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A number of novel, water-stable redox-active cobalt complexes of the C-functionalized tripodal ligands
tris( pyrazolyl)methane XC(pz); (X = HOCH,, CH,OCH,Py or CH,OSO,Me) are reported along with
their effects on DNA. The compounds were isolated as air-stable solids and fully characterized by IR
and FIR spectroscopies, ESI-MS(+/—), cyclic voltammetry, controlled potential electrolysis, elemental
analysis and, in a number of cases, also by single-crystal X-ray diffraction. They showed moderate
cytotoxicity in vitro towards HCT116 colorectal carcinoma and HepG2 hepatocellular carcinoma human
cancer cell lines. This viability loss is correlated with an increase of tumour cell lines apoptosis.
Reactivity studies with biomolecules, such as reducing agents, H,O,, plasmid DNA and UV-visible
titrations were also performed to provide tentative insights into the mode of action of the complexes.
Incubation of Co(i1) complexes with pDNA induced double strand breaks, without requiring the
presence of any activator. This pDNA cleavage appears to be mediated by O-centred radical species.

Introduction

Scorpionates have become well-established ligands and their
complexes have made important contributions in different areas,
such as bioinorganic model ligand catalysis.' The popularity of
scorpionate systems stems, in large part, from their flexibility
that allows us to tune the electronic and steric features at a metal
centre, e.g., by substitution at the apical atom or at 3-, 4- or
S-position of the pyrazolyl rings. In particular, tris(pyrazolyl)-
methane-type scorpionates XC(Rpz); (pz = pyrazolyl; R = H or
substituent at the pz ring; X = H or substituent), which are much
less studied than the related tris(pyrazolyl)borates,” constitute an
emerging field of research?” and provide a suitable entry for a
fruitful coordination chemistry. Moreover, they can be fairly
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soluble in water, when bearing a suitable substituent, e.g. with a
hydroxymethyl or a sulfonate group (X = HOCH,, SO5),%* what
is of particular interest for catalytic applications in aqueous
media, under environmentally friendly conditions, or for biologi-
cal studies.

In pursuit of our recent work® on the coordination chemistry
of HC(Rpz); and derivatives,” we have now (i) selected some
C-functionalized tris(pyrazolyl)methanes XC(pz); (X = HOCHo,,
CH,0S0,Me or CH,OCH,Py; Py = pyridyl), with a high hydro-
philic nature, (i) studied their coordination behaviour at a
cobalt(m) centre; and (iv) tested the in vitro antitumor activity for
the water-soluble compounds in two human cancer cell lines:
HCT116 colorectal and HepG2 hepatocellular carcinomas.

Co coordination compounds can mimic some metalloenzymes
and have been widely studied for the development of DNA-
cleaving agents, enzyme inhibitors, hypoxic selective agents,
nucleic acid probes, drug delivery devices, and positron emission
tomography agents.*® Cellular uptake of cobalt is carcinogenic
at least in rodents due to genotoxicity by both radical-mediated
mechanisms and direct cobalt interference with DNA repair
probably by substituting zinc ions in zinc finger proteins.* The
interest on cobalt complexes in experimental cancer therapy
research results from their role as systemic anticancer agents and
their ability to redox-dependent targeting the malignant tissue of
solid tumours.*® The former role was firstly attributed to the
fact that vitamin B, (cobalamin) is substituted together with
folic acid in chemotherapy regimens involving antimetabolites
to reduce unwanted side effects, and, secondly, to the fact that
fast proliferating cells require higher amounts of vitamin B,
than normal ones. Cobalamin-conjugates with radioisotopes or
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cytotoxic compounds, e.g., nitrosylcobalamin or a cisplatin—
cobalamin, have been developed to achieve enhanced tumour
accumulation via the respective receptor-mediated uptake
system.”'® With regard to redox processes in the anticancer
activity of cobalt complexes, two aspects have been of central
interest: (i) activation of Co™ complexes in a hypoxic environ-
ment by reduction to Co" and release of the ligand, and (ii) gen-
eration of reactive oxygen species (ROS) by a catalytic
autooxidation process especially for Schiff base complexes. The
reduction step of Co™ complexes might not only lead to the
release of cytotoxic ligands but also to generation of ROS based
on a catalytic autooxidation process.'' As mentioned above,
even Co'" ions themselves induce generation of ROS in vivo and
in vitro by catalyzing the generation of hydroxyl radicals from
H,0, in a Fenton-like reaction.’ Interestingly, it has been
recently demonstrated that Co™ ions can replace Mg®" in enzy-
matic physiological enzyme reactions, which strongly enhance
DNA cleavage by topoisomerase Ilo.'?

In this regard, we report herein the potential role of the new
water soluble scorpionate Co half-sandwich complexes obtained
in this study as cytotoxic agents.

Experimental
General materials and procedures

Pyrazole, sulphur trioxide—trimethylamine complex (Aldrich),
cobalt(11) chloride or nitrate, acetonitrile, tetrahydrofuran, diethyl
ether, chloroform, methanol (Lab-Scan) were used as received
from the supplier. HC(pz)s,"> HOCH,C(pz)s,"* Li[SO;C(pz)s],
CH;S0,0CH,C(pz); '° and PyCH,OCH,C(pz); > were obtained
according to published methods.

Infrared spectra (4000-400 cm™') were recorded on a
BIO-RAD FTS 3000 MX in KBr pellets; wavenumbers are in
cm™!; abbreviations: vs, very strong; s, strong; m, medium; w,
weak. Far infrared spectra Far-IR (400-200 cm™") were recorded
on a Vertex 70 spectrophotometer in Csl pellets.

ESI/ESI™ mass spectra were obtained on a VARIAN 500-MS
LC ion trap mass spectrometer (solvent: MeOH; flow: 20 uL
min~"'; needle spray voltage: £5 kV, capillarity voltage: £100 V;
nebulizer gas (N,): 35 psi; drying gas (N,): 10 psi; drying gas
temperature (N,): 350 °C). For the MS spectra description,
M denotes the complex part of compounds 1-5.

The C, H, N and S elemental analyses were carried out by the
Microanalytical Service of the Instituto Superior Técnico.

The electrochemical experiments were performed on an
EG&G PAR 273A potentiostat/galvanostat connected to a per-
sonal computer through a GPIB interface. Cyclic voltammo-
grams (CV) were obtained in 0.2 M ["BuyN][BF;]/NCMe or
DMSO, at a platinum disc working electrode (¢ = 1 mm). Con-
trolled-potential electrolyses (CPE) were carried out in electro-
lyte solutions with the abovementioned composition, in a three-
electrode H-type cell. The compartments were separated by a
sintered glass frit and equipped with platinum gauze working
and counter electrodes. For both CV and CPE experiments, a
Luggin capillary connected to a silver wire pseudo-reference
electrode was used to control the working electrode potential.
The CPE experiments were monitored regularly by cyclic
voltammetry, thus assuring no significant potential drift occurred

along the electrolyses. Ferrocene was used as an internal stan-
dard for the measurement of the oxidation potentials of the com-
plexes; the redox potential values are quoted relative to the SCE
by using as an internal reference the ferrocene/ferricinium
couple ([Fe(n’-CsHs),]”"; E = 042 V vs. SCE in NCMe or
0.44 V vs. SCE in DMSO0).'¢

X-ray crystal structure determinations. The X-ray diffraction
data of 1 and 3 were collected using a Bruker AXS-KAPPA
APEX 1II diffractometer with graphite monochromated Mo-Ko
radiation. Data were collected using omega scans of 0.5° per
frame, and a full sphere of data was obtained. Cell parameters
were retrieved using Bruker SMART software and refined using
Bruker SAINT on all the observed reflections. Absorption cor-
rections were applied using SADABS.'” Structures were solved
by direct methods using the SHELXS-97 package and refined
with SHELXL-97.'7% Calculations were performed with the
WinGX System-Version 1.80.03.'7 All hydrogen atoms were
inserted in calculated positions. CCDC numbers 840090 (com-
pound 1) and 840091 (compound 3) contain the supplementary
crystallographic data for this paper.

Synthesis and characterization of complexes

[Co(OSO;H)(OCH3)(HOCH;3){HC(pz)3}] (1). To a solution of
CoCl, (0.10 g, 0.80 mmol) in MeOH (10.0 mL) an equimolar
amount of Li[SO3C(pz);] (0.23 g, 0.80 mmol) in MeOH
(15.0 mL) was added, with stirring, under air. The resulting red
solution was stirred overnight, then concentrated and, upon
addition of Et,0, a red solid precipitated. This was collected by
filtration, washed with Et,O and dried in vacuo (0.10 g, 29%
yield). 1 is soluble in MeOH and DMSO (S,5 o &~ 3.0 mg mL™").
Suitable crystals for X-ray analysis were obtained upon slow
diffusion of Et,O into a methanolic solution of the complex.
IR (KBr pellet, cm™): 3529 [s, w(O-H)], 1522 and 1412
[s, (C=C) and v(N=C), SO;C(pz); ], 1206, 1102, 1054
[s, v(S-0), SO;C(pz);~]. ESI"-MS: m/z 400 (M — OCH;]"),
384 (IM — OCH; — O]"). Anal. calc. for CoC;,H;7N¢OsS: C,
33.3; H, 4.0; N, 19.4; S, 7.4%. Found: C, 33.5; H, 3.9; N, 19.6;
S, 7.2%.

[Co{HOCH,C(pz);}2](NO3), (2). To a solution of HOCH,C-
(pz); (200.0 mg, 0.81 mmol) in THF (10 mL) was added, with
constant stirring, an equimolar amount of Co(NOs),6H,O
(235.3 mg, 0.809 mmol) in THF (20 mL), under continuous stir-
ring for 3 h, at room temperature under air. The resulting pink
solution was taken to dryness in vacuo and the pink solid thus
obtained was washed with pentane (0.26 g, 48% yield). 2 is
soluble in NCMe (S»s oc ~ 4.4 mg mL™"). IR (KBr pellet,
em™): 3395 [m, W(OH), HOCH,C(pz)s], 1629 and 1517
[m, v(C=C), and v(C=N), HOCH,C(pz);], 1336 [s, v(C-H),
HOCH,C(pz);]. ESI"-MS: m/z 274 (M*"). Anal. calc. for
CoCyHoyN1404: C, 39.4; H, 3.6; N, 29.2%. Found: C, 39.1;
H, 3.2; N, 29.1%.

[Co{HOCH,C(pz)s},] |Co{HOCH,C(pz)3}(H,0)3]2(Cl)s"6H,O
(3-6H,0). To a solution of HOCH,C(pz); (98.7 mg,
0.40 mmol) in H,O or MeOH (10 mL) was added, with constant
stirring, an equimolar amount of CoCl,6H,O (73.4 mg,
0.40 mmol) in H,O or MeOH (10 mL), under continuous stirring
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for 3 h under air, at room temperature. The resulting green solu-
tion was taken to dryness in vacuo and a green solid was thus
obtained (0.098 g, 47% yield). 3 is soluble in water (Sy5 oc ~
5.0 mg mL™"), MeOH and EtOH. Suitable crystals for X-ray
analysis were obtained upon slow diffusion of Et,O into a
methanolic solution of the complex. IR (KBr pellet, cm™"): 3382
[m, v(OH), HOCH,C(pz);], 1619 and 1518 [m, v(C=C), and
v(C=N), HOCH,C(pz);], 1336 [s, v(C-H), HOCH,C(pz);].
ESI'-MS: m/z 274 ([Co{HOCH,C(pz);},]*"), 207 ([Co{HO-
CH>C(pz)3}» — pz]*"). Anal. calc. for Co3Cs4H75N540,4Clg: C,
33.5; H, 4.7; N, 20.8%. Found: C, 33.3; H, 4.3; N, 20.7%.

[CoCL(H,0){PyCH,OCH,C(pz);}] (4). To a solution of
CoCl,'6H,0 (0.21 g, 0.90 mmol) in THF (20 mL) an equimolar
amount of PyCH,OCH,C(pz); (0.30 g, 0.90 mmol) in THF
(10 mL) was added, with constant stirring, under air, resulting in
a blue solution. A few minutes later, a blue solid precipitated.
It was collected by filtration, washed with pentane and dried
in vacuo (0.26 g, 60% yield). 4 is soluble in HyO (Sys oc ~
2.2 mg mL™"), MeOH and NCMe. IR (KBr pellet, cm™"): 3406
and 1620 [s, v(H,0)], 1561 and 1518 [s, (C=C) and v(N=C),
PyCH,OCH,C(pz);], 866, 760 and 653 [s, PyCH,OCH,C
(pz)s]. Far-IR (CsI pellet, cm™"): 312 [m, v(Co—Cl)]. ESI*-MS:
m/z 429 (M — H,0 — C1]"), 362 (M — H,0 — Cl — pz]").
Anal. calc. for CoC;;H;9N;0,Cl,: C, 42.3; H, 4.0; N, 20.2%.
Found: C, 41.9; H, 4.1; N, 19.9%.

[CoCl,(H,0){CH3;SO,0CH,C(pz);}] (5). To a solution of
cobalt chloride (0.10 g, 0.77 mmol) in MeOH (20 mL) an equi-
molar quantity of H;CSO,OCH,C(pz); (0.25 g, 0.77 mmol) in
MeOH (30 mL) was added, with constant stirring. The resulting
green solution was stirred overnight, then concentrated and,
upon addition of Et,O, a green solid precipitated. The solid was
collected by filtration, washed with Et,O and dried in vacuo
(0.21 g, 58% yield). 5 is soluble in H,O (S;5 oc = 2.0 mg
mL™"), MeOH and NCMe. IR (KBr pellet, cm™"): 3430 and
1628 [s, v(H,0)], 1521 and 1413 [s, v(N=C), (N=N),
CH3SO,0CH,C(pz)3], 1029 and 643 [s, v(S=O0), (C-S),
CH;S0,0CH,C(pz);]. Far-IR (CsI pellet, cm™"): 300 and 290
[m, W(Co—Cl)]. ESI*-MS: m/z 417 (IM — H,O — CIT"): C, 350
(IM = H,O — Cl — pz]"). Anal. calc. for CoC1,H;¢N¢O4Cl,S:
C, 30.7; H, 3.4; N, 17.8; S, 6.9%. Found: C, 31.0; H, 3.3; N,
18.1; S, 6.8%.

Assessment of the cytotoxicity of the water soluble compounds

Cell culture. HCT116 human colorectal carcinoma cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen Corp., Grand Island, NY, USA) supplemented with
10% fetal bovine serum and 1% antibiotic/antimycotic solu-
tion (Invitrogen Corp.) and maintained at 37 °C in a humi-
dified atmosphere of 5% CO,. HepG2 human hepatocellular
carcinoma cells were grown under similar conditions, sup-
plemented with 1% MEM non-essential amino acid (Invitrogen

Corp.).

Compound exposure. Stock solutions of 0.1-4 mM were pre-
pared in sterile double distilled water. For the dose—response
curves, cells were plated at 5000 cells per well in 96-well plates.
Media were removed 24 h after platting and replaced with fresh

media containing: 0.1, 0.5, 1 and 2 mM complex 3; 0.1, 0.5, 1, 2
and 4 mM complex 4; and 0.25, 0.5, 1, 2 mM complex 5; or
water (vehicle control).

Viability assays. After 48 h of cell incubation in the presence
or absence of each compound, cell viability was evaluated with a
CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (Promega, Madison, WI, USA), using 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium, inner salt (MTS). In brief, this is a homogeneous,
colorimetric method for determining the number of viable cells
in proliferation, cytotoxicity or chemosensitivity assays. The
CellTiter 96® AQueous Assay is composed of solutions of MTS
and an electron coupling reagent (phenazinemethosulfate, PMS).
MTS is bioreduced by cells into a formazan product that is
soluble in a tissue culture medium. The absorbance of the forma-
zan product at 490 nm can be measured directly from 96-well
assay plates without additional processing. The conversion of
MTS into the aqueous soluble formazan product is accomplished
by dehydrogenase enzymes found in metabolically active cells.
The quantity of the formazan product was measured in a Bio-
Rad microplate reader Model 680 (Bio-Rad, Hercules, CA,
USA) at 490 nm, as absorbance is directly proportional to the
number of viable cells in culture.

Assessment of apoptosis for the water soluble compounds

Hoechst 33258 labelling. HCT116 cells were grown in a
DMEM culture medium (Invitrogen, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Invitrogen) and 1%
antibiotic/antimycotic solution (Invitrogen), and maintained at
37 °C in a humidified atmosphere of 5% CO,. Cells were plated
at 7500 cells per mL and incubated for 48 h in a culture medium
containing the studied compounds dissolved in distilled water, or
without addition (control). Hoechst staining was used to detect
apoptotic nuclei. The medium was removed, cells were washed
with phosphate-buffered saline 1X (PBS) (Invitrogen), and fixed
with 4% paraformaldehyde in PBS1X (Invitrogen) for 10 min in
the dark. Cells were incubated with Hoechst dye 33258 (Sigma,
Missouri, USA) at 5 ug mL™" in PBS 1X (Invitrogen) for
10 min, washed with PBS 1X (Invitrogen) and mounted using
20 uL of PBS: glycerol (3 :1; v/v) solution. Fluorescent nuclei
were sort out according to the chromatin condensation degree
and characteristics. Normal nuclei showed non-condensed chro-
matin uniformly distributed over the entire nucleus. Apoptotic
nuclei showed condensate or fragmented chromatin. Some cells
formed apoptotic bodies. Plates were photographed in an AXIO
Scope (Carl Zeiss, Oberkochen, Germany), and three random
microscopic fields per sample with ca. 50 nuclei were counted.
Mean values were expressed as the percentage of apoptotic
nuclei.

Statistical analysis

All data were expressed as mean £ SEM from at least three
independent experiments. Statistical significance was evaluated
using the Student’s #-test; p < 0.05 was considered statistically
significant.
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Interaction between the water soluble compounds and plasmid
DNA

The interactions between compounds and pBluescript 1T SK(+)
(pBSKII) DNA (Agilent Technologies, California, USA) and
pUCI18 (2686 bp) (Fermentas, USA) were determined.

Plasmids were obtained from E. coli transformed cells, grown
overnight (0.n.) in an LB liquid medium (Applichem, Darmstadt,
Germany) with 100 pg mL™" Ampicillin (Bioline, London, UK),
at 37 °C with stirring. Plasmid extractions were performed using
the Invisorb® Spin Plasmid Mini Two Kit (Invitek, Berlin,
Germany) and DNA were quantified by spectrophotometry with
NanoDrop 2000 (Thermo Scientific, Massachusetts, USA). Both
plasmids contained over 95% of supercoiled DNA with a faint
relaxed DNA band. The restriction enzymes Dral (three recog-
nition sites of TTTAAA at positions 1565, 1584 and 2276 of
pUCI8) and Smal (recognition site GGGCCC at position 436 of
pUCI18) were used for the digestion of the supercoiled DNA.

Compound—-DNA interaction assays were performed in tubes
containing 200 ng of plasmid DNA and tested compounds at
different concentrations in the presence and in the absence of the
activating agent H>O, (200 uM). It was added Tris-HCI buffer
(Merck) 5 mM, NaCl (Panreac) 50 mM, pH 7.0, for a final
volume of 20 pL. A control sample was also prepared with
plasmid DNA and buffer using the same method described
above. A typical reaction mixture, containing supercoiled
plasmid DNA, and complexes 3, 4 and 5 in Tris-HCI buffer
(Merck) 5 mM, NaCl (Panreac) 50 mM, pH 7.0, was incubated
at 37 °C for 4 h (with or without additives, or without any exter-
nal reductant). After the incubation period, the reactions were
quenched by keeping the samples at —20 °C followed by
addition of 4 pL of loading buffer (25 mM Tris-HCI, 25 mM
EDTA (pH = 8.0), 50% glycerol, 0.1% of bromophenol blue).
Samples were then loaded on a 0.8% agarose gel (p/v) (Agarose
SeaKem®LE, Maine, USA) dissolved in TAE buffer 1x (4.84 g
Tris-Base (Merck), EDTA (Riedel-de Haén) 0.5 M, 1.142 mL
acetic acid (Panreac), pH 8.0). The electrophoresis was per-
formed at 80 V as constant voltage for 2 h in 1x TAE buffer. The
DNA was stained by immersing the agarose gel in an ethidium
bromide solution (0.5 mg L™ in distilled water) for 20 min,
afterwards the gel was washed in distilled water for 10 min and
the results were analyzed and photographed using a UVI TEC
transilluminator (Cambridge, UK) coupled to a Kodak Alpha-
DigiDoc camera (Alpha Innotech, California, USA), and using
AlphEaseFC software (AlphaDigiDoc 1000, Alpha Innotech) for
image acquisition.

UV-visible titrations

The interaction of the complexes with Calf Thymus (CT) DNA
was studied by UV-visible spectroscopy between 230 and
700 nm. UV spectra were recorded for a constant complex con-
centration, in the absence and presence of CT DNA at crescent
concentrations. All solutions were prepared in Tris-HCI 5 mM,
NaCl 50 mM buffer (pH 7.0). CT DNA concentration in base
pairs had been determined at 260 nm in a NanoDrop2000
spectrophotometer (ThermoScientific), using an extinction
coefficient of 6600 M~ cm™".

Results and discussion

Synthesis of complexes and spectroscopic characterization

The attempt to synthesise a cobalt complex bearing the hydro-
philic anionic tris(pyrazolyl)methanesulfonate ligand, from the
reaction of Li[SO;C(pz)3] (pz = pyrazolyl) with cobalt(ir) chlo-
ride (in stoichiometric amounts) in methanol, led to the forma-
tion of the tris(pyrazolyl)methane Co(i) complex [Co(OSO;H)-
(OCH3)(HOCH3){HC(pz)s}] (1) (reaction a, Scheme 1).
Rupture of the C(sp’)-S bond at ~0;S—C(pz); conceivably
occurred by metal-promoted hydrolysis, leading to the parent
HC(pz); and hydrogenosulfate HSO,~ that coordinate to the
metal which, in the final complex, also bears methoxide and
solvent methanol as ligands. The compounds with the neutral
scorpionates [Co{HOCH,C(pz)3}2]J(NO3), (2), [Co{HOCH,C-
(p2)3}2][Co{HOCH,C(pz)3} (H20)3]5(Cl)'6H,0  (3-6H>0),
[CoCly(H,0) {PyCH,OCH>C(pz)3}] (Py = pyridyl) (4) and
[CoCl,(H,0){CH3SO,0CH,C(pz);}] (5) were obtained by
reactions of CoX, (X = CI” or NO;~) with the appropriate
neutral C-functionalized tris(pyrazolyl)methane (reactions b—e,
Scheme 1). They provide, to our knowledge,” the first examples
of Co(i) complexes bearing such scorpionate ligands, i.e.,
HOCHzc(pZ)3, PyCHZOCHQC(pZ)3 and CH3SOzoCH2C(pZ)3

All the complexes are stable in air and 3, 4 and 5 display fair
solubilities in water (Sps oc ca. 2-5 mg mL_l), an important
feature towards their application (see below) as tumour-inhibiting
agents against human tumour cell lines.

The complexes were characterized by elemental analysis, IR
spectroscopy, ESI-MS, cyclic voltammetry and controlled poten-
tial electrolysis and, for 1 and 3, also by single-crystal X-ray
diffraction analysis.

Their IR spectra display v(C=C) and v(C=N) bands of
pyrazolyl or pyrazole groups at the normal® range of
16261510 cm™". 2 and 3 exhibit medium intensity bands in the
3395-3382 cm™' range assigned to W(OH) of the ligated
HOCHZC(pZ)3.3d For 4 and 5, the medium intensity v(Co—Cl)
bands in the 312275 cm™' range confirm the presence of the
chloride ligands. In 4, PyCH,OCH,C(pz); is coordinated via the
three pyrazolyl rings, leaving uncoordinated the pyridyl group,
a behaviour that is similar to that found at, e.g., [VOCI,-
{PyCH,0CH,C(p2)3}21.*

The ellipsoid plots of complexes 1 and 3 are depicted in
Fig. 1 and 2. Crystallographic data and selected bonding para-
meters are given in Tables S1 and S2,I respectively. The geo-
metry around the cobalt ions in both complexes is of octahedral
type. Compound 1 (Fig. 1) is a half sandwich Co(i1) compound
which occurs as a hydrogen bonded molecular aggregate due to
the strong interaction between the HSO; moiety of one molecule
and an O-methoxy atom from another [d(D---A) O5-H5A---Ol
2.663(4) A, 2(DHA) 162.4 °]. In the asymmetric unit of 3
(Fig. 2) half a discorpionate Co(i) complex (the metal is located
in an inversion centre) and a monoscorpionate tri-aqua Co(1)
unit were found, together with three chloride anions and three
crystallization water molecules.

The crystal packing diagram of 3 (Fig. Slaf) shows that the
crystallization water molecules and the chloride counterions
form cyclic {(H,0)¢Cl,}*~ clusters which are further hydrogen
bonded to two other chloride anions, the set occupying the free

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 12888-12897 | 12891


http://dx.doi.org/10.1039/c2dt11577h

Published on 17 September 2012. Downloaded by Universidade Nova de Lisboa on 11/01/2015 17:56:04.

View Article Online

(@) Li [SO;C(p2)s] (1:1) \\\\\\N N/,,,// Hen,
SaN—Nawl
MeOH, .. _o Co—oOCH
) H-C ) Co 3
I[,,///&)\\\\\\\ %,
N—NY 0SO;H
&
1
A (\
(b) HOCH,C(pz); (1:1) o~ NN Ny, ‘:N/—\N///,,,,,C/\OH
0 d
THF, r.t. PN-NE NN
N—N N—N
~F - (NO3),
2
Cox (c) HOCH,C(pz); (1:2) W N, NN, W TNy, OHy
2 HO™  “Crg® egCong” S_lC7 TOH | [HOT T Crgy @ e Col
N-NE NN PAN-NEE Ok,
(X =Cl or NOy) MeOH or H,O, r.t. N—N\" }I:II—N\\\ N—N" OH,
~F ~ ~~ 2 (Chs. 6H,0
3
S
. \\N—N/// "
(d) PyCHL,OCH,C(pz); (1:1) (\/\O/\C“\\ /\vl°c°/ on,
N-NJ \
THF, r.t. N A N—N
A =
4
~
() CH;80,0CH,C(p7); (1:1) —N Cl

H:C—S—0_ Cimge_ /
MeOH, rt. hd 2 ™\
N— cl
~
5
Scheme 1

Fig. 1 Crystal structure of complex 1 with an atomic numbering
scheme (ellipsoid probability level of 50%) showing in dotted lines the
intra- and intermolecular H bond interactions. Distances d(D---A) and
angles £(D-H---A) 02-H20---04 [2.584(4) 157(5)], O5-H5A---O1'
[2.663(4) 162.4]. Symmetry operation to generate equivalent atoms: (i)
—x+1, -y —z+1.

space between the metal-organic entities. As found in other
water—chloride networks'® and extended assemblies,' the

Fig. 2 Crystal structure of complex 3 with an atomic numbering
scheme (ellipsoid probability level of 50%). The hydrogen atoms, the
water molecules and the chloride counter-ions were omitted for clarity.
Symmetry operations to generate equivalent atoms: (i) 1 — x, 2 — y, —z.

incorporation of our {(H,0)4(C1)4(C1),]®~ units in 3 is strongly
supported by intermolecular interactions (Fig. S1b and Table S3
in ESIj file).

The cyclic {(H20)4(Cl)4(C1)2]6_ fragment is constructed by
means of two O-H:--O interactions with O---O distances of
2.801 A and ten O-H---Cl hydrogen bonds (Fig. 3b) with O---Cl
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Fig. 3 Cyclic voltammogram of 2, at a Pt disc electrode, in a 0.20 M
["BuyN][BF4]/NCMe solution. Complex concentration: 1.5 mM.

separations in the 3.090-3.384 A range (Table S1i). Both the
O---O and the average of O---Cl (~3.08 A) separations are com-
parable to those found in liquid water (i.e. 2.85 A)*® and various
types of HO?'*? hybrid H,O—CI** clusters.

Electrochemical studies

The redox properties of the complexes were studied by cyclic
voltammetry (CV) and controlled potential electrolysis. By CV at
a Pt disc electrode, in 0.2 M ["BuyN][BF4]/NCMe (or DMSO
for 1) solutions, each of the complexes exhibits a single-electron
irreversible reduction wave (I%) in the range of —0.40 to —0.68 V
vs. SCE assigned to the Co™ — Co' reduction process and a
single-electron irreversible (for 1, 4 or 5) or reversible (for 2 and
3) oxidation wave (I°*) which concerns the Co™™ oxidation, at
the oxidation potential values ('Eg?‘z or 'ES% in the range of
0.58-1.28 V vs. SCE) (Table 1, and Fig. 3 for 2). Moreover,
compound 3, with two Co centres, displays two irreversible oxi-
dation and reduction waves, one for each Co' site. For 3, the
first reduction and the first oxidation waves are assigned to the
full-sandwich Co moiety [Co{HOCH,C(pz);},]*" since they
occur at redox potential values (IEf/‘zi =—0.67 V, 'ES5 = 0.60 V
vs. SCE) that are identical to those of 2. Moreover, in the case of
3, with CI™ as the counterion, an irreversible oxidation wave is
observed at Ep* = 1.28 V vs. SCE, being assigned to the oxi-
dation of C1™.

Viability assays and Hoechst staining

Antiproliferative activities of the water soluble compounds
[Co{HOCH,C(pz)3}2]:[Co{HOCH,C(pz)3 } (H20)3]2(Cl)s 6H,O
(3-6H,0), [CoCl,(H,0) {PyCH,OCH,C(pz)3}] (4) and [CoCl,-
(H,0) {CH3SO,OCH,C(pz)5}] (5) were evaluated in vitro by
the MTS metabolism assay, in HCT116 colorectal carcinoma
and HepG2 hepatocellular carcinoma human cancer cell lines
(Fig. 4).

Our results demonstrate that a 2 mM concentration of com-
plexes 3, 4 or 5 significantly decreases HCT116 cell viability to
23, 30 or 22%, respectively, compared to control cells (p < 0.01)
(Fig. 4). In addition, a similar concentration of these complexes
also significantly decreases HepG2 cell viability to 22, 23 and
27%, respectively (p < 0.01) (Fig. 4). Complex 3 is the most

Table 1 Cyclic voltammetric data for compounds 1-5

Compound 'Eyy "Ey 'Eya(E, "Epy
1° —0.40 — 1.03 —

2 —0.68 — (0.58) —
3¢ —-0.67 —-1.21 (0.60) 1.20
4 —0.60 — 1.28 —

5 —0.64 — 1.10 —

“Values in ¥ + 0.02 relative to SCE; scan rate of 200 mV s~', in NCMe,
unless stated otherwise. ” In DMSO. ¢ E(CIT)at 1.28 V.

effective one in reducing cell viability. Despite the fact that these
compounds present higher ICso values for HCT116 (280, 418
and 658 uM for complexes 3, 4 and 5, respectively) and HepG2
(130, 391 and 626 uM for complexes 3, 4 and 5, respectively)
tumour cells than the common antitumor drugs cisplatin
(4.14 uM)** and doxorubicin (1.4 uM),> their water solubility
may allow direct parenteral administration.

The bioactivity does not seem to correlate with the redox
potential of the complexes (see above), what is not unexpected
since the complexes already bear the metal with the known®®
active oxidation state II. Their anti-tumour activity does not
require, e.g. their prior reduction from Co(in) to Co(1r), in con-
trast to other reported cases.®

In order to get an insight into the mechanism of cytotoxic
action of our complexes in tumour cells, Hoechst nuclei staining
of HCT116 cell lines in the absence (negative control) or in the
presence of different concentrations of complexes 3, 4 or 5 and
doxorubicin (as a positive control of apoptotic nuclei) was
assessed (Fig. 5 and results not shown).

Hoechst 33342 (2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazi-
nyl]-2,5’-bi-1H-benzimidazole trihydrochloride trihydrate) is a
cell-permeable DNA stain that is excited by ultraviolet light and
emits blue fluorescence at 460 to 490 nm.?’” It binds preferen-
tially to adenine—thymine (A-T) regions of DNA and it can
detect gradations of nuclear damage and apoptosis. Normal
nuclei show non-condensed chromatin uniformly distributed
over the entire nucleus, whereas apoptotic nuclei show conden-
sate or fragmented chromatin. Some cells form apoptotic
bodies.*’

The results shown in Fig. 5 correlate with the above viability
results in Fig. 4. Indeed, there is clearly a marked decrease in
cell viability in the presence of complex 3 and this decreased
viability can be correlated with an increased cell death by apo-
ptosis (as a dose dependent mechanism).

DNA is generally the primary intracellular target of anticancer
drugs, and their interactions can cause damage in cancer cells,
block their division and result in cell death.?®>° In this regard,
we also tested the ability of complexes 3, 4 and 5 to interact with
plasmid DNA (pDNA) in the absence of H,O, by incubating
pDNA with increasing concentrations of the tested compounds
for 24 h and subjecting these mixtures to agarose gel electro-
phoresis (Fig. 6).

Our complexes can induce pDNA strand breaks for all the
tested concentrations verifying a dose dependent response in the
FI-Fc transition for complexes 4 and 5 (Fig. 6, lanes 8—11 and
1215, respectively). Regarding complex 3, no differences
between the three isoforms were detected for all the tested

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Effect of complexes 3, 4 and 5 exposures on HCT116 and HepG2 cell viability. Cells were exposed to: (a) 0.1-2 mM complex 3; (b)
0.1-4 mM complex 4; (c) 0.25-2 mM complex 5; or water (vehicle control, 0 mM of complex) for 48 h. The results are expressed as mean + SEM
fold-change compared to controls from at least three independent experiments. The symbol * in the figure means that the results are statistically signifi-
cant with a p <0.01 (as compared to control for each compound and cell line).
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Fig. 5 A. Staining of HCT116 cell lines with Hoechst for the detection
of apoptotic nuclei. Cells were grown in a DMEM culture medium sup-
plemented with 10% fetal bovine serum in the absence (a), and the pres-
ence of 0.5 uM Doxorubicin (b), 250 uM complex 3 (c) and 500 uM
complex 3 (d). Plates were photographed in an AXIO Scope (Carl Zeiss,
Oberkochen, Germany). B. Mean values expressed as the percentage of
apoptotic nuclei. Three random microscopic fields per sample with circa
50 nuclei were counted. Error bars represent standard deviations from
the medium value of three independent experiments.

concentrations (Fig. 6, lanes 4—7) most probably due to com-
pound saturation. Nevertheless, we can also observe the increase
in the Fc isoform compared with control pDNA (Fig. 6 and 7).
These results can only be explained by the capacity of com-
pounds 3, 4 and 5 to induce DNA breaks in the double helix. In
the case of single strand cleavage, firstly an increase of FII
would occur, resulting from a single cut of FI, and secondly this
isoform (FII) would be converted into Fc as a result of cleavage
nearby the first cleavage site.

It is known®®*!'>* that when redox-active metal complexes
interact with DNA in the presence of dioxygen or a redox agent,
reactive oxygen species can be generated, leading to strong DNA
damage. In order to get an insight into the nature of this pDNA
cleavage, we studied the effects of radical scavengers, ascorbic
acid and H,O,. By performing the incubation of pDNA with
complex 3 in the presence of the common hydroxyl radical sca-
venger DMSO, we observed a decrease in DNA cleavage
(Fig. 7, lane 5 vs. lane 6, and Fig. S4,1 lane 7 vs. lanes 5 and 6)
supporting®’ the involvement of such a radical, namely via a
Fenton type process. The presence of ascorbic acid seems to
potentiate pDNA cleavage (Fig. 8, lanes 13-15), mainly for
complex 4 where the FI isoform is no longer observed (lane 14).

Fll
Fc

Fig. 6 Agarose gel electrophoresis (0.8% (w/v)) concerning the incu-
bation of complexes 3, 4 and 5 with pBSKII plasmidic DNA (pDNA) at
pH = 7.0 and 37 °C for 24 h in the absence of H,O,. Lane 1: Molecular
ladder ADNA/HindlIlII; lane 2: pBSKII (control); lane 3: linearized
pBSKII; lanes 4-15: pBSKII DNA incubated in the presence of increas-
ing concentrations [(c) 50 uM; (d) 100 uM; (e) 250 uM; and (f)
500 uM] of complexes 3 (lanes 4-7), 4 (lanes 8—11) or 5 (lanes 12—15).
FI — supercoiled isoform of DNA; Fc — linear isoform of DNA (double
strand breaks); FII — relaxed (nicked) isoform of DNA.

This is consistent with the reported pDNA cleavage by copper
complexes in the presence of ascorbic acid,” and by the ascor-
bate—Cu(ir) system,*® and with the known®’ hydroxyl radical for-
mation upon reaction of Cu(i) with ascorbic acid.

The incubation of pDNA with complex 3 in the presence of
H,0,, a known hydroxyl radical source, seems to reduce the
amount of the FI isoform, with a simultaneous increase in the
FII isoform (Fig. 7, lane 9 vs. lane 6). Nevertheless, the presence
of H,O, does not appear to increase the amount of pDNA
double strand cleavage observed with complex 3 alone (isoform
Fc in Fig. 7, lane 9 vs. lane 6), suggesting that the process can
also proceed via another radical. In this regard, it is noteworthy
that radical metal-peroxo species Co(m)OO" are known’® to be
formed upon reaction of a Co(i1) complex with dioxygen. The
abovementioned promotion of the Fc isoform by the presence of
ascorbic acid is consistent with a reduction of Co(u) back to
Co(11) by that acid making the system catalytic, both in the pres-
ence (isoform Fc in Fig. 7, lane 13 vs. lane 9) or absence of
H,0, (Fig. 7, lane 12 vs. lane 6). The cleavage activity of the
complexes was not inhibited by the presence of sodium azide
and r-histidine, suggesting that singlet oxygen is not involved, in
contrast to the reported*? behaviour of some cobalt(ir) picolinate
complexes.
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Fig. 7 Agarose gel electrophoresis (0.8% (w/v)) concerning the inter-
action between complex 3 (50 uM), 4 (100 uM) and 5 (100 uM) and
pBSKII plasmidic DNA (pDNA) in the presence or absence of H,0,
(200 uM) and reductants. Lane 1 — Molecular ladder ADNA/HindlIlII;
lane 2 — pBSKII (control); lane 3 — linearized pBSKII; lane 4 — pBSKII
DNA incubated in the presence of H,O, (200 uM); lane 5 — pBSKII
DNA incubated in the presence of complex 3 and DMSO (2%); lane 6 —
pBSKII DNA incubated in the presence of complex 3; lane 7 — pBSKII
DNA incubated in the presence of complex 4; lane 8 — pBSKII DNA
incubated in the presence of complex 5; lane 9 — pBSKII DNA incu-
bated in the presence of complex 3 and H,0,; lane 10 — pBSKII DNA
incubated in the presence of ascorbic acid (50 uM); lane 11 — pBSKII
DNA incubated in the presence of ascorbic acid (50 uM) and H,0,; lane
12 — pBSKII DNA incubated in the presence of complex 3 and ascorbic
acid (50 pM); lane 13 — pBSKII DNA incubated in the presence of
complex 3, H,O, and ascorbic acid (50 uM); lane 14 — pBSKII
(control); lane 15 — Molecular ladder ADNA/HindIIl. FI — supercoiled
isoform of DNA; Fc — linear isoform of DNA (double strand breaks);
FII — relaxed (nicked) isoform of DNA.

Noreductants  Sodium azsde L-Mistidine Ascorbic acid
100uM 100uM 200 M
[ I | I |
teod S i
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Fig. 8 Agarose gel electrophoresis (0.8% (w/v)) concerning the inter-
action between complex 3 (250 uM), 4 (250 uM) or 5 (250 uM) and
pBSKII plasmidic DNA (pDNA) in the presence of H,O, (200 uM).
Lane 1 — Molecular ladder ADNA/HindIII; lane 2 — pBSKII (control);
lane 3 — linearized pBSKII; lanes 4-6 — pBSKII DNA incubated in the
presence of H,O, and complexes 3, 4 or 5, respectively, without reduc-
tants; lanes 7-9 — pBSKII DNA incubated in the presence of H,O, and
complexes 3, 4 or 5, respectively, with sodium azide; lanes 10-12 —
pBSKII DNA incubated in the presence of H,O, and complexes 3, 4 or
5, respectively, with r-histidine; lanes 13—15 — pBSKII DNA incubated
in the presence of H,O, and complexes 3, 4 or 5, respectively, with
ascorbic acid.

Despite the fact that several authors and also the IARC 2006
evaluation report have demonstrated that high doses of cobalt
salts have a mutagenic potential in vitro and in vivo,***' the
incubation of pDNA with 50 uM of CoCl, and with the same
concentration of complex 3 did not induce pDNA cleavage
(Fig. 82,1 lanes 4 and 2, respectively).

AfHindil

Smal Dral Without restriction

Fig. 9 Electrophoresis of the plasmid DNA pUC18 digested with the
enzymes Smal and Dral and without restriction enzymes: (a) complex 3
with 7 = 0.3; (b) complex 3 with » = 0.1; (c) complex 4 with » = 0.3; (d)
complex 4 with » = 0.1; (e) complex 5 with » = 0.3; (f) complex 5 with
7= 0.1; (g) pDNA (control). » = [complex]/[DNA].

DNA interaction studies

In order to understand if there was some specific interaction
between any of the complexes 3, 4 or 5 and the pDNA, digestion
of pUCI18 with the restriction enzymes Smal and Dral which
recognizes the base sequences -CCCGGG—, and -TTTAAA-,
respectively, was performed (Fig. 9).

The analysis of the DNA samples showed no inhibition of the
restriction enzyme Smal by the presence of any of the complexes
3, 4 or 5, since we were only able to observe the presence of the
linear form of pUC18 plasmid. Regarding Dral restriction, we
were able to obtain two fragments of 1954 bp and 692 bp (the
smaller fragment of 19 bp cannot be seen on this gel) which
again indicates no interference of any of the complexes on the
enzyme activity.

The absence of interaction between the cobalt complexes and
CT DNA was also confirmed by spectroscopic studies through
the incubation of complexes 3, 4 or 5 with increasing concen-
trations of CT DNA. No hypochromic effect was observed under
those conditions for all the complexes. For complex 4, however,
we observe (Fig. S31) a hyperchromic effect upon addition of
CT-DNA which may indicate duplex DNA denaturation in the
presence of such an elevated concentration of the complex.

Conclusions

We were able to prepare (i) the first tris(pyrazolyl)methane Co"
complex (1) upon the unusual C(sp*)-SOs bond rupture at the
sulfonate functionalized scorpionate and (ii) the first Co™ com-
plexes (2-5) bearing the C-functionalized scorpionate ligands
HOCHQC(pZ)g,, PyCH2OCH2C(pZ)3 and CH3SOQOCH2C(pZ)3
The study thus contributed towards the development of the still
little explored coordination chemistry of such types of scorpio-
nate ligands.

The water soluble complexes 3, 4 and 5 exhibit in vitro anti-
proliferative activities, although lower than that of cisplatin.**
Nevertheless, we were able to correlate the viability loss of
HCT116 tumour cell lines with an increase of apoptotic nuclei.
In vitro DNA cleavage studies showed that, in the absence of an
activator agent, Co(1)-scorpionate complexes induce pDNA
double strand breaks, in a concentration dependent pattern, for
complexes 4 and 5. For complex 3, the lower concentration
tested in this work (50 uM) was already in the saturation level of
induced double strand breaks. The pDNA cleavage appears to be
mediated by O-centred radical species, namely the hydroxyl
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Dalton Trans., 2012, 41, 12888-12897 | 12895


http://dx.doi.org/10.1039/c2dt11577h

Published on 17 September 2012. Downloaded by Universidade Nova de Lisboa on 11/01/2015 17:56:04.

View Article Online

radical, which, however, could not be unambiguously estab-
lished. The presence of ascorbic acid seems to potentiate more
rapidly the shift from isoform FI to Fc.

Despite the observed pDNA cleavage, we were not able to
demonstrate direct interaction between the complexes and
CT-DNA. Results from in vitro pPDNA cleavage studies and from
DNA binding experiments, from other groups, with cobalt com-
plexes, although with different ligands, showed their ability to
induce single strand cleavage and to have a moderate/strong
affinity for CT-DNA.>"**% As far as we know, our work pro-
vides the first observed double strand pDNA cleavage promoted
by cobalt complexes bearing scorpionate ligands. On account of
these initial results, further exploration of their mechanism and
mode of action towards the biological targets in tumour cell lines
will be addressed in order to understand namely if they may play
an important role as specific and selective agents to cancer cells,
while sparing healthy cells.

Moreover, the hydrophilicity of such complexes also
encourages their potential use as catalyst precursors in an
aqueous medium, namely for oxidations, what will also be inves-
tigateg1 in our laboratory, in pursuit of our ongoing project in this
field.
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