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ABSTRACT: The synthesis of the novel anthraquinone plat-
inum derivate [Pt(ppy)CI(1C3)] (2) [Hppy = N,C-chelating
2-phenylpyridine; 1C3 = 1-[(3-aminopropyl)amino]-anthra-
cene-9,10-dione] and its values of ICs, against a panel of
human tumor cell lines representative of ovarian (A2780 and
A2780cisR) and breast cancers (T47D) are reported. At 24 h
incubation time, complex 2 was more active than cisplatin
(about 9-fold) and the free ligand 1C3 (about 2-fold) in T47-
D. The observation that the cisplatin ICsj, falls by about 10-fold
from 24 to 72 h, whereas that for 2 changes little, suggests
substantial differences in the mode of action. Complex 2 also
showed high cytotoxicity against A2780 (about 3-fold greater

than cisplatin at 24 h). On the other hand, very low resistance factors (RF) of 2 in A2780cisR at 24—72 h (RF = 1.3) were observed.
The interaction of 2 with DNA was followed by electrophoretic mobility and UV—visible spectroscopy, and its reaction with the
model nucleobase 9-EtG was studied by '"H NMR and ESI-MS. Theoretical calculations at the B3LYP/def2-TZVPP//BP86/def2-
TZVP level of theory on complex 2 show a labile Pt—Cl bond that allows easy replacement of Cl by N-nucleophiles such as 9-EtG,

which forms a stronger Pt—N bond.

l INTRODUCTION

Platinum-based compounds are widely used in antitumor
therapy of solid tumors and represent the cornerstone for the
treatment of testicular and ovarian tumors and lung and
colorectal carcinomas.' > Despite the therapeutic benefit of
platinum-based treatment regiments, the efficacy of platinum
drugs is still limited by side effects and intrinsic and acquired
resistances.” ® In order to increase the rate and extent of
localization of the platinum in the vicinity of its target, DNA,
thereby decreasing the number of side reactions on route to the
target and to increase the rate of reaction with the nucleobases, a
number of investigators have prepared and investigated platinum
complexes with DNA intercalators attached.”” > Alkylamino-
anthraquinone containing compounds such as the anthracycline
antibiotic doxorubicin are established and clinically used antic-
ancer drugs (trade name adriamyacin, Scheme 1a). Doxorubicin
and other related anthraquinones, such as 1C3 [(1), 1C3 =
1-[(3-aminopropyl)amino]-anthracene-9,10-dione, Scheme 1b],
are known to intercalate into DNA; and hence, a Pt-anthraquinone
pendant derivative may represent an effective system for the delivery
of the platinum moiety to nuclear DNA. The synthesis of several
aminoalkylamino anthraquinones platinum complexes'* > has
been reported, and the cellular distribution of the antraquinone
derivative 1 and the platinum—anthraqzuinone hybrids cis-[PtCl,-
(1C3)(NH;)] and [Pt(1C3)(dien)]*" (dien = 3-azapentane-
1,5-diamine) has been recently investigated by Hambley and co-
workers.”*
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In this context, we have recently reported the preparation of
some new C,N-cycloplatinated(II) complexes that display high
cytotoxicity against the human acute promyelocytic leukemia
cell line HL-60° and breast cancers (T47D).>”*®

In order to increase the selectivity and hydrophobicity of
cycloplatinated derivatives, we report herein the synthesis and
characterization of the novel platinum derivative [Pt(ppy)Cl-
(1C3)] (Hppy = N,C-chelating 2-phenylpyridine), which could
be able to interact with DNA through both intercalative and
coordinative binding modes. Values of ICs, were studied for the
new platinum complex against a panel of human tumor cell lines
representative of ovarian (A2780 and A2780cisR), and breast
cancers (T47D, cisplatin resistant). The interaction of the new
platinum complex with DNA has also been studied.

B RESULTS AND DISCUSSION

Synthesis of the Cycloplatinated(ll) Complex [Pt(ppy)
CI(1C3)] 2. The ready reaction of [Pt(ppy)(u-Cl)], in CHCl;
with 1C3 in a 1:2 molar ratio gives the mononuclear complex 2
(Scheme 2).

The resulting red complex is air-stable, both in the solid state
and in solution and was characterized by 'H, 3C, and ""*Pt NMR
spectroscopy, positive-ion ESI-MS, and IR spectroscopy and
gave satisfactory elemental analyses. The far-IR 2 exhibits a band
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Scheme 1. 1C3 [(1), 1C3 = 1-[(3-aminopropyl)amino]-
anthracene-9,10-dione

Scheme 2. Cycloplatinated(II) Complex [Pt(ppy)Cl(1C3)]
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Figure 1. (a) 'H NMR spectrum of complex 2 in CDCl; at room
temperature. (b) NOE difference spectrum (mixing time: 0.8 s) with
signal irradiation at 4.37 ppm.

assigned to ¥(Pt—Cl) at 227 cm™ . All signals in the "H NMR
spectrum of complex 2 (Figure 1a) were unequivocally assigned
by 2D and NOE techniques. '*°Pt satellites are observed as
shoulders for the H6 (of the pyridyl ring) signal. In the ID-NOE
difference spectrum (Figure 1b), the strong NOE observed
between the NH, protons and the aromatic H3 resonance of
the phenyl group in the bidentate ppy ligand indicates the
proximity of the referred nuclei. The selective irradiation at
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Figure 2. Excitation (red) and emission (blue) spectra for complex 2 in
5 x 10°* M CH,Cl, solution at room temperature (left). Emission
spectra for complex 2 in the solid state at room temperature (right).

Figure 3. Calculated structure for 2.

0 4.37 ppm produced a clear NOE enhancement at the aromatic
signal at 0 6.92 ppm (green ellipse in Figure 1b) that supports the
location of the amino group close (cis) to the phenyl ppy ring, in
agreement with the 'H'and H—COSY results.

Complex 2 is fluorescent in the solid state at room temperature,
displaying (Figure 2) a structured emission at 658 nm (4 exc.
450 nm) that is similar to that displayed by the free 1C3 ligand.

Theoretical Calculations on Complex 2. Some insight into
the structural and reactivity features of complex 2 was obtained
with the aid of quantum chemical calculations. The structure
corresponding to the absolute minimum in the potential energy
surface at the BP86/def2-TZVP level of theory (see Computa-
tional Details) displays a fully extended conformation (Figure 3,
generated with VMD) with the external flat moieties roughly
parallel. The Pt atom is located in an almost regular square—
plannar environment (dihedral Nppy—Cppy—Nic3—Cl 0.3°)
formed by two nitrogen, one carbon, and one chlorine donor
atoms (Do). Assessment of Pt—Do bond strengths has been
achieved within the framework of Bader’s atoms-in-molecules
(AIM) theory” by computing the electron density at the
respective bond critical points (BCP). According to this criter-
ion, the three strongest bonds to platinum are formed by the ppy
C-atoms (dp—c = 1.992 A; p(r.) = 15.76 x 10 > e/a,’) and
N-atoms (dp,—n = 2.017 A; p(r.) = 12.87 X 10 % e/a,’), as well
as the 1C3 N-atom (dp,_n = 2.080 A; p(r.) = 11.19 x 10 > ¢/
a,”), whereas the bond to Cl ligand (dp,—c; = 2.420 A; p(r.) =
7.78 x 10 % e/a.>) is considerably weaker. Indeed, the latter is
the only ligand around Pt bearing a large negative charge (¢~ =
—0.575 au) in contrast to the remarkable low value of the other
formally anionic ligand ppy (g™ = —0.123 au) and the positive
charge at the 1C3 moiety (q" = 0.294 au). These facts agree with the
observed reactivity toward N-nucleophiles (see below) undergoing
fast chloride substitution at Pt. An additional feature that contributes
to the plannarity of Do atoms around Pt is the existence of a
secondary interaction between the Cl ligand and the closest ppy

2152 dx.doi.org/10.1021/ic101526h |Inorg. Chem. 2011, 50, 2151-2158



Inorganic Chemistry

Table 1. ICso(#M) and Resistance Factors for Cisplatin and Compounds 1 and 2

T47D A2780 A2780cisR (RF)* LLC-PK1
compound 24 h 48 h 72 h 24h 48 h 72h 24h 48 h 72h 48 h
1 4241 30+1 2641 27+1 19+ 1 1441 19 4+ 1 (0.7) 20 4 3 (1.1) 2241 (1.6)
2 2041 1743 1341 72402 78402 80+02 964+02(13) 984+02(13) 101 (13) 1841
cisplatin. -~ 190 £12 59+5 16+1 18+1 30+£01  1.7£02 34+1(19) 14 £2(47) 8.0+ 0.3 (4.8) 9.5+09
“ The numbers in parentheses are the resistance factors (RF) (ICs, resistant/ICs, sensitive).
a) b)
m 70 1807 .
B a2730 160 Emax |
O A2780cis 140 g 190 |icom[oore
120 g 7
ICso (ub) 100 R
80 £
80

Figure 4. Toxicity of 1, 2, and cisplatin (IC50 #M) in ovarian and breast
cell lines. Effect of cisplatin resistance.

H atom (dg...p = 2.575 A; p(r.) = 1.34 x 10 > e/a,’). An
even weaker interaction is observed between a ppy H atom on the
other (phenyl) ring and a 1C3 NH atom (dppyH. un = 2283 A;
p(r.) =070 x 10 * e/a,”), this contact being responsible for the
aforementioned positive NOE (Figure 1).

Biological Activity: Cytotoxicity Studies. To analyze the
potential of 2 as an antitumor agent, its cytotoxicity was
measured (at 24, 48, and 72 h; Table 1 and Figure 4) toward
the human breast cancer (T47D, cisplatin resistant) and epithe-
lial ovarian carcinoma cells A2780 and A2780cisR (acquired
resistance to cisplatin), and for comparison purposes, the cyto-
toxicity of cisplatin and the free ligand 1 was also evaluated under
the same experimental conditions. Because of low aqueous
solubility, the test compounds were dissolved in DMSO first
and then serially diluted in complete culture medium such that
the effective DMSO content did not exceed 1%. It is noteworthy
that at 24 h incubation time the T47-D complex 2 was more
active than cisplatin (about 9-fold) and the free ligand 1 (about
2-fold). The observation that cisplatin ICs falls by about 10-fold
from 24 to 72 h, whereas that for 2 changes little, suggests
substantial differences in the mode of action. Complex 2 also
showed high cytotoxicity against an A2780 cancer cell line (about
3-fold greater than that of cisplatin at 24 h). On the other hand,
A2780cisR encompasses all of the known major mechanisms of
resistance to cisplatin: reduced drug transport,30 enhanced DNA
repair/tolerance,® and elevated GSH levels.*”” The ability of
complex 2 to circumvent cisplatin acquired resistance was
determined from the resistance factor (RF), defined as the ratio
of ICs, resistant line to ICs, parent line. An RF of <2 was
considered to denote noncross-resistance.>® Very low resistance
factors (RF) of 2 at 24—72 h (RF = 1.3) were observed. In vitro
antiproliferative activity of complex 2 and cisplatin was also
evaluated in normal human LLC-PKI1 renal cells at 48 h
(Table 1). As shown in Table 1 at 9.8 uM, after 48 h, complex
2 is able to kill half of the A2780cisR cells and only about 10% of
LLC-PK1 renal cells (Figure Sa). At the same concentration
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Figure S. Curves of inhibition of cellular growth in the normal LLC-
PK1 renal cells after 48 h incubated with complex 2 (a) and cisplatin (b).

cisplatin is able to kill less than half of the A2780cisR cells and
about half of the normal LLC-PK1 renal cells (Figure Sb).

On the other hand, the stability of the cytotoxic compound 2
has been tested in DMSO-dg by '"HNMR, remaining unaltered after
three days in solution at room temperature. As expected, complex 2
in DMSO-ds/D,0 (1:1 in volume), at 37 °C, undergoes a fast (and
complicated) hydrolisis process; a reaction that can be reversed by
addition of sodium chloride (1:100 molar ratio).

Platinum Cellular Accumulation Studies. We have deter-
mined the Pt accumulation in T47D cell line after 24,48,and 72 h
continuous exposure with 20 4M of complex 2 and cisplatin
(Table 2 and Figure 6). A direct relationship between Pt
accumulation and activity has not been described yet, and it is
not clearly observed in our measurements>*** because cisplatin
is the complex with greater uptake at 24 h but is not the metal
complex with the highest cytotoxicity at this time.

Compound 2 exhibits a better capacity than cisplatin to reach
the cell at 48 and 72 h (~1.6 and 3 times, respectively).

Biological Assays: Gel Electrophoresis of Compound—
pBR322 Complexes. The DNA binding of compounds 1 and
2 was compared by reacting them with pBR322 plasmid DNA at
at 37 °C for 24 h and separating the products using gel
electrophoresis. Both compounds are able to modify the electro-
phoretic mobility of the covalently closed circular (ccc) and open
(oc) forms of plasmid DNA (Figure 7). The anthraquinone
derivative 1 by itself produces very little change in the mobility or
unwinding of the supercoiled DNA (Figure 7a) probably because
of the high lability of the intercalation of the simple anthraqui-
nones preventing any permanent unwinding of the DNA.**
In contrast, when the pBR322 was incubated with the platinum
compound 2, at r; = 0.48, a single band for both forms, ccc and
oc, and the coalescent form was observed (Figure 7b). A
similar pattern has been found previously in some others C,N-
cycloplatinated complexes.”®

UV-Spectrophotometric Titrations. UV-spectrophoto-
metric titrations were carried out to determine the affinity of
the platinum complex 2 for DNA. Salmon sperm DNA (0—300
“M) was added in aliquots to a solution of 2 (27 uM), and the
UV-spectra were recorded (Figure 8a). Using the absorbance
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Table 2. Cellular Platinum Concentrations in Human Breast Carcinoma T47D Cells”

compound cellular uptake® (pmol Pt/10° cells) 24 h
2 3.964 £ 0.006
cisplatin 4.388 £ 0.005

cellular uptake® (pmol Pt/10° cells) 48 h

cellular uptake® (pmol Pt/10° cells) 72 h

3.608 & 0.007
2.231 £ 0.005

2.365 £ 0.003
0.778 £ 0.001

“ Drug-treatment period with 20 #M Pt complexes. Each value represents the mean & SD of three determinations from two independent experiments.
Cisplatin in whole cells. Results are the mean & SD of three determinations from two independent experiments.
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Figure 6. Platinum concentrations determined in T47D cells after 24,
48, and 72 h of exposure to 20 M complex 2 and cisplatin in whole cells.
Results are the mean & SD of three determinations from two indepen-
dent experiments.

1 2 3 4 &5 8 7 8 89

10 11 12

Figure 7. Electrophoretic mobility pattern of pBR322 plasmid DNA
incubated with the compounds 1 (a) and 2 (b). The lanes (from left to
right) correspond to control-DNA only, then concentrations of 0.097,
0.195, 0.390, 0.780, 1.600, 3.125, 625, 12.5, 25, 50, and 100 uM of
compound 1 or 2 incubated with DNA.
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Figure 8. (a) UV-spectrophotometric titration curves and (b) half
reciprocal plot obtained from titrating 2 (27 #M) with salmon sperm
DNAin a 1:1 to 1:11 ratio.

values where the greatest change in the spectrum was observed, half
reciprocal plots were generated (Figure 8b) and used as previously
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Figure 9. (a) Theoretical ESI mass spectrum of 3*. (b) Experimental
ESI mass spectrum of the reaction of complex 2 with 9-ethylguanine
after 15 min at 37 °C.

described>**” The binding constant of 2 was found to be
5 x 10> M " (the uncomplexed anthraquinone 1, 1C3, has™
an apparent DNA binding constant of 1.4 X 10*, similar to that of
ethidium bromide). The addition of DNA to each of the
compounds resulted in a bathochromic shift of 4—8 nm, and
no isosbestic points were observed in the titrations. The absor-
bance was measured at 502 nm for complex 2. At this wavelength,
the absorbance intensity was seen to steadily decrease with
increasing DNA concentration (hypochromism of about 30%),
which is indicative of 77-stacking interactions."®*’

Reaction of the Platinum Complex 2 with 9-Ethylguanine.
To gain further insight into the mechanism of the interaction of
the new platinum complex with DNA, the reaction of 2 with an
excess of 9-ethylguanine, as a model nucleobase, was carried out
in "H NMR at physiological temperature and pH. According to
the expected reactivity as previously derived from the DFT calcula-
tions on 2, the reaction is fast, and in less than 15 min the formation
of the complex [Pt(ppy) (1C3)(9-EtG)]" (3") is completed. No
more changes were observed after 3 days. The signal for the H(8) of
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Figure 10. Calculated structure for adduct 3%. Small green spheres
represent BCP for secondary interactions involving the 9-EtG ligand.
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Figure 11. Experimental ESI mass spectrum of the reaction of complex
2 with 9-ethylguanine and glutathione after 24 h. Inset: Expanded
spectrum highlighting the dinuclear complex 47

the free guanine moves downfield upon coordination, and the ratio
coordinated H8 of 9-EtG/aromatics H of ppy agrees well with the
formation of the monoadduct with 9-EtG.

Further evidence of the formation of the [Pt(ppy)(1C3)
(9-EtG)] ™" derivative comes from ESI-MS analysis of the reac-
tion mixtures, a peak in the mass spectra corresponding to a
signal assignable to the 9-EtG platinum monoadduct being
observed (Figure 9).

The calculated structure for the substitution product 3" shows
the 9-EtG moiety coordinated to the metal through its basic N7
atom (Figure 10). According to our calculations, the strength of
the not involved Pt—Do bonds is kept roughly unchanged,*®
whereas the newly formed Pt—N bond (dp,—n = 2.195 A; p(r.) =
822 x 102 ¢/ a03) is significantly weaker than the other
Pt-ligand interactions and barely stronger—and hence more
stable—than the substituted Pt—Cl one. These Pt—Do bond
differences by themselves are too small to account for the
observed stability of the adduct 3", and a set of secondary
interactions observed in the gas-phase structure far away from
the platinum coordination sphere® should play a decisive role
and could be extrapolated to the actual binding of 2 to DNA.

Reaction of the Platinum Complex 2 with 9-Ethylguanine
in the Presence of Glutathione. When complex 2 was incubated

with 9-ethylguanine in the presence of glutathione (y-glutamylcys-
teinylglycine, GSH), a peptide believed to play an important role in
driving the cellular effects of platinum drugs was formed. By using a
1:1.2:5 molar ratio, and after 24 h, a complex mixture containing as
the main complex [Pt(ppy) (1C3)(9-EtG)] ™" (3") was obtained, as
shown by "H NMR and ESI-MS. A small peak in the mass spectra at
m/z +1564.4, correspondin§ to a signal assignable to the dinuclear
[{Pt(ppy)(1C3)},(u-SG)]™ (4™), was also observed (Figure 11).

B CONCLUSIONS

At 24 h incubation time, the new anthraquinone C,N-
cycloplatinated(II) complex [Pt(ppy)CI(1C3)] 2 was more
active than cisplatin (about 9-fold) and the free ligand 1C3
(about 2-fold) in a T47D breast cancer cell line. The observation
that cisplatin ICs falls by about 10-fold from 24 to 72 h, whereas
that for 2 changes little, suggests substantial differences in
the mode of action. Complex 2 also showed high cytotoxicity
against the A2780 ovarian tumor cells (about 3-fold greater than
cisplatin). On the other hand, very low resistance factors (RF) of
2in A2780cisR at 24—72 h (RF = 1.3) were observed. The herein
reported cytotoxic compound 2 is able to interact with DNA
through both intercalative and coordinative binding modes, as
shown by electrophoretic mobility and UV—visible studies, with
a binding constant of 5 X 10°> M. Furthermore, according to
NMR and ESI-MS, the reaction of 2 with 9-ethylguanine gives
the monoadduct derivative [Pt(ppy)(1C3)(9-EtG)] ™. Theore-
tical calculations at the BP86/def2-TZVP level of theory on
complex 2 shows a preferred extended conformation, locating
the potentially intercalative amino-antraquinone moiety roughly
parallel to the metal coordination plane. On the other hand, the
labile CI ligand is easily displaced by the model nucleobase
9-EtG, and the resulting adduct shows a rather weak Pt—N bond
reinforced by secondary interactions that are expected to be
present in the actual binding to DNA.

B EXPERIMENTAL SECTION

Instrumental Measurements. The C, H, N, and S analyses were
performed with a Carlo Erba model EA 1108 microanalyzer. Decom-
position temperatures were determined with a SDT 2960 simultaneous
DSC-TGA of TA Instruments were at a heating rate of 5 °C min_ ', and
the solid samples were under nitrogen flow (100 mL min_ '). The 'H,
3C, and "*Pt NMR spectra were recorded on a Bruker AC 300E or
Bruker AV 400 spectrometer, using SiMe, and Na,[PtCl¢] as standards.
ESI mass (+mode) analyses were performed on a HPLC/MS TOF
6220.

Materials. The starting complexes, [Pt(ppy) (u-Cl)],* and 1C3,**!
were prepared by procedures described elsewhere. Solvents were dried
by the usual methods. The salmon sperm DNA, sodium salt of calf
thymus DNA, EDTA (ethylenediaminotetracetic acid), and Tris-HCI
(tris(hydroxymethyl)-aminomethane-hydrochloride) used in the circular
dichroism (CD) study were obtained from Sigma-Aldrich (Madrid,
Spain); HEPES (N-(2-hydroxyethyl)piperazine-N' ethanesulfonic acid)
was obtained from ICN (Madrid, Spain), and pBR322 plasmid DNA was
obtained from Boehringer-Mannheim (Mannheim, Germany).

Synthesis of [Pt(ppy)CI(1C3)] (2). A suspension of [Pt(ppy
)(u-Cl)], (100 mg, 0.13 mmol) in chloroform (15 mL) was stirred with
1 (73 mg, 0.26 mmol) for 48 h at room temperature to yield a solution,
which was partially evaporated under vacuum; hexane was added to
precipitate a red solid, which was collected by filtration and air-dried
(yield: 88%). Anal. Calcd for C,5H,4,N3CIO,Pt: C, 50.57; H, 3.64; N,
6.32. Found: C, 49.51; H, 3.56; N, 6.09. Mp: 187 °C (dec). "H NMR
(400 MHz, CDCL): 6 (SiMe,) 9.66 (m, 1 H, NH), 9.30 (d, 1 H, H6
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pyridyl ring of ppy, Jusrs = S Hz, Pt satellites are observed as shoulders),
8.19 (m, 2H, 1C3), 7.72 (m, 2 H, 1C3), 7.6 (m, 1H, H4 pyridyl ring of
ppy), 747 (d, 1H, 1C3, ] = 7 Hz), 7.38 (m, 1 H, 1C3), 7.32 (d, 1 H, H3
pyridyl ring of ppy, Jisru = 8 Hz), 7.13 (dd, 1 H, H6 phenyl ring of ppy,
Jutsss = 7 Hz, Jugia = 1.6), 701 (d, 1H, 1C3, ] = 8 Hz), 692 (m, 2H, HS
pyridyl ring of ppy and H3 phenyl ring of ppy), 6.89 (m, 2H, HS and H4
phenyl ring of ppy), 437 (m, 2H, NH,, Pt satellites are observed as
shoulders), 3.56 (m, 2 H,NHCH,), 3.34 (m, 2 H, CH,NH,), 2.26 (m, 2 H,
CCH,C), *C{"H} NMR (100.8 MHz, CDCl,): & (SiMe,) 150.88 (C6
pyridyl ring of ppy), 138.30 (C4 pyridyl ring of ppy), 135.25 (C 1C3),
133.94 (C 1C3), 132.99 (C 1C3), 129.97 (CS or C4 phenyl ring of ppy),
128.92 (C3 phenyl ring of ppy or C$ pyridyl ring of ppy), 126.69 (d, 2C, C
1C3), 123.46 (C6 phenyl ring of ppy), 123.5 (C4 or CS phenyl ring of ppy),
122.01 (CS pyridyl ring of ppy or C3 phenyl ring of ppy), 118.07 (C3
pyridyl ring of ppy), 115.99 (C 1C3), 45.23 (CH,NH,), 40.01 (CH,NH),
30.49 (C-CH,—C), "**Pt NMR [86.02 MHz, CDCl3, 0 ]: —3374 (s). ESI*
mass spectra (DMSO): m/z +629.2 [[Pt(ppy)(1C3)]7].

Computational Details. The calculated geometries at the DFT
level were fully optimized in the gas phase with tight convergence criteria
using the Gaussian 09 package** and employing the BP86 functional, to-
gether with the extense def2-TZVP basis set on all atoms and using
effective core potential (ecp) for Pt. Ultrafine grids (99 radial shells and
590 angular points per shell) were employed for numerical integrations.
From these gas-phase optimized geometries, all reported data were ob-
tained by means of single-point (SP) calculations using the B3LYP
functional and the more polarized def2-TZVPP basis set. Natural
charges were obtained from the natural bond orbital (NBO) population
analysis. The topological analysis of the electronic charge density was
conducted by means of Bader’s AIM methodology using the AIM2000
software.* Figures 3 and 10 were generated with VMD.**

Biological Assays: Cell Line and Culture. The T-47D human
mammary adenocarcinoma cell line used in this study was grown in
RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum
(FBS) and 0.2 unit/mL bovine insulin in an atmosphere of 5% CO, at
37 °C. The human ovarian carcinoma cell lines (A2780 and A2780cisR)
used in this study were grown in RPMI 1640 medium supplemented
with 10% (v/v) fetal bovine serum (FBS) and 2 mM L-glutamine in an
atmosphere of 5% CO, at 37 °C.

Cytotoxicity Assay. Cell proliferation was evaluated by assay of
crystal violet. T-47D cells plated in 96-well sterile plates at a density of
x 10> cells/well with 100 UL of medium and were then incubated for 48
h. After attachment to the culture surface, the cells were incubated with
various concentrations of the compounds tested freshly dissolved in
DMSO and diluted in the culture medium (DMSO final concentration
1%) for 24, 48, and 72 h at 37 °C. The cells were fixed by adding 10 uL of
11% glutaraldehyde. The plates were stirred for 1S min at room
temperature and then washed three or four times with distilled water.
The cells were stained with 100 #L of 1% crystal violet. The plates were
stirred for 15 min and then washed three or four times with distilled
water and dried. A total of 100 uL of 10% acetic acid was added and
stirred for 15 min at room temperature. Absorbance was measured at
595 nm in a Tecan Ultra Evolution spectrophotometer.

The effects of complexes were expressed as corrected pertentage
inhibition values according to the following equation

(%) inhibition = [1 — (T/C)] x 100

where T is the mean absorbance of the treated cells, and C the mean
absorbance in the controls.

The inhibitory potential of compounds was measured by calculating
concentration—percentage inhibition curves. These curves were ad-
justed to the following equation

E = Epa/[1+ (IC50)/C)']

were E is the percentage inhibition observed, E,, is the maximal effects,
ICy is the concentration that inhibits 50% of maximal growth, C is the
concentration of compounds tested, and r is the slope of the semiloga-
rithmic dose—response sigmoid curves. This nonlinear fitting was
performed using GraphPad Prism 2.01, 1996 software (GraphPad Sof-
tware, Inc.).

For comparison purposes, the cytotoxicity of cisplatin was evaluated
under the same experimental conditions. All compounds were tested in
two independent studies with triplicate points. The in vitro studies were
performed in the USEF platform of the University of Santiago de
Compostela (Spain).

Cellular Platinum Complex Accumulation. T-47D cells were
plated in a 12-well cell culture plate at a density of 750000 cells/well and
maintained at 37 °C in a 5% CO, atmosphere. Compounds to 20 uM
were added to cells for either 24, 48, or 72 h, and after this time, cells
were detached from the plate by using EDTA-trypsin. The cell suspen-
sion from each well was transferred to Eppendorf tubes and centrifuged
at 400 g for S min at room temperature. The supernatant was discarded, and
the pellet was suspended in a cell culture medium and washed by two
additional centrifugations. The final pellet was resuspended in 0.5 mL of
pure HNO; and diluted with S mL of Milli-Q water for ICP-MS analysis. A
Varian 820-MS inductively coupled plasma-mass spectrometer was used to
determine Pt concentration. Samples were introduced via a concentric glass
nebulizer with a free aspiration rate of 1 mL/min, a Peltier-cooled double
pass glass spray chamber, and a quartz torch. A peristaltic pump carried
samples from a SPS3 autosampler (Varian) to the nebulizer. Pt standards
were prepared by serial dilution of a solution containing 1000 mg/L of Pt in
5% HClI (Trace Cert. Fluka). A nine-point calibration curve was made over a
concentration range of 0.2—100 ug/L Pt.

194Dt was monitored, and **'Ir was used as the internal standard. Data
acquisition was done using peak hopping with a dwell time of 30 ms, 60
scans/replicate, and three replicates per sample from two independent
experiments.

Electrophoretic Mobility Study. Fresh stocks of the water
insoluble compounds were prepared by dissolving them in high purity
DMSO (10* uM). The solution was diluted with TE buffers, with
concentrations in the range of 1—10°> uM. Appropriate dilutions were
made, and the required volumes of solutions were added to the
Eppendorf tubes to achieve a set of concentrations in the range of
0—100 M. pBR322 DNA (0.7 ug) were added to each tube. The
volume in each tube was adjusted to 20 uL with TE to give a final
solution with a maximum 1% DMSO (v/v). The tubes were centrifuged
to facilitate mixing, and the reaction was allowed to proceed by
incubation at 37 °C for 24 h. A concentration range of 0—100 uM
was used for the initial study of each compound, and the results of these
studies were then used to select the appropriate range. A total of 4 #L of
charge maker was added to 20 uL of aliquot to each tube, and the 24 uL
portions were loaded on an agarose gel and electrophoretically chro-
matographed. The agarose gels (molecular biology certified agarose,
ultra pure grade, BIO-RAD, made up to 1% w/v) were prepared using 1x
TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.0). Electrophoresis
was carried out at 55V for $ h. After the electrophoresis was complete,
the gels were stained in TBE buffer pH 8.0 containing ethidium bromide
(1 ug/mL) for 2 h. and then rinsed with water. The DNA bands were
visualized with an ALPHAIMAGER EC (Alpha Innotech).

Measurement of DNA Binding Constants. UV spectroscopy
was carried out on a Spectrometer UNICAM, UV 500 with operating
software. The spectrophotometric titration was performed using similar
conditions to those used by Kikuta et al. Salmon sperm DNA (Sigma)
was dissolved in autoclaved Milli-Q H,O and filtered (MFES 13, cellulose
acetate membrane, pore 0.02 um, Millipore). The DNA concentration
was determined spectrophotometrically, &,60 = 6700 M * cm™ " (per
nucleotide). Stock DNA was made to a final concentration of 560 uM
(nucleobases) in HEPES buffer [ 10 mM, pH 8.0, with I=0.1 (NaNO3)].
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Compound 2 and the ligand 1C3, 27 uM, were made in HEPES buffer
[10 mM, pH 8.0, with I = 0.1 (NaNOs3)]. Stock DNA was added in
increasing amounts (0—300 #M) to the adduct or Pt*" complex or the
ligand (2 mL) in a 1 cm quartz cuvette with at 25 °C. The absorption at
Amax Was measured after each addition. The calculations for the binding
constant were as described by Kikuta et al.*® Determinations of the
intrinsic binding constant, K, on the basis of the absorption titrations,
may be made with the following equation

[DNA/Ae,,,] = [DNA]/Ae +1/K A

where, Ae,,, = & — €4 and A¢ = & — &p. & s the extinction coefficient
for the free complex, €4 is the extinction coefficient for the Agpea/
[complex], and ¢g is the extinction coefficient for the complex in the
fully bound form. In plots of [DNA]/Ag,,, versus [DNA], Ky, is given
by the ratio of the slope to intercept.

Two repetitions were run for each titration, and reported data are
average values of both repetitions.

Reaction of the Platinum Complex 2 with 9-Ethylguanine
Followed by "H NMR. The reaction was carried out in an NMR tube
containing D,0 and DMSO-dg (1:1 in volume) as solvents. 9-Ethylgua-
nine was incubated with complex 2 in a ratio 5:1 in the above solvents
mixture at 37 °C. The concentration of complex 2 was 1.0 mM. The
reaction is fast, and in less than 15 min the formation of the complex
[Pt(ppy)(1C3)(9-EtG)]" (3") was completed. H8 of coordinated
9-EtG was observed at 0 8.2 ppm.

Reaction of the Platinum Complex 2 with 9-Ethylguanine
Followed by ESI-MS. The reaction was carried out in a vial containing
H,0 and DMSO (1:1 in volume) as solvents in a similar way to that de-
scribed above. ESI™ mass spectra: m/z +808.2 [[Pt(ppy) (1C3) (9EtG)]™].

Reaction of the Platinum Complex 2 with 9-Ethylguanine
in the Presence of Glutathione Followed by ESI-MS. Complex
2 (1.0 mM) was incubated in a vial containing H,O and DMSO (1:1 in
volume) as solvents, with 9-ethylguanine in the presence of glutathione
GSH in a ratio 1:1.2:5, respectively. The reaction is fast, and in less than
30 min the formation mainly of [Pt(ppy)(1C3)(9-EtG)]™ is observed
(see above). A small peak in the mass spectra at m/z +1564.4 corre-
sponding to a signal assignable to the dinuclear at [{Pt(ppy)(1C3)},
(u-SG)]* (47) is also observed. No important changes are observed
after longer periods of time (24 h). When a similar experiment was done
in the corresponding deuterated solvents, the H8 of coordinated 9-EtG
was easily identified by "H NMR.
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