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ABSTRACT

The possibility to influence the physiological centration of copper ions through the careful
choice of ligands is emerging as a novel intrigustrgitegy in the treatment of pathologies such as
cancer and Alzheimer. Thiosemicarbazones play @oitant role in this field, because they offer a
wide variety of potential functionalizations andfelient kinds of coordination modes. Here we
report the synthesis of some 8-hydroxyquinolin@gbmicarbazone ligands containing an ONN’'S
donor set and their Zn(Il) and Cu(ll) complexeseThetal complexes are characterized in solution
and in the solid state and the X-ray structure ¢ of the copper(ll) complex is reported. The
Cu(ll) complexes were characterized also by mednguantum mechanical calculations. The
Cu(ll) complexes displayed cytostatic activity irfferent cancer cell models. In particular, the
most active Cu(ll) complex significantly inhibiteell proliferation with an Ig value lower than 1

1 M; this effect was associated with a block of ¢k# cycle in the @M phase. This Cu(ll) complex
induced neither the production of reactive oxygeecges (ROS) nor the accumulation of p53

protein, suggesting the lack of DNA damage.

KEYWORDS: thiosemicarbazone; copper(ll) complex; 8-hydroxymline; proliferation; ROS;

anticancer

ABBREVIATIONS: amino-terminal copper and nickel binding (ATCUN)rcalar dichroism
(CD), dimethylformamide (DMF), dimethyl sulfoxideDMSO), diethylenetriamine (Dien),
ethylenediaminetetraacetic acid (EDTA), human semltbumin (HSA), 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES), poly (Al#®se) polymerase protein (PARP), root mean

square deviation (RMSD), reactive oxygen speci€33R non-small-cell lung carcinoma (NSCLC)



1. Introduction

Thiosemicarbazones are a well-known class of ligangith a broad spectrum of biological
activities, but newly, recovering the brilliantléitof a recent paper, [1] they “turn from the otd t
new”. a-N-heterocyclic thiosemicarbazones, in fact, seenbé promising candidates for cancer
therapy, in particular 3-aminopyridine-2-carboxdigee thiosemicarbazone (Triapin&cheme
1A), which has been already investigated in numerduscal phase trials, and some di-2-
pyridylketone thiosemicarbazonesScheme 1B; di-2-pyridylketone-4-cyclohexyl-4-methyl-3-
thiosemicarbazone is entering clinical phase lisg)d2]. Notably, some thiosemicarbazones are
reported to overcome P-gp-mediated drug resistghde The reason of the anti-neoplastic activity
of thiosemicarbazones is not completely understdmd, it is in general connected with their
possibility to chelate intracellular iron and tadract with the activity of the enzyme ribonucleeti
reductase, which is very sensitive to the iron eom@tion. The chelation properties of
thiosemicarbazones can be exploited also to taxamgier(ll) and copper(ll) homeostasis [5,6]. Iron
and copper are involved in the Haber-Weiss reactind in the production of oxygen reactive
species, so iron and copper complexes of thioseb@dzanes are supposed to act by induction of
oxidative stress [5,7], but other pathways havébabty to be considered [8,9]. Triapine and di-2-
pyridylketone thiosemicarbazones are fundamentdlN'S tridentate ligands, but also &
tetradentate chelating bis(thiosemicarbazone) tigamd their Cu(ll) complexeSagheme 1C) have
shown promising anticancer activity [10,11,12]. Eaver, the copper(ll) complex of diacetyl
bis(thiosemicarbazone) has shown hypoxia selegtiviand it seems interesting as
radiopharmaceutical for the imaging of hypoxic uss [13]. Redox processes are involved also in
the antineoplastic action of bis-thiosemicarbazoié&e activity of the free ligands is attributed to
their chelation properties towards essential iansapper, so that the active species is the neutral

copper(ll) bis(thiosemicarbazone) complex. It entdre cell and, once inside, Cu(ll) is reduced to



Cu(l); finally, reduction is accompanied by dissdmn of the metal ion and general poisoning of
the cell [12].

In medicinal chemistry, 8-hydroxyquinoline is a yeanteresting pharmacophoric group: it is a
“privileged structure” [14], whose biological prapies are generally related to its chelating absit
[15]. Some 8-hydroxyquinoline derivatives [16] amido some of their metal complexes [17] have
shownin vitro cytotoxicity against human cancer cell lines.

In light of these considerations and of some previ@sults [18], we decided to study the chelating
properties of 8-hydroxyquinoline thiosemicarbazorie8 (Scheme 2), in particular towards
copper(ll) and, for comparison, also towards tha-remox-active zinc(ll) ion. These ligands are
diprotic, as the bis-thiosemicarbazones, but ONtéiEadentate. The corresponding complek&s
(Scheme 2) were characterized in solution and in the sdlades and, for the copper(ll) complexes,
also by means of quantum mechanical calculationd Xfray diffraction. Finally,in vitro
antineoplastic properties are reported, togetheh vgome preliminary investigations on the

mechanism of action of the copper(ll) complexes.

2. Experimental

2.1 Materials and methods. ChemistAll reagents of commercial quality were purchaseanf
Sigma-Aldrich and used without further purificatiorhe purity of the compounds was determined
by elemental analysis and verified to b&5% for all synthesized molecules. NMR spectraewer
recorded at 25 °C on a Bruker Avance 400 FT spebttmmeter. The ATR-IR spectra were
recorded by means of a Nicolet-Nexus (Thermo F)skpectrophotometer by using a diamond
crystal plate in the range of 4000-400 tr&lemental analyses were performed by using ehElas
1112 series CHNS/O analyzer (Thermo Fisher) withrd@omatographic separation. Electrospray
mass spectral analyses (ESI-MS) were performed anttelectrospray ionization (ESI) time-of-

flight Micromass 4LCZ spectrometévlS spectravere acquired in positive El mode by means of a
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DEP-probe (Direct Exposure Probe) mounting on theot a Re-filament with a DSQII Thermo
Fisher apparatus, equipped with a single quadrupaddyzer. UV—-Vis spectra were recorded on an

Evolution 260 Bio Thermo spectrophotometer by usields of 1 cm path length.

2.2  Synthesis

2.2.1 Synthesis of 1-Fhe thiosemicarbazone ligands were synthesizetbhgensation reaction
of the proper thiosemicarbazide with 8-hydroxyqlims2-carboxaldehyde [18, 19 ].
Thiosemicarbazide (1 mmol) was dissolved in warhaes! (15 mL) and added of a solution of 8-
hydroxyquinoline-2-carboxaldehyde (1 mmol, 0.173rgethanol (15 mL). The resulting mixture
was heated under reflux for 4 h; the precipitate sgbsequently filtered, washed with cold ethanol
and dried under vacuum.

8-Hydroxyquinoline-2-carboxaldehyde thiosemicarlvaz@l). Yellow powder. Yield = 89%’H-
NMR (DMSO-a;, 25°C),8: 11.84 (s, 1H, NH), 9.84 (s, 1H, HO), 8.42-8.44 (HC=N+ArH);
8.31-8.27 (d+s, 3H, ArH+N}y; 7.37-7.44 (m, 2H, ArH); 7.10 (d, 1H, ArH, J =17Hz). 'H-NMR
(MeOD-dy, 25°C),5: 8.24 (3H, HC=N+ArH); 7.47 (t, 1H, ArH, J = 8.0 }Z.39 (d, 1H, ArH, J =
8.4 Hz) 7.13 (d, 1H, ArH, J = 8.2 Hz). MS (El, 70, gositive ions) m/z (%) = 245.9 ([M] 100).
IR (cm™): vor+vnrz= 3383, 3230yny = 3145;ve=c+On.1 + veen = 1605;vc=s= 1083, 840.
8-Hydroxyquinoline-2-carboxaldehyde—4-ethyl-3-tleimscarbazone (2)Yellow powder. Yield =
69%. *H-NMR (DMSO-d;, 25°C),8: 11.85 (s, 1H, NH)$ 9.84 (s, 1H, HO), 8.84 (s, 1H,NH), 8.42
(d, 1H, ArH, J = 8.4 Hz), 8.31 (d, 1H, ArH, J = 842), 8.26 (s, 1H, HC=N), 7.38-7.46 (m, 2H,
ArH), 7.11 (d, 1H, ArH, J = 7.1 Hz), 3.64 (q, 1HHE J = 7.3 Hz), 1.19 (t,1H, GHJ = 7.4 Hz).
MS(EI, 70 eV, positive ions) m/z (%) = 274.1 ([M]L00). IR (cnT): vort+varz = 3400, 3298y =
3142;vc-n= 1544;vc-s= 1098, 838.
8-Hydroxyquinoline-2-carboxaldehyde—4-phenyl-3-$leimicarbazone (3)Yellow powder. Yield =
81%.H-NMR (DMSO-ds, 25°C),8: 12.24 (s, 1H, OH), 10.37 (s, 1H, HN), 9.88 (s,NH), 8.61

(d, 1H, ArH, J = 8.6 Hz), 8.37 (s, 1H, HC=N), 8.80) 1H, ArH, J = 8.3 Hz), 7.58-7.38 (m, 6H,
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ArH), 7.27 (t, 1H, ArH, J = 7.2 Hz), 7.13 (d, 1HrtA J = 7.1 Hz)*H-NMR (MeOD-d,, 25°C),5:
8.32-8.26 (m, 3H, ArH+ HC=N), 7.67 (d, 2H, ArH, J7:6 Hz), 7.47-7.39 (m, 4H, ArH), 7.26 (t,
1H, ArH, J = 7.4 Hz), 7.14 (d, 1H, ArH, J = 7.6 HZWS-ESI (positive ions) m/z (%) = 323
(IM+H]*, 100); 345 ([M+Nal], 90) 361 ([M+KT, 50). IR (cm"): von+vnnz= 3408, 3320w\ =
3138;ve=n= 1534;vc-s= 1091, 836.

2.2.2 Synthesis of the complexes £9. g (0.4 mmol) of ligand were dissolved in degdss
methanol under nitrogen and the pH was adjuste8-2oby adding NaOH 1M, resulting in an
orange solution. An equimolar amount of Cu¢Ci®O), 2H,O dissolved in methanol was added.
Immediately, a dark precipitate formed, and thepsasion was stirred for 2 hours at r.t.. The dark
red powder was filtered off and washed with mettano

The synthesis of Zn(ll) complexés9 proceeded in the same way, but by ustmfCH;COOQO),
2H,0 and ethanol as solvent.

(4). Dark red powder. Yield: 67%. MS-ESI (positive ipns/z (%) = 308 ([CuL+H], 100). IR (cm

1): vnrz = 3246;ve=c+On.H +vean = 1620;vess 1155, 838. Anal. Calced. for;@HgCuN;0S0.5H,0:

C 41.70; H 2.86; N 17.68. Found: C 41.47; H 2.8@;M4O0.

(5). Dark red powder. Yield: 89%. MS-ESI (positive ipms/z (%) = 336 ([CuL+H], 100); 358
([CuL+NaJ’, 50); 673 ([CulL,+H]", 20); 695 ([CulLo+Na]J’, 40). IR (cn): ve—n= 1571;ves= 1148,
834. Anal. Calcd. for GH12CuNsOSH,0: C 44.12; H 3.99; N 15.83. Found: C 44.61; H 4183
15.60. Crystals suitable for X-ray diffraction aysmé were obtained by slow evaporation of a
methanolic solution of the powder.

(6). Dark red powder. Yield: 76%. MS-ESI (positive ipms/z (%) = 384 ([CuL+H], 100); 769
([CuoL+H]", 60); 1152 ([CeLs+H]*, 50). IR (cmb): ve=n= 1595;ves= 1123, 827. Anal. Calcd. for
C17H12N4OSCu 0.5 HO: C 51.97, H 3.33, N 14.26. Found: C 52.03, H 3NL14.29.

(7). Orange powder. Yield: 67%. MS-ESI (positive iomsz (%) = 269 ([HL+Na]", 100); 309
([ZnL+H]", 80). 'H-NMR (MeOD-d;, 25°C), $: 8.41 (d, 1H, ArH, J = 8.42 Hz), 8.13 (s, 1H,

HC=N), 7.65 (d, 1H, ArH, J = 7.65 Hz), 7.39 (t, 1&tH, J = 7.40 Hz), 7.06 (d, 1H, ArH J = 7.06
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Hz), 6.87 (d, 1H, ArH, J = 6.89 Hz). IR (€N vnrz = 3435, 3366yc-c+On-t +ven= 1592;ves
1096, 837. Anal. Calcd. for;¢HgN4sOSZn0.5 GHsOH: C 43.32; H 3.33; N 16.84. Found: C 43.40;
H 3.25; N 16.98.

(8). Orange powder. Yield: 92%. MS-ESI (positive ioms)jz (%) = 241 ([HL-S]", 100); 336
([ZnL+H]*, 70). IR (cmb): vnmz = 3331; veen = 1594; ves= 1099, 836. Anal. Calcd. for
Ci13H12N40SZn0.5 GHsOH: C 46.61; H 4.19; N 15.53. Found: C 46.60; H3419 15.82.

(9). Orange powder. Yield: 72%. MS-ESI (positive iomsjz (%) = 291 ([HL-S]", 100); 385
([ZnL+H]", 50). 'H-NMR (MeOD-d;, 25°C), §: 8.43 (d, 1H, ArH, J = 8.42 Hz), 8.31 (s, 1H,
HC=N), 7.69-7.65 (m, 3H, ArH), 7.43 (t, 1H, ArH=J7.40 Hz), 7.33 (m, 2H, ArH), 7.09-7.07 (m,
2H, ArH), 6.89 (d, 1H, ArH, J = 7.42 Hz). IR (€ vame = 3321;ve=n= 1594;ves 1097, 837.
Anal. Calcd. for G7H12N,OSZn0.5 HO: C 51.72; H 3.32; N 14.19. Found: C 52.10; H 3M9
13.85.

2.3  Studies in solution

Diethylenetriamine (Dien) trihydrochloride was paegd by dissolving high purity Dien in a small
amount of ethanol; addition of few drops of concateid HCI resulted in the appearance of a white
microcrystalline precipitate which was filtered athd dried (purity > 99 % by potentiometric
analysis). A Thermo Orion 720A pH-meter connectdth & Hamilton glass electrode was used for
pH measurements and potentiometric data collecAod.l M KCI solution in methanol:water 9:1
(v/v) was used to fill the reference compartmenttltd electrode. The HEPES 25 mM buffer
methanol:water 9:1 (v/v) solution at pH 7.4 wasparred as follows: solid HEPES (0.59 g) was
suspended in 100 mL of a methanol:water 9:1 (v/iRture. Few drops of concentrated (10 N)
agueous NaOH solution were added until pH 7.4 washed and complete dissolution of the solid
was observed. Calibration of the glass electrodiegusuffers in methanol:water 9:1 (v/v) solutions
was performed immediately before its use [20]. Bwmutions of the ligands (G= 1-1.1 mM, L =
1-3) were prepared in DMF and used within few daysecksolutions of CuGland ZnC} in water

(Ccuca.0.016 M, G, ca.0.018 M) were prepared by weight of the salts @uedt titre determined
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using standardized EDTA solutions [21] Titrant nhetalutions were obtained by dilution of the
stock solutions in methanol:water 9:1 (v/v), angépgared atca. 4 mM concentration. Titrant
solution of Dien (Gien ca. 11 mM) was prepared by weight from solid trihydrlacide salt. The
salt was dissolved in HEPES 25 mM buffer metharatew9:1 (v/v) solution, and the pH corrected
to 7.4 by addition of small aliquots of concentda(@0 N) agueous NaOH solution.

2.3.1 UV-visible spectrophotometric titratiofi$ie UV-vis spectra were collected using a Thermo
Evolution 260 Bio spectrophotometer provided witRddtier thermostat, and quartz cuvettes with 1
cm path length. Speciation diagrams were calculagdg the HySS 2009 software [22]. The
spectrophotometric titrations of the ligar8 with Zré* were carried out as follows. Solutions of
the ligands (& = 4-41 uM) were prepared in the cuvette by dilgtiith HEPES 25 mM buffer
methanol:water 9:1 (v/v) solution (pH 7.4) a proparount of the ligands stock solutions in DMF.
The obtained ligand solutions were titrated witHf ‘Zitrant solutions up to Zn:L 1.71 — 2.28he
CU'/L (L = 1-3) systems could not be studied by direct titratimith the metal since the stability
constants of the copper(ll) complexes are too Hhmghe infrg. Competition UV-vis titration
experiments were instead carried out using Diecoasgpeting ligand. Sample solutions containing
CU" and the ligands in 1:Iatio were prepared in the cuvette, in HEPES 25 mM buffe
methanol:water 9:1 (v/v) solution (pH 7.4). ThesduBons were titrated with the Dien titrant
solution, up to Dien:Cii 13:1. Due to the relative slow attainment of tlgeikbrium conditions,
each spectrum was collected 7 min after titrantitemhd and mixing. The logarithms of the
conditional stability constants were calculatednfrthe spectral dataset using HyperQuad 2006
software [23]. For each system, data from differgnations were treated together. Speciation
diagrams were calculated using the HySS 2009 softW}a2]. Continuous variation (Job’s)
experiments were carried out by preparing 11 smhgtiwith constant &z, + C. (ca. 41 uM; L =
1-3), and variable @(C_+Ccyz) molar fractions in the 0 — 1 range. All samplesyevprepared in

HEPES 25 mM buffer methanol:water 9:1 (v/v) solntad pH 7.4.



2.3.2 Study of stability under aerobic conditidine stability under aerobic conditions of the’Cu
complexes with1-3 was studied by preparing €uigand solutions (1:Iratio) directly in the
cuvette (G, ca. 40 uM) by adding proper amounts of copper(ll) digdnds stock solutions.
HEPES 25 mM buffer methanol:water 9:1 (v/v) solatiat pH 7.4 was used as medium. The
cuvettes were sealed with a rubber stopper. A peeds inserted in the rubber stopper to allow
maintain aerobic conditions in the cuvette andtimgithe evaporation of the solvent. The solutions
were left under stirring in the presence of atmesighdioxygen, and the spectra registered every 30
min. for 10 h. There is a negligible variation bétspectra within this time frame.

2.3.3 PotentiometryThe potentiometric titrations of Dien and of the?@Dien systems were
carried out in methanol:water 9:1 (v/v) mixturesTat 298.2 + 0.1 K and = 0.1 mol L* (KCI)
under a N stream, using 50 mL samples. The potentiometrgaggius for the automatic data
acquisition was already described [24,25]. The K€aHition used for potentiometric titrations was
prepared by diluting a 10N KOH aqueous solution ig¥gto obtain a ca. 0.1 N KOH solution in
methanol:water 9:1 (v/v). The titrant KOH solutiaras standardized in methanol:water 9:1 (v/v)
against potassium hydrogen phthalate. Thé* Golution was prepared as reported above (stock
solutions of CuG). Both methanol and water used to prepare the legnfpr potentiometric
titrations were boiled, cooled and stored underalmosphere, and used within few days. The
electrode was calibrated in terms of THby titrating HCI solutions with a standard KOHIlgtion
[26]. The Dien titrant samples were prepared byalisng a weighted amount of the solid Dien
trihydrochloride salt in methanol:water 9:1 (v/¥hree samples (6.0-6.6-4fol L") were titrated
with KOH in the pH range 3.6-11.1. The ¥ibien samples were prepared using a weighted
amount of solid Dien trihydrochloride salt, to whiaqueous Cii was added, followed by proper
amounts of methanol and water to afford the firtedrit samples in methanol:water 9:1 (v/v). Three
titrations were carried out with Dien:&umolar ratios from 2.5 to 3.1 (G = 2.2-2.610° mol L™

in pH range 3.1-11.2. The protonation andCzomplexation constants were calculated from the

potentiometric data using the HyperQuad 2009 prograLeast-squares treatment was performed
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by minimization of the sample standard deviation [Ziwi(E° — E%%(n — m)]¥2, where F and E°
are the observed and calculated e.m.f. valuesectisply,n is the number of observations amds
the number of refined parameters. The statisti@gmtsw; were put equal to &7, whereg; is the
expected error on each observed e.m.f. value (&/2 & pK,, value of 14.41, determined from
glass electrode calibration, was employed. For ealtem, data from different titrations were
treated together. The conditional formation coristaof the [Cu(Dienfi" and [Cu(Dieny**
complexes at pH = 7.4 were calculated by the Hy8892progranf? taking into account the
formation of hydrolytic species of €U[27,28].

2.3.4 Interaction of the complex 4 with albumifhe study of the interaction of the Cu(ll)
complex4 with albumin has been carried out in aqueous bHEEPES solution 25 mM pH 7.4. A
stock solution of commercial WT human serum albuffBA, Sigma) was prepared by weight at
300 pM concentration in the buffer solution. Duetie limited solubility in water, the stock
solution of4 (25 mM) was prepared by weight in DMSO. A 25 mMusion of CuC}-2 H,O was
also prepared by weight in DMSO. The samples fordaiia collection in the visible range were
prepared as follows: 2 ml of the HSA stock solutieere added with either 10 ul éfor 10 pl of
CuCl, solutions (control). The reference HSA spectruns wallected on a sample obtained by
adding 10 pul DMSO to 2 ml of the HSA stock solutidine HSA:Cu ratio was 2.4. The samples for
CD data collection in the UV range were preparedodews: 250 ul of the HSA stock solution
were added with either 2.5 pl df or 2.5 pl of CuCl solutions (control). The reference HSA
spectrum was collected on a sample obtained byngd?tlb pl DMSO to 250 pl of the HSA stock
solution. The HSA:Cu ratio was 1.2. The blank spentwas collected on a 250 pl HEPES buffer
solution, added with 2.5 pl of DMSO. The spectraaveollected on a Jasco J-715 UV-visible
spectropolarimeter provided with a Peltier therrmbsMatched quartz cells of 10 or 1 mm path
length were used for collecting spectra in theblesior UV range, respectively. The temperature

was set to 25.0 °C.
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2.4 Crystallography.

A single crystal of5 was mounted on a glass fibre and the intensitg dadre collected with a
SMART APEX2 diffractometer with Bruker AXS CCD deter using Mo-Ka radiation and a
graphite crystal monochromatdy(Mo-Ka) = 0.71073 A]. The SAINT [29] software was used fo
integrating reflection intensities and scaling, &ADABS [30] for absorption correction. The
structure was solved by direct methods using SIR2Fand refined by full-matrix least-squares on
all F2 using SHELXL97 [32] implemented in the WinQQackage [33]. All the non-hydrogen
atoms in the molecules were refined anisotropicdllye hydrogen atoms were partly found and
partly placed in the ideal positions using ridingdals. The structure was solved by direct methods
and difference Fourier synthesis using the SHELKesaf programs as implemented within the
WINGX software. Thermal ellipsoid plots were geneda using the program ORTEP-333
integrated within the WinGX suite of programs.

The crystal o6 is monoclinic, space groug2,/c; cell parameters = 6.9669(6)p = 13.063(1)¢c =
15.831(1) A, = 102.595(1)°, V = 1406.1(4) A The asymmetric unit is formed by a single
molecule of formula §H;,CuN;OS, Mr = 335.87, Z = 4, Dc = 1.59 g €mu = 1.756 mrit, F(000)
=684. A semi-empirical absorption correction, bagednultiple scanned equivalent reflections, has
been carried out and gave 0.5934 < T < 0.7454t#\ & 17393 reflections were collected up t& a
range of 26.5° (8 h, £16 k, +19 [), 2914 uniquitecions (Rint = 0.049). All non-hydrogen atoms
were refined anisotropically. The hydrogen atomsewsaced in ideal positions and refined using
riding models.

CCDC1483582 contains the supplementary crystalggca  data of 5
(http://www.ccdc.cam.ac.uk/data_request/cif; see &SI).

2.5  Calculations.

Molecular orbital calculations were carried outngsthe DO1 development version of Gaussian09
series of programs [34]. Two sets of geometriesehbgen employed for electronic structure

calculations: 1) pure square planar CuL compleX@isT(l); 2) Jahn-Teller distorted octahedral
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CuL complexes with two coordinating water molecu8&T-2). Several different DFT levels and
basis sets have been employed: the hybrid fundti®BBRYP density functional [35,36,37] using
the 6-31++G** (H. C. N. O. S) plus ECP-LanI2DZ (Q&S-1) and the hybrid functional of Truhlar
and Zhao MO06 density functional method [38] usidge t6-31++G** (H. N. C. O. S)
[39,40,41,42,43 44,45,46,47,48] and Los Alamos BER TZ - Lanl2TZ(f) (Cu) [49,50,51] basis
set (BS-II). Geometry SET-1 has been investigatdt bt BS-I and BS-Il level, whereas SET-2 has
been treated at the level BS-Il only. Optimized rgetries and energies in the gas phase were
computed with tight convergence criteria and theosYfrmm” options were used for all
optimizations. Cartesian coordinates in mol2 forfwatthe optimized geometries and electronic
energies for all compounds are provided in the Stpp Information. Vibrational frequencies
were computed in the gas phase at the same letie¢ofy and were used without scaling since the
MOG6 frequencies agree quite well with experimentdles for a wide range of second and third
period compounds [52]. Thermal corrections and femergies were calculated by standard
statistical thermodynamic methods53 using the uadcBFT frequencies and the ideal gas/rigid
rotor/harmonic oscillator approximations. Populatianalysis has been calculated within the
Natural Bond Order approximation [54,55,56,57].

2.6 Biology.

2.6.1 Cell culture. Human non-small cell lung cancer (NSCLC) cell 1iAB49, human breast
cancer cell line MCF-7 and human MSTO mesothelia®la line were obtained from American
Type Culture Collection (ATCC) (Manassas, VA, US# cultured as recommended at 37°C in a
humidified atmosphere of 5% GQnd 95% air. Stock solutions of 10 mM compoundsewe
prepared in DMSO and diluted in fresh medium fog.uBhe final concentration of DMSO never
exceeded 0.1% v/v.

2.6.2 Analysis of cell proliferation and cell cycl€ells were seeded into 96-well plate and
exposed to various treatments. After 72 hours, pelliferation was evaluated by crystal violet

staining as previously described [58]. Briefly, sl violet was solubilized in PBS with 0.2%
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TritonX-100 and the absorbance was measured ahBi/ata are expressed as percent inhibition
of cell proliferation versus untreated cells. Dtsition of cell population in the cell cycle was
determined by propidium iodide staining and flowiozgetry analysis [59].

2.6.3 Western blot analysiBrocedures for protein extraction, solubilisation @nalysis by 1-D
PAGE are described elsewhere [60]. Briefly 30u500f proteins from cell lysates were resolved by
7.5% SDS-PAGE and transferred to PVDF membranesniii@nes were incubated with anti-
phospho-mTOR (Ser2448); anti-mTOR; anti-phosphoS®8K0 (Thr421/Serd424); anti-P70S6K;
anti-phospho-AKT (Ser473); anti-AKT; anti Cyclin RCell Signaling Technology, Beverly, MA,
USA); anti-HSP72 (Stressgene Bioreagents, BE): @81 (Santa Cruz Biotechnology, USA); anti-
Actin (Sigma—Aldrich, St Louis, MO, USA). Blots weethen washed and incubated with secondary
HRP-coniugated antibodies (Pierce, Rockford, IL,AJSmmunoreactive bands were visualized
using an enhanced chemiluminescence system (Imimobll Western Cemiluminescent HRP
Substrate, Millipore, USA). The chemiluminescemnsil was acquired by C-DiGit® Blot Scanner
and the spots were quantified by Image Studio™v&o#, LI-COR Biotechnology (Lincoln, NE).
2.6.4 Reactive oxygen species measuremdntsacellular hydrogen peroxide .8, and
superoxide anion Ywere assessed by oxidation of the cell perme&lbedscent probes 5-(and-6)-
chloromethyl-20,70-dichlorodihydrofluorescein ditate, acetyl ester (CM-H2DCFDA, Molecular
Probes®), and dihydroethidium (DHE, Merck Millippreespectively as previously described [61].
Briefly, 3 x 10 cells were incubated in absence or presence ofdtround. During the last 30
min of treatment, the cells, loaded with CM-H2DCFBAIM or DHE 5 pM, were left in the dark
at 37 °C, and then trypsinized and analysed onckiBan-Coulter EPICS XL flow cytometer.

2.6.5 Statistical analysistatistical analysis was carried out using Graph®a&m 5.00 software.
Statistical significance of differences among da#s estimated by two-tailed Student’s t test and P

values are indicated where appropriate in the égur

3. Resultsand Discussion
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3.1 SynthesisThe thiosemicarbazone ligantis3 (Scheme 2) were synthesized in high yields
by condensation of thiosemicarbazide or a 4-N-swibst-3-thiosemicarbazide with 8-
hydroxyquinoline-2-carboxaldehyde. They were satisfrily characterized b{H-NMR, IR, mass
spectrometry and microanalysis. The ligands aréhénE form in solution, as evidenced by the
chemical shift values of the HC=N and NH protorttie '"H-NMR spectrum in DMSO+[19,62)].

1-3, in principle, can exhibit thione—thiol tautomenisthe absence of the S—H stretching band near
2600 cm' and the presence of a N—H stretching band at ajspately 3150 cit indicate that the
thione form is the stable one; this is also condidnby thev(C=S), coupled with N=C=N stretching
vibrations, observed at about 1100tas a strong absorption [63].

The copper(ll) and zinc(Il) metal complex¢® (Scheme 2) were obtained by reacting the acetate
salts with the ligand4-3 in ethanol or methanol, adjusting the pH at 8-Shw\laOH. In the IR
spectra of4-9 the absorptions of the NH and OH groups (arour@03dm* and 3400 cm in the
ligand, respectively) disappeared, evidently beedhs ligand deprotonated upon complexation. In
the spectra of the ligands the bands around 1580-t81* were assigned to the iminic bond
stretching vibrations; they underwent shifts of 85-cm* upon coordination, indicating the
involvement of this group in coordination. In thd NMR of the zinc(ll) complexe§ and9 in
DMSO-d;, a partial decoordination of the ligand and thespnce of several chemical species were
observed. On the other hand, in methangltdere is a unique set of signals with a shiftha
protonic resonances of about 0.2-0.3 ppsithe free ligand. Elemental analysis and ESI-mass
analysis indicated the presence of a complex withlametal to ligandatio. Overall, the data
suggested the formation of a 1:1 metal chelataliche complexed-9, with the bis-deprotonated
ligand behaving as an ONN’S donor system. In tlse @db, the proposed structure was confirmed
by X-ray diffraction analysis.

3.2  X-ray discussionThe molecular structure of copper(ll) compkxas determined by single-

crystal X-ray crystallography, is reportedkigure 1.
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The geometry of the Cu(ll) coordination is squaknpr with the four donor atoms deriving from
the dianionic tetradentate ligand, and namely #g@atonated phenolic oxygen, the nitrogen of the
substituted quinoline ring, the iminic nitrogen ahd thiolate sulfur. The coordination plane can be
described as a 5-5-®(N,N,S) chelate ring system. The copper atom lies examtlythe average
plane formed by the four donor atoms, but its gaogme slightly distorted from the ideal square
planar being the bite angles N2—-Cu—-S1 85.5(2)° (ON2-N1 78.27(2) and N1-Cu-O1 82.3(2)°.
The Cu-S bond distance, 2.220(2) A, and Cu—N(imidistance, 2.011(6) A, are similar to those
observed in analogous systems [19,64]. Upon coatidim, the thiosemicarbazone moiety
undergoes deprotonation and gives an overall dmmitigand. Thiosemicarbazones normally
present a thione-thiol tautomerism and the depadton, concomitant to the coordination of the
metal centre, brings to the stabilization of theltdte form. This is apparent, in our case, from th
length of the C11-S1 distance of 1.760(8) A thaigests a thiol character, since it is much longer
than the distances observed in free thiosemicanesfthe average value of 431 non deprotonated
structures found in the CSD [65,66] is C— S = 118¥). The N3-C11 bond distance of 1.320(9)
A, accordingly, is markedly shorter than the avera@5(1) A of the free thiosemicarbazones of the
same set, suggesting a double bond-like character.

The packing in the crystal is characterized by main features: the hydrogen bond that connects
the terminal amino nitrogen and the phenolic oxygkean adjacent comple¥igure SI1 andSl| 2),

and the formation of stackings withr interactions of the aromatic systems. The firgéraction
leads to the formation of ribbons of molecules digwag in theb direction of the unit cell, while
the stackings extend in tlaedirection.

3.3  Quantomechanical calculatiowe first wanted to investigate the electronic @leof the R
groups of the ligand2 and3 (Scheme 2) on the structural properties of their complexes({IQHtL
andCu(IDPhL, respectively). We fully optimized theusge planar structures (SET-1) generated by
complexation between &uand the ligands, substituting the functional gréup NHGHs in 2

with R = NHCH; (Cu(ll)MetL) for simplicity; we left methanol corgstallization molecules as
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reported in one structure in the literature [19¢sPpite the different electron withdrawal properties
of the R groups, a substantially unmodified chelatting was obtained~(gure SI3). Then, we
considered the square planar structures optimitmdirgy from a distorted octahedral geometry
obtained placing two water molecules in the axadipons (SET-2)Figure 2 shows the optimized
structures of the aguo complexes Cu(ll)MetL (a)(IQEtL (b), and Cu(Il)PhL (c).

As expected for a’dtransition metal (i.e. Gi)) in all the three complexes the initial octahedral
geometry relaxes to a square planar, with the mallyi coordinated water molecules now loosely
interacting either with the metal or the alkoxy w@wo The square planar configuration is also
supported by the molecular orbital analysis thatagreement with a doublet spin multiplicity,
shows a remarkable spin polarization effect staibdj the alpha electrons more than the beta ones.
(Figure Sl4). In agreement with a’dsquare planar coordination the hole in the dCorbitals is
located in the high-energyxd.(Cu)+o(ligand) (Figure Sl4) and the HOMO Kigure SI5) is
localized on the atoms involved in the metallic rctvation with an overall ,d symmetry.
Moreover, the HOMO does not involve the water moles nearby the metallic center, that would
bring the square planar coordination to a squarampilal. Lastly, the LUMO is characterized by a
marked ¢b.y» orbital associated to the spin beta vacancy arshilestantially ligand-dominant
character for the spin alpha component.

The structural analysis of the complexes repomeelgure 2 interestingly shows that both with the
mild electron donors (i.e. —-GHand —CHCHs) and the withdrawal (i.e. Ph) substituents, the
thioamide nitrogen results substantially planae. (s hybridized). This is supported by the co-
planarity between C12-N4(H)-C11 resulting in 179.955.76 and 178.8° dihedral angles,
respectively for —Ckl -CH,CHz and Ph. Furthermore, the average N4-C11 distah&5 A) is
compatible with primary amides (1.325 A, bond ortl&)®” This partial double bond can generate
E-Z isomers. Despite experimental observation thatadterized thée isomer (compleXs), DFT
calculations showed that tlteisomer is more stable than tHeone by only 0.5 kcal/mol, that is

below the accuracy of the method. Still, an apprate estimation of the isomerization process
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revealed, as expected, significantly high enerdyd(kcal/mol) barrier justifying a possible kinetic
control. InTable 1 we compare the most relevant structural parametetained by the X ray
diffraction analysis 06, with the relative calculated at the DFT-BS(I) @@(ll) level of accuracy.

In the X-ray structure ob there are three five-membered chelation rings. ddta calculated for
this structure, with aie configuration around the amide bond, are repanettie DFT-BS(I) 5(E)
and DFT-BS(Il) 5(E) columns. Structures with 5,&émbered chelation rings are also known
[19,68]; the structural details calculated assuntimg isomer, with the thio- moiety involved in a 4
membered chelation to the metal, are reportederDRT-BS(l) 4(E) column. Both computational
levels (i.e. BS-(I) and BS-(ll) ) predict with goaatcuracy the X-ray structure &f in fact,
extremely low RMSDs (root mean square deviationjh@natomic distances (D) and on the angular
amplitudes (A) with respect the experimental da¢aadtained.

The DFT-BS(I) 4(E) structure obviously shows sigriaht deviation from the experimental one,
mostly ascribed to the Cu-S length which incredsesy ~2.35 A to ~2.5 A due to the more
constrained four-membered ring. As a consequeiheejninic nitrogen compensates the partial
positive charge created with a shorted Cu-N bonmutle (i.e. from ~2.08 A to ~1.97 A).
Interestingly the two structures (with 5,5,5 menalokeor with 5,6,4 membered chelation rings) do
not significantly differ in energy, leaving operetdiscussion for possible isomerization in solution
or in the crystallization process [19].

3.4  Studies in solutiorThe conditional stability constants (hereafter datied as) of the Zif*
complexes with the thiosemicarbazorie3 were determined in methanol:water 9:1 (v/v) (25 mM
HEPES buffer, pH 7.4) by direct spectrophotometdi¢-visible titrations of solutions of the
ligands with a ZA" solution. A representative spectral set for tiratibn of2 with Zré* is reported

in Figure 3 (for 1 and3 with Zr?* seeFigures SI6 andSI 7). The spectrum of the ligands presents
two bands at 308 and 343 nm, which decrease upditiadof Zrf*. Two bands at 327 and 395 nm
associated to the formation of complex species apgeupon addition of 2/ and an isosbestic

point is present at 371 nm.
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The absorbance values at 395 nm for the titratfidhas a function of the equivalents ofZadded
shows a titration end-point that is consistent witle addition of 1 eq. of Zf per ligand,
suggesting the presence of a Zn + L = [ZnL] comalex equilibrium (charges omitted, L1= 3;
S18-10). Plots of the absorbance values at 395 nm froectsp of samples containing different
Zn**/ligand molar fractions, and constant,G C_ concentrations, clearly evidenced maxima at
molar fraction of ligand = 0.5, confirming the foation of a Zn:L 1:1 species (Job’s plots 168,
Figures SI11-S113). The treatment of the data of the spectroscopations allowed to determine
the conditional log values for the [ZnL] complexes, which are repoitediable 2.

We attempted the study of the complex formationilimia for 1-3 with CU** through direct
spectrophotometric titrations of the ligands witle tmetal ion, in analogy with Zh The spectral
dataset for the titration & with CU/** and the plot of the absorbance values at 418 nanfaisction

of the equivalent of the metal are reporteétigur e 4; the spectral changes are fully consistent with
those reported for similar systems [18,19].

A sharp break of the formation curve is observed at]. of metal added, which indicates that the
logp of the complex species are too high for beingrdateed by these direct titration experiments.
It is noteworthy, however, that the titration enmif, corresponding to 1 eq. of €uadded, is
consistent with the results of the Job’s plotsiedriout for all1-3 ligands Figures Sl 14-SI 16).
Overall, these data suggest that the species foame@d*:L 1:1, that is [CulL].

We decided to determine the Iggralues of the copper(ll) complexes by competigoperiments
based on the [Cul] + L' = [CuL’] + L reaction, wheeiL’ is the competing polydentate ligand
diethylenetriamine (Dien). These experiments wengi@d out by titration with Dien of solutions
containing the [CuL] complexes obtained by additiorsitu of 1 eq. of C& to the ligands. A
representative titration with Dien of a solutiomtaining Cd* and2 in 1:1 ratio is reported in
Figure 5 (the titrations with the other ligands are repoitethe Supporting Information paragraph
asFigures SI17 andSI 18). Upon addition of Dien the absorbance of the kaatdca. 308 and 343

nm increases, while the two bands associated tacdhgplex at ca. 418 and 490 nm decrease
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concomitantly. It is important to note that eaclkapum was collected 7 minutes after the addition
of Dien, as we observed that the spectrum changbasmwhe first 3-4 min after titrant addition and
mixing, while there are no spectral changes aftairs This behavior is attributed to a relativevslo
kinetics for the displacement of the thiosemicadm&zligands by Dien.

The conditional logs values of the Cii/Dien complexes at pH 7.4 in methanol:water 9:4/)(v/
were in turn required to calculate the conditiolwa g value for the [CuL] complex. We have
therefore carried out a potentiometric study of @é*/Dien system in methanol:water 9:1 (v/v)
with the aim to determine the speciation of thaeysand to calculate the conditional |®6galues

of the complexes from their global formation conssa The protonation and complex formation
constants of the Gl complexes with Dien in this medium are reportedttie Supporting
Information Figures SI19 and SI20). The complex species found by potentiometry are
[Cu(Dien)F*, [Cu(HDien)(Dien)f* and [Cu(Dien))**. Known the speciation model, it was possible
to calculate the concentration of all copper(11jl @ien species in solution at pH 7.4 using the Hyss
2009 softwaré? Noteworthy, for total G, ca. 40 uM at pH 7.4 the Cu:Dien 1:2 species
([Cu(HDien)(Dien)f* and [Cu(Dien)]*") account to ca. 4 % total copper, therefore néijég The

conditional binding constant of Dien for €was then calculated as:

ﬁ ) [CuDien]
capd [CuDlen]_[Cu not bound to Dien][Dien not bound to Cu]

and it resulted to be 13.50 at pH 7.4.

By treating the spectral dataset as reporteHigure 5 using the conditional binding constant of
Dien for Cif*, the calculated log values for the Cii + L = [CuL] equilibria are 14.56, 14.67 and
15.65 for L =1, 2 and3, respectively Table 2). It is worth noting that the [Cu(Dieri}] complex
has a significant absorption in the visible rangeyoat ca. 600 nme(ca. 80 crit M™), its

contribution to the absorbance is less than 0.@0&tnm, and thus negligible in the entire visible
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range [69]. For this reason, we calculated the tmmal log/ of formation of [CuL] by treating the
absorbances in the 400-540 nm range.

3.5 Interaction of 4 with albuminAlbumin (HSA) is a plasma constituent present in
concentrations close to mM [70]. It is known todiopper(ll) at the N-terminal ATCUN fragment
with affinities of the order of pM (pH 7.4) [71].h€refore, it is a potential competing ligand for
CU** in physiological media. In order to gain insigint ihe stability of the Cu(ll) complekin the
presence of albumin, we collected the CD specttaervisible range of solutions containing HSA
at 300 pM concentration and in 1.2- to 2.4-foldesscwith respect of. As a fingerprint of C&f
complexation we used the Cotton effect which appatca. 500-600 nm in the visible CD spectra,
that is known to be diagnostic of the binding of Ciw the ATCUN fragment [71]. The visible CD
spectra of the solutions of HSA in presencd of Cf* as chloride salt are reportedRigure 6.

The solution of free HSA does not present, as erpeany CD signal in the 400-800 nm range.
Conversely, the solution of HSA and Cuwas chloride salt presents two CD bands at 490 nm
(positive) and 570 nm (negative), which indicate timding of copper(ll) at the ATCUN site of the
protein. Interestingly, the spectrum of the H&A0lution does not present any Cotton effect
associated to the binding of copper(ll) to the ATCWragment, therefore indicating that the
complex is stable in the presence of the proteiso Ahe CD spectra in the 300-500 nm range
appear quite interestingigure 7).

In this range, the spectra do not allow to difféise free HSA to that binding the copper(ll) ion.
However, it is clear that the HSAsolution provides with spectral feature that aveactcounted by
simple C4" ion-protein interaction. The Cotton effect of tH8A/4 solution corresponds very well
in wavelength and, remarkably, also in intensitythvthe UV-visible absorption spectrum df
(Figure 7). It seems that not onl¢ remains undissociated in the presence of HSA, 3at i
interacts with the protein to provide a signalhe €D spectrum. It is known that HSA has multiple
binding sites and pockets into which a variety mfgs can be accommodated [72]. The CD data in

our hands do not allow to put forward the strudturaure of the HSA/complex adduct, which
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might involve the interaction af into a pocket of HSA and/or the formation of hygiea bonds on
the protein surface. Neverthelegs,becomes CD active likely as the result of secopldese
interactions: therefore, not ondyis stable in the presence of the strong Cu(llflinig agent HSA,
but the protein may also act as a carrier for traglex in plasma medium.

3.6 Effect on cell proliferation of A549 and MCFeélls. In order to evaluate the ability of the
compounds to inhibit cell proliferation, we trea#®849 and MCF7 cells with 10 uM of the ligands
1-3, the copper(ll) complexet6 and the zinc(ll) comple®. These tumor cell lines were chosen as
in vitro model for non small cell lung cancer (A549) ancdst cancer (MCF7). NSLC, in
particular, is not very sensitive to chemotherapyl/ar radiation, and novel therapeutics are
urgently needed. The zinc complex was chosen becaug(ll) ion is not redox active, on the
contrary of copper(ll) ion. As shown Figure 8 (A and B),1 and2 reduced cell proliferation up to
50% in A549 cells, whereas in MCF7 cells they eitbitbmaximal inhibition of cell growth; als®
and 9 showed a strong growth-inhibitory effect on MCFRallg, but they were significantly less
active with A549. Only the copper(ll) complex¢$ completely inhibited cell proliferation in both
cell lines. Compared to the analogous copper coapléhe zinc coordination compourdshows
reduced activity: especially towards A549 cellsqilnition of cell proliferation is around 20%,
compared to a complete inhibition induced by thal@gous copper compounds. This indicates a
crucial role of the metal ion features in determgniactivity. An investigation on the possible
involvement of ROS production in the apoptosis psscs presented in the following paragraph.
Based on these resul®6 were chosen for further studies. Firstly, AS49<elere treated with
increasing doses of-6 for 3 days. As demonstrated Figure 9, these compounds showed
comparable dose-response curves, witk I6f 0.5, 0.3 and 0.7 uM, respectively; comparable
effects were obtained in MSTO mesothelioma canebds ¢data not shown). Note that the;J©f

the potent antineoplastic 2-benzoylpyridine 4-etdwhiosemicarbazone is practically equal, i.e.
ICs0 = 0.593 £ 0.148M [73] (for comparison, 16y against A549 cells: cisplatin 11.92 + 2.19 [74];

doxorubicin 1.8 + 0.85 [75]). The slight differescm 1G5 values could be related to the different
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substituent at the hydrazonic moiety (R = H, etipjlenyl) resulting in different lipophilicity and
thus in different ability to carry the metal ionrdlaghout the cell membrane [77].

Then, we investigated the effectssobn A549 cell cycle distribution. As shown kingure 10, 5 at

1 uM increased the percentage of cells piM5phase compared to untreated cells (19.5 vs 9.6),
suggesting that the observed inhibition of celllifgcation was mediated by a block in this phase of
the cell cycle.

3.7  The copper(ll) complex 5 did not induce cekss. Treatment of A549 cells withat 1 uM
concentration induced an increase of Cyclin B esgiom, indicative of a block in G2/M phase, but
no accumulation of p53 protein was observedfre 11).

In order to highlight if compoun® could cause DNA damage, we performed a westerh blo
analysis of poly (ADP-ribose) polymerase (PARP)t@io activation in A549 cells treated with
compound5, at 0.1 and 1 uM for 24 and 48 h and with doxarimbil pM, a well-known DNA-
damage inducing agent. The enzymatic activity oRPAs induced upon DNA damage and the
PARP protein is cleaved during apoptosis, whichgssted a role of PARP in DNA repair and
DNA damage-induced cell death. As can be sedfigare 12, compound did not induce PARP
cleavage, whereas after doxorubicin treatment wected the cleaved (active) form of PARP
enzyme. Therefore, it can be inferred the lackatifvay of compounds as DNA damaging agent.
Previous studies reported that the anti-prolifggafctivity of some copper(ll) based-compounds is
associated with the production of reactive oxygeec®$ and, in general, with the induction of
intracellular stress. To evaluate whether our campgs produce the same effects, firstly we
guantified the levels of HSP72, a well-known streshiced protein [76] in A549 cells treated with
5at 1 uM concentration. As reportedrigure 11, the inducible level of HSP72 did not change. In
addition, A549 cells were treated with 0.5 and 1 g\ and ROS formation was evaluated by flow
cytometry using CM-H2DCFDA and DHE oxidant-senstifluorescent detection probes. We do
not detect ROS production after treatment V@atat concentrations comparable or higher thagp I1C

(data not shown) for 24 and 48 hours. To furtherficm a ROS-independent mechanism of action,
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we used A549 cells treated with,® (5 mM for 15 minutes) as positive control for ROS
production, in comparison with A549 cells treatethveompounds (1 uM for 72 h). Compoun8
(Figure 13, blue line) did not induce ROS accumulation compaiedaontrol cells (in grey in
Figure 13), whereas b, treatment caused a marked accumulation of ROSiespéed line).
Moreover, to further confirm the lack of apoptosesrosis after compoun8 exposure, we
performed a morphological analysis of nuclear ctatimwith propidium iodide (P1) and Hoescht
33342 staining in A549 cells, after treatment vattmpound (1 uM), and doxorubicin (1 uM) for
72 h and HO, (5 mM) for 1 h. As showed ifigure 14, nuclei from A549 control cells (A) and
after compound5 treatment (B) did not show any sign of apoptosisiosis. In contrast,
doxorubicin (C) induced apoptotic cell death, doeated by nuclear fragmentation and increased
number of Pl-positive shrunken apoptotic nucleiQktreatment (D) induced necrosis.

These observations are in accord with mechanicsstidies on copper complexes of Triapine and
other thiosemicarbazones, underlying that thiolscet intracellular ROS generation might
contribute to the anticancer activity of coppeloti@micarbazone complexes, but it is not the only
determining factor [8]. In the literature the amntiferativae activity of the Cu(ll) complexes is
correlated to diverse mechanisms of action: fomgda, Cu(ll) thioxotriazole complexes induce
cell death via paraptosis [77]. Other copper(linpounds activated a mechanism, that is based on
the arrest of the cell in the S phase and induatfoapoptosis by intrinsic pathway, with increased
ROS accumulation [78]. An interesting evaluatiortteg Topo I& inhibition activity of a seriesi-
heterocyclic-N4-substitued thiosemicarbazones hett torresponding copper complexes was also
reported [79]. Therefore, further studies will beedted to explore the molecular mechanism of

action of the synthetized copper compounds.

4. Conclusions
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The hydroxyquinoline thiosemicarbazone ligade® form exclusively metal:ligand 1:1 species in
solution with copper(ll) and zinc(ll) ions, in agraent with the behavior of previously reported,
similar thiosemicarbazones. The solid state stractd the copper(ll) complexes is square planar,
as results from quantum mechanical calculationsbgnithe single crystal X-ray diffraction analysis
of 5. The CG" complexes are more stable than thé*Zmes, as expected by the Irving-Williams
series and defined by solution studies. In thisneation, note that the inhibition of cell
proliferation produced by the Zn(Il) compl&xFigure 8) can be due to partial transmetallation and
formation in the cell of the more stable Cu(ll) quex [80].

The Cu(ll) complexegl-6 are more active than the corresponding ligandsatdsy NSCLC and
breast cancer cell proliferation, withggvalues ranging from 0.3 to OpM in A549 cell line. On
the contrary, the zinc(ll) complexshowed reduced activity. The most active coppecimplex5
reduces cell proliferation with ¥g lower than 1 puM, with an increase of cells in G2f{ase.
Peculiarity of5 is the absence of ROS-accumulation, in contragt wther copper(ll) complexes
which were shown to induce ROS-dependent cell steegl death [7]. It is known that p53
accumulation is a sign of genotoxic stress accomepdny DNA damage [81]: the Cu(ll) compl&x
did not cause increase of p53 levels in A549 cetidor p53, indicating lack of DNA damage.
Further studies are ongoing to explore the moleaukechanism of action of these compounds and

to improve their selectivity.
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Tablel

X X
= >
N N
o] \ |N o] / |N
\Cu - \lN \Ci\’\i/
\s NHC,H S)\NHCZH5
Param. Exp E DFT-BS(l) 5(E) DFT-BS(Il) 5(E) DFT-BB4(E)
Cu-S 2.200 2.348 2.304 2.514
N2-Cu-S1 85.5 82.3 83.4 68.3
N2-Cul-N1 78.3 78.0 78.0 88.7
N1-Cu-O1 82.3 79.8 81.6 83.5
Cu-N(iminic) 2.011 2.081 2.080 1.966
Cl1-S1 1.760 1.765 1.768 1.742
C11-N3 1.320 1.339 1.336 1.343
Relative Energy
(kcal/mol) 0.0 0.0
RMSD-D 0.149 0.106 0.315
(A)
RMSD-A (°) 4.1 2.2 20.1
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Table 2. Logarithms of the conditional formation constaotshe C3* and Zf* complexes of the
ligands L=1-3 (methanol:water 9:1 v/v, 25 mM HEPES buffer, pH)7.The corresponding
affinities of the ligands for the metal ion&] are also reported. Standard deviations are in

parentheses.

Ligand (L) log S Ka

1

[Cul] 14.56(1) 2.75(6) 10° pM
[ZnL] 6.68(1) 0.21(2)uM

2

[Cul] 14.67(1) 2.14(5) 10’ pM
[ZnL] 6.13(4) 0.74(7)uM

3

[CuL] 15.65(1) 2.24(5) 10' pM
[ZnL] 7.30(1) 0.050(1)uM
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Figure, Table and Scheme captions

Figure 1. ORTEP representation of the copper(ll) com@exith ellipsoids at 50% probability

Figure 2. DFT-B3LYP structures optimized starting from thistdrted octahedral geometry: a)
Cu(ll)MetL, b) Cu(Il)EtL, and c) Cu(ll)PhL aquo cquiexes.

Figure 3. UV-visible spectrophotometric titration of R=with Zrn** in methanol:water 9:1 (v/v) (25
mM HEPES buffer, pH 7.4, = 41 uM, zZn:L = 0-1.81).

Figure 4. UV-visible spectrophotometric titration @ with CU#* in methanol:water 9:1 (v/v) (25
mM HEPES buffer, pH 7.4,%€ = 41 uM, Cu:L = 0-1.30). Inset: absorbance vakte418 nm as a

function of equivalents of Gtiadded.

Figure 5. UV-visible spectrophotometric titration with Dienf a C@¥*2 1:1 solution in
methanol:water 9:1 (v/v) (25 mM HEPES buffer, p¥,TCc, = 38 uM, Dien:Cu = 0-13); in black
the spectrum a2 (41 uM).

Figure6. Visible CD spectra of solutions of HSA (300 pMuaous buffer HEPES solution 25
mM, pH 7.4). Black: free HSA, red: HSA with 0.42.ef CuC}-2 HO; blue: HSA with 0.42 eq.
of the Cu(ll) complex.

Figure 7. UV-visible CD spectra of solutions of HSA (300 pdjueous buffer HEPES solution 25
mM, pH 7.4). Black: free HSA; red: HSA with 0.83.e CuC}:- 2H,0; blue: HSA with 0.83 eq. of
4. The green spectrum is that of a solution 41 pM of methanol water 9:1 (v/v), HEPES buffer
solution (25 mM, pH 7.4).

Figure 8. A549 (A) and MCF7 (B) cells were treated with thdicated compounds at 10 puM for 3

days; then, cell proliferation was evaluated bystalviolet assay. Data are expressed as percent
38



inhibition of cell proliferation +SDversusuntreated cells. Experiments are the mean valibreé

independent measurements.

Figure 9. A549 cells were treated for 3 days with the cofijpecomplexes4, 5 and6. Cell growth
was evaluated by crystal violet assay and IC50 waleulated by Graph Pad Prism 5.00 software.
Experiments are the mean value of three independeasurements (xSD).

Figure 10. Cell cycle profile of A549 cells untreated (blatke) and treated (red line) with
compounds at 1 uM concentration for 48 h. Mean percentag8®3of cells residing in each cycle

phase are reported. Experiments are the mean ohtheee independent measurements.

Figure 11. A549 cells were treated withluM for 24h. Then western blot analysis was pentaxt
to evaluate Cyclin B, p53 and HSP72 protein levels.

Figure 12. Western blot analysis of poly (ADP-ribose) polynssrgdPARP) protein activation in

A549 cells treated with compoudat 0.1 and 1 uM, and with doxorubicin 1 uM for&¥d 48 h.

Figure 13. A549 cells treated with #D, (red line), in comparison with A549 cells treateith

compound 5 (blue line). Control cells are represeim grey.

Figure 14. Morphological analysis of nuclear chromatin witlopidium iodide and Hoescht 33342
staining in A549 cells, after treatment with compdb (B), and doxorubicin (C) for 72 h and:®Gh

(D) for 1 h. Nuclei from A549 cells are reportedcasitrol (A).
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Scheme 1. Chemical structures of: (A) 3-aminopyridine-2-cataladlehyde thiosemicarbazone

(Triapine), (B) di-2-pyridylketone thiosemicarbazsrand (C) bis(thiosemicarbazones).

Scheme 2. Structures of the ligand$-@) and of the metal complexe$-9)

Table 2. Logarithms of the conditional formation constaotshe C3* and Zi* complexes of the
ligands L=-3 (methanol:water 9:1 v/v, 25 mM HEPES buffer, pH})7.The corresponding
affinities of the ligands for the metal ion& ] are also reported. Standard deviations are in

parentheses.
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HIGHLIGHTS

» Some model 8-hydroxyquinoline thiosemicarbazones were synthetized

» Coordination properties towards copper(l1) and zinc(l1) ion were studied

e Studiesin solution, in the solid state, quantum mechanical calculations are presented

» The Cu(ll) complexes displayed high cytostatic activity in different cancer cell models

» Activity isbased on cell cycle arrest in the G2/M phase in absence of ROS induction



