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Abstract

cis-Diamminedichloroplatinum(II) (cisplatin) is applied against different kinds of cancer although toxic side effects are
known. Screening systems for alternative compounds with higher effectiveness but minimizing toxic side effects are
required. We investigated the adduct formation of cisplatin with nucleoside monophosphates, di- and trinucleotides. Capillary
electrophoretic separations were performed in a sodium phosphate buffer using an instrument equipped with a diode array
detector. Adduct formation results in a significant shift of l to lower energy compared to free nucleotides. Therefore, UVmax

spectra are an important tool for peak identification. We could separate and identify all four common nucleotides and their
major platinum adducts in a single run demonstrating the suitability of CE for these kinds of investigations. Furthermore,
kinetic studies of these reactions are performed.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction tential nitrogen binding sites, but cisplatin prefers the
bases guanine and adenine [5,6]. Platinum binding

Cisplatin, cis-[Pt(NH ) Cl ], is a frequently used occurs at guanine-N7 and adenine-N7, but also to a3 2 2

anticancer drug applied in cases of various malignan- lower extent at cytidine-N3 and adenine-N1 [7].
cies [1], whereas best results are obtained in the Detailed studies have shown that guanine N7 is
treatment of testicular and ovarian cancer [2]. The kinetically preferred. Nuclear magnetic resonance
proposed mechanism of action is based on coordina- (NMR) techniques as well as various separation
tive interaction of cisplatin with nucleotides modify- techniques like high-performance liquid chromatog-
ing the DNA structure and, therefore, its function- raphy (HPLC), fast protein liquid chromatography
ality. Although DNA has many components with (FPLC) and flat bed electrophoresis contributed to a
lone pairs of electrons where metal ions might bind better understanding of involved coordinative sites
(phosphate groups, the sugar oxygen atoms and the [8–11]. The binding of cisplatin is based on a two-
heterocyclic nucleobases), studies have shown that step mechanism with formation of monofunctional
cisplatin preferentially binds to nitrogen atoms of the adducts predominantly at guanine as the first step,
nucleobases [2–4]. All four bases have such po- which is controlled by the rate of cisplatin hydrolysis

[5,12–14]. The second step comprises the binding to
another base resulting in bifunctional adducts. Main*Corresponding author. Tel. 143-1-3136-72000; fax: 143-1-

3136-72040. binding modes in vivo are (i) intrastrand cross-
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linking due to chelation to an adjacent or a next Binding of cisplatin to nucleotides results in a shift
neighboring guanine-N7 as well as adenine-N7 or of the absorption maximum to lower energy [30,31].
-N1 and cytosine-N3 in the same strand of double- Due to this characteristic shift we were able to
helical DNA and (ii) interstrand cross-linking due to identify adducts without having corresponding refer-
the chelation to another base in the opposite strand. ence compounds. As an extension of these inves-
The predominant lesion is the intrastrand chelation tigations, we have also entered the area of kinetic
involving two adjacent guanines [5,15,16]. As a studies demonstrating a huge potential of this screen-
result of adduct formation the DNA bends and, ing technique.
subsequently its replication is inhibited [17,18].
Binding of cisplatin to RNA and to proteins has also
been described [19–21]. 2. Experimental

Although toxic side effects are known [2,22]
cisplatin became one of the leading anticancer drugs

2.1. Capillary electrophoresisworldwide. Searching for alternative compounds
with similar or even better effects but being less

Analysis were performed on a Hewlett-Packardtoxic resulted in competitive research. Selective,
3Dcapillary electrophoresis system equipped with aeasy-to-handle and versatile methods are therefore
DAD system. Fused-silica capillaries (effectiverequired which allow a high throughput of samples
length 41.5 cm375 mm I.D.) were purchased frombut still providing reliable and meaningful data about
ICT (Vienna, Austria) and fused-silica capillariesthe interaction with DNA.
with extended lightpath (effective length 56 cm350Sharma et al. [23] published a CE method apply-
mm I.D.) from Hewlett-Packard (Palo Alto, CA,ing a laser-induced fluorescence detector for assaying
USA). Once a day the capillary was flushed with 0.1DNA damage after exposition to cis- and carbo-
M sodium hydroxide solution (HPCE grade; Fluka,platin. The sensitivity of the method detecting one

4 Buchs, Switzerland) for 2 min. Prior to each analysisadduct within 10 nucleotides has not been reached
the capillary was flushed with bidistilled water for 2before. Unfortunately, this method is an indirect one
min and afterwards with separation buffer [20 mMas samples have to be labeled with a fluorescence
sodium phosphate buffer, pH 7 or 89 mM Tris–marker prior to analysis. Recently, HPLC and capil-
borate buffer, pH 7.4 with 1.5% hydroxyethylcellul-lary electrophoresis (CE) have been compared for
ose (HEC)] for 4 min. Temperature of the capillarythe separation and identification of DNA adducts
as well as of the sample tray was kept at 308C. Allwith cisplatin and CE was considered as an efficient
samples were dissolved in the separation buffer andanalytical tool [24].
injected by pressure ( p510 mbar, t55 s). During theWe studied the adduct formation of nucleoside
separation mode the voltage was kept constant at 20monophosphates, dinucleotides d(GpG) and trinu-
kV. Alterations of the standard separation mode arecleotides d(GpTpT) and d(GpTpG) with cisplatin by
described in the corresponding figure legends. Fig-CE to evaluate the possibilities of this technique. CE
ures show detection at l of the major analytes.maxin combination with diode array detection (DAD)

has proven to be the technique of choice. Analytes
are separated due to different electrophoretic mo- 2.2. Standards
bilities. Both, main hydrolysis products of cisplatin

1cis-[PtCl(NH ) (H O)] and cis- cis-[PtCl (NH ) ] was prepared according to a3 2 2 2 3 2
121 standard procedure [32]. [PtCl(NH ) (H O)][Pt(NH ) (H O) ] [8,25], which are supposed to 3 2 23 2 2 2

21be the active forms under physiological conditions (monoaqua) and [Pt(NH ) (H O) ] (diaqua) were3 2 2 2

[26–29], as well as the major adducts formed with synthesized by adding one or two equivalents of
the nucleotides differ in their electrophoretic mo- AgNO , respectively, to a solution of cisplatin and3

bilities. Furthermore, DAD has shown to be of great filtrating them afterwards. Both standards were
help for the identification of the adducts. This stored as 10 mM aqueous solutions at pH of 2. The
detector allows to find the l of each analyte. purity was verified by CE (20 mM citrate buffer, pHmax
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4) showing that both standards contained about 10% 2.5. Incubation of the di- and trinucleotides with
of the respective other substance (monoaqua or cisplatin
diaqua), which corresponds to the equilibrium state
at pH of the separation buffer (pH 4; pK of diaqua5 Oligonucleotides (10 mM) and cisplatin (0.5 mM)a

3.6). were incubated at 378C for 24 h within the separation
buffer corresponding to a ratio of 20:1. Aliquots of
the incubated sample taken after 20 h, 40 h, 70 h,

2.3. Interaction of nucleotides with cisplatin 160 h and additionally after 190 h in case of
trinucleotides, were analyzed by directly injecting

Stock solutions of each nucleoside monophosphate into the CE system and recording online at 200 and
(10 mM of AMP, CMP, GMP and TMP) and 260 nm.
cisplatin (10 mM) were prepared in the separation
buffer. Monophosphates were incubated at 378C for 2.6. Kinetic studies
24 h with cisplatin corresponding a ratio of 5:1.
Non-reacting hydrolysis products of cisplatin were Cisplatin (5 mM) and GMP (10 mM) were
prevented by adding nucleoside monophosphates in dissolved in the separation buffer. Equimolar
excess. Samples were diluted with separation buffer amounts of both analytes (300 mM) were mixed and
(1:10) prior to injection. The studies were recorded filtered prior to injection. During the analysis the
at 200 nm to detect hydrolysis products of cisplatin sample tray was kept at 308C. Aliquots for analysis
and at the absorption maxima of each nucleotide were taken from the same sample vial. Calibration

2(Table 1). was done externally by a calibration curve (R 5

0.995). The kinetic study was recorded at 200 nm to
detect hydrolysis products of cisplatin and at 258 nm

2.4. Competitive studies of nucleotides with to identify GMP adducts.
cisplatin

2.7. Chemicals
Nucleotides (2 mM each) were incubated with

cisplatin (0.4 mM) at 378C for 20 h within the Disodium salts of guanosine 59-monophosphate
separation buffer in a ratio of 5:1. We diluted the (GMP), adenosine 59-monophosphate (AMP), cy-
samples with 10 mM instead of 20 mM sodium tidine 59-monophosphate (CMP) and thymidine-59-
phosphate buffer (pH 7) making use of the stacking monophosphate (TMP) and the sodium phosphate
effect. The separation conditions were the same as buffer (20 mM, pH 7, HPCE grade) as well as the
described above with exception of the voltage which citrate buffer (20 mM, pH 4, HPCE grade) were
was raised to 30 kV. Data were collected at 200 nm purchased from Fluka. Dinucleotides d(GpG) and
and 254 nm. trinucleotides d(GpTpT) and d(GpTpG) were syn-

Table 1
UV absorption maxima of nucleotides and major cisplatin adducts

Nucleotide l (nm) Major cisplatin adduct l (nm)max max

22AMP 259 cis-[Pt(NH ) (AMP-N7) ] 2643 2 2
aCMP 271 n.m.

22GMP 252 cis-[Pt(NH ) (GMP-N7) ] 2583 2 2

TMP 267 n.m.
1d(GpG) 252 cis-[Pt(NH ) (G-N7-G-N7)] 2583 2

22d(GpTpT) 260 cis-[Pt(NH ) (G-N7-TT) ] 2643 2 2

d(GpTpG) 254 cis-[Pt(NH ) (G-N7-TG-N7)] 2623 2

a n.m.5Not measured.
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thesized by VBC-Genomics (Vienna, Austria). The [25]. Incubation of GMP with the metal complex for
oligonucleotides are abbreviated as GG, GTT, GTG. 24 h resulted in two major signals (Fig. 1a), the

22Tris buffer solution (89 mM) containing boric acid expected adduct cis-[Pt(NH ) (GMP-N7) ] as3 2 2

(332 mM) and EDTA (2 mM) with pH of 7.4 well as the excess of GMP. The identification of the
(HPCE buffer grade) and HEC were purchased from adduct is based on its migration time and on the
Hewlett-Packard. Bidistilled water was further spectral information. Binding of cisplatin to nucleo-
purified by an Elgastat water purification system tides results in a characteristic shift of UV-absorption

21(conductivity of 18 mV cm , Bucks, UK). All maxima to lower energy (l -shift; Table 1). Inmax

solutions were filtered prior to analysis by a 0.2-mm addition to this indirect evidence our corresponding
filter (Millipore, Bedford, MA, USA) and degassed NMR experiments confirmed the proposed structure

22ultrasonically. of the major adduct cis-[Pt(NH ) (GMP-N7) ]3 2 2

(data not shown). However, cisplatin and its hy-
drolysis products could not be detected anymore.

3. Results and discussion The non reactive hydrolysis products of cisplatin are
in equilibrium with the active aqua complex. Proba-

In general the peak identities of the nucleoside bly due to the excess of GMP all reactive hydrolysis
monophosphates were established on the basis of products are bound thus shifting the equilibrium.
their migration behavior and spectral properties. Furthermore, the monoadduct cis-[Pt(NH ) (GMP-3 2

2Major adducts were identified by their typical l - N7)Cl] was not detected.max

shift of their UV spectra, their migration time and in Comparative results are obtained for interaction of
case of GMP-adducts on NMR experiments. Mono- cisplatin with AMP (Fig. 1b). After incubation with
adducts were obtained by incubation of nucleotides cisplatin the fast migrating component is the major

22with cisplatin in the separation buffer (20 mM adduct cis-[Pt(NH ) (AMP-N7) ] . The second3 2 2
2sodium phosphate buffer, pH 7) in presence of Cl one corresponds to AMP which was added in excess.

ions (100 mM). Consequently, adduct formation Incubation of cisplatin with CMP and TMP did
slowed down significantly because chloride is a not result in any comparable adduct formation. In
competing ligand favoring the monoadduct formation both cases only minor adduct peaks were detected
(data not shown). The hydrolysis products of cis- (Fig. 1c, peak 1 and d, peak 2) but could not be
platin were identified by dotting sample solutions identified due to the small amounts formed.
with separately synthesized standards. These indica-
tions together with the knowledge about the general

3.2. Interaction of nucleoside monophosphates withmechanism of cisplatin binding resulted in the peak
cisplatin under competitive conditionsassignment presented.

We investigated the kinetic preference of the four3.1. Interaction of nucleoside monophosphates with
nucleotides GMP, AMP, CMP and TMP for cisplatincisplatin
[33,34]. All nucleotides were used in equimolar
amounts to obtain a competitive situation for cis-Cisplatin has two available binding sites for
platin. Fig. 2 shows the control sample (a) innucleotides. In order to obtain the major bisadduct

22 comparison to the sample with cisplatin (b). As acis-[Pt(NH ) (GMP-N7) ] we incubated cisplatin3 2 2

result we found two additional, not completelywith GMP added in excess. Temperature and pH
resolved signals (R50.85) which we identified aswere kept close to physiological conditions (378C,

22cis-[Pt(NH ) (GMP-N7) ] (peak 1) and cis-pH 7) under which the predominant hydrolysis 3 2 2
22products of cisplatin are the aquated complexes cis- [Pt(NH ) (AMP-N7) ] (peak 2). The group of3 2 2

1 21[Pt(NH ) Cl(H O)] and cis-[Pt(NH ) (H O) ] . four later eluting signals are due to the excess of3 2 2 3 2 2 2

These are supposed to be the active structures in vivo GMP, AMP, TMP and CMP, respectively. According
[8]. Minor hydrolysis products are cis- to our initial experience there is no evidence for any

1[Pt(NH ) (OH)(H O)] and cis-[Pt(NH ) Cl(OH)] adduct formation in case of TMP and CMP. Peak3 2 2 3 2
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Fig. 1. Electropherogram of nucleoside monophosphates after incubation of cisplatin with (a) 59-GMP, (b) 59-AMP, (c) 59-CMP and (d)
59-TMP, in a ratio of 1:5; l5260 nm.

area of TMP and CMP remained constant before as bound to cisplatin. About 50% of GMP was bound
well as after addition of cisplatin, whereas signals within 15.3 h. At the termination of this study, after
corresponding to GMP and AMP decreased pro- 42 h, the two major components were the bisadduct
portionally to the increase of the adducts. Again, and the free GMP, with only minor amounts of the

2excess of nucleoside monophosphates prevented any monoadduct [Pt(NH ) (GMP-N7)Cl] and an un-3 2

formation of monoadducts and detection of cisplatin identified adduct (about 5% of the total area of all
or its hydrolysis products. four signals, S /N56.1; peak 2). Although GMP and

cisplatin were added in equimolar amounts about
3.3. Kinetics of GMP interaction with cisplatin 22% of the initial GMP were still free.

The time course of the reaction was studied over a 3.4. Interaction of the dinucleotide 59-GG-39 with
period of 42 h (Fig. 3). After 1.3 h cisplatin as well cisplatin

1as the monoaqua complex cis-[Pt(NH ) Cl(H O)]3 2 2

were separated (data not shown) whereas none of the After 20 h of incubation a first adduct (Fig. 4a,
adduct could be detected at this time. As reported peak 2) of the dinucleotide 59-GG-39 (Fig. 4a, peak
earlier, binding of cisplatin to GMP is controlled by 1) was formed with cisplatin. Due to the small
the rate of hydrolysis of the metal complex (t 51.9 amounts unambiguous identification was not pos-1 / 2

h at 378C, pH 6.5, [13]). The predominant bisadduct sible. This small adduct peak disappeared after 160 h
22cis-[Pt(NH ) (GMP-N7) ] as well as the minor and, therefore, it might be a monoadduct. A third3 2 2

2monoadduct cis-[Pt(NH ) (GMP-N7)Cl] (Fig. 3, component (Fig. 4b, peak 3) was detected after 40 h.3 2

peak 1) were found for the first time after 5.2 h. The same elution pattern was obtained after 70 h
After this incubation period about 30% of GMP was (Fig. 4c) with the fast migrating peak increasing
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Fig. 2. Electropherogram of competitive study of nucleoside monophosphates with cisplatin: (a) control sample with equimolar amounts of
AMP, GMP, CMP and TMP; (b) nucleoside monophosphates after incubation with cisplatin; l5260 nm.

during the time course of the reaction. Due to the Due to the absorption maxima the first four peaks
retention time and the absorption maximum we could be identified as adducts with the last eluting
assume the following structure cis-[Pt(NH ) (G-N7- peak corresponding to free GTT added in excess3 2

1G-N7)] as the final product. As expected, only two (peak 1). After 40 and 70 h (Fig. 5b and c) similar
compounds were detected after 160 h (Fig. 4d), the electropherograms were obtained but with signifi-
latter peak corresponding to free GG. It is known cantly increased area of all adduct peaks. Incubation
from literature that two adjacent guanine bases are for 190 h resulted in a notably changed elec-
preferred in the coordinative binding with cisplatin tropherogram (Fig. 5d). A certain adduct (peak 2)
forming intrastrand cross-linking [5,30,35–41]. Al- was increased at the expense of free GTT. Due to the
though GG was added in excess, no cis- l shift, the preference of cisplatin binding and themax

[Pt(NH ) (GG) ] was formed. mobility we propose the structure cis-[Pt(NH ) (G-3 2 2 3 2
22N7-TT) ] with guanine N7 as the major binding2

3.5. Interaction of the trinucleotide 59-GTT-39 with atom. The minor adducts (peak 3 and 4) could not be
cisplatin baseline separated. By changing the separation buffer

to a Tris solution with hydroxyethylcellulose as a
N3 of thymine is protonated at the conditions sieving additive resolution could be increased from

chosen (pH 7) and therefore not available as a 1.1 to 2.2. Because of the elution order, the absorp-
binding site for cisplatin. Consequently, coordinative tion maximum and the supposed mechanism of
binding of cisplatin can only be formed with 59- hydrolysis as well as the possibilities of interaction,
guanine of 59-GTT-39. After 20 h of incubation five we propose the two structures cis-[Pt(NH ) Cl(G-3 2

2 2components could be separated with the first and the N7-TT)] and cis-[Pt(NH ) (OH)(G-N7-TT)] .3 2

second peak being not completely resolved (Fig. 5a). The component appearing between the major adduct
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Fig. 3. Electropherogram of the reaction between GMP and cisplatin in equimolar amounts; l5260/10 nm, l 5380/80 nm.ref

and GTT (Fig. 5a, peak 5) also exhibits an absorp- excess. Beside these two components several minor
tion maximum characteristic for an adduct but was adducts could be separated. One of them is cis-

22not identified. [Pt(NH ) (GTG) ] . The monoadducts cis-3 2 2
2[Pt(NH ) Cl(GTG)] and cis-3 2

23.6. Interaction of the trinucleotide 59-GTG-39 [Pt(NH ) (OH)(GTG)] might be formed also but3 2

with cisplatin could not be identified due to the small amounts.

In contrast to the trinucleotide investigated above
59-GTG-39 has two potential binding sites for cis- 4. Conclusions
platin. Next-neighboring guanines react with cis-
platin and the so-called GNG chelates are formed. In this work the versatility of CE–DAD for
The development of an intrastrand crosslink should separation and identification of major nucleotide
therefore be expected. The time course of the adducts formed by reaction with cisplatin is demon-
reaction is shown in Fig. 6. From the initial analysis strated. A simple sodium phosphate buffer system
one major adduct (Fig. 6, peak 2) is preferentially was sufficient to separate all four common nucleo-
formed. The area of this component increased during tides and their major adducts, cis-[Pt(NH ) (GMP-3 2

22 22the study and we identified it as the major adduct N7) ] and cis-[Pt(NH ) (AMP-N7) ] in a sin-2 3 2 2

cis-[Pt(NH ) (G-N7-TG-N7)]. The last peak corre- gle run. The formation of cis-[Pt(NH ) (G-N7-G-3 2 3 2
1sponds to free GTG (peak 1), which was added in N7)] was shown and could be separated from free
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Fig. 4. Electropherogram of the dinucleotide d(GpG) incubated with cisplatin after (a) 20 h, (b) 40 h, (c) 70 h and (d) 190 h; electrophoretic
conditions of (d): separation buffer (Tris–borate buffer solution), pH 7.4 with 1.5% HEC; l5260/10 nm, l 5380/80 nm.ref

Fig. 5. Electropherogram of the trinucleotide d(GpTpT) incubated with cisplatin after (a) 20 h, (b) 40 h, (c) 70 h and (d) 190 h; l5260/10
nm, l 5380/80 nm.ref
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Fig. 6. Electropherogram of the trinucleotide d(GpTpG) incubated with cisplatin after (a) 20 h, (b) 40 h, (c) 160 h and (d) 190 h;
electrophoretic conditions of (d): separation buffer (Tris–borate buffer solution), pH 7.4 with 1.5% HEC; l5260/10 nm, l 5380/80 nm.ref
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