
ORIGINAL PAPER

Study of the synthesis, antiproliferative properties,
and interaction with DNA and polynucleotides of cisplatin-like
Pt(II) complexes containing carcinogenic polyaromatic amines

Elisabetta Gabano • Sofia Gama • Filipa Mendes •

Marzia B. Gariboldi • Elena Monti • Sophie Bombard •

Sabrina Bianco • Mauro Ravera

Received: 21 March 2013 / Accepted: 30 June 2013 / Published online: 20 July 2013

� SBIC 2013

Abstract The chemical and biological features of two

newly synthesized [PtCl2(L)(2-aminonaphthalene)] com-

plexes (L is NH3 or 2-aminonaphthalene) were compared

with those of two already reported enantiomeric complexes

of formula [PtCl2(DABN)] [DABN is (R)-1,10-binaphthyl-

2,20-diamine or (S)-1,10-binaphthyl-2,20-diamine]. Solution

behavior, lipophilicity, cytotoxicity with regard to one

colorectal (HCT116) and two ovarian (A2780 and

A2780Cp8) human carcinoma cell lines, and in vitro DNA-

and G-quadruplex-binding properties were evaluated. In

particular, the cytotoxicity of [PtCl2(NH3)(2-aminonaph-

thalene)] was better than that of cisplatin for all cell lines,

and rather resembled that of oxaliplatin. The solution

behavior of the whole series of complexes and the absence

of an evident relationship between lipophilicity and cyto-

toxicity seem to suggest that all these experimental

parameters are probably smoothed out during the 3-day

cytotoxicity experiments and do not strongly affect the

half-maximal inhibitory concentrations. The results of

electrophoretic studies indicate that different kinds of

interaction with DNA can be involved in the mode

of action of these complexes, with intercalation in double-

stranded DNA and stacking on G-quadruplex DNA being

strongly implicated in particular for [PtCl2(NH3)(2-

aminonaphthalene)].

Keywords Platinum complexes � DNA interaction �
Cytotoxicity

Introduction

Direct interaction with DNA is recognized as a major

mechanism for the antitumor effect of a number of low

molecular weight compounds [1]. In this regard, the dis-

covery of the antitumor properties of cisplatin—cis-

diamminedichloridoplatinum(II), [PtCl2(NH3)2]—probably

represents a milestone that has led to extensive investiga-

tion of the interactions between metal complexes and

biomolecules [2].

Interaction between metal complexes and oligonucleo-

tides may occur through (1) external electrostatic binding

between cationic complexes and the anionic phosphate

groups of the DNA backbone, (2) intercalation between

stacked base pairs in the double helix structure (in partic-

ular, in the presence of ligands with planar aromatic sub-

stituents, an ensemble of weak noncovalent interactions

between the ligands and the nucleic acids may occur

[3, 4]), (3) stacking on guanine quadruplex (G-quadruplex)

structures [5], and (4) covalent bonds between the Lewis

acidic metal and nucleic acid Lewis bases (in particular, N7
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Università dell‘Insubria, Via H. Dunant 3, 21100 Varese, Italy

S. Bombard
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of adenine and guanine residues, albeit N7 of guanine

shows a greater kinetic preference) [6].

The commonest covalent Pt–DNA adducts of cisplatin

derivatives are intrastrand cross-links between neighboring

purine bases (1,2-GG or 1,2-AG intrastrand cross-links),

intrastrand cross-links between purine bases separated by a

third base, and interstrand cross-links; monofunctional

adducts can also be formed. The resulting changes in the

DNA structure interfere with cellular processes, leading to

cell death [6]. Removal of Pt–DNA adducts by DNA repair

mechanisms can restore the integrity of the genome,

causing resistance to platinum-based chemotherapy. For

this reason, complexes able to interact with DNA in a way

different from that of cisplatin may represent a method to

overcome acquired platinum resistance [7].

More recently, platinum complexes have also been

proposed as drugs able to target telomeric DNA [8].

Telomeres are nucleoprotein complexes consisting of

guanine-rich repeats of DNA [(TTAGGG)n in humans]

protecting the end of linear chromosomes [9]. The guan-

ine-rich strand can adopt a variety of unusual DNA con-

formations, but only G-quadruplex DNA and T-loops are

stable in vitro under physiological conditions. The former

four-stranded structure consists of four stacked quartets of

guanine bases (G-quartets) hydrogen-bonded by Hoogs-

teen base pairing [10, 11]. In normal cells, telomeres

shorten by 50–200 base pairs for each round of replication

because of the incomplete replication of the 50 end of the

lagging DNA strand [12]; telomere shortening below a

critical length leads to senescence and/or apoptosis, unless

new telomeric repeats are added by telomerase. This

enzyme is usually inactivated in differentiated cells, but it

is reactivated in approximately 85–90 % of human

tumors, thus conferring unlimited replicative potential and

contributing to the malignant transformation. For these

reasons, molecules able to inhibit the action of telomerase

(directly or through stabilization of G-quadruplexes)

might selectively induce cancer cell death [13]. Indeed,

not only were some small molecules that can specifically

stabilize G-quadruplex in vitro able to inhibit telomerase

activity in cells [14], but some of them were also shown

to induce cell death through the displacement of protec-

tive telomeric protein components [15, 16], as well as by

perturbing the function of some of the genes containing

G-quadruplex motifs [17].

In this study, two [PtCl2(L)(L1)] complexes (L is NH3

and L1 is 2-aminonaphthalene—PtL1; L and L1 are

2-aminonaphthalene—Pt(L1)2; Fig. 1) were tested for their

cytotoxicity (with regard to ovarian A2780 and A2780Cp8

and colon HCT116 cells) and their ability to interact with

supercoiled DNA and G-quadruplexes. Their behavior was

compared with that of two enantiomeric complexes with

formulas [PtCl2(R)-DABN] (PtL2) and [PtCl2(S)-DABN]

(PtL3) bearing 1,10-binaphthyl-2,20-diamine (DABN)

ligands. The aim of this work is to evaluate the effect of

different combination of ligands (i.e., a single 2-amino-

naphthalene and two nonlinked 2-aminonaphthalenes vs

DABN, which can be regarded as two linked 2-amino-

naphthalenes) on the biological behavior of the corre-

sponding complexes. The cytotoxicity and G-quadruplex-

binding properties of PtL2 and PtL3 have been described

in a previous article [18].

Materials and methods

General

All chemicals (analytical grade) were obtained from

Aldrich, except K2PtCl4 (Alfa Aesar), and were used as

received. K[PtCl3NH3], prepared according to procedures

described in the literature [19–21], was reacted with

2-aminonaphthalene in methanol to give PtL1. Pt(L1)2

was prepared via the reaction of K2[PtCl4] and 2-amino-

naphthalene in a mixture of methanol and water [22] (see

later for experimental details).

Elemental analyses were conducted with an EA3000

CHN elemental analyzer (EuroVector, Milan, Italy) and

completed with the determination of the platinum content.

The latter was quantified by means of a Spectro Genesis

inductively coupled plasma optical emission spectros-

copy spectrometer (Spectro Analytical Instruments, Kleve,
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Germany) equipped with a cross-flow nebulizer. A plati-

num standard stock solution of 1,000 mg L-1 was diluted

in 1.0 % v/v nitric acid to prepare calibration standards,

and the platinum 299.797-nm line was selected for the

measurement.

Multinuclear NMR spectra were measured with a JEOL

Eclipse Plus instrument operating at 400 MHz (1H),

100.5 MHz (13C), and 85.9 MHz (195Pt), respectively. 1H

and 13C NMR chemical shifts were reported in parts per

million referenced to solvent resonances. 195Pt NMR

spectra were recorded using a solution of K2PtCl4 in sat-

urated aqueous KCl as the external reference. The shift

for K2[PtCl4] was adjusted to -1,628 ppm relative to

Na2[PtCl6] (d = 0 ppm).

Reversed-phase high-performance liquid chromatogra-

phy (HPLC) and mass analysis were performed using a

Waters HPLC–mass spectrometry (MS) instrument equip-

ped with an Alliance 2695 separations module, 2487 dual

lambda absorbance detector, and 3100 mass detector (see

later for experimental details).

Synthesis of PtL1

K[PtCl3NH3] (172 mg, 0,48 mmol) was dissolved in

5 mL water in the dark. 2-Aminonaphthalene (66 mg,

0.46 mmol) was dissolved in methanol (10 mL) and this

solution was added dropwise to the former orange solution.

The reaction mixture was stirred overnight at room tem-

perature in the dark, was then cooled to complete the

precipitation of the product, and was then centrifuged to

isolate the yellow precipitate. The product was washed

with cold water, a mixture of methanol and diethyl ether

(10:90), and diethyl ether. Yield: 139 mg (68 %). Elec-

trospray ionization MS (methanol) m/z: 449.02

[M ? Na]?; calcd for C10H12Cl2N2NaPt: 449.19 m/z.

Anal. Calcd for C10H12Cl2N2Pt (%): C, 28.18; H, 2.84; N,

6.57; Pt, 45.77. Found (%): C, 27.95; H, 2.55; N, 6.29; Pt,

45.63. 1H NMR (methanol-d4) d (ppm): 7.87 (d,
3J = 8.8 Hz, 1H, H4), 7.86-7.80 (m, 2H, H6 and H9), 7.70

(d, 4J = 2.2 Hz, 1H, H1), 7.54 (dd, 3J = 8.8 Hz,
4J = 2.2 Hz, 1H, H3), 7.47 (m, 2H, H7 and H8). 13C{1H}

NMR (dimethylformamide-d7) d (ppm): 141.0 (C2), 133.9

(C10), 131.4 (C5), 128.9 (C3), 128.0 (C1), 127.5 (C4), 126.7

(C6 or C9), 125.4 (C7 or C8), 122.4 (C7 or C8), 118.3 (C6 or

C9). 195Pt NMR (methanol-d4) d (ppm): -2,123.

Synthesis of Pt(L1)2

K2[PtCl4] (195 mg, 0.47 mmol) was dissolved in 5 mL

water in the dark and 2 mL methanol was added. 2-Am-

inonaphthalene (128 mg, 0.89 mmol) was dissolved in

methanol (10 mL) and 2 mL water was added. This latter

solution was added dropwise to the bright red solution of

the platinum complex. The reaction mixture was stirred

overnight at room temperature, and then the yellow pre-

cipitate was collected by centrifugation and washed with

cold water, a mixture of methanol and diethyl ether

(10:90), and diethyl ether, and dried under a vacuum.

Yield: 160 mg (65 %). Electrospray ionization MS

(methanol plus 0.1 % dimethylformamide) m/z: 575.03

[M ? Na]?; calcd for C20H18Cl2N2NaPt: 575.34 m/z.

Anal. Calcd for C10H12Cl2N2Pt (%): C, 43.49; H, 3.28; N,

5.07; Pt, 35.32. Found (%):C, 43.74; H, 2.99; N, 5.27; Pt,

35.42. 1H NMR (dimethylformamide-d7) d (ppm): 7.84

(2H, m, H6 or H9), 7.76 (2H, d, 3J = 9.15 Hz, H4), 7.71

(2H, s, H1), 7.59 (4H, m, H3 and H9 or H6), 7.45 (4H, m, H7

and H8). 13C{1H} NMR (dimethylformamide-d7) d (ppm):

140.31 (C2), 133.42 (C10), 131.42 (C5), 128.52 (C3), 127.81

(C1), 127.35 (C4), 126.63 (C6 or C9), 125.53 (C8 or C7),

123.02 (C7 or C8), 119.63 (C6 or C9). 195Pt NMR

(dimethylformamide-d7) d (ppm): -2,057.

Lipophilicity

Chromatographic analysis was used to evaluate the lipo-

philicity of the compounds. The chromatographic condi-

tions were as follows [23, 24]: silica-based C18 gel as the

stationary phase (5-lm Gemini� C18 column 25 mm 9

3-mm inner diameter); 80:20 methanol/15 mM formic acid

as the eluent (flow rate 0.5 mL/min; isocratic elution,

UV–visible detector set at 210 nm). KCl was the internal

reference to determine the column dead time (t0). The

concentrations of the platinum complex solutions were

0.1 mM. The retention time tR in the actual experimental

conditions was used to calculate log k080ðk080 ¼ ðtR � t0Þ=t0Þ.

Solution behavior

Solutions of PtL1, PtL2, and PtL3 (1 mM) and Pt(L1)2

(0.1 mM) were prepared in water containing 35 % v/v

ethanol (PtL1, PtL2, or PtL3) or 60 % v/v ethanol

[Pt(L1)2], incubated at 37 �C, and analyzed at regular time

intervals via HPLC–MS. Reversed-phase HPLC and mass

analysis were performed using a Waters HPLC–MS

instrument equipped with an Alliance 2695 separations

module, 2487 dual lambda absorbance detector, and 3100

mass detector. The chromatographic conditions were as

follows [24]: silica-based C18 gel as the stationary phase

(5-lm Gemini� C18 column 25 mm 9 3-mm inner diam-

eter); mobile phase containing 80:20 methanol/15 mM

formic acid (flow rate 0.5 mL/min; isocratic elution, UV–

visible detector set at 210 nm). KCl was the internal ref-

erence to determine the column dead time. The source and

desolvation temperatures were set to 150 and 250 �C,

respectively, with nitrogen used both as a drying gas and as
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a nebulizing gas. The cone and the capillary voltages were

usually 30 V and 2.70 kV, respectively. Quasi-molecular

ion peaks [M ? H]?, sodiated [M ? Na]? peaks, or the

peaks of the aquated species [M - Cl ? H2O]? were

assigned on the basis of the m/z values and the simulated

isotope distribution patterns.

Cytotoxicity tests

Three human tumor cell lines were used for the present

study: A2780 (ovarian carcinoma) and HCT116 (colon

adenocarcinoma) cells were obtained from ATCC

(Manassas, VA, USA); A2780Cp8 cells (so called because

of their ability to grow in medium containing 8 lM cis-

platin) were developed by chronic exposure of the parent

cisplatin-sensitive cell line to increasing concentrations of

cisplatin, and were obtained from Robert Ozols (Fox Chase

Cancer Center, Philadelphia, PA, USA). A2780Cp8 cells

differ from the parental cell line in a number of features

that contribute to the resistant phenotype, including alter-

ations in mismatch and nucleotide excision DNA repair

systems and increased glutathione levels. HCT116 cells

harbor a mutation in the MLH1 gene [25], leading to

defective mismatch repair activity [26]. Deficits in mis-

match repair are known to impair tumor response to cis-

platin, whereas response to oxaliplatin—cis-[(1R,2R)-

cyclohexanediamine]oxalatoplatinum(II)—is unaffected,

and are fairly common in colorectal cancer, partially

explaining why the latter is effective in this cancer type

whereas the former generally is not [27]. The three cell

lines were maintained in RPMI 1640 (Sigma, Italy) sup-

plemented with 10 % fetal calf serum (Celbio, Italy),

2 mM L-glutamine, and a 1 % streptomycin/penicillin

antibiotic mixture (Sigma, Italy) under standard culture

conditions (95 % O2/5 % CO2 at 37 �C in a humidified

atmosphere). Cell survival following exposure to platinum

complexes was evaluated using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, based

on the reduction of MTT by living cells [28]. Briefly,

1 9 103 cells per well were plated onto 96-well sterile

plates and allowed to attach and grow for 24 h. PtL1 was

dissolved in ethanol to obtain a 10 mM stock solution that

was diluted with complete medium for cell treatment. The

final range of platinum concentrations was 0.1–5 lM and

the co-solvent concentration never exceeded 0.1 % v/v; the

effects of this ethanol concentration were tested on each

cell line and were found to be negligible. In the case of

Pt(L1)2, concentrations greater than 2 lM could not be

achieved, owing to the low solubility of the complex. After

3 days, MTT was added to each well (final concentration

0.4 mg mL-1) and the plates were incubated for 3 h at

37 �C. Cell viability was determined by measuring the

absorbance (k = 570 nm) in individual wells, using a

universal microplate reader (Bio-Tek Instruments, Wi-

nooski, VT, USA); survival fractions were calculated on

the basis of the ratio between the absorbances obtained at

each platinum complex concentration and the absorbance

measured in control cells following subtraction of the mean

background absorbance, and were plotted as a function of

platinum complex concentrations. Whenever possible, a

complete dose–response curve was obtained for each

compound and nonlinear regression analysis of dose–

response data was performed using GraphPad Prism 4

(GraphPad Software, La Jolla, CA, USA) to estimate the

drug concentrations inhibiting tumor cell growth by 50 %

(IC50), Differences in cytotoxicity were statistically eval-

uated using one-way analysis of variance with Bonferroni’s

post hoc test.

DNA interaction

The plasmid DNA used for gel electrophoresis experiments

was /X174 plasmid DNA (Promega). DNA interaction

was evaluated by monitoring the mobility of the super-

coiled plasmid DNA (covalently closed circular) and open

circular DNA, as previously described [29]. Each reaction

mixture was prepared by adding 6 lL water, 2 lL (200 ng)

supercoiled DNA, 2 lL 100 mM stock Na2HPO4/HCl pH

7.2 buffer solution, and 10 lL of the solution of the

complex. The final reaction volume was 20 lL, the final

buffer concentration was 10 mM, and the final metal

concentration ranged from 0.1 to 100 lM, corresponding to

an input molar ratio of platinum to nucleotide (ri) of

0.03–3.33. Samples were typically incubated for 24 h at

37 �C. After incubation, 4 lL DNA loading buffer (0.25 %

bromophenol blue, 0.25 % xylene, in the dark cyanol,

30 % glycerol in water, Applichem) was added to each

tube and the sample was loaded onto a 0.8 % agarose gel in

40 mM tris(hydroxymethyl)aminomethane, 20 mM acetic

acid, and 1 mM EDTA pH 8.0 (TAE buffer). Controls

consisting of nonincubated plasmid and plasmid incubated

with dimethyl sulfoxide were loaded in each run. The

electrophoresis was conducted for 3.5 h at 90 V.

In the case of the studies with chloroquine, the reaction

mixture was prepared as previously described but with final

metal complex concentrations of 1 lM (ri = 0.033) and

10 lM (ri = 0.33). The samples were incubated for 24 h at

37 �C. After the addition of DNA loading buffer, the

samples were loaded onto a 0.8 % agarose gel in TAE

buffer, and the electrophoresis run was performed for 16 h

at 20 V in TAE buffer containing chloroquine at a con-

centration of 1.25 lg mL-1 (in order to resolve DNA to-

poisomers). The gels were then stained with TAE buffer

containing ethidium bromide (0.5 lg mL-1). Bands were

visualized under UV light and images were captured using

an AlphaImager EP gel documentation system (Alpha
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Innotech). All samples in each figure were obtained from

the same run; three to five independent replications were

performed for each experiment.

G-quadruplex

AG3(TTAGGG)3 (22AG) 50-end-radiolabeled with 32P was

mixed with 100 lM nonradiolabeled material in 50 mM

NaClO4 for 5 min at 90 �C and allowed to reach room

temperature in 2 h to induce the formation of the quadru-

plex structure. It was then incubated with 100-300 lM

platinum complex. The reactions were run for 16 h at

37 �C. The platinated oligonucleotides were separated

using 20 % polyacrylamide denaturing gel electrophoresis

and then isolated from the gels. The platination sites were

determined by means of biochemical methods using

30-exonuclease digestion [30–32]. All products of platina-

tion were quantified using a Storm 960 phosphorimager

(Molecular Dynamics, GE Healthcare, France) and the

ImageQuant software program. UV melting was measured

at 2 lM oligonucleotide concentration by following the

absorbance at 295 nm as function of increasing or

decreasing temperature [33]. Experiments were performed

in triplicate.

Results and discussion

Solution behavior and lipophilicity

The solution behavior of PtL1, PtL2, and PtL3 was

studied in 1 mM aqueous solutions containing 35 % etha-

nol (in order to have similar solubility conditions for all

complexes) at 37 �C by means of HPLC–MS. All the

complexes underwent hydrolysis (a molecule of water

replaced a coordinated chloride), but with moderately dif-

ferent half-times t� (obtained with the method of initial

rate): 1.0 h for PtL1, 1.9 h for PtL3, 2.9 h for PtL2. As

expected, PtL1, the least bulky complex, has the fastest

kinetics; surprisingly, the isomers PtL2 and PtL3 differed

from each other in terms of t�, but by 1 h only. Owing to

the low solubility of Pt(L1)2, its behavior was studied in a

0.1 mM solution containing 60 % ethanol, resulting in a

hydrolysis t� of 9.9 h (under identical conditions, for

example, t� for PtL3 was 8.1 h). Importantly, HPLC

chromatograms and MS spectra did not show the presence

of the free ligand during solvolysis.

The lipophilicity of all the platinum complexes was

evaluated by means of reversed-phase HPLC. Since the

reversed-phase HPLC capacity factor (k0 ¼ tR � t0ð Þ=t0,

where t0 is the retention time for an unretained compound

and tR is the retention time of the species analyzed) is due

to partitioning between (polar) mobile and (apolar)

stationary phases, this parameter is related to the hydro-

phobicity of the compound. In this work, logk080 values of

the compounds (measured at 80 % methanol eluent) were

used (the lower the logk080, the higher the hydrophilicity;

Table 1). As expected, PtL1 was found to be less lipophilic

than PtL2 and PtL3, and less hydrophilic than cisplatin.

Pt(L1)2, PtL2, and PtL3 exhibited similar retention

behavior and, hence, similar lipophilicity. Since cellular

platinum uptake is exponentially related to the lipophilicity

of the complexes [34, 35], it can be assumed that Pt(L1)2,

PtL2, and PtL3 have a similar uptake, which is higher than

that of PtL1, which in turn is superior to that of both

cisplatin and oxaliplatin.

Cytotoxicity tests

PtL1 and Pt(L1)2 were tested on three different cell lines

(i.e., A2780 ovarian carcinoma and its cisplatin-resistant

form A2780Cp8, and colon adenocarcinoma HCT116)

following 72 h exposure. Cytotoxicity is expressed as IC50

(Table 1). The IC50 for Pt(L1)2 could not be determined

because of its low solubility. The data were compared with

those obtained for cisplatin, oxaliplatin, PtL2, and PtL3

determined under identical experimental conditions [18].

Since it had been previously verified (via 195Pt NMR

spectroscopy) that DABN complexes undergo rapid deg-

radation when dissolved in dimethyl sulfoxide [18], the

complexes were tested with ethanol as a co-solvent. The

final ethanol concentration in culture medium never

exceeded 0.1 % v/v; the effects of this ethanol concentra-

tion in drug-free medium were tested separately and were

found to be negligible (not shown).

PtL1, PtL2, and PtL3 appear to be equally potent with

regard to ovarian cells (including the cisplatin-resistant

variant) and colorectal cells; indeed, their performance

with regard to HCT116 cells was almost as good as that

of oxaliplatin, which has been in clinical use for treatment

of colorectal cancer for more than a decade, whereas

cisplatin was significantly less potent against HCT116

cells than against A2780 cells, confirming the intrinsic

resistance of colon cancer to cisplatin-based therapies

[27]. Possibly, the presence of aminonaphthalene rings

mimics the effects of the cyclohexanediamine moiety in

oxaliplatin and might thus enable PtL1, PtL2, and PtL3

to target tumors that respond poorly to cisplatin. These

complexes also showed a lower resistance factor (i.e., the

ratio between the IC50 values for cisplatin-resistant

A2780Cp8 and A2780 cells) as compared with cisplatin,

indicating their ability to circumvent acquired as well as

intrinsic cisplatin resistance.

As previously noted, the S isomer, PtL3, was slightly

more active than the R counterpart, PtL2. A similar rela-

tionship between cytotoxic activity and chirality has been
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observed for [Pt(ampyr)(cbdca)] (ampyr is aminomethyl-

pyrrolidine and cbdca is cyclobutanedicarboxylate) com-

plexes, where the R isomer is less toxic than the S isomer.

Bloemink et al. [36] studied the interaction of these iso-

mers with short oligonucleotides and showed that both

form 1,2-intrastrand cross-linking adducts similarly to

cisplatin. However, relative to the S isomer, the adduct of

the R isomer has more steric hindrance between the bulky

pyrrolidine ring and the DNA fragments, and this differ-

ence may be responsible for the reduced toxicity of the

R isomer [36]. The relationship between chirality and

biological activity is not well understood, but this structural

feature may be relevant in some cases: oxaliplatin and

lobaplatin are examples of ‘‘chiral platinum drugs’’ which

are in clinical use. In the case of oxaliplatin, in vitro

cytotoxicity assays and animal studies showed that the

complex with the (1R,2R)-cyclohexanediamine ligand has

the highest potential as an antitumor agent [37]. Also in the

case of [PtCl2(en*)] (where en* is substituted ethane-1,2-

diamines containing one and two chiral carbon centers), a

substantial difference in mutagenicity between the R,R, S,S,

and R,S isomers was observed [38].

As mentioned earlier, no IC50 values could be obtained

for Pt(L1)2, owing to its low solubility under the experi-

mental conditions adopted. However, the survival fractions

following exposure to equimolar concentrations (1 lM) of

PtL1, PtL2, PtL3, and Pt(L1)2 were compared (see Fig.

S1). On the basis of these data, Pt(L1)2 may be considered

to be less effective than PtL1, but almost comparable to

PtL2 and PtL3. Thus, the observed solvolytic behavior and

lipophilicity of the complexes do not seem to affect cyto-

toxicity, suggesting that differences in t� and logk080 of the

compounds studied are probably smoothed during the 72-h

cytotoxicity experiments.

Interaction of platinum complexes with supercoiled

DNA

The effect of the interaction of PtL1, PtL2, and PtL3 as

well as their ligands L1, L2, and L3, and Pt(L1)2 with

supercoiled DNA was determined by their ability to modify

the electrophoretic mobility of the covalently closed cir-

cular (form I) and open circular (open circular, form II)

forms of /X174 plasmid DNA. For platinum complexes, it

has been reported that at increasing molar ratios of plati-

num bound per nucleotide (rb), the rate of migration of the

covalently closed circular DNA form decreases until it co-

migrates with the open circular DNA form, so rb at the

coalescence point corresponds to the amount of platinum

needed for complete removal of all supercoils from DNA

[29, 39]. The three ligands L1, L2, and L3 did not induce

any changes in the rate of migration of either DNA form, as

compared with the control (untreated) plasmid. However,

when the same experiments were performed with the

platinum complexes, all of them induced a decrease in the

mobility of the covalently closed circular DNA forms,

leading to co-migration of the covalently closed circular

and open circular DNA forms, albeit at different Pt(II)-to-

DNA ratios (Fig. 2).

These studies were also used to assess the DNA

unwinding angle, /, induced by the Pt(II) complexes; it can

be calculated from the equation / = 18r/rb(c), where r is

the superhelical density of the plasmid and rb(c) is the

molar ratio of platinum bound per nucleotide at the coa-

lescence point [40]. For PtL2 and PtL3, rb(c) values of 0.1

and 0.33, corresponding to concentrations of 3 and 10 lM,

respectively, were found. Under the actual experimental

conditions (r = -0.116, superhelical density determined

assuming the value of / = 13� for cisplatin), the DNA

Table 1 Half-maximal inhibitory concentrations (IC50) and logk080 values of the compounds investigated (mean ± standard error of four or five

determinations)

Compounds IC50 (lM) A2780 IC50 (lM) A2780Cp8 Resistance factor IC50 (lM) HCT116 logk080

Cisplatina 1.15 ± 0.09c 14.99 ± 0.44e 13.0 10.98 ± 1.9e -0.54

Oxaliplatina 0.63 ± 0.11 0.55 ± 0.11 0.87 0.66 ± 0.03 -0.41

PtL1 0.44 ± 0.12d 2.49 ± 0.45 5.66 1.48 ± 0.07 -0.34

Pt(L1)2 NDb NDb NDb NDb -0.13

PtL2a 1.36 ± 0.3 1.58 ± 0.51 1.16 0.98 ± 0.05 -0.16

PtL3a 1.15 ± 0.11 1.27 ± 0.35 1.10 1.61 ± 0.14 -0.16

See Fig. 1 for the structures of the complexes

ND not determined
a Data from [18]
b See the text
c p \ 0.05 versus oxaliplatin
d p \ 0.05 versus PtL2
e p \ 0.001 versus all other complexes
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unwinding angles were 20.9� and 6.3� for PtL2 and PtL3,

respectively. Taking into account the / value obtained for

cisplatin (13�) [41–43] and the increase, albeit modest,

observed for PtL2, we can propose a different mode of

interaction with plasmid DNA. For the complex containing

the R isomer, intercalative binding may contribute, even

though this type of interaction seems to play a minor role.

For Pt(L1)2, the unwinding angle was similar to that cal-

culated for cisplatin (12.5� vs 13�); arguably, the two

naphthalene moieties around the platinum center hinder

each other, which limits DNA intercalation and leaves

alkylation as the predominant mechanism for interaction.

In contrast, in the case of the 2-aminonaphthalene complex,

PtL1, the coalescence point occurred at a very low con-

centration of the metal complex (0.75 lM), corresponding

to a very high / value (83.5�). In this case, the interaction

with DNA probably involves a combination of platination

and intercalation, conceivably due to the presence of a

single aromatic ligand.

The combination of intercalation and platination effects

was further verified in the presence of chloroquine. In these

studies, ligands L1, L2, and L3 and their corresponding

Pt(II) complexes were incubated with DNA at 37 �C for

24 h, and the different mixtures were subsequently ana-

lyzed by agarose gel electrophoresis in the presence of

chloroquine (Fig. 3).

Chloroquine induces positive supercoiling of plasmid

DNA, and promotes the resolution of topoisomeric forms

of the plasmid: the slowest moving band of each lane

corresponds to the open circular form, whereas the other

bands of each lane correspond to covalently closed circular

forms or topoisomers. The experiments showed that there

(a)

(b)

(c)

(d)

Form II

Form I

M

0.1 0.25 0.5 0.75 1.0 2.0 3.0  4.0  5.0  6.0  8.0  10  15   20   25   50   µM

DNA
24h

DNA
0h

DNA/Ethanol
24h

M

0.1   0.25  0.5   0.75   1.0    2.0    3.0    4.0    5.0    6.0    8.0    10    15    µM

DNA
24h

Form II

Form I

0.1  0.25   0.5   0.75  1.0    2.0   3.0    4.0    5.0   6.0    8.0    10    15    µM

M DNA
24h

Form II

Form I

0.5   1     5    7.5  10 12.5 15 17.5 20 22.5 25  27.5  30  50   75 100  µM

M DNA
0h

DNA
24h

DNA/Ethanol
24h

Form II

Form I

Fig. 2 Interaction between

supercoiled plasmid DNA and

a PtL1, b Pt(L1)2, c PtL2, and

d PtL3 after 24 h of incubation

at 37 �C in phosphate buffer

(pH 7.2). Form I and form II are

the covalently closed circular

and open circular forms of

DNA, respectively
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were no significant differences in the mobility of DNA

topoisomer bands in the case of free ligands, when com-

pared with control DNA in the presence of chloroquine, as

expected. A slower migration was observed for PtL1 and

Pt(L1)2, probably owing to the presence of Pt–DNA

adducts that were not displaced by chloroquine. Notably,

PtL1 induced a greater delay than Pt(L1)2 in the mobility

of the topoisomers, relative to the control. This finding

suggests that PtL1 acts as a strong intercalator and causes a

negative twist in the structure of supercoiled DNA, with

chloroquine being unable to cause its displacement from

the DNA double helix.

For PtL2, the migration rate was markedly lower than

that of control plasmid, but was reached at higher plati-

num-to-nucleotide ratios with respect to those used in the

experiments with PtL1 and Pt(L1)2. In the case of PtL3,

the delay in the mobility was less important, pointing out,

once again, the different general biological behavior of the

two isomers. However, in both cases the complete disso-

ciation of DNA complexes was not produced even in the

presence of an excess of chloroquine.

Taken together, the DNA interaction data obtained for the

four complexes show that these compounds have different

DNA-binding abilities, with a more evident contribution of

the intercalative binding mode in the case of PtL1.

Interaction of platinum complexes with G-quadruplexes

Recently, the enantiomeric complexes PtL2 and PtL3 were

tested for their ability to bind human telomeric sequences

folded into a G-quadruplex structure [18]. Similar experi-

ments have been performed in the present study, to com-

pare the behavior of PtL2 and PtL3 with that of PtL1 and

Pt(L1)2.

For this reason, AG3(TTAGGG)3, indicated as 22AG

(Fig. 4, left), 50-end-labeled with 32P, was allowed to fold

into a G-quadruplex structure in the presence of 50 mM

NaClO4, and subsequently incubated overnight with 1–3

equiv of each of the platinum complexes tested. Platination

products were then separated by gel electrophoresis (Fig. 4,

right) and isolated. The different migration rates of the

products depend on the number of platinum complexes

bound to 22AG; therefore, a slower migration product is

supposed to contain at least one platinum complex. Plati-

num binding sites in the various products were determined

by exonuclease digestion.

Incubation of the telomeric G-quadruplexes with PtL1

was found to yield new products that migrate through the

gel at a lower rate (product 2) as already found for PtL2

and PtL3, but also at a faster rate (product 1) than 22AG

under control conditions, indicating that the G-quadruplex

structure of 22AG was platinated. The faster migrating

product is indicative of a still structured form of the telo-

meric sequence, probably a G-quadruplex structure stable

enough to resist the denaturing conditions. These stable

DNA structures have already been depicted for G-quad-

ruplexes cross-linked by cisplatin [30] or platinated by a

Pt–G-quadruplex ligand (Pt– mono-para-quinacridine) that

is able to stabilize the structure thanks to the stacking effect

of the mono-para-quinacridine [32]. In contrast, Pt(L1)2

does not platinate 22AG.

The isomeric complexes PtL2 and PtL3 have already

been shown to platinate G-quadruplexes with different

efficiency, whereby the R isomer yields a smaller amount

of platinated products. For this reason, the stereochemical

arrangement of the organic ligand has been proposed to

play an important role in determining the interaction

between the platinum moiety and nucleobases [18]. The

role of the three-dimensional arrangement is further sup-

ported by the results obtained in the present study as

regards the behavior of PtL1. Indeed, the yield of

G-quadruplex platination is greater for PtL1 (which con-

tains only one naphthalene group) than for PtL2, and PtL3

(containing two linked naphthalenes). In the case of

Pt(L1)2 (containing two independent naphthalenes), it is

possible to hypothesize that the presence of two uncon-

strained naphthalene groups may prevent platination of

G-quadruplex structures, probably by steric hindrance;

Fig. 3 Resolution of DNA topoisomers of /X174 phage incubated

with ligand L1 and the corresponding Pt(II) complexes—PtL1 and

Pt(L1)2—at a molar ratio of added platinum complex per nucleotide

(ri) of 0.033 (1 lM) (bottom), and ligands L2 and L3 ligands and the

corresponding Pt(II) complexes—PtL2 and PtL3—at ri = 0.33

(10 lM) (top). The experimental conditions were as follows:

incubation time 24 h at 37 �C in phosphate buffer (pH 7.2), after

agarose gel electrophoresis with chloroquine (1.25 lg mL-1)
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however, the low solubility of Pt(L1)2 may play a role in

this experiment.

The platination sites identified for PtL1, PtL2, and

PtL3 are specific of the platination of telomeric G-quad-

ruplex structure, since only the adenines of the loops (A7,

A13, or A19) and/or one guanine of the 50 external

G-quartet of the antiparallel structure (G10) are platinated.

Previous results obtained with PtL2 and PtL3 indicate

that the major binding sites on the G-quadruplex structure

of 22AG are G10 and A19 [18]; in contrast, PtL1 prefer-

entially binds A13 for the faster migrating product 1 and

A7, A13, or A19 for the slower migrating product 2 from

Fig. 4 (see Fig. S2). Comparative platination profiles of

PtL1, PtL2, and PtL3 suggest that access to platination

sites also depends on the number of naphthalene groups.

PtL1 is able to bind to two more platinum binding sites

than PtL2 and PtL3, probably owing to less steric hin-

drance (only one naphthalene moiety): these involve two

adenines located in the loops (A7 and A13). Since A7 is the

most accessible platination site of the antiparallel

G-quadruplex structure as calculated by molecular model-

ing [31] and corresponds also to the major platination site

of terpyridine-Pt [44], which is not able to stabilize the

G-quadruplex structure, it can be concluded that this pla-

tination site could result from a nonspecific interaction of

PtL1 with the G-quadruplex structure. However, the other

binding site of PtL1 is A13, which corresponds to the

major platination site of tolylterpyridine–Pt, which is a

strong binder of G-quadruplex [44], and it can be con-

cluded that this platination event could occur after

G-quartet interaction. This result is reinforced by the data

showing that the A13 platinum adduct of the G-quadruplex

structure is highly stable since it migrated faster on gel

electrophoresis even in denaturing conditions (product 1).

These results suggest that PtL1 is a stronger binder of

telomeric G-quadruplex structure than PtL2 and PtL3. It

can stack on one external G-quartet and platinate the

adenine residue close to it, cross-linking consequently

irreversibly the G-quadruplex structure. The platination

binding sites suggest that PtL1, PtL2, and PtL3 do not

interact similarly with the external G-quartet.

Moreover, the affinity of PtL1 for these structures was

confirmed by using melting temperature experiments and

monitoring the optical density at 295 nm, which allows

detection of the folding and unfolding of the structure as a

function of temperature; its behavior was compared with

that of Pt(L1)2, which does not cross-link G-quadruplexes.

Pt(L1)2 caused a decrease in the optical density of the

G-quadruplex structure of 22AG at increasing temperatures

that is characteristic of a dynamic state of the structure,

analogous to the one observed without any ligand. In

contrast, in the presence of PtL1 (or PtL2 or PtL3, as

described in [18]), no decrease in optical density was

observed under identical experimental conditions, indicat-

ing that interaction with the complexes has trapped the

G-quadruplex in a folded state that cannot be reversed by

high temperatures (Fig. S3). Therefore, PtL1 shows a more

evident intercalative binding mode in double-stranded

DNA and a more efficient stacking followed by cross-

linking of the G-quadruplex structures compared with PtL2

and PtL3. These results indicate that PtL1 did not show

any structural preference for double-stranded or G-quad-

ruplex DNA, as found for PtL3 [18].

Conclusions

Two new Pt(II) complexes containing a 2-aminonaphtha-

lene ligand—PtL1 and Pt(L1)2— have been synthesized

and fully characterized. The cytotoxicity with regard to one

colorectal (HCT116) and two ovarian (A2780 and

A2780Cp8) carcinoma cell lines and their DNA- and

Fig. 4 Left: Antiparallel

G-quadruplex structure of

telomeric sequence

AG3(TTAGGG)3 (22AG).

Right: Electrophoresis gel after

platination of the quadruplex

structure of 22AG by the

platinum complexes (from left

to right): no drug, Pt(L1)2,

PtL2, PtL3, and PtL1
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G-quadruplex-binding properties have been investigated.

The cytotoxicity of the complexes is comparable to, and in

some cases even better than, that of cisplatin, and rather

resembles that of oxaliplatin, as no significant differences

in response were observed in cells with acquired resistance

to cisplatin (A2780Cp8) or in HCT116 colorectal adeno-

carcinoma cells, which intrinsically respond poorly to

cisplatin owing to defective mismatch repair activity [26],

as compared with cisplatin-sensitive A2780 cells.

The observed solvolytic behavior (all the complexes

underwent cisplatin-like hydrolysis without loss of the

aromatic amines, with half-times ranging from approxi-

mately 1 h to approximately 3 h) and the absence of an

evident relationship between lipophilicity and cytotoxicity

seem to suggest that these experimental features are

probably smoothed during the 72-h experiments and do not

influence greatly the IC50 values. Electrophoresis tests

demonstrated that different kinds of interactions with DNA

can be involved in the mode of action of these complexes,

with intercalation being strongly implicated for PtL1. All

these considerations suggest that the differences in cyto-

toxicity may be related to different interaction with DNA,

as well as with other possible intracellular targets.

PtL1 is also able to stabilize telomeric G-quadruplex

structures and to cross-link them irreversibly thanks to the

platination of an adenine located in the loop. However, its

lack of specific recognition of G-quartet structures prevents

it from being considered as a promising G-quadruplex

binder; in contrast, the experimental data suggest that it

may be regarded as a good DNA intercalator.
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