(6m2TU),] complex, given that
the carbonyl group is strongly H-bonded to a methanol molecule.
Therefore, all complexes are able to be held strongly by intermolecular
H-bonds, which may contribute to the interaction of these molecules
with macromolecular targets.
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Table 5
Cytotoxic activity (ICso values) for complexes 1-4.
Compounds ICsp in pM
B16-F10 HepG2 HL-60 K562 PBMC
1 25.81 > 28.41 3.42 12.75 > 28.41
21.00-33.21 3.40-4.89 6.56-24.82
2 0.81 0.98 0.01 0.20 2.54
0.64-1.24 0.37-2.34 0.01-0.09 0.10-0.50 2.23-3.86
3 9.89 14.13 17.00 11.91 > 26.71
5.73-17.09 10.00-20.06 11.38-25.39 9.87-14.37
4 1.34 0.81 0.15 0.32 1.29
0.82-1.56 0.34-2.12 0.09-0.47 0.18-0.79 0.67-2.36
2TU >195.2 >195.2 >195.2 >195.2 >195.2
6m2TU >175.8 >175.8 >175.8 >175.8 >175.8
Oxaliplatin 0.05 1.00 0.54 1.23 11.27
0.03-0.07 0.23-2.33 0.43-1.28 0.34-2.34 3.25-18.38
Doxorubicin 0.02 0.02 0.08 0.13 4.83
0.01-0.05 0.01-0.06 0.03-0.12 0.05-0.19 2.34-6.93
Table 6 with concanavalin A — human lymphoblast).
Selectivity index (SI) of compounds 1-4. Data presented in the SI were calculated using the following for-
Gompounds a1 mula: SI = ICsg[non-tumor cells]/ICso[tumor cells]. Tumor cells: B16-
F10 (mouse melanoma), HepG2 (human hepatocellular carcinoma), HL-
B16-F10 HepG2 HL-60 K562 60 (human promyelocytic leukemia) and K562 (human chronic mye-
locytic leukemia). Non-tumor cell: PBMC (human peripheral blood
1 >1.1 N.d. > 8.3 > 22 1 1 . d with lin A — h I h
5 31 26 954 12.7 mononuclear cells actlf/ate with concanavalin A - human lympho-
3 > 927 ~1.9 ~16 ~929 blast). N.d. Not determined.
4 1.0 1.6 8.6 4 Ruthenium complexes with different ligands were reported as po-
Oxaliplatin 225.4 113 20.9 9.2 tent cytotoxic agents. Interestingly, complexes 2 and 4 presented higher
Doxorubicin 241.5 241.5 60.4 37.2

3.1. Cytotoxicity of complexes 1-4

The evaluation of the cytotoxic activity of complexes 1-4 was
analyzed against four tumor cell lines and one non-tumor cell, using the
alamar blue assay after 72 h incubation (Fig. 3). Table 5 shows the ICsq
values obtained for each complex. Complexes 2 and 4, which contain
the 6m2TU ligand, exhibited potent cytotoxicity in relation to com-
plexes 1 and 3, and interestingly, they are the compounds that have the
highest K;, values with DNA and BSA. Compared with the positive
controls, oxaliplatin and doxorubicin, complexes 2 and 4 present
comparable values, revealing that both complexes present promising
antitumor applicability. Complex 2 presented ICs, values ranging from
0.01 to 0.98 uM for the HL-60 and HepG2 tumor cell lines, and complex
4 presented ICsq values ranging from 0.15 to 1.34 uM for the HL-60 and
B16-F10 tumor cell lines, respectively. Oxaliplatin presented ICs, va-
lues ranging from 0.05 to 1.23 uM for the B16-F10 and K562 tumor cell
lines, and doxorubicin presented ICso values ranging from 0.02 to
0.13 uM for the B16-F10 and K562 tumor cell lines, respectively. The
ligands 2TU (ICsq > 195.2) and 6m2TU (ICs, > 175.8) were not cy-
totoxic at the experimental concentrations tested. Regarding the se-
lectivity between tumor cells versus non-tumor cells, complexes 2 and 4
showed 254 and 8.6 fold more potent cytotoxicity in HL-60 than PBMC,
respectively (Table 6). Indeed, complex 2 is the most selective against
HL-60, presenting promising results compared with the clinically useful
chemotherapy oxaliplatin and doxorubicin.

Data are presented as ICsq values in pM and their 95% confidence
interval obtained by nonlinear regression from three independent ex-
periments performed in duplicate, measured by Alamar blue assay after
72h incubation. Oxaliplatin and doxorubicin were used as positive
controls. The 2-thiouracil (2TU) and 6-methyl-2-thiouracil (6m2TU)
ligands were also assessed. Tumor cells: B16-F10 (mouse melanoma),
HepG2 (human hepatocellular carcinoma), HL-60 (human promyelo-
cytic leukemia) and K562 (human chronic myelocytic leukemia). Non-
tumor cell: PBMC (human peripheral blood mononuclear cells activated

potency than previously synthesized ruthenium complexes. As a com-
parison, the ruthenium complexes containing 2-hydroxy-5-nitrophenyl)
(pyrrolidin-1-yl)methanethione showed ICs, values above 40uM in
human cervical carcinoma (HeLa) and breast adenocarcinoma (MCF-7)
cell lines [56]. The ruthenium-based 5-fluorouracil complex presented
cytotoxicity for different tumor cells, especially with the ICsy value of
2.6 uM for HL-60 cells and a SI of 2.2 (HL-60 versus PBMC) [8], while a
Ru(I)-thymine complex showed ICsq value of 1.4 uM for HL-60 cells
and a SI of 1.2 (HL-60 versus PBMC) [10]. In addition, a ruthenium
complex with xanthoxylin displayed ICso value of 6.6 uM for HL-60
cells and a SI of 0.7 (HL-60 versus PBMC) [57]. Complexes 2 and 4
studied here showed an ICsq value of 0.01 and 0.15 uM for HL-60 cells
and SI of 254 and 8.6 (HL-60 versus PBMC), respectively, showing that
they are promising antitumor drug candidates.

3.2. Interactions of complexes 1-4 with CT-DNA by UV-Vis and DNA
fragmentation of complexes 2 and 4 in HL-60 cells

To verify that complexes 1-4 interact with CT-DNA, a study via
spectroscopic titration was carried out. Under the presence of the Ru(II)
complexes 1-4, a CT-DNA hypochromism was observed in the range of
approximately 15-25% (Table 5), suggesting a moderate interaction
between the complexes and DNA, which is seen by DNA binding con-
stant (Kp,) values of complexes 1-4 [Eq. (1)].

[CT — DNA]/(es—¢¢) = [CT — DNA]/(ep—¢) + 1/Kp(ep—¢r) (@)

in which [CT-DNA] is the concentration of CT-DNA in base pairs, ¢, is
the ratio of the absorbance/[Ru(Il) complex], ¢¢ is the extinction coef-
ficient of the free Ru(II) complex, and ¢, is the extinction coefficient of
the complex in the fully bound form. The ratio of the slope to the in-
tercept in the plot of [CT-DNA]/(e,—¢¢) vs. [CT-DNA] gives the value of
Ky, which was the calculated absorption band (Amax) at around 320 nm.
The electronic spectra obtained for all complexes are similar (Fig. S27).
The K, values are around 10*°M™! (2 > 4 > 1 > 3), indicating a
moderate interaction with CT-DNA (which probably involve hydrogen
bonds), when compared with the Ky, value of a classic DNA intercalator,
such as ethidium bromide (Ky, 10° M~ ') [58]. The similar magnitude of
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K, found for 1-4 is comparable with those metal complexes with non-
covalent interactions with DNA reported in the literature (K around
10*-10°M™1) [59,60].

The DNA fragmentation and cell cycle distribution was performed in
HL-60 cells treated with complexes 2 and 4 by flow cytometry through

the incorporation of propidium iodide after 12 and 24 h of treatment
(Fig. 4). All the DNA that was subdiploid (sub-Gy/G;) was considered
fragmented. Both complexes increased the DNA fragmentation. After
12h of treatment, complex 2 led to 77.9% of DNA fragmentation at a
concentration of 2uM, while complex 4 caused 46.2% (compared to
4.9% of the negative control). After 24 h of treatment, complex 2 led to
68.5 and 84.0% of DNA fragmentation at concentrations of 2 and 4 uM,
and complex 4 caused 30.2 and 88.2% (compared to 9.9% of the ne-
gative control), respectively. All phases of the cell cycle (Go/G;, S and
Gy/M) decreased after treatment with these complexes. Doxorubicin
also induced DNA fragmentation.

The increase in the DNA fragmentation represents cell death. In
previous studies, augments of DNA fragmentation were associated with
cell death by apoptosis as observed by Oliveira et al. [61], who reported
a novel platinum complex containing a piplartine derivative with en-
hanced cytotoxicity that caused oxidative stress and triggers apoptotic
cell death by ERK/p38 pathway in HL-60 cells. The ruthenium-based 5-
fluorouracil complex also caused DNA fragmentation accompanied by
the induction of caspase-mediated apoptosis in human colon carcinoma
HCT116 cells [8]. HeLa cell treatment with a ruthenium(ll)-arene
complex and an isoquinoline-3-carboxylic acid ligand demonstrated a
relationship between the percentage of cells in apoptosis and an in-
crease in cells with DNA fragmentation [62]. The ruthenium complexes
with piplartine also induced internucleosomal DNA fragmentation and
were able to cause caspase-dependent and mitochondrial intrinsic
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Table 7
Stern-Volmer quenching constant (Kgy, M™1), bimolecular quenching constant (kg M~ 1s™1, binding constant (K, M1 and binding site (n).
Ky x 10* T (K) Ksv x 10° kq x 10! Kb (BSA) n
(CT-DNA)
1) (29 = 0.3) 298 (2.7 £ 0.2) 4.38 (21 £ 0.1) x 10? 0.66
310 (2.9 £ 0.2) 4.75 (41 = 0.7) x 102 0.51
2) (5.4 = 0.7) 298 (4.3 = 0.1) 7.02 (1.7 + 0.1) x 10° 0.95
310 4.8 = 0.1) 7.87 (8.1 = 0.9) x 10® 0.81
3) (2.3 = 0.2) 298 (6.6 = 0.3) 10.60 (2.2 = 0.5) x 102 0.64
310 (7.4 = 0.1) 11.95 (2.8 + 0.3) x 10? 0.61
(C)] (3.6 = 0.2) 298 (6.9 £ 0.1) 11.21 (0.98 = 0.02) x 10° 1.05
310 (7.7 £ 0.1) 12.68 (1.2 £ 0.2) x 10° 0.84
Table 8 Moreover, the values of the bimolecular quenching constant (kq) ob-

Thermodynamic parameters of interaction between ruthenium complexes 1-4
and BSA.

T (K) AG® (kJ mol 1) AH° (kJmol 1) AS° (Jmol 'K™1)
1) 298 -13.22 —43.40 —-101.26
310 —15.50 —89.98
(2) 298 —-18.44 —-99.79 —272.96
310 —-23.21 —247.03
3) 298 -13.36 —15.42 -6.91
310 —14.52 -2.90
(4) 298 —-17.06 -17.36 —-1.00
310 —-18.34 -3.14

apoptosis in HCT116 cells by the oxidative stress-mediated pathway
[63]. The ruthenium complex with xanthoxylin caused the S-phase
arrest with internucleosomal DNA fragmentation, and led to ERK1/2-
mediated apoptosis in HepG2 cells through an oxidative stress- and
p53-independent pathway [57].

3.3. Bovine serum albumin binding

The interaction of complexes with bovine serum albumin (BSA) was
investigated. The fluorescence of BSA free is a result of the presence of
tryptophan and tyrosine residues. Changes in the BSA emission spectra
can be related with conformational changes in the structure of this
protein. Considering that albumin is partly responsible for the transport
of endogenous and exogenous substances through the bloodstream
[64], the interaction of the Ru(II) complexes with albumin needs to be
investigated. Therefore, the compound binding to albumin may influ-
ence its distribution, pharmacokinetic property, or even change the
transportation paths through the body [65]. Based on these aspects, to
investigate if the ruthenium/thiouracil complexes can interact with BSA
enables us to understand the possible bioavailability of the complexes.
The interaction with BSA was investigated by the quenching of the
fluorescence after incubation with complexes in different concentra-
tions. Fig. 5 shows the fluorescence emission spectra obtained for BSA
in the presence of complex 1, varying its concentration.

It can be observed that the fluorescence intensity of BSA decreased
in the presence of the complexes, indicating interaction with the pro-
tein. To gain more insight into the type of interaction, the Stern-Volmer
(Ksv) constant was calculated (Table 7), using the Stern-Volmer Eq. (2),
from the plots of Fo/F versus [Q].

Fo/F = +kg5[Q] = +K4, [Q] @

where, Fj and F are the fluorescence of BSA in the absence and presence
of complexes, kq is the bimolecular quenching constant and 7, (6.2 ns)
is the average lifetime of the fluorophore in the absence of quencher,
[Q] is the concentration of complexes and K, is the Stern-Volmer
constant [66]. According to the results, the Ky, constants increased with
the increase in temperature, which indicates the dynamic quenching. At
a higher temperature, the diffusion coefficients increase because of the
faster diffusion and hence larger amounts of collisional quenching [67].
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tained from Ky, and 19 (6.2ns) are in the range of
4.38-12.68 x 10" M~'s™!, which are higher than the maximum value
for dynamic quenching (2.0 x 10'°M~'s™!) [68]. Thus, this is in-
dicative that the dynamic and static quenching mechanism occurs si-
multaneously. The binding constant (K,) and number of binding sites
(n) were determined using the Scatchard Eq. (3) [67]:

(F, - F)

1
og F

= logKy + nlog[Q] 3)

As shown in Table 7, the Ky, values are within the range of 102 to
10*M ™!, which indicates that the complexes interact more weakly with
BSA than other ruthenium(II) complexes previously reported, with
binding constants ranging from 10° to 103M™ [69]. The values of n
indicate that the complexes interact at only one binding site.

Finally, to identify the type of interaction forces that are involved
between the complexes and BSA, some thermodynamic parameters
such as free energy changes (AG®), enthalpy changes (AH®) and entropy
changes (AS°) were determined, using the following Egs. (4) and (5):

(Km) (1 1) AH°

In| =2 | ==-=]x

Kbz T T R “4)
AG® = —RTInK, = AH® — TAS® (5)

where K;; and Ky, are the binding constants in temperature T; and T,
and R is the gas constant [69].

The negative AG® values (Table 8) indicate that the interaction be-
tween Ru(Il)-thiouracil complexes and BSA occurs by spontaneous
process. In addition, the negative AH® and AS° values suggest the in-
volvement of van der Waals forces and hydrogen bonding interactions
[70], which is in agreement with the structural characteristic of com-
plexes 1-4 and possibilities to form intermolecular contacts, such as
those observed by Hirshfeld surface analysis.

4. Conclusions

In summary, four new ruthenium(II) complexes containing phos-
phines and thiouracil derivatives were obtained. The stereochemistry,
intermolecular interactions and cytotoxicity of the complexes were
studied. The crystal structures were determined for all complexes and
showed that all complexes are neutral. The phosphorus atoms of dppb
or PPh; ligands are in cis configuration relative to each other, and trans
to nitrogen atom (N1) of the thiouracil derivative, such as what was
suggested by the *'P{'H} NMR experiment. In addition, the two
thiouracil ligands show the trans-S atom to another S atom. Studies on
complex/DNA interaction by spectroscopic titrations have shown that
complexes 1-4 exhibit moderate binding to DNA, as observed by the
values of K;, binding constants. The complexes showed weak interac-
tions with BSA by a dynamic and static quenching and with the in-
volvement of van der Waals forces and hydrogen bonding interactions.
Furthermore, the ICso values against tumor cells for the complexes are
lower than the ICso values against non-tumor cells that are desired.
Complexes 2 and 4, with 6m2TU ligands, showed to be more active



R.S. Correa, et al.

than complexes 1 and 3, with 2-TU ligands. Therefore, the work re-
ported here showed promising antitumor candidates with 6m2TU li-
gands that will be studied in detail as a potent chemotherapeutic agent.
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Crystallographic Information Files (CIFs) under CCDC reference
numbers 1,880,931, 1,880,932, 1,880,933 and 1,880,934 for 1, 2, 3
and 4, respectively, and PDF file of Table S1. Figs. S1 to S12 C'P{'H},
13¢{'H} and 'H NMR spectra for complexes 1-4), S13 to S16 (HRMS
spectra for complexes 1-4), S17 to S20 (Infrared spectra for complexes
1-4), S21 to S24 (Electrochemical experiment for complexes 1-4), S25
(UV-Vis spectra for complexes 1-4), S26 (Hirshfeld surface and fin-
gerprint plot for complexes 1-4), S27 (CT-DNA UV-Vis titration spectra
for complexes 1-4), S28 to S39 (Stability studies for complexes
1-4).Table S1 (Infrared assignment for complexes 1-4). Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
jinorgbio.2019.110751.
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