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Using concentration measurements based on high performance liquid chromatography, we have investigated the
kinetics of reaction between single-stranded oligonucleotides containing a d(GpG) sequence, i.e., d(GG), d(TGG),
d(TTGG), and d(CTGGCTCA), and the platinum complegis[Pt(NHs)2(H20)2]%" (1) and [Pt(NH)3(H20)]?"

(2). The rate constants for the substitution of one aqua ligand of platinuinoin2 by each guanine of the
oligonucleotides were individually measured, as well as, fothose for the subsequent conversion of the
monoadducts to the diadduct. For the platination of d(GG) and d(TGG), the rate constants are similar'for the 5
and 3-guanines. The longer oligonucleotides d(TTGG) and d(CTGGCTCA) are platinated slightly faster on the
5'-G than on the 3G. 2 shows a similar slight preference for theduanine, but it reacts by a factor 040

more slowly tharll. For both complexes, the platination rate constants increase with increasing oligonucleotide
length. Platination of the'85 by 1 is 1 order of magnitude faster on d(CTGGCTCA) than on d(GG). Concerning

the chelation step giving the GG diadductlpfthe longer the oligonucleotide, the larger is the ratio between the
rates of the cyclization of the'3and 3-monoadductks. andksc: ksdksc equals 1.4 for d(GG) and 3.3 for
d(CTGGCTCA).

Introduction In cisplatin-treated ovarian cancer patients, the extent of
. . . . formation of the AG and GG intrastrand cross-links in leukocyte
Cisplatin is one of the most effective anticancer drugs pNa correlated with the treatment resporiéeThis result

currently used worldwidé. Biological and chemical experi- g oects that the GG and AG adducts are somewhat related to
_ments hav_e '”d'c?“ed that the |n_terac_t|on of uspla’qn W'th DNA  anticancer activity, although it does not prove that they are at
is responsible for its antineoplastic activity. The major lesion, 0 origin of the activity. InEscherichia colithe GG adducts
the GG intrastrand cross-link, accounts for-@5% of platinum are indeed cytotoxi®® The second major adduct, the AG
bound to DNA™! This is roughly 2 times more than what jyastrand cross-link-420% of DNA-bound platinumy— is
would _b_e expected_ if all guanines were equweact_lve (the more mutagenic ifE. colithan the GG cross-link-17 On the
p”?bab"'tY thag a given guanine has another_ guanine as apasis of these observations, Bradley et al. have suggested that
neighbor is 37% in salmon sperm DNA, for which the adduct i 5y pe desirable to design platinum antitumor drugs with
analyses were carried out). Since the binding of cisplatin to o 4,ced propensity to form AG cross-links. Such design
. S 213 L o ( . -Suct ( .

DNA is under kinetic controt?Sthe overstatistical platination o jires an understanding of the sequence selectivity of cisplatin
of GG sequences suggests that guanines involvedirufs binding. Our objective is to achieve this understanding. The
(n = 2) are more reactive than other guanines. strategy we have been pursuing is to determine the platination
rate constants for guanines in different contexts, in single- and

:_Iﬁi;"’r\‘h‘l)é?kc?gesgr‘z”g?”:elg;‘g‘:'edrrge ;?)‘;:Zfﬁegh d involves major double-stranded oligonucleotides, and from the comparison of
contributions of two Ph.D. students: F.G. and F.R. these rate constants to elucidate the role of the neighboring

® Abstract published irdvance ACS Abstractsebruary 1, 1996. residues in the oligonucleotide as well as that of the platinum

(1) Proceedings of the 7th International Symposium on Platinum and Other ligands. This should give us finally the clue to the selective
Metal Coordination Compounds in Cancer Chemotheraplgnum P ; ;
Press: Amsterdam, 1996 in press. binding of cisplatin to GG sequences.

(2) Harder, H. C.; Rosenberg, Bit. J. Cancer197Q 6, 207—216. A key point in this study is to determine the platination rate
(3) Howle, J. A;; Gale, G. RBiochem. Pharmacol197Q 19, 2757 constants for the two guanines of a GG sequence separately, in
@ I237ai%oe 3. M. Roberts, J.iochem. Pharmacolo74 23, 1345- order to see whether the reactivity of only one of them or that
1357. T ' ' of both is enhanced. This separate determination of the
(5) Rosenberg, BBiochimie1978 60, 859-867. platination rate constants requires the measurement of the
(6) Pinto, A. L.; Lippard, S. JBiochim. Biophys. Acta985 780, 167~ monoadducts’ concentrations. The platination rate constants can
180. be roughly determined from the slopes of the monoadduct

(7) Fichtinger-Schepman, A. M. J.; Lohman, P. H. M.; ReedijiJucleic 4 o
Acids Res1982 10, 5345-5356. concentration curves at initial time. A more accurate method
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Figure 1. Kinetic scheme for binding ofis-[Pt(NHs)2(H20):]%t (Y
= H0) and [Pt(NH)3(H.0)]>*" (Y = NH3) complexes to a GG
sequence of an oligonucleotide.

consists of measuring the concentrations of all the four species
participating in the two-step process (Figure 1g. the
unplatinated oligonucleotideNj, the two monoadducts (inter-
mediated5’ and13’), and the final diadduct (chelatg), and
fitting all concentration curves using an iterative program,
optimizing the two platination and the two chelation rate
constants. Such a procedure, using a KCI or KBr quenching
reagent to arrest the reaction and HPLC as the analytical
technique, has been delineated in a previous communic&tion.

In this account, we present the results of a kinetic analysis
of the stoichiometric reaction betweeis-[Pt(NHz),(H20)2]%"
(2), the doubly-aquated cisplatin form, and the oligonucleotides
d(GG), d(TGG), d(TTGG), and d(CTGGCTCA). This work
enabled us to study the influence of the chain length on the
first platination and chelation rate constants. The platination
rate constants obtained with [Pt(NB(H20)]?* (2) revealed the
influence of the “inert” ammine ligand of platinum compared
to the aqua ligand. The present work is prerequisite for the
more complex analysis of the reactions of a duplex oligonucle-
otide, which will be the subject of a future paper.

Experimental Section

Starting Materials and Sample Preparation. d(GG) was obtained
from Sigma Chemicals. d(TGG), d(TTGG), and d(CTGGCTCA) were
synthesizedvia an improved phosphodiester method as ammonium
salt$® by J. Igolen and co-workers (Institut Pasteur, Paris). Ap-
proximate concentrations of oligonucleotides were evaluated photo-
metrically. The molar absorption coefficients of the oligonucleotides
were approximated according to Cantor and WarstHawis-[PtCl,-
(NHa);] was kindly provided by Rhwe-Poulenc Rorer (Vitry-sur-Seine,
France). A solution ofcis[Pt(NHz)2(H20),]?" was prepared by

(18) Gonnet, F.; Kozelka, J.; Chottard, J.Ahgew. Chemint. Ed. Engl.
1992 31, 1483-1485.

(19) Crockett, G. CAldrichim. Acta1983 16, 51.

(20) Cantor; WarshawBiopolymers197Q 9, 1059.

Gonnet et al.

dissolving a suspension ofs-[Pt(NOs)2(NH3)z]? in water. A solution

of [Pt(NHs)3(H20)]>t was prepared from [PtCI(NGEINO3; by an
adapted version of the method by Morita and Baif&?. Perchloric

acid and all salts were purchased from Merck. Exonuclease venum
phosphodiesterase (VPD) was purchased from Sigma.

The reactions were initiated by mixing a solution of approximately
2 umol of d(GG), d(TGG), or d(TTGG), or approximately Qunol
of d(CTGGCTCA), with a solution containing an equimolar amount
of 1or2in 1.5 mL of 0.1 M NaClQ at 20+ 0.2°C. The pH value
was adjusted to 4.4 by addition of HCJOAt this pH, guanine is not
protonated at N7 (. = 2.4 in 3-GMP?*) and the aqua ligands df
and2 are in the OH form (1, pKy, = 5.37, Ks, = 7.215 2, pKa =
6.076).27 During the reaction, pH was kept at 4.4 by addition of 0.5
ulL portions of 2.3x 1073 M HCIO4 in 0.1 M NaCIQ, using a pHstat
(Metrohm, Roucaire, Uezy-Villacoublay, France). A 0.1 M LiCIQ
solution was used as the internal electrolyte instead of the standard
KCI solution, in order to avoid diffusion of chloride into the reaction
medium. Aliquots were withdrawn at several time intervals and
guenched by addition of saturated KCI or KBr solution (depending on
HPLC separation), and, after allowing 1.75 min for the exchange of
the aqua ligands with halide, by cooling to liquid nitrogen temperature.

HPLC Analysis. The reactions were analyzed by HPLC. The two
systems which were employed for the analysis of the quenched aliquots
consisted of (i) a Spectra Physics SP 8800 pump, coupled to a Spectra
100 UV detector, and a Chromjet integrator (Spectra Physics, Thermo
Separation Products, Les Ulis, France) and (ii) two Shimadzu LC-6A
pumps, coupled to an SPD-6A UV detector, and a C-R3A integrator
(Shimadzu, Touzart & Matignon, Vitry-sur-Seine, France); both systems
were connected to a Rheodyne 7125 valve with aR@ample loop.

The chromatographic conditions were optimized for each reaction
on a Kromasil C18 or Nucleosil C18 (250 4.6 mm i.d., 5um, 100
A) column (Colochrom, Gagny, France). Operating conditions are
described in the figure captions. The stability of the chloride- and
bromide-quenched intermediates under the elution conditions was
checked. Relative concentrations were determined from the ratio of
the peak areas. The detection wavelength was 255 nm, chosen to be
close to the quasi-isosbestic point of the reactions. The absorbance of
the reaction mixture withl decreased during the reaction by 7%
[d(GG)], 4% [d(TGG)], and 5% [d(TTGG)], respectively; this decrease
correlated roughly with the formation of the chel&e The chelate
concentration, based on peak integration, was therefore corrected by a
factor of 1.07, 1.04, and 1.05, respectively. No correction was applied
for d(CTGGCTCA), since the absorbance did not vary appreciably in
this case. The absorbance variations were negligible for the reactions
with 2.

Identification of the Reaction Intermediates. Identification of the
monoadducts, trapped as chloro or bromo derivatives, was achieved
by enzymatic digestion using thé€-8xonuclease venum phospho-
diesterase (VPD) as described previod8lyFor d(GG), d(TGG),
d(TTGG), and d(CTGG) (used as controide infra) reacting withl,
the test is straightforward: only thé-Bionoadduct is digested and
disappears from a subsequently recorded chromatogram of the VPD-
treated mixture, since the digestion is inhibited at thesi@e of a
platinated bas& 3! A 25 ulL portion of the reaction mixture (10
M), quenched in 25L of saturated solution of KCI, was incubated

(21) Kukushkin, Y. N.; Dhara, S. Gndian J. Chem197Q 8, 184-185.

(22) Morita, H.; Bailar, J. Clnorg. Synth.1983 22, 124-126.

(23) Reeder, F.; Kozelka, J.; Chottard, J.4#@org. Chem,. in press.

(24) Martin, R. B.Acc. Chem. Red.985 18, 32—38.

(25) Berners-Price, S. J.; Frenkiel, T. A.; Frey, U.; Ranford, J. D.; Sadler,

P. J.J. Chem. SocChem. Commuril992 789-791.

A potentiometric titration at 28C, using 0.1 M NaClQ@as electrolyte,

has yielded 6.6t 0.1 as {Ka.

(27) From these 9, values, it is clear that at physiological pH one aqua
ligand will be partially deprotonated and the corresponding equilibrium
will have to be added to the kinetic scheme.

(28) Inagaki, K.; Kidani, Y.Inorg. Chim. Actal985 106, 187—191.

(29) Inagaki, K.; Kasuya, K.; Kidani, YChem. Lett1983 1345-1348.

(30) Inagaki, K.; Kasuya, K.; Kidani, YInorg. Chim. Actal984 91, L13—
L15.

(31) Inagaki, K.; Kidani, Y.Inorg. Chim. Actal984 92, L9—L11.

(26)
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with 2 uL of VPD (one enzymatic unit in 0.5 mB)in 65 uL of a N
solution containing 3« 1072 M Tris—HCI, 3 x 1072 M NacCl, and 4.5 N

x 1072 M MgCl,, at pH 8.5 and 3. For d(CTGGCTCA), the a) b)
monoadducts (in the bromo form) were collected at the outlet of the
column and digested by 24 of VPD without addition of buffer at
room temperature, and the digested fragments were identified by

coelution with a reference solution. The latter contained the mixture c

of products from the reaction of d(CTGG) with quenched with

potassium halide at a time corresponding to the maximum concentration 15

of the monoadducts and digested by VPD. The chromatogram of this 3" F’LL 13-IS'C

control solution consisted therefore, apart from the peaks due to FLk § M “
mononucleotides, of three peaks, identified as described above, as |——————»m ) ———
d(CTG*), d(CTGG*), and d(CTG*G*) (G* designates a platinum- 10 20 30 Time [min] 10 20 30 Time [min]

bound guanine). The digestion of the major monoadduct from the
platination of d(CTGGCTCA) yielded, apart from mononucleotides, a
single product coeluting with d(CTG*). The major monoadduct was
therefore identified as d(CTG*GCTCA), thé-platinated compound. c) C d) N
The adducts from the platination of d(CTGGCTCA) byvere assigned
using a similar procedure. In this case, the major monoadduct is also
platinated at the 'SG. I5"
Determination of the Rate Constants. The rate constants for the
reaction between the oligonucleotides ar#ls, ks, ks, andksc) (Figure C
1) were calculated by an iterative program numerically integrating the N
differential kinetic equations and optimizing the fit between experi- 3 13
mental and calculated concentrations curves. The minimized function

was J\««,J
4 40 80 Time [min] 40 80 Time [min]
f=3{ Z,Wik[cik(calc) — Cy(exp)f}?
& £

I5'

N
e — 1 €) )
* culexp)
N
whereCi are the concentrations of thi product at the time poirk.
Weighting with 1£i(exp) and summing up the squares of the sums
over the individual curves prevent those having smaller values
throughout from being fitted less well than the others. Is IS
Optimizations of the experimental curves for the reactions of the \ I3 DB

monofunctionally binding comple® were done using the program rLJ
ITERAT.2® ITERAT sums all the square deviations in a single loop 10 20 30 Time [min] ' 20 40 Time [min]

but uses Xlci(exp)}? as weightswi. i ) ) o .
Figure 2. Typical chromatograms for approximately stoichiometric

R It reaction mixtures quenched after 12 min by addition of an excess of
esults KClI (a, b, c, ) or KBr (d, f). Reaction conditions: 0.1 M NaGJ®@H

R . . = 4.4, T = 20°C. (a) d(GG)+ 1, Spectra Physics chromatograph

Methodology. Our method of kinetic analysis, previously with a Nucleosil C18 column. Operating conditions: mobile phase,

outlined;® involves three key elements: (i) efficient quenching  ammonium acetate buffer 0.01 M, pH4.7—acetonitrile (96.6:3.4 viv
of the reaction mixture which has to last for at least 1 week during 16 min, then 95.2:4.8 v/v at 17 min); flow rate 0.8 mL min

(time needed to analyze all the samples); (ii) stability of the T = 27 °C. (b) d(TGG)+ 1, Spectra Physics chromatograph with a
trapped monoadducts and well-resolved separation of the NUC|EOSik|)Cﬁ18 %Ol(;lmn- Operating Condit_iQ?Si(ngb“e Dhlaiehammonium
reaction products in HPLC: (iii) numerical evaluation of the acetate buffer 0.01 M, p 4.7—acetonitrile (95.5:4.5 v/v); flow rate
rate consr'zants The chromagogsjrams shown in Figure 2 dem-0-8 ML min %, T = 25°C. (¢) d(TTGG)+ 1, Shimadzu chromatograph

) . with a Kromasil C18 column. Operating conditions: mobile phase,
onstrate that, for each reaction, we were able to develop HPLC 5 yymonium acetate buffer 0.01 M, pH 4.7—acetonitrile (94:6 viv);
conditions allowing an excellent separation of the products and fiow rate 0.9 mL min%; T = 30°C. (d) d(CTGGCTCA)}- 1, Shimadzu
hence an accurate concentration measurement. As can be seethromatograph with a Kromasil C18 column. Operating conditions:
in the caption of Figure 2, the separation conditions may differ mobile phase, potassium chloride 1.5 M, ammonium acetate buffer 0.01
considerably from one reaction mixture to another. It is M. PH = 4.7 (gradient 6% acetonitrile for 40 min; from 40 to 60
noteworthy that no common trend is apparent in the elution M. 6-7% acetonitrile); flow rate 0.8 mL miri; T = 41 °C. (e)

. . - . . d(TGG)+ 2, Shimadzu chromatograph with a Nucleosil C18 column.
pattern of the four oligonucleotides and their adducts; the elution Operating conditions: mobile phase, ammonium acetate buffet 10

order of the specieN, 15', I3', and eventuall\C is influenced M, pH = 6.1—methanol (88:12 v/v); flow rate 0.8 mL mi#; T = 27
by the chromatographic conditions and is different for each °C. (f) d(CTGGCTCA)+ 2, Shimadzu chromatograph with a Kromasil
system. Thus, identification of the chromatographic peaks C18 column. Operating conditions: mobile phase, potassium bromide

cannot be based on the order of elution but requires enzymaticl M, ammonium acetate buffer 0.01 M, pH 4.7—acetonitrile (94:6
digestion experiments. viv); flow rate 0.8 mL min?; T = 41 °C.

— . —— . Figure 3 shows a typical fit between the experimental and

(32) Kidani, Y.; Achiwa, K.; Ono, H.; Tomatsu, K.; Zaikokuj, K.; Noji, - ca|culated concentrations. The numerical integration used for
M.; Tashiro, T.J. Clin. Hematol. Oncol1985 13, 89. . . . .

(33) Zekany, L. ITERAT Version 2, Universitte Lausanne, Switzerland, the simulation of the experimental concentration curves makes

1992. it possible to work in non-first-order conditions. We were
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Table 1. Optimized Rate Constants for the Reactions of Oligonucleotides aigtfPt(NHs)2(H20)]2" and [Pt(NH)3(H20)]*" at pH 4.4 and 20

°Cin 0.1 M NaClQ#

oligonucleotide no. of expts ks (M~1s7) ke (M1sh) ks/ka 10%s. (s7Y) 10%sc (s7Y) Kao/Ksc
CiS—[Pt(N H3)2(HZO)2]2* (l)
d(GG) 5 0.39(3) 0.41(2 1.0 1.5(1) 2.1(2) 1.4
d(TGG) 5 0.87(1) 0.87(6) 1.0 1.2(1) 1.7(1) 1.4
d(TTGG) 3 2.1(1) 1.7(2) 1.2 1.3(1) 3.9(7) 3.0
d(CTGGCTCA) 4 4.2(6) 2.0(2) 2.2 1.0(3) 3.3(4) 3.3
[Pt(NH3)s(H20)]** (2)
d(TGG) 3 0.13(1) 0.09(1) 1.5
d(CTGGCTCA) 4 1.1(1) 0.49(5) 2.2

aLabeling of the rate constants is defined in Figure 1. Esd’s are given in parentheses.

100+

v —

1 T T 1 T

relative concentrations [%]

10 20 30 40 50
0 80 160 240 320 400
time [min]

Figure 3. Calculated and experimental concentrations for the reaction
between d(CTGGCTCA) andl: (x) unreacted oligonucleotideN{;
(2) 3-monoadductIB’); (¢) 5'-monoadductlf’); (+) chelate (C).

therefore able to work with stoichiometric amounts of reactants.
With an excess of platinum, the first platination step would have
been too fast to be accurately monitored and multiple platina-
tions might have interferetf.

The chromatogram shown in Figure 2f corresponding to the
reaction of2 with d(CTGGCTCA) features in addition to the

value ofkz in the case of the octanucleotide. For the chelation
rate constants, the order is inverse. The ratio of the chelation
rate constantks/ksc increases with chain length from 1.4 for
d(GG) to 3.3 for d(CTGGCTCA).

Discussion

Our long-term goal is to design metal complexes that would
bind specifically to chosen sequences of DNA. To this end,
we want to identify the factors which control the selective
binding of cisplatin to GG sequences of DNA. In the present
work, which is the first part of our kinetic study, we have
investigated a series of single-stranded d(GpG)-containing
oligonucleotides reacting withis-[Pt(NHz)2(H20)2]2" (1), the
doubly-hydrolyzed form of cisplatin, and its triammine analog
[Pt(NH3)3(H20)1?" (2), forming only monoadducts. In the
second part, we will report the results of the reactions of a duplex
oligonucleotide with the same platinum complexes. In the third
part, the reactions of the monocationic forms of cisplatis,
[PtCI(NH3)2(H20)]* andcis-[Pt(OH)(NHs)2(H20)]*, which are
likely to be the two principal reactive speciisvivo,3* will be
studied with single- and double-stranded oligonucleotides.

We are using an HPLC-based method allowing the determi-
nation of the platination and chelation rate constants for the
two guanines separatel§y. The present study is intended to
answer the following questions: (i) How does the oligonucle-

peaks due to the oligonucleotide (N) and the two monoadducts otide length influence the magnitude of the platination and
(15" and 13) a fourth peak labeled D. This peak was due to a chelation rate constants? (i) How does the nature of the
stable product, whose final concentration increased with an pjatinum ligands influence these rate constants? (iii) What are
increase in the excess & If 2 was reacted with the  the lifetimes of the monoadducts formed by

octanucleotide in a molar ratio of 1.5 or mot®&; and|3' first First Step: Platination. Platination of the negatively
increased and then decreased to @vas the major producb charged oligonucleotides by the positively charged aqua com-
was UnambigUOUS|y identifed as the doubly-platinated adduct p|exesl and? is expected to proceed in two phases, a rapid
with [Pt(NHs)s]** coordinated to both adjacent guanines. The formation of an outer-sphere complex and a rate-determining
identification was achieved by enzymatic digestion, gel elec- sypstitution reactio® which is irreversible in our case. For
trophoresis, and mass spectrometry (MALDI-TOF). The kinetic instance, for complex reacting with the 5G of the oligo-
scheme was therefore modified to take into account the pycleotideN to form the monoaddudb’, we have K++-1=outer-
formation of the doubly platinated speciBsfrom 15" and13'. sphere complex formed by andN)

The detailed study of this reaction will be reported elsewRere.
For the reactions of the shorter oligonucleotides viithnd 2,

no HPLC peaks were observed which could have been assigned
to doubly-platinated species.

Reaction Kinetics. We have evaluated the rate constants Under our experimental conditions, we observe an overall single
for both platination Kz, kz) and chelation Ksc, kzc) steps of stepN + 1 —I5’. Since we cannot measure the concentration
the reaction between complé&and single-stranded oligonucle-  of the outer-sphere complex\{--1], we do not know the net
otides containing a GG sequence. CompxXorms only concentration of the free platinum compleX],[either. On the
monoadducts. Reactions with this complex were included in other hand, we can determine the concentration of the total
our study in order to investigate the influence of the platinum unreacted platinum complexlf] = [1] + [N---1], as the
ligands on the kinetics of the platination step. concentration ofl at time= 0 minus the concentrations of all

The rate constants are listed in Table 1. For both complexes, the platinated species1;] = [1]o — [I5'] — [I3'] — [C]. The

the platination rate constarks (platination of the 3guanine) . .
and ks (platination of the 5guanine) have similar values, (34 ;éTA'V'- C.; Martin, R. B.J. Inorg. Nucl. Chem1976 38, 1911

increasing .monOtonica”y as the chain Iength inc_rease_s- The 3s) strehlow, HRapid Reactions in Solutioh'CH: Weinheim, Germany,
constankg increases somewhat more rapidly, having twice the 1993; pp 115-129.

Ka ks’
N+1 <—= N...1l —> I5'
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rate of formation ofl5' is
d[I5")/dt = keg[N--1] = kgK [1,,][NJ/(1 + K[N])

_ N
* NI

The value of the association equilibrium constigts a priori
unknown. For aqua ions of Mg interacting with poly(dG-
dC), poly(A)-poly(U), poly(l)-poly(C), and poly(G)-poly(C),
atpH=7,T = 20 — 25°C, and ionic strengtk= 0.1 M, aK,
value of 1006-2000 M1 has been determiné&3’ On the
other hand, for the interaction between [Ru(tpy)(bpy¥yQipy

= 2,2,2"-terpyridine, bpy= 2,2-bipyridine) and the mono-
nucleotide dianions CMP, dCMP?~, AMP?~, and dAMP,
association constants between 15 and 48 Mave been
determined® For our platinum complexes forming outer-sphere
complexes with di- to octanucleotides, we expect thereifqre
values of the order of 181> M~L. Thus, under our experi-
mental conditionsK{N] < 1 and d[5')/dt = kssKg[1un][N].
The platination rate constants listed in Table 1 are therefore

equal to the product of the appropriate substitution rate constant

kss or ksz with the corresponding association equilibrium
constantk,.

According to Table 1, the platination rate constants increase
monotonically with the oligonucleotide length. Going from
d(GG) to d(TGG), the platination rate constants for both

guanines increase by the same factor and the chelation rate
constants remain roughly unchanged; this indicates that the

presence of a 'Sphosphodiester group does not influence
significantly the platination and the chelation of a d(GG)

sequence in a single-stranded oligonucleotide. This is unex-
pected, since it has been suggested, on the basis of molecula}.

mechanics calculations, that thé-ghosphodiester group is
capable of forming hydrogen bonds with the ligands of platinum
in the pentacoordinated intermediates of the platin&iand
chelatiod? reactions. This result suggests that the increase of
the observed platination rate constants with the chain length
reflects mainly an increase of the association constgmather
than variations of the substitution rdée Elmroth and Lippard
came to a similar conclusion from a comparison of pseudo-
first-order rate constants for the reactionisf[PtCI(NH3)(CeH11-
NH,)(H20)]"™ with single-stranded oligonucleotides containing

a d(GpG) sequence, on one hand, and a phosphorothioate grouﬂn

on the other hanét

Pullman et a2 investigated the influence of neighboring
residues on the electrostatic potential at the different atomic
positions of a base within double-stranded B-DNA. According
to these calculations, the N7 atom in a guanine having® 5
and a 3G as neighbors (such as théduanine in d(CTG-
GCTCA)) experiences a more negative potential than that of a
guanine having 5G and 3-C as neighbors (which applies to
the 3-guanine in d(CTGGCTCA)). More generally, in a GG
sequence, the negative potential at N7 is more enhanced on th
5'-G by its 3 neighbor thaniice versa This agrees with recent

(36) Schmknecht, T.; Diebler, HJ. Inorg. Biochem1993 50, 283-298.

(37) Strunk, G.; Diebler, HJ. Chem. So¢.Dalton Trans.1994 1929-
1933.

(38) Neyhart, G. A.; Cheng, C.-C.; Thorp, H. B.Am. Chem. S0d995
117, 1463-1471.

(39) Laoui, A.; Kozelka, J.; Chottard, J. Gorg. Chem1988 27, 2751~
2753.

(40) Hambley, T. Winorg. Chem.1991 30, 937—942.
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3634.

(42) Pullman, A.; Zakrzewska, C.; Perahia,lBt J. Quantum Cheni979
16, 395-403.
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experimental and theoretical restittsuggesting that (i) guanines

in GG sequences are more readily oxidized than other guanines
and (ii) the 5-guanine of a GG sequence is more reactive than
the 3-guanine. Although all these resft4®concern double-
stranded DNA and cannot strictly apply to our single-stranded
octanucleotide, it is possible that the slightly higher platination
rate constants measured for theé@& of d(CTGGCTCA),
compared to those for the-&, reflect different electrostatic
potentials at the two N7 atoms.

The diaqua compleg shows platination rate constants that
are a factor of 410 larger than those fd throughout. This
could be, in principle, due to four effects: (1) the platinum atom
is expected to be less electrophilic2rthan inl, since NH is
a better electron donor than,8; (2) thecis effects of NH
and HO may differently influence the reactivity of the leaving
aqua ligand; (3) hydrogen-bonding with the O6 atom of the
reacting guanine or that of the adjacehtd 5-guaniné® could
stabilize the pentacoordinated intermediate of the substitution
reaction; this bonding should be stronger withCHthan with
NH3;#4 (4) the association constaritg might be larger forl
than for2. Point 4 seems rather unlikely, since compleges
and2 are very similar and there is no obvious reason that the
stabilities of their outer-sphere complexes should be significantly
different. A possible check of hypothesis 3 would consist of
measuring the platination rate constants foand 2 reacting
with d(AA). Adenine possesses an Blgroup at carbon C6,
at variance with the carbonyl group of guanine, and thus, if
OH,---O6 hydrogen bonding favors guanine platination by
over that by2, this effect would be absent in the case of adenine
platination.

Second Step: Chelation.Comparison of the chelation rate
constants measured for thé &nd 3-monoadducts ofl with
I,he different oligonucleotides (Table 1), shows that the cycliza-
ion on the 3monoadducts is always favored, and the rkig
ksc increases slightly with increasing oligonucleotide length.
This can be rationalized by the fact that there is a tendency of
the single-stranded oligonucleotides to assume B-DNA-like
helical arrangementS. Molecular models of platinum mono-
adducts on a d(GG) segment of B-DNA show that the distance
between the platinum atom and the N7 atom of the adjacent
guanine is~4 A in the 3-monoadduct, whereas it185.5 A in
the 8-monoadduct. Therefore, the helical arrangement favors
chelation of the 3monoadduct and disfavors that of the 5
onoadduct® In very short oligonucleotides such as d(GG)
or d(TGG), the mobility of the bases should overcome the
structural predisposition favoring chelation of thien3onoad-
duct. Upon an increase in the oligonucleotide length, the helical
structure becomes stabilized, which could explain the slight
increase of theés/ks ratio. According to this reasoning, an
even larger differentiation between the two chelation constants
is expected for duplex oligonucleotides, and our preliminary
results on d(TTGGCCAA)reacting withl show that this is
indeed the case. As suggested by a reviewer, the similar ratio

é)y which the 5monoadducts are formed more rapidly and

chelated (in the case &j more slowly than the'3monoadducts
might simply reflect the inherently greater reactivity of the®
compared to the'3G. In support of this argument is our recent
observation that when the monoadducts of the octanucleotide
d(CTGGCTCA) with2 react with a second equivalent 2f it

is again the 5guanine which is platinated faster; i.e., the 3
monoadduct forms the doubly-platinated complex more readily

(43) Saito, |.; Takayama, M.; Sugiyama, H.; Nakatani,JKAm. Chem.
Soc.1995 117, 6406-6407.
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than the 5monoadduct® However, similar comparisons inthe is consistent with an increase of the equilibrium constént
case of the platination of the d(TTGGCCAA)uplex show that, for the formation of an outer-sphere complex preceding the
for two adjacent guanines, intrinsic nucleophilicity alone cannot substitution reaction. As apparent from the different platination
explain both intra- and interstrand relative reactivitiés. constants forl and 2 reacting with the same oligonucleotide,
Accumulation of the Monoadducts. As apparent from  the platinum ligands have an influence on the platination
Figure 3, the combined effect of the slightly faster platination kinetics;1 reacts 4-5 times faster tha@. The ratio of the two
of the 3-guanine and the slightly slower chelation of the 5  chelation rate&zJ/ks increases with increasing oligonucleotide
monoadduct leads to different concentration profiles for the two length from 1.4 to 3.3 upon going from the di- to the
monoadducts. The#nonoadduct accumulates in a significantly ~octanucleotide. We ascribe this effect to both a larger nucleo-
higher concentration and lasts longer than then@noadduct. philicity of the 5-guanine and a larger contribution of a single-
Our preliminary results on the platination of d(TTGGCCAA) helical conformation sterically favoring the cyclization of the
with 1 show that this difference in monoadduct accumulation 3'-monoadduct. Finally, we note that for reactionsiofthe

is even more pronounced in the case of the duplex. 5'-monoadduct reaches higher concentrations than the 3
. monoadduct and lasts longer, an observation which might be
Conclusion relevant to the formation of DNAPt—protein cross-linksn

For a series of single-stranded oligonucleotides containing vIvo.
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