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spectra were run at the Catholic University of America Chemical 
Instrumentation Center, the FDA Office of Biologies, JEOL 
(U.S.A.), Inc., and the Southern California Regional NMR Center 
(the latter, an NSF-sponsored facility at CaI Tech). We thank 

In the cell, DNA is considered as the primary target of the 
active aquated forms2 of the antitumor drug c/.r-[PtCl2(NH3)2]

3 

(cis-DDP).* Studies with various DNAs have established that 
intrastrand cross-linking of two adjacent guanines is the major 
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coordination fate of the CW-Pt(NHs)2
2+ moiety.6"11 This is in 

agreement with model oligonucleotide studies which pointed to 
the facile G N 7 - G N 7 platinum chelation by the GpG sequence 
to give only one complex with an anti-anti configuration.12"16 In 
the case of DNA, there seems to be conflicting evidence about 
whether platinum first binds to all guanines with equal proba
bi l i ty" or by a direct bifunctional attack at preferred sites.11 

(5) IUPAC-IUB Joint Commission on Biochemical Nomenclature, Rec
ommendations, 1982; Eur. J. Biochem. 1983, 131, 9-15. 

(6) Kelman, A. D.; Buchbinder, M. Biochimie 1978, 60, 893-899. 
(7) Cohen, G. L.; Ledner, J. A.; Bauer, W. R.; Ushay, H. M.; Caravana, 

C; Lippard, S. J. J. Am. Chem. Soc. 1980, 102, 2487-2488. 
(8) Ushay, H. M.; Tullius, T. D.; Lippard, S. J. Biochemistry 1981, 20, 

3744-3748. 
(9) Tullius, T. D.; Lippard, S. J. J. Am. Chem. Soc. 1981,103, 4620-4622. 
(10) Fichtinger-Schepman, A.-M. J.; Lohman, P. H. M.; Reedijk, J. Nu-

cleic Acids Res. 1982, 10, 5345-5356. 
(11) Eastman, A. Biochemistry 1983, 22, 3927-3933. 
(12) (a) Chottard, J.-C; Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; 

Mansuy, D. Now. J. Chim. 1978, 2, 551-553. (b) Chottard, J.-C; Girault, 
J.-P.; Chottard, G.; Lallemand, J.-Y.; Mansuy, D. / . Am. Chem. Soc. 1980, 
102, 5565-5572. 

(13) Marcelis, A. T. M.; Canters, G. W.; Reedijk, J. Reel. Trav. Chim. 
Pays-Bas 1981, 100, 391-392. 

(14) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, J.-C. Bio
chemistry 1982, 21, 1352-1356. 

(15) Caradonna, J.-P.; Lippard, S. J.; Gait, M. J.; Singh, M. J. Am. Chem. 
Soc. 1982, 104, 5793-5795. 

(16) (a) Girault, J.-P.; Chottard, J.-C; Guittet, E. R.; Lallemand, J.-Y.; 
Huynh-Dinh, T.; Igolen, J. Biochem. Biophys. Res. Commun. 1982, 109, 
1157-1163. (b) Chottard, J.-C; Girault, J.-P.; Guittet, E.; Lallemand, J.-Y.; 
Huynh-Dinh, T.; Igolen, J.; Neumann, J.; Tran-Dinh, S. Inorg. Chim. Acta 
1983, 79, 249-250. 

CytidylyKS'-SOguanosine Dinucleotides Give Two Platinum 
Chelates with czs-Diamminedichloroplatinum That Are 
Cytidine Syn-Anti Conformational Isomers 

Jean-Pierre Girault,18 Genevieve Chottard,lb Jean-Yves Lallemand,10 Frederic Huguenin, lad 

and Jean-Claude Chottard*1* 

Contributions from the Laboratoire de Chimie de l'Ecole Normale Superieure, 
75231 Paris Cedex 05, the Departement des Recherches Physiques, Universite Pierre et 
Marie Curie, 75230 Paris Cedex 05, France, and the Laboratoire de Resonance Magnetique 
Nucleaire, ICSN, 91190 Gif-sur-Yvette, France. Received April 2, 1984 

Abstract: CpG and d(pCpG) react with ew-[PtCl2(NH3J2] (cw-DDP) or Cw-[Pt(NHa)2(H2O)2](NO3): (1 Pt per dinucleotide, 
10"5-(5 X 10~4) M) in water at pH 5.5 to give as single adduct the CN3-GN7 chelate of the m-P t (NH 3 ) 2

2 + moiety. The 
nature of the ribo- and deoxy-(C-G>cw-Pt chelates is established by atomic absorption spectroscopy, high-pressure gel permeation 
chromatography, and 1H NMR. Reaction of CpG with [PtBr(dien)]Br and monitoring of its 1O-2 M reaction with cis-DDP 
and its diaqua derivative show that the formation of the (CpG)-CW-Pt chelate is a two-step process starting with N7-platination 
of the guanine. The ribo- and deoxy-(G-C)-cis-Pt chelates exist as C(anti)-G(anti) and C(syn)-G(anti) isomers (respectively, 
ca. 20-80% at 20 0C) whose structures are established by 1H NMR. When separated by HPLC, these two isomers slowly 
equilibrate at room temperature. The circular dichroism spectra of the two diastereoisomeric C(anti)-G(anti) and C(syn)-G(anti) 
chelates present a remarkable sign inversion, which can be related to the respective left- and right-handed pseudohelical 
arrangements of their sugar-phosphate backbones. For CpG the activation parameters of the C(anti)-G(anti) —• C(syn)-G(anti) 
isomerization, determined from the evolution of the CD spectra at different temperatures between -9 and 18.5 0 C, are AH0* 
= 41 (6) kJ mol"1 and AS0* = -130 (30) J mol"1 K"1. From these values it is concluded that the equilibration process between 
the C(anti)-G(anti) and C(syn)-G(anti) platinum chelates is actually a conformational isomerization via the rotation of the 
cytosine about its glycosidic and N3-Pt bonds. 
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Actually other less frequent types of chelation have been dem
onstrated or proposed, from the analysis of enzymatic digests of 
platinated DNA. They involve either adenosine and guanosine 
or two guanosines of d(ApG),11'18 d(ApXpG),11 and d(GpXpG)10'11 

sequences with X = A, C, G, or T. The latter adducts, with X 
= C and A, lead to base-pair substitution in wild type E. CoIi 
bacteria,19 and model studies support a GN7-GN7 chelation by 
the d(GpCpG) sequence.20 Dinucleotide model studies have 
shown that ApA,12b'21 GpC and d(pGpC), ,2W2 CpC and d-
(pCpC),22 and GpA.23 all give platinum chelates upon reaction 
with cw-DDP, with formation of several isomers in the A-A, G-C, 
and G-A cases. For CpG, the formation of the cw-[Pt(NH3)2-
(CpG-iV5,./V7)]+ and Jcw-Pt(NH3)2(M-(CpG-/VJ,./V7))]2

2+ com
plexes, accounting for internal and external cross-linking, has been 
reported.24 In this paper, following a preliminary report,22 we 
show that CpG and d(pCpG) react stoichiometrically with cis-
[PtCl2(NHj)2] and cw-[Pt(NH3)2(H20)2](N03)2. For both 
dinucleotides, the two-step reaction starts with GN7 platinum 
coordination and gives the C(anti)-G(anti) and the C(syn-G(anti) 
isomers of the CN3-GN7 platinum chelate cw-[Pt(NH3)2j(C-
G)-N3,N7\]+(-^ respectively 1 and 2 for CpG and 3 and 4 for 
d(pCpG). At room temperature, for both the ribo and deoxy 
complexes, a slow rotation of the cytosine, about the glycosidic 
and CN3-Pt bonds, leads to the equilibrium mixture of the two 
C(anti) and C(syn) conformers. 

Experimental Section 
CpG and d(pCpG) ammonium salts were from Sigma and Collabo

rative Research. The stoichiometric reactions (1 Pt per dinucleotide) 
were run at 10"5-(5 X 10^)M concentrations at pH ca. 5.5, in doubly 
distilled water, at 37 0C using cw-DDP, its diaqua derivative, or 
[PtBr(dien)]Br, under previously described conditions.12b'14,22 The pre
dominant reactive species were the aquachloro and aquahydroxo com
plexes for ci'i-DDP and the diaqua and aquahydroxo complexes for 
c/.s-[Pt(NH3)2(H20)2](N03)2.

2a Concentrated stoichiometric reactions, 
10"2 M in cw-Pt, have been run at pH 3.5 with cfa-DDP and pH 5.5 and 
3.5 with its diaqua derivative. At these pHs, the less reactive /i-hydroxo 
species can be neglected.2 

Platinum content of the complexes was determined by atomic ab
sorption using a A 560 Perkin-Elmer spectrometer coupled with a HGA 
500 programmer. 

HPLC analyses and preparative separations were performed on an 
Altex 420 liquid chromatograph, with 254-nm detection, on a Waters 
Cl8 /tBondapak column used in reverse phase, with a 10"2M aqueous 
CH3CO2NH4 solution as eluant A and 10"2 M CH3CO2NH4 in H2O/ 
CH3OH (1:1) as eluant B, both solutions were at pH 4 (CH3CO2H 
added). Pure samples of the ribo- and deoxy-(C-G)-ci'5-Pt isomers were 
collected at liquid nitrogen temperature and lyophilized. 

High-pressure gel-permeation chromatography analyses were per
formed on a Waters M-Porasil GPC 60-A column using a 0.5 M CH3C-
O2NH4 solution at pH 4 (CH3CO2H added) with 1% sodium dodecyl 
sulfate, as eluant. 

The 1H NMR spectra were recorded on Bruker WM 250 (250 MHz) 
and WM 400 (400 MHz) spectrometers, using standard Fourier trans-
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form techniques. The protons T1 relaxation times were obtained by the 
inversion recovery method at ca. 20 0C under previously reported con
ditions.14 The analyses of the spectra were obtained by homodecoupling 
techniques, NOE difference experiments, and two-dimensional homonu-
clear experiments (2D COSY 45 or 2D NOESY; the original data set 
consisted of 1024 points in the t2 dimension and 256 points in the f, 
dimension, the resulting data matrix was processed with a sine-bell 
window in the two dimensions and a zero filling in the/i dimension, and 
the absolute value mode was used). 

The CD spectra were recorded on a Jobin Yvon Mark III. The At 
(6L ~ eR> M"1 cm"1) are given per nucleotide residue. The molar extinction 
coefficients of the complexes were determined from the ratio of the 
optical densities of the dinucleotide solution before and after reaction with 
the platinum complex, assuming that no concentration change had oc
curred. For the mixtures of the (C-G)-c/.s-Pt isomers a mean extinction 
coefficient was obtained that was used for each isomer separated by 
HPLC. The variation of the equilibrium constant of the CpG-ci's-Pt 1 
and 2 isomers, with temperature, was determined from 1H NMR spectra 
recorded between 2 and 87 0C. The rate constants of the CpG-ci's-Pt 1 
-» 2 and 2 -*• 1 isomerizations were determined from the evolution vs. 
time of the CD spectra of the minor complex 1 (1.3 X 10"4 M) at four 
temperatures between -9 and 18.5 0C and the major complex 2 (2.2 x 
ICr* M) at 1 and 18 0C, up to 30% conversion. The thermodynamic and 
kinetic parameters were determined from the In K = /(I /T) and Eyring 
plots, using a classical regression analysis. 

Results 

Analysis of the Reactions. The reactions of 1 molar equiv of 
CW-[PtCl2(NHj)2] or CW-[Pt(NHj)2(H2O)2](NOj)2 with CpG (2.8 
X Kr 4 Hl-S X 10"5 M) ord(pCpG) (7.8 X 10"5)-(4.5 X 10"5 M) 
in water at pH 5.5 give a similar evolution of the UV charac
teristics of the solution (C-G, C-G Xmax, C-G-cw-Pt Xma, ratio of 
m̂ax optical densities for C-G-cw-Pt and C-G: CpG 254 nm (sh 

270), 261 nm, 0.9; d(pCpG) 254 (sh 270), 262, 1.0). A com
parable evolution is observed for the stoichiometric reaction be
tween [PtBr(dien)]Br and CpG (2.7 X 10"4 M) [(i.e., 254 (sh 270), 
261, 0.87 nm). 

The reactions between the dichloro or diaqua complex with CpG 
and d(pCpG) give, for each dinucleotide, the same two new HPLC 
peaks, with a shorter elution time than that of the starting C-G. 
With the bromodiethylenetriamine complex, only one new peak 
appears with a slightly longer elution time than that of CpG. 

With the diaqua complex, CpG 2.8 X l O - 4 M and d(pCpG) 
7.8 X 10"5 M are completely converted into the final products after 
17 and 21 h. The same reactions are about twice as long with 
the dichloro complex. For CpG 2.7 XlO - 4M and [PtBr(dien)]Br 
the reaction is over after 24 h. 

For CpG 5 X 10"5M reacting with the diaqua complex, C-G/Pt 
molar ratios of 0.5, 1, and 2 do not bring any change either in 
the products formed or in their proportions (in the latter case 
unreacted CpG is present). For the stoichiometric reaction run 
at the higher 10"2 M concentration at pH 5.5, between the diaqua 
complex and CpG, a monomeric intermediate complex is formed 
with an HPLC retention time close to that of the adduct obtained 
with [PtBr(dien)]Br. This intermediate is further converted into 
the two final products. Addition of 7 M aqueous KCl transforms 
the intermediate into another compound which, in these conditions, 
very slowly gives the final products. If one tries to isolate this 
new compound by HPLC, its transformation into the two final 
products is greatly accelerated. 

After preparative HPLC separation, the two final adducts called 
1 and 2 for CpG and 3 and 4 for d(pCpG), according to their 
elution order, slowly equilibrate at room temperature to give the 
same mixture as that of the reaction. At 20 0C this equilibrium 
mixture contains 20% 1, 80% 2 or 17% 3, 83% 4, determined by 
1H NMR integration. Collection of the HPLC preparative 
fractions in the cold, followed by lyophilization, gave the pure 
isomers. 

Analysis of the Complexes Formed. Atomic absorption spec
troscopy allowed the determination of an fmax/Pt of about 19 500 
and 20 500 respectively for the adducts of CpG and d(pCpG), to 
be compared to 19000 and 19 200 for the free dinucleotides. 

The retention times of these adducts, in gel permeation chro
matography, are respectively similar to those of the previously 
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Table I. 1H NMR Data for the (CpG)-cw-Pt 1 and 2 and for the [Pt(dien)(CpG-7V7)]+ (5) Complexes 

H8 
H6 

H5 
C-Hl' 
G-Hl ' 
C-H2' 
G-H2' 

C-H3' 

G-H3' 
C-H4' 

G-H4' 

C-H5' 

C-H5" 
G-H5' 
G-H5" 

CpG (pH* 7.O)25 

S J 

8.02 s 
7.76 d v 

5.87 d i 
5.73 d 
5.90 d 
4.32 
4.64 

4.44 -

4.52 
4.21 

4.32 « 

3.77 

3.82 
4.29 
4.16 

• (5,6) = 7.9 

(l',2') = 3.2 
d' ,2') = 4.3 
(2',3') = 5.1 
(2'3') = 5.0 

f(3',4') = 6.7 

I (3',P) = 8.3 
(3',4') = 5.4 
(4',5') = 3.2 

f(4',5') = 2.4 

{(4',5") = 3.0 

(5',5") = -13 

(4',5") = 2.8 

S 

8.22 s 
8.10 d\ 

6.03 d j 
5.78 s 
5.83 d 

K p H * 

J 

(5.6) = 

(l',2') = 

7.0) 

7.7 

= 6.0 

AS" 

+0.2 
+0.35 

+0.15 
+0.05 
-0.05 

,5 

8.44 s 
7.62 d . 

5.99 d j 
5.32 s 
5.96 d 
4.37 d 
4.53 

5.23 

4.43 
=4.17 

4.33 < 

4.05 • 

3.87 
«4.17 

2 (pH* 7.0) 

J 

• (5.6) = 7.7 

(l',2') = 7.7 
(2',3') = 6.0 
(2',3') = 5.8 

/(3',4') = 9.8 

\(3' ,P) = 9.8 
(3',4') = 2.5 

I (4',5') =3-4 

{(4',5") « 3-4 
J(4',5') = 2.5 

l(5',5") =-12.5 
(4',5") = 7.2 

AS" 

+0.4 
-0.15 

+0.1 
-0.4 
+0.05 
+0.05 
-0.1 

+0.8 

-0.1 
-0.04 

+0.01 

+0.3 

+0.05 

S 

8.51 s 
7.83 d 

=5.9 d 
(5.9 d 
(5.96 d 

5(pH*7.1) 

J AS' 

+0.5 
(5,6) = 8 +0.05 

0 
(l',2') = 4 0, +0.15 
(l',2') = 4 0.05, +0.2 

' Chemical shift variation referred to CpG. 

Table II. T1 Relaxation Times" and Nuclear Overhauser 
Enhancements Observed for the Characteristic Protons of the 
(CpG)-cu-Pt Isomers 1 and 2 

H8 
H6 
H5 
G-Hl' 
C-Hl' 
C-H3' 

1 T1, s 

0.6 
0.6 

0.6 
0.6 

T, s 
0.5 
0.2 
0.6 
0.6 
0.2 
0.3 

NOE 

+9%» 

+8%' 

0At 250 MHz and 17 0C. 'Correlated NOEs. 

Table III. 1H NMR Data for the d(pCpG)-cw-Pt Complexes 3 and 4 

described GpG-m-Pt and d(pGpG)'ris-Pt complexes.14 These 
results, together with the stoichiometry of the reaction, show that 
the complexes formed are monomeric and contain one platinum 
atom per dinucleotide. 

Table I gives the 1H NMR data for the two CpG-cw-Pt isomers, 
compared with those of CpG and of [Pt(dien)(CpG-A7)]+ (5) 
(vide infra). Table II gives the T1 relaxation times and the nuclear 
Overhauser enhancements measured for characteristic protons 
of the CpG-cw-Pt isomers, 1 and 2. Table III gives the 1H NMR 
data for the two d(pCpG)-cw-Pt isomers, 3 and 4, compared with 
those of d(pCpG). The variation of the G-H8, C-H6, and C-H5 
chemical shifts as a function of pH*26 has been plotted between 

d(pCpG) (pH* 5.1) 3(pH* 6.1) 4 (pH* 6.1) 

H8 
H6 

H5 

C-Hl' 

G-Hl' 

C-H2' 

C-H2" 

G-H2' 

G-H2" 

C-H3' 

G-H3' 
C-H4' 
G-H4' 
C-HS'^ 

C-H5"' 
G-H5' I 

G-H5" ' 

,5 

8.07» 
7.83' \ 

6.08c ) 

6.13 d,d 

6.26 t 

1.87 

2.41 

2.85 

2.51 

4.78 

4.72 
4.24 
4.20 

3.96 

4.09 

J 

(5,6) = 7.7 

(l',2') = 5.5, (I ' 

(l',2') = (1'2") 

I (2',2") = -14 

' (2',3') = 5.5 
(2",3') = 2.2 

/ (2',2") = -14 

( (2',3') = 6.5 
(2",3') = 3.5 

( (3',4') = 2 

I (3',P) = 6.5 
(3',4') = 3.5 

,2") = 7.7 

= 6.7 

S J 

8.19 s 
8.13 d ^ 

\ (5.6) = 7.5 
6.01 d J 

6.06 

6.09 

AS' 

+0.1 
+0.3 

-0.05, -0.2 

•\ 

S 

8.42 s 
7.52 d ^ 

5.91 d ' 

5.65 d,d 

6.29 d,d 

> =2.54 

I 
2.5 

2.43 

5.25 

4.66 
4.1 
4.1 

i 4.26 
4.00 

J 

(5.6) = 7.5 

I d ' ,20 = 3.5 

\ (1'2") = 7 

ru',2') = io 

M1'2") = 5 

j (2',2") =-13.5 

I (2',3') = 6 
(2",3') < 1.5 

((3',4') = 8 

I (3',P) = 8 
(3',4') = 2 

AS" 

+0.3 
-0.3 

-0.5 

0 

+0.7 

+0.15 

-0.35 

-0.1 

+0.5 

-0.05 

"Chemical shift variation referred to d(pCpG). 'Broad. cBroad doublet. 
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Table IV. 1H NMR Data for the Monocoordinated CpG 6 and 8 and bis(CpG) 7 Complexes 

Girault et al. 

eM-[PtCl(NH3)2(CpG-,/V7)] (6) 
(pH* 3.5) 

5 J A5" 

cfc-[Pt(NH3)2(CpG-iV7)2] (7) 
(pH* 3.5) 

6 J A5° 

m-[Pt(NH3)2(H20)(CpG-iV7)]+(8) 
(pH* 3.5) 

6 / M" 

H8 
H6 

H5 
C-Hl' / 

G-Hl' I 

8.46 s 
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Figure 1. Circular dichroism spectra of CpG (—) (1.10~* M, pH 6.4), 
(CpG)-cw-Pt 1 (•••) (1.3 X 10-4 M, pH 5.5), (CpG)-m-Pt 2 (—) (2.2 X 
10"4 M, pH 5.5), and [Pt(dien)(CpG-A7)]+ 5 (---) (1.6 X 10"" M, pH 
6.1) in NaCl 0.05 M for CpG and 5 at 20 0C and 1 M for 1 and 2 at 
1 0C. 

pH* 1.6 and 9.6 for the dinucleotides and the complexes 1-5. For 
all these complexes, one notes the titration of a group with an 
apparent pK& of ca. 8-8.5. Only for the Pt(dien) complex 5, the 
C-H6 and C-H5 chemical shifts reflect the titration of a group 
with an apparent pATa of ca. 4.5. The 8-8.5 pATa can be assigned 
to the NHl of an N7-platinated guanine (compared to ca. 10 in 
the free dinucleotide),12"16'27,28 in agreement with the absence of 
GN7 titration (p£a 2.3 in the free dinucleotide29). For complex 
5 the 4.5 pKi can be assigned to the free cytosine N3.29 The 
absence of this titration for the 1 to 4 complexes shows that these 
complexes are CN3-GN7 chelates of the Cw-Pt(NHj)2

2+ moiety. 
It is noteworthy that the G-H8 downfield shifts for 1 and 3 are 

smaller than those usually reported for GN7 platination (0.3-0.7 
ppm) and are also rather small for complexes 2 and 4.12-16,27,30 
Moreover this chelation leads to C-H6 downfield shifts for com-

(26) pH* values are not corrected for D2O since the pKa values determined 
in D2O, using the pH* scale, are practically equal to those determined in H2O: 
Scheller, K. H.; Scheller-Krattiger, V.; Martin, R. B. /. Am. Chem. Soc. 1981, 
103, 6833-6839. 

(27) Chu, G. Y. H.; Mansy, S.; Duncan, R. E.; Tobias, R. S. J. Am. Chem. 
Soc. 1978, 100, 593-606. 

(28) Inagaki, K.; Kidani, Y. J. Inorg. Biochem. 1979, 11, 39-47. 
(29) Martin, R. B.; Mariam, Y. H. "Metal Ions in Biological Systems"; 

Marcel Dekker: New York, 1979; pp 57-124. 
(30) (a) Kong, P. C; Theopanides, T. Inorg. Chem. 1974,13, 1167-1170. 

(b) Kong, P. C; Theophanides, T. Bioinorg. Chem. 1975, 5, 51-58. (c) Kong, 
P. C; Theophanides, T. Inorg. Chem. 1974, 13, 1981-1985. 
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Figure 2. Circular dichroism spectra of d(pCpG) (—) (1.4 X 10"4 M, 
pH 6.9), d(pCpG)-cii-Pt 3 (•••) (1.7 X 10"4 M, pH 5.5), and d-
(pCpG)-a'.r-Pt 4 (—) (1.9 x IO"4 M, pH 5.5) in NaCl 0.05 M for d-
(pCpG) at 20 0C and 1 M for 3 and 4 at 2.5 0C. 

plexes 1 and 3 and upfield shifts for their isomers 2 and 4 whereas 
CN3 platinum binding was reported to give 0.1-0.3 ppm downfield 
shifts of the H6 and H5 protons.30 For the reaction of CpG with 
[PtCl2(en)] a 0.11 ppm C-H6 upfield shift had been observed for 
one of the adducts.24 

Whereas at pH* 9.6 the half-life of the free CpG G-H8 in D2O 
is 98 h (k = 7 X 10"3 Ir1) and that of the complex 5 G-H8 at 
pH* 9.8 is 40.7 h (k = 1.7 X 10-2 h"1), we have not detected any 
G-H8 exchange at pH* 9.6, after 1 week, for any of the complexes 
1-4. (Their stability in these conditions has been checked by 
returning to neutral pH*). 

To identify the intermediate complex formed during the 10"2 

M, pH 5.5, stoichiometric reaction, we have run two 10~2 M 
experiments with CpG and either cw-DDP or its diaqua derivative, 
at pH 3.5, in order to slow down the second step and monitored 
them by 1H NMR. With c/s-DDP, the cis-[PtCl(NH3)2(CpG-
N7)] complex (6) (Table IV) appears after 1.5 h followed by the 
bis(CpG) complex cw-[Pt(NH3)2(CpG-A7)2] (7) (Table IV), 
which becomes predominant (54% of the Pt). After 28 h a slow 
transformation of complex 6 into the 2 and 1 chelates is observed. 
Starting with cu-[Pt(NH3)2(H20)2]2+, all CpG is converted within 
less than 5 min to give the ds-[Pt(NH3)2(H20)(CpG-A7)] + 

complex (8) (74% of the Pt) (Table IV), together with the bis-
(CpG) adduct 7 (26%). After 10 min the transformation of 8 
into 2 and 1 is detected and is nearly completed after about 14 
h. 
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The CD spectra of the ribo 1, 2, and 5 and deoxy 3 and 4 
isomers, at 0 0C, are presented in Figures 1 and 2. The bisignated 
curves of the 1 and 3 isomers are both inverted when compared 
to those of their isomers 2 and 4 and of their parent dinucleotides. 
The spectrum presented in our preliminary report,22 for d-
(pCpG)-cta-Pt isomer 3 at room temperature, actually corre
sponded to a partially isomerized complex. We have looked at 
the pH dependence of the CD spectra of the equilibrium mixtures 
of isomers 1 and 2, and 3 and 4. In both cases, the spectra at 
neutral and acidic pH are very similar with only a small increase 
of the amplitude of the couplet at pH 1.6. At pH 11 the amplitude 
of the bisignated curve is reduced to 50-60% of its value at pH 
6.8, and the spectrum is shifted to shorter wavelength by about 
10 nm. 

Analysis of the CpG-ds-Pt 1 <=± 2 Interconversion. The constants 
of the 1 ^ 2 equilibrium, at five temperatures between 2 and 87 
0C, have been determined by 1H NMR analysis of the equilibrium 
mixtures (e.g., K21i = 5.9 (6) and Ki60 = 1.9 (2). From the In 
K = f(\/T) plot, we have determined the standard enthalpy 
variation A//0 for the 1 -* 2 transformation, assuming that Ar/° 
is constant within the temperature range used: AH0 = -10.4 ± 
0.6 kJ mol"1 (r2 = 0.99). The other thermodynamic parameters 
of this reaction are AG°293 = -3.4 ± 0.3 kJ mol-1 and AS° = -23 
± 3 J mor1 K"1. 

To find out whether the 1 —• 2 isomerization occurred between 
two configurations, implying the dissociation of a nitrogen-
platinum bond, or between two conformations of a single complex, 
we have tried to trap an intermediate complex bearing a mo-
nocoordinated CpG. 1H NMR and CD have shown that there 
is no base protonation for the 1 and 2 isomers down to pH* 1.6. 
1H NMR has shown that 7 M KCl does not transform any of the 
isomers 1 and 2 into a monocoordinated-CpG species. HPLC has 
revealed no evolution of a 10~3 M 1 + 2 mixture in the presence 
of 10~2 M 5'-GMP. Taking advantage of the opposite signs of 
the CD signals of the isomers 1 and 2, we have followed the 
evolution of the CD spectrum of the minor isomer 1 at four 
temperatures between -9 and 18.5 0C. The variation with time 
of Ae at 288 nm, up to 30% conversion of 1, gave a concentration 
variation that can be fit by a first-order approach to equilibrium. 
Although we could less accurately follow the reverse 2 —• 1 
isomerization, we checked that the forward (k;) and reverse (kT) 
rate constants were in reasonable agreement with the corre
sponding equilibrium constant; for example, at 18.5 0C k( — 6.2 
(3) X 1(T* S"1 and Ar1. = 1.8 (3) X 10"" s"1, for ^293 = 4.0 (4) (from 
1H NMR) An Erying plot of the temperature dependence of the 
kf rate constant gave the following activation parameters for the 
1 ~* 2 isomerization: AH0* = 41 ± 6 kJ mol"1, AS 0 ' = -130 ± 
30 J mol"1 K"1, AG°* = 80 ± 14 kJ mor1. 

Discussion 

The preceding results show that the stoichiometric reactions 
of CpG or d(pCpG) with either CW-[PtCl2(NHj)2] or CiV[Pt-
(NH3)2(H20)2]2 + give in each case a ca. 20:80% equilibrium 
mixture of two isomeric CN3-GN7 chelates of the cw-Pt(NH3)2

2+ 

moiety (1, 2 and 3, 4). The 1H NMR (Tables I and III) and CD 
(Figures 1, 2) data show that the ribo and deoxy complexes are 
completely similar. The only formation of [Pt(dien)(CpG-/V7)]+ 

(5), upon reaction of CpG with [PtBr(dien)]Br, together with the 
formation of cis-[PtCl(NH3)2(CpG-/V7)] (6) and cis-[Pt-
(NH3)2(H20)(CpG-/V7)]+ (8) respectively during the high-con
centration reactions of CpG with ci's-DDP and its diaqua deriv
ative, shows that platinum first binds to guanine N7 and that 
chelation by cytosine N3 occurs in a second step. At high con
centrations of CpG, this second step is in competition with the 
GN7 binding of a second molecule of CpG to give CiS-[Pt-
(NH3)2(CpG-7V7)2] (7), as observed in the GpC case.28 

We assign the C(anti)-G(anti) structure to the CpG-Cw-Pt 1 
and d(pCpG)-c«-Pt 3 complexes and the C(syn)-G(anti) structure 
to their respective isomers, 2 and 4, on the basis of the following 
1H NMR data: (a) For the CpG-cw-Pt isomer 2, we observe 
correlated nuclear Overhauser enhancements of 9% for C-H6 and 
8% for C-Hl' (Table II). These protons have the same T1 re

laxation time of 0.2 s, 3 times smaller than that of the C-H6 and 
C-Hl' of isomer 1. This reveals a close proximity between the 
C-H6 and C-Hl' of CpG-c/s-Pt 2. (b) For the same isomer, 2, 
the C-Hl' experiences a 0.4 ppm upfield shift, compared to its 
chemical shift in CpG, that is accompanied by a 0.8 ppm downfield 
shift of the C-H3' (Table I). We assign these shifts to the de-
shielding effect of the carbonyl group of the syn cytosine in 
complex 2 compared to the flexible cytosine in CpG.31 Com
parable shifts of the C-Hl' and C-H3' signals are observed for 
d(pCpG)-m-Pt isomer 4 (Table III), (c) For d(pCpG)-m-Pt, 
only the C-H6 chemical shift of isomer 3 is sensitive (+0.2 ppm) 
to the titration of the free 5'-phosphate group (apparent pKa 6.9). 
This reflects a proximity between the C-H6 proton and the 
phosphate group.32 All these data establish C(anti) and C(syn) 
structures respectively for the 1,3 and 2,4 isomers of the ribo and 
deoxy complexes.33,34 (d) For both isomers of CpG-cw-Pt there 
is no detectable NOE between the G-H8 and G-Hl' protons. The 
T1 relaxation times of these two protons are 0.6 s in isomer 1 and 
respectively 0.5 and 0.6 s in isomer 2, reflecting no mutual re
laxation (Table II). This is evidence for a G(anti) structure in 
1 and 2. The absence of G-H8/deuterium exchange for the two 
isomers (vide infra) precluded the confirmation of this result by 
the study of the T1 relaxation times of the G-Hl' protons of the 
deuterated guanosines.31 

The absence of deuterium exchange for the H8 of the platinated 
guanines of all the C-G chelated complexes, at basic pH*, must 
be due to the screening effects of the cytosine amino and carbonyl 
groups that are close to the G-H8 respectively in the C(anti)-G-
(anti) and C(syn)-G(anti) isomers. With these structure as
signments, an examination of Corey-Pauling-Koltun (CPK) 
models shows that the G-H8 proton experiences the magnetic 
shielding of the cytosine ring in the C(anti)-G(anti) isomers (1, 
3) and of the cytosine carbonyl in the C(syn)-G(anti) isomers (2, 
4). This allows us to interpret the smaller than expected downfield 
shifts observed for this G-H8 proton upon CN3-GN7 platinum 
chelation by the C-G dinucleotides. 

For the CpG-m-Pt isomers 1 and 2 (Table I) the absence of 
C-HTH2' coupling shows that the cytidine ribose adopts an N-type 
conformation (C3'-endo) whereas the guanosine ribose has a 
predominantly S-type conformation (C2'-endo).35 This is in 
agreement with the strong deshielding of the C-H3' proton by the 
carbonyl group of the C(syn)-G(anti) isomer 2 (vide supra). For 
the d(pCpG)-m-Pt isomer 4 (Table III) the {Jvl, + Jvr) values 
show that the 5'- and 3'-sugar conformations are respectively 
mainly of the N and S type. We have already shown that 
GN7-GN7 platinum chelation, by a G-G dinucleotide, leads to 
the adoption of an N-type conformation by the 5'-ribose or -de-
oxyribose.14,36 This conformational change is also observed for 
platinum chelation by a GpG sequence within larger oligo
nucleotides.16,37 It is noteworthy that it is also induced by 
CN3-GN7 platinum chelation by C-G dinucleotides and that it 
is present for both the C(anti)-G(anti) and C(syn)-G(anti) isomers. 

The CD spectra of the two ribo- or deoxy-(C-G)-cw-Pt isomers 
present a remarkable sign inversion (Figures 1 and 2). The 
excitonic nature of the CD signals shows that the optical activity 
originates mainly from base-base interactions. The CPK models 
suggest that the larger couplet amplitude of the C(syn)-G(anti) 
isomers could result from the "face-to-face" situation of the bases 
that is not found in the C(anti)-G(anti) isomers. For the latter, 
the presence of the sugar-phosphate backbone diminishes the 

(31) Neumann, J.-M.; Guschlbauer, W.; Tran-Dinh, S. Eur. J. Biochem. 
1979, 700, 141-148. 

(32) Schweizer, M. P.; Broom, A. D.; Ts'o, P. O. P.; HoMs, D. P. / . Am. 
Chem. Soc. 1968, 90, 1042-1055. 

(33) George, A. L.; Hruska, F. E.; Ogilvie, K. K.; Holy, A. Can. J. Chem. 
1978,5(5, 1170-1176. 

(34) Giessener-Prettre, C; Pullman, B. /. Theor. Biol. 1977, 65, 171-188. 
(35) Altona, C. Reel. Trav. Chim. Pays-Bas 1982, 707, 413-433. 
(36) Den Hartog, J. H. J.; Altona, C; Chottard, J.-C. Girault, J.-P.; 

Lallemand, J.-Y.; de Leeuw, F. A. A. M.; Marcelis, A. T. M.; Reedijk, J. 
Nucleic Acids Res. 1982, 70, 4715-4730. 

(37) Neumann, J.-M.; Tran-Dinh, S.; Girault, J.-P.; Chottard, J.-C; 
Huynh-Dinh, T.; Igolen, J. Eur. J. Biochem. 1984, 141, 465-472. 
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ring-ring dihedral angle compared to the 104° value reported for 
thecw-diammine(9-ethylguanine)(l-methylcytosine)platinum(II) 
model compound, having both G-06 and C-02 on the same side 
of the complex square plane.38 Inspection of the CPK models 
reveals that the C(syn)-G(anti) chelation can be obtained with 
a slight modification of the right-handed helical conformation of 
the sugar-phosphate backbone of the free dinucleotide. In con
trast, the C(anti)-G(anti) chelation implies an important per
turbation leading to a zigzag left-handed pseudohelical confor
mation of the backbone.39 It is noteworthy that in the C-
(anti)-G(anti) isomer, the G conformation is actually at the limit 
of the G(anti) and G(syn) assignments ( x = 0(4')C(1')N(9)C(4) 
= -900).40 In circular dichroism, for the C-G dinucleotides and 
their C(syn)-G(anti) platinum chelates, one observes a positive 
band for the first Cotton effect around 285 nm, followed by a 
negative band at shorter wavelength. For the C(anti)-G(anti) 
isomers there is a first negative band around 290 nm. If as a first 
approximation a positive chirality can be related to a rotation of 
the main electric transition moments41 in the sense of a right-
handed helix,42-44 the sign of the first long-wavelength band ap
pears to be in accordance with the chirality of the two types of 
isomers. 

The energy difference between the C(anti)-G(anti) and C-
(syn)-G(anti) platinum chelates of the CpG and d(pCpG) di
nucleotides is rather small. The -3.4 (3) kJ mol"1 standard free 
energy difference for the 1 —• 2 conversion results from an exo
thermic transformation (AH" = -10.4 (6) kJ mol"1) involving a 
rather unfavorable contribution of the entropy variation (-TAS" 
= +7.0 (9) kJ mor1). For the 1 s± 2 isomerization, we have not 
been able to trap any "open intermediate" corresponding to the 
dissociation of the CN3-Pt bond. The activation parameters 
determined for the 1 —• 2 conversion rule out a ligand exchange 
mechanism to account for the anti to syn isomerization of the 
cytosine.45 On one hand, a dissociative process,46 involving a 
rate-determining CN3-Pt bond-breaking step, can be excluded 
because of the rather large negative activation entropy of the 1 
— 2 reaction (AS0* = -130 (30) J mol-1 K"1). Such a dissociative 
process with no charge separation, should present a positive AS0*.47 

Moreover the value of the enthalpy of activation (AH°* = 41 (6) 

(38) Faggiani, R.; Lippert, B.; Lock, C. J. L.; Speranzini, R. A. Inorg. 
Chem. 1982, 21, 3216-3225. 

(39) Crawford, J. L.; Kolpak, F. J.; Wang, A. H. J.; Quigley, G. J.; Van 
Boom, J. H.; Van der Marel, G.; Rich, A. Proc. Natl. Acad. Sd. V.S.A. 1980, 
77, 4016-4020. 

(40) Davies, D. B. "Progress in Nuclear Magnetic Resonance 
Spectroscopy"; Emsley, J. W., Feeney, J., Sutcliffe, L. H., Eds.; Pergamon 
Press: Oxford, 1978; Vol. 12, Part 3, pp 135-225. 

(41) Williams, A. L.; Moore, D. S. Biopolymers 1983, 22, 755-786. 
(42) Busch, C. A.; Brahms, J. In "Physico-chemical Properties of Nucleic 

Acids"; Duchesne, J., Ed.; Academic Press: New York, 1973; Vol. II, pp 
147-186. 

(43) Schellman, J. A. Ace. Chem. Res. 1968, /, 144-151. 
(44) Harada, N.; Nakanishi, K. Ace. Chem. Res. 1972, 5, 257-263. 
(45) Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 2nd 

ed.; Wiley: New York, 1967; pp 351-453. 
(46) Hartley, F. R. "The Chemistry of Platinum and Palladium"; Applied 

Science: London 1973; pp 292-323. 

kJ mol"1) is too small to account for a dissociative pathway.47 On 
the other hand, this AH°* value is also small when compared to 
those reported for ligand exchange reactions on platinum(II) and 
particularly for a water solvolytic associative process, e.g., 80 kJ 
mor1.48 Actually the 1 -* 2 AH" * is of the order of magnitude 
of that of the chair <=; chair conformational inversion of cyclo-
hexane (ca. 44 kJ mol"1). Therefore we conclude that the 1 ^ 
2 equilibration process is a conformational isomerization. It 
involves a rotation of the platinated cytosine about its glycosidic 
and N3-Pt bonds. Such a rotation seemed unlikely when con
sidering the CPK models of the (C-G)-m-Pt complexes. It is 
worth mentioning that other workers have observed a comparable 
equilibration of the two isomeric platinum chelates obtained from 
d(m5-CpG) to give also an ca. 20-80% mixture at room tem
perature.49 It is likely that a rotation of the platinated cytosine 
is also involved in this case, that is not influenced by the presence 
of the 5-methyl group which remains "outside" of the dinucleotide 
chelate. 

In conclusion, at variance with a recent report concluding that 
no platinum cross-link occurred between cytosine and guanine for 
d(CpG),50 we have shown that within a ribo- or deoxydinucleotide 
the CpG sequence is able to give a CN3-GN7 chelate of the 
ci'5-Pt(NH3)2

2+ moiety. This platinum chelate exists as two 
C(anti)-G(anti) and C(syn)-G(anti) conformational isomers, which 
equilibrate via a rotation of the cytosine about its glycosidic and 
N3-Pt bonds. These two isomers respectively present left- and 
right-handed pseudohelical arrangements of their sugar-phosphate 
backbones. It is likely that such a CpG chelation could occur after 
N7-platination of a guanine within a premelted region of kinked51 

or systematically bent B DNA52 provided that more favorable G-G 
or A-G chelations are not available.10,11'18 From the data of 
enzymatic digestions of platinated DNA,10,11,18 CpG chelation does 
not appear among the detected cross-linking processes. Whether 
it could be a minor but significant event because of eventual 
implications of its conformational properties is an open question. 
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