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Abstract

The trinuclear complex: [{trans-PtCl(NH3)}2µ-{trans-Pt(NH3)(2-hydroxypyridine)-(H2N(CH2)6NH2)2]Cl4 (code named CH9) has been
synthesized and characterized. The activity of the compound against human ovarian cancer cell lines: A2780, A2780cisR and A2780ZD0473R,
cell up take, level of binding with DNA and nature of its interaction with pBR322 plasmid DNA have been determined. Although the com-
pound is found to be less active (about a half time as active as cisplatin) against the parent ovary cell line A2780, it is found to be more active
than cisplatin against resistant cell lines: A2780cisR (3.6 times more) and A2780ZD0473R (3.4 times more). The higher activity of CH9 against
the resistant cell lines suggests that the compound has been able to overcome multiple mechanisms of resistance operating in A2780cisR and
A2780ZD0473R cell lines. Like other multicentered complexes, the compound is believed to form a range of interstrand GG adducts with
duplex DNA that induces permanent global changes in the DNA conformation. This binding is different from that of cisplatin and ZD0473 that
form mainly intrastrand adducts, inducing a local kink in a DNA strand. Increasing prevention of BamH1 digestion of form I and form II
pBR322 plasmid DNA with the increase in concentration of CH9 provides support to the idea that global changes in DNA conformation are
induced as a result of its interaction with the compound.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Although cisplatin is a widely used anticancer drug [1,2],
it has a limited spectrum of activity due to the development
of drug resistance [3,4] and a number of side effects includ-
ing neurotoxicity, nephrotoxicity, ototoxicity, myelosuppres-

sion, nausea and vomiting [5,6]. The success of cisplatin and
its drawback have stimulated the search for newer and better
tumor active platinum compounds with improved pharmaco-
logical properties [7]. Although thousands of platinum com-
pounds have been synthesized in the past 30 years, only over
28 have entered clinical trials [8]. Currently attention is given
to rule breaker platinum compounds primarily with the aim
of widening the spectrum of activity [9,10]. One such class
of compounds are the polynuclear platinum complexes [11]
that contain two or more platinum units linked together by
diaminoalkane chains [12]. A notable example is
BBR3464 that has been found to circumvent the inherent or
acquired cisplatin-resistance in vitro and in vivo in a panel of
human adult tumor models [13]. It consists of three trans-
platinum units joined together by two 1,6-diaminohexane
chains. Only the two terminal platinum units in

Abbreviations: AAS, atomic absorption spectrophotometry; CH9, [trans-
PtCl(NH3)}2µ-{trans-Pt(NH3)(2-hydroxypyridine)-(H2N(CH2)6NH2)2]Cl4
Salmon sperm DNA; Cisplatin, cis-dichlorodiammineplatinum(II); DMF,
N,N-dimethylformamide; DMSO, dimethyl sulfoxide; EDTA, ethylene dia-
mine tetraacetic acid; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide; 1 × TAE buffer, 0.05 M Tris base + 0.05 M glacial
acetic acid + 1 mM EDTA, pH 8.0; PBS, phosphate-buffered saline.
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BBR3464 undergo covalent binding with DNA whereas the
central platinum unit undergoes only non-covalent interac-
tions such as electrostatic interaction and hydrogen bonding
[14–16]. Based on the idea that the replacement of the cen-
tral platinum unit with other suitable metal units may not sig-
nificantly alter the covalent interactions of the terminal plati-
num units (although it could have a subtle effect on the non-
covalent interactions), Daghriri et al. [17] synthesized a
number of Pt–Pd–Pt trinuclear complexes all of which were
found to display significant activity against human ovarian
cancer cell lines (one being about twenty times as active as
cisplatin against A2780cisR cell line). The compounds are
believed to overcome multiple mechanisms of resistance oper-
ating inA2780cisR andA2780ZD0473R cell lines. Since the cen-
tral metal unit in trinuclear complexes takes part only in non-
covalent interactions, Huq et al. hypothesized that the presence
of one or more planaramine ligands bonded to the central
metal ion would introduce additional types of non-covalent
interactions such as stacking interaction with nucleobases in
DNA that may influence the level and spectrum of activity of
the compounds. Thus, they prepared the compound: [{trans-
PtCl(NH3)}2µ-{trans-Pd(NH3)(2-hydroxypyridine)-
(H2N(CH2)6NH2)2]Cl4 (code named CH25) which was found
to exhibit significant anticancer activity against ovarian can-
cer cell lines: A2780, A2780cisR and A2780ZD0473R—about
45 times as active as cisplatin against A2780 cell line, about
76 times as active as cisplatin against A2780cisR cell line and
about seven times as active as cisplatin against A2780ZD0473R

cell line [18]. In this paper, we report on the synthesis, char-
acterization, activity, cell uptake, and level and nature of bind-
ing with DNA of [{trans-PtCl(NH3)}2µ-{trans-Pt(NH3)(2-
hydroxypyridine)-(H2N(CH2)6NH2)2]Cl4 denoted as CH9
(Fig. 1).

2. Materials and methods

2.1. Materials

Potassium tetrachloroplatinate K2[PtCl4], N,N-
dimethylformamide (DMF) [C3H7NO], 2-hydroxypyridine
and 1,6-diaminohexane were obtained from Sigma Chemical
Company, St. Louise, USA; acetone [(CH3)2CO] and silver
nitrate (AgNO3) were obtained fromAjax Chemicals,Auburn,

NSW, Australia; methanol [CH3OH], ethanol [C2H5OH],
dichloromethane [CH2Cl2] were obtained from Merck Pty.
Limited, Kilsyth, Vic., Australia. pBR322 plasmid DNA was
purchased from ICN Biomedicals, Ohio, USA. Foetal calf
serum, 5 × RPMI 1640, 200 mM L-glutamine and 5.6%
sodium bicarbonate were obtained from Trace Biosciences
Pty Ltd.,Australia. Other reagents were obtained from Sigma-
Aldrich Pty Ltd., NSW, Australia. Commercially available
JETQUICK Blood DNA Spin Kit/50 used to isolate high
molecular weight DNA from cell pellet was obtained from
Astral Scientific, Australia.

2.2. Synthesis

CH9 was prepared using step-up method of synthesis start-
ing with the compound trans-(2-hydroxypyridine)
(ammine)dichloroplatinum(II) corresponding to the central
platinum unit, as shown in Scheme 1.

The first step in the synthesis of CH9 was the preparation
of trans-(2-hydroxypyridine)(ammine)dichloroplatinum(II) to
serve as the starting material for CH9. The compound was
prepared according to previously reported procedure [19]
described below. The method used is based on the difference
in trans effect of halide and amine ligands in platinum(II)
complexes, allowing selective substitution and hence control
of the stereochemistry [20] (Scheme 2).

Fig. 1. Structure of CH9: [{trans-PtCl(NH3)}2µ-{trans-Pt(NH3)(2-
hydroxypyridine)-(H2N(CH2)6NH2)2]Cl4. Only the tetrapositive ion is shown,
the valencing anions (4 Cl–) are not included.

Scheme 1. Steps in the synthesis of CH9.

Scheme 2. Synthesis of trans-platinum complexes-L stands for a ligand.
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2.2.1. Preparation of trans-(2-
hydroxypyridine)(ammine)dichloroplatinum(II)

One mmol of potassium tetrachloropalladate(II) was dis-
solved in 5 ml of DMF. The solution was stirred and heated at
60 °C until it became clear. One mmol of 2-hydroxypyridine
was added to the solution. The mixture was stirred for 6 h at
60 °C after which the solution became dark green in color.
Then 0.14 ml of concentrated ammonia solution was added
slowly to the solution with stirring. The mixture was stirred
for further 17 h at room temperature. The precipitate of trans-
(2-hydroxypyridine)(ammine)dichloropalladium(II) was col-
lected by filtration at the pump, washed with mQ water and
ice cold ethanol and air-dried.

2.2.2. Preparation of CH9
It may be noted that all the steps in the preparation of CH9

(given in Scheme 1) were carried out in the dark [21,22]. The
method is described as follows.

One millimol of trans-(2-hydroxypyridine)(ammine)-
dichloroplatinum(II) was dissolved in 5 ml of DMF. Silver
nitrate (2 mmol; 0.34 g) was added to the mixture with stir-
ring. Stirring was continued overnight at room temperature.
The mixture was centrifuged at 4800 rpm for 15 min to col-
lect the light yellow supernatant containing trans-(2-hydro-
xypyridine)(ammine)bis(aquo)platinum(II)2+ that would serve
as the starting material for the synthesis of CH9. This solu-
tion was marked as A1. Two millimols (0.232 g) of 1,6-
diaminohexane was dissolved in 2 ml of mQ to which was
added 0.2 ml 10 M hydrochloric acid to change one of the
two amino groups into hydrochloride form. This was added
to solution A1 prepared earlier. The mixture was stirred at
room temperature overnight to produce solution marked as
A2.

2.2.3. Preparation of terminal units
Two millimols (0.6 g) of transplatin was dissolved in 5 ml

of DMF to produce a yellow solution. Two millimols (0.34 g)
of sliver nitrate was added to the solution with stirring. The
mixture was stirred overnight at room temperature. It was
then centrifuged at 4800 rpm for 15 min to collect the super-
natant (marked as B) which was kept at –16 °C for use in a
later step. The low temperature prevented any hydrolysis [23].
Two milliliters of 1 M NaOH were added to solution A2 with
stirring to unblock the two terminal amino groups. Stirring
was continued for 30 min. Solution B was added to solution
A2 with stirring at room temperature. Stirring was continued
until precipitate appeared. Equal volume of dichloromethane
as that of the solution was added to reduce the solubility of
CH9. The precipitate of CH9 was collected by filtration at
the pump, washed with mQ water and ice cold ethanol.

2.3. Methods

2.3.1. Characterization
C, H, N and Cl were determined out using the facility at

the Australian National University. Platinum was determined

by graphite furnace atomic absorption spectroscopy (AAS)
using the Varian Spectraa-20 Atomic Absorption Spectropho-
tometer. Infrared spectra were collected using a Bruker
IFS66 spectrometer equipped with a Spectra-Tech Diffuse
Reflectance Accessory (DRA), an air-cooled DTGS detector,
a KBr beamsplitter with a spectral range of 4000–650 cm–1.
The instrument was run under a vacuum during spectral acqui-
sition. Spectra were recorded at a resolution of 4 cm–1, with
the co-addition of 128 scans and a Blackman–Harris 3-Term
apodization function was applied. Prior to analysis the samples
were mixed, and lightly ground, with finely ground spectro-
scopic grade KBr. The spectra were then manipulated using
the Kubelka–Munk mathematical function in the OPUS™
software to convert the spectra from reflectance into absor-
bance. Raman spectra were collected using a Bruker
RFS100 Raman spectrometer equipped with an air-cooled
Nd:YAG laser emitting at a wavelength of 1064 nm, and a
liquid nitrogen cooled germanium detector with an extended
spectral band range of 3500–50 cm–1. One hundred eighty
degree sampling geometry was employed. Spectra were
recorded at a resolution of 4 cm–1, with the co-addition of
100 scans at a laser power of 0.065 mW. A Blackman–Harris
4-Term apodization function was applied and the spectra were
not corrected for instrument response. To obtain mass spec-
tra, solution of CH9, made in 10% DMF and 90% methanol,
were sprayed into a Finnigan LCQ ion trap mass spectrom-
eter. It was not possible to obtain 1H NMR spectrum of
CH9 because of its poor solubility in dimethyl sulfoxide-d6

(DMSO-d6) and deuterated water.

2.3.2. Molar conductivity
The molar conductivity value for CH9 was determined

using PW9506 digital conductivity meter available at the
School of Chemistry, University of Sydney. The compound
was dissolved in 1:5 mixture of DMSO and water. The mea-
surements were done at concentrations: 0.5, 0.25, 0.1 and
0.01 mM. The molar conductivity (Km) was calculated as Km

= k/c where k is the specific conductivity and c is the concen-
tration [24]. The molar conductivity values were plotted
against concentration and the curve was extrapolated to zero
concentration to give the limiting value.

2.3.3. Interaction with pBR322 plasmid DNA
Interaction of CH9 and cisplatin with pBR322 plasmid

DNA was studied by agarose gel electrophoresis. The method
used was a modification of that described by Stellawagen [25].
Solutions of pBR322 plasmid DNA (at concentration
0.5 µg ml–1) were incubated with increasing concentrations
of compounds ranging from 1.25 to 15 µM in a shaking water
bath at 37 °C for 4 h 16 µl aliquots of drug–DNA mixtures
containing 0.6 µg of DNA was loaded onto the 1% gel and
electrophoresis was carried under TAE buffer for 2 h at
5 V cm–1. At the end of electrophoresis, the gel was stained in
the same buffer containing ethidium bromide (0.5 mg ml–1).
The gel was visualized under UV light using the Bio-Rad
Trans illuminator IEC 1010. The illuminated gel was photo-
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graphed with a Polaroid camera (a red filter and Polaroid type
of film was used).

2.3.4. BamH1 digestion
BamH1 is known to recognize the sequence G/GATCC

and hydrolyze the phosphodiester bond between adjacent gua-
nine sites [26]. pBR322 contains a single restriction site for
BamH1 [27] which converts pBR322 plasmid DNA from
supercoiled form I and singly-nicked circular form II to lin-
ear form III. In this experiment, a same set of drug–DNA
mixtures as that described previously, was first incubated for
4 h in a shaking water bath at 37 °C and then subjected to
BamH1 (10 units µl–1) digestion. To each 20 µl of incubated
drug–DNA mixtures were added 3 µl of 10 × digestion buffer
SB followed by the addition of 0.2 µl BamH1 (2 units). The
mixtures were left in a shaking water bath at 37 °C for 1 h at
the end of which the reaction was terminated by rapid cool-
ing. The gel was subsequently stained with ethidium bro-
mide, visualized by UV light then a photograph of the gel
was taken as described previously.

2.3.5. Cytotoxicity assays
The human ovarian cancer cell lines: A2780, A2780cisR

and A2780ZD0473R were grown in 25 cm2 tissue culture flasks
in an incubator at 37 °C in a humidified atmosphere consist-
ing of 5% CO2 and 95% air. The cells were maintained in
logarithmic growth phase in complete medium consisting of
RPMI 1640, 10% heat-inactivated fetal calf serum, 20 mM
hepes, 0.112% bicarbonate, and 2 mM glutamine without anti-
biotics [28]. Cytotoxicity was determined using MTT growth
inhibition assay [29]. Between 8000 and 12,000 cells, depend-
ing on the growth characteristics of the cell line, were seeded
into the wells of the flat-bottomed 96-well culture plate in
10% FCS/RPMI 1640 culture medium. The plate was then
incubated for 24 h at 37 °C in a humidified atmosphere to
allow them to attach. CH9 and cisplatin were first dissolved
in a minimum amount of DMSO and DMF, respectively, then
diluted to the required concentrations by adding mQ water
and finally filtered to sterilize. A serial fivefold dilutions of
the drugs (ranging from 0.004 to 16 µM in the case of CH9 and
0.05–10 µM in the case of cisplatin) in 10% FCS/RPMI
1640 medium were prepared and added to equal volumes of
cell culture in quadruplicate wells, then left to incubate under
normal growth conditions for 72 h. The inhibition of the cell
growth was determined using the MTT reduction assay [29].
Four hours after the addition of MTT solution (50 µl per well
of 1 mg ml–1 MTT solution), the cells were dissolved in
150 ml of DMSO and read with a plate reader (Bio-Rad Model
3550 Microplate Reader). The IC50 values were obtained from
the results of quadruplicate determinations of at least three
independent experiments.

2.3.6. Drug uptake and binding with DNA
The method used for cell subculture was a modification of

that described by Freshney [28] and the method used for cell
treatment as applied to the determination drug uptake and

DNA was a modification of that described by Di Blasi et al.
[6]. The platinum complexes (at 50 µM final concentration)
were added to culture plates containing exponentially grow-
ing A2780, A2780cisR and A2780ZD0473R cells in 10 ml 10%
FCS/RPMI 1640 culture medium (cell density = 1 × 106 cells
ml–1). The cells containing the drugs were incubated for 2,
4 and 24 h at the end of which cell monolayers were
trypsinized and cell suspensions (10 ml) was transferred to
centrifuge tube and spun at 3500 rpm for 2 min at 4 °C. The
experiment was carried out for both CH9 and cisplatin. The
cells were washed twice with ice-cold phosphate-buffered
saline (PBS) and the pellets were stored at –20 °C until
assayed. At least three independent experiments were per-
formed.

2.3.7. Drug accumulation in cells
Following drug incubation the cell pellets were suspended

in 0.5 ml 1% triton-X, held on ice then sonicated. Total intra-
cellular platinum contents were determined by graphite fur-
nace AAS using a variant of standard addition technique [30].

2.3.8. Drug–DNA binding
Following drug incubation high molecular weight DNA

was isolated from cell pellet using JETQUICK Blood DNA
Spin Kit/50 according to the modified protocol of Bowtell
[31]. The cell pellets were resuspended in PBS to a final vol-
ume of 200 µl and mixed with 10 µl of RNase A, incubated
for 4 min at 37 °C. Twenty-five microliters of proteinase K
and 200 µl buffer K1 (containing guanidine hydrochloride
and a detergent) were then added to the mixture followed by
incubation for 10 min at 70 °C. Two hundred microliters of
absolute ethanol was added and mixed thoroughly to prevent
any precipitation of nucleic acids due to high local alcohol
concentrations. The samples were centrifuged for 1 min at
10,600 rpm through the silica membrane using JETQUICK
micro-spin column. The columns containing the samples were
then washed with 500 µl buffer KX (containing high-salt
buffer to remove residual contaminations) and centrifuged
for 1 min at 10,600 rpm, again washed with 500 µl buffer K2
(containing low-salt buffer to change the high-salt conditions
on the silica membrane to low-salt) and centrifuged for 1 min
at 10,600 rpm. To further clear the silica membrane from
residual liquid, the sample columns were centrifuged again
for 2 min at full speed (13,000 rpm). The column receivers
were changed and the purified DNA in the column was eluted
from the membrane with 200 µl of 10 mM Tris–HCl buffer
(pH 8.5). Platinum contents were determined by graphite fur-
naceAAS.A260/A280 ratios were found to be between 1.75 and
1.8 for all samples indicating high purity of the DNA [32].

3. Results and discussion

3.1. Characterization

CH9: Formula: C17H52N10Cl6OPt3.
Molar mass: 1210.80 g mol–1.
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Elemental composition
Calculated: C: 17.3, H: 4.3, Cl: 11.4, N: 12.4, Pt: 46.9.
Observed: C: 17.8 ± 0.4, H: 4.5 ± 0.4, Cl: 11.2 ± 0.4, N:

12.6 ± 0.4, Pt: 46.8 ± 0.4.
It can be seen that the observed values for the elements C,

H, N, Cl, Pt agree with the calculated values within the limits
of the measurement.

3.2. Molar conductivity

Table 1 gives the molar conductivity values (in
X–1 cm2 mol–1) of CH9 at different concentrations of the com-
pound. From the plot of molar conductivity against concen-
tration (plot not given), it was found that the limiting value of
the molar conductivity of CH9 at zero concentration was
78 X–1 cm2 mol–1. The result suggests that in the 1:5 mixture
of DMSO and water, the compound remains largely undisso-
ciated. However, this may not be true in biological system
where the degree of dissociation may be greater because of
higher water content. Even then, it is very likely that a very
significant fraction of the ‘molecules’ remains as undissoci-
ated ionic aggregate so that they can cross the cell membrane
by passive diffusion.

3.3. IR, Raman and mass spectral analyses

The bands observed in IR, Raman and mass spectra of
CH9 are given in Table 2. The interpretation of the bands has
been based on published spectra [33–38]. It can be seen that
the prominent peaks in the IR and Raman spectra of the com-
pound correspond to the suggested structure. For example,
the frequency at 406 cm–1 is due to Pd–N(NH3) stretching
vibration, that at 212 cm–1 is due to (Pt–N(2-hydroxypyridine)
stretching vibration and that at 524 cm–1 is due to Pt–Cl
stretching vibration.

3.3.1. IR
Although the IR spectrum alone of a complex molecule

like CH9 cannot provide conclusive evidence for its struc-
ture, it can be seen that the peaks listed in Table 2 and the
description given are in agreement with the suggested struc-
ture. In particular, it indicates the presence of groups such as
CH, NH and ‘aromatic ring’, and Pt–N bonds.

The band at 2858 cm–1 is due to aliphatic C–H stretching
vibration. The band at 1203 cm–1 is due to ring C–O stretch-
ing vibration. The band at 994 cm–1 is believed to be due to
C=C and C=N in-plane bending associated with the pyridine
ring. The band at 825 cm–1 is believed to be due to C–N
stretching vibration in –CH2–NH2 chain. The band at
776 cm–1 is due to C–H bending vibration associated with
o-disubstituted ring. The band at 418 cm–1 is associated with
the vibration of the pyridine ring. The band at 406 cm–1 is
associated with the Pt–N(NH3) stretching vibration.

3.3.2. Raman
The band at 2866 cm–1 is due NH3 stretching vibration

whereas that at 2850 cm–1 is due to C–H stretching vibration
of an A–CH2–NH2–A chain. The band at 2449 cm–1 is
believed to be due to stretching vibration of A–NH2–A chain.
The band at 1441 cm–1 is believed to be due to C–H bending
vibration in o-disubstituted ring. The band at 1288 cm–1 is
believed to be due to N–H bending vibration. The band at
1039 cm–1 is due to CH2 wagging. The band at 843 cm–1 is
believed to be due to Ph–OH bending vibration. The band at
524 cm–1 is due to Pt–N(NH3) stretching vibration. The band
at 212 cm–1 is believed to be due to Pt–N(2-hydroxypyridine)
ring stretching vibration.

3.3.3. Mass
The mass spectrum of CH9 appears to be highly complex.

This is to be expected from the nature of the compound. It is
an ionic compound composed of a long polyvalent cation and
four valencing anions. A part of the polyvalent cation is flex-
ible and can be broken easily whereas another part is rigid.
Thus it is not surprising the mass spectrum of the CH9 does
not have the molecular peak. The peaks observed described
below can be seen to provide support for the suggested struc-
ture of the compound.

Table 1
Molar conductivity values (in X–1 cm2 mol–1) of CH9

Concentration CH9
0.5 11.54
0.25 12.34
0.1 17.31
0.01 35.7
0 78

Table 2
Prominent bands found in the IR, Raman, mass and 1H NMR spectra of CH9

IR (cm–1) 2858 (alkanes R–(CH2)4–R, s*), 1203 (Ph–OH, s), 994 (C=C and C=N in-plane, pyridine ring, w-m), 825 (A–CH2–NH2–A, s),
776 (C–H in o-disubstituted ring, s), 418 (pyridine ring, s-m), 406 (Pt–N, s)

Raman (cm–1) 2866 (NH3
+, m), 2850 (A–CH2–NH2–A, s-m), 2449 (A–NH2–A, m), 1441 (C–H in o-disubstituted ring, m), 1288 (NH, w),

1039 (CH, s), 843 (Ph–OH, s), 524 (Pt–N, s), 212 (Pt–N(2-hydroxypyridine), w)
Mass (m/z)# m/z: M = 1208; (M–5Cl = 1031) (26); (M – 6Cl – NH3 + 3H= 983) (18); Cl(NH3)2Pt -µ-{NH2(CH2)6NH2}Pt(2-

hydroxypyridine)(NH3)-µ NH2(CH2)5CH3 = 788 (19); Cl(NH3)2 Pt-µ-{NH2(CH2)6NH2}Pt(2-hydroxypyridine)(NH3)-µ-
NH2(CH2)3CH = 744 (23); {(NH3)2Pt -µ-{NH2(CH2)6NH2}Pt(2-hydroxypyridine)(NH3)-µ-NH2(CH2)3CH3 + 2H} = 727 (21),
(NH3)2Pt-µ-{NH2(CH2)6NH2}Pt(2-hydroxypyridine)(NH3)(NH2) = 668 (27), (CH2)5(NH2)Pt(2-hydroxypyridine)(NH3)–
NH2(CH2)5 = 479 (32), Pt(2-hydroxypyridine)(NH3){NH2(CH2)6NH2} = 423 (20.5); Cl(NH3)2Pt{NH2(CH2)6NH2} = 381
(19.5), Cl(NH3)2Pt–NH2(CH2)2CH3 = 323 (11); Cl(NH3)2Pt{NH2CH2CH3} = 309 (100), Pt(NH3)(2-hydroxypyridine) = 307
(65)

* The letters ‘s’, ‘m’, ‘w’ and ‘o’ stand for ‘strong’, ‘medium’, ‘weak’ and ‘ortho’, respectively. The letter ‘A’ stands for ‘anything’. # The number in parentheses
after m/z value indicates the percent intensity.
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The peak observed in the mass spectrum of CH9 with
m/z = 1031 may be due to (M – 5Cl) and that with
m/z = 983 may be due to (M – 6Cl – NH3 + 3H). The peak
with m/z = 788 may be due to Cl(NH3)2Pt-µ-
{NH2(CH2)6NH2}Pt(2-hydroxypyridine)(NH3)-µ-
NH2(CH2)5CH3 that may be produced in situ from the frag-
mentation of CH9. The peak observed in the mass spectrum
of CH9 with m/z = 744 may be due to Cl(NH3)2Pt-µ-
{NH2(CH2)6NH2}Pt(2-hydroxypyridine)(NH3)-µ-
NH2(CH2)3CH, produced in situ from the fragmentation of
CH9. The peak with m/z = 668 may be due to (NH3)2Pt-µ-
{NH2(CH2)6NH2}Pt(NH3)(2-hydroxypyridine)(NH2) pro-
duced from the fragmentation of CH9. The peak observed in
the mass spectrum of CH9 with m/z = 479 may be due to
{CH2)5NH2}Pt(2-hydroxypyridine)(NH3){NH2(CH2)5} and
that with m/z = 423 may be due to Pt(2-
hydroxypyridine)(NH3){NH2(CH2)6NH2} The peak observed
in the mass spectrum of CH9 with m/z = 381 may be due to
Cl(NH3)2Pt{NH2(CH2)6NH2} and that m/z = 323 may be due
to Cl(NH3)2Pt{NH2(CH2)2CH3}. The peak with
m/z = 309 may be due to Cl(NH3)2Pt{NH2CH2CH3} and that
with m/z = 307 may be due to Pt(NH3)(2-hydroxypyridine).

3.4. Gel electrophoresis

Interaction between pBR322 plasmid DNA and com-
pounds (CH9 and cisplatin).

Fig. 2 gives the electrophoretograms applying to the inter-
action of pBR322 plasmid DNA with increasing concentra-

tions of CH9 and cisplatin, for 4 h at 37 °C—(a) and (b) apply
to CH9 without and with BamH1 digestion, respectively, (c)
and (d) apply to cisplatin without and with BamH1 digestion,
respectively. In (a) the concentration range is 0–20 µM, in
(b), (c) and (d) it is 0–10 µM.

As pBR322 plasmid DNA which was initially found to be
mixture of super coiled form I (band at the front) and singly-
nicked form II, was allowed to interact with CH9 (Fig. 2 (a)),
the mobility of form I plasmid DNA band decreased whereas
that of the form II band remained essentially unchanged so
that the two bands came closer together. At higher concentra-
tions of CH9, the intensity of both form I and form II bands
decreased to produce an elongated smudged band at 10 µM
and no band was observed above the concentration. It may be
noted that the analogous Pt–Pd–Pt complex code named
CH25 was found to be more damaging to DNA and also more
active against the ovary cancer cell lines [18]. When
pBR322 plasmid was allowed to interact with increasing con-
centrations of cisplatin (Fig. 2 (c)), the mobility of both form
I and form II bands increased essentially at the same rates so
that bands remained parallel at all concentrations of the com-
pound. There was a slight decrease in the intensity of the form
I band with the increase in concentration of cisplatin.

The change in mobility of plasmid DNA bands as a result
of interaction with CH9 is believed to be due interstrand
ladder-like binding of the trinuclear cation primarily to the
GG sites of DNA [39]. The high flexibility of the CH9 means
that a range of interstrand adducts of varying lengths dictated
by the sequence of nucleobases could be formed [40], caus-

Fig. 2. (a) Interaction between pBR322 plasmid DNA and increasing concentrations of CH9, (b) interaction between pBR322 plasmid DNA and increasing
concentrations of CH9 followed by BamH1 digestion, (c) interaction between pBR322 plasma DNA and increasing concentrations of cisplatin, (d) interaction
between pBR322 plasmid DNA and increasing concentrations of cisplatin followed by BamH1 digestion.
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ing a permanent B to Z transformation of DNA conformation
[7]. Since the length of CH9 is long enough to cover a dis-
tance of over eight nucleotides, depending on the sequence
of nucleobases in DNA, the compound (like BBR3464) can
potentially form a number of GG interstrand adducts, made
possible by the flexibility of the molecule. CH9 can also inter-
helical GG adducts with DNA especially at higher concen-
trations of the compounds.

In contrast, the change in mobility of plasmid DNA bands
as a result of interaction with cisplatin is believed to be due to
the formation of mainly monofunctional Pt(G) and intras-
trand bifunctional Pt(GG) adducts, the latter causing a local
distortion of DNA. The decrease in intensity at higher con-
centrations of compounds indicates the occurrence of DNA
damage caused by the binding of the compounds. When
CH9 binds covalently with DNA, the planaramine ligand
(2-hydroxypyridine) bonded to the central metal ion (Pt2+)
can undergo stacking interaction with nucleobases in DNA.
It is believed that such stacking interaction may be playing a
significant role in causing DNA damage.

3.4.1. BamH1 digestion
As stated earlier, Fig. 2 (b), (d) give the electrophoreto-

grams applying to the BamH1 digested incubated mixtures
of pBR322 plasmid DNA and varying concentrations of
CH9 and cisplatin ranging from 0 µM to 10 µM. Lane
1 applies to untreated and undigested pBR322 plasmid DNA,
lane 2 applies to untreated but BamH1 digested pBR322 plas-
mid DNA, lanes 3–6 apply to pBR322 plasmid DNA inter-
acted with increasing concentrations of compounds (3:
1.0 µM, 4: 5 µM, 5: 10 µM for CH9 µM as against 3: 1.0 µM,
4: 2.5 µM, 5: 5 µM, 6: 10 µM for cisplatin).

When untreated pBR322 plasmid DNA was digested with
BamH1, only one band corresponding to form III band was
observed (lane 2). In the untreated and undigested
pBR322 plasmid DNA (lane 1), two bands corresponding to
form I and form II were observed (form I band has the high-
est velocity, form II has the lowest velocity and form III band
has the intermediate velocity).

In the case of BamH1 digested incubated mixtures of
pBR322 plasmid DNA and CH9 (Fig. 2 (b)), only form III
band was observed at concentration of CH9 = 1.0 µM and
form II band and a small amount of form III band were
observed at 5 µM and no band was observed at 10 µM. In the
case of cisplatin (Fig. 2 (d)), three bands corresponding to
forms I, II, III were observed for concentrations of cisplatin
ranging from 1.0 µM to 5 µM, two bands corresponding to
forms I and II were observed for concentration of cispl-
atin = 10 µM. Table 2 summarizes the above results. The
results show that whereas for the untreated pBR322 plasmid
DNA BamH1 digestion at the specific GG site is not pre-
vented thus producing only form III DNA, in presence of
increasing concentrations of cisplatin, there is a correspond-
ing increase in prevention of BamH1 digestion at the specific
GG site but not as much in the case of CH9. Like CH25,
CH9 is expected to form a range of interstrand GG adducts

dictated by the sequence of nucleobases in the DNA whereas
cisplatin is expected to form mainly intrastrand bifunctional
GG adducts with DNA that cause a local pronounced bend-
ing of the DNA strand. On the other hand, formation of long-
range GG adducts is likely to cause a global change in the
conformation of DNA (B–Z transformation) in which the con-
formations of the intervening not directly involved in the
cross-link are also altered [40,41]. The reason why CH9 is
found to be less able to prevent BamH1 digestion as com-
pared to cisplatin, is because of the two opposing roles played
by the compound. On the one hand, binding of the compound
causes conformational change in DNA and on the other it
causes DNA damage (which discussed earlier could be due
to stacking interaction). Both CH9 and CH25 are believed to
cause DNA damage—CH25 more than CH9. As to why then
CH9 is less able to prevent BamH1 digestion than CH25, it is
suggested that CH9 may be binding less than CH25 with DNA
Table 3.

3.5. Anticancer activity

Figs. 3 and 4 give percentage cell survival versus concen-
trations curves as applied to the cell lines: A2780, A2780cisR

and A2780ZD0473R when the cells were treated with increas-
ing concentrations of CH9 and cisplatin. Table 4 gives the
IC50 values and resistance factor of CH9 and cisplatin for the
cell lines:A2780,A2780cisR andA2780ZD0473R. It can be seen
from the cell survival curves and IC50 values that CH9 is less
active than cisplatin against the parent cell line: A2780 but
more active than cisplatin against the resistant cell lines:
A2780cisR and A2780ZD0473R (about 0.5 time in A2780,
3.6 times in A2780cisR and 3.4 times in A2780ZD0473R). The
results suggest that compared to cisplatin CH9 has been bet-
ter able to overcome mechanisms of resistance operating in

Table 3
Bands observed in the incubated mixtures of pBR322 plasmid DNA and
varying concentrations of CH9 and cisplatin followed by BamH1 digestion

Drug 0 1.0 5.0 5 (10) 10
CH9 III III II, III No band# Not applicable
Cisplatin III I, II, III I, II, III I, II, III I, II

#: Total DNA damage.

Fig. 3. Survival curve for the cell lines, A2780, A2780cisR and A2780ZD0473R

when the cells were treated with increasing concentrations of CH9.
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the cell lines: A2780cisR and A2780ZD0473R but not in A2780.
The higher activity of CH9 as compared to cisplatin in the
resistant cell lines, is believed to be difference in the nature
of interaction with DNA. As stated earlier, whereas cisplatin
forms mainly monofunctional Pt(G) and intrastrand bifunc-
tional Pt(GG) adducts, CH9 would form a range of inter-
strand GG adducts dictated by the sequence of nucleobases.
The differences in nature of binding mean that the two com-
pounds would produce different conformational changes in
DNA.

3.5.1. Cell uptake and binding with DNA

3.5.1.1. Cell uptake. In this study, the cellular accumulation
of platinum has been used as a measure of the cell uptake of
compounds. Fig. 5 gives the uptakes in 2, 4 and 24 h of
CH9 and cisplatin in the human ovarian cell lines: A2780 and
A2780cisR and A2780ZD0473R.

It is found that the cellular uptake of CH9 is much greater
than that of cisplatin in all the three cell lines: A2780 and
A2780cisR and A2780ZD0473R. As stated earlier, whereas
CH9 is found to be more active than cisplatin against the cell
lines: A2780cisR and A2780ZD0473R, it is less active than cis-
platin against the cell line: A2780. The results illustrate that
cell uptake per se may not reflect the antitumor activity of the
compounds as it is known that platinum compounds may be
deactivated by a number of means inside the cell (e.g. due to
binding with sulfur containing ligands such as glutathione
present in the cell) [37] before they have a chance to bind
with DNA. Thus it is more appropriate to consider the level
and nature of binding with DNA.

As stated before, whereas cisplatin is expected to form
mainly intrastrand GG, AG and GNG adducts, CH9 is
expected to form a plethora of long-range interstrand GG
adducts. Whereas intrastrand 1,2-bifunctional binding of cis-
platin would cause mainly local bending of DNA, the long-
range interstrand adducts formed by CH9 would cause long-
range distortion of DNA in which the conformations of the
intervening bases not directly involved in the cross-link are
also altered [40]. DNA binding of multinuclear platinum com-
plexes is characterized by flexible, non-directional DNA
adducts and a greater percentage of interstrand to intrastrand
adducts and the ability to induce conformational changes to
both A- and Z-type DNA [40,41].

3.5.1.2. Platinum binding with DNA. Fig. 6 gives the levels
of platinum binding (in nanomoles per milligram of DNA) in
2, 4 and 24 h in A2780 and A2780cisR and A2780ZD0473R cells
as applied to CH9 and cisplatin.

It is found the level of DNA binding for CH9 is greater
than that for cisplatin as applied to all the three cell lines:
A2780 and A2780cisR and A2780ZD0473R. The higher activity

Fig. 4. Survival curve for the cell lines, A2780, A2780cisR and A2780ZD0473R

when the cells were treated with increasing concentrations of cisplatin.

Table 4

A2780 A2780cisR IC50 A2780cisR A2780ZD0473R IC50A2780ZD0473R

IC50 (µM) IC50 (µM) IC50A2780 (RF) IC50 (µM) IC50A2780 (RF)
Cisplatin 0.46 ± 0.10 4.96 ± 0.63 10.78 4.97 ± 0.94 10.80
CH9 0.93 ± 0.04 1.37 ± 0.05 1.47 1.45 ± 0.46 1.56

Fig. 5. Pt accumulation in A2780, A2780cisR and A2780ZD0473R cells as applied to cisplatin, transplatin and CH9 in 2, 4 and 24 h.
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of CH9 than cisplatin against the cell lines: A2780cisR and
A2780ZD0473R is in line with its greater level of binding with
DNA. The lower activity of CH9 but higher level of DNA
binding as applied to the cell line:A2780 is difficult to explain
except to note that the nature of binding of the two com-
pounds (CH9 and cisplatin) with DNA is different (as dis-
cussed earlier). Perhaps, the results point to the complex
nature of drug resistance.

The bending induced in DNA by binding of cisplatin is
recognized by high-mobility group (HMG) domain proteins,
which is believed to be the pathway for processing and dif-
ferential repair of cellular cisplatin-DNA adducts [42]. In con-
trast, when long-range interstrand adducts are formed, DNA
is not sufficiently bent to be recognized by HMG1 proteins
[43]. Instead, the long-range cross links are very effective in
inducing B–A or B–Z transformations. Cellular alkaline elu-
tion studies have shown that interstrand cross links formed
by BBR3464 persist over time, suggesting a lack of DNA
repair [44,45]. It has been suggested that the induction of
Z-DNA within the cell would have serious consequences with
regard to transcription and DNA replication. As noted ear-
lier, formation of 1,4-GG interstrand adduct by BBR3464 with
the self complementary 5′-d(ATG*TACAT)2-3′ octamer the
syn conformation is induced in the adenine moieties not just
within the strand bounded by the two platinum binding sites
but also those at the end of the strand [40]. It is found that
Watson–Crick pairing is essentially maintained and that the
central linker is situated in the minor groove of the DNA. The
authors pointed out that the cooperative nature of the B to Z
transformation lends itself easily to the delocalization of the
lesions beyond the binding site. It was suggested that the fac-
tors that might contribute to the delocalization would include
the linking of the two separated platinating sites and the pres-
ence of charge and electrostatic interactions introduced after
incorporation of BBR3464 into the oligonucleotide. The con-
tacts between the lipophilic backbone of BBR3464 and DNA
may be especially effective in displacing water from within
DNA and thus facilitating conformational transitions. It has
been suggested [46] that in canonical poly(dGdC).
poly(dGdC), polynuclear platinum complexes can form a
plethora of intra- and interstrand cross links.

When fully stretched, the length of CH9 but with the chlo-
rides replaced by nitrogens would be 2.68 nm. When fully
stretched the CH9 would form G(1) to G(9) interstrand adduct.
It should however be noted that, because of the flexibility of
the diamine linkers, a range of interstrand adducts of varying
lengths can be formed by CH9.

The high charge on the multicentered cation produced from
CH9 would facilitate rapid binding with DNA. For BBR3464,
t1/2 was reported to be about 40 min, significantly faster than
that of the neutral cisplatin. It was suggested that the rapid
binding of BBR3464 could affect sequence specificity—the
high charge could lead to initial electrostatic interactions very
different from those in small molecules such as cisplatin and
the alkylating agents, leading to enhanced sequence specific-
ity. It is generally accepted that cis-[Pt(NH3)2(Cl)(H2O]+,
formed by hydrolysis of one Pt–Cl, pre-associates with DNA
[47,48] before binding to specific nucleobases in DNA.
Wheatle et al. point out that since pre-association is stabi-
lized largely by electrostatic forces, the pre-association of cat-
ionic multicentered platinum complexes with DNA would be
even stronger and therefore more important. It has been sug-
gested that the pre-association of multinuclear platinum com-
plexes with polyanionic DNA will significantly affect the rate
and site of platination because an increased local concentra-
tion will increase the probability of a covalent interaction at
these sites. Also, pre-association may induce a local confor-
mational change in the DNA that may influence binding at a
specific site. The above idea may be applicable to the inter-
action of CH9 with DNA.

The high activity of CH9 in A2780CisR and A2780ZD0473R

cells as compared to that for cisplatin also indicates that the
compound has been able to overcome multiple mechanisms
of cisplatin-resistance in A2780CisR cells and ZD0473 resis-
tance operating in the A2780ZD0473R cells.

4. Conclusion

A tumor active multicentered metal complex code named
CH9 has been synthesized and studied. The anticancer activ-
ity of the compound against ovarian cancer cell lines: A2780,
A2780cisR, A2780ZD0473R has been determined. The cell
uptake and the level of binding with DNA have also been
determined. The nature of interaction with pBR322 plasmid
DNA has also been determined. The gel electrophoresis results
show that CH9 has been able to cause conformational changes
in DNA and DNA damage at higher concentrations. This is
believed to be due to covalent interstrand binding of the com-
pound with DNA through the terminal metal centers. Like
other multicentered compounds [10], because of the flexible
nature, it is believed that the compound would form a range
of interstrand GG adducts dictated by the sequence of DNA
bases. Non-covalent interactions are believed to play a role
in DNA damage. For example, the planaramine ligand may
be involved in stacking interaction with DNA bases. The com-
pound displays significant anticancer activity against ovarian

Fig. 6. Levels of Pt-DNA binding in A2780ZD0473R.
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cancer cell lines—much greater than cisplatin in A2780cisR

and A2780ZD0473R cells. The higher activity of CH9 suggests
that the compound has been able to overcome resistance in
A2780cisR and A2780ZD0473R cell lines. CH9 is believed to
form long-range interstrand adducts with DNA, causing long-
range deformation of the DNA.
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