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In this article, we report on the synthesis and the chemical and biological characterization of novel gold(IIl) com-
plexes based on hydroxyl- or amino-quinoline ligands that are evaluated as prospective anticancer agents. To
gain further insight into their reactivity and possible mode of action, their interactions with model proteins
and standard nucleic acid molecules were investigated.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The therapeutic application of metallic complexes in cancer treat-
ment is one of the main areas of medicinal inorganic chemistry, where
cisplatin represents the principal drug in widespread clinical use. In re-
cent years, gold(I) and gold(Ill) complexes have attracted much atten-
tion among medicinal inorganic chemists because of their strong
cytotoxicity in vitro and of their different mode of action in comparison
to cisplatin [1-12]. Indeed, although platinum(II) and gold(Ill) com-
plexes are isoelectronic (d® configuration) and isostructural (square
planar geometry), they were found to show different biological profiles
and mechanisms of action [13]. For platinum(Il) complexes, DNA is
commonly believed to be the primary target while inhibition of a few
crucial proteins seems to be the main mechanism of action for cytotoxic
gold complexes. In addition, ligand exchange is faster in gold(Ill) com-
plexes compared to platinum(II) ones. In this sense, the chelation of
the metallic centre with multidentate ligands have shown to enhance
the stability of the complex, but an excessive stabilization of the gold
centre may be detrimental to the biological activity (e.g. Au(cyclam))
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[14]. The selection of ligands is also crucial to modulate the oxidizing
character of the gold(Ill) centre and to decrease its pronounced tenden-
cy to be reduced to gold(I). In the last few years, new promising antitu-
mor gold(Ill) complexes containing nitrogen-donor polyaromatic
ligands, such as terpyridine and phenanthroline derivatives (see
Chart 1) have been reported to control these two features [15,16].

In the context of polyaromatic ligands, hydroxyquinolines were re-
ported to be promising therapeutic agents for Alzheimer's dementia
due to strong complexation with copper and zinc ions which are in-
volved in the B-amyloid peptide aggregation that causes neuronal loss
in Alzheimer's disease patients [17-20]. Moreover, hydroxyquinolines
are known to exhibit a variety of biological activities [21-25]. In partic-
ular, clioquinol (5-chloro-7-iodo-quinolin-8-ol) is currently commer-
cially available as an antifungal and antibacterial drug. Regarding the
anticancer activity of the hydroxyquinolines, a number of interesting
features were highlighted. They are classified as proteasome inhibitors
through complexation with copper ions [26-29]; they induce apoptosis
of human cancer cell lines by targeting zinc to lysosomes [30]; they are
NF-kappa 3 inhibitors [31,32], or stimulate macrophages to release
tumor necrosis factor alpha [33] among other anticancer activities. All
these applications are related to the use of hydroxyquinolines as scav-
engers of metals involved in the pathogenesis of various diseases.
Recently, we have synthesized new platinum complexes [34-36] con-
taining hydroxyquinolines in their structure and could demonstrate
high in vitro antitumor activity and their interactions with DNA [37].
Therefore, we considered feasible the synthesis of new gold complexes
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Chart 1. Antitumor active gold complexes containing nitrogen-donor polyaromatic ligands.

analogous to the platinum ones and their possible antiproliferative
activity.

In the present study, we report on the synthesis and characterization
of new gold(Ill) complexes containing hydroxyquinolines as ligands
(Chart 2, complexes 2). To explore potential structure-activity relation-
ships, the role of the coordinating atom (oxygen) of the quinoline
ligand was investigated by the preparation of one complex with an
amino coordinating group (complex 3). In addition, the synthesis of
the quinoline-monocoordinated complex 4 was shown by the chelation
effect of the ligand in the cytotoxic activity. The stability and electro-
chemical properties of the complexes were determined, and the anti-
proliferative evaluation of the compounds was done in vitro with four
human cancer cell lines. Finally, we studied the interactions of these
complexes with DNA and with model proteins like cytochrome c to es-
tablish adducts formation at the biomolecular level.

2. Experimental
2.1. Material and methods

All reagents and materials were purchased from commercial sources
and used without further purification. pBR322 plasmid DNA was pur-
chased from GeneCust-thermo scientific. NMR spectra were acquired
on a Bruker 300 spectrometer running at 300, and 75 MHz for 'H, and
13¢, respectively. Chemical shifts (&) are reported in ppm relative to re-
sidual solvent signals (CDCls: 7.26 ppm for '"H NMR, 77.0 ppm for '*C
NMR; CD,Cl,: 5.32 ppm for 'H NMR, 53.84 for '>C NMR; DMSO-dg:
2.50 ppm for '"H NMR, 39.52 for '*C NMR). '*C NMR spectra were ac-
quired on a broad band decoupled mode.

2.2. General procedure for the synthesis of complexes 2a-c, 3 and 4

To a solution of the corresponding ligand 1 (0.85 mmol) in 5 mL of
MeOH was added Na[AuCl,] (0.68 mmol) at rt. The resulting suspension
was stirred for 24 h and then the solid product was filtered, washed
with cold methanol and cold ether, and dried at 60 °C over 24 h.

R2
AN X
~
R’ N7 N
/U\Cl / \CI
cl Cl
2a (R'=H, R?=H) 3

2b (R'=H,R?=Cl)
2c (R'=1,R%?=Cl)

2.2.1. [AuCl,(8-0-quinoline)] (2a)

Green solid. Yield: 46%. "TH NMR (300 MHz, CD,Cl,) &: 9.14 (dd, ] =
5.5, 1.2 Hz, 1H), 8.61 (dd, J = 8.3, 1.2 Hz, 1H), 7.73 (dd, ] = 8.4, 5.5 Hz,
1H), 7.65 (t,] = 8.0 Hz, 1H), 7.40 (dd,] = 8.1,0.7 Hz, 1H), 7.31 (dd, ] =
8.0, 0.8 Hz, 1H). 13C NMR (75 MHz, DMSO-dg) &: 164.7, 145.2, 143.2,
142.6,131.9, 131.4, 123.0, 117.5, 114.9. MALDI-MS: 411 ([M] "), 376
([M-CI]™), 341 ([M-2CI]"). Anal. Calcd. For CoHgAuCl,NO (%): C,
26.24; H, 1.47; N, 3.40. Found (%): C, 26.26; H, 1.61; N, 3.31.

2.2.2. [AuCly(5-Cl-8-0-quinoline)] (2b)

Green solid. Yield: 76%. 'H NMR (300 MHz, CDCl5) &: 9.25 (dd, ] =
5.4, 1.2 Hz, 1H), 8.91 (dd, ] = 8.6, 1.2 Hz, 1H), 7.85 (dd, ] = 8.6,
5.4 Hz, 1H), 7.72 (d,] = 8.5 Hz, 1H), 7.26 (d,] = 8.5 Hz, 1H). 3*C NMR
(75 MHz, CD,Cl,) &: 164.7, 145.7, 143.8, 140.9, 131.8, 129.6, 123.2,
120.9, 115.9. ESI + MS (TOF): 444.24 ([M]"). Anal. Calcd. For
CoHsAuCIsNO (%): C, 24.21; H, 1.13; N, 3.14. Found (%): C, 24.38; H,
1.29; N, 3.09.

2.2.3. [AuCl,(8-NH»-quinoline)Cl (3)

Purple solid. Yield: 52%. "H NMR (300 MHz, CDCl5) 6: 9.37 (dd, ] =
5.4, 1.2 Hz, 1H), 8.50 (dd, ] = 8.3, 1.2 Hz, 1H), 7.71 (dd, ] = 8.3,
54 Hz, 1H), 7.51 (t,] = 7.9 Hz, 1H), 7.23 (d, ] = 7.6 Hz, 1H), 7.03 (dd,
J = 7.8, 0.7 Hz, 1H), 6.50 (brs, 2H). '3C NMR (75 MHz, DMSO-dg) &:
155.6, 146.0, 143.0, 139.4, 131.7, 131.0, 123.2, 116.2, 112.8. FAB-
HRMS: [M]* calcd. For [CaHsAuCl,N,]*: 410.9725, found: 410.9717.
Anal. Calcd. For CgHgAuClsN, (%): C, 24.16; H, 1.80; N, 6.26. Found (%):
C,2448; H, 1.84; N, 6.52.

2.2.4. [AuCl3(quinoline)] (4)

Yellow solid. Yield: 62%. 'TH NMR (300 MHz, CDCl3) &: 9.10 (dd, ] =
5.5, 1.3 Hz, 1H), 8.82 (dd, ] = 8.5, 0.8 Hz, 1H), 8.65 (d, ] = 8.2, 1H),
8.15-8.06 (m, 2H), 7.91-7.84 (m, 1H), 7.80 (dd, ] = 8.2, 5.5 Hz, 1H).
13C NMR (75 MHz, CDCls) &: 152.0, 143.7, 143.0, 134.1, 131.3, 129.7,
129.1, 126.4, 123.1. Anal. Calcd. For CgH;AuClsN (%): C, 24.99; H, 1.63;
N, 3.24. Found (%): C, 24.63; H, 1.73; N, 3.12.

* Cytotoxicities?
* Stability?

Cl—=Au—CI | * DNA-Interaction?
| * Protein-Interaction?
Cl
4

Chart 2. Gold(IIl) complexes synthesized and studied in the present work.
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2.3. Crystallographic structure determination

Crystals of compound 2a or 4 were obtained by slow evaporation of a
solution of the corresponding compound in CHCls. These crystals were
mounted at low temperature in inert oil on a glass fibre. Data were
collected on a Bruker X8 APPEX Il CCD-based diffractometer, equipped
with a graphite monochromated MoKa radiation source (N =
0.71073 A).

The crystal data, data collection, structural solution, and refinement
parameters for the complexes are summarized in Table 1. Data were in-
tegrated using SAINT [38] and an absorption correction was performed
with the program SADABS [39]. The structures were solved by direct
methods using SHELXTL [40], and refined by full-matrix least-squares
methods based on F2. All non-hydrogen atoms were refined with aniso-
tropic thermal parameters. All H atoms were computed and refined
with an overall isotropic temperature factor using a riding model.

2.4. Stability assays

The stability of the compound 2a was performed in DMSO and DMF,
saline solution (0.9% NaCl) and PBS (0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride, pH 7.4), and deter-
mined by UV-Vis spectroscopy. For the stability in organic solvents, a
1 mM solution of complex 2a in DMSO or DMF was kept at rt., and at dif-
ferent time points the electronic spectra were recorded by using an
Agilent 8453 UV-vis spectrophotometer (see Supporting information
(S.1.) for graphs). For stabilities in saline or PBS solutions, 10 pL of a
stock solution of compound 2a (10 mM in DMSO) were diluted in saline
solution or PBS up to 2.0 mL (final concentration 50 pM). The solution
was incubated at 37 °C and the electronic spectra were recorder over
24 h.

2.5. Electrochemistry

The electrochemical experiments were conducted in a 1.0 mM solu-
tion of the corresponding complex in CH,Cl, containing (BuyN)(PFg)
(0.1 M) at 50 mV/s. The working electrode was a glassy carbon disk
(2.8 mm diameter) and the counter electrode was a platinum wire
and the reference electrode was Ag/AgCl.

Table 1

Crystal data and structure refinement for complexes 2a and 4.
Complex 2a 4
Empirical formula CoHgAuCl,NO CoH7AuCIzN
Mw 412.01 432.47
Temperature (K) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073
Cryst. system Monoclinic Monoclinic
Space group P2;/n P2,/c
a(A) 4229 (1) 7.5337 (1)
b (A) 17.357 (6) 8.3674 (2)
c(A) 13.814 (5) 18.2547 (4)
a (deg) 90 90
> (deg) 96.86 (2) 90.08 (1)
v (deg) 90 90
Volume (A?) 1006.7 (6) 1146.2 (4)
Z 4 4
Density (calcd) (g/cm?) 2.718 2.506
Abs. coeff (mm~1) 15.105 13.492
F(000) 752 792

Crystal size (mm?)
Reflections collected
Independent reflections

0.01 x 0.12 x 0.35
15,740
2035 [R(int) 0.0520]

0.06 x 0.16 x 0.18
38,284
2094 [R(int) 0.0352]

No. of data/restraints/params. 2035/0/127 2094/0/127

Goodness-of-fit on F? 1.001 1.003

Final R indices [I > 20 (I)] R; = 0.0362; R; = 0.0141;
WwR; = 0.0978 wR; = 0.0339

Largest diff peak hole (eA~3)

2.016 and —1.268

0.716 and —0.647

2.6. Cancer cell antiproliferation studies

Human tumor cell lines A427 (lung cancer cell line), LCLC-103H
(large cell lung cancer), SISO (uterine adenocarcinoma) and 5637
(human bladder carcinoma) were used in this study. All cell lines
were obtained from the German Collection of Microorganisms and
Cell Culture (DSMZ, Braunschweig, Germany). The antiproliferative ef-
fects of the complexes on human cancer cells after a 96 h exposure
were determined by using a microtiter assay based on the staining of
the cell mass with crystal violet, as reported in detail previously [41].
Briefly, the compounds were dissolved in spectral grade DMF and seri-
ally diluted with DMF five times to give concentrations 500-fold the
final test concentrations. These stock solutions were diluted 500-fold
into RPMI-1640 medium containing 10% fetal calf serum to give the
working solutions. To each well of the microtiter plate, which contained
cells seed out 24 h before in 100 pL culture medium, were added 100 pL
of the working solutions to give final concentrations in culture medium
1000-fold less than the stock solutions. Cells exposed only to 0.1% DMF
were run as untreated controls. After 96 h continuous exposure, culture
medium was removed from the plates and cells were stained for 20 min
with a 0.02% crystal violet solution in water. The dye solution was re-
moved from the plates, which were washed with water for 30 min be-
fore a 70% ethanol/water mixture was added (100 pL/well) to dissolve
the cell-bound dye. Optical density was measure with a plate reader
Anthos 2010 set at A = 570 nm. MS-Excel was used to estimate the
ICsp values (concentration leading to a 50% reduction in cell growth)
by linear regression analysis of the T/C.., values versus log concentra-
tion [41].

2.7. DNA electrophoresis

The DNA interaction was evaluated by monitoring the mobility of
supercoiled plasmid DNA covalently closed circular (cc) and open
circular DNA (oc), as previously described [42]. The DNA binding studies
were done in a total reaction volume of 20 pL using pBR322
plasmid DNA. Each reaction mixture containing 4 uL of DNA-pBR322
(10 ng/mL stock) in 10 mM Tris-HCI (pH = 7.6) and 1 mM EDTA was
incubated with the gold compounds at several r; (input molar ratio of
Au/nucleotides) values (0.01 to 0.5) using the corresponding amount
of gold complex from either 10, 20 or 50 uM stock solution (the stock
solutions were prepared from the corresponding compound solution
in DMSO (1 mg/mL) and water until reaching the desired concentra-
tion). Samples were typically incubated for 24 h at 37 °C. After incuba-
tion, 2 L of a loading dye containing 50% glycerol, 0.25% bromophenol
blue and 0.25% xylene cyanol was added. The total of the sample
(20 pL) was loaded in the wells of a 0.8% agarose gel. Electrophoresis
was carried out for 2 h at approximately 70 V. The gels were then
stained in 250 mL of TAE buffer containing 64 pL from a 10 mg/mL
stock solution of ethidium bromide for 30 min. Controls of non-
incubated plasmid and of plasmid incubated with DMSO were loaded
on each run. Bands were visualized under UV light, and images were
captured with an AlphalmagerEP (Alpha Innotech). All samples in
each figure were obtained from the same run.

2.8. Interaction with cytochrome C

A solution of compounds 2a-b and 3 (3 x 10~% mol L™ ') with cyto-
chrome c (3:1 complex/protein molar ratio) was incubated in ammoni-
um acetate buffer (pH = 6.8) at 37 °C. After 24 h, the incubation solution
was diluted 20-fold with water before ESI MS spectra were recorded by
direct introduction at 5 pL min~ ! flow rate in an Orbitrap high-
resolution mass spectrometer (Thermo, San Jose, CA, USA), equipped
with a conventional ESI source. The working conditions were the fol-
lowing: spray voltage 3.1 kV, capillary voltage 45 V, capillary tempera-
ture 220 °C, tube lens voltage 230 V. The sheath and the auxiliary
gases were set, respectively, at 17 (arbitrary units) and 1 (arbitrary
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units). For acquisition, Xcalibur 2.0. software (Thermo) was used and
monoisotopic and average deconvoluted masses were obtained by
using the integrated Xtract tool. For spectrum acquisition a nominal res-
olution (at m/z 400) of 100,000 was used.

3. Results and discussion
3.1. Synthesis and structural characterization

The optimal reaction conditions for the synthesis of the gold(III)
complex 2a were explored (see Table S1 in S.I.). Initial attempts were
carried out starting from a solution of sodium tetrachloroaurate(III)
and 1.0 equivalent of ligand 1a in MeOH. In these conditions, complex
2a was formed but in moderate yield (38%). We have found in our pre-
vious work [37] that the addition of NaOH enhanced the nucleophilicity
of the hydroxyquinoline and improved the complexation to the metal
(platinum in that case). However, the use of 1.0 equivalent of NaOH
led to the reduction of the gold(III) salt (entry 2). In attempts to improve
the yield, we screened other solvents, such as water or mixtures of
MeOH/acetone, and other reaction conditions but without success. A
slight decrease in the equivalents of the ligand 1a (0.8 equiv.) did not
increase the yield of complex 1a (39%); whereas the addition of 1.2
equivalents of ligand allowed the isolation of the complex 1a in better
yield (46%). Thus, these reaction conditions (1.2 equivalents of ligand
in MeOH as solvent) were selected for the synthesis of the other
complexes.

Copper and platinum complexes with halogen-substituted
hydroxyquinolines have been also reported to have good cytotoxic ac-
tivity [37,43]. For this reason, we synthesized the gold complex 2b
with a chlorine at 5-position (R?) of the hydroxyquinoline in 76% yield
(Chart 2). By contrast, the complexation of the clioquinol (5-chloro-7-
iodo-8-hydroxyquinoline, ligand 1c¢) with an iodine atom at ortho-
position of the hydroxyl group to the Au(Ill) was not possible. The addi-
tion of NaOAc or K,COs3 as base was also studied and only starting mate-
rial was detected in the crude NMR.

With the aim of obtaining a preliminary structure-activity relation-
ship, two additional complexes were synthesized (complexes 3 and 4,
Chart 2). In the case of complex 3, the hydroxyl group of the quinoline
was substituted by an amino group to obtain the corresponding cationic
gold(IIl) complex in 52% yield. In addition, the non-chelated complex 4
was also prepared starting from quinoline (62% yield) to investigate the
biological effect of chelation of the ligand to the metal.

In order to verify the complexation of the corresponding ligand 1 to
the gold centre, the 'H and '>C NMR chemical shifts of the complexes
were compared to those of the free ligand. In all the complexes, the
highest deshielding was found for H-1 (the proton adjacent to the
pyridyl nitrogen) in the "H NMR spectra. For example, in complex 3 a
downfield shift of 0.6 ppm is observed for the H-1 signal, due to the
deshielding produced by the electron-withdrawing gold centre.

To determine the structure of these gold(Ill) complexes, suitable
crystals of compound 2a were analysed by X-ray diffraction (Fig. 1)
(CCDC 986616 contains the supplementary crystallographic data, see
S.I. for more details). The molecule is formed through coordination of
the deprotonated 8-hydroxyquinoline to the gold centre and of two

Fig. 1. ORTEP view of complex 2a.

chloride ligand atoms. This complex (2a) presents a distorted square
planar geometry (see S.I. for more details), due to the restrictions im-
posed by the five-membered ring formation of the chelating ligand
(Table 2). The angle N(1)-Au(1)-0(1) and N(1)-Au(1)-Cl(1) are quite
far from 90° (82.7° and 96.8°, respectively). In addition, crystals of com-
plex 4 were obtained from a chloroform solution and analyzed by X-ray
diffraction (Fig. 2) (CCDC 1045573 contains the supplementary crystal-
lographic data, see S.I for more details). In these crystals, the Au(III)
adopts a square planar geometry (see S.I. for more details), being the an-
gles N(1)-Au(1)-CI(2) and N(1)-Au(1)-Cl(4) close to 90° (88.8° and
89.0°, respectively, Table 3). In addition, the three Au-Cl distances are
very similar to each other (see Table 3), and no significant differences
were found with the related distances in complex 2a.

Structure of complexes 2b and 3 have not been solved by X-ray crys-
tallography. However, although not unequivocally, the structure
assigned is the homologous to the observed for 2a. Such assignment
was based on the spectroscopic and spectrometric data, which consis-
tently fits with the present proposal.

3.2. Stability studies

Before the biological studies, it is important to assess the stability in
solution of these gold complexes. Most of these studies are concerned to
their stability in aqueous solution. However, the stability of the com-
plexes in the organic solvent used to prepare the stock solution for the
biological assays is crucial as demonstrated by Patra et al. [44]. They
have reported that DMSO stock solutions of Ru complexes evolve very
fast ligand dissociation and coordination of the DMSO, and more impor-
tantly, the equilibrium between the complexes with coordinated and
uncoordinated DMSO influences the biological activity. The influence
of DMSO in the biological activity of metallodrugs has been also report-
ed by Hall et al. [45]. They demonstrated that DMSO — used for the for-
mulation of the compounds — inhibits the cytotoxicity of platinum
drugs such as cisplatin and carboplatin due to the coordination of the
DMSO to the complexes. For all these reasons, we carried out stability
assays of complex 2a in DMSO and DMF, which are the solvents used
for preparing the stock solutions for the interaction studies and biolog-
ical assay, respectively. The incubation of 1 mM solution of complex 2a
in DMSO at rt. was monitored by UV-Vis spectroscopy for a period of
24 h. The spectrum of the DMSO solution of complex 2a was unaltered
along the time, showing the stability of 2a in DMSO. However, a slightly
decrease in the intensity of the bands after 24 h was observed in the UV-
Vis spectrum of the DMF solution of 2a (see graphsin S.I.). We think that
a CI-DMF exchange reaction is taking place during the incubation of the
gold(Il) complexes, although the kinetics of this reaction is slower than
that observed for the Ru complexes. In addition, DMSO or DMF solutions
of complex 2a can be stored at — 20 °C for up to 10 days.

Next, we also studied the stability of complex 2a in saline solution
(0.9% NaCl), and in the reference physiological buffer solution (PBS)

Table 2
Selected bond lengths [A] and angles [°] for complex 2a.

Bond lengths (A)

Au(1)-N(1) 2.017 (9)
Au(l)—O(]) 2.016 (7)
(l) Cl(1) 2.276 (3)
(1)-C1(2) 2.264 (3)
C(S)—O(l) 1.363 (13)
C(9)-N(1) 1.365 (13)
Angles (°)
N(1 ) Au(1)-0(1) 827 (3)
N(1)-Au(1)-Cl(2) 172.3 (3)
0(1)-Au(1)-CI(2) 89.7 (2)
N(1)-Au(1)-CI(1) 96.8.(3)
0(1)-Au(1)-CI(1) 1789 (2)
Cl(2)-Au(1)-CI(1) 90.8 (1)
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Fig. 2. ORTEP view of complex 4.

(see graphs in S.I.). In both solutions, the stability of complex 2a was
poor after 24 h, showing a decrease in the intensity of the bands and a
bathochromic shift of the LMCT transition band in the spectrum. We
suggest that hydrolysis of the complex is probably taking place both in
saline and in buffer solutions by replacement of the chloride ligand by
water molecule. Although these complexes are not stable in aqueous so-
lutions, the complexes are very cytotoxic as will be described below,
and more deeply studies to identify the intermediate species that are re-
sponsible for the biological activity will be carried out.

3.3. Electrochemistry

The redox properties of the complexes were studied by cyclic volt-
ammetry to determine their reduction potentials. These studies were
conducted using 1.0 mM solution of the corresponding complex in
CH,(l, to avoid the formation of species by the coordination of the sol-
vent to the gold center. The cyclic voltammetric curves of complexes 2a,
and 2b showed only one reduction process which was irreversible even
at scan rates higher than 200 mV/s (Fig. 3). This reduction process was
determined to be two electron/molecule by chronoamperometry and,
thus, the reduction of the gold(Ill) complexes proceeds through an
Au(Ill)/Au(I) step. The intensity and the reduction potential values of
complexes 2a and 2b were very similar, suggesting a scarce influence
in the electronic density of the gold(Ill) metal of the chloro atom at
5-position. However, by changing the oxygen coordinated atom of the
quinoline ligand, by the amino group, a significant change in the reduc-
tion potential has been observed.

Curiously, while compound 3 is cationic, its reduction is thermody-
namically less favored than those of compounds 2a and 2b, which are
neutral species. Consideration of the overall charge of compounds
would lead to expect the opposite trend. However, in this case the
main factor to be considered is the balance between the different
Au>*-0/Au™-0 and Au®*-N/Au"-N Metal-Ligand interactions. The
trend experimentally observed indicates that the donating ability of
amino group stabilizes the Au(Ill) oxidized species more efficiently
than the hydroxy group. The lower intensity of the electrochemical signal
found for compound 3 can be due to its poor solubility as observed by its
incomplete dissolution while attempting to prepare 1 mM solutions.

Table 3
Selected bond lengths [A] and angles [°] for complex 4.

Bond lengths (A)

Au(1)-N(1) 2.032 (1)
Au(1)-Cl(2) 2.276 (1)
Au(1)-CI(3) 2.257 (1)
Au(1)-Cl(4) 2.261 (1)
C(1)-N(1) 1.313 (4)
Angles (°)

N(1)-Au(1)-Cl(2) 88.8 (3)
N(1)-Au(1)-CI(3) 179.3 (8)
N(1)-Au(1)-Cl(4) 89.0 (3)
CI(3)-Au(1)-Cl(2) 91.0 (3)
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Fig. 3. Cyclic voltammograms of 1.0 mM (0.1 M (BugN)(PFg)) solution of complexes 2a
(blue) and 2b (red), 3 (green) and 4 (orange) in CH,Cl, at 50 mV/s.

A different scenario was found for complex 4. As shown in Fig. 3
complex 4 shows two consecutive reductions: an irreversible one at a
more positive potential than complexes 2a and 2b and a second revers-
ible process at a more negative potential than those observed for 2a and
2b. Under the same conditions than for compounds 2a and 2b, the elec-
trochemical signal of 4 have approximately half of the intensity. Thus,
apparently 4 undergoes two different monoelectronic processes. Quino-
line ligand is electroactive at potentials close to —2 V vs Ag/AgCl which
falls far away from the processes observed herein. Consequently, al-
though coordination to Au(IIl) centres is expected to shift reduction po-
tential towards more positive values, and given the proximity of
reduction potentials of 4 to those of the other compounds studied here-
in, it seems reasonable to assign electroactivity to metal centre reduc-
tions. Probably, first a reduction that formally involves one electron
per molecule is coupled to chemical evolution that implies dimerization
to form a putative Au(Ill)-Au(l) species, which can be reversibly re-
duced to a Au(I)-Au(I) product. Despite the electrochemical pathways
are not unequivocally determined, electrochemistry measurements
offer a definite evaluation of redox stability of the compounds obtained.
Therefore, the most stable complex versus reductive evolution is 3,
followed by 2a and 2b, which show very similar behavior. Finally, 4 is
the more easily reduced complex of the studied series. Such enhanced
susceptibility towards reduction probably makes 4 unstable on biologi-
cal media, which can be one of the causes of its poor cytotoxic activity,
as shown below.

3.4. Antiproliferative activity

The antiproliferative activity of these gold(IIl) complexes was subse-
quently evaluated against a panel of representative human tumor cell
lines including A427 (lung cancer cell line), LCLC-103H (large cell lung
cancer), SISO (uterine adenocarcinoma) and 5637 (human bladder car-
cinoma) by using the crystal violet staining assay [41]. In each human
tumor cell line compounds 2a and 2b, which only differ in the substitu-
tion at 5-position (H or Cl), the cationic complex 3 which contains an
amino chelating group instead of oxygen and the mono-coordinated
complex 4 were investigated. The experimental ICso values are
summarized in Table 4 and compared to those of cisplatin after 96 h
of treatment.

Remarkably, 2a-b and 3 showed stronger antiproliferative potency
than cisplatin in almost all cases (Table 4), which was most evident in
the case of the A427 lung cancer cell line; in fact, 2b was 10 times
more potent than cisplatin in this cell line. The obtained results showed
that the substitution of an oxygen by nitrogen atom had only a minimal
effect on the antiproliferative activity (compared 2a and 3, Table 4).
Thus, both neutral and cationic quinoline Au(Ill)-complexes would ap-
pear to enter cells and slow their growth. In the case of the A427 and
5637 lines, the substitution of a chlorine atom into the quinoline ring
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Table 4
Antiproliferative ICso (UM) values after a 96 h treatment of four human cancer cell lines
(averages and standard deviations of at least 3 independent determinations except where
noted).

Complex ICs0 (uM) + SD

A427 LCLC-103H SISO 5637
2a 037 +0.17 0.26 + 0.16 0.31 + 0.08 0.23 +0.22
2b 0.19 4+ 0.09 0.22° 0.40 4+ 0.28 0.06 + 0.02
3 0.23° 0.29° 0.73 + 043 0.26 + 0.22
4 nd >10 >10 >10
Cisplatin® 1.96 + 1.54 0.90 + 0.19 0.24 4+ 0.06 0.35 4+ 0.10

nd: not determined.
@ N=2.
b Values from Ref [41].

brought about a noticeable increase in antiproliferative activity (com-
pare 2b with 2a). The non-chelating complex 4 was much less potent
than the three compounds with chelate rings, with ICsq values above
10 uM in the three cell lines investigated.

3.5. Interactions with DNA

Most biologically active gold compounds display only weak interac-
tions with DNA in contrast to the strong coordinative interactions of
platinum complexes with DNA nucleobases. The effect of our gold com-
plexes on the DNA tertiary structure was evaluated by their ability to
alter the electrophoretic mobility of the covalently closed circular (cc)
and open circular (oc) forms of pBR322 plasmid DNA. In this type
of experiment, the covalent binding of cisplatin to pBR322 plasmid
DNA produces a decrease in the mobility of the cc form and an increase
in the mobility of the oc form. In Fig. 4 the electrophoretic mobility
of pBR322 DNA incubated with different concentrations of the Au
complex 2a (r;) and also with different concentrations of the ligand

a) Complex 2a

8-hydroxyquinoline is shown. We noticed that the reactivity pattern
of complex 2a was very different to cisplatin. In fact, the gold(Ill) com-
plex did not affect the mobility of the oc form while the cc form disap-
pears at r; higher than 0.12 and no coalescent point was detected. As
expected, 8-hydroxyquinoline ligand did not change the mobility of
any of the forms of the plasmid DNA (Fig. 4b). These results suggest
that only a weak interaction between 2a and plasmid DNA may take
place and that DNA accordingly may not be the main target. For this rea-
son, interactions with protein targets were studied.

3.6. Reactions with cytochrome C

To gain deeper insight into the specific reactivity of these Au(III)
complexes with other potential biomolecular targets, 2a-b and 3 were
allowed to react with cytochrome c (cyt c), which is often used as a
model protein for metalation studies [46]. The cyt c protein was reacted
with an excess of the corresponding Au(Ill) complex (see S.I.). Notably,
the resulting ESI-MS spectra recorded after 24 h showed that incubation
of cyt c with these gold(Ill) complexes leads to the formation of metal-
protein adducts in appreciable amounts (Fig. 5). This is clearly docu-
mented by the appearance of peaks of higher molecular mass than
those assigned to the native protein falling at 12,358.3 Da. The most re-
active complex toward cyt c is 2a. Both 2a and 2b reacted with the
protein just through coordination of the naked Au™ cation with loss of
the ligand (see simulations in S.I.). Multimetalated adducts have been
detected for all complexes (see peaks Aut (12,554.3 Da), 2 Au™
(12,750.2 Da), 3 Au™ (12,946.2) or 4 Au™ (13,143.1)). Interestingly, at
variance with complexes 2a (in bold) and 2b (in bold), for complex 3
it was possible to detect binding to cyt ¢ with ligand retention. From
the simulation compared with the experimental spectra, we can assess
that in this case the binding seems to be occuring through simultaneus
coordination of both Au>* and Au™ ions (see S.L). The latter features
could be interpreted as a process that first implies the Au®>* coordina-

b) Hydroxyquinoline
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Fig. 4. Interaction of pBR322 plasmid DNA with increasing amounts of complex 2a (a) and 8-hydroxyquinoline (b) after 24 h of incubation at 37 °C. Forms cc and oc are closed circular and
open circular forms of DNA, respectively. r;: the molar ratio of added gold complex (or compound) per nucleotide.
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Fig. 5. LTQ-Orbitrap ESI-MS spectra of cyt ¢ (12,358.3 Da) treated with gold compounds (a) 2a, (b) 2b and 3 (c) after 24 h of incubation. Cyt ¢ adducts are formed with Au™ (12,554.3 Da),
2 Aut (12,750.2 Da), 3 Au™ (12,946.2) or 4 Au™ (13,143.1) bound to the protein. The peaks of Cyt ¢ with a complex 3 (12,696.3 Da), 3 + Au (12,893.3) and 3 + 2Au (13,089.2) are also

visible.
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tion (with ligand conservation) followed by Au® T reduction to Au™
with loss of ligand.

4. Conclusions

We have found that clioquinol and its analogues, which have been
used in medicinal chemistry as metal-protein attenuating compounds,
are excellent ligands for the synthesis of new gold(Ill) complexes,
some of which show favorable antiproliferative activities. The antiprolif-
erative activity assays conducted with four distinct human solid tumor
cell lines show that three out of four tested gold(Ill) complexes are
more active than cisplatin. In particular, the 8-hydroxyquinoline ligand
affords the complex with the highest antiproliferative activity in all
studied cell lines. DNA interaction assays with the supercoiled pBR322
plasmid DNA have demonstrated that the interactions of these gold(III)
complexes with DNA are generally weak. On the other hand, a remark-
able reactivity was detected between the study compounds and the
model protein cyt ¢ with formation of various kinds of adducts. These
results suggest that the cellular effects produced by these gold com-
pounds may be predominantly mediated by interaction with relevant
protein targets. For this reason, a more extended investigation will be
carried out with the aim of identifying plausible targets related to the
cytotoxic effect of these complexes.
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