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In order to shed light on the mechanism that underlies activity of bifunctional mononuclear PtII analogs of
transplatin we examined in the present work a DNA binding mode of the analog of transplatin, namely
trans-[Pt(CH3NH2)2Cl2], in which NH3 groups were replaced only by a small, non-bulky methylamine ligand.
This choice was made because we were interested to reveal the role of the bulkiness of the amines used to sub-
stitute NH3 in transplatin to produce antitumor-active PtII drug. The results indicate that trans-[Pt(CH3NH2)2Cl2]
forms amarkedly higher amount ofmore distorting intrastrand cross-links than transplatinwhich forms in DNA
preferentially less distorting and persisting monofunctional adducts. Also importantly, the accumulation of
trans-[Pt(CH3NH2)2Cl2] in tumor cells was considerably greater than that of transplatin and cisplatin. In addition,
the results of the present work demonstrate that the replacement of ammine groups by the non-bulky methyl-
amine ligand in the molecule of ineffective transplatin results in a radical enhancement of its activity in tumor
cell lines including cisplatin-resistant tumor cells. Thus, activation of the trans geometry in bifunctionalmononu-
clear PtII complexes can be also accomplished by replacement of ammine groups in transplatin by non-bulkyme-
thylamine ligands so that it is not limited only to the replacement by relatively bulky and stereochemicallymore
demanding amino ligands.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

The platinum anticancer compounds currently in clinical use con-
form to the originally devised structure–pharmacological activity rela-
tionship delineated for platinum anticancer drugs soon after discovery
of antitumor effects of cisplatin [1,2]. The paradigm for this original
structure-pharmacological activity relationship of platinum complexes
[3]was that the trans isomer of cisplatin (transplatin)was inactive at bi-
ologically relevant concentrations and that only neutral PtII complexes
with two cis oriented inert ligands [such as am(m)ines carrying at least
oneH atom] and semi-labile ligands in the other positionswould possess
anticancer activity. Trans compounds and complexes having only one
leaving group were considered inactive.

However, the search for platinum compounds having novel
pre-clinical properties, such as activity in cisplatin-resistant cells or a
pattern of cytotoxicity significantly different from that of cisplatin [4]
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casted doubts upon most of these early structure-activity rules. Several
diverse classes of active platinum compounds that violate the classical
structure–activity relationships for cisplatin have been identified,
including PtIV complexes [5], polynuclear platinum complexes [6],
and platinum compounds with a trans stereochemistry (for re-
views, see Refs. [7–10]). Thus, to this end several new complexes
of the trans structure have been identified that exhibit an enhanced
toxicity in tumor cell lines, such that cytotoxicity is equivalent or
even better than that of the analogous cis counterparts and, indeed,
cisplatin itself (for reviews, see Refs. [7–12]). Examples of such new
antitumor trans-platinum compounds are: (i) those of general formula
trans-[PtCl2(L)(L′)] in which L and L′ represent planar or nonplanar
heterocyclic ligands, aliphatic amines, heterocyclic aliphatic amines,
iminoethers [7–10], and acetoxime [13]; (ii) trans-platinum(IV) com-
plexes of general formula trans-PtCl2X2(L)(L′)], where X represents
chloride, hydroxide, carboxylate, or carbamate ligands, belong to the
family of anticancer trans-platinum agents as well. PtIV compounds
serve as prodrugs being reduced to the PtII analogs under physiological
conditions (axial ligands of PtIV compounds can be detached during cel-
lular activation by reductive elimination yielding antitumor active PtII

analogs) [14]; (iii) bifunctional polynuclear PtII complexes with up to
four positive charges [6] in which two monofunctional PtII spheres
with the single chloride leaving group on each platinum are linked by
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various bridging diamine ligands and the leaving chloride ligands are
trans to the linker. Most antitumor trans-compounds display cytotoxic-
ity in themicromolar (1–20 μM) range and the compounds consistently
display cytotoxicity comparable or better than their cis oriented coun-
terparts and in cisplatin-resistant cells [9].

DNA is the established primary target of platinum compounds in
cells, making DNA adduct formation one of the key determinants of
platinum-mediated cytotoxicity [3,15–17]. Thus, it appears important
that due to this substitution, the analogs of transplatin altered the
properties of DNA in a markedly different way than the parent com-
pound. This is an intriguing finding, because the same replacement
in the molecule of antitumor cisplatin often resulted in a reduced ac-
tivity of the drug in both sensitive and resistant cell lines [18]. Thus,
the latter observations represent an additional example of activation
of trans geometry in bifunctional mononuclear PtII compounds, al-
though the reasons for this activation have not been completely clari-
fied. Mechanistic studies performed on analogs of transplatin suggest
that one strategy to activate trans geometry in antitumor bifunctional
PtII compounds is to chemically modify the ineffective transplatin, in a
manner that will enhance formation of stable bifunctional adducts with
the DNA. In general, bifunctional mononuclear PtII compounds may
form in DNA intra- or interstrand cross-links and monofunctional ad-
ducts. Cisplatin forms a variety of adducts of which the 1,2-intrastrand
cross-links between neighboring GG or AG residues predominate [19].
Other lesions including 1,3-GNG intrastrand and to a lesser extent the
interstrand cross-link formed between G residues in the 5′-GC/5′-GC
[20] sequences and monofunctional adducts represent minor DNA le-
sions of cisplatin. In contrast, geometric constraints prevent the forma-
tion of 1,2 cross-links by transplatin—instead 1,3-intrastrand cross-links
are formed [21,22]which represent alongwithmonofunctional adducts
[23] major DNA lesions formed by transplatin. Minor interstrand
cross-links of transplatin (~12%) are preferentially formed between G
and C residues of the same base pair [24].

The slow rate of conversion of monofunctional to bifunctional lesions
may account for the transplatin antitumor inactivity aswell [16,23]. How-
ever, frequency of transplatin-like DNA adducts of antitumor-active ana-
logs of transplatin and DNA sequence specificity of their formation are
considerably different from that of transplatin [9], which may also be a
factor contributing to improved toxicity of the transplatin analogs in
tumor cells.

A common feature of amines used to substitute NH3 in transplatin
yielding its analogs exhibiting significantly improved toxicity in
tumor cells is that these amines are also markedly bulkier than NH3.
Therefore, in order to shed light on the mechanism that underlies
activity of bifunctional mononuclear PtII analogs of transplatin we
examined in the present work DNA binding mode of the analog of
transplatin, namely trans-[Pt(CH3NH2)2Cl2] (Fig. 1), in which NH3

groups were replaced only by a small, non-bulky methylamine ligand.
It is apparent that the bulkiness of the amine ligands in this new
PtII complex is increased very little by replacement of one hydrogen
atom in NH3 groups by a methyl group in comparison with the bulk-
iness of the amines in the antitumor analogs of transplatin hitherto
tested (such as pyridine-like ligands, iminoethers, cyclohexylamine,
ramified aliphatic amines). This choice was made because we were
interested to reveal the role of the bulkiness of the amines used to
substitute NH3 in transplatin to produce antitumor-active PtII drug. We
Fig. 1. Schematic representation of the PtII complexes used in the present work.
also examined whether DNA binding modes of trans-[Pt(CH3NH2)2Cl2]
and transplatin correlate with their toxicity in the cisplatin sensitive-
and resistant tumor cell line.

2. Experimental

2.1. Starting materials and reagents

PtII complex trans-[Pt(CH3NH2)2Cl2] (Fig. 1) was synthesized and
characterized using standard synthetic methods. In brief, potassium
tetrachloroplatinate was converted to the tetraiodoplatinate with excess
KI and was allowed to react with two equivalents of methylamine to
form cis-[PtI2(CH3NH2)2]. Cis-[PtI2(CH3NH2)2] was reacted with 2
equivalents of AgNO3 and subsequently with an excess of methyl-
amine to yield [Pt(CH3NH2)4]2+ which was refluxed in aqueous
HCl from which trans-[Pt(CH3NH2)2Cl2] precipitated and was char-
acterize by 195Pt NMR δ = −2200 ppm. Thus, the synthetic route
for obtaining trans-[Pt(CH3NH2)2Cl2], where first the tetraamine com-
plex is prepared and characterized by 195Pt NMR and then is reacted
with HCl, yields exclusively the trans isomer. To ensure that we had
pure trans isomer we collected the 195Pt NMR spectrum for a very
long time obtaining sufficient signal to noise ratio to observe sharp
peaks with low line broadening and observed a single peak. There is a
small difference between the cis and trans isomers in the 195Pt NMR
spectrum that can be detected when the spectrum is measured careful-
ly. Moreover, we carried out the Kurnakov test [25] with an excess of
thiourea that distinguishes between cis and trans isomers and the
presence of cis isomer has not been observed. Cisplatin and transplatin
were obtained from Sigma-Aldrich s.r.o. (Prague, Czech Republic).
Chloridodiethylenetriamineplatinum(II) chloride ([PtCl(dien)]Cl) was
a generous gift from Prof. G. Natile (University of Bari, Italy). The purity
of platinum complexes was higher than 95% as established by combus-
tion analysis carried outwith a Hewlett-Packard 185 C, H, and N analyz-
er. The stock solutions of the platinum complexes were prepared in
NaClO4 (10 mM) and kept in the dark at 4 °C. The concentrations of
platinum in the stock solutions and after dilution by water were deter-
mined by flameless atomic absorption spectrometry (FAAS). Calf
thymus (CT) DNA (42% G + C, mean molecular mass approximately
20,000 kDa) was prepared and characterized as described previous-
ly [26,27]. Plasmids pUC19 [2686 base pairs (bp)] and pSP73KB
(2455 bp) were isolated according to standard procedure. Restric-
tion endonucleases, the Klenow fragment from DNA polymerase I
and plasmid pBR322 (4361 bp) were purchased from New England
Biolabs. T7, and SP6 RNA polymerases and RNasin ribonuclease in-
hibitor were purchased from Promega (Mannheim, Germany). Ribo-
nucleotide and deoxyribonucleotide triphosphates were from Roche
Diagnostics, GmbH (Mannheim, Germany). Ethidiumbromide (EtBr) and
thioureawere fromMerck (Darmstadt, Germany). Agarosewas fromFMC
BioProducts (Rockland, ME, USA). Radioactive products were from MP
Biomedicals (Irvine, CA, USA). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] was from Calbiochem (Darmstadt,
Germany). RPMI 1640 medium, fetal bovine serum (FBS), trypsin/EDTA
and DMEM medium were from PAA (Pasching, Austria). Gentamycin
was from Serva (Heidelberg, Germany). The cell-free extract (CFE) was
prepared from the repair-proficient CHO-K1 cell line as reported previ-
ously [28].

2.2. DNA platination in cell free media

If not stated otherwise, CT or plasmid DNAs were incubated with
platinum complexes in NaClO4 (10 mM) at 37 °C in the dark. After
24 h, the samples were exhaustively dialyzed first against 1 M NaCl
and then against the medium required for subsequent biochemical
or biophysical analysis. Aliquots of these samples were used to deter-
mine the value of rb (rb is defined as the number of molecules of the
platinum complex bound per nucleotide residue) by FAAS.
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2.3. DNA melting

The melting curves of CT DNAs unplatinated or modified by
trans-[Pt(CH3NH2)2Cl2] or transplatin were recorded by measuring
the absorbance at 260 nm. The melting curves were recorded in a
medium containing NaClO4 (10 mM) with Tris–HCl (1 mM)/EDTA
(0.1 mM, pH 7.4). The value of the melting temperature (tm) was de-
termined as the temperature corresponding to a maximum of the first
derivative profile of the melting curves. The tm values could be deter-
mined with an accuracy of ±0.3 °C.
2.4. Ethidium bromide fluorescence

Fluorescence measurements of CT DNA modified by platinum
complexes in the presence of EtBr were performed at an excitation
wavelength of 546 nm, and the emitted fluorescence was analyzed
at 590 nm. The fluorescence intensity was measured at 25 °C in NaCl
(0.4 M) to avoid secondary binding of EtBr to DNA [29,30]. The concen-
trations were 0.01 mg mL−1 for DNA and 0.04 mg mL−1 for EtBr,
which corresponded to the saturation of all sites of EtBr in DNA [30].
2.5. Unwinding of negatively supercoiled DNA

Unwinding of closed circular supercoiled pUC19 plasmid DNA was
assayed by an agarose gel mobility shift assay [31]. The unwinding
angle Φ, induced per one DNA adduct of the platinum complex, was
calculated upon the determination of the rb value at which the com-
plete transformation of the supercoiled to relaxed form of the plasmid
was attained. Samples of plasmid DNAwere incubatedwith the platinum
complex at 37 °C in the dark for 24 h. The samples were subsequently
subjected to electrophoresis on 1% native agarose gel running at 25 °C
in the dark with TAE buffer [Tris acetate (40 mM, pH 8.0)/EDTA
(1 mM)] and the voltage set at 18 V. The gels were then stained
with EtBr, followed by photography with transilluminator.
2.6. Transcription mapping of DNA adducts in vitro

Transcription of the (NdeI/HpaI) restriction fragment of pSP73KBDNA
treated with platinum complexes (rb = 0.006) with DNA-dependent
T7 RNA polymerase and electrophoretic analysis of transcripts were
performed according to the protocols recommended by the manufac-
turer (Promega Protocols and Applications, 43–46, 1989/90) and de-
scribed in detail previously [24]. The concentration of DNA used in this
assaywas 3.9 × 10−5 M(relative to themonomeric nucleotide content).
2.7. Interstrand (intramolecular) cross-linking assay

Platinum complexes were incubated for 24 h with 40 μg of pUC19
DNA after it had been linearized by EcoRI and 5′-end labeled with T4
polynucleotide kinase with [γ-32P]ATP. The number of interstrand
cross-linkswas analyzed by electrophoresis under denaturing conditions
on alkaline agarose gel (1%). After the electrophoresis had been complet-
ed, the intensities of the bands corresponding to single strands of DNA
and interstrand cross-linked duplex were quantified. The frequency
of interstrand cross-links was calculated as %ICL/Pt = XL / 5372 × rb
(pUC19 plasmid contained 5372 nucleotide residues), where %ICL/Pt
is the number of interstrand cross-links per adduct multiplied by 100
and XL is the number of interstrand cross-links per molecule of the lin-
earized DNA duplex andwas calculated assuming a Poisson distribution
of the interstrand cross-links as XL = − ln A, where A is the fraction of
molecules running as a band corresponding to the non-cross-linked
DNA.
2.8. Characterization of DNA adducts of trans-[Pt(CH3NH2)2Cl2] by
thiourea

Double-stranded CT DNA (80 μg mL−1) was incubated with
transplatin or trans-[Pt(CH3NH2)2Cl2] at a drug to nucleotide ratio
of ri = 0.05 in NaClO4 (10 mM) at 37 °C (ri is defined as the
molar ratio of free platinum complex to nucleotide phosphates at
the onset of incubation with DNA). At various times the reaction was
stopped by adjusting the NaCl concentration to 1 M and by immediate
cooling to −20 °C. In parallel experiments, the reactions were stopped
by addition of thiourea solutions (10 mM). These samples were incubat-
ed for 10 min at 25 °C and then quickly cooled to −20 °C. The samples
were then exhaustively dialyzed against H2O at 4 °C and the platinum
content was determined by FAAS.

2.9. DNA repair synthesis by human cell extract

Repair DNA synthesis of CFEs was assayed using pUC19 plasmid.
Each reaction of 50 μL contained unmodified pBR322 (600 ng) and
unmodified or platinated pUC19 (600 ng), ATP (2 mM), KCl (30 mM),
creatine phosphokinase (rabbit muscle) (0.05 mg mL−1), dGMP
(20 mM), dCTP (20 mM), TTP (20 mM), dATP (8 mM), [α-32P]
dATP (74 kBq) in the buffer composed of HEPES-KOH (HEPES =
N-(2-hydroxyethyl)piperazine-N-ethanesulfonic acid) (40 mM, pH 7.8),
MgCl2 (5 mM), dithiothreitol (0.5 mM), creatine phosphate (22 mM),
bovine serum albumin (1.4 mg mL−1), and CFE (20 mg). Reactions
were incubated for 3 h at 37 °C and terminated by adding EDTA to a
final concentration of 20 mM, sodium dodecyl sulfate to 0.6%, and pro-
teinase K to 250 μg mL−1 and then incubating for 20 min at 45 °C. The
products were extracted with 1 vol of 1:1 phenol–chloroform. The DNA
was precipitated from the aqueous layer by the addition of 0.02 vol
NaCl (5 M), glycogen (5 mg), and 2.5 vol ethanol. After 20 min of incuba-
tion on dry ice and centrifugation at 12 000 g for 30 min at 4 °C, the pellet
was washed with 0.5 mL 70% ethanol and dried in a vacuum centrifuge.
DNA was finally linearized by EcoRI before electrophoresis on a 1% aga-
rose gel. Gels were stainedwith EtBr for photodocumentation and the ra-
dioactivity associated with the bands was quantitated using a Typhoon
FLA 9000 biomolecular imager with AIDA Image Analyzer. Experiments
were performed in quadruplicate.

2.10. Cell lines

Human ovarian carcinomas A2780 (cisplatin sensitive), and
A2780cisR (resistant to cisplatin) were obtained from Prof. Keppler
from University of Vienna, Austria. The acquired resistance of A2780cisR
cells was maintained by supplementing the medium with cisplatin
(1 μM) every second passage. A2780 and A2780cisR cells were cultured
in RPMI 1640 medium supplemented with gentamycin and 10%
heat-inactivated FBS.

2.11. Cytotoxicity assay

The cells were seeded in 96-well tissue cultured plates at a density
of 10 000 cells/well. After overnight incubation, the cells were treated
with the compounds tested. After 72 h of incubation 10 μL of MTT
(2.5 mg mL−1) was added to each well and incubated for 4 h in cul-
ture conditions. At the end of the incubation period the medium was
removed and the formazan product was dissolved in DMSO (100 μL).
The cell viability was evaluated by measurement of the absorbance at
570 nm, using an Absorbance Reader SUNRISE TECAN SCHOELLER. IC50
values (compound concentration that produces 50% of cell death) were
calculated from curves constructed by plotting cell survival (%) versus
drug concentration (μM). All experiments were made in triplicate. The
reading values were converted to the percentage of control (% cell
survival).



49M. Frybortova et al. / Journal of Inorganic Biochemistry 126 (2013) 46–54
2.12. Cellular platinum complex accumulation

Cellular accumulation of trans-[Pt(CH3NH2)2Cl2], transplatin and cis-
platin was measured in A2780 cells. The cells were seeded in 100 mm
tissue culture dishes (30,000/cm2). After overnight incubation, the cells
were treated with the PtII complex (10 μM) for 24 h [these concentra-
tions were still verified by the measurement of platinum in the growing
medium by FAAS or inductively coupled plasma mass spectroscopy
(ICP-MS)]. The attached cells were washed twice with PBS (4 °C) and
the pellet stored at−80 °C. The pellets were digested by a high pressure
microwave digestion system (MARS5, CEM) with HCl to give a fully
homogenized solution, and final platinum content was determined by
FAAS. The results of cellular platinum uptake were corrected for adsorp-
tion effects [32]. For other details, see the Section 3.10. All experiments
were performed in triplicate.

2.13. Other physical methods

Absorption spectra were measured with a Beckmann DU-7400
spectrophotometer. FAASmeasurementswere carried outwith aVarian
AA240Z Zeeman atomic absorption spectrometer equipped with a GTA
120 graphite tube atomizer. The measurements of fluorescence were
performed on a Varian Cary Eclipse spectrofluorophotometer using a
1 cm quartz cell. The gels were dried and visualized using a FUJIFILM
BAS 2500 bioimaging analyzer or Typhoon FLA 9000 biomolecular im-
ager, and the radioactivities associated with bands were quantitated
with AIDA Image Analyzer.

3. Results and discussion

3.1. DNA binding

A role for DNA binding is implicated in the mechanism of action of
antitumor transplatin analogs. Thus, it is appealing to consider that
the reason for activity of this class of PtII complexes lies at the DNA
level. It has been shown in related studies that antitumor transplatin an-
alogs induce a different array of lesions in comparison to transplatin. An
alteredmode of DNA bindingmay be inherentlymore cytotoxic than the
lesions induced by transplatin. Thus, the complex discussed here may
also be an example of a structural class capable of molecular interactions
not accessible to transplatin. In the present study, we have applied some
methodologies previously developed for cisplatin and its analogs to in-
vestigate the reaction products of trans-[Pt(CH3NH2)2Cl2] with natural,
high-molecular-mass DNA in cell-free media. The first experiments
were aimed at quantifying the binding of trans-[Pt(CH3NH2)2Cl2]
to mammalian DNA. Solutions of double-helical CT DNA were
Fig. 2. A. Kinetics of the reaction of trans-[Pt(CH3NH2)2Cl2] (open symbols) or transplatin (
DNA concentration was 80 μg mL−1. Reactions were stopped with thiourea (10 mM, 10 min
with DNA was determined by FAAS. For other details, see the text. B. Dependencies of ethidiu
complexes in NaClO4 (10 mM) at 37 °C for 24 h. (▲), trans-[Pt(CH3NH2)2Cl2]; (■), cisplatin
incubated with trans-[Pt(CH3NH2)2Cl2] or transplatin as described
in the Section Experimental (Characterization of DNA adducts of
trans-[Pt(CH3NH2)2Cl2] by thiourea). At various time intervals, an
aliquot of the reaction mixture was withdrawn, the reaction was
stopped by adjusting the NaCl concentration to 1 M and by immediate
cooling to−20 °C. The samples were then exhaustively dialyzed against
H2O at 4 °C and the platinum content was determined by FAAS (Fig. 2A,
the lines passing through open and full triangles). This result indicates
that the rate of binding of trans-[Pt(CH3NH2)2Cl2] and transplatin to nat-
ural double-helical DNA is approximately the same and that both com-
plexeswere quantitatively bound after 24 h similarly as cisplatin [33,34].

The binding experiments of the present work indicate that the
modification reactions resulted in the irreversible coordination of
trans-[Pt(CH3NH2)2Cl2] to polymeric double-helical DNA, which also
facilitates sample analysis. Hence, it is possible to prepare easily
and precisely the samples of DNA modified by the platinum com-
plex at a preselected value of rb. The samples of DNA modified by
trans-[Pt(CH3NH2)2Cl2] or transplatin and analyzed further by biophys-
ical or biochemicalmethodswere prepared in NaClO4 (10 mM) at 37 °C
as described in Experimental. In this way, the analyses described in the
present paper were performed in the absence of unbound (free) plati-
num complex.
3.2. DNA melting

CT DNA was modified by trans-[Pt(CH3NH2)2Cl2] or transplatin to
the values of rb = 0.05 or 0.1 in NaClO4 (10 mM) at 37 °C for 24 h. The
melting temperature (tm) increased with growing level of platination
(rb) (Table 1). The efficiency of trans-[Pt(CH3NH2)2Cl2] to enhance tm
was lower than that of parent transplatin. It should be pointed out
that growing level of modification of DNA by cisplatin decreased tm
under identical experimental conditions [35].

Previously, three major factors have been invoked to account for
the thermal stability of DNA modified by PtII complexes capable of
DNA cross-linking and the observed change in melting temperature
of DNA as a consequence of its platination reflects the relative propor-
tion and contribution of these three factors [35]. These major factors
are (i) a destabilizing effect of conformational distortions due to the
formation of cross-links induced in DNA by platinum coordination;
(ii) stabilizing effects of DNA interstrand cross-links which prevent
dissociation of DNA strands; (iii) the positive charge on the PtII centers
(introduction of a positive charge into the DNAmolecule, e.g. by binding
of positively charged ligands such as PtII moieties of platinum antitumor
compounds, results in a stabilization of the DNA duplex by decreasing
electrostatic repulsion of negative charges of phosphate groups located
at the complementary strands). Thus, it is reasonable to conclude that
closed symbols) with double-helical CT DNA at ri = 0.05 in NaClO4 (10 mM) at 37 °C.
) (squares) or NaCl (1 M, −20 °C) (triangles), and the amount of platinum associated
m bromide fluorescence on rb for double-helical CT DNA modified by various platinum
; (Δ), transplatin; (□), monofunctional [PtCl(dien)]Cl.

image of Fig.�2


Table 1
Δtm valuesa of CT DNA modified by trans-[Pt(CH3NH2)2Cl2] or transplatin.b,c

Compound rb = 0.05 rb = 0.1

trans-[Pt(CH3NH2)2Cl2] 7.2 ± 0.2 9.3 ± 0.3
transplatin 7.9 ± 0.2 12.5 ± 0.3

a Δtm is defined as the difference between the tm values of platinated and unmodified
DNAs.

b The tm values were measured in the medium containing NaClO4 (0.01 M), Tris–HCl
(1 mM, pH 7.4) and EDTA (0.1 mM).

c Values shown in this table are the means ± SEM of three separate experiments.

Fig. 3. Unwinding of supercoiled pUC19 plasmid DNA by trans-[Pt(CH3NH2)2Cl2] (A) or
transplatin (B). The top bands correspond to the nicked form of the plasmid and the
bottom bands to the closed, negatively supercoiled plasmid. The plasmid was incubated
with PtII complexes at various rb values in NaClO4 (10 mM) at 37 °C for 24 h. Lanes 1–7
in panel A, DNA modified by trans-[Pt(CH3NH2)2Cl2] at rb = 0, 0.02, 0.039, 0.06, 0.08,
0.1, 0, respectively. Lanes 1–12 in panel B, DNA modified by transplatin at rb = 0, 0.01,
0.015, 0.02, 0.025, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.085, 0.09, 0.1, 0, respectively.

50 M. Frybortova et al. / Journal of Inorganic Biochemistry 126 (2013) 46–54
the increases in tm are caused by the interstrand cross-links formed
by both trans-platinum compounds and by positive charges on plat-
inum moieties and that these stabilizing factors dominate over
destabilizing conformational distortions. Owing to the fact that both
trans-[Pt(CH3NH2)2Cl2] and transplatin carry the same 2+ charge on
platinummoiety and formapproximately identical amount of interstrand
cross-links (13 or 12%, respectively, vide infra), the differences in values
of tm yielded by the adducts of both complexes may be attributedmainly
to differences in destabilizing effects of conformational distortions
induced by these adducts. Hence, the results of DNA melting exper-
iments (Table 1) are consistent with the thesis that DNA adducts of
trans-[Pt(CH3NH2)2Cl2] distort and destabilize double helix of DNA
more than major DNA adducts of transplatin.

3.3. Characterization of DNA adducts by EtBr fluorescence

EtBr as a fluorescent probe has been used to characterize pertur-
bations induced in DNA by bifunctional adducts of several mononu-
clear platinum compounds [36–40]. Double-helical CT DNA was
first modified by bifunctional cisplatin or transplatin, monofunctional
[PtCl(dien)]Cl, or trans-[Pt(CH3NH2)2Cl2] for 24 h. The levels of the
modification corresponded to the values of rb in the range between 0
and 0.08. Modification of DNA by all platinum complexes resulted in a
decrease of EtBr fluorescence (Fig. 2B). The decrease caused by the ad-
ducts of trans-[Pt(CH3NH2)2Cl2] was markedly more pronounced than
that induced by theDNA adducts of cisplatin or transplatin at equivalent
rb values. Modification of DNA by monofunctional platinum complexes
results in only a slight decrease of EtBr fluorescence intensity as com-
pared with the control DNA–EtBr complex [36–40]. The structures of
DNA adducts of trans-[Pt(CH3NH2)2Cl2] may arise from mono- or bi-
functional substitutions on the polynucleotide. Comparison with
[PtCl(dien)]Cl, cisplatin and transplatin suggests that the conformation-
al distortion induced inDNAby the adducts of trans-[Pt(CH3NH2)2Cl2] is
muchmore delocalized and extends over considerably more base pairs
around the platination sites than in the case of the adducts of mononu-
clear complexes such as cisplatin or transplatin.

3.4. Unwinding of negatively supercoiled DNA

Electrophoresis in native agarose gel was used to quantify the
unwinding induced in pUC19 plasmid by trans-[Pt(CH3NH2)2Cl2] or
transplatin by monitoring the degree of supercoiling (Fig. 3). A com-
pound that unwinds the DNA duplex reduces the number of supercoils
so that the superhelical density of closed circular DNA decreases. This
decrease upon binding of unwinding agents causes a decrease in the
rate of migration through agarose gel, which makes it possible that
the unwinding can be observed and quantified. Fig. 3A and B shows aga-
rose gels in which increasing amounts of trans-[Pt(CH3NH2)2Cl2] or
transplatin, respectively, have been bound to a mixture of relaxed and
supercoiled pUC19 DNA. Interestingly, the trans-[Pt(CH3NH2)2Cl2] ac-
celerated themobility of the relaxed form in away similar to that of cis-
platin, whose bifunctional binding to DNA shortens and condenses the
DNA helix [41,42]. This observation is in contrast to DNAbinding of clin-
ically ineffective transplatin to relaxed forms of plasmid DNAs since the
mobility of the relaxed forms is affected by transplatin considerably less
in accordwith the previously published studies [41–44]. The unwinding
angle is given byΦ = −18σ / rb(c) where σ is the superhelical density
and rb(c) is the value of rb at which the supercoiled and relaxed forms
comigrate [31]. Under the present experimental conditions, σ was cal-
culated to be −0.043 on the basis of the data of cisplatin for which
the rb(c) was determined in this study and Φ = 13° was assumed. By
using this approach, we determined a DNA unwinding angle of 20 ± 3°
for trans-[Pt(CH3NH2)2Cl2] and 9 ± 1° for transplatin. The DNA unwind-
ing angle determined for transplatin is in excellent agreement with the
previously published results [31]. Thus, the unwinding angle produced
by the adducts of trans-[Pt(CH3NH2)2Cl2] is more than double of the
value of 9° determined for the adducts of transplatin, but also higher
than that produced by the adducts of cisplatin (13°, [31]). This result pro-
vides another good experimental evidence for a DNA binding mode of
trans-[Pt(CH3NH2)2Cl2] different from that of transplatin and that DNA
adducts of trans-[Pt(CH3NH2)2Cl2] distort double-helical DNA more than
DNA adducts of transplatin.

3.5. Transcription mapping of DNA adducts

Cutting of pSP73KB DNA by NdeI and HpaI restriction endonucle-
ases yielded a 212-bp fragment (a substantial part of its nucleotide
sequence is shown in Fig. 4B). This fragment contained a T7 RNA po-
lymerase promoter [in the upper strand close to its 3′-end (Fig. 4B)].
The first experiments were carried out using this linear DNA fragment,
randomly modified by cisplatin, transplatin or trans-[Pt(CH3NH2)2Cl2]
at rb = 0.006, for RNA synthesis by T7 RNA polymerase (Fig. 4A, lanes
cisPt, transPt or 1, respectively). RNA synthesis on the template modi-
fied by the platinum complexes yielded fragments of defined sizes
(Fig. 4A), which indicates that RNA synthesis on these templates was
prematurely terminated. The sequence analysis revealed that the
major bands resulting from termination of RNA synthesis by the ad-
ducts of trans-[Pt(CH3NH2)2Cl2] were more similar to those produced
by transplatin adducts rather than to those produced by cisplatin ad-
ducts (Fig. 4B). On the other hand, the sequence dependence of the in-
hibition of RNA synthesis by the adducts of trans-[Pt(CH3NH2)2Cl2] is
somewhat more regular than that by the adducts of transplatin.

3.6. Interstrand cross-linking

Bifunctional platinum compounds that covalently bind to DNA
form various types of interstrand and intrastrand cross-links and
monofunctional adducts. Considerable evidence suggests that the
antitumor efficacy of platinum compounds is the result of the forma-
tion of these lesions, but their relative efficacy remains unknown.
Therefore, first we have decided to quantitate the interstrand cross-
linking efficiency of trans-[Pt(CH3NH2)2Cl2] in linearized pUC19 plasmid
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Fig. 4. RNA synthesis by T7 RNA polymerase on the NdeI/HpaI fragment of pSP73KB
plasmid modified by cisplatin, transplatin, or trans-[Pt(CH3NH2)2Cl2]. A. Autoradiogram
of 6% polyacrylamide/8 M urea sequencing gel. Lanes: control, nonplatinated template;
C, G, U, and A, chain terminated marker RNAs; cisPt, transPt, 1, template modified by cis-
platin, transplatin, or trans-[Pt(CH3NH2)2Cl2], respectively at rb = 0.006. B. Sequence of
the NdeI/HpaI fragment of the pSP73KB plasmid. The arrow indicates the start of T7
RNA polymerase, whichwas used as a template. Numbers correspond to nucleotide num-
bering in the sequence of the pSP73KB plasmid. Circles, squares and triangles indicate stop
signals from panel A, lanes cisPt, transPt and 1, respectively.

Fig. 5. The formation of interstrand cross-links (ICLs) by trans-[Pt(CH3NH2)2Cl2] in pUC19
plasmid DNA linearized by EcoRI. Autoradiograms of a denaturing 1% agarose gels of lin-
earized DNA which was 3′-end-labeled; the interstrand cross-linked DNA appears as the
top bands migrating on the gels more slowly than the single-stranded (ss) DNA
(contained in the bottom bands). Lanes 1–6, DNA modified by trans-[Pt(CH3NH2)2Cl2] at
rb = 0, 5 × 10−5, 1 × 10−4, 2 × 10−4, 3 × 10−4, 5 × 10−4, respectively.
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(2686 bp). This plasmid DNA was linearized by EcoRI (EcoRI cuts
only once within the pUC19 plasmid) and modified by trans-
[Pt(CH3NH2)2Cl2] at various rb values. The samples were analyzed
for the interstrand cross-links by agarose gel electrophoresis under
denaturing conditions [45]. Upon electrophoresis, the 3′-end-labeled
strands of linearized pUC19 plasmid containing no interstrand cross-
links migrate as a 2686-base single strand, whereas the interstrand
cross-linked strands migrate more slowly as a higher molecular mass
species (Fig. 5). The experiments were carried out with DNA samples
that were modified by trans-[Pt(CH3NH2)2Cl2] for 24 h at various rb
values. The bands corresponding to the more slowly migrating
interstrand-crosslinked fragments were seen for rb values as low as
5 × 10−5 (Fig. 5, lane 2). The intensity of the more slowly migrating
band increased with the growing level of themodification. The radioac-
tivity associated with the individual bands in each lane was measured
to obtain estimates of the fraction of non-crosslinked or cross-linked
DNA under each condition. The frequency of intramolecular interstrand
cross-links (% ICL per one molecule of the Pt complex) was calculated
using the Poisson distribution from the fraction of non-cross-linked
DNA in combination with the rb values and the fragment size. The
DNA interstrand cross-linking efficiency (% ICL per one molecule of
the Pt complex) of trans-[Pt(CH3NH2)2Cl2] was almost independent of
rb and was 13%; thus the DNA interstrand cross-linking efficiency of
trans-[Pt(CH3NH2)2Cl2] was similar to that of mononuclear transplatin
(12%, [24]), but higher than that of cisplatin (6%, [24]). The samples of
linearized DNA modified by trans-[Pt(CH3NH2)2Cl2] at rb = 0.001 and
0.01 were also analyzed in 1% nondenaturing agarose gel (not shown).
No new, more slowly migrating bands were observed, which indicates
that no CLs between DNA strands belonging to different duplexes were
formed under these experimental conditions (NaClO4, 10 mM).

3.7. Quantification of monofunctional platinum adducts by thiourea
assay

Cisplatin, transplatin, and analogous bifunctional platinum com-
pounds coordinate to DNA in a two-step process, forming first
monofunctional adducts, preferentially at guanine residues, which
subsequently close to bifunctional lesions [15,33,46,47]. Thiourea is
used to labilize monofunctionally bound transplatin from DNA [23].
The displacement of transplatin is initiated by coordination of thiourea
trans to the nucleobase. Owing to the strong trans effect of sulfur, the
nucleobase nitrogen–platinum bond is weakened and thus becomes
susceptible to further substitution reactions. Consequently, transplatin
inmonofunctional DNA adducts is effectively removed, whereas bifunc-
tional adducts of transplatin are resistant to thiourea treatment [23].

The experiments aimed at the characterization of DNA adducts of
trans-[Pt(CH3NH2)2Cl2] were conducted employing thiourea as a probe
for DNA monofunctional adducts formed by this trans-platinum com-
pound (Fig. 2A). The reaction of DNA with trans-[Pt(CH3NH2)2Cl2] was
complete after 24 h (Fig. 2A). Thiourea displaced approximately 75%
of trans-[Pt(CH3NH2)2Cl2] or approximately 90% of transplatin from
DNA at early time intervals (1–5 h; Fig. 2A). At longer incubation
times (24 h), thiourea was considerably less efficient in removing
trans-[Pt(CH3NH2)2Cl2] or transplatin from DNA, which suggests that
after 24 h a considerable fraction of monofunctional adducts of both
complexes had closed to a bifunctional lesion. Thus, after a reaction
period of 24 h only approximately 20% of trans-[Pt(CH3NH2)2Cl2] or
50% of transplatin was displaced from double-stranded DNA (Fig. 2A),
which implies that approximately 80% of monofunctional adducts of
trans-[Pt(CH3NH2)2Cl2] and only 50% of transplatin had evolved to
bifunctional lesions. Thus, the result of this experiment suggests
monofunctional adducts of trans-[Pt(CH3NH2)2Cl2] close to bifunctional
lesions with a significantly higher rate than those of transplatin.

In aggregate, considering the fact that trans-[Pt(CH3NH2)2Cl2]
and transplatin form approximately identical amount of interstrand
cross-links (13 or 12%, respectively), the results of quantification of
monofunctional platinum adducts by thiourea assay enable us to
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conclude that trans-[Pt(CH3NH2)2Cl2] forms (after 24 h) mainly
intrastrand cross-links (~67%), presumably 1,3-intrastrand crosslinks,
13% interstrand cross-links and only ca. 20% of adducts remain
monofunctional. In contrast, transplatin forms (after 24 h) mainly
monofunctional adducts (~50%), 12% interstrand cross-links and
ca. 38% 1,3-intrastrand crosslinks. Interestingly, cisplatin forms
(after 24 h) mainly 1,2-intrastrand cross-links (~90%), interstrand
cross-links, 1,3-intrastrand crosslinks and monofunctional adducts
represent minor adducts [19].

3.8. DNA repair synthesis by mammalian cell extract

DNA repair is another key factor which significantly reduces
the number of Pt-adducts on DNA in cells and thereby may signif-
icantly contribute to their biological activity [48]. Therefore, DNA
repair efficiency in pUC19 plasmid (2686 bp) globally modified
by trans-[Pt(CH3NH2)2Cl2], transplatin or cisplatin at rb = 0.05
was tested using CFE of repair-proficient CHO-K1 cells. Untreated
plasmid pBR322 (4361 bp) was also included in each reaction to
monitor damage-independent nucleotide incorporation. Repair activity
was monitored by measurement of the amount of incorporated
radiolabelled nucleotide. The incorporation of radioactive material
was corrected for the relative DNA content in each band, determined
by densitometry of EtBr stained gel. As illustrated in Fig. 6, damage-
induced DNA repair synthesis determined for the plasmid modified
by trans-[Pt(CH3NH2)2Cl2] or transplatin was lower than that found
for cisplatin at the same level of modification (50 or 44%, respective-
ly of that found for the plasmid modified by cisplatin, Fig. 6B).

3.9. Cytotoxicity

The cytotoxic activity of trans-[Pt(CH3NH2)2Cl2] was determined
against A2780 (parent cisplatin sensitive) and A2780cisR (with acquired
cisplatin resistance) humanovarian carcinoma cell lines, commonly used
to test cytotoxic activity of cisplatin analogs. A2780cisR cells are resistant
to cisplatin through a combination of decreased uptake, enhanced DNA
repair/tolerance, and elevated reduced glutathione levels [49,50]. The
tumor cell lines were incubated for 72 h with the platinum compounds
and the cell survival in the culture treatedwith the platinum compounds
was evaluated as described in the Experimental section. Results (Table 2)
Fig. 6. In vitro DNA repair synthesis assay. DNA repair of pUC19 modified with cisplatin, tra
repair-proficient CHO-K1 cells. Unmodified pBR322 was also used as internal control. Repai
relative amount of DNA in the band determined from the ethidium bromide-stained gel. (A)
radiolabel incorporation. Bottom panel: ethidium bromide-stained gel showing migration of u
Lanes: 1: control, unmodified pUC19 plus unmodified pBR322; 2, pUC19 modified with tra
unmodified pBR322; 4, pUC19 modified with cisplatin plus unmodified pBR322. B. Incorpora
representing the mean values of two separate experiments, incorporation of radioactive mate
densities of the bands on the EtBr-stained gel. The radioactivity associated with incorporati
shown in the graph are the means (±SEM) of two separate experiments, each conducted in d
show that in the sensitive A2780 cell line, trans-[Pt(CH3NH2)2Cl2] is
about 5-fold less potent than cisplatin, but at least 18-fold more potent
than transplatin. In the cisplatin-resistant A2780cisR cell line, the IC50
value of trans-[Pt(CH3NH2)2Cl2] is slightly higher than that for cisplatin
(~1.5-fold), although still at least 11-fold more potent than transplatin,
but most importantly the resistance factor in the A2780/A2780cisR pair
is 3-fold lower than that found for cisplatin. Thus, these results are con-
sistent with the thesis that the trans geometry in PtII-dichloro com-
pounds can be effectively activated by the replacement of two ammine
ligand in transplatin by the non-bulky ligand, such as the shortest ali-
phatic amine, CH3NH2.

3.10. Cellular uptake

The factor that is usually thought to contribute to drug cytotoxicity is
cellular uptake. To examine the accumulation of trans-[Pt(CH3NH2)2Cl2],
transplatin and cisplatin the cellular levels of these compounds were
measured after 24 h exposures of the A2780 cells to the drugs at the con-
centration of 10 μM. The accumulation of trans-[Pt(CH3NH2)2Cl2] in the
A2780 cells was, after 24 h exposures, approximately 14- and 4-fold
greater than that of transplatin and cisplatin, respectively (Table 4). This
enhanced accumulation of trans-[Pt(CH3NH2)2Cl2] might be attributed
to its enhanced hydrophobicity due to the presence of extra methyl
groups although other factors such as uptake and/or efflux mediated by
various transporters may be involved as well. These results also show
that accumulation of trans-[Pt(CH3NH2)2Cl2] in tumor cells is markedly
higher than that of cisplatin. This result implies that the cellular accumu-
lation of cisplatin and trans-[Pt(CH3NH2)2Cl2] does not correlate with
markedly higher toxicity of cisplatin in tumor cells in comparison with
trans-[Pt(CH3NH2)2Cl2]. In aggregate, these results are consistent with
the thesis that there is a great deal of complexity at the DNA level includ-
ing recognition and repair of DNA adducts that needs to be investigated.

4. Additional discussion and conclusions

The results of the present work demonstrate that the replacement
of ammine groups by the non-bulky methylamine ligand in the mol-
ecule of ineffective transplatin results in a radical enhancement of its
activity in tumor cell lines including cisplatin-resistant tumor cells
(Table 2). Thus, the results of the present work demonstrate that
nsplatin, or trans-[Pt(CH3NH2)2Cl2] at rb = 0.05 was mediated by the extract from the
r efficiency is given by the radioactivity of incorporated [α-32P]dATP normalized on the
Results of a typical experiment. Top panel: autoradiographic image of the gel showing
ndamaged control plasmid (pBR322, top bands) and platinated pUC19 (bottom bands).

ns-[Pt(CH3NH2)2Cl2] plus unmodified pBR322; 3, pUC19 modified with transplatin plus
tion of [α-32P]dATP into unmodified or platinated pUC19 plasmid. For all quantifications
rial is normalized on the relative DNA content in each band determined from the relative
on of [α-32P]dATP into DNA modified with cisplatin was arbitrarily set to 100%. Values
uplicate.
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Table 2
Cytotoxicity [IC50mean values (μM)] obtained for trans-[Pt(CH3NH2)2Cl2], transplatin
and cisplatin.a

Compound A2780 A2780cisR

trans-[Pt(CH3NH2)2Cl2] 14.0 ± 0.9 21.5 ± 3.1 (1.5)
transplatin >250 >250
cisplatin 2.8 ± 0.1 13.8 ± 0.1 (4.9)

a The results are expressed as mean ± SD of three independent experiments. Resistance
factor, defined as IC50 (resistant)/IC50 (sensitive), is given in parentheses.

Table 4
Accumulation (ng of Pt/1 × 106 cells) in A2780 cells of Pt complexes.a

Compound Accumulation

trans-[Pt(CH3NH2)2Cl2] 58 ± 6
Transplatin 4.2 ± 0.8
Cisplatin 14 ± 1

a The uptake of Pt complexes at their 10 μM concentrations after 24 h of
cell treatment. Each value shown in the table (mean ± standard deviation)
is in ng of Pt/1 × 106 cells. The experiments were performed in triplicate.
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activation of trans geometry in bifunctional mononuclear PtII complexes
by replacement of ammine groups in transplatin is not limited only to
the replacement by relatively bulky and stereochemically more demand-
ing amino ligands. A role for DNA binding is implicated in themechanism
of action of antitumor transplatin analogs [8,9]. Thus, it is appealing to
consider that the reason for activity of trans-[Pt(CH3NH2)2Cl2] lies at the
DNA level as it has been shown in related studies for cytostatic transplatin
analogs containing bulky carrier amino ligands which induce a different
array of lesions in comparison to transplatin. An altered modes of DNA
binding may be inherently more cytotoxic than the lesions induced by
transplatin.

The DNA binding of trans-[Pt(CH3NH2)2Cl2] in comparison with
transplatin is summarized in Table 3. The results of this paper indicate
that the presence of the methylamine in this transplatin analog does
not markedly change the rate of monofunctional coordination to DNA
and the sequence preference of its binding (Fig. 4). In contrast, the
presence of the methylamine markedly affects the overall rate of
the rearrangement of monofunctional adducts to bifunctional lesions
mainly to intrastrand cross-links (Fig. 2A). The latter adducts represent
major DNA lesions formed by trans-[Pt(CH3NH2)2Cl2]. This is in contrast
to transplatin which forms mainly monofunctional adducts which dis-
tort DNA conformation much less than cross-links. It has been shown
that trans-platinum complexes cannot form due to their stereochemis-
try the cross-links between neighboring nucleotide residues in one
strand of DNA, i.e. the cross-links which represent major lesions in-
duced in DNA by antitumor cisplatin. Thus, as regards to intrastrand
cross-links, trans-platinum compounds form instead 1,3-cross-links in
which two platinated sites in one strand of DNA are separated by a
third intervening nucleotide. It has been shown that these cross-links
severely distort DNA conformation. The base pairing is disrupted over
several base pairs around the adduct, the platinated 5′G residue and
the central base residue are unpaired [51,52]. Thus, the results of DNA
melting experiments (Table 1) and characterization of DNA ad-
ducts by EtBr fluorescence (Fig. 2B) indicating that DNA globally
modified by trans-[Pt(CH3NH2)2Cl2] is distorted more than DNA
modified by transplatin are consistent with the observation that
trans-[Pt(CH3NH2)2Cl2] forms a higher amount of more distorting
intrastrand cross-links. In addition, internal coordinate molecular
modeling study proposed structures for 1,3-intrastrand cross-link
of transplatin in which considerable unwinding is localized within
a short segment centered on the platinum binding site [53]. Hence,
more efficient DNA unwinding produced by the global modification of
DNA by trans-[Pt(CH3NH2)2Cl2] in comparison with the modification
by transplatin appears again to be consistent with enhanced efficiency
Table 3
Summary of DNA binding characteristics of trans-[Pt(CH3NH2)2Cl2], transplatin and
cisplatin.a

trans-[Pt(CH3NH2)2Cl2] transplatin cisplatin

% interstrand CLs/adduct 13 12 6
% monofunctional lesions/adduct 20 50 ~1
% intrastrand CLs/adduct 67 38 ~90
Unwinding angle/adduct 20° 9° 13°
Melting temperature (Δtm) rb = 0.1 9.3 °C 12.5 °C −8.0 °C
EtBr fluorescence decrease High Medium Medium

a For other details, see the text.
of DNA adducts of trans-[Pt(CH3NH2)2Cl2] to form 1,3-intrastrand cross-
links capable of efficient local DNA unwinding.

The enhanced rate of conversion of monofunctional to bifunctional
cross-links was also previously noticed if NH3 group in transplatin
was replaced by several bulkier amines as carrier ligands [18,54–57],
but reasons for this effect have not been fully clarified. For instance,
the unexpected high rate of cross-link formation by such transplatin
analogs relative to that determined for parent transplatin has been
suggested [54,56] to be associated with conformational changes in
double-stranded DNA, induced by the altered amine ligand in a
monofunctional adduct which may modulate the second binding
step and facilitate formation of cross-link. This interpretation might
be applicable to monofunctional adducts of trans-[Pt(CH3NH2)2Cl2] as
well, although data on conformational alterations induced in DNA by
monofunctional adducts of trans-[Pt(CH3NH2)2Cl2] are not available.
We also hypothesize that the NH3 groups of the monofunctional
DNA-transplatin adducts may form hydrogen bonds with the DNA
(perhaps mediated by water molecules). This might slow down the
ability of the monofunctional adducts to close to cross-links and
when a methyl group is added this might break up the ability to
form such bonds. The work focused on clarification of the mecha-
nism underlying the enhanced rate of conversion of monofunctional
to bifunctional cross-links due to replacement of NH3 group in transplatin
by methylamine which is in progress in our laboratory and will be pub-
lished in a separate communication.

DNA repair is another key factor which may significantly affect tox-
icity of platinum drugs in tumor cells at the DNA level [48,58]. As illus-
trated in Fig. 6, damage-induced DNA repair synthesis detected in the
plasmid modified by trans-[Pt(CH3NH2)2Cl2] was only slightly lower
than that found for transplatin at the same level of modification. Thus,
DNA repair appears to be an unlikely factor responsible for themarked-
ly enhanced toxicity in tumor cells due to the replacement of ammine
groups by the non-bulkymethylamine ligand in themolecule of ineffec-
tive transplatin.

The results of the present work also suggest that enhanced toxicity
of trans-[Pt(CH3NH2)2Cl2] in A2780 cells in comparisonwith transplatin
correlates with increased cellular accumulation of the former platinum
complex. Hence, the latter factor appears to be responsible for differ-
ences in toxicity of trans-[Pt(CH3NH2)2Cl2] and parent transplatin in
tumor cells as well.

In aggregate, we find that activation of the trans geometry in bi-
functional mononuclear PtII complexes can be also accomplished by
replacement of ammine groups in transplatin by non-bulky methyl-
amine ligands so that it is not limited only to the replacement by rel-
atively bulky and stereochemically more demanding amino ligands.
Moreover,wedemonstrate that DNAbindingmode and cellular accumu-
lation of trans-[Pt(CH3NH2)2Cl2] and transplatin correlate with their tox-
icity in the cisplatin sensitive- and resistant tumor cell line. Hence, the
results of the present work may expand the theoretical background
needed to understand more fully mechanisms underlying anticancer ef-
fects of trans-platinum complexes and should provide a more rational
basis for the design of new antitumormetallodrugs and chemotherapeu-
tic strategies. Further investigations of other phases of themechanism(s)
of antitumor effects of trans-platinum complexes are warranted to un-
ravel the origin of antitumor activity of platinum complexeswith leaving
ligands in the trans configuration.
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Abbreviations

A2780 human ovarian carcinoma cells
A2780cisR human ovarian carcinoma cells (cisplatin resistant)
bp base pair
CFE cell-free extract
CT DNA calf thymus DNA
dien diethylenetriamine
DMEM Dulbecco's modified eagle medium
EtBr ethidium bromide
FAAS flameless atomic absorption spectrometry
FBS fetal bovine serum
HEPES N-(2-hydroxyethyl)piperazine-N-ethanesulfonic acid
ICL interstrand cross-link
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide]
[PtCl(dien)]Cl chloridodiethylenetriamineplatinum(II) chloride
rb the number of molecules of the platinum complex bound per

nucleotide residue
ri the molar ratio of free platinum complex to nucleotide phos-

phates at the onset of incubation with DNA
RPMI Royal Park Memorial Institute (culture medium)
tm melting temperature
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