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ARTICLE INFO ABSTRACT

Keywords: Novel water-soluble half-sandwich ruthenium(II) polypyridyl-glycoconjugates [Ru(p-cymene)CI{N-(1,10-phe-
Arene-ruthenium nanthroline-5-yl)-p-glycopyranosylamine}][Cl] (glycopyranosyl = p-glucopyranosyl (1), D-mannopyranosyl (2),
Antimetastatic

L-rhamnopyranosyl (3) and L-xylopyranosyl (4)) have been synthesized and fully characterized. Their behaviour
in water under physiological conditions has been studied by nuclear magnetic resonance spectroscopy, revealing
their hydrolytic stability. Interactions of the novel compounds with duplex-deoxiribonucleic acid (dsDNA) were
investigated by different techniques and the results indicate that, under physiological pH and saline conditions,
the metal glycoconjugates bind DNA in the minor groove and/or through external, electrostatic interactions, and
by a non-classical, partial intercalation mechanism in non-saline phosphate buffered solution. Effects of com-
pounds 1-4 on cell viability have been assessed in vitro against two human cell lines (androgen-independent
prostate cancer PC-3 and non-tumorigenic prostate RWPE-1), showing moderate cytotoxicities, with ICso values
higher than those found for free ligands [N-(1,10-phenanthroline-5-yl)-p-glycopyranosylamine] (glycopyranosyl
= p-glucopyranosyl (a), D-mannopyranosyl (b), L-rhamnopyranosyl (¢) and i-xylopyranosyl (d)) or corre-
sponding metal-aglycone. Cell viability was assayed in the presence and absence of the glucose transporters
(GLUTSs) inhibitor [N*-{1-(4-cyanobenzyl)-5-methyl-3-(trifluoromethyl)-1H-pyrazol-4-yl}-7-fluoroquinoline-2,4-
dicarboxamide] (BAY-876), and the results point to a negligible impact of the inhibition of GLUTs on the
cytotoxicity caused by Ru(I) compounds 1-4. Remarkably, glycoconjugates 1-4 potently affect the migration
pattern of PC-3 cells, and the wound healing assay evidence that the presence of the carbohydrate and the Ru(II)
center is a requisite for the anti-migratory activity observed in these novel derivatives. In addition, derivatives
1-4 strongly affect the matrix metalloproteinase MMP-9 activities of PC-3 cells, while proMMP-2 and especially
proMMP-9 were influenced to a much lesser extent.
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Abbreviations: ABB, Annexin Binding Buffer; APT, Attached Proton Test; BAY-876, [N*-{1-(4-cyanobenzyl)-5-methyl-3-(trifluoromethyl)-1H-pyrazol-4-yl}-7-flu-
oroquinoline-2,4-dicarboxamide]; BPC grade, Biotechnology Performance Certified grade; Cisplatin, cis-[PtClo(NH3)2]; COSY, Correlation Spectroscopy; Cq, Qua-
ternary carbon; CT, Calf Thymus; DMSO, dimethylsulfoxide; DMEM, Dulbecco's Modified Eagle's Medium; Duplex, ds; DNA, Deoxyribonucleic acid; EDTA,
ethylendiaminetetraacetic acid; ELISA, Enzyme-Linked Immuno Sorbent Assay; FAM, 6-carboxyfluorescein; FBS, Fetal Bovine Serum; FRET, Fluorescence Resonance
Energy Transfer; FT, Fourier Transform; F10T, 5’-FAM-AGC TAT TA TA /sp18/ TA TA GCT ATA-TAMRA-3’; HSQC, Heteronuclear Single Quantum Coherence
spectroscopy; HMBC, Heteronuclear Multiple Bond Correlation spectroscopy; HPLC, High Performance Liquid Chromatography; ICP-OES, Inductively Coupled
Plasma optical Emission Spectroscopy; IDT, Integrated DNA Technologies; IR, Infrared; MMPs, matrix metaloproteinases; MMP-2, matrix metaloproteinase-2; MMP-
9, matrix metaloproteinase-9; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NMR, Nuclear magnetic resonance; PAGE, PolyAcrylamide Gel
Electrophoresis; PBS, Phosphate buffered saline solution; PC-3, Human androgen-independent prostate cancer cell line; RAPTA-C, [RuCly(n®-p-cymene)(PTA)] (PTA
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1. Introduction

Cancer cells need a higher level of glucose, a manifestation of the
Warburg effect [1], an altered metabolic state in which many cancer cells
can survive even under hypoxic conditions. Such an enhanced uptake for
glucose depends on overexpression of glucose receptors and trans-
porters, leading to the assumption that carbohydrate motifs could target
specific proteins existing in malignant cells, and thus, open a window for
the design of unconventional, relevant molecules for cancer diagnosis
and therapy [2-9]. Moreover, glycans dot the surface of all cells and
serve as cellular identification labels to the surrounding world, where
carbohydrate-binding protein interactions are required for cell differ-
entiation and progress of a variety of pathological states [5,10,11].
Concerning cancer diseases, such interactions are involved in cell
adhesion, migration, and angiogenesis-related processes, all closely
related events to metastasis [12,13]. Organic glycoconjugation is
already a well-recognized strategy in the search for targeted anticancer
agents, and a variety of them have been investigated and reported to
have antimetastatic potential [3,14,15].

Among the vast variety of metal compounds tested as potential
anticancer drugs, the enormous interest aroused by ruthenium de-
rivatives was due to the antimetastatic properties of NAMI-A (imida-
zolium trans-[tetrachloridobis(dimethylsulfoxide)(1H-imidazole)-
ruthenate(II)]) [16] and the organometallic compound of the RAPTA
family [RuClg(nG-p-cymene)(PTA)] (PTA = 1,3,5-triaza-7-phosphoada-
mantane, RAPTA-C) [17]. Soon it became evident that this unique
feature was a breakthrough [18-22], and research on the metastatic
profiles and related molecular mechanisms and targets of several metal
compounds grew up consistently [23-25].

Many metal-glycoconjugates have been synthesized and studied
[3,4,6-9]; most of the efforts have been directed so far toward the
investigation of the glycoconjugation effect on cell internalization,
cytotoxic selectivity and/or targeting of specific carbohydrate transport
proteins [26-39]. A variety of ruthenium compounds containing gly-
coconjugated ligands have also been reported and recently reviewed
elsewhere [7,9,31]. However, the effect that ruthenium glycoconjugates
exerts on the inhibition of metastatic events occurring in malignant cells
has been only barely explored [28,29,40], while it remains understudied
whether the carbohydrate moiety has any role in such processes.

Bearing that in mind, we planned to prepare a new family of arene
ruthenium glycoconjugates to compare their anticancer properties with
that of the corresponding metal aglycone. We were especially interested
in whether and how carbohydrates affect the in vitro selective cyto-
toxicity and the antimetastatic potential.

We report herein the synthesis and full characterization of water-
soluble p-cymene Ru(Il) compounds incorporating one N-(1,10-phe-
nanthrolin-5-yl)-p-glycopyranosylamine as ligand. Their behaviour in
physiologically relevant conditions has been investigated by 'H NMR
spectroscopy. The cytostatic and cytotoxic potential of the novel
ruthenium glycoconjugates has been tested against human prostate
cancer (PC-3) and non-tumorigenic immortalized human prostatic
epithelial (RWPE-1) cells and compared with that of the corresponding
metal aglycone [Ru(p-cymene)CI{N-(1,10-phenanthroline-5-amine}]
[C1]) (5), previously reported by Espino and Garcia [41]. Cell viability
has also been investigated in the presence of a glucose transporter
(GLUT) inhibitor. In addition, we report the effect of the compounds on
PC-3 cells migration and pro-metalloproteinases 2, 9 (proMMP-2,
proMMP-9), and metalloproteinase 9 (MMP-9) activity. Evaluation of
metal compounds-DNA interactions by a variety of techniques and cell
cycle assay will be discussed as well.

2. Experimental section
2.1. Materials and methods

Synthesis of novel arene-ruthenium(II) complexes were performed
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without the exclusion of moisture or air. D(+)-Glucose, D(+)-Mannose,
L(—)-Rhamnose, L(—)-Xylose, 5-amine-1,10-phenanthroline, [Ru(p-
cymene)Cly], and cisplatin (cis-[PtCl(NH3)2]) were purchased from
Sigma-Aldrich. All reagents commercially available were used without
further purification. Ruthenium aglycone [Ru(p-cymene)CI{N-(1,10-
phenanthroline-5-amine}][Cl]) was prepared as previously reported by
Espino and Garcia [41]. Nuclear Magnetic Resonance (NMR) spectra
were recorded on a Bruker 400 Ultrashield system. 'H and '3C chemical
shifts are reported relative to tetramethylsilane. '°N chemical shifts are
reported relative to liquid ammonia (25 °C). Compounds concentrations
used were within the range 15-25 mM. Coupling constants J are given in
Hertz (Hz). Elemental analyses and High-Resolution Electrospray Ioni-
zation Mass Spectroscopy (HR-ESI-MS) were performed at the Uni-
versidad Auténoma de Madrid. Infrared (IR) spectra was recorded on a
Fourier transform infrared (FTIR) PerkinElmer (Spectrum 2000) spec-
trophotometer on KBr pellets. The pH was measured in a HANNA HI208
pH meter in distilled water and water-d, solutions. Ultraviolet-Visible
(UV-Vis) spectra were recorded at room temperature in water solu-
tions of the compounds with a PerkinElmer Lambda 35 spectropho-
tometer. Compounds concentrations used were within the range 8-50
pM. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) assays were performed on an ICP-OES 20 Varian-Agilent SPS3 in-
strument at Centro de Apoyo a la Investigacion en Quimica (CAI), Uni-
versidad de Alcala.

2.1.1. N-(1,10-phenanthroline-5-yD)-f-xylopyranosylamine (d)

All N-(1,10-phenanthrolin-5-yl)-B-glycopyranosylamines were pre-
pared using the synthesis (method D) described by Duskova et al. [42].
Pale yellow powder, 86%. Anal. Calcd (%) for C;7H;7N304x1H20
(345.35500): C, 59.12; H, 5.55; N, 12.17. Found: C, 58.87; H, 5.05; N,
12.24. FTIR (KBr, em™1): v 3372 br (NH and OH), 1618 s (§ NH), 1602 s,
1556 s, 1428 s (1 C=C, v C=N). H NMR (plus Attached Proton Test
(APT), plus gradient Heteronuclear Single Quantum Coherence
(gHSQC), plus Heteronuclear Multiple Bond Correlation (HMBC), plus
Correlated Spectroscopy (COSY), 400.1 MHz, 293 K DMSO-dg): § 9.07
(dd, 1H, Jgy = 4.2, 1.7 Hz, H?), 8.83 (dd, 1H, Jyg = 8.5, 1.7 Hz, H*),
8.76 (dd, 1H, Jyy = 4.3, 1.8 Hz, H?), 8.19 (dd, 1H, Juy = 8.1, 1.8 Hz,
H), 7.77 (dd, 1H, Jyy = 8.5, 4.2 Hz, H*), 7.57 (dd, 1H, Jyy = 8.1, 4.3
Hz, HY), 6.99 (s, 1H, H%), 6.87 (d, 1H, Jyy = 8.0 Hz NH), 5.10 (d, 1H,
Jun = 4.5 Hz OH®), 5.042 (d, 1H, Juy = 4.3, OH4), 5.03% (d, 1H, Jyy =
5.3, OH?), 4.65 (app t, 1H, Juy = 8.6, 8.0 Hz, H), 3.78 (dd, 1H, Jyy =
10.1, 3.9 Hz, H>®), 3.51 (app td, 1H, Jyy = 8.6, 5.3 Hz, H%), 3.38" (m, 2H,
H*, H%%), 3.30° (app td, Jug = 8,6, 4.5, Hz, H%); 3.40 (ddd, 1H, Jyy =
10.3, 8.7, 4.0 Hz, H%), 3.37 (app t, 1H, Jyy = 10.3, 10.0 Hz, H>*) H>*
and H* indicate the axial and equatorial protons of pyranose CHy group;
aoverlapped signals; Ppartially overlapped signals in DMSO-dg-water-ds;
“partially overlapped with H,O signal, H® signal appears at 3.31 (appt,
1H, Jyy = 8.7, 8.5 Hz). 3C NMR (plus APT, plus HSQC, plus HMBC,
100.6 MHz, 293 K, DMSO-dg) § 149.9 (—, C%), 146.4 (+, C!%"), 146.2
(-, €%, 141.5 (+, C'%%), 140.7 (+, C*), 134.3 (-, C7), 131.1 (-, C*),
130.5 (+, C®), 123.8 (—, C%), 122.6 (—, C*), 122.4 (+, C**), 102.0 (—,
C®), 86.2 (—, C, Wiy = 151 Hz), 77.9 (-, C3), 72.9 (-, C?), 70.3 (-,
¢* 67.1 (+, C%). >N NMR (HMBC, 40.5 MHz, DMSO-dg) 5 310.0 (N1),
304.5 (N!0, 83.6 (NH).

2.1.2. General procedure for the synthesis of arene-Ru(Il) glycoconjugates
(-4

A solution of [Ru(p-cymene)Cly], (60 mg, 0.098 mmol) and 0.196
mmol of the organic phenanthroline a-H20 (73.5 mg, b-2H;0(77.1 mg),
¢-2H,0 (73.9 mg) or d-2H20 (67.7 mg) in methanol (5 mL) were stirred
for 12 h at room temperature. The final solutions were filtered and dried
under vacuum to afford yellow-brownish solids. Filtration is mandatory,
since traces of unreacted pro-ligands could occasionally coexist with the
final product. This is due to the phenanthroline glycoconjugates hy-
groscopicity, which difficults their accurate molecular weight determi-
nation. Yields: 123.5 mg, 0.186 mmol, 95% (1), 124.8 mg, 0.188 mmol,
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96% (2), 120.5 mg, 0.186 mmol, 95% (3), 121.6 mg, 0.192 mmol, 98%
@.

2.1.3. [Ru(p-cymene)CI{N-(1,10-phenanthrolin-5-yl)-
p-glucopyranosylamine}]CL (1)

Anal. Caled (%) for CogH33N305RuCly-3Ho0 (717.1158): C, 46.84; H,
5.48; N, 5.86. Found: C, 46.67; H, 4.91; N, 5.76. HR-ESI-MS m/z (1):
[M]" caled for CogH3sN3OsRuCl 628.1151; found: 628.1146. Solubility
in Hy0 at 24 °C (mM): 22.7, pH (16 mM) in H,O at 24 °C: 6.81. FTIR
(KBr, cm™Y): v 3356 br (NH and OH), 1628 s (6 NH), 1603 s, 1556 s,
1466 s (u C=C, v C=N). H NMR (plus HSQC, plus HMBC, plus COSY,
400.1 MHz, 293 K DMSO-dg) As described in the Discussion paragraph,
metal compounds 1-4 are observed in solution as a mixture of two
epimers (1/4-1 and 1/4-1’). While the two sets of resonances are
perceptible by 13C NMR, the 'H NMR spectra shows overlapping of most
of the signals, therefore resonances multiplicity is obscured. In the
following data, we describe the global integration and the apparent
(app) multiplicity of the signals observed, exception made for those
(OH?, for 1 and 4, H® for 3 and 4 and H’ for 3) which allow multiplicity
identification and integration. § 9.90 (br, 2H, H? 1-1 + 1-1), 9.52 (app
d, 2H, H® 1-1 + 1-1), 9.41 (app d, 2H, H* 1-1 + 1-1"), 8.49 (app d, 2H,
H” 1-1 +1-1'),8.13 (ap dd, 2H, H* 1-1 + 1-1"), 7.91 (app dd, 2H, H®
1-1 + 1-1'), 7.74 (br, 2H, NH 1-1 + 1-1"), 7.18 (app s, 2H, H® 1-1 +
1-1"), 6.29 (app d, 4H, HS" 1-1 + 1-1"), 6.06 (app t, 4H, HEPD 1-1 +
1-1"), 5.25 (d, 1H, OH? 1-1), 5.20 (d, 1H, OH2 1-1"), 5.11 (app d, 2H,
OH® 1-1 + 1-1'), 5.04 (app d, 2H, OH* 1-1 + 1-1"), 4.66 (app dd, 2H,
H! 1-1 + 1-1"), 4.46 (app dd, 2H, OH® 1-1 + 1-1’), 3.72 (m, 2H, H® 1-1
+1-17), 3.56-3.35 (m, 8H, H2, H%, H>, H® 1-1 + 1-1"), 3.22 (app m, 2H,
H* 1-1 + 1-1), 2.55 (overlapped with DMSO, CH*"? 1-1 + 1-1), 2.18
(s, 3H, CHs, 1-1), 2.19 (s, 3H, CHs, 1-1"), 0.86 (m, 12H, 2CH§™? 1-1 +
1-17). '3C NMR (plus APT, plus HSQC, plus HMBC, 100.6 MHz, 293 K,
DMSO-dg) 1-1 + 1-1": § 155.7, 155.6 (—, C%), 151.3, 151.2 (—, C%),
145.7, 145.7 (+, C'°), 142.4, 142.3 (+, C%), 139.8, 139.7 (+, C1%),
135.8, 135.8 (—, C7), 134.2, 134.1 (-, C*), 131.9, 131.8 (+, C%),
126.1, 126.1 (—, C%), 124.8, 124.8 (-, C%), 123.5, 123.5 (+, C*),
103.4, 103.3 (+, Cho™), 103.1, 103.0 (+, i), 101.1, 101.0 (-, C®),
86.3, 86.2, 86.0, 85.9 (—, CgHy), 85.0, 84.9 (—, C1), 83.7, 83.7, 83.4,
83.4 (—, CgHy), 77.8,77.8 (—, C°), 77.4,77.3 (-, C%), 72.2,72.1 (-, C?),
70.1,70.0 (—, C*, 60.9, 60.8 (+, C%), 30.3, 30.3 (—, CH*PY), 21.6, 21.6,
21.5, 21.5 (-, 2CH$™), 18.3, 18.3 (—, CH3). >N NMR (HMBC, 40.5
MHz, DMSO-dg) 1-1 + 1-1": 5 236.4 (N1), 233.3 (N1"), 88.2 (NH).

2.1.4. [Ru(p-cymene)CI{N-(1,10-phenanthrolin-5-yD)-
p-mannopyranosylamine}]Cl (2)

Anal. Caled (0/0) for C28H33N305RUC12-3H20 (717.1158)2 C, 46.84; H,
5.48; N, 5.86. Found: C, 46.83; H, 4.95; N, 5.91. HR-ESI-MS m/z (2):
[M]" caled for CogH3sN3OsRuCl 628.1151; found: 628.1140. Solubility
in Hy0 at 24 °C (mM): 25.2. pH (16 mM) in Hy0 at 24 °C: 6.83. FTIR
(KBr, cm™1): v 3379 br (NH and OH), 1626 s (5 NH), 1598 s, 1503, 1466
s (u C=C, v C=N). 'H NMR (plus HSQC, plus HMBC, plus COSY, 400.1
MHz, 293 K DMSO-ds) 5 (ppm): 9.91 (br, 2H, H* 2-1 + 2-1"), 9.55 (app
d, 2H, H” 2-1 + 2-1"), 9.36 (app dd, 2H, H* 2-1 + 2-1"), 8.50 (app d,
2H, H” 2-1 + 2-17), 8.12 (app dd, 2H, H¥ 2-1 + 2-1"), 7.93 (app dd,
2H, H® 2-1 + 2-17), 7.23 (m, 4H, NH, H% 2-1 + 2-1"), 6.31 (app d, 4H,
HE 2.1 + 2-17), 6.09 (br, 4H, HEPD 2-1 + 2-17), 5.47 (app d, 2H,
OH? 2-1 + 2-17), 4.96 (app dd, 2H, H! 2-1 + 2-1"), 4.88 (app d, 2H,
OH* 2-1 + 2-1"), 4.75 (app t, 2H, OH® 2-1 + 2-1"), 4.42 (br, 2H, OH®
2-1 4 2-1'), 3.97 (br, 2H, H2 2-1 + 2-1"), 3.74 (m, 2H, H® 2-1 + 2-1"),
3.46 (m, 6H, H*, H®, H3 2-1 + 2-1"), 3.37 (m, 2H, H® 2-1 + 2-1"), 2.57
(DMSO overlapped, CHP? 2-1 + 2-1), 2.18 (app d, 6H, CHz 2-1 +
2-1"), 0.87 (m, 12H, 2CH§™” 2-1 + 2-1°). 3C NMR (plus APT, plus
HSQC, plus HMBC, 100.6 MHz, 293 K, DMSO-ds) 2-1 + 2-1": § 155.8,
155.7 (—, C%); 151.5, 151.4 (—, C%); 145.6, 145.6 (+, C'%"); 141.6,
141.5 (+, C%); 140.0, 139.9 (+, C!%); 136.0, 135.9 (-, C7); 134.0,
133.9 (-, C*);131.7,131.6 (+, C%%); 126.2, 126.1 (—, C®); 125.0, 124.9
(—,€%);123.5,123.4 (+, C*); 103.4, 103.3 (+, C%); 103.0,102.9 (+,
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Cls®y; 102.2, 102.0 (—, C*); 86.2, 86.2, 86.0, 85.9 (—, CeHy); 83.8,
83.8, 83.7, 83.5 (—, CgHy); 82.4, 82.3 (—, C); 78.3, 78.2 (—, C°); 74.2,
74.1 (-, C¥); 70.5, 70.5 (—, C%); 67.3, 67.2 (—, C*; 61.3, 61.2 (+, C®);
30.4, 30.4 (—, CHEPYy; 21.7, 21.6, 21.6, 21.5 (—, 2CHS™?); 18.3, 18.3
(—, CHs). >N NMR (HMBC, 40.5 MHz, DMSO-dg) 2-1 + 2-1": § 243.4
(NY), 234.9 (N'9), 86.1 (NH). Characterization in water-d, [Cl] = 240
mM, 'H NMR (plus HSQC, plus HMBC, plus COSY, 400.1 MHz, 293 K
water-dy), ratio 1:0.5 (2-1 + 2-17) § (ppm) 2-1: 9.88 (d, Jyu = 5.39, 1H,
H?), 9.50 (br, 1H, H”"), 8.90 (d, Juu = 8.85, 1H, H*), 8.12 (dd, Juy =
8.85, Jun = 5.12, 1H, H*"), 8.00 (d, Juy = 8.56, 1H, H”), 7.76 (dd, Jun =
8.56, Jun = 5.71, 1H, H®), 6.63 (s, 1H, H®), 6.20 (br, 2H, HE"™), 6.00
(br, 2H, HEPY), 4.27 (s, 1H, HY, 3.92-3.57 (m 6H, H2, 2H®, H, H3, HY),
2.55 (m, 1H, CH*PY), 2.23 (app s, 3H, CHs), 0.89 (app t, 6H, 2CHS D,
2-1: 9.74 (d, Jun = 5.39, 1H, H?), 9.50 (br, 1H, H”), 8.82 (d, Jun =
8.85, 1H, H*), 8.50 (d, Juyy = 8.56, 1H, H’'), 7.92 (m, 2H, H® and H®),
7.25 (s, 1H, H®), 6.20 (br, 2H, Ha(CHs)), 6.00 (br, 2H, HEPD), 5.20 (s,
1H, HY), 4.22 (app s, 1H, H?), 4.02 (app d, 1H, H®), 3.92-3.57 (m 4H, H°,
HS, H, HY, 2.55 (m, 1H, CH"?), 2.23 (app s, 3H, CHs), 0.93 (app t,
6H, 2CHY™?. 13C NMR (plus APT, plus HSQC, plus HMBC, 100.6 MHz,
293 K, water-dy), 2-1: § 155.5 (—, C2), 152.0 (-, C%"), 146.4 (+, C'%®),
141.2, 140.3 (+, C°, C1%); 137.3 (-, C7), 133.7 (-, C*), 132.3 (+,
C%), 126.8 (—, C*), 125.8 (-, C*), 124.6 (+, C**), 104.3 (+, CH2),
104.1 (4, G, 103.9 (-, C°), 87.0, 86.8 (—, CgHy), 84.4, 84.1 (-,
CeHy), 82.6 (—, C1), 77.4 (-, CH, 74.0 (-, C%), 71.2 (-, C?), 67.3 (-, C),
61.4 (+, C%), 30.9 (—, CHEPD), 21.3 (—, 2CHYPY), 18.5 (—, CH3). 2-1": 5
155.5 (-, C?), 152.1 (-, C%), 146.4 (+, C'), 141.2, 140.3 (+, C°,
cl9%y: 136.9 (-, C7), 133.7 (-, €*), 132.3 (+, C®), 126.8 (—, C®),
125.8 (-, C*),124.6 (+, C*), 104.3 (+, CHa™), 104.1 (+, C5H®), 104.0
(=, C%), 87.0, 86.8 (—, CgHy), 84.4, 84.1 (—, CgHy), 82.0 (—, C1), 77.4
(-, CH, 74.0 (-, C3), 71.2 (-, C?), 67.3 (—, C®), 61.4 (+, C%), 30.9 (-,
CcH®P), 21.3 (—, 2CHY™), 18.5 (—, CHs). >N NMR (HMBC, 40.5 MHz,
water-dy) 2-1 + 2-1": § 232.0 (N1), 232.1 (N1°), NH not observed.

2.1.5. [Ru(p-cymene)(OH2){N-(1,10-phenanthrolin-5-yl)-
p-mannopyranosylamine}][NO3] (2-OH3)

A solution of 2 (12.2 mg, 0.018 mmol) and AgNO3 (6.25 mg, 0.037
mmol) in water (2.5 mL) was stirred for 12 h at room temperature. The
final suspension was filtered to eliminate solid AgCl, and the solvent was
evaporated to afford a brown solid. Yield: 12.9 mg (98%). HR-ESI-MS m/
2 (2-OHy): [M-H,0]%*" caled for CagH3sN3OsRu 296.5730; found:
296.5721 (100%), [M]?* caled for CogH3sN3OgRu 305.5783; found:
296.5777 (35%), [M?*-H,0-H"1% caled for CagHsaN3OsRu 592.1388;
found: 592.1379 (34%). '"H NMR (plus HSQC, plus HMBC, plus COSY,
400.1 MHz, 293 K water-do) 6 (ppm): 10.00 (br, 2H, H2’ 2-OHa-1 +
2.0Hy-1"), 9.68 (app d, 2H, H” 2-0Hy-1 + 2-0Hy-1"), 9.06 (app dd,
2H, HY 2.0Hp-1 + 2.0Hy-1"), 8.60 (app d, 2H, H” 2-0Hp-1 +
2.0H-1"), 8.16 (app dd, 2H, H® 2.0Hy-1 + 2-0Hy-1"), 7.99 (app dd,
2H, H¥ 2.0Hy-1 + 2-0H,-1'), 7.33 (app s, 2H, H® 2.0H,-1 +
2.0H,-1"), 6.38 (br, 4H, H{"® 2.0H,-1 + 2-0Hy-1"), 6.16 (br, 4H, HE
Pr) 2.0Hy-1 + 2-OHy-1"), 5.32 (app d, 2H, H! 2.0H,-1 + 2-0Hy-1"),
4.27 (app dd, 2H, H? 2-0H-1 + 2-OHy-1"), 4.00 (br, 2H, H® 2-0Hy-1
+ 2-0Hy-1"), 3.87-3.72 (m, 8H, H%, H>, H®, H* 2-0H,-1 + 2-OH,-1),
3.37, 2.51 (m, 2H, CH*" 2.0Hy-1 + 2-OH»-1"), 2.23 (app s, 6H, CH;
2.0Hp-1 + 2:OHy-1"), 0.90 (app dd, 12H, 2CH§®” 2.0Hp-1 +
2.0Hy-1°). 3C NMR (plus APT, plus HSQC, plus HMBC, 100.6 MHz,
293 K, water-ds) 2:OHy-1 + 2-OHy-1": § 155.3, 155.5 (—, C%); 151.8,
151.8 (—, C%), 146.5, 146.4 (+, C1%"); 141.2, 141.2 (+, C'%%); 140.5,
140.5 (+, C>); 137.8,137.8 (—, C’); 134.4,134.3 (—, C*); 131.9, 131.8
(+, C%); 126.4, 126.4 (—, C¥); 125.4, 125.4 (—, C*); 124.3, 124.2 (+,
C*); 103.7, 103.7 (+, Ca™); 103.6, 103.5 (+, C*); 100.5, 100.5 (-,
Cls®); 86.6, 86.6, 86.4, 86.3 (—, CeHa); 83.1, 83.0, 82.8, 82.8 (-,
CeHy); 82.0, 82.0 (—, C1); 79.9, 79.9 (—, C*; 73.4, 73.4 (-, C3); 70.7,
70.7 (—, C%); 66.7, 66.7 (—, C*); 60.8, 60.8 (+, C®); 30.1, 30.1 (-, CH®
Pr)y; 20.6, 20.6, 20.6, 20.6 (—, 2CH$??); 17.3, 17.3 (-, CH3). >N NMR
(HMBC, 40.5 MHz, DMSO-dg) 2-OHa-1 + 2-0Hp-1": § 227.4 (N1), 224.2
(N9, 78.21 (NH).
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2.1.6. [Ru(p-cymene)CI{N-(1,10-phenanthrolin-5-yl)-
p-rhamnopyranosylamine}]Cl (3)

Anal. Caled (%) for CogH33N3O4RuCly-2H,0 (683.1103): C, 49.20; H,
5.46; N, 6.15. Found: C, 49.51; H, 5.32; N, 6.21. HR-ESI-MS m/z: [M]*
caled for CygH33N3OsRuCl 612.1202; found: 612.1177. Solubility in
H20 at 24 °C (mM): 22.5. The value of pH (16 mM) in HyO at 24 °C: 7.17.
FTIR (KBr, em™)): v 3379 br (NH and OH), 1626 s (6 NH), 1598 s, 1503,
1466 s (v C=C, v C=N). 'H NMR (plus HSQC, plus HMBC, plus COSY,
400.1 MHz, 293 K DMSO-dg) § (ppm) diastereomer ratio 1:0.7: 9.91 (app
d, 2H, H? 3-1 + 3-1"), 9.55 (m, 4H, H” and H4’ 3-1 + 3-1"), 8.58 (d,
1H, H” 3-1"), 8.55 (d, 1H, H’ 3-1), 8.09 (m, 2H, H*> 3-1 + 3-1'), 7.89
(m, 2H, H¥ 3-1 + 3-1), 7.38 (2d, 2H, NH 3-1 + 3-1’) 7.16 and 7.12
(2's, 2H, H® 3-1 + 3-1"), 6.30 (app d, 4H, HE™ 3-1 + 3-1"), 6.06 (m,
4H, HEPY 3-1 + 3-17), 5.71 (br, 2H, OH? 3-1 + 3-17), 4.90 (m, 4H, H'
and OH* 3-1 + 3-1"), 4.71 (br, 2H, OH® 3-1 + 3-1"), 4.00 (br, 2H, H?
3-1 + 3-1"), 3.44 (br, 4H, H® and H® 3-1 + 3-1), 3.24 (m, 2H, H* 3-1
+ 3-1"), 2.56 (DMSO overlapped, CHP? 3-1 + 3-1"), 2.17 (app s, 6H,
CH;3-1 + 3-1"), 1,18 (2d, 6H, CH§ 3-1 + 3-1"), 0.85 (m, 12H, 2CH§™”
3-1 + 3-1°). 13C NMR (plus APT, plus HSQC, plus HMBC, 100.6 MHz,
293 K, DMSO-dg) 3-1 + 3-1": § 155.7, 155.7 (—, C%), 151.5, 151.4
(-, C); 146.7, 147.6 (+, C'°); 141.6, 141.5 (+, C%); 139.9, 139.9
(+, C19%; 136.0, 135.9 (-, C7); 134.0, 134.0 (-, C*); 131.7, 131.6
(+, C®); 126.1, 126.0 (—, C%); 124.9, 124.8 (—, C*); 123.5, 123.4 (+,
C*);103.5,103.4 (+, CiLHr); 102.9, 102.8 (+, Cisa®); 101.5,101.4 (—,
C®); 86.2, 86.2, 86.0, 85.9 (—, CsHa); 83.8, 83.7, 83.5, 83.5 (—, CeHa);
82.1, 82.0 (—, CY); 73.9, 73.8 (—, C3); 72.9, 72.9 (—, C°); 72.1, 72.1
(-, C%; 70.6, 70.6 (—, C%); 30.3, 30.3 (—, CHIP); 21.6, 21.6, 21.5, 21.5
(-, CHY?Y); 18.3,18.2 (—, CH3), 18.1, 18.0 (—, CH3). >N NMR. (HMBC,
40.5 MHz, DMSO-dg) 3-1 + 3-1": 237.1 (NV), 234.1 (N'?"), 81.3 (NH).

2.1.7. [Ru(p-cymene)CI(N-(1,10-phenanthrolin-5-yl)-
p-xylopyranosylamine)]CL (4)

Anal. Caled (%) for CoyH31N304RuClox2H50 (669.0946): C, 48.43;
H, 5.27; N, 6.28. Found: C, 48.90; H, 5.22; N, 6.38. HR-ESI-MS m/z:
[M]" caled for Co7H33N304RuCl 598.1056; found: 598.1032. Solubility
in H0 at 24 °C (mM): 39.2. The value of pH (16 mM) in HO at 24 °C:
7.23. FTIR (KBr, cm™Y): v 3378 br (NH and OH), 1627 s (5 NH), 1599 s,
1541's, 1466 s (b C=C, v C=N). '"H NMR. (plus HSQC, plus HMBC, plus
COSY, 400.1 MHz, 293 K DMSO-dg): 6 9.91 (br, 2H, H% 4-1 + 4-1"),
9.52 (app d, 2H, H” 4-1 + 4-1"), 9.43 (2d, 2H, H* 4-1 4 4-1"), 8.55
(2d, 2H, H” 4-1 + 4-1"), 8.13 (2dd, 2H, H> 4-1 + 4-1"), 7.91 (app dd,
2H, H® 4-1 4 4-1"), 7.73 (app t, 2H, NH 4-1 + 4-1"), 7.18 (s, 1H, H6’
4-1),7.17 (s, 1H, H® 4-1"), 6.29 (br, 4H, HE™ 4-1 + 4-1"), 6.06 (m,
4H, HEPY 4-1 + 4-17), 5.36 (d, 1H, OH? 4-1), 5.30 (d, 1H, OH? 4-1"),
5.17 (app d, 2H, OH® 4-1 + 4-1"), 5.11 (app d, 2H, OH* 4-1 + 4-1"),
4.62 (app q, 2H, H! 4-1 + 4-1"), 3.75 (app d, 2H, H® 4-1 + 4-1"), 3.56
(m, 2H, H? 4-1 + 4-1"), 3.39 (m, 4H, H*, H> 4-1 + 4-1"), 3.28 (m, 2H,
H® 4-1 + 4-17), 2.55 (m, 2H, DMSO overlapped, CH(i-Pr) 4-1 + 4-1'),
2.18 (s, 3H, CHs 4-1), 2.17 (s, 3H, CH3 4-1"), 0.86 (m, 12H, 2CH§™”
4-1 + 4-17). 13C NMR (plus APT, plus HSQC, plus HMBC, 100.6 MHz,
293 K, DMSO-dg) 4-1 + 4-1": § 155.7, 155.7 (—, C*); 151.3, 151.2 (-,
C%); 145.8, 145.7 (+, C'°); 142.3, 142.2 (+, C°); 139.8, 139.8 (+,
cl9%); 135.8, 135.8 (—, C7); 134.2, 134.1 (—, C*); 131.8, 131.7 (+,
C%);126.2,126.1 (—, C%); 124.9, 124.8 (—, C%); 123.5, 123.4 (+, C*?);
103.4, 103.4 (+, C&D); 103.0, 102.9 (+, Ciea®); 100.7, 100.6 (—, C°);
86.2, 86.1, 86.0, 85.9 (—, CgHy); 85.7, 85.6 (—, C1); 83.8, 83.7, 83.5,
83.5 (—, CgHy); 77.3, 77.2 (—, C3); 72.0, 71.9 (—, C?); 69.8, 69.7
(-, C%; 66.9, 66.8 (+, C*); 30.4, 30.4 (—, CHEP™); 21.7, 21.6, 21.6, 21.5
(-, CHYP); 18.3, 18.3 (-, CHs3). >N NMR (HMBC, 40.5 MHz,
DMSO-dg) 4-1 + 4-1": 5 244.0 (N1), 233.3 (N'?"), 88.9 (NH).

2.1.8. 'H NMR experiments in water-d; at physiological pH

Phosphate buffer saline (PBS) was prepared according to Cold Spring
Harbor Protocols (http://cshprotocols.cshlp.org/content/2006/1/pdb.
rec8247) using NaCl, KCl, NagHPO4 and KHPO,4 in water-ds. Adjust-
ment of pD (pD = pH* + 0.4, where pH* = pHmeter reading in water-ds)
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was carried out using a solution of DCI (0.01 M) or NaOD (0.01 M) in
water-dy, with the help of a HANNA HI208 pHmeter. Ruthenium com-
pounds were then dissolved in 2000 pL of the freshly prepared PBS, final
pD measured (7.30-7.38) and time-dependent 'HNMR spectra of 500 pL
aliquots of final solutions were carried out at 25 °C. Alternatively,
ruthenium compounds were dissolved in water-d, and adjusting pD
using a solution of DCI (0.01 M) to study complexes behaviour in acidic
aqueous solutions.

2.2. Metal compound-DNA interaction studies

2.2.1. Fluorescence resonance energy transfer (FRET) melting assays

A quantitative PCR kit ABI PRISM® 7000 Sequence Detection System
(Applied Biosystems) was employed, in a 96-well plate format (96-Well
Optical MicroAmp® Reaction Plate, Applied Biosystems, Life Technol-
ogies Corporation). The duplex deoxyribonucleic acid (dsDNA) oligo-
nucleotide sequence, F10T (5’-FAM- TAT AGC TA TA /sp18/ TA TA GCT
ATA-TAMRA-3), was acquired to Integrated DNA Technologies (IDT),
High Performance Liquid Chromatography (HPLC) purified and desal-
ted. FAM is 6-carboxyfluorescein and TAMRA is carboxyte-
tramethylrhodamine. As a buffering system containing chloride ions, 10
mM sodium cacodylate, 100 mM LiCl, (pH = 7.3), was used. The ex-
periments were additionally run in the absence of chloride salts, in 10
mM phosphate buffer (NaH;PO4/NasHPO4) pH = 7.2.

First, the duplex-forming oligonucleotide F10T was dissolved in
water (Biotechnology Performance Certified, BPC grade) and a 50 uM
stock solution was prepared, and then diluted to 0.5 pM and mixed with
the working buffer (2x) and water (BPC grade). The DNA solution was
heated at 90 °C for 10 min, cooled down slowly for 3 h and left at 4 °C
overnight. Metal complexes 1-5 were dissolved in water and approxi-
mately 1 mM stock solutions were prepared. Stock solutions were then
diluted with buffer to obtain 50 pM solutions of each compound. In a 96-
well microplate, DNA solutions were mixed with solutions of tested
compound and buffer to reach a total volume of 50 pL with a F10T
concentration of 0.2 pM, and a compound concentration ranging be-
tween 1 and 10 pM.

The melting protocol consisted of an incubation for 5 min at 24 °C,
followed by a temperature ramp with a heating rate of 1 °C/min.
Conversely, the reverse folding process consisted of incubation at 96 °C
for 5 min, followed by a temperature ramp with a cooling rate of —1 °C/
min. Fluorescence values corresponding to the fluorophore FAM at
wavelength of 516 nm (after excitation at 492 nm) were collected at
each degree of temperature. Afterwards, the fluorescence data were
normalized, plotted against temperature (°C) at each compound con-
centration, and melting temperatures (Tm) values were estimated as Ty,
2.

2.2.2. Viscosity titrations

Calf Thymus (CT) dsDNA, (activated, Type XV) was purchased from
Sigma Aldrich and used as provided. 10 mM phosphate buffer
(NaH,PO4/NayHPO4) pH = 7.2 was used. The viscosity measurements
were performed in a Visco System AVS 470 at 25.00 £ 0.01 °C, using a
microUbbelohde (K = 0.01) capillary viscometer. 6 mL of DNA solution
(0.3-0.4 mM in nucleotides) in phosphate buffer were equilibrated for
20 min at 25.00 °C and then 20 flow times were registered. Small ali-
quots (droplets) of buffered concentrated solutions of metal complexes
1-5 (typically 1.5-2.0 mM) were added to the DNA solution. Before each
flow time registration, the solutions were mixed and allowed to equili-
brate for 20 min to 25.00 °C and then 20 flow times were measured.
With the averaged time of the different flow time measurements and the
viscometer constant, the viscosities () for each point were calculated.
The viscosity results were plotted as (i/j10)*3, where g is the DNA so-
lution viscosity in the absence of the ligand, versus r, the [ligand]/
[DNA] ratio.
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2.2.3. Equilibrium dialysis

NaH,PO4/NayHPO,4 buffer (10 mM, pH = 7.2) was used, in the same
conditions as required in viscosity assays and in chloride-free FRET as-
says. For each dialysis assay, a 0.2 mL volume of CT dsDNA in buffer (75
pM in base pairs) was pipetted into individual dialysis units (Biotech
Regenerated Cellulose (RC) membrane, part number 133192, Spectrum
Laboratories, Inc.). The dialysis units were then placed in a beaker
containing ca. 200 mL of a 4-5 pM solution of compound in buffer. The
beaker was covered with parafilm and wrapped in aluminium foil, and
its contents were allowed to equilibrate with continuous stirring for 24 h
at room temperature (22 °C). At the end of the equilibration period, the
DNA solutions inside the dialysis units were carefully transferred into
microcentrifuge tubes and a 10.0% (w/v) stock solution of Sodium
Dodecyl Sulfate (SDS) was added to give a final concentration of 1.0%
(w/v). These solutions were allowed to equilibrate for another 2 h, after
which the total concentration of the ligand (C;) was determined by
UV-vis absorbance measurements using the determined extinction co-
efficient for metal complexes 1-5 in the presence of 1.0% detergent. The
concentration of free compound (C¢) was also determined spectropho-
tometrically using an aliquot of their dialysate solution. The amount of
DNA-bound compound (Cp) was then calculated by the difference Cp, =
Ct - Cr and apparent association constants (Kapp) determined.

2.3. Invitro cell studies

2.3.1. Cell culture

The androgen-independent PC-3 and non-tumorigenic RWPE-1 cell
lines were obtained from the American Type Culture Collection (Man-
assas, VA). RWPE-1 cells were maintained in complete keratinocyte
serum-free medium supplemented with 1% penicillin/streptomycin/
amphoterycin B, 50 pg/mL of bovine pituitary extract and 5 ng/mL
epidermal growth factor (Life Technologies, Barcelona, Spain), PC-3
cells were maintained in RPMI-1640 (Roswell Park Memorial Insti-
tute) supplemented with 5% fetal bovine serum (FBS), 200 U/mL
penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine (all from
Sigma-Aldrich). The culture was performed in a humidified 5% CO,
environment at 37.00 °C. After the cells reached 70-80% confluence,
they were washed with PBS, detached with 0.25% trypsin/0.2% EDTA
and seeded at 5000-15000 cells per cm? The culture medium was
changed every 2 days. Cultures were maintained under a humidified
atmosphere of 95% air: 5% CO5 at 37.00 °C. Adherent cells were allowed
to attach for 24 h prior to the addition of compounds.

2.3.2. Cell viability assays

For toxicity assays, cells were seeded in flat-bottom 96-well plates
(1-10*-2.5.10* cells per well) in complete medium. Adherent cells were
allowed to attach for 24 h prior to the addition of the tested compounds.
Stock solutions of the compounds were freshly dissolved in the corre-
sponding medium and then diluted in complete medium and used for
sequential dilutions to desired concentrations. Control groups of un-
treated cells (negative control) and cisplatin treated cells (positive
control) were included in the assays. Compounds were added at
different concentrations and cells were incubated for 24 and 72 h for PC-
3 cells and 72 h for RWPE-1 cells. Cell proliferation was determined by
the MTT-reduction method. Briefly, [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide] (MTT) (5 mg/mL in PBS) was added, and
the plates were incubated for 1.5-2 h at 37.00 °C. After that time, the
culture medium was removed, and the purple formazan crystals were
dissolved in DMSO. The optical density was measured at 570 nm and
calculated from the absorbance of untreated control cells. The ICsq
values are presented as a mean + S.E.M of at least three independent
experiments, each comprising eight microcultures per concentration
level.

2.3.3. Clonogenic assays
PC-3 cells were seeded in 6 well-plate at a density of 100 cells per
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well in complete media (10% FBS and 1% penicillin/streptomycin/
amphotericin B). After 24 h, the culture media was removed, and the
cells were treated with the metal compounds for 24 h at different con-
centrations. The medium was replaced every 48 h for 2 weeks. Finally,
the culture media was removed, and the cells were attached with
methanol/acetic acid (3:1) for 30 min, washed with PBS and dyed for 4 h
with a solution 0.5% of crystal violet in water/methanol (4:1). The
colony formation was quantified by measuring optical density after
dissolving formed crystals in methanol. Control samples (in the absence
of metal compounds) were averaged and assigned a value of 100%.

2.3.4. GLUTs inhibition study

PC-3 cells were seeded in flat-bottom 96-well plates (15,000 cells per
well) in complete medium. Cells were allowed to attach for 24 h prior to
the addition of the tested compounds and GLUT inhibitor (BAY-876).
Stock solutions of new compounds and BAY-876 were freshly dissolved
in the corresponding medium and then diluted to achieve the desire
concentrations. Control groups were included in the assays. First, cells
were treated with BAY-876 for 20 min at 2 (inhibition ICsg, [43]) or 10
nM. Then, compounds were added at the desired concentrations. Cells
were incubated with compounds and BAY-876 for 72 h and cell prolif-
eration was determined by the MTT-reduction method described above.

2.3.5. Cellular uptake

For cellular uptake studies, PC-3 were seeded in a P100 plate at a
density of 10° cells per plate in complete media (10% FBS and 1%
penicillin/streptomycin/amphotericin B), and then left to attached for
24 h. The different plates were treated at the required concentrations of
compounds 2-5 and GLUTi, when required. Cells were incubated for
further 24 h, culture media was recovered (to include the ruthenium
content of death cells in the analysis), and cells were washed with iced-
PBS (2x3mL), detached with 3 mL of 0.25% trypsin/0.2% EDTA, and
collected with their culture media. Then, samples were centrifuged 4
min at 1500 rpm and supernatant was removed to eliminate non-
internalized ruthenium, culture media and trypsin. Pellets were re-
suspended in 5 mL of iced-PBS.

2.3.6. ICP-OES

2 mL of each sample were processed by an oxidative acid digestion
with 6 mL of 69% nitric acid (ppb trace) using high temperature and
pressure, under a microwave-assisted process. The samples are diluted
to 25 mL and processed in an ICP-OES 20 Varian-Agilent SPS3 instrument.
Ruthenium was quantified at 240.272 nm by interpolation into a linear
calibration plot obtained with an external standard (RuCls, analysis
grade).

2.3.7. Wound-healing assay

PC-3 cells were seeded in 24-well plates at a density of 90,000 cells
per well in complete media (10% FBS and 1% penicillin/streptomycin/
amphotericin B), and then growth to confluence for 72 h. A small wound
area was made with a scraper in either the absence or presence of the
complexes. Four representative fields of each wound were captured
using a Nikon Diaphot 300 inverted microscope at different times (0 and
24 h). The wound areas of samples at time 0 h were averaged and
assigned a value of 100%. The width of the scratch was measured with a
single perpendicular line to the stretch of each wound at 0 and 24 h. Four
different wounds for each complex were performed in each experiment,
and at least five independent experiments were carried out.

2.3.8. Gelatin zymography

PC-3 cells were seeded in 6 well-plate at a density of 1.5-10% cells per
well in complete media (10% FBS and 1% penicillin/streptomycin/
amphotericin B). After 24 h, the culture media was removed, and the
cells were incubated with the new compounds at different concentra-
tions for 24 h. Then, the supernatant was collected. The samples were
analyzed by a zymographic technique performing 10% SDS-PAGE with
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0.1% (w/v) gelatin (Sigma) as the substrate. Each lane was loaded with a
total protein concentration of 3 pg and subjected to electrophoresis. Gels
were washed twice in 50 mM Tris (pH 7.4) containing 2.5% (v/v) Triton
X-100 for 1 h, followed by two 10-min rinses in 50 mM Tris (pH 7.4).
After SDS removal, the gels were incubated overnight in 50 mM Tris (pH
7.5) containing.

10 mM CaCl,, 0.15 M NaCl, 0.1% (v/v) Triton X-100, and 0.02%
sodium azide at 37 °C under constant gentle shaking. After incubation,
the gels were stained with 0.25% Coomasie brilliant blue R-250 (Sigma)
and destained in 7.5% acetic acid with 20% methanol. The activity of
proMMP-2, proMMP-9 and MMP-9 was semiquantitatively determined
by densitometry.

2.3.9. Data analysis

Results were subjected to computer-assisted statistical analysis using
One- of Variance ANOVA, and differences were determined by Bonfer-
roni's multiple comparison test. Results obtained of all biological assays
were analyzed with the GraphPad Prism 8 program. Data are shown as
the means of individual experiments and presented as the mean + S.E.M
(standard error of the mean). Differences of P < 0.05 were considered
significantly different from the controls.

3. Results and discussion
3.1. Synthesis and characterization of metal compounds

The stereoselective N-glycosylation of 5-amino-1,10-phenanthroline
with p-glucose, D-mannose and L-rhamnose was already published to
afford N-(1,10-phenanthrolin-5-yl)-p-glycopyranosylamines (Fig.1, gly-
copyranosyl = D-glucopiranosyl (Glcp, a), D-mannopiranosyl (Manp, b),
L-rhamnopiranosyl (Rhap, ¢)) [42]. We have used the same protocol for
the synthesis of derivative N-(1,10-phenanthrolin-5-yD)-p-xylopyr-
anosylamine (Xylp, d), which has been fully characterized by CHN
elemental analysis, IR, lH, 13¢ and >N NMR spectroscopy (Figs. S1-S7,
SI).

Reaction of [Ru(p-né-cyrnene)Cl(u-Cl)]2 with organic derivatives a-
d leads to new chiral-at-metal ruthenium(II) cationic compounds [Ru(p-
n®-cymene)Cl{(N-(1,10-phenanthrolin-5-yl)-p-glycopyranosylamine)}]
Cl (where glycopyranosyl = Glcp (1), Manp (2), Rhap (3), Xylp (4))
(Fig. 2) in excellent yields (95-98%). Decomposition, hydrolysis and/or
anomerization of the starting N-f-glycopyranosylamine were not
detected. The NMR spectra of p-cymene Ru(Il) glycoconjugates 1-4
provide conclusive evidence that the carbohydrate units retain the N-
B-glycopyranoside structure of the pro-ligands and allow to rule out a
dynamic solution equilibrium between both a and f§ anomers.

Since the synthetic reaction proceeds with formation of a new chiral
centre at the Ru atom and carbohydrates contain fixed absolute con-
figurations, two different diastereoisomers (epimers), distinguishable by
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N
A I ) MeoH, cat (NH,)5(SO4)

65°C, 24 h

R
(OH),

OH
HO
HO
)

Glep (a

Journal of Inorganic Biochemistry 247 (2023) 112326

NMR, can form. While a mixture of two analogous sets of resonances of
similar intensity can be distinguished in the '3C NMR spectra of com-
pounds 1-4 in DMSO-ds, overlapping of most of the 'H NMR signals due
to each epimer difficult an accurate determination of the epimeric ratios,
especially for derivative 2. For compounds 1, 3 and 4, however, some
resonances due to each epimer do not overlap and allow integration,
which renders epimeric ratios of ca. 1:1 (1 or 4) or 1:0.7 (3) in the
mixture (see experimental section and Figs. S8, S19, S22, SI). Further
epimerization [44-46] or change in the relative intensity of each set of
resonances was not observed in DMSO-dg within the next 72 h and the
temperature range of 20-60 °C (Fig. S14, SI). We also investigated
whether the chloro ligand remains bound to ruthenium in DMSO-dg
solutions, by comparison of the spectra of 1 in the absence or presence of
AgNOs3 (Fig. S15, SI). The results indicate that the species present in
DMSO-dg solution differs from the one formed after AgNO3 addition,
and points to preservation of the Ru—Cl bond in the coordinating sol-
vent. In addition, CHN elemental analysis of the samples endorse the
proposed chemical composition for derivatives 1-4.

Coordination of the phenanthroline moiety as a bidentate ligand is
confirmed by the changes on the NMR spectra of the metal conjugates
relative to those of pro-ligands. The resonances due to H or C atoms
closest to the metal change the most. Thus, 'H and '3C NMR signals
assigned to HZ, H” and C?, C* (see Fig.1 for numbering) are downfield
shifted in the NMR spectra of compounds 1-4 (resonances found within
the range 5 9.90-9.94 H?, 9.55-9.62 H, 155.8-155.6 C, 151.2-151.9
C%") relative to those assigned to the same atoms in metal free glyco-
conjugates a-d (resonances found within the range 5 9.05-9.08 HZ,
8.74-8.76 H” and 148.9-149.9 C%, 145.2-145.4 C%).

The difference between the chemical shifts of the nitrogen signals
due to the phenanthroline N atoms of a-d (resonances within the ranges
5 312.4-311.6 NV, 311.6-305.5 N'*) and metal compounds 1-4 (res-
onances within the ranges § 236.4-244.0 Nl’, 233.3-234.9 N'0) ratifies
the proposed coordination in the final metal compounds.

Regarding IR spectra, C=N stretching frequencies are assigned to
absorptions observed at v 1556-1428 cm™! in compounds 1-4. These
bands are shifted to lower wave numbers relative to those detected in the
IR spectra of a-d (v 1628-1466 cm’l), as result of phenanthroline N
coordination. In addition, a strong, broad band within the range
3378-3329 cm ™! confirms the presence of carbohydrate OH groups in
free ligands as well as in metal compounds.

3.2. Behaviour of Ru(Il) compounds 1-4 under physiological conditions

Since buffered water solutions were used in our biological studies,
we decided to evaluate the pH- and time-dependent stability of novel
ruthenium compounds in water-d; or deuterated PBS (phosphate buffer
saline) by 'H NMR. Freshly prepared water-d, solutions of compounds
1-4 exhibit a pH within the 6.8-7.2 interval (compound concentration

HO. OH
.0 HiC—7~¢ HO 0
HO OH
HO . OH
OH oH

Manp (b)

Rhap (c) Xylp (d)

Fig. 1. Synthesis of N-(1,10-phenanthrolin-5-yl)--glycopyranosylamine pro-ligands, a-d.
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R' = Glcp (1), Manp (2)
Rhap (3), Xylp (4), H (5)*

Fig. 2. Synthesis of novel p-cymene Ru(Il) glycoconjugates 1-4 and *Espino and Garcia compound 5 [41].

ca. 16 mM). Right after dissolution in water-dy, the 'H NMR spectra
show, together with a major set of resonances assigned to the two ex-
pected epimers, a minor group of signals slightly shifted downfield. An
example of the spectra recorded for 1 in water-d; is shown in Fig. 3(A).
These firstly observed sets of resonances do not change within the next
72 h in a pH range 3.0-7.4 (Figs. S25, S26, SI).

In contrast, the spectra recorded in deuterated PBS ([NaCl] = 137
mM, pH* = 7.4 where pH* = pH meter reading in water-ds, Fig. 3(B), or
after addition of NaCl at concentrations >100 mM, (Fig. 3(C), (D)) to the
water-dy solutions of the compounds, exhibit only signals that are
coincident with the major set of resonances observed in pure water-ds.
These resonances can be unequivocally assigned to [Ru-Cl]™ species
(Figs. S29-S33, SI), according with the proposed equilibrium displayed
in Fig. 4, where the increase of [Cl ] disfavor the aquation process and
render species [Ru-Cl]™. This observed experimental behaviour allow us
to conclude that aquation should be precluded in the bloodstream,
([CI"] =~ 100 mM, Fig. 3(B)), but could happen in some extent in the
cytoplasm ([Cl"] = 4-10 mM, Fig. 3(C)) [47].

In saline water-d,, the ratio of epimers of compounds 1-4 can be
calculated by 'H NMR resonances integration (Figs. $27, $28, SI). Right
after dilution in saline (or PBS) water-ds;, compounds 1 and 4 are
observed as a 1:1 mixture of epimers, whose integrals remain unchanged
after 72 h at 40 °C. In contrast, for derivatives 2 and 3 epimerization
proceeds from an initial equimolar mixture to a final ratio of ca. 1:0.5
after the first 48 h (Fig. S28, SI). Additionally, HR-ESI-MS of the samples
obtained show molecular peaks with the correct isotopic pattern for
[M]", and evidence the presence of the Ru-chloro bond in these novel
compounds, under the conditions used (Figs. $39-S42).

The nature of the minor resonances firstly detected in water-dy

(E) 1in water-d, + 2AgNO; at r.t.

(D) 1in water-d, 72h at r.t. ([CI'] = 100 mM , pH=6.8)

o<l

water-d,

o< 1

7\ Ru Ru
N SN =—= 7 NN +2Cr
/ N <
Sugar \ Sugar N\

— e

Fig. 4. Aqua-complex formation equilibrium.

(Fig. 3A) was investigated by addition of AgNOs to the deuterated water
solutions of the compounds, which resulted in precipitation of AgCl and
exhibition of a set of resonances matching only the minor signals
observed in pure water-ds, and assignable to [Ru(OD2)1%" species (Fig. 3
(E)).

The aqua derivative [Ru(p-cymene)(OHz2){N-(1,10-phenanthroline-
5-y1)-B-D(+)-mannopyranosylamine}][NOs]y (2:OHjy), could be fully
characterized by NMR as a mixture of two epimers (see Experimental
part and Figs. S34-S38, SI). Their integration was prevented due to
overlapping of all the 'H NMR resonances in water-ds, but two sets of
resonances of similar intensity became evident in the 13C NMR spectrum
(Fig. S35b, SI). HR-ESI-MS of 2-OH; shows the molecular peak with the
correct isotopic pattern for [M] 2+ at m/z = 305.5777 (35%), and [M-
H,01%" at m/z = 296.5721 (100%) (see Experimental Section and
Fig. $43, SD).

3.3. DNA-metal compound interactions study

Due to the nature of an ongoing research project in which we are

N G Y | G VU (U G ¥ S

(C) 1in water-d, 72h at r.t. ([CI] = 10 mM, pH=6.8)
‘{i fr M

W

M } M /A ot S

(B) 1in PBS-water-d,72h atrt. ([CI'] =137 mM, pH=7.4)

f ﬁ N

UL

L M

(A) 1in water-d, 72h at r.t. (pH=6.8)

W ' 'sf:’JUL ' '&:JJUJ‘L ' M S —JU”

[ppm

Fig. 3. Comparison of the aromatic region of 'H NMR spectra of compound 1 in water-d,, under different conditions.
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involved [48-50], we were interested in knowing whether carbohydrate
scaffolds in Ru(II) complexes can help to recognize DNA structures.
Thus, different experiments were carried out to evaluate the possible
interaction between compounds 1-5 and DNA. The techniques used
included fluorescence-based (FRET) DNA melting temperature assays,
viscosity titrations and equilibrium dialysis.

DNA FRET-melting assays were performed first to determine
whether the compounds exert a stabilizing effect on DNA secondary
structure due to partial or classical intercalation, most likely involving
the heteroaromatic phenanthroline ring of the glycosylamine ligand.

First, the different metal-glycoconjugates 1-4 and compound 5 were
tested with duplex-forming oligonucleotide F10T using a range of
[ligand]/[DNA] ratios between 5 and 50 and a buffering system con-
taining lithium chloride (100 mM). Under these experimental condi-
tions, none of the metal complexes was able to modify the melting
temperature of the DNA (see Fig. S44, SI). However, when the analogous
experiments were carried out for selected metal glycoconjugates and
aglycone 5 in non-saline buffered solution, the compounds were found
to thermally stabilize the double helix, in a dose-dependent fashion
(Figs. S45 and S46). The increase in Tm appears to be dependent on the
nature of the carbohydrate and is not affected by differences in incu-
bation times, up to 16 h. As the stabilization effect can be observed in
complex 5, lacking the carbohydrate moiety, but is not detected in
cisplatin metallo-drug, we can conclude that our compounds, like
complex 5 [41], are binding DNA, under these conditions, by a mech-
anism compatible with at least partial intercalation of the 1,10-phenan-
throline ring.

DNA viscosity titrations were additionally performed to further
investigate the binding mode of compounds 1-5 with CT dsDNA. This
method allows to distinguish DNA intercalation from groove binding or
electrostatic external binding to the phosphate backbone [51].

Compounds 1-4 presented a (/1) versus r linear correlation, and
barely altered the DNA relative viscosity, showing only a slight decrease
at increasing compound concentrations (Fig. S47, SI). The averaged
slope values obtained are —0.248 + 0.003 (1), —0.191 + 0.004 (2),
—0.233 £ 0.030 (3), and — 0.250 + 0.006 (4). Slopes in the range — 0.3
to 0.2 are correlated with groove binding compounds and/or external
electrostatic binding, while classical intercalants results in a slope close
to 1.0 [51-53]. The aglycone 5 showed a slight decrease in DNA vis-
cosity as well, but the (n/10)'/® versus r plot deviated from linearity. The
fact that compound 5 is prone to form aggregates in aqueous buffered
solutions could partially explain its distinctive effect on DNA viscosity.
Compared to cisplatin metallodrug [54], the metal-glycoconjugates 1-4
do not induce significant conformational changes on DNA structure.

The combined results from FRET melting assays and viscosity titra-
tions, without the addition of chloride ions, discard strong interactions
with DNA, in particular, a classical intercalation binding mode. At the
same time, at [LiCl] of 100 mM, compounds 1-4 most likely bind DNA
through the grooves or by electrostatic interactions with the phosphate
backbone.

Equilibrium dialysis experiments were also performed to determine
CT DNA binding affinity of compounds 1-5, in comparable conditions to
that employed in viscosity titrations. For this purpose, we followed an
adaptation of the protocol described by Chaires [55] (Experimental

Table 1
DNA apparent association constants of ruthenium(II) compounds 1-5 obtained
by equilibrium dialysis".

Compound 1 2 3 4 5
Kapp DNA CT 2.0+0.2 3.1+0.1 2.8+0.1 2.6 +0.1 22+0.2
mHx10t
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section). This allowed the determination of apparent association con-
stants (Kapp) shown in Table 1.

All apparent association constants determined were in the order of
10* M}, representing a modest binding affinity to dsDNA of metal
compounds 1-5. Within this series of compounds, the mannose deriva-
tive 2 displayed the highest binding constant, followed by the rhamnose
3 and the xylose metal-glycoconjugate 4, whereas the glucose derivative
displayed the lowest DNA affinity under the experimental conditions
tested. Compound 5 was found to bind dsDNA with similar affinity than
the metal-glycoconjugates. All in all, our in vitro DNA interaction
studies indicate that, under the tested conditions, only minor differences
were observed between glycoconjugates 1-4 and compound 5, indi-
cating that the presence of the carbohydrate moiety is not playing a
determining role in DNA recognition.

3.4. In vitro cell studies

The cytotoxic activity of pro-ligands a-d, novel compounds 1-4,
aglycon 5 and cisplatin was evaluated in PC-3, and non-tumorigenic
RWPE-1 cell lines. In addition, the in vitro cytotoxicity of metal com-
pounds 1-5 against PC-3 cells was tested in the presence of BAY-876
[43], a pharmacological inhibitor of GLUTs. The antiproliferative and
antimetastatic ability of the compounds was assessed in the PC-3 cell
line by means of clonogenicity, migration, and metalloproteinases
expression assays, respectively.

3.4.1. Cell viability assays

The cytotoxic effect of pro-ligands a-d, novel metal compounds 1-4,
and reference compounds cisplatin and 5 were tested by monitoring
their ability to inhibit cell growth of PC-3 cells using the MTT assay, and
assessed as the ICsq values after 24, 48 and 72 h of treatment. The results
showed that none of the evaluated compounds were toxic to PC-3 cells
after 24 h or 48 h (Table 2 and Table S1, SI), exception made for agly-
cone 5 (ICsp 24 h = 10.65 + 1.09 pM). After 72 h of incubation, pro-
ligands b-d and compound 5 exhibit higher cytotoxicity than cisplatin
(Table 2), while corresponding metal-based glycoconjugates 2-4 exert
moderate to good cytotoxicities. Among them, the best activity was
found for mannose conjugation in ruthenium compound 2.

Table 2

ICsp values (M) after incubation (72 and 24 h) of compounds 1-5, pro-ligands
a-d and cisplatin with human prostatic cancer PC-3 and non-tumorigenic RWPE-
1 cell lines®.

Compounds PC-3 RWPE-1 s

1 142.3 + 1.4 > 200 n.d.
781.4 + 1.324

2 13.22 £ 1.45 79.44 + 1.15 6.01
410.8 + 1.22%

3 35.55 + 1.45 1123+ 1.1 3.16
1746 + 124

4 24.24 + 1.48 74.51 + 1.04 3.07
242.5 + 1.1%4

5 1.34 + 1.11 16.00 + 1.03 11.9
10.65 =+ 1.09%4

a 35.06 + 1.11 17.95 + 1.06 0.51
> 100%

b 1.69 + 1.09 4.84 + 1.06 2.86
> 1002

c 7.77 +£1.07 9.28 + 1.02 1.19
> 1002411

d 3.93 + 1.07 4.68 + 1.05 1.19
> 1002

cisplatin 16.52 + 1.05 16.13 + 1.01 0.98
> 1002

@ Apparent association constants were calculated according to the equation
Kapp = Cb/(Ce)(Stotal — Cb) where Gy, is the amount of metal complex bound, C is
the free metal complex concentrations and S, is DNA concentration (75 pM),
in monomeric units (bp).

n.d. not determined.

@ Data are the mean + S.E.M of at least four experiments.

b Selectivity Index calculated after 72 h of incubation with cells, (SI) = ICso
(RWPE-1)/ICsq (PC-3).
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To evaluate the selectivity toward cancer cells, ICs( values were also
assessed in the non-tumorigenic RWPE-1 cell line. Among the organic
pro-ligands, only b shows certain selectivity (SI = 3). The best selectivity
indexes of metal derivatives are reached by metal aglycone 5 (SI = 12)
and glycoconjugate 2 (SI = 6), suggesting that the metal plays a sig-
nificant role in the selectivity mechanism, while the sugar moiety has no
beneficial effect on it.

For comparison purposes, we attempt to measure the partition co-
efficients (logP) of metal glycoconjugates 1-4 and 5. However, the
insolubility of Ru(Il) glycoconjugates 1-4 in n-octanol precluded logP
determination by the shake flask method. In contrast, aglycone 5
afforded a logP = —1.00 =+ 0.08, indicative of a more lipophilic profile
than cisplatin (logP = —2.27) [56]. Most likely, the high hydrophilicity
of arene Ru glycoconjugates compared to 5 complicates their cell
internalization by passive diffusion. The same has been recognized to be
a feature shared by many glycoconjugates [3,4,6]. A preliminary com-
parison study of the cellular uptake of cytotoxic compounds 2-5 into PC-
3 cells was performed by ICP-OES, after cells exposure to each complex
for 24 h at a concentration of 500 pM. Under these conditions, the
cytotoxicity of the compounds correlates well with the Ru content being
higher for 5, followed by 2, 4 and 3 (see Fig. S48, SI).

The clonogenic assay is a useful in vitro experiment to evaluate the
ability of cancer cells to recover after treatment with a cytotoxic drug
[57,58]. The assay tests every cell in a population for its ability to sur-
vive and to grow into a colony after exposure to an external agent for a
short period of time. To test the potential effect that metal compounds
1-5 could have on colony formation, PC-3 cells were incubated for 24 h
with the compounds at concentrations corresponding to their ICsq (24 h)
values (Table 2). After treatment, the medium was replaced, and cells
were maintained for further 14 days.

Results (Fig. 5) show that, under these conditions, Ru(II) glyco-
conjugates 1-4 inhibit PC-3 colony formation more potently than
aglycone 5 (colony formation in compound-treated PC-3 relative to
untreated control cells (100%) of 29.9% 1, 27.4% 2, 28.6% 3, 27.45% 4
and 65.4% 5, respectively), and demonstrate the cytostatic potential of
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Fig. 5. Colony formation (after 15 days) of PC-3 cells pre-incubated with metal
compounds 1-5 at their IC2§" for 24 h, relative to untreated control cells.
Representative images of the assay and percentage of colonies formed vs con-

trol, values represent mean + SEM of three independent experiments; ***, P <
0.001 vs Control.
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the novel Ru(II) glycoconjugates.

These ruthenium compounds are, in general, more cytotoxic than the
sugar modified analogues of RAPTA-C described by Hanif et al. [33],
which were reported as moderately cytotoxic after 96 h of exposure to a
variety of cell lines. A detailed study on the influence of the arene on the
cytotoxicity and uptake of a variety of Ru(II) compounds containing a
carbohydrate-phosphite ligand demonstrated the high influence that
lipophilicity exerts on both properties [28,59]. In contrast, glyco-
conjugates containing cyclopentadienyl Ru(II) compounds [9,35,38], or
carbonyl Ru(Il) clusters [9], among others, have mostly been found to be
highly cytotoxic.

It is well recognized that GLUTS, especially GLUT-1 and GLUT-3, are
overexpressed in several human tumors, including prostate cancers such
as PC-3 [60]. GLUT-facilitated cellular internalization of metal glyco-
conjugates has been indirectly evaluated before by comparison of the
cell cytotoxicity of metal glycoconjugates in the presence or absence of
GLUTs inhibitors (GLUTi) [34,39,61].

By this means, PC-3 cells were incubated with compounds 1-5 at
their ICso (72 h) concentration, in the presence or absence of GLUTi
BAY-876 [43,62] and cell viability was assessed (Fig. S49, SI).

While control cells decrease their viability by a 13% in the presence
of GLUTi BAY-876, the cells treated with this GLUTi and compounds 2-4
showed slight although statistically significant increments on the cell
viability relative to the observed in the absence of BAY-876 (11.01% 2,
13.34% 3 and 12.24% 4, respectively, Fig. S49, SI). ICso (72 h) of
compound 2 was calculated in presence of an excess of the GLUTi (10
nM). The results showed a two fold increase of the ICsy under GLUT
inhibitory conditions (ICso + BAY-876 = 30.54 + 1.07). However, in
comparison with the values obtained for related glycoconjugated plat-
inum compounds where GLUT-facilitated uptake has been demonstrated
[34,36], the small differences found in our experiment do not allow us to
elucidate whether GLUTs are involved in the transport of our ruthenium
glycoconjugates inside the cell. In addition, the Ru content of PC-3 cells
incubated with compound 2 (IC50(24 h)) for 24 h in the absence or
presence of GLUTi (2 nM) was quantified by Inductively Coupled Plasma
Optical Emission spectroscopy (ICP-OES). Under the conditions used, no
significant differences were found (592 ng/mL 2 + GLUTi and 562 ng/
mL 2).

3.4.2. Wound-healing assay

Impact of drug candidates on features related with cell-cell or
-extracellular matrix (ECM) interactions, such as cell adhesion and
migration are considered as markers for in vivo antimetastatic activity.
Within this context, cell-migration is an important process involved in
metastasis progression, and the wound-healing assay is a useful method
for determining the in vitro antimigratory effect of drug candidates on
cancer cells [24].

The method is based on quantifying the rate at which cells repopu-
late an artificial scratch created in a confluent monolayer of cells, in the
absence or presence of the drug, and under conditions that do not cause
cell death. Compounds 1-5 were then tested at their IC50/2 (24 h) values
(see Table 2). Under such conditions, the scratch made on untreated
cells was almost fully repopulated after 24 h (Figs. 6 and 7A, 94.77% +
1.9 of wound area closure), while the wound on cells incubated with
metal compounds 1-5 shows an area closure relative to control cells of
23.4% +2.21,19.3% + 2.6 2, 16.6% + 1.3 3 and 28.7% + 2.3 4, and
74.1% + 4.4 5. The poorer inhibition performed by compound 5 relative
to 1-4 on PC-3 cell migration seems to indicate that the presence of the
carbohydrate is a requisite for the effect accomplished by the ruthenium
glycoconjugates.

To evaluate the antimigratory potency of the compounds at lower
concentrations, as well as the contribution of the metal center, we per-
formed the experiment in the presence of 1-4 and pro-ligands a-d at 100
pM. The high cytotoxicity of 5 under these conditions precluded its in-
clusion in this assay. Under such conditions, pro-ligands a-d showed a
slight to no-significant effect on PC-3 cells migration, (Figs. 7B and S50,
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Fig. 6. Representative images of the wound healing assay. Effect of glycoconjugates 1-4 and aglycone 5 at their IC5¢(24 h)/2 concentrations on wound area closure

of PC-3 cells relative to untreated cells, at 0 and 24 h of treatment.
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78.91% =+ 3.4 a, 79.6% + 2.5 b, 80.02% =+ 4.4 ¢, 81.01% + 3.9 d),
while metal glycoconjugates 2—4 still cause an important decrease in the
wound area closure relative to control cells, especially compounds 2 and
4 (31.6% + 4.6 2,72.2% + 6.2 3, 37.7 £ 2.1 4).

These results indicate that along with the carbohydrate, the metal
center plays a key role in the anti-migratory activity of Ru(I)-
glycoconjugates.

In analogous in vitro migration assays, NAMI-A decrease limph node
prostatic adenocarcinoma LNCaP cell migration by ca. 30% (10 pM)
[63], while RAPTA-C reduces in a ca. 50% the closure of a scratch made
on vascular endothelial ECRF-24 cells (200 pM) [64]. To the best of our
knowledge, there are two other reported Ru(Il)-glycoconjugates that
have shown in vitro inhibition of cell migration. The arene compound
[Ru(n®-arene-carbohydrate)Cl(n°-cyclopentadienyl)]Cl ~ reported by
Lamac et al. [40], inhibit migration of triple negative human breast
cancer MDA-MB-231 and ovarian cancer SK-OV-3 cells by a 30-20% at
ca. 200 pM, while the Ru(II) cluster Rug(CO);11(L) (L = glucose-modified
bicyclophosphite ligand), published by Nazarov et al. [29] decreased by
about 60% the wound closure on MDA-MB-231 cells, at concentrations
so low as 0.1 pM.

3.4.3. Effect on MMPs activity

Matrix metalloproteinases (MMPs) are a family of zinc- dependent
endopeptidases that have been recognized as the major proteolytic en-
zymes for regulating ECM degradation [65,66]. Gelatinases MMP-2 and
-9 are most commonly reported to be dysregulated in prostate cancers,
among others, and are considered to play an essential role in tumour
progression and related processes such as migration, invasion and
angiogenesis. Within this context, the search for MMP's inhibitors have

Fig. 7. A) Effect of metal glycoconjugates
1-4 and aglycone 5 at their IC50(24 h)/2
concentrations and B) Effect of metal glyco-
conjugates 1-4 and ligands a-d at 100 uM on
wound area closure of PC-3 cells relative to
untreated cells, after 24 h of incubation.
Microscopic analysis of the cell-free areas
was carried out at 0 and 24 h after the
addition of the drug and the width of the
area invaded by prostate cells was estimated.
Data are the mean + SEM of at least four
experiments. ***, P < 0.001 vs Control.
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attracted considerable attention in recent years as an attractive
approach for cancer therapy and diagnose [66,67].

Since ruthenium glycoconjugates 2-4 had shown to affect cell
migration, we decided to investigate whether MMP-9 and/or — 2 ac-
tivity was also affected in their presence. Proteolytic activity of MMP-9
and pro-MMP-9, pro-MMP-2 (zymogens of MMP-9 and MMP-2, respec-
tively) in PC-3 cells (incubated with and without glycoconjugates 1-4)
was semi quantitatively determined by optical densitometry of gelatin
zymography bands.

At the concentration tested, (100 pM), all metal glycoconjugates 1-4
decreased strongly the activity of MMP-9 relative to the untreated cells,
especially the xylose conjugate 4 (Fig. 8, Table 3), while a lower effect
was observed on pro-MMP-9 or — 2 activities. Since the high cytotoxicity
of compound 5 hampers its evaluation at this same concentration, the
average of the reduction applied to the IC5(24 h) values of compounds
1-4 to reach 100 pM was also applied to 5. Under such conditions, de-
rivative 5 (1.5 pM) does not exert a significant effect on the evaluated
MMPs (96.98% =+ 2.89 MMP-9; 103.2% =+ 2.69 proMMP-9; 113.5% +
4.72 proMMP-2). Remarkably, pro-MMP-9 and -2 are secreted by tumour
cells and released into the extracellular environment as latent pro-
enzymes that require activation in the extracellular space [68]. Thus,
these results agree well with metal compounds exerting their influence
at the cell surface.

A direct comparison with the behaviour of other Ru(II) compounds is
hindered by the different methodology and cell lines used in the existing
bibliography, however, it is worth mentioning that a few Ru(II) MMP-9
inhibitors [69-73] have been reported since the pioneering research on
NAMI-A (inhibitor of MMP-9 activity on TS/A cells with IC5¢ ca. 600
uM) [74].
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Fig. 8. Analysis of MMP-9, pro-MMP-9, and pro-MMP-2 activity in PC-3 cancer cells after treatment with the metal-compounds at 100 uM after 24 h of incubation.
Data are the mean + SEM of three independent experiments; *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs Control.

Table 3

Percentage (%) of MMP-9, pro-MMP-9 and pro-MMP-2 activity relative to un-
treated cells (100%) in PC-3 cancer cells after treatment with metal-compounds
1-4 (100 pM). Data are the mean + S.E.M of at least three experiments.

MMP-9 ProMMP-9 ProMMP-2
1 51.84 +1.98 88.42 +£3.77 59.14 + 2.83
2 46.15 + 2.06 77.75 + 3.74 86.10 + 3.19
3 45.49 £ 1.96 93.76 + 3.41 83.35 +£2.71
4 27.37 £ 2.12 72.82 +3.37 54.88 + 2.50

4. Conclusions

We have established general access to novel carbohydrate-
phenanthroline Ru(II) compounds 1-4, which are water soluble and
hydrolytically stable under physiologically relevant conditions. The
characterization data collected confirm that the compounds are ob-
tained as a mixture of epimers with ratios that depend on the specific
glycoconjugate and the solvent used.

In addition, we carried out a comparative biological study between
our novel compounds and the Ru(II) aglycone 5 reported before by
Espino and Garcia [41]. DNA interactions have been preliminarily
studied for 1-4 by a variety of methods. The results confirm that DNA
binding of the metal glycoconjugates is dependent on the buffer ionic
strength. The metal glycoconjugates bind DNA with modest affinity in
the minor groove and/or through external, electrostatic interactions in
the presence of saline buffers, while depletion of chloride ions allows an
interaction with dsDNA by a non-classical partial intercalation
mechanism.

The high water solubility of glycoconjugates 1-4 relative to 5 prove
how greatly glycoconjugation can influence lipophilicity. However,
comparison of the MTT assays in the absence and presence of GLUTi
BAY-876 points to a non-significant influence of GLUTSs on the uptake of
metal glycoconjugates. In addition, no evidence was found in our
ruthenium glycoconjugates to support the idea that the presence of
carbohydrate scaffolds improves the cytotoxic selectivity of the resulting
drug.

Remarkably, research on processes and targets that do not neces-
sarily involve cell internalization led to most promising data. De-
rivatives 1-4 have a clear anti-migratory potential on malignant cells
and potently reduce MMP-9 activity and, to a lesser extent, MMP-2 and
especially MMP-9 zymogens at concentrations of 100 pM. Due to their
moderate cytotoxicity, the compounds could alter metastatic-related
events at doses that do not cause significant cell death. Thus, the re-
sults ratify the compounds' adequacy for future in vivo assays in athymic
mice.

Overall, the comparative assays performed have indeed confirmed
that carbohydrate scaffolds substantially influence the biological effects
exerted by our systems. In addition, preliminary results on the wound
healing and MMPs activity assays, together with the shreds of evidence
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already reported for many organic glycoconjugates, support the driven
hypothesis that metal drug-glycoconjugates can also affect some of the
carbohydrate-binding protein interactions required in cancer progres-
sion and metastasis.
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