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Abstract
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Thiosemicarbazones (TSCs), and their copper derivatives, have been
extensively studied mainly due to the potential applications as antitumor compounds. A
part of the biological activity of the TSC-Cu'" complexes rests on their reactivity against
cell reductants, as glutathione (GSH). The present paper describes the structure of the

[Cu(PTSC)(ONO2)]n compound (1) (HPTSC = pyridine-2-carbaldehyde

thiosemicarbazone) and its spectroscopic and magnetic properties. ESI studies
performed on the reaction of GSH with 1 and the analogous [{Cu(PTSC*)(ONO,)}.]
derivative (2, HPTSC* = pyridine-2-carbaldehyde 4N-methylthiosemicarbazone) show
the absence of peaks related with TSC-Cu-GSH species. However GSH-Cu ones are
detected, in good agreement with the release of Cu' ions after reduction in the
experimental conditions. The reactivity of 1 and 2 with cytochrome ¢ and myoglobin
and their activities against HT-29 and SW-480 colon carcinoma cell lines are compared

with those shown by the free HPTSC and HPTSC* ligands.

1.- Introduction

Thiosemicarbazones (TSCs) are sulfur-containing organic substances whose
biological properties have been extensively studied [1- 8], in particular their activities
against microbial diseases as malaria, small-pot, influenza, leishmaniasis or chagas [9—
14], neurological pathologies [15,16] and cancer [17— 36]. Different biological
targets have been identified, like DNA [37-39], RNA [40] and several enzymes as
RNA-dependent DNA polymerases [41], xanthine oxidoreductase [42], thioredoxin
reductase [43,44], topoisomerase lla [45—47] or succinate and NADH dehydrogenases
[48] and, mainly, the ribonucleotide reductases (RDRs, [49-51]), where TSC-Fe and
TSC-Cu complexes seem to affect the tyrosyl radical in the active site [52] or to

sequestrate the iron from the active centre [53]. The presence of redox-active metal



ions also provokes the interaction with cell thiols and further formation of reactive
oxygen species (ROS) triggers oxidative processes in different cell structures and
organelles [54-56]. Thus, the reduced form of glutathione (GSH) reacts with TSC-Cu"
and TSC-Fe'" entities to give oxidized GSSG species and Cu' or Fe' ions [57], whose
re-oxidation processes yield ROS [58,59]. After reduction, the Fe' metal ions use to
retain their coordination to tridentate NNS and ONS TSC ligands (where the first N and
O represent donor atoms arising from pyridine and phenol substituents, respectively),
giving rise to Fe(TSC), biscomplexes [57,60,61]. The Cu' ions, however, could exhibit
different behaviors. The evolution of the metal ion has been described for bidentate
TSCs, as HTTSC (thiophene-2-carbaldehyde thiosemicarbazone [62], see Scheme 1).
In the case of tridentate TSCs, as HPTSC (pyridine-2-carbaldehyde thiosemicarbazone,
Scheme 1) early EPR and UV-vis studies supported the survival of the HPTSC-Cu'
complex [63], while others suggested the formation of HPTSC-Cu'-SG species in red
cells [64], but the uncertainty remains at present. Regarding the use of different
reductants, no reaction has been observed for the HPTSC-Cu"" system by using ascorbic
acid, while GSH, dithiothreitol, 3-mercaptopropionic and 2-mercaptoethanol were
found to be active [57,65]. These facts reflect the important role that coordination to Fe
and Cu plays in the biological activity of TSCs. In this sense, it has been demonstrated
that lysosomal apoptotic pathway in cancer cells is activated through copper
sequestration by thiosemicarbazones [66—69], while the copper transporter 1 protein
(CTR1) increases the thiosemicarbazone uptake by cisplatin-resistant cell lines [70]. In
a recently published study on the cytotoxicity of thiosemicarbazones, the addition of
Cu' ions has been found to inactivate 3-aminopyridine-2-carbaldehyde

thiosemicarbazone (Triapine®) while increases the activity of di-2-pyridylketone 4,4-



dimethyl-3-thiosemicarbazone (Dp44mt) [71,72] and bis-thiosemicarbazonato ligands

[73].

Promising results in cells and animals [74—79] prompted the researches to test
these substances as antitumor therapeutics in humans. In particular, 5-hydroxypyridine-
2-carbaldehyde thiosemicarbazone (5OHPTSC) was evaluated in phase I clinical trials
[80], while Triapine® has been tested in phase | and phase Il ones [81- 89].
Unfortunately, up to date the results have been disappointed. The decrease in the
effectiveness in comparison with that observed in animals seems to be related with
different drawbacks, as side effects, toxicity and lowest clearance times [80].

Coordination to metal ions could provide better results [90].

Colorectal cancer (CRC) is the third most common cancer worldwide [91,92].
Among the most frequent mutations in CRC are gain-of-function missense mutations in
KRAS and BRAF [93,94,95]. Several studies have indicated that these mutations play
distinct roles in development and therapy resistance of CRC [96]. Recently, the effects
of the interaction of ribonucleotide reductases with thioredoxin [97] and the influence
of the negatively regulated miRNA-mRNA pairs [98] and ribosome-inactivating stress
[99] in CRC have been discussed. Taking into account that, as previously mentioned,
both ribonucleotide reductases and RNA are targets of TSCs, and previous studies show
the attack of CRC cells by TSCs [100,101], it could be interesting to apply these

compounds to resistant CRC cells.

In order to shed light on the reaction of thiosemicarbazonecopper(Il) species with
GSH, we have revisited this reaction using for the first time ESI mass spectrometry
techniques over solutions of the [Cu(PTSC)(ONO>)], (1) and [{Cu(PTSC*)(ONO>)}:]

2 compounds, where HPTSC* = pyridine-2-carbaldehyde 4N-



methylthiosemicarbazone. 2 is fully characterized in the Literature [102], while the
structure of the former and some of its magnetic and spectroscopic properties remained
undescribed despite being used several times as starting material [103-105]. The
reactivity of 1, 2 and the free thiosemicarbazone ligands with cytochrome ¢ and
myoglobin is also discussed. Finally, biological activity against CRC cells is analyzed
and the interplay with the GSH reactivity is reported. In this sense, the experimental
models chosen for the study of the efficacy of the TSCs in the treatment of colon cancer
have been the SW480 and HT-29 cell lines that show different mutational status: HT-29

cells have B-RAF mutation while K-RAS mutation occurs in SW480 cells [106].

2.- Experimental Section
2.1.  Preparation of the compounds.

HPTSC and HPTSC* were synthesized by condensation of pyridine-2-
carbaldehyde with the corresponding thiosemicarbazide in ethanol following published
methods [107-109], in the case of HPTSC* after previous preparation of 4N-
methylthiosemicarbazide from methylisothiocyanate and hydrazine [110]. Copper(Il)
nitrate  trihydrate (Fluka, Sigma-Aldrich), pyridine-2-carbaldehyde (Fluka),
thiosemicarbazide (Fluka), methylisothicyanate (Aldrich, Acros) and hydrazinium
hydroxide (Merck) were used as received. The synthesis of compound 2 has been
reported elsewhere [102].

The synthesis of compound 1 has been described in the Literature [103]. We have
carried out slight modifications of the method, which are relevant for some of the
physical and chemical properties as it will be discussed later. Cu(NO3),-3H,0O (1.00
mmol, 0.242 g) was dissolved in water (15 mL) and solid HPTSC (1.01 mmol, 0.183 g)

was added. After 1 h, a dark green solution (pH 1.40) is obtained with small amounts of



olive-green precipitate suspended in it. Then, some drops of NaOH 1 M solution are
slowly added to pH 3.5. The suspension is kept with stirring for 1 h. Finally, an olive-
green solid is filtered off and washed with acetone (20 mL) and ethyl ether (20 mL).
The average yield is 56 %, 0.172 g. Anal. found: C, 27.57; H, 2.26; N, 22.89; S, 10.27.
Calc. for C;H;CuNsOsS (304.77 g/mol): C, 27.59; H, 2.32; N, 22.98; S, 10.52.
Pexperimental = 1.903(5) (Mg/m). IR bands (cm™, ATR): 3297(m), 3153(s), 1643(s),
1610(s), 1592(m,sh), 1566(w), 1487(w), 1459 (s,sh), 1445(s), 1437(s), 1386(s)-
v3(NO3), 1371 (s,sh), 1322(vs), 1302(vs,sh), 1271(s), 1222(s), 1150(vs), 1111(m),
1050(w), 1020(w)—v1(NO3"), 969(vw), 919(m), 884(s), 827(W)-v2(NO3), 822(vw,sh)—
V2(NO3"), 773(m,sh), 768(m), 749(m), 742(m,sh), 709(w), 651(w), 626(m), 556(m,b),
512(m), 465(m), 438(vw), 414(m). FAB* mass spectrometry (m/z): 241.89 [CuL]". Q-
band EPR signal at RT: g = 2.076. Small single crystals suitable for X-ray structural
determination were obtained from slow evaporation of the mother liquours for two
months.

Solids recovered after reaction of thiols, as glutathione (GSH) and 2-
mercaptoethanol (2-MER), were also studied. To achieve this, it was selected
Cu(ClQO4)2-6H,0 as copper(ll) salt because its reaction with HPTSC and HPTSC*
yields solids more soluble in water than 1 and 2, and allows to obtain relatively high
concentrations of [Cu(TSC)]" species in aqueous solution. In a typical experiment,
Cu(ClQO4)2-6H,0 (0.30 mmol, 0.111 g) was dissolved in water (20 mL) and solid
HPTSC / HPTSC* (0.30 mmol, 0.054 and 0.058 g, respectively) was added. After 30
min, the solution is filtered off. Then, a solution of the thiol (3 mmol) was poured into
and the pH is adjusted to 7.4 by addition of NaOH. The reaction was kept with stirring
for 2 h, and yellow precipitates were filtered off, which were characterized as HPTSC

and HPTSC*. When the same reactions were carried out at pH 2, brown unidentified



solids were obtained, while the evaporation of the mother liquors allowed to isolate
crystals corresponding to the (H,PTSC)(CIO4)(H20)os and (H,PTSC*)(CIO,)
compounds. Anal. Found: C, 28.63; H, 3.14; N, 19.47. Calc. for
(HoPTSC)(ClO4)(H20)05 C7H10CIN4O45S (289.70 g/mol): C, 29.02; H, 3.48; N, 19.34.
IR bands (cm™, FT-IR): 3392(m), 3250(m), 3169(m), 3096(w), 1617(vs), 1586(m),
1513(vs), 1455(w), 1355(m), 1275(m), 1246(m), 1122(vs), 1084(vs), 1057(w), 919(m),
877(m), 855(m), 828(m), 770(f), 726(m), 622(m), 592(w), 549(w), 512(w), 449(w),
429(w).

2.2.  Physical Measurements.

Measurements of pH were made using a CRISON micropH 2002 instrument.
Microanalyses were performed with a LECO CHNS-932 analyser. The experimental
density was determined on pellets of a powdered sample of 1 by the flotation method in
a bromoform / chloroform mixture. FAB® and ESI mass spectrometry data were
obtained on a Micromass AutoSpec and a Bruker Esquire 3000 Plus LC-MAS,
respectively. Thermogravimetric measurements were performed in a Netzsch STA
449C and in a TA SDT 2960 instruments. Crucibles containing 20 mg of sample were
heated at 10 °C min™ under dry air atmosphere. FT-IR ATR measurements have been
carried out in a JASCO FT-IR 4200 spectrometer equipped with an ATR PRO410-S
accessory. The intensities of reported IR bands are defined as vs = very strong, s =
strong, m = medium and w = weak, while b means a broad band and sh is a shoulder.
X-band EPR spectra were recorded on a Bruker EMX spectrometer, equipped with a
standard Oxford continuous-flow cryostat. Q-band measurements were carried out by a
Bruker ESP300 spectrometer equipped with a Bruker BNM 200 gaussmeter and a
Hewlett-Packard 5352B microwave frequency counter to fit the magnetic field and the

frequency inside the cavity. The simulation of the EPR spectra was performed using the



SimFonia program [111]. Magnetic measurements of powdered samples were carried
out in the temperature range 5-300 K using a Quantum Design MPMS-7 SQUID
magnetometer and operating with a magnetic field of 0.1 T. Diamagnetic corrections
were estimated from Pascal tables.

2.3.  Crystal structure determination.

Crystal data collection for compound 1 was carried out on a STOE StadiVari
Pilatus-100K single-crystal diffractometer using monochromated MoKa radiation (A =
0.71069 A). Absorption correction was made by Gaussian integration. Direct methods
(SIR97) [112] were employed to solve the structure and then refined using the
SHELXL-2013 computer program [113] within WINGX [114]. The non-H atoms were
anisotropically refined, using weighted full-matrix least-squares on F2. The H atoms
(excluding those of the water molecules) were included in calculated positions and
refined as riding atoms. Selected crystallographic and refinement details are shown in
Table 1. CCDC 1424631 contains the supplementary crystallographic data. These data

can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or

from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2

1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

2.4.  Mass spectrometry measurements.

Compound 1 was dissolved in DMSO for ESI and FAB" measurements (the latter,
in NBA matrix). In the case of the ESI analysis of the reaction with GSH, various
experiments were performed in air by using different Cu" compounds (1, 2,
Cu(NOs3),-3H,0 and Cu(ClO,4),-6H,0), together with reduced GSH and oxidized GSSG
in (1:2) and (1:10) metal-thiol ratios. In a typical assay, 10> M solutions of the metal

ion in an aqueous solution of methanol (10 % methanol/water, and 0.1 % formic acid)
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were used, whose pH was adjusted to 5-7 by addition of drops of a 0.1 M NaOH
solution.

Regarding the experiments on the interaction with cytochrome ¢ and myoglobin,
stock aqueous solutions of lyophilized commercial proteins (Sigma-Aldrich) and stock
DMSO solutions of the thiosemicarbazone derivatives were used. Protein:compound
(1:5) ratio solutions in NH4HCO3 buffer (25 mM, pH 7.0) were incubated for 24 h at 37
°C. An ESI-TOF-MS spectrometer with coupled HPLC pump with pH 7.0 mobile phase
was used, with 4500 V and 100 °C experimental conditions. Solubility problems with
compound 1 afforded a protein:compound ratio slightly lower than 1:5.

2.5.  Biological essays.
2.5.1. Cell culture and treatment.

The human colon adenocarcinoma cell lines HT-29 and SW480 (European
Collection of Authenticated Cell Cultures, Salisbury, UK) were grown in DMEM
containing 25 mM D-glucose supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S), and 1% L-glutamine solutions at 37 °C in a humidified
incubator with 5% CO,. Treatments were prepared in DMEM supplemented with 1%
FBS, 1% P/S, 1% L-glutamine solution, and 0.1% DMSO, which was used to dissolve
the HPTSC and HPTSC* and their Cu" complexes. For all experiments, HT-29 and
SW480 cells were seeded at a 2 10° cells/cm? density and cultured 24 h with growing
DMEM. The treated-cells were exposed for 24 h to treatments at concentrations of 5.5
uM. After either the 24 h treatment or the oxidation period, the cells were scraped and
centrifuged (800 g, 5 min, 25 °C). The cell pellets were re-suspended in 1 mL of PBS,
aliquoted, and frozen at —80 °C until their use for the assays. All the experiments were
carried out as three independent assays.

2.5.2. Anti-proliferative activity evaluation (MTT assay).



The ability of the thiosemicarbazones and their Cu" complexes to inhibit cell
proliferation was evaluated by the MTT colorimetric method, which was used to
estimate cell viability [115]. Briefly, cells were incubated in 96-well multiplates
(1.0x10* cells/well filled with 200 pL of medium) for 24 h under basal conditions and
then exposed for other 24 h to different concentrations of the treatments ( 2, 4, 6, 8, 10,
20, 25, 50 pg per mL of medium of each treatment HPTSC, HPTSC*, 1 and 2) or just
DMEM for the not treated cells (NT). Then, MTT reagent dissolved in PBS was added
to the wells at a final concentration of 0.5 mg/mL of DMEM and the plate was
maintained in the incubator for 2 h. After incubation for 2 h with the MTT solution, the
medium was removed and 200 uL. DMSO were added to each well. The absorbance at
570 nm was measured in a microplate spectrophotometer (MultiSkan, Thermofisher).
The experiments were repeated three times in four parallel wells. The % of viable cells
was calculated with respect to the NT cells and the concentration of each treatment that
inhibited 50% of cell viability (1Cso) was determined, expressing the 1Csy values for
each fraction in uM.

2.5.3. Glutathione reduced/oxidized (GSH/GSSG) ratio analysis.

Aliquots of the HT29 and SW480 suspensions collected after the treatment period
were immediately acidified with HCIO, (2% final concentration), centrifuged (8000
rpm, 5 min, 4 °C), and the supernatants were frozen at —80 °C until their use as samples.
GSH and GSSG levels in these samples were determined using the reaction between the
sulfhydryl group of the GSH and DTNB (5,5'-dithio-bis-2-nitrobenzoic acid, Ellman’s
reagent). The GSTNB (mixture between GSH and TNB) formed is reduced by
glutathione reductase to recycle GSH and produce more TNB. The rate of TNB
produced is directly proportional to the recycling reaction, and is directly proportional

to the concentration of GSH in the sample. The measurement of TNB absorbance at 410
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nm provides an accurate estimate of the GSH content in the sample. Briefly, 75 uL of
the cellular suspension was neutralized with triethanolamine 4 M and derivatized with
vinylpyridine for 1 h. Then 10 pL of the mixture were incubated with 190 pL of the
master mix, which contained NAPDH, DTNB and glutathione reductase. The kinetic of
the enzyme was followed up during 20 min with a plate spectrophotometer (MultiSkan,
Thermoficher).

2.5.4. Carbonyl group.

Protein oxidation was measured by an estimation of carbonyl groups released
during the incubation time using the method of Levine et al [116]. Following, 150 pL of
the cellular suspension was placed in a 1.5 mL Eppendorf, and 500 puL of 10 mM 2,4-
dinitrophenylhydrazine (DNFH) / 2 M HCI, and 500 uL of HCI 2 M were added to the
control samples. This mixture was incubated for 1 h at room temperature. Protein
precipitation was performed using 500 pL of 20% (w/v) of trichloroacetic acid, washing
twice with ethanol/ethyl acetate (1:1 v/v), and samples were centrifuged at 6000g for 3
min. Finally, 1 mL of 6 M guanidine, pH 2.3, was added and the samples were
incubated in a 37 °C water bath for 30 min. Protein concentration was calculated by
absorption spectrophotometry at 373 nm, using a molar absorption coefficient of 22000
M™cm™. Results are expressed as nmol/mg protein.

2.5.5. Superoxide dismutase activity (SOD).

SOD activity was assayed according to the method of McCord and Fridowich
[117] based on its ability to inhibit the oxygen-dependent reduction of cytochrome ¢ by
xanthine oxidase. The activity of the SOD was measured by monitoring at 550 nm the
rate of reduction of cytochrome ¢ (0.3 mmolL™) by superoxide radicals produced by the

xanthine (0.3 mmolL™) / xanthine oxidase in a pH 7.8 buffer containing 50 mmolL™

11



potassium phosphate and 0.1 mmolL™ EDTA. One unit of SOD activity was defined as

the amount of SOD that inhibited cytochrome c reduction by 50%.

3.- Results and discussion
3.1.- Synthesis, structure, spectroscopic and magnetic characterization of 1.

The synthesis of compound 1 is apparently easily to achieve starting from
aqueous solutions of Cu(NO3), and solid HPTSC ligand. However, subtle modifications
of the synthetic method, i.e. longer reaction times and slightly higher pH values, lead to
samples of 1 with an increasing amount of impurities, mainly detected as rhombic EPR
chromophores arising from the isotropic signal. A study to unveil the nature of the
impurities is currently in process. The attainment of good single crystals is a quite
difficult task too and, after using many crystallization strategies as diffusion devices,
addition of supplementary nitrate sources (NaNQOj3), vapour diffusion (acetone into
aqueous solutions of 1), layering techniques... we succeed with one of the multiple
slow evaporation experiments we tried. In this sense, the gradual acidification of the
solution after addition of the thiosemicarbazone ligand must be taken into account once
the precipitate of 1 has been removed from the suspension and, if no addition of base is
carried out, mother liquours acquire pH 0.8 and the [Cu(ONO,)(HPTSC)(OH,)](NO3)
derivative with the neutral ligand crystallizes [118]. On the other hand, solutions with
pH values above 7 give rise to desulfurization processes and yield mixtures of
compounds [119,120].

The crystal lattice of 1 contains penta- and hexacoordinate Cu" ions that alternate
to form chains in the [001] direction where the hydrazinic moiety (N2—-N3 fragment) of
the tiosemicarbazone ligand acts as a bridge. These chains are connected through
bidentate (x-x021:x031) nitrato ligands along the X axis to give a 2D structure (see

Figure 1). The deprotonated PTSC" ligand behaves as tetradentate and links a metal
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center by the Npyridine, Nazomethine @Nd Stnicamide atoms, while the hydrazinc N one (N31 or
N32, respectively) acts as a connector to the contiguous Cu'" ion. Thus, two kinds of
polyhedra are defined: tetragonally distorted octahedral and square-pyramidal (Cu2, t =
0.09) [121] ones (see Figures 2 and 3, Table 2). The average planes of adjacent
thiosemicarbazone ligands in the chain form angles of 67.2(1) °. In spite of the planarity
of the [Cu(PTSC)]" fragments, they arrange far enough and no intense m-m stacking
interactions seem to be established. On the other hand, strong hydrogen bonds are
present in the crystal building, being remarkable the intrachain N42---O31 contact at
2.94(2) A (see Supporting Information). Disorder is observed in the nitrato ligands of
the square-pyramidal monomers. The closest Cul---Cu2' distances are 4.832(2) A (i =
x,y,1+z), while Cul and Cul" are 7.472(2) A (ii = 1+x,y,z) away linked by nitrato
ligands. The whole structure resembles that of the DMSO derivative [122] of 1.
However, the presence of DMSO ligands in the latter originates an strict 1D structure of
tetragonally distorted [Cu(PTSC)(DMSO)(ONO,)] monomers bridged through the
hydrazinic fragment of the thiosemicarbazone ligand. The role of the hydrazinic N3 as
a donor atom is not usual in the thiosemicarbazone chemistry, however some examples
are reported in the Literature [123-125].

The intensities of the IR bands around 1645-1610 cm™, attributed to
UC=N)azomethinic, C=N)pyriginic and ANH,) modes and lower than those absorptions
observed in the 1460-1430 cm™ range assigned to thioamide Il vibrations, clearly
indicate the anionic character of the thiosemicarbazone ligand [126]. X-band EPR
spectra of different polycrystalline samples of 1 at room temperature show a weak and
very broad (= 480 G) isotropic signal, with an approximate g-value of 2.06 (g = 2.076
when measured in Q-band, see Figure 4), which remains unchanged on decreasing

temperatures. Taking into account the high asymmetry in these systems, the existence
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of thermally invariable isotropic signals suggests the presence of a strong exchange

coupling between adjacent chromophores. Figure 5 exhibits the thermal evolution of y,,
and y,,T. A maximum in the y,, vs T plot is observed around 160-170 K, characteristic

of antiferromagnetic interactions. From a quantitative point of view, it has already been
described in the Literature the unusually low value for the magnetic moment of this
compound at room temperature [103]. However, as far we are aware, its variable
temperature magnetic measurements have not been studied. Preliminary experimental
results are described using a Heissenberg model for S= 1/2 chains with
antiferromagnetic interactions (Equations 1 and 2, [127]). The deduced J/k parameter is
-126 K (-87.5 cm™). The strong antiferromagnetic coupling supports an exchange

propagation direction in the same plane of the magnetic dyz_,2 orbitals.

n-1

H=-23>"Su-San (Equation 1)
i=1

o Ng’F  0.25+0.14995x +0.30094x? (Equation 2)

KT 11+1.9862x +0.68854x” 1 6.0626x*

where x = H .
kT

3.2.- Reactivity with glutathione, cytochrome ¢ and myoglobin.

Concerning the reaction with thiols (RSH) as reduced glutathione (GSH), 2-
mecaptoethanol (2-MER) and oxidized glutathione (GSSG), all the attempts carried out
to synthesize ternary Cu'" - HPTSC / HPTSC* - RSH / RSSR compounds at different
pH values have been unsuccessful. In fact, the only well characterized solid compounds

collected from the addition of GSH and 2-MER over 2.5 10 M solutions of previously
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mixed Cu(ClQO,),.6H,0 and HL at pH 7.4 are the free HPTSC and HPTSC* ligands. On
the other hand, the evaporation of aqueous solutions at pH 2.0 have yielded the
(H,PTSC)(CIO4)-H,O and (H,PTSC*)(CIO4) derivatives containing pyridinium-2-
carbaldehyde thiosemicarbazone cations, whose structure with chloride anions has been
published [128].

ESI mass spectrometry measurements on the reaction of 1 and 2 with GSH have
been performed for 1:1 and 1:10 (complex:GSH) ratios at different times. The same
procedure has been used in the reaction with oxidized GSSG. Nitrate and perchlorate
copper(1l) salts have been also evaluated in the same way for comparative purposes. In
good accordance with the solids obtained in the synthetic trials, the spectra do not
evidence the presence of ternary thiosemicarbazonecopper(ll)-glutathione TSC-Cu-
GSH/GSSG species in the experimental conditions (see Supporting Information). A
proposed chain of reactions is given in Equations 3-8, where TSCs are represented by
HL and thiols as RSH. Both, Cu' and Cu" ions, could be sequestrated by GSSG or
GSH, be linked to the TSC or even be solvated in the water-methanol-formic acid
mixture. In these conditions, the competition between the chelating abilities of TSC and
thiol/disulfide (GSH/GSSG) would afford the release of the soft acid Cu' ions from the
TSC and the formation of GSH/GSSG-Cu' species, as the ESI spectra suggest. The
detachment of Cu' ions from the thiosemicarbazone (Step 1) agrees well with the loss in
stability foreseen by crystallographic studies, which evidence drastic structural changes
between HPTSC-Cu" complexes (Cu" ions strongly linked to tridentate NNS TSCs)
and HPTSC-Cu' systems, where Cu' ions are only bonded to the thioamide S atom
[129]. Re-oxidation processes in the metal ions are concomitant with the coordination
of the recovered Cu" ions to the thiosemicarbazone (Step 2), which is visualized from

the increase with time in the intensity of the peaks at m/z 241.9 and 255.9,
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corresponding to the [Cu(TSC)]" species. The reactive oxygen species (ROS) generated
could induce the oxidative rupture of different cell structures (Step 3). These results are
not in good agreement with previously reported studies in solution, which suggested the
formation of thiosemicarbazonecopper(ll)-glutathione complexes [63,64]. The
divergences could be due to (i) drastic influences of the thiol and complex
concentrations, higher in the work here reported, (ii) the medium used in our ESI
measurements (see experimental details), or perhaps (iii) to misinterpretation of the
EPR and UV-visible spectroscopic measurements caused by the complexity of the

speciation in these solutions.

1) 2[CuL]*+2RSH — 2 Cu" +2 HL + RSSR (Equation 3)
2) Cu* +HL — [CuL]" + H* (Equation 4)
3) Cu'+0,— Cu*"+0," (Equation 5)
20, +2H" — 0.+ H,0, (Equation 6)
Cu* + H,0, — Cu'OOH +H* (Equation 7)
Cu*+H,0, —» Cu®**+OH +OH (Equation 8)

ESI experiments also suggest that free ligands do not show interaction with the
proteins assayed, cytochrome ¢ and myoglobin (see Supporting Information), while the
interactions are low in the case of 1 and 2. Tests with cytochrome ¢ point to a release of
the copper from TSC, in good agreement with the existence of previous reduction
processes that provoke binding of presumed Cu' ions to cysteine-rich regions in the
protein. This behavior is not clear in the case of myoglobin, devoid of cysteine amino

acids.
3.3. Biological activity.

The anticancer and antioxidant activities of thiosemicarbazones are clearly

affected by their structural formulae and interaction with metals [130,131,132].
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Compounds prepared in this work (HPTSC; 1; HPTSC* and 2) have been tested for
antiproliferative activity in the cancer cell lines SW480 and HT-29 that have different
mutations.

The antiproliferative activity of the ligands HPTSC and HPTSC* and their Cu"
complexes has been evaluated after 24 h of drug treatment, using MTT assay and the
results are summarized in Table 3 in terms of IC50 values. The HPTSC and HPTSC*
possess low cytotoxicity with 1C50 > 20 uM. The HPTSC and HPTSC* show a cell
line-dependent effect, with more cytotoxicity for SW480 than HT-29 line cell. The
cytotoxicity of the metal free thiosemicarbazones up to micromolar concentrations are
known to be related, at least in part, to their ribonucleotide reductase inhibitory
potential [133,134] and a major cytotoxicity in SW480 cells has also been reported
[90]. An important structure-activity relationship derived from this study is that the
coordination of Cu'" ions to thiosemicarbazones increases the antiproliferative activity
against both colon cancer cells with 1IC50 < 6 uM. Although the values of IC50 of
compound 2 are lower than 1, the divergence is not significant and no differences are
observed in function of the cell line. The same trend was previously observed on V79
cellular line, where the compound 1 showed higher value of cytotoxicity than
compound 2 [37].

Oxidative stress has been recognized as a contributing factor in the toxicity of a
large number of thiosemicarbazones. ROS have long been established to play a critical
role in tumorigenesis and are now considered to be integral to the regulation of diverse
signaling networks that drive proliferation, tumor cell survival and malignant
progression [135]. It is known that cancer cells operate under basal levels of ROS
higher than those in normal cells and, therefore, they become vulnerable to

chemotherapeutic agents or redox active agents, such as Cu'' complexes [136,137]. In
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this study, the role of oxidative stress was examined by the ability of the HPTSC free
and copper-coordinated to change the levels of oxidative stress in the cell.

The participation of compounds 1 and 2 to generate ROS has been evaluated
quantifying the SOD activity (see Figure 6). The SOD catalyzes the dismutation of the
superoxide radical, being the first defense to oxidative stress in cells. Incubation the cell
with HPTSC and HTPSC* does not increase the SOD activity relative to control cells.
In contrast, incubation of cells with 1 and 2 shows a significant (p < 0.0001) increase in
the SOD activity. These results indicate that copper complexes can initiate Fenton
reactions, intracellularly resulting in ROS accumulation [54,134]. Furthermore, the Cu'
ions can react with molecular oxygen and be re-oxidised to Cu" generating reactive
superoxide radicals (see Equation 4) and thereby increasing the SOD activity. These
results demonstrate the ability of the copper complexes to catalyze an increase of ROS
levels in the cells. The increment of SOD activity is significantly higher in SW480 than
in HT-29.

The increase in ROS levels results in a major damage to biomolecules and has
been implicated in carcinogenesis [138]. In this sense, we have evaluated the cell
damage quantifying the carbonyl groups (Figure 7). The results show an increase in the
levels of carbonyl groups in the cells treated with the complexes 1 and 2. Furthermore,
we observed an influence of the cell line, the levels of carbonyl group being
significantly higher in the K-Ras mutated SW480 cells than in HT-29, where K-Ras is
wild type. The presence of K-Ras mutation in colorectal cancer correlates with a poor
prognosis and is associated with lack of response to treatment with EGFR- therapies. In
this sense, these complexes would be a good alternative for the treatment of colorectal

cancer with K-Ras mutated.
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Cellular thiols are also susceptible to react with several oxidants and they are
critical to maintain the intracellular thiol redox balance [139]. The GSH / GSSG redox
couple has been the traditional marker for the characterization of oxidative stress,
because of its high concentrations and direct roles as antioxidants and cellular
protectors. The GSH levels are modified when cells are treated with HPTSC and
HPTSC* resulting in a decreased of GSH / GSSG (Figure 8). This decrease is major in
the cells treated with the metal 1 and 2 complexes. The SW480 treated with 2 is the
most susceptible to the oxidation of GSH levels, as the lowest GSH / GSSG values

indicate.

4.- Conclusions

The crystal lattice of [Cu(PTSC)(ONO,)], (1) contains sheets where both, the
thiosemicarbazone and nitrato ligands, act as connectors between Cu' ions. To achieve
this, the thiosemicarbazone behaves as tetradentate, chelating a metal ion through the
typical NNS donor set, while the hydrazinic N3 atom links a neighbor Cu" ion. On the
other hand, 1 shows a relatively strong antiferromagnetic behavior. The reaction of 1
and [{Cu(PTSC)(ONO2)}.] (2) with thiols as 2-mercaptoethanol (2-MER) and
glutathione (GSH) have not allowed the synthesis of any ternary thiosemicarbazone-
copper-thiol compound nor the detection of such species by ESI experiments. The low
reactivity of 1 and 2 with cytochrome ¢ and myoglobin suggests no appreciable
sequestration by these proteins in physiological media. In addition, 1 and 2 show high
cytotoxicity towards SW480 and HT-29 cells, which is accompanied by elevated levels
of ROS, oxidation of protein and disturb of the GSH redox. These experimental results
indicate that these TSC-Cu complexes are good candidates for further developments as

potential anticancer drugs.
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Supplementary material
Crystallographic data for the structure of 1 have been deposited with the
Cambridge Crystallographic Data Centre, CCDC-1424631. These data can be obtained

free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;

fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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Table 1.

Crystallographic data for 1.

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction
Data / restraints / parameters
Goodness-of-fit on F

R indices [I > 2o(1)]

R indices (for all 4126 data)
Largest diff. peak and hole

C14H14Cu2N1006S;

609.55

293(2) K

0.71069 A

Monoclinic

P2,

a=7.4722)A «=90.00°
b=14.967(5) A B =90.07(2)°
c=95103) A y=90.00°
1063.5(6) A’

2

1.903 Mg/m?®

2.254 mm™

612

0.081 x 0.055 x 0.004 mm
2.141 t0 26.747°
9<h<9,-18<k<18,-12<1<12
11139

4126 [Rin, = 0.1787]
Analytical gaussian

4126 / 343/ 336

S =0.639

R; = 0.0591, wR; = 0.1301
R; = 0.245, wR, = 0.1313
0.45 and -0.41 eA™
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Table 2.  Selected bonds (A) and angles (°) of 1.

1) 2) 1) (2)
Cu-S 2.242(7)  2.256(7) N4-C7 1.30(3) 1.34(2)
Cu-N2 1.962(17)  1.948(16) C7-N3 1.35(3) 1.37(2)
Cu-N3 2.002(14)  2.001(16) N2-N3 1.371(19)  1.357(16)
Cu-N1 1.997(18)  1.950(16) N2-C6 1.29(3) 1.27(2)
Cu-031/32A  2.75(2) 2.47(3) S-C7 1.74(2) 1.73(2)
Cu-021/22B  2.86(2) 2.51(4)
S-Cu-N2 83.9(6) 83.6(6) N2-Cu-N3 177.9(7)  168.6(9)
S-Cu-N3 96.2(6) 95.3(5) N2-Cu-N1 83.3(8) 81.6(7)
S-Cu-N1 165.4(5)  163.1(5) N3-Cu-N1 96.9(7) 97.7(7)
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HT29 cell

Table 3. ICs values of TSCs and their Cu" complexes in SW480 and

lines.
1Cso (M)
SW480 HT-29

HPTSC 26.8 + 4.4° 47.2 +5.49°
HPTSC-Cu" 5.48 + 0.79° 5.49 + 0.20°
HPTSC* 29.6 +8.17" 75+ 14.1°
HPTSC*-Cu'" 3.67 +0.14° 3.70 £+ 0.23°

ICs0 (50% inhibitory concentrations) values of free thiosemicarbazones (HPTSC and
HPTSC*) and their complexes. Data expressed in uM as mean values + standard

deviation (n=3)
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FIGURE/SCHEME LEGENDS

Scheme 1.

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Structures of thiosemicarbazones discussed in the Introduction. The present

manuscript deals with HPTSC and HPTSC.

View along the [010] direction perpendicular to the layers in 1.

ORTEP drawing of the tetragonal elongated environment around Cul.
Thermal ellipsoids are drawn at the 50% probability level. The labeling
scheme of the thiosemicarbazone adds “1” after the corresponding usual
notation by the authors (e.g. N13 = N3, etc...).

ORTEP drawing of the square pyramidal polyhedron of Cu2. Thermal
ellipsoids are drawn at the 50% probability level. Note the disorder in the
oxygen atoms of the nitrato ligand. The labels of the thiosemicarbazone start

by “2” in this case (e.g. N23 = N3, etc...).

Powder Q-band EPR spectra of compound 1. The fit is given as a dotted red
line.

Graphics of y vs T (hollow spheres) and 4T vs T (black spheres) for
compound 1. The fits are given as continuous lines.

SOD activity (U/mg prot) of SW480 and HT29 cells treated with the
HPTSC and HPTSC* ligands and their complexes. Data are expressed as
mean values + standard deviation (n=3). Significant differences (p < 0.05)
among the treatments are expressed in Roman (SW480) and Greek letters
(HT29).

Carbonyl groups of SW480 and HT29 cells treated with the HPTSC and

HPTSC* ligands and their complexes. Data are expressed as mean values +
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standard deviation (n=3). Significant differences (p < 0.05) among the
treatments are expressed in Roman (SW480) and Greek letters (HT29).
Figure 8. Intracellular redox status (GSH/GSSG ratio) of SW480 and HT29 cells
treated with the HPTSC and HPTSC* ligands and their complexes. Data are
expressed as mean values * standard deviation (n=3). Significant
differences (p < 0.05) among the treatments are expressed in Roman

(SW480) and Greek letters (HT29).
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