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Abstract. Two new gold(I) -chloroquine complexes, Au(CQ)(Cl) (1)
and Au(CQ)(tgta) (2), were prepared and their most probable structure
were established through a combination of different spectroscopic and
analytical techniques. Their interaction with two important targets of
action, DNA and thioredoxin reductase (TrxR), were investigated.
These studies showed that complexes 1 and 2 displayed two types
of interaction with DNA, covalent binding through the metal center,
and additionally a non-covalent interaction that is electrostatic in the
case of complex 1, but intercalative for complex 2, which is similar to
that displayed by free CQ. The experimental data indicated that these
gold-CQ complexes also possess the ability to inhibit TrxR. These
results led us to test their cytotoxicity against 6 tumor cell lines. The
complexes displayed cytotoxic activity against the PC-3, SKBR-3,
HT-29, LoVo and B16/BL6 lines. These finding suggest that gold(I)-
CQ compounds, particularly [Au(CQ)(PPh;)]PFg, are promising che-
motherapeutic alternatives in the search of anticancer agents.

Key words: Chloroquine, gold, anticancer agents, DNA and thiore-
doxin reductase.

Resumen. Dos nuevos complejos de oro(I)-cloroquina: Au(CQ)(Cl)
(1) y Au(CQ)(tgta) (2) fueron sintetizados, la estructura mas probable
para cada uno de ellos fue establecida a través de la combinacion de
diversas técnicas espectroscopicas. Se evaluo la interaccion de cada
uno de estos nuevos compuestos con dos importantes blancos de ac-
cion: ADN vy tioredoxina reductasa (TrxR). Dichos estudios indicaron
que 1 y 2 son capaces de interaccionar con el ADN a través de dos
via: covalentemente a través del centro metalico, y no covalentemente,
en el caso del complejo 1 es del tipo electrostatica mientras que para
el complejo 2 es del tipo intercalativa. Ademas, la data experimental
indicé que ambos complejos 1 y 2 tienen la capacidad de inhibir
el sistema TrxR. Estos resultados motivaron la evaluacion de sus
actividad citotoxica contra 6 lineas celulares tumorales, encontran-
dose que, los complejos mostraron actividad citotoxica contra las
lineas PC-3, SKBR-3, HT-29, LoVo y B16/BL6. Estos alentadores
resultados sugieren que los complejos Au(I)-CQ, particularmente el
[Au(CQ)(PPh;)]PF,4 son una alternativa prometedora en la busqueda
de agentes anti cancerigenos.

Palabras clave: Cloroquina, oro, agentes anticancerigenos, ADN,
tioredoxina reductas.

Introduction

Gold complexes have attracted significant attention as potential
anticancer compounds, due to the fact that many gold(I) and
gold(IlT) compounds inhibit the growth of cancer cells, includ-
ing those in cisplatin-resistant tumors [1-5]. The cytotoxic ef-
fects of these complexes are associated with DNA damage and
mitochondrial function inhibition, and their interaction with
numerous intracellular targets such as nitrogen bases, cysteine,
glutathione reductase, selenocysteine and thioredoxin reductase
[6-11].

A large percentage of chemotherapeutic anticancer drugs
interact with DNA directly or prevent the proper relaxation of
DNA (through the inhibition of topoisomerases); these drugs
may work at any phase of the cell cycle, but are most effec-
tive during DNA synthesis. The interactions between these
compounds and DNA have been divided into covalent and
non-covalent, with the most representative example of covalent
interaction being with platinum complexes, which covalently
bind to DNA, forming DNA adducts and activating various
signal-transduction pathways, for example those involved in
DNA-damage recognition and repair, cell-cycle arrest, and
programmed cell death/apoptosis. In the case of non-covalent
interactions (groove binders and intercalators), the compounds
can mediate their cytotoxic activity by enhancing the ability of

the enzymes to generate DNA breaks and/or prevent relega-
tion [12].

Another important target is selenoenzyme thioredoxin re-
ductase (TrxR), which is a NADPH-dependent flavoprotein re-
sponsible for a large number of functions in DNA synthesis, de-
fense against oxidative stress and apoptosis or redox signaling,
as well as cell homeostasis regulation [13-14]. A mechanism
suggested for the inhibition is covalent binding with a seleno-
cysteine residue in the C-terminal active site of TrxR [15]. With
respect to cytotoxicity, it has recently been proposed [16-17]
that binding of Au(I) at the active site in mitochondrial TrxR
promotes apoptosis since H,O, produced by the mitochondrial
respiratory chain oxidizes reducing agents such as thioredoxins
which then cannot be reduced by Au(I)-inhibited TrxR [18]. Ox-
idised TrxR can act on several different membrane targets lead-
ing to increased permeability of the mitochondrial membranes,
release of cytochrome ¢ and cell death. Specific targeting to
tumor cells may depend on the elevated mitochondrial mem-
brane potential of cancer cells. Studies on potential anticancer
gold compounds are presently being performed to understand
the cellular and molecular mechanisms through which these
compounds induce their important antiproliferative effects.

Worthy of mention is chloroquine (CQ), which has been
shown to display anticancer [19-20] as well as cancer pro-
tective activities [21-22], and also to enhance the potency of
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other drugs [23-24]. In a previous study, we demonstrated that
complexing of palladium [25] or platinum [26] to CQ increased
their cytotoxicity compared to the free ligand. These results
encouraged us to continue evaluating promising clinical metals
such as gold(I), and lead us to present here the synthesis and
full characterization of two new Au(I)-CQ complexes. Their
interaction with two important targets of action, DNA and thio-
redoxin reductase (TrxR), were investigated through various
physical and spectroscopic techniques and in terms of their
cytotoxic activity against tumor cell lines.

Experiments
Reagent

All manipulations were routinely carried out under N, using
common Schlenk techniques. Solvents were purified by stan-
dard procedures immediately prior to use. CQDP, calf thymus
DNA (CT-DNA), buffers and solvents were purchased from
Sigma-Aldrich Co. The extraction of the CQ base [27], and
the synthesis of Au(THT)CI (THT = tetrahydrothiophene) [28]
have been described previously. All other commercial reagents
were used without further purification. The NMR spectra were
obtained in a DMSO-d4 solution in a Bruker AVANCE 300
spectrometer. '"H and 13C NMR shifts were recorded relative to
residual proton resonances in the deuterated solvent. IR spectra
were obtained with a Thermo Scientific Nicolet instrument. Ul-
traviolet-visible (UV-vis) spectra were recorded on a HP 8453
diode array instrument. Electrospray ionization mass spectrom-
etry (ESI-MS) spectra were obtained using a Thermo Finnigan
LXQ with methanol as the solvent. Conductivity measurements
were performed with a LaMotte CDS 5000 conductimeter. The
[Au(CQ)(PPh;)]PF4 complex was prepared according to the
literature [29]

Synthesis of new complexes

Au(CO)(Cl) [1]

A solution of Au(THT)CI (144.7 mg, 0.45 mmol) in dichloro-
methane (10 mL) was stirred until complete dissolution was
achieved, then a solution of CQ (148.0 mg, 0.46 mmol) was
added. The stirring was continued for 2 h at —60 °C. The vol-
ume of the solvent was reduced under a nitrogen stream, and
diethyl ether was added until the solution became turbid. On
cooling of the sample to —10 °C overnight, a white product
precipitated which was filtered, washed with diethyl ether, and
dried under vacuum. Yield 60%. Elemental analysis (%) Calc.
for C;gH,4N;ClLAu: C 39.1; N 7.6; H 4.8. Found: C 39.2; N
7.5; H 4.6. ESI-MS (CH,Cl,) [M+H]": 552.21; IR: v (N-H)
3358 cm™!; v (C=C) 1612 cm™'; v (C=N) 1549 cm™!. UV-vis
(DMSO) 262 and 349 nm. & (DMSO) [(Anm)]: 17200 M~! cm™!
(262 nm) and 16200 M~! cm™! (349 nm). 'H NMR (DMSO-d;
d ppm): 8.53 (1H; d; J, 1.95 Hz); 8.38 (1H; d; J, 6.60 Hz); 7.86
(1H; d; J, 8.94 Hz); 7.24 (1H; dd; J;, 1.95 Hz; J,, 8.94 Hz); 7.11
(1H; d; J, 6.27 Hz); 6.41(1H; d; J, 6.69 Hz); 3.36 (1H; m); 2.10
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(6H, m); 1.78 (4H; m); 1.22 (3H; d; J, 6.21 Hz); 1.18 (6H, t);
I3C-NMR (DMSO-dg; § ppm): 157.27; 150.23;146.69; 135.23;
126.35; 126.85; 122.37; 117.48; 98.75; 52.36; 48.34; 46.90;
33.10; 22.83; 19.89; 10.03. Molar conductivity in DMSO, AM
=12+ 5 ohm™! cm? mol ™.

Au(CQ)(igta) [2]

A solution of Au(THT)CI (101.2 mg, 0.32 mmol) in dichloro-
methane (10 mL) was stirred until complete dissolution was
achieved, then a solution of CQ (108.9 mg, 0.34 mmol) was
added and stirred for 2 h at —60 °C. After adding 1-thio-B-D-
glucose tetraacetate (tgta) (120.24 mg, 0.33 mmol) in dichloro-
methane, the mixture was stirred at —60 °C for 2 h. The volume
of the solvent was reduced under a nitrogen stream, and diethyl
ether was added until the solution became turbid. On cooling
of the sample to —10 °C overnight, a white product precipi-
tated which was filtered, washed with diethyl ether, and dried
under vacuum. Yield 59%. Elemental analysis (%) Calc. for
C3,HysN3CIOgSAu C 43.7; N 4.8; H 5.2; S 3.6 Found: C 43.4;
N 5.0; H 5.0; S 3.4. ESI-MS (CH,Cl,) [M+H]": 880.47; IR: v
(N-H) 3467 cm™'; v (CO-0) 1744 cm™'; v (C=C) 1620 cm™'; v
(C=N) 1574 cm™!; v (S-C) 601 cm™!. UV-vis (DMSO) 256 and
343 nm. & (DMSO) [(A nm)]: 14600 M~ cm™! (256 nm) and
14200 M~! cm™! (343 nm). '"H NMR (DMSO-dg; § ppm): 8.56
(1H, d, 1 =9.12); 8.44 (1H, d, J = 6.24 Hz); 7.94 (1H, d, J =
7.86 Hz); 7.86 (1H, d, ] = 1.96 Hz); 7.57 (1H, dd, J; = 9.03 Hz,
J, =2.10 Hz,); 6.70 (1H, d, J = 6.39 Hz); 5.16 (1H, m); 4.87
(1H, t); 4.72 (1H, m); 4.09 (2H, dd); 3.02 (2H, m); 2.34 (6H,
m); 1.60 (4H, m); 1.25 (3H, d, J = 6.00 Hz); 1.96 (12H);1.14
(6H, t); 3C-NMR (DMSO-dg; 8): 210,61; 207.9; 203.72; 201.6;
156.72;151.65; 146.91; 136.89;125.73; 124.62; 122.02; 117.88;
99.03; 70.98; 70.49; 54.23; 52.28; 49.67; 47.06; 47,73; 46.43;
44.65; 33.83; 29.45; 22.92; 19.77; 10.59. Molar conductivity
in DMSO, AM = 13 £ 5 ohm™! ¢cm? mol™.

Interaction with biomolecules

DNA interaction studies

For the covalent binding studies, the gold complexes were
mixed with CT-DNA and incubated for 72 h (Ri 0.2, 1 mL of
metal complex and 1 mL DNA). DNA was precipitated by add-
ing ethanol (2X sample volume) and 2 M NaCl (0.1X sample
volume). After centrifugation, the supernatant was removed
and the DNA resuspended in water overnight. This precipita-
tion-resuspension cycle was repeated three times and the final
suspension was analyzed for Au by ICP atomic emission spec-
trometry and for DNA with the Burton assay [30].

The spectrophotometric titrations were carried out by step-
wise additions of a CT DNA solution (1 mM, in 5 mM Tris-
HCI, pH 7.2and 50 mM NaCl buffer) to a solution of each
complex (~70 pM) in DMSO, then recording the UV-vis spec-
tra at 330 and 343 nm after each addition. The absorption of
DNA was subtracted by adding the same amounts of CT DNA
to the blank. The binding affinities were obtained by using the
Scatchard equation, r/C¢=K(n-1), for ligand macromolecule in-
teractions with non-cooperative binding sites [31-34], where r is
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the number of moles of Au complex bound to 1 mol of CT DNA
(Cy/CDNA), n is the number of equivalent binding sites, and
K is the affinity of the complex for those sites. Concentrations
of free (Cy) and bound (Cy) complex 1 were calculated from Cy
= C(1-a) and C, = C-Cy, respectively, where C is the total Au
concentration. The fraction of bound complex (o) was calcu-
lated according to a = (Ar-A)/(Ar-Ay), where Afand A, are the
absorbance of the free and fully bound complex at the selected
wavelength, and A is the absorbance at any given point during
the titration. Ky is obtained from the slope of the plot [35].

To measure the interaction of complex 1 and 2 with CT-
DNA by fluorimetric titration, the excitation and emission
wavelengths were set to 343 and 380 nm, respectively. Using
standard right-angle emission optics, we recorded fluorescence
intensity measurements using the photon counting mode and
corrected for any fluctuations of the 450-W xenon arc lamp
source by deflecting a portion of the excitation signal onto a
separate photodiode. The fluorimetric titration was carried out
at room temperature. The complex was dissolved in a buffer
consisting of 70% DMSO and 30% Tris-HCI (5 mM Tris-HCl
and 50 mM NaCl; pH 7.4) to obtain a 700 uM solution. Twenty
uL of that stock solution were then diluted with 1980 uL of the
same buffer in a quartz cuvette and then titrated with 10 pL ad-
ditions of a 90 pM solution of CT DNA (5 mM Tris-HCI (pH
7.2), 50 mM NaCl). Emission spectra were monitored at 380
and 550 nm until saturation was reached. The binding affinities
were obtained using the Scatchard equation r/Cf = K(n-1).

Viscosity measurements were carried out using an Ostwald
viscometer immersed in a water bath maintained at 25 °C. The
DNA concentration (75 uM in 5 mM Tris-HCI (pH 7.2), 50
mM NaCl) was kept constant in all samples, while the complex
concentration was increased from 0 to 67 pM. Flow time was
measured at least 6 times with a digital stopwatch and the mean
value was calculated. Data are presented as (n/n®)!? versus the
ratio [complex]/[DNA], where n and n° are the specific viscosi-
ties of the DNA in the presence and absence of the complex,
respectively. The values of n and n° were calculated from the
expression (t — tb)/tb, where t is the observed flow time and tb
is the flow time of buffer alone. The relative viscosity of the
DNA was calculated from n/n° [36].

For the circular dichroism measurements, a solution of
each complex was freshly prepared in DMSO (5 mM). The ap-
propriate volumes of that solution were added to 3 mL samples
of a freshly prepared solution of CT DNA (195 uM) in Tris-HC1
buffer (5§ mM Tris-HCI, 50 mM NaCl, pH = 7.29) to achieve
molar ratios of 0-0.5 drug/DNA. The samples were incubated at
37 °C for 18 h. All CD spectra of DNA and of the DNA-drug
adducts were recorded at 25 °C over the range 220-330 nm and
finally corrected with a blank and using noise reduction. The
final data is expressed in molar ellipticity (millidegrees) [37].

For the DNA electrophoresis assays, 10 uL samples of the
plasmid pBR322 (20 pg/mL) were combined with the complex
at different ratios and then incubated for 18 hat37 °C. Five uL of
each sample were run (100 mV for 45 min) on a 1% agarose gel
with TBE-1X(0.45M Tris-HCI,0.45Mboricacid, I0mMEDTA)
and stained with ethidium bromide (5 pL ethidium bromide per
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50 mL agarose gel mixture). The bands were then viewed with
a trans-luminator and the image captured with a camera [38].

Inhibition of thioredoxin reductase (TrxR) activity

Rat liver TrxR (Sigma) was used to determine TrxR inhibition
by the compounds. The assay was performed according to the
manufacturer’s instructions (Sigma product information sheet
T9698). The compounds were freshly dissolved as stock solu-
tions in DMSO. In a 96-well plate, 100 pL of reaction mixture
was added to each well. This mixture contained, per ml, 567
pl of distilled water, 400 pl of 500 mM potassium phosphate
buffer, pH 7.0, containing 50 mM EDTA; 20 puL of BSA so-
lution 20 mg/mL, 10 ul of NADPH 40 mg/mL and 3 uL of
thiorredoxin reductase. Two pL of the compounds in graded
concentrations or DMSO (control probe), were added and were
incubated for 10 min at room temperature. The reaction was
started with the addition of 98 ul of 20 mM DTNB solution
in DMSO. After mixing, the formation of TNB was monitored
in a microplate reader (TECAN sunrise absorbance reader)
at 405 nm at 15 s intervals for 16 min. The increase in TNB
concentration over time followed a linear trend (r> > 0.99), and
the enzymatic activities were calculated as the slopes (increase
of absorbance per second) thereof. For each tested compound,
the non-interference with the essay components was confirmed
by a negative control experiment using an enzyme-free solu-
tion. The ICs, values were calculated as the concentration of
compound decreasing the enzymatic activity of the untreated
control by 50% and are given as the mean and error of repeated
experiments [39].

Growth inhibition and cytotoxicity testing

Five human and one murine tumor cell lines were used. HT-29
and LoVo (human colon carcinoma), MCF-7 and SKBR-3 (hu-
man breast carcinoma), PC-3 (human prostate carcinoma) and
B16/BL6 (murine melanoma) cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine, (Gibco, BRL, USA) and penicil-
lin (100 Units/mL) - streptomycin (100 pg/mL), containing in
addition glucose 0.45% for the HT-29 cells. The sulphorho-
damine B (SRB) assay was used to evaluate the effect of the
compounds on the growth and viability of the six tumor cell
lines [40]. Each drug was assayed in triplicate at 6 different
concentrations up to a maximum of 30 uM. The concentrations
inducing 50% growth inhibition (Gls), total growth inhibition
(TGI) and 50% cytotoxicity (LCsg) after a 48 h incubation pe-
riod were calculated by linear interpolation from the observed
data points.

Results and discussion

Synthesis and characterization

Au(CO)(C)(1)
Reaction of Au(THT)(Cl) (THT = tetrahydrothiophene) with
CQ at low temperature (—60 °C) for 2 h leads to the new com-
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plex Au(CQ)(CI) (1), which was isolated in good yield (60%).
Elemental analyses of this complex are in agreement with the
molecular formula proposed. The IR spectra of the complexes
displayed peaks clearly associated with the presence of the co-
ordinated CQ (Displacement of peaks with respect to free CQ:
15 em™' (N-H), 5 cm™! (C=C), 9 cm™! (C=N)). The ESI-MS
spectrum of complex 1 displayed parent peaks of high intensity
corresponding to its molecular ion (M + H) at m/z 552.21. This
feature confirms its molecular weight and that the fragmenta-
tion pathways were initiated by the loss of chloride ion giving
(M-Cl) at m/z 516.24 (Fig. 1). The new complex was well
characterized by NMR spectroscopy; all resonances could be
unequivocally assigned on the basis of 1D and 2D correlated
COSY and HMQC experiments. The 'H and 3'C chemical shift
variation of each signal with respect to those of the free ligand
(Ad8) was used as a parameter to deduce the mode of bonding of
CQ to the metal. It has been previously shown by us [25-26] and
by others [41] that the largest variations are always observed for
the protons and carbons located in the vicinity of the N-atom at-
tached to the metal. Selected data contained in Table 1 indicate
that CQ binds to the metal in complex 1 through the quinoline
ring N(1) atom, which is a good donor site of this molecule.
Correspondingly, the largest shift with respect to the free ligand
is observed for H(8) (AS 0.89), H(5) (Ad 0.43), H(2) (Ad 0.39)
and H(6) (A3 0.29), located in the vicinity of N(1) while all
other chloroquine protons shift by <0.30 ppm except NH which
moves 1.79 ppm downfield. Similarly, in 3'C NMR, the carbons
with the largest shift with respect to the free ligand were ob-
served for C2, C9 and C8 (Ad 7.31, 6.50 and 4.29 respectively).
The molar conductivity values obtained for complex 1 are in the
range corresponding to neutral complexes dissolved in DMSO
[42]. From this data, we postulate the structure shown in figure
2A, the formulation for 1 thus corresponding to the usual 14-
electron linear configuration for Au(l).
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Au(CQ)(1gta)(2)
The synthesis of the new complex 2, Au(CQ)(tgta) (TgTa=
1-thio-B-D-glucose tetraacetate), was also carried out at low
temperature (—60 °C) by the reaction of Au(THT)(CI), with
CQ and TgTa, in good yield (59%) as a stable white powder.
Elemental analyses of complex 2 are in agreement with the
molecular formula proposed. The ESI-MS spectrum for com-
plex 2 displays the molecular ion peak (M-H) at m/z 880.47
with high intensity (Fig. 3). The IR spectra of the complex
displayed peaks clearly associated with the presence of the
coordinated of both ligand (CQ and TgTa) (Displacement of
peaks with respect to free CQ: 18 cm™ (N-H), 9 cm™! (C=C),
4 ¢cm™! (C=N)). On the basis of the data shown in Table 1, we
propose that CQ is bound to the metal through the N1 atom of
the quinoline moiety, a good donor site of this molecule, since
large shifts with respect to free CQ were observed for H8, HS
and H2 (A% =0.22, 0.27 and 0.45 respectively), C2 (Ad = 6.76),
C9 (Ad =5.05) and C8 (Ad = 4.88), while all other protons and
carbon signals suffered minor displacements with respect to
free CQ. On the other hand, in the case of the tgta, large shifts
with respect to free TgTa were observed for Ha and Hg (Ad =
0.22 and 0.8); Ca and Cg (Ad = 6.12 and 7.4), suggesting that
the ligand binds to the metal through the sulfur atom. These
findings suggest that complex 2 is non-electrolytic, which was
verified by the corresponding molar conductivity values, which
were below the expected range for electrolyte 1:1 [42]. Based
on the analysis of the results we proposed the structure shown
in figure 2B, since the formulation for complex 2 corresponds
to a 14-electron Au(I) complex linear coordination geometry.
Though no X-ray determination is available for both com-
plexes, the structures could be established through a combina-
tion of physical and spectroscopic analyses, primarily NMR,
providing convincing support for the proposed structures.
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Fig. 1. ESI-MS spectrum of complex 1.
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Table 1. Displacement of proton and carbons in CQ of complexes 1 and 2. (DMSO-dg).

Protons o (ppm) Ad (ppm) Carbons o (ppm) Ad (ppm)
Chloroquine Complex Chloroquine Complex
1 2 1 2

Hé’ 0.94 0.24 0.20 C2 149.96 7.31 6.76
H1” 1.38 0.16 0.13 C9 156.73 6.50 5.05
H2’ and H3’ 1.48 0.30 0.12 C7 149.54 2.85 2.63
H4’ and HS’ 2.38 0.28 0.04 C4 139.59 4.36 2.70
HI’ 3.06 0.30 0.04 C8 130.64 4.29 4.88
H3 6.66 0.25 0.04 Co6 128.61 1.76 3.99
Ho6 7.53 0.29 0.04 Cs 124.17 1.80 2.15
H8 7.64 0.89 0.22 C10 117.96 0.48 0.08
H2 7.99 0.39 0.45 C3 99.29 0.54 0.26
HS5 8.29 0.43 0.27 c4 52.57 0.29 0.21
NH 6.83 0.28 1.11 cr 48.05 0.29 0.99
Hf — — 0.10 Cs’ 46.62 0.28 0.19
Hf — — 0.06 c2 33.32 0.22 0.51
Hf — — 0.05 Cc3 2391 1.08 0.99
Hf — — 0.04 cr» 20.27 0.38 0.50
Hd — — 0.34 ce’ 11.61 1.58 1.02
He — — 0.06 Ca — — 6.12
Ha — — 0.22 Cb — — 1.14
Hb — — 0.18 Cc — — 1.09
Hc — — 0.02 Cd — — 1.15
Hg — — 0.80 Ce — — 0.58
Cf — — 2.13
Cg — — 7.40
C=0 — — 0.17
C,=0 — — 0.37
C3=0 — — 0.36
Cs~=0 — — 0.47

Interaction with biomolecules

DNA interaction studies

Studies of the interaction of anticancer gold complexes with
DNA indicate firstly, that gold(I) and gold(IIT) complexes may
interact with DNA via different chemical mechanisms to pro-
duce different conformational changes in the DNA, and sec-
ondly, that certain coordinating ligands in gold complexes (e.g.
Cl, Br and SCN) can be exchanged for binding sites on DNA by
gold [43]. All these non-covalent interaction with DNA suggest
that the antitumor activity of many gold complexes is not the
result of direct interaction with DNA and many researchers pro-
pose that mitochondria and pathways of oxidative phosphoryla-
tion may be their primary intracellular targets [44]. However,
DNA remains an important therapeutic target for diseases such
as cancer. Moreover, chloroquine has been shown to bind to
DNA through intercalation and electrostatic interactions and

this mode of binding is retained in some metal-CQ complexes
through the coordinated CQ moiety, although it is not clear if
such DNA binding is responsible for their antitumor activity
[45-46]. Therefore, it was important to establish whether the
new Au-CQ derivatives bind effectively to DNA, and determine
what types of interactions are playing the major roles, in order
to get an idea of their potential as possible antitumor agents.
The results of covalent binding studies for complexes 1
and 2 shown in Table 2 indicate that while 1 binds at around
2.35 Au atoms/base, 2 is bound at 1.03 Au atoms/base. These
binding levels are greater than those observed for others metal
complexes with known anticancer activity such as cisplatin
(0.74, Table 2), and others compounds that present important
activity, such as platinum [47] and rhodium complexes [48].
This may be taken as evidence that covalent Au-DNA binding
is taking place with complexes 1 and 2. The levels of covalent
binding of cisplatin and transplatin with DNA, as measured by
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Fig. 2. Structures proposed for gold complexes with chloroquine.
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Table 2. Covalent binding values for the gold-chloroquine com-
plexes.

Complex
Au(CQ)(CD) (1)
Au(CQ)(TgTa) (2)
cis-Pt(NH3),(Cl),
trans-Pt(NH;),(Cl),

nmol Pt/mg DNA (metal/base)
1050.63 + 7.89 (0.68 £ 0.11)
531.52 £9.24 (0.35 £ 0.07)
1136.52 + 15.78 (0.74 £ 0.09)
1135.47 + 14.12 (0.74 +£ 0.01)

us and also included in Table 2 for comparison, are in agree-
ment with those previously reported values [47] and are lower
than our values for complexes 1 and 2.

In order to shed further light on the interactions of com-
plexes 1 and 2 with DNA, we performed absorption and emis-
sion titration experiments. The absorption plots showed that
adding DNA to solutions of each complex to saturation caused
hypochromism at the absorbance maxima (330 and 345 nm)
and an isosbestic point at 297 nm. As an example, the data for
complex 1 are shown in Fig. 4 and the corresponding binding
constants (Ky) for all the complexes are summarized in Table
3. The values for complexes 1 and 2 are very similar to those
for CQ, lying within the interval for which a compound is
considered to be interacting with DNA [49-50]. They are also
comparable to K, values obtained for other transition metal-
(CQ) complexes [26, 51-52]. The emission bands of complexes
1 and 2 at 390 nm decreased in intensity (Figure 5) as DNA
was added to saturation. The binding constants calculated from
a Scatchard plot for the data at the emission maxima are shown
in Table 3. These values, obtained for CQ and other metal-CQ
complexes, indicated that the complexes interact with DNA
in a manner analogous to free CQ and are consistent with
those ones reported elsewhere for other metal complexes [53].
Such interactions have been described in terms of reversible
processes such as intercalation through the planar CQ moiety

(M+H)

miz

Fig. 3. ESI-MS spectrum of complex 2.
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Table 3. Binding constants for the interaction between gold-CQ complexes and CT-DNA.

Complex Titration for UV-Visible Titration for Fluorescence
Ky (x 107 M) Kin(x 105 M) Ky (x 107 M) Kin(x 105 M)
Au(CQ)(CH (1) 4.03 £0.87 2.37+0.76 1.57 £0.93 2.70 £0.21
Au(CQ)(TgTa) (2) 1.09 +£0.21 1.36 = 0.98 2.54 £ 0.41 6.63 £ 0.97
CQDP 1.38 £ 0.55 0.93 +£0.21 324 +1.21 326+ 1.01
0.50 ——Ri=0
045 5 ——Ri=005
0.40 =) —Ri=0.1
§ 0.35 3 o ——Ri=0.25
g o \ ~E; 2 80 33— Ri=05
@ 020 \\% £ 5 ——Ri=1
< o5 g
oce D10 -
0.00
270 290 310 330 350 370 15 Izl
Wavelength (nm) Wavelength (nm)

Fig. 4. Spectrophotometric titration spectra of complex 1 Au(CQ)(Cl)
with CT-DNA. [Complex] = 6.27 x 10°® M and [DNA] = 0-150
uM.
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Fig. 5. Fluorimetric titration spectra of complex 2 Au(CQ)(tgta) with
CT-DNA. [Complex] = 6.78 x 107 M and [DNA] = 0-150 uM.

[54], although other reversible interactions such as hydrogen
bridging or electrostatic binding may be taking place as well,
in addition to the covalent interaction proposed above.

CD spectroscopy has been widely used to examine chang-
es in DNA morphology during drug-DNA interactions, as the
band due to base stacking (275 nm) and that due to right-handed
helicity (248 nm) are quite sensitive to the mode of interaction
with small molecules [55]. Figure 6 shows the spectra of all
complexes evaluated with CT DNA solutions at different ratios,
as well as the CD spectrum of DNA alone. Complex 1 de-
creased the ellipticity of the positive band and caused changes
in the negative band, while complex 2 increased the positive
band but produced no significant changes in the ellipticity of
the negative band. These alterations (Figure 6) are indicative
of important modifications by complexes 1 and 2 in the DNA
tertiary structure [56].

7 ——R=0
_ 5 ——Ri=005
Fy s
23 ——Ri=0.1
£ ——Ri=025
2 4 ——Ri=05
S 2 280
) ——Ri=1
@ -5

7

Fig. 6. Spectra for circular dichroism of complexes 1 and 2 at different
[complex]/[DNA] ratio. (A) [Au(CQ)(C1)][/[DNA] (B) [Au(CQ)(tgta)]/
[DNA].

Wavelength (nm)

Figure 7 shows the results of a comparative viscosity study
designed to explore the mode of binding of the gold compounds
to DNA. Hydrodynamic data provide perhaps the most critical
test for intercalative binding in the absence of X-ray crystal-
lographic or NMR structural data [57]. Complex 2 cause a
significant increase in the viscosity of a DNA solution, which is
typical of intercalating compounds such as the classic intercala-
tor ethidium as well as other metallo-compounds [58-59], due
to an increase in the separation of the base pairs at the intercala-
tion site and hence an increase in the overall DNA molecular
length. On the other hand, complex 1 caused a decrease in the
relative viscosity, suggesting a non-intercalative binding mode.
Such behavior may be explained by a covalent binding mode
that produces bends or kinks in the DNA helix [60-61].

Circular plasmid DNA studies are ideally suited to probe
cleavage events, as DNA exists in a supercoiled state in its
native form and converts to a relaxed form upon single strand
cleavage, exhibiting an altered migration rate in agarose gel
electrophoresis [62-63]. Figure 8 shows the plasmid in the
presence of different molar ratios of complexes 1 and 2. Line
2 displays the difference in mobility of the plasmid alone (con-
trol line), line 3 corresponds to the plasmid incubated with
cisplatin, while lines 4-6 correspond to the plasmid incubated
with different concentrations of the complexes. The increase in
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Fig. 7. Effect of increasing concentration of complexes on the relative
viscosity of CT DNA at 25 °C.
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[A]

Fig. 8. Effects of varying concentrations of complexes 1 and 2 on the
conformation of pBR322 plasmid DNA (A) [Au(CQ)(C1))/[DNA] (B)
[Au(CQ)(tgta)]/[DNA]. The values Ri represent the ratio complex:
DNA.(1) Molecular weight marker (2) DNA in DMSO (3) Cisplatin
- DNA Ri 1 (4) Complex - DNA Ri 0.5 (5) Complex - DNA Ri 1 (6)
Complex - DNA Ri 2 (7) Complex - DNA Ri 3.

the concentration of complex 1 caused changes in the mobil-
ity of the plasmid. For complex 1 at Ri 0.5, only one band is
observed, attributable to the circular form, while at higher Ri,
no bands are visible for DNA, either relaxed or linear, which
we suggest may be due to an intense interaction of the complex
with the plasmid. In contrast, complex 2 produced no change
in plasmid mobility, suggesting that it did not cause cleavage
of the DNA supercoil.

Putting together all the results of the gold-chloroquine -
DNA experimental data, we propose that complexes 1 and 2
displayed two types of interaction with DNA, the first showing
covalent binding through the metal center, with an additional
non-covalent interaction, which, from the data, appears to be
electrostatic, while complex 2 appears to intercalate, in a man-
ner similar to that displayed by free CQ. The interaction of
complex 3 with DNA has been evaluated in a previous study
[64], showing mainly intercalation and electrostatic association
associated with the CQ moiety. However, no covalent metal-
DNA binding was observed. The interactions that take place
between these gold-CQ complexes and the DNA helix may be
important in increasing the biological activity of the Au(I)-CQ
complexes relative to the free ligand.
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Inhibition of thioredoxin reductase (TrxR) activity

The literature reports a number of studies on gold complexes
with TrxR inhibitory properties showing the relevance of this
enzyme in the pharmacology of gold-based pharmaceuticals
[65-67]. Due to its antioxidant properties, the thioredoxin sys-
tem prevents cells from oxidative stress, which is a key factor
in DNA damage. Overexpression of TrxR has been reported
in numerous tumor cell lines. Moreover, high levels of the
substrate thioredoxin have been associated with resistance to
cisplatin. Hence TrxR is considered an attractive target for
the development of novel anticancer agents [68]. It has been
observed that apoptosis induction by auranofin in Jurkat T
cells appears to be mediated by inhibition of the cytosolic
and mitochondrial forms of TrxR and was accompanied by an
increase in cellular hydrogen peroxide levels. The inhibitory
potential of complexes 1 and 2, [Au(CQ)(PPh;3)]PFg4 (complex
3) and Et;PAuCI (as the positive control), were studied using
the dithiobisnitrobenzoic acid (DTNB) reduction assay using
isolated rat liver TrxR. This assay makes use of the fact that
TrxR reduces the disulfide bonds of DTNB with formation of
2-nitro-5-thionitrobenzoic acid (TNB), which can be detected
photometrically.

All gold complexes (1-3) displayed activity against TrxR
(Table 4), being even more active than Et;PAuCl, and other
gold complexes reported in the literature [69-71]. As expected,
the inhibitory effect depends on the presence of a gold center,
CQ alone being completely inactive.

The inhibition of TrxR by these complexes suggests that
this mitochondrial protein is a potential cellular target, and that
disruption of mitochondrial function may be a potential mecha-
nism of tumor cell death. Hence, as the complexes both interact
with DNA and inhibit TrxR, they represent strong candidates
for evaluation of their anticancer activity.

Growth inhibition and cytotoxicity testing

The compounds were tested on five human tumor cell lines,
representing tumors of three different origins, prostate, breast
and colon, in addition to a murine melanoma line, which we
regularly use for in vivo testing of anticancer drugs that show
promising results in vitro. The results are shown in Table 5.
As many drugs show a cytostatic effect at doses appreciably
lower than those causing cytotoxicity, we used the SRB assay
which has the advantage over tetrazolium assays of being able
to distinguish between cytostasis (cell growth inhibition) and
cytotoxicity (cell death).

Table 4. Inhibition of thioredoxin reductase values for the gold-chlo-
roquine complexes.

Complexes TrxR (ICs5o nM)
Au(CQ)(CD (1) 25.77
Au(CQ)(TgTa) (2) 6.90
[Au(CQ)(PPh3)]PF, (3) 8.75
CQDP >500000
Au(EtP)(Cl) 2.58
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Table 5. Cytostatic and cytotoxic effects of the compounds against six tumor cell lines.

PC-3 MCEF-7 SKBR-3 HT-29 LoVo B16/BL6
Complex Gly, TGI LCs, Gly, TGI LCs, Gly, TGI LCs, Gly, TGI LCs, Glsy TGI LCs Gly, TGI LCsp
Au(CQ)(CI) (1) 15 30 >30 >30 >30 >30 30 >30 >30 20 27 >30 5 17 >30 24 >30 >30
Au(CQ)(tgta) (2) 20 >30 >30 >30 >30 >30 >30 >30 >30 21 29 >30 6 19 >30 24 >30 >30
[Au(CQ)(PPhy)]PF; 3) 9.4 206 276 — — — 3.6 254 >30 003 166 >30 — — — 004 0.1 2.1
cQ 20 >30 >30 >30 >30 >30 >30 >30 >30 23 >30 >30 10 27 >30 28 >30 >30
Cisplatin >30 >30 >30 26 >30 >30 6 23 >30 >30 >30 >30 >30 >30 >30 25 >30 >30

Cell viability was measured by the Sulphorhodamine B chromogenic assay after 48 h incubation in the presence of the complexes. Gls, - 50%
growth inhibition, TGI - total growth inhibition, LCs, - 50% cytotoxicity. CQ- Chloroquine. Concentrations expressed in pM.

Complexes 1 and 2 both exerted some degree of growth
inhibition on four of the tumor cell lines and total growth in-
hibition on the HT-29 and LoVo lines at concentrations below
30 uM. Their general activity was greater than that shown by
CQ and cisplatin control compounds, but not as marked as the
lead compound 3 [29, 64], which was included here for com-
parison. The low activity of cisplatin seen in these assays, when
compared to its well-known cytotoxicity as reported in the lit-
erature, is probably due to the relatively short incubation times
used here (48 h). Thus, although we have favorable results
for the cytostatic activity of the complexes when compared to
cisplatin, further experiments must be performed to determine
whether the complexes would show cytotoxic activity, perhaps
at longer incubation times, or using more specific assays for
cell death.

Conclusion

The synthesis and characterization by of two new gold-chlo-
roquine (1 and 2) complexes were achieved. These complexes
interact with DNA through both covalent binding and non-
covalent interactions such as electrostatic contacts and/or hy-
drogen bonding, and intercalation. They both inhibit TrxR.
Complex 3 exerted growth inhibition on the human tumor cell
lines, showing promise as potential anticancer drugs deserving
of further investigation.
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