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Reactions of the Double-Stranded Oligonucleotide d(TTGGCCAA), 
with cis-[ Pt(NH,), (H, 0) ,] + and [ Pt(NH3)3 (H, O)] 2 + * *  

Franziska Reeder, Florence Gonnet, Jiii Kozelka, and Jean-Claude Chottard" 

Abstract: The kinetics of the reactions be- 
tween the GGcontaining double-strand- 
ed oligonucleotide d(TTGGCCAA), (II) 
and the platinum complexes cis-[Pt- 

(Hz0)lz+ (2) were studied and compared 
with those already determined for the re- 
actions of the single-stranded octanucle- 
otide d(CTGGCTCA) (I).['] The results 
were as follows: i) Complex 1 reacted 
faster than 2 with both I and 11. ii) Both 
complexes 1 and 2 reacted faster with I1 
than with I. This acceleration was greater 
for 1 ( x 13) than for 2 ( x 4) and only due 
to the increase of the platination rate of 
the 5'-G of the GG sequence. iii) For 
both I and 11, the first platination by 1 and 

( N H ~ ) Z ( H Z ~ ) Z ~ ~ ~  (1) and [Pt(NH3)3- 

2 was faster on the 5'-G than on the 3'43. 
This difference was more significant for 
the platination of I1 (ks,/k3, = 12 for 1 and 
5 for 2) than of I (ks , /k3,  5 2). iv) The cy- 
clization reaction of the monoadducts 
(G*) of 1 to yield the GG cis-Pt(NH,)$+ 
chelate (G*G*) was considerably slowed 
down in the duplex. This rate decrease 
was significantly larger for the chelation 
of the 5'-G* (factor of 16) than of the 3'- 
G* (factor of 4) monoadducts. v) The in- 

trastrand chelation of the 3'-G* monoad- 
ducts (k3J  was faster than that of the 
5'-G* monoadducts ( k 5 J ,  both for I and 
I1 (k38c/ks,c = 3 and 13, respectively). 
vi) In addition to the intrastrand G*G* 
crosslink, we also observed the inter- 
strand crosslink d(GG*CC)-d(GG*CC) 
between the two 3'43s of the central te- 
tranucleotide. The rate constant for the 
interstrand crosslinking (k3,i) was half 
that of the intrastrand chelation (k3,c) .  
vii) The 5' monoadduct, which was 
formed faster (ks .  > k 3 . )  and was chelated 
more slowly (k5,c @ k,.i c k3.c),  exhibited 
a half-life of 3.2 h under our experimental 
conditions. 

Introduction 

A number of results suggest that the antitumor activity of cis- 
platin is related to the biological processing of its major DNA 
intrastrand diadducts, the GG- and AG cis-Pt(NH,),(N 7.N 7) 
chelates." - Monoadducts and interstrand diadducts, whose 
proportions might have been initially underestimated in in vitro 
and cell culture experiments,I6. '1 have also been invoked as pos- 
sible initiatiors of antitumor Recent studies of 
DNA platination that used enzymatic methods to identify 
DNA -platinum adducts revealed the presence of minor ad- 
ducts on GA, GC, and TCAT sequences whose biological activ- 
ities have not yet been investigated.r'l.'Z1 

The selective binding of cisplatin to (dG), sequences of DNA, 
the competition between various intra- and interstrand chela- 
tion steps, and also DNA-protein crosslinking reactions are 
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not yet fully understood. For the platination step, a contributing 
factor could be the mutual enhancement of negative electrostat- 
ic potential exhibited by adjacent guanines.["* 141 However, as 
we showed in Part I of this study (devoted to the kinetics of 
reactions of the complexes C~~-[P~(NH,),(H,O),]~+ (1) and 
[Pt(NH3)3(HzO)]2 + (2) with the single-stranded GG-containing 
oligonucleotides d(GG), d(TGG) , d(TTGG) and d(CTGGCT- 
CA) (I)), the ligands of platinum do affect the platination rate 
constant.[' This observation suggested that other factors than 
the electrostatic potential play a role in the platination step, at 
least for single-stranded oligonucleotides. In the present part of 
our study, devoted to the reaction of the double-stranded 
oligonucleotide d(TTGGCCAA), (II) with 1 and 2, we show 
that the previously observed preferential binding to the 5'-G of 
a GG-sequence, as well as its dependence on the ligands of 
platinum, are considerably enhanced. Moreover, the duplex 
structure induces large differences between the chelation rates of 
the 5'- and 3' monoadducts. For reactions run in nearly stoichio- 
metric conditions, the calculation of the platination (for 1 and 
2) and chelation (for 1) rate constants was based on the HPLC 
determination of the concentrations of all the species of the 
reaction mixture as a function of time, after KCl or KBr 
quenching of the reactive aqua monoadducts. This method 
has already proven its reliability[15-'71 and turned out to be 
perfectly applicable to reactions of double-stranded oligonucle- 
otides. 
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Experimental Section 
Starting materials a d  sample preparation: The self-complementary octanucleotide 
d(TTGGCCAA) was synthesized as its ammonium salt on a 100 pmol scale, based 
on phosphoramidite chemistry on solid support (Milligen 8800) (181; the purity was 
checked by capillary electrophoresis and analytical HPLC by the group of J. lgolen 
and T. Huynh Dinh (Institut Pasteur, Paris, France). Approximate concentrations 
of d(TTGGCCAA), were evaluated photometrically by means of the molar absorp- 
tion coefiicient cZ6,, ca. 1 2 8 0 0 0 ~ - ~ c m - ~ .  Cis-[PtCI,(NH,),] was kindlyprovided by 
Johnson Matthey. Solutions of cis-[Pt(NH3),(H2O),]'+ and [Pt(NH3)3(HzO)]z+ 
were prepared from solid cis-[Pt(NO,),(NH,),] and [Pt(NO,)(NH,),](NO,) as de- 
scribed elsewhere [15,17]. Perchloric acid and all salts were purchased from 
Merck. The exonuclease venom phosphodiesterase (VPD) was obtained from 
Bwhringer-Mannheim. 

The reactions were initiated by mixing a solution containing 1.2 x lo-'  mol of 
c~~-[P~(NH,)~(H,O),]~'  (1) or [Pt(NHJ),(H~O)J2* (2) with a solution containing 
1.5 x lo-'  mol of d(TTGGCCAA),. The initial concentrations were 1 0 - 4 ~  for 
d(TTGGCCAA), and 0.8 or 1.6 x lo-' M for 1 and 2 in 1.5 mL of 0.1 M NaCIO, at 
20k0.2"C. The pH value was adjusted to and maintained at 4.4 by addition of 
HCIO, by means of a pHstat (Metrohm) with 0.1 M LiCIO, as internal electrolyte 
of the electrode. Aliquots were collected at several time intervals and quenched by 
addition of saturated KBr solution. After stirring for 1.75 min at 20 "C to allow 
exchange of the aqua ligands by halide 1161. the samples were stored at liquid 
nitrogen temperature until they were analyzed. 

HPLC analysis: The reactions were analyzed by HPLC. Two HPLC systems were 
used: i) a Spectra Physics SP8800 pump with a Spectra 100 UV detector and a 
Chromjet integrator (Spectra Physics, Thermo Separation Products, Les Ulis. 
France); ii) two Shimadzu LC-6A pumps, with a SPD-6A UV detector. and a 
C-R 3 A integrator (Shimadzu, Touzart & Matignon. Vitry-sur-Seine. France); both 
systems were equipped with a Rheodyne 7125 valve with a 20 pL sample loop. The 
chromatographic conditions were optimized for each reaction on a Kromasil C 18 
(250 x 4.6 mm ID, 5 pm, 100 A) stainless steel column (Colochrom, Gagny. 
France). Operating conditions are described in the figure captions. Relative concen- 
trations were determined from the ratio of the peak areas. The detection wavelength 
was 255 nm. chosen to beclose to the quasi-isosbestic point of the reactions. At this 
wavelength, the absorbance of the reaction mixture did not vary appreciably upon 
the reaction of d(TTGGCCAA), with the two complexes. 

The nature of the oligonucleorides actually detected and quantified by HPLC dur- 
ing the platination of d(TTGGCCAA), was determined as follows. The melting 
profile of the oligonucleotide dissolved in the HPLC eluent (KBr 0 . 4 ~ .  
NH,CH,CO, buffer 0.01 M, pH = 4.7. acetonitrile (93:7 v/v) or urea 1 M. NH,CI 
0.1 M, NH,CH,CO, buffer 0.01 M. pH = 4.7. acetonitrile (94:6 v/v)) was recorded, 

Abstract in French: Une etude cinetique fondhe sur la chro- 
matographie liquide a haute pression a permis d'analyser les rkac- 
tions de platination du duplex d( TTGGCCA A )  ( I I )  par les com- 
plexes c i s - [Pt (NH3) , (H,0) ,JZt  ( I )  (aVrivP diaqua du 
cisplatine) et [ P I ( N H ~ ) ~ ( H ~ O ) / ~ +  ( 2 )  el de les comparer a 
celles prkckdemment ktudikes avec le simple brin d(CTGGCTCA) 
( I ) .  Les rksultats sont les suivants: i )  le complexe I reagit plus 
vite que 2 avec I et II. ii) Les deux complexes I et 2 rkagissent 
plus vite avec II qu'avec I (respectivement par un facteur x 13 et 
x 4 )  et cette acckleration n 'affecte que laplatination de la guanine 
5' (5'-G) . iii) Pour I et 2 ,  la platination de 5'-G est plus rapide 
que celle de 3'-G et cette dvfkrence est plus prononcke sur II 
(k3 . /k3< = 12 pour I et 5 pour 2)  que sur I ( k J k 3 .  12) .  iv) La 
cyclisation des monoadduits issus de I ( G * ) .  qui conduit au 
chelate (G*G*) est trPs ralentie sur le duplex, comparee a celle 
sur le simple brin. Ce ralentissement est de 16 pour le S-G* com- 
pare a 4 pour le 3'-G*. v )  La chelation intrabrin des monoadduits 
est plus rapide pour le 3'-G* que pour le S-G*, sur I et sur II  
(respectivement k3Jk3ec = 3 et 13).  vi) La sequence choisie met 
en compktition la chilation intrabrin et le pontage interbrin pour 
le monoadduit 3'-G*. La constante de vitesse de ce dernier (k3.& 
n'est que la moitik de celle de la chelation intrabrin ( k J .  vii) Le 
monoadduit 5'-G* forme le plus vile ( k 3 ,  > k 3 , )  est chklatk le plus 
lentement (k5.c 4 k3.i < k3.J el sa durke de &mi-vie est de 3.2 h 
dans nos conditions. 

first, directly after dissolution in this eluent and, second, immediately after collec- 
tion of the oligonucleotide fraction at the outlet of the column. The fint melting 
curve had the typical sigmoidal profile of d(TTGGCCAA), (Fig. l(1)). with a T, 
of about 40°C. After HPLC elution no such profile was found (Fig. l(2)). The 
A / A , ,  value recorded corresponded to the single-stranded species showing that the 
duplex is denatured in the column. Thus the peaks analyzed in the chromatogram 
correspond to single-stranded species. The narrowness of the peaks is in agreement 
with elution of a single species; an equilibrium between single- and double-stranded 
forms would cause smearing of the peaks. The elution of single-stranded species is 
not surprising, taking into account the working temperature between 38 and 55 "C 
according to the selected analytical conditions. 

0.94 -' I 
0 20 40 60 80 

Fig. 1. 1) Melting profile of d(lTGGCCAA), (9.8 x lo-'$ dissolved in the 
HPLC eluent. 2) Melting profile of d(TTGGCCAA), recorded immediiately after 
collection of the oligonucleotide fraction at the outlet of the column after HPLC 
elution (for compositions see caption of Fig. 4a). 

Temp ["C] Temp ["C] 

Enzymatic digestion of tbe plathated oligoawleotides: The quenched monoadducts 
were identified by enzymatic digestion with the 3'-exonuclease venom phosphodi- 
esterase VPD (one enzymatic unit in 0.5 mL; Boehringer), as previously described 
[19,20]. The monoadducts of each reaction, quenched as bromo derivatives at the 
time of their maximum concentration in the reaction mixture (after about 15 min for 
I)  were collected at the outlet of the column, digested by 10 pL of VPD preparation 
without addition of buffer at room temperature, and the digestion fragments were 
identified by coelution with reference samples. VPD digests the single strands from 
the Tend  and stops at a platinatcd base. The digestion products of the monoad- 
ducts formed between 2 and the duplex II were identified, apart from mononucle- 
otides, as d(TTG*) and d(TTGG*) (GO indicating the Pt(NH,), platinated base) by 
HPLC comparison with the authentic samples synthesized for this purpose. The 5' 
monoadduct was found to be the major one. In the same way, the major 5' monoad- 
duct formed between 1 and Il was identified after bromide quenching by digestion 
and HPLC by coelution with d(TTG*) (G* indicating the cis-Pt(NH,),Br platinated 
base) available from Part I of this study [IS]. The amount of the purified minor 
monoadduct being very small (ca. 3 %  of the mixture), it had to be reconcentrated 
by lyophili t ion before VPD digestion. HPLC analysis of the reconcentrated 
sample showed, however, that most of this intermediate was readily converted into 
the GG chelate. This precluded its identification after enzymatic digestion. Never- 
theless, the observed conversion to the intrastrand chelate was considered a suffi- 
cient proof that this intermediate was the 3' monoadduct. 

Specboscopic sludii: The concentration and the melting profile of ll were deter- 
mined on a Uvikon 820 spectrophotometer. The CD spectra were recorded on a 
Jobin Yvon Mark IV spectrometer. The ESI/MS spectra were recorded on a Bio-Q 
triple quadrupole mass spectrometer (VG Fisons, Manchester. UK) with a mass/ 
charge range of 10-4OOO. The extraction cone voltage was set to 50 V and the source 
ionization mode from m/r = 300 to m/z = 1500 in 12 s. The maximum entropy 
program MASS LYNX (Windows) was used to reconstitute a real mass scale spec- 
trum. 

Results 

The aim of this work was to determine the rate constants for the 
platination of both guanines of the duplex d(TTGGCCAA), 
(II) by the complexes c~~-[P~(NH,) , (H,O),]~+ (1) and [pt- 
(NH3)3(H10)]2+ (2) and, for the former, to measure the rate 
constants of the two intrastrand chelation reactions of the 5' and 
3' monoadducts. In addition, the central d(GGCC)-d(GGCC) 
sequence is predisposed to 3'-G/3'-G interstrand cr~sslinking,"~ 
thus allowing the direct evaluation of the competition between 
intrastrand and interstrand chelations (Scheme 1). 
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Scheme 1 .  Kinetic scheme for binding of ~i$-[Pt(NH,),(H,0),j2' (Y = H,O) and 
[Pt(NHa)l(HIO)]Z* (Y = NH,) to a GG sequenoe of the double-stranded oligonu- 
cleotide d(ITGGCCAA), . 

Duplex structure: To obtain the platination and chelation rate 
constants characteristic of a duplex structure, the following 
points had to be ascertained. 

i) Stability of 11: The melting profile of I1 was recorded under 
the conditions of the kinetic study ( ~ O - , M ,  pH = 4.4,O.l M Na- 
CIO,, 20 "C). Figure 2 reveals a typical sigmoidal curve with 
T, = 43 "C, showing that at 20 "C I1 is almost entirely in the 
duplex form. 

0.88 i I /  
0.84 

0 2 0 4 0 6 0 8 0  
Temp ["C] 

Fig. 2. Melting profile of d P G -  
GCCAA)2 (9.3 x 1 0 - 5 ~ ) .  under 
theconditions ofthe kineticexperi- 
ment: 0.1 M NaCIO,. pH = 4.4. 

ii) Duplex structure of the 
monoadducts and of the in- 
trastrand diadduct of n: The du- 
plex structure of the monoad- 
ducts was checked by a 
comparison of the CD spectra of 
I and I1 (recorded at pH 4.4 in 
0.1 M NaCIO, at 20 "C) with those 
of their monoadducts formed 
with 2. Figure3 shows that for 
the pure oligonucleotides, only II 
presents an excitonic signal char- 
acteristic of a duplex structure 
(Fig. 3, top, a). This signal is not 
altered after binding of the 
Pt(NH,):+ moiety from 2 (b), 
which demonstrates the retention 
of the duplex structure. The final 

diadduct of 1 with I1 (Fig. 3, bottom, b) also presents the signal 
characteristic of a B-type DNA, although the ellipticity at 
280 nm is slightly decreased. The cis-~t(NH3),d(GG)l2+ 
chelate usually slightly increases the ellipticity of duplex 
oligonucleotides and DNA at around 280 nm.['* -251  The small 
decrease observed here could result from the fraying of the AT 
ends of our short kinked duplex, altering base-pair stacking. 
Such a destabilization of GG-diadducts of ~ i s - [ P t ( N H ~ ) ~ l ~ +  has 
been observed previously.[24* 26* 271 The alternative explanation 
would be that the duplex platinum chelate dissociates complete- 
ly, whereby the unplatinated self-complementary strands 
reassociate and form 0.5 equiv of free 11. We started with lo-, M 
I1 and 0.8 x ~ O - , M  1. After complete reaction, the dissociation 
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Fig. 3. Circular dichroism spectra (in 0.1 M NaCIO, at pH = 4.4 and 20°C) of: 
top. a) d(TTGGCCAA),: ~ O - * M ;  b) d(TTGGCCAA),-Pt(NH,), (unre- 
solved mixture of both adducts): 1 0 - 4 ~ ;  c) d(CTGGCTCA): 2 x  ~ O - * M ;  
d) d(CTGGCTCA)-R(NH,), (unresolved mixture of both adducts): 2 x ~ O - * M ;  
bottom, a) d(TTGGCCAA),: 1 0 - 4 ~ ;  b) d(ITGGCCAA),-ciFh(NH,), (final 
chelate): ~ O - ' M ;  c) d(CTGGCTCA): 2 x  ~ O - , M ;  d) d(CTGGCTCA)- 
ciFh(NH,), (final chelate): 2 x 1 0 - 4 ~ .  

of the duplex 11-cis-Pt(NH,), should give 0.8 x ~ O - , M  of 
platinated single strand together with 0.6 x lod4 M unplatinated 
duplex 11. If we try to reconstitute the CD spectrum of such a 
mixture from the spectra of n (Fig. 3, bottom, a) and the GG- 
chelate of I (d), we do not obtain an acceptable fit in the 250 nm 
region. Complete dissociation of the diadduct of I1 and reasso- 
ciation of the unplatinated strands are therefore unlikely to have 
occurred under our experimental conditions. 

The results described in i) and ii) strongly suggest that the 
chelation of the monoadducts of 1 actually occurs on the duplex 
structure in agreement with Scheme 1, and that the final in- 
trastrand adduct on I1 is stable and does not release the unplati- 
nated strand. 

HPLC analysis of the reactions: The chromatograms in Figure 4 
show the excellent separation obtained for both reactions be- 
tween I1 and complexes 1 and 2; this allowed accurate measure- 
ment of concentration ratios of the various single-stranded spe- 
cies (see Experimental Section). The 5' and 3' monoadducts, 
together with the GG-chelate, were identified by VPD digestion 
(Experimental Section). This revealed that the major adduct 
formed by 2 was the 5'-G complex. For the reaction of 1, the 
major monoadduct trapped by bromide was also the 5'-G inter- 
mediate IS, which was much more abundant than the 3'-G 
intermediate 13'. Both 15' and 13' were converted into the GG- 
chelate C. Moreover, a small peak at considerably longer reten- 
tion time (labeled IC), which is not digested by VPD, is also 
apparent in Figure 4 a. 
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Fig. 4. Typical chromatogram for reaction mixtures quenched after 15 minutes by 
addition of an excess of KBr. Reaction conditions: 0 . 1 ~  NaCIO,, pH = 4.4, 
T =  20"C, d(TTGGCCAA), 1 0 - 4 ~ .  1 or 2 0 . 8 ~  ~ O - ' M .  (N = d(TTGGCCAA); 
15' = 5' monoadduct; 13' = 3' monoadduct; C = iotrastrand chelate; 
IC = interstrand chelate). a) ~is-[Pt(NH,)~(H,0),1~' with d(TTGGCCAA),, 
Kromasil C 18 column; mobile phase: potassium bromide 0 . 4 ~ ,  ammonium acetate 
buffer 0.01 M, pH = 4.7, acetonitrile gradient: 7% for 30 min; 7 to 9% from 30 to 
50min. 9% from 50 to 60min; flow rate 0.8mLmin-'; T =  38°C. 
b) [Pt(NH,)3(HzO)]2t with d(TTGGCCAA),. Kromasil C 18 column; mobile 
phase: urea 1 M, ammonium chloride 0.1 H. ammonium acetate buffer 0.01 M, 
pH = 4.7, acetonitrile (94:6 v/v); flow rate 0.8 mL min-'; T = 55 "C. 

Identification of an interstrand chelate: Whereas in reactions of 
I with 1 three major reaction products (two intermediates and 
one final product) were observed, the reaction of I1 with 1 gave 
four reaction products. Two of them were intermediate species 
(Fig. 4 a). The three major products had similar retention times. 
The fourth product (IC), which is a final adduct, was eluted 
after a considerably longer time and only upon use of an ace- 
tonitrile gradient. It was collected at the outlet of the column 
and analyzed by ESI/MS. Experimental and reconstructed spec- 
tra are shown in Figure 5. The peaks at m l i  = 1259.3, 1007.3, 
839.5, 719.7, 629.6, and 559.8 are assigned to a major product 
of molecular weight M = 5045 Da. This molecular weight cor- 
responds to an interstrand chelate, in which two octanucleotides 
are crosslinked by a Pt(NH,), moiety, with a theoretical molec- 
ular weight of 5049 Da. For such a species, the theoretical mul- 
ticharged ions should cause peaks at m/z =1261.2, 1008.8, 
840.5, 720.3, 630.1, and 560.0. We checked that under these 
analytical conditions the unplatinated duplex did not give any 
peaks due to nonspecific oligonucleotide di- or oligomerization. 

There are a few peaks which have not been assigned in the 
presented mass spectrum. For one of them, m/z =762.4, we 
cannot propose an assignment. However, we can identify the 
fragmentation (l) ,  which leads to species with molecular 
weights of M = 2639 and 2409.9 Da. This fragmentation is 

cis-[Pt(NH,),d(TTGGCCAA)d(TTGGCCAA)] - 
(1 ) cis-[Pt(NH,), d(TTGGCCAA)] + d(TTGGCCAA) 

A8 '-' --'_ 

629.6 7{9'7 1 

0 ' I  I I I i00 ' ld00 
400 600 1200 1400 m/z 
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1 I 2636 B I  

Fig. 5. a) Experimental and b) transformed ESI/MS spectra of the intentrand 
chelate. d(TTGG'CCAA)-d(TTGG'CCAA). In order to record the spectrum. the 
platination reaction was run to completion and the mixture purified by HPLC with 
aqueous acetonitrile (1 : 1 )  and 1 0 - 5 ~  triethylammonium acetate (Merck). A 
sample of the last peak was collected from the HPLC outlet, lyophilized, and 
rediluted to a concentration of approximately 20 pmol pL- I in aqueous acetonitrile 
(1  : 1 )  containing 0.5% triethylamine. 

based on the interpretation of the peaks at m/z = 657.4, 525.0, 
and 439.2, which are assigned to a species with molecular weight 
of M = 2639 Da with charge states of 4, 5, and 6, respectively, 
and of the peaks at m/z = 801.3,600.5,480.8, and 400.0, which 
are assigned to a species with molecular weight of M =  
2409.9 Da with charge states of 3, 4, 5, and 6, respectively. For 
the species with molecular weight M = 2639 Da, the theoretical 
multicharged ions should be m / i  = 658.8,526.8, and 438.8, and 
for the species with molecular weight of M = 2409.9 Da, they 
should be m/z = 802.3, 601.5, 481.0, and 400.7. 

Possibility of double platination: As we have recently found, the 
monoadducts of I with complex 2 can easily react with a second 
equivalent of 2, yieldinga species with each guanine coordinated 
to one Pt(NH,):+  unit.^''] With the bifunctional complex 1, no 
such diplatinated species were observed, presumably because 
intrastrand chelation effectively competes with the bimolecular 
reaction with a second platinum complex. In the duplex II, there 
are four guanines which, in principle, could coordinate a plat- 
inum center. 

We have investigated the reaction between Il and 2 with an 
approximately twofold molar excess of 2 and found that, in- 
deed, more than 50 % of the single-stranded species (detected by 
HPLC in the denaturing conditions used) were platinated, indi- 
cating that a part of the duplex reacted with more than 1 equiv 
of 2. On the other hand, we did not detect any new peak at- 
tributable to a diadduct of the same strand. An observation 
characteristic of the use of 2 in excess was an increased ratio of 
the 5' adduct to the 3' adduct. Since, in a monoplatinated du- 
plex, the 3'-G of the unplatinated complementary strand is clos- 
er to the platinum residue, its reaction with a second platinum 
could be slightly more inhibited than that of the 5'4, which 
would favor the platination of the 5'-G towards the end of the 
reaction. Importantly, this time dependence of the ratio between 
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the 5' and 3' (mono)adducts detected by HPLC was not ob- 
served if the initial molar ratio between I1 and 2 was 10.8. We 
conclude that if the platinum complex is not in excess, the 
diplatination is negligible. Pseudo-first-order conditions with 
the platinum complex in excess, which are frequently used in 
kinetic measurements, are particularly prone to cumulative 
platination. In order to minimize the risk of the coordination of 
more than one platinum atom by the same oligonucleotide, we 
ran all the experiments with a platinum/duplex ratio of 10.8. 

Optimized rate constants: The kinetic scheme for the reactions of 
the double-stranded octanucleotide II with complexes 1 and 2 is 
similar to that for the reactions of the single-stranded oligonu- 
cleotide I[15] and d(TGG),[16] except for two modifications: 
i) the possibility of interstrand crosslinking; ii) the possibility 
of a second platination on the complementary strand to that 
bearing a mono- or diadduct. The occurrence of interstrand 
crosslinking has been established (vide supra) and was included 
in the kinetic scheme (Scheme 1). 

The relative percentages of the single-stranded species detect- 
ed by HPLC (N, I S, I3', and C for the reaction with 1: for 
abbreviations see Fig. 4), were converted into those correspond- 
ing to the double-stranded species (D, DIS,  D13' and DC) 
actually involved in the reaction. At 255 nm the extinction coef- 
ficient E of the interstrand chelate (IC) was assumed to be twice 
that of the single-stranded monoadducts, that is, 
EN = EI 5' = EI 3' = EC = '/,EIC. This conversion is expressed 
by equations (i)-(iii). 

(9 
(ii) 

(iii) 

D(Yo) = (N(Yo) - 50 +0.5IC(Yo)) x 2 

DI(%) = I(%) x 2 

DC( Yo) = C( Yo) x 2 

Differential equations used for  the optimization of the rate con- 
stants: 

a) reaction I1 + 1 

-- d[D1 5'1 - k,.[D][Pt] - k,.,[DI 5'1 
dt 

-- d[DI 3'1 - k,.[D][Pt] - (k3.c + k,.J[DI 3'1 
dt 

~- d[DC1 - k,.,[DI3'] +k,.,[DI 5'1 
dt 

d[ICl = k3.,[DI 3'1 
dt 

[D] = [D], - ([DI 5'1 +[DI3'] +[DC] +[IC]) 

b) reaction I1 + 2  

[D] = [D]o - ([DI 5'1 + [DI 3'1) 

The differential equations above corresponding to the reactions 
shown in Scheme I were integrated numerically and the rate con- 
stants iterated by means of the program ITERAT until the best fit 
with the experimental points was obtained.[281 Representative fits 
of experimental concentration curves with those calculated from 
optimized rate constants are shown in Figures 6a  and 6b. The 
averaged rate constants calculated are presented in Table 1, to- 
gether with values determined previously for the reactions of I.[' w 
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Fig. 6. Calculated curves and experimental points for the reaction between d(TTG- 
GCCAA), and a) ~is-[h(NH,),(H,0),]~+ (+ : unreacted d(TTGGCCAA), (D); 
A; 5' monoadduct (DIS); -:  intrastrand chelate (DC); e:  3' monoadduct (DI3'); 
0 :  interstrand chelate (IC)). b) [Pt(NH,),(H,O)]'+ ( x  ; unreacted d(TTGGC- 
CAA), (D); A :  5' adduct (DI 5'); 0 :  3' adduct (DI3')). 

Table I .  Optimized rate constants and their comparison for the reactions of I and I1 with C~~-[P~(NH,),(H,O),]~' and [pt(NH,),(H,O)IZ* at pH 4.4.20"C in 0.1 M NaCIO, 
[ah]. 

With ~ i s - ~ t ( N H ~ ) ~ ( H , 0 ) , ] ~ +  (1) 
Oligonucleotide No. ofruns k, [M-'s-*] k,. [ M - ~ s - I ]  k,./ks 103xk,., [SKI] lO'xk,.,[s-'] ksJks.c 103xk,.i[s-'] k3../ks1 

d(CTGGCTCA) (I) 4 4.2(6) 2.0(2) 2.1 1.0(3) 3.3(4) 3.3 - - 
d(TTGGCCAA), (11) 4 54(7) 4.4(7) 12 0.06(4) 0.8(2) 13 0.4(1) 2 
1111: 13 2 
1/11 ; 16 4 

With [Pt(NH,)3(H,0)]z' (2) 1/2 
Oligonucleotide No. ofruns k,. [ M - ' s - ~ ]  k,. [ M - ~ s - ' ]  k,./k,. k,.(l)/k,, (2) k3,(1)/&3, (2) 

d(CTGGCTCA) (I) 4 1.1(1) 0.49(5) 2.2 I 4 4 
d(TTGGCCAA), (n) 4 4.5(5) 0.9(1) 5 I1 12 5 
Il/l 4 1.8 

[a] Labeling of the rate constants is defined in Scheme 1 .  [b] Esd's in parentheses 
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Discussion 

In Part I of this we investigated the reactions be- 
tween the platinum complexes cis-[Pt(NH,),(H,0),l2+ (1) and 
[Pt(NH,),(H,0)]2+ (2) with single-stranded di- to octanucle- 
otides containing the d(GG) sequence. The main observations 
were the following: i) 1 reacts faster than 2 with all the oligonu- 
cleotides studied; ii) both complexes show a slight preference 
for the 5’-G of the GG sequence; iii) the 3’ monoadduct of 1 
forms the final chelate slightly faster than the 5’ monoadduct 
does. The rate constants listed in Table 1 indicate that for the 
reactions of the same complexes with the duplex octanucleotide 
11. all the above trends are maintained. Both studies were con- 
ducted at pH 4.4 in order to keep the complexes 1 and 2 in their 
aqua f o r m ~ . [ ’ ~ * ~ ~ ]  The stability of the duplex structure in the 
conditions of the kinetic experiment (0.1 M NaCIO, at 20 “C) 
was checked by CD. 

The first finding of the present work is that a GG sequence is 
platinated considerably faster in a duplex than in a single- 
stranded oligonucleotide of the same length. The rate difference 
observed cannot be accounted for by the sole presence of two 
GG units in the duplex I1 compared with one in the single- 
strand I. Going from I to I1 the platination rate of the 5‘-G 
within the GG sequence increases by a factor of 13 for complex 
1 and 4 for complex 2. Taking into account the presence of the 
two GG units in the duplex 11, the acceleration factors are 6.5 
and 2. For a reaction between positively charged platinum com- 
plexes and negatively charged oligonucleotides, one of the fac- 
tors determining the different reaction rates could be the more 
negative charge of the double helix compared with that of the 
single strand. As the negative charges of the two strands add in 
a duplex, the electrostatic attraction towards cations should 
increase too. 

The platination reaction is expected to proceed by the rapid 
formation of an outer-sphere complex followed by the rate-de- 
termining substitution of an aqua ligand by a guanine N7;[301 
this step is irreversible under our experimental conditions. For 
example, for the reaction of complex 1 with the 5’-G of I1 to 
form the monoadduct, the kinetic scheme is that of Equation (2) 
([D . . .1] represents the outer sphere complex; Ka = association 
equilibrium constant; k,,, = substitution rate constant). 

The value of the association equilibrium constant K. is un- 
known. It is expected to be larger for II than for I in the reac- 
tions with both dicationic complexes, 1 and 2. For hydrated 
Mg2+ ions interacting with poly(dG-dC), , poly(A)-poly(U), 
poly(1)-poly(C) and poly (G)-poly(C) at pH =7, T = 20- 
25°C and an ionic strength of 0 . 1 ~ .  a Ka value of 1000- 
2000M-l has been determined.13’. 321 For our dicationic plat- 
inum complexes surrounded by four ammine and aqua ligands, 
also likely to interact with hydrogen-bond acceptor groups of 
the oligonucleotides, Ka values might be expected to range be- 
tween lo2 to ~ O ’ M - ’ .  The determination of this constant as a 
function of ionic strength is underway in our laboratory; this 
study should enable us to evaluate the contribution of Ka to the 
observed rate constants. 

Recently, Elmroth and Lippard examined the platination of 
a phosphorothioate group by cis-[PtCI(NH,)(NH,C,H,)- 
(OHz)]+.[29* 331 They found an approximately 40-fold rate in- 
crease for d(T,p(S)T,) compared with d(Tp(S)T), but no differ- 
ence between platination kinetics of the single-stranded species 

d(T,,p(S)T,) and that of the duplex [d(T,p(S)T,)-d(A,,)]. Three 
factors could account for the discrepancy between their results 
and ours: i) The phosphorothioate sulfur is located on the 
phosphate “ridge”, whereas the purine N 7 atoms are situated in 
the major groove of the duplex. In the grooves, the electrostatic 
potentials of the single strands combine almost additi~ely!’~~ 
whereas a smaller mutual enhancement of the negative poten- 
tials is expected at the periphery of the helix. ii) cis-[Pt- 
CI(NH,)(NH,C,H,)(OH,)] + is monocationic, whereas the 
complexes studied in our work are dications. The reactivity of 
the latter is expected to be more strongly dependent on the 
oligonucleotide electrostatic potential. iii) The enhancement of 
the rate constants for the platination of the duplex I1 compared 
with the single strand I could result from structure-specific bind- 
ing interactions such as hydrogen bonds. This hypothesis is 
supported by the fact that the increase in reactivity of the GG 
sequence in the duplex is caused only by the 5’-G, the duplex 
structure inducing no acceleration of the platination of the 3’43; 
Table 1 shows the accelerations by factors of 13 and 4 found for 
the 5’-G for complexes 1 and 2, respectively. Calculation of the 
influence of the neighboring bases on the electrostatic potential 
at the N 7  atom of a guanine within double-stranded DNA‘131 
yields a difference of 3.4 kJ mol-’ in favor of the central G of 
d(TGG) compared with that of d(GGC), which indicates that 
the 5’-G of II should be more nucleophilic than the 3’-G. On the 
other hand, the same type of calculations predict an increase in 
the electrostatic potential in the central part of a duplex struc- 
ture compared with the ends, an effect which should favor the 
3‘-G in II.1141 It appears unlikely that the sum of these two 
compensating effects could account for one order of magnitude 
between k,. and k,,. Finally, it has to be pointed out that the 
kinetic measurements by Elmroth and Lippard were made in a 
phosphate buffer.129* 331 The buffer is expected to compete effec- 
tively with the oligonucleotide as n ~ c l e o p h i l e . [ ~ ~ ~  Therefore, it 
cannot be taken for granted that the observed pseudo-first- 
order rate constants reflect the net reaction of the phos- 
phorothioate with cis-[PtCl(NH,)(NH,C,H,)(OH,)]+. 

The second finding of this work is that complexes 1 and 2, 
which are both dicationic, exhibit large differences in their plati- 
nation rates and selectivities. 1 is four times more reactive than 
2 towards the 5’- and 3’-Gs of the single strand I. The differences 
are still more pronounced for their reaction with the duplex 11 
(Table 1). Neither the constant Ka for outer-sphere association 
with 11, which is not expected to differ greatly for dicationic 
complexes 1 and 2, nor the electrostatic potentials of the two 
guanines can account for the observed data. As we pointed out 
in Part I,[’’] the different rate constants observed for 1 and 2 
could result, in principle, from three effects: i) different elec- 
tron-donating properties of H,O and NH, modifying the elec- 
trophilic character of the two Pt atoms; ii) different cis-effects 
of H,O and NH,; iii) sequence- and structure-specific interac- 
tions between Pt ligands and DNA residues. The fact that on 
substitution of I1 for I, the rate constants change differently for 
1 and 2, strongly suggests that effect iii) is involved. 

Part 111 of our work on this topic, devoted to cis-[PtCI- 
(NH,),(OH,)]+ and c~~-[P~(OH)(NH,),(OH,)]~ with chloro 
and hydroxo ligands in place of an ammine or aqua ligand, will 
yield relevant rate constants for different complexes reacting 
with the same duplex. This will allow an identification of 
the interactions that control the rate and selectivity of 
platination. Preliminary results from the reaction of cis-[PtCI- 
(NH3),(H2O)]+ with I1 indicate similar rates of platination of 
the two guanines of the GG sequence.1361 P. J. Sadler and 
coworkers monitored the reaction of cisplatin with 10- and 14- 
mer single and double-stranded oligonucleotides containing a 
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GG sequence by means of 'H and I5N NMR direct observation 
of "NH3 ligands; they found only a factor of approximately 4 
between the platination rates of the two g ~ a n i n e s . 1 ~ ~ ~  

The third finding of this work is the large difference between 
the intrastrand chelation rates of the monoaqua monoadducts 
on I and 11. Whereas the 3' monoadduct is chelated about 3 
times faster than the 5' monoadduct on the single-strand I. this 
ratio rises to 13 on the duplex 11. This actually results from the 
fact that the chelation of the 5' monoadduct of I1 is 16 times 
slower than that of I, and the chelation of the 3' monoadduct is 
only 4 times slower. The overall retardation is readily under- 
standable, since the deformation of the DNA helix necessary to 
accomodate the intrastrand crosslinkr26. '13,  391 is much more 
easily achieved in the single strand. The considerably slower 
chelation of the 5' monoadduct than of the 3' monoadduct fol- 
lows from the distance between the bound Pt atom and the N 7 
atom of the adjacent guanine in a double helix, which is longer 
in the 5' monoadduct. as already noted by Dewan.l4'] 

However, another factor contributing to the differences be- 
tween the chelation rates could be the inherent reactivity of the 
two guanines. The large difference between the platination rate 
constants k,. and k,. and between the chelation rate constants 
could be caused, at least in part, by a more strongly nucleophilic 
character of the N 7  atom of the 5'-guanine. In fact, k,./ 
k,. z k3Jk5.= for both I and 11 (Table I ) ,  and one could interpret 
this as a result of both ratios originating from the inherently 
greater reactivity of the 5'-G. However, the different ratios k5 . /  
k,. measured for the platination of I1 with 1 and 2 (12 and 5, 
respectively) suggest that the ligands and their interactions with 
the oligonucleotide play a role in the discrimination between the 
two guanines as well. It appears therefore that the chelation rate 
constants are determined by a rather complicated combination 
of effects, which depend on the platinum complex and on the 
oligonucleotide structure. The fact that in this case intrastrand 
chelation competes with interstrand crosslinking sheds more 
light on the factors controlling the chelation step, as will be 
discussed in the following paragraph. 

The fourth finding of this work is that GG interstrand 
crosslinking competes with GG-intrastrand chelation. There 
have been conflicting reports on the occurrence and biological 
significance of interstrand crosslinks in V ~ V O . ~ ~ ' . ~ ~ ~  In this work 
we were able to determine simultaneously for the first time the 
rate constants for intra- and interstrand GG-crosslinking of the 
same monoadduct. The duplex I1 contains the central d(G- 
GCC) -d(GGCC) sequence; the 3' monoadduct, d(GG*CC) - 
d(GGCC) with C~~-[P~(NH,),(H,O)]~+ bound to G* (Fig. 7), 
forms the interstrand crosslink d(GG*CC)-d(GG*CC) with a 
rate about half that of intrastrand chelation leading to 
d(G*G*CC)-d(GGCC). Our results are in agreement with the 
observation that cisplatin monoadducts of the d(AG*C)- 
d(GCT) sequence within a 22-mer yield only the interstrand 
crosslink d(AG*C)-d(G*CT).171 Since adenine binds to plat- 
inum about one order of magnitude more slowly than guanine, 
extrapolation of our data to the d(AGC)-d(GCT) sequence 
gives an estimated ratio of 2 5 in favor of the interstrand GG- 
over the intrastrand AG-crosslink. 

The fact that the rate constant for the interstrand chelation of 
the 3' monoadduct (k,,i) is of the same order of magnitude as 
that for the intrastrand chelation ( k 3 J  (Table 1) indicates that 
the distance is not the only criterion: as an inspection of the 
model in Figure 7 shows, the two relevant Pt-N7 distances are 
very different (7.5 and 3.9 A, respectively), whereas for the 5' 
monoadduct the Pt-N7 distance for the (much slower) in- 
trastrand chelation lies between the two values (5.5 A, model not 
shown). The chelation rate will certainly depend on the strain 

Fig. 7. Arnott B-DNA model [47] of the duplex d(TTGG*CCAA)- 
d(TTGGCCAA) with ~is-[h(NH,)~(H~o)]~+ bound to the N7 atom of the G* 
guanine. The position of the platinum complex corresponds to a local energy min- 
imum obtained by a belly minimization with the oligonucleotide atoms fixed. with 
force-field data described elsewhere [26]. 

energy in the transition state, which is obviously not simply relat- 
ed to the distance between the two atoms that have to be linked. 

The observation that interstrand 3'-G*/3'-G crosslinking 
competes with intrastrand 3'-G*/5'-G chelation is also notewor- 
thy from another point of view: since the interstrand crosslink- 
ing involves the presumably less nucleophilic 3'-G of the com- 
plementary strand as entering ligand, we see once more that the 
relative nucleophilicities of the 5'- and 3'-G discussed above 
cannot be the only parameters controlling the chelation 
steps. 

It is interesting that the small final yield of the interstrand 
chelate (5-7%) is not due to a small interstrand chelation con- 
stant (which is of the same order of magnitude as the faster 
intrastrand chelation constant, k3.J but to the smaller platina- 
tion rate constant, k , . ,  compared with k5,. Since the interstrand 
chelate is formed only from the 3' monoadduct, it is the selectiv- 
ity of the platination step which disfavors the formation of the 
interstrand crosslink. A possible strategy towards the concep- 
tion of platinum complexes yielding increased levels of inter- 
strand crosslinks on DNA would therefore rely on a reversal of 
the selective 5'-platination of GG sequences to selective 3'-plati- 
nation. 

Another point to mention is that the faster-formed ( x 10) and 
more slowly chelated ( x 5' monoadduct accumulates and 
persists in a significant concentration over several hours 
(Fig. 6a). This finding is important in view of the potential of 
such reactive intermediates to form covalent DNA-protein 
crosslinks (see next paragraph). 

Relevance of this work to cisplatin-DNA interactions in vivo: In 
cells, the first step of the reaction between cisplatin and DNA is 
the hydrolysis of cis-[PtCl,(NH,),] to cis-[PtCI(NH,),- 
(H20)]+.[431 As we have discussed earlier,[441 cis-[PtCl(NH,),- 
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(OH,)]' can react with DNA either directly or by a second 
hydrolysis step to C~~-[P~(NH,),(H,O),]~ + . The fairly compli- 
cated kinetic analysis of the reactions between cis-pt- 
CI(NH3),(OH,)]t and an oligonucleotide will have to take into 
account both pathways, and the rate constants determined for 
the diaqua complex in this work will be a prerequisite for the 
calculation of the remaining unknown rate constants. The latter 
will include the rate constants for the hydrolysis of the chloro 
monoadducts. Our preliminary results1361 indicate that the 
chloro monoadduct on the 3'-G is hydrolyzed one order of 
magnitude faster than that on the 5'-G, with respective lifetimes 
ranging from several hours to three days at 20°C. Compared 
with the lifetimes of approximately 30 min to approximately 3 h 
of the 3'-G and 5'-G aqua monoadducts (Fig. 6a), this shows 
that the aquation of the chloro monoadducts is the rate-deter- 
mining step for the chelation of the latter. A similar conclusion 
has previously been drawn by Bancroft et al.,[451 who followed 
the reaction of c~~-[P~CI(NH,),(H,O)]~ with chicken erythro- 
cyte DNA by 195Pt NMR and detected accumulating chloro 
monoadducts but no aqua monoadducts. Comparable results 
were recently obtained by Sadler and co-workers, who studied 
the platination of a decanucleotide duplex by 'H and "N 
NMR. They detected no aqua monoadduct and found that one 
chloro monoadduct ring-closed much faster than the other.1371 
The absence of accumulation of aqua monoadducts also indi- 
cates that c~~-[P~(NH,),(H,O),]~ + is not the predominant spe- 
cies reacting with DNA under these experimental conditions. In 
our opinion, it would be premature to extrapolate this result to 
in vivo conditions. What we can state, however, is that regard- 
less of which pathway predominates, one sort of monoadduct 
(chloro or aqua) will accumulate for a period of minutes to 
hours at 37 "C. Evidence for persisting monoadducts in different 
organs of cisplatin-treated LOU/M rats emerges from the study 
of Fichtinger-Schepman et a1.1461 The quantification method did 
not allow a distinction between chloro and aqua monoadducts, 
however. As we have recently demonstrated,['01 long-living 
monoadducts are excellent candidates for forming covalent 
crosslinks between DNA and recognition proteins. 

Conclusion 

By means of HPLC-based methodology, we have carried out a 
complete kinetic analysis of the reaction between the duplex 
d(TTGGCCAA), (11) and the diaqua derivative of cisplatin cis- 
[Pt(NH3),(H20),]2t (1) at pH 4.4, 0.1 M ionic strength and 
20 "C. We have determined the rate constants of the two platina- 
tion reactions with the 5'- and 3'-guanines of the GG-sequence 
and the rate constants of the three crosslinking reactions of the 
monoadducts, two intrastrand chelations (of the 5'-G* and 3'- 
G* monoadducts), and one interstrand chelation of the 3'-G* 
monoadduct of one strand by the 3'-G of the other strand. The 
duplex structure introduces a strong differentiation between the 
two guanines. While the 5'-G* monoadduct is formed one order 
of magnitude faster than the 3'-G* monoadduct, it is chelated 
one order of magnitude more slowly. Selective binding to the 
5'-G is also observed for [Pt(NH3)3(HzO)]2+ (2), but to a much 
lesser extent than for 1, pointing to the role of the metal ligands 
in the orientation of the reactions with DNA. The 3'-G* 
monoadduct of 1 also undergoes interstrand crosslinking at a 
rate half that ofintrastrand chelation. Since the duplex structure 
accelerates the formation of the 5'-G* monoadduct and slows 
down its chelation, this monoadduct accumulates. Such a 
monoadduct on DNA, bearing a labile ligand, might crosslink 
DNA-binding proteins. 

Acknowkdgeneo@: This paper is the result of the work of Ph.D. students F.R. and 
F.G. We are indebted to N&lk Potier and Prof. Alain Van Dorsselaer (LMSBO. 
Strasbourg, France) for the ESI spectra, to Dr. Genevieve Chottard (Universite 
Pierre et Marie Curie. Pans, France) for the circular dichroism studies, to Prof. 
AndtC Merbach and Dr. Gabor Laurency (Universiti de Lausanne, Switzerland) for 
the program ITERAT, and to Dr. Roger Attias for technical assistance. This work 
was supported by the Association pour la Recherche contre le Cancer (contract 
no. 2042). by the EC COST Action D 1/0002/92, and by the EC Human Capital and 
Mobility Network "Metal ion-nucleic acid interactions and antitumor drugs" 
(1993 - 1996). A loan of platinum salts by Johnson Matthey is gratefully acknowl- 
edged. 

Received: February 5, 1995 IF2941 

[ I ]  A. M. J. Fichtinger-Schepman. I. L. Van der Veer, J. H. J. Den Hartog. 

[2] A. Eastman. Chem.-Biol. Inferacf. 1987, 61, 241 -248. 
[3] S. L. Bruhn. J. H. Toney, S .  J. Lippard. Prog. Inorg. Chem. 1990, 38.477-516. 
141 P. M. Pil, S. J. Lippard, Science 1992, 256. 234-237. 
[5] S. J. Brown. P. J. Kellet, S. J. Lippard. Srience 1993, 261, 603-605. 
161 A. M. J. Fichtinger-Schepman, H. C. M. van Dijk-Knijnenburg, F. J. Dijt. 

S. D. van der Velde-Visser. F. Berends, R. A. Baan. J.  Inorg. Biorhem. 1995.58, 
177-191. 

171 M. A. Lemaire, A. Schwartz, A. R. Rahmouni, M. Leng. Pror. Nafl. Arad. Sri. 

(81 L. S. Hollis, W. I. Sundquist, J. N. Burstyn, W. J. Heiger-Bernays, S. F. Bellon. 
K. J. Ahmed, A. R. Amundsen, E. W. Stern. S .  J. Lippard, Cancer Res. 1991. 
51, 1866-1875. 

191 Y. Corda, C. Job, M. F. Anin. M. Leng, D. Job, Biochemistry 1993,32,8582- 
8588. 

[lo] B. Lambert, J.-L. Jestin. P. Bkhin, A. T. Yeung, P. Maillet, C. Preteau, J.-B. 
Le Pecq. A. Jacquemin-Sablon, J.-C. Chottard. J.  Biol. Chem. 1995. 270, 
21251 -21257. 

[I 1) V. Murray, H. Motyka. P. R. England. G. Wickham, H. H. Lee, W. A. Denny, 
W. D. McFadyen, J.  Biol. Chem. 1992,267, 18805-18809. 

1121 K. A. Grimaldi, S. R. McAdam. R. L. Souham, J. A. Hartley, Nurleir Acid 
Res. 1994.22, 2311-2317. 

1131 A. Pullman, C. Zakrzewska. D. Perahia. Inr. J. Quantum Chem. 1979, 16. 
395-403. 

1141 A. Pullman. 8. Pullman, Q. Rev. Biophys. 1981, 14. 289-380. 
[15] F. Gonnet. F. Reeder, J. Kozelka, J.-C. Chottard, Inorg. Chem. 1996,35,1653- 

1161 F. Gonnet. J. Kozelka. J.-C. Chottard, Angew. Chem. Inr. Ed. Engl. 1992, 31, 

1171 F. Reeder, J. Kozelka, J.-C. Chottard, Inorg. Chem. 1996, 35, 1413-1415. 
1181 G. Zon. W. J. Stec, Oligonucleofides and analogues: A pracrical approach (Ed.: 

F. Eckstein), Oxford University Press, New York. 1991, pp. 87-108. 
1191 K. Inagaki. K. Kasuya, Y. Kidani, Chem. Leu. 1983, 1345-1348. 
(201 K .  Inagaki. K. Kasuya. Y. Kidani, Inorg. Chim. Aefa 1984. 91. L13-LI5. 
1211 J.-P. Macquet. J.-L. Butour, Biorhimie 1978.60. 901 -914. 
1221 B. Van Hemelryck, E. Guittet. J.-C. Chottard, G. Chottard, J.-P. Girault. T. 

Huynh-Dinh, J.-Y. Lallemand. J. Igolen. J.  Am. Chem. Soc. 1984, 106, 3037. 
(231 B. Van Hemelryck, E. Guittet. G. Chottard, J.-P. Girault, F. Herman, T. 

Huynh-Dinh. J.-Y. Lallemand. J. Igolen. J.-C. Chottard, Biochem. Biophys. Res. 
Comniun. 1986, 138. 758-763. 

(241 J. H. J. den Hartog, C. Altona. J. H. van Boom. G. A. van der Mare!. C. A. G. 
Haasnoot, J. Reedijk, J. Biomol. Sfrurr. Dyn. 1985.2, 1137-1155. 

[25] M.-H. Fouchet, C. Gauthier. E. Guittet, J.-P. Girault. J. Igolen, J.-C. Chottard. 
Biocheni. Bioph.vs. Res. Commun. 1992. 182. 555-560. 

1261 F. Herman, J. Kozelka, V. Stoven, E. Guittet, J.-P. Girault, T. Huynh-Dinh. J. 
Igolen. J.-Y. Lallemand. J.-C. Chottard, Eur. J.  Biorhem. 1990, 194. 119- 133. 

(271 L. Marrot, M. Leng. Biochemisrry 1989.28. 1454-1461. 
1281 L. Zekany, ITERAT Version 2, Universite de Lausanne. Lausanne (Switzer- 

[29] S. K. C. Elmroth. S .  J. Lippard. Inorg. Chem. 1995. 34, 5234-5243. 
1301 H. Strehlow. Rapid Reaefions in Solufion. VCH, Weinheim. 1993, pp. 115- 129. 
1311 T. Schonknecht* H. Diebler, J.  Inorg. Biorhem. 1993, 50. 283-298. 
(32) G. Strunk, H. Diebler. J. Chem. Soc. Dalfon 7ians. 1994. 1929-1933. 
(331 S. K. C. Elmroth. S. J. Lippard, 1 Am. Chem. Soc. 1994, 116, 3633-3634. 
1341 T. G. Appleton. R. D. Berry. C. A. Davis, J. R. Hall, H. A. Kimlin, Inorg. 

1351 A. Laoui, J. Kozelka, J.-C. Chottard, Inorg. Chem. 1988,27,2751-2753. 
[36] F. Gonnet. Thise de doctorat de I'UniversitC Pierre et Marie Curie, December 

17. 1993. p. 181. 
1371 K. J. Barnham, S. J. Berners-Price. T. A. Frenkiel, U. Frey, P. J. Sadler, 

Angem. Chem. Int. Ed. Engl. 199534,1874- 1877, and S. J. Berners-Price. K. J. 
Bamhan, U. Frey, P. 1. Sadler, Chem. Eur. J.  1996. in press. 

P. H. M. Lohman, J. Reedijk. Biochemisfry 1985.24.707-713. 

USA 1991,88, 1982-1985. 

1658. 

1483 -1485. 

land), 1992. 

Chem. 1984. 23, 3514-3521. 

1381 J. Kozelka, I-C. Chottard, Biophys. Chem. 1990.35. 165-178. 
1391 J. Kozelka, M.-H. Fouchet, J.-C. Chottard. Eur. J.  Biorhem. 1992, 205, 895- 

906. 

- ~~ 

Chem. Eur. J. 1996, 2, No. 9 0 VCH Verlagsgesellschafi mbH. 0-69451 Weinheim. 19% 0947-6539/96/0209-l07S $ 15.00+.25/0 1075 



FULL PAPER 
I401 J. C. Dewan. 1 Am. Cheni. Soc. 1984, 106.1239-7244. 
[41] J. J. Roberts, F. Friedlos, Pharmacol. Ther. 1987.34, 215-246. 
[42] J. J. Roberts, R. J. Knox, M. F. Pera, F. Friedlos, P. A. Lydall, Plarinum and 

Other Metal Coordination Compounds in Cancer Chemotherapy (Ed. : M. Nicol- 
ini). NijholT. Boston. 1988, pp. 16-31. 

[43] P. Horacek. J. Drobnik, Biochem. Biophys. Actu 1971, 254, 341. 
1441 F. Gonnet. D. Lemaire. J. Kozelka, J. C. Chottard. J. Chromatogr. 1993. 648* 

279- 282. 

J.-C. Chottard et al. 

[45] D. P. Bancroft. C. A. Lepre, S. J. Lippard. 1 Am. Chem. SOC. 1990,112,6860- 
681 1. 

[46] A. M. 1. Fichtinger-Schepman, C. P. J. Vendrick, W. C. M. van Dijk-Knijnen- 
burg, W H. de Jong. A. C. E. vander Minnen. A. M. E. Claessen. S. D. 
van der Velde-Visser, G. de Groot, K. L. Wubs, P. A. Steerenberg, J. H. Schor- 
nagel, F. &rends, Cancer Rex 1989, 49, 2862-2867. 

[47] S. Arnott, R. Chandrasekaran, G. W. Leslie, 1 Mol. Biol. 1976,106, 735-748. 

1076 - Q VCH Verlagsgesellschaft mbH. 0-69451 Weinheim. 1996 0947-6539/96l0209-1076 $15.00+.25/0 Chem. Eur. J. 1996, 2, No. 9 


