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Medium Effects on Reactivity Profiles for Platination of Phosphorothioate-Containing
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Reactions ofcis-[Pt(NHz)(NH2CeH11)CI(OH2)] ™ with d(Tp(S)T) and d(#p(S)Tie-n), N = 1, 4, 8, 12, and 15,

were investigated by use of HPLC in an agueous medium with pH4Ql1 and sodium and magnesium ion
concentrations varying between 1.5 mM and 0.50 M. Platination of the oligonucleotide fragments is favored over
platination of d(Tp(S)T) in the whole salt concentration interval studied. The maximum rate enhancement after
incorporation of the p(S)-site into the polymeric DNA environment is observed fap@®)Ts), which reacts up

to ca. 500 times faster than d(Tp(S)T), after suitable changes of the cation concentrations in the reaction medium.
The platination rates of the oligonucleotide fragments,d($)T16-n) decrease with increasing salt concentration.

For a given phosphorothioate position, the rate also decreases when the cations in the medium are changed from
Na" or Kt to Mg?", even at constant ionic strength. The reactions with embedded p(S)-sitesa{)[Ls-n),

n =4, 8, and 12, were found to be kinetically favored over reactions with tharsl 3-end positions. In a
reaction medium containing monovalent cations there is a strong preference for platinatiogp@®iig), whereas
d(T4p(S)T12) and d(Thi2p(S)Ts) show intermediate reactivity compared with fragments witke 1 and 15. In
contrast, no kinetic discrimination is found between the p(S)-sites igpd®) Ti6-n), N = 4, 8, and 12, in the
presence of M. The results are interpreted in terms of a general mechanism where preaccumulation of the
cationic Pt(Il) complex on the oligomers is required for product formation. The kinetics are consistent with a
reaction model that includes release of cations from the DNA surface during the adduct formation process.

Introduction of DNA play a crucial role for the intracellular distribution of

Reactions of transition metal complexes with biomolecules, c:Jr;entIy Hsed flztllr)feg’ﬂrugs. IThte p?s;.tlvily ctr;argteg Lei‘;]t've

such as nucleosides, mono- and polynucleotides, sulfur-contain-P'a mgm( ) metaboli are eiectrostatically attracted by the
negatively charged phosphate groups along the DNA backbone.

ing amino acids, and DNA, are the subject of large current A it the local plati tration is likelv to be high
interest. One of the major objectives is to increase the . S aresul, the ocal platinum concentration IS ik€ly to be higher

understanding of the mechanism of action of anticancer active " tthe lfglr()lsseFV'c'n'ty Oftthf D:;'A thzn Itn thet.surroundrl]ng
platinum complexe$? The generally accepted intracellular Cytosol: or concentration-dependent reactions, such ac-

metabolic pathway comprises interaction with nuclear DNA and cumu_la_ltion should hav_e a significant influence on the observed
the preferential formation of an intrastrand cross-link between reactivity of any reactive group located on the DNA surface.

adjacent guaninés3 The molecular mechanism for the reaction 1€ ability of DNA to modulate transition metal reactivity
preceding the adduct formation step is still not fully understood, has been observed in severa;éstudles. For e'xample,'th%%)parent
however. It is likely though that the polyelectrolyte properties 'ate for thermal electron transt€and substitution reactiofs™
of freely diffusing cationic metal complexes with various
* To whom correspondence should be addressed. Fel6 46 222 8106. reactants has been found to increase in a polymeric DNA
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been shown to have a large influence on the observed ratethat of d(Tp(S)T), possibly reflecting an influence from
constantg2-32 Systematic studies of interactions between nonuniform electrostatic accumulation of the platinum complex
positively charged metal complexes of Pt(Il), Pd(ll), and Au(lll) on the two oligomers studied. The aim of the present work has
and target sites incorporated into short poly-d(T) oligomers have been to obtain more complete experimental data on how the
revealed a DNA-promoted effect in reactivity range spanning nature and concentration of neutral salts in the reaction medium
6 orders of magnitude, when compared with reference reactionsaffect the apparent reactivity of a given phosphorothioate site.
of monomers such as d(Tp(S)T), d(GpG),s*d), and The kinetic influence associated with the location of the p(S)-
d(s9).24.25.28-30.33 Fyrther, the dependence of the observed rate site in a given size oligonucleotide fragment g{{S) Tes—n) Was
constants on the concentration of neutral salts in the reactionalso investigated. Analysis of current experimental data as a
medium, which has been observed for some of these systemsfunction of the concentration of inert cations in the reaction
fits qualitatively well with a reaction mechanism in which medium supports a mechanism where adduct formation is
electrostatic preaccumulation of the cationic reactants on the accompanied by the release of cations from the DNA surface

oligomer takes place prior to the rate-determining formation of
the adduct®28 However, a detailed mechanistic interpretation

regardless of location of the binding site.

of the salt dependence is hampered by a lack of more preciseExperimental Section

knowledge concerning the extent and dynamics of associated

cations around the used oligonucleotide fragméhts.
Short-size DNA and oligonucleotides exhibit different physi-
cal properties compared with B-DNA. For example, the local

Materials and Solutions. Standard aqueous buffer solutions were
prepared from potassium hydrogen phthalate (KH/O.,, ACROS),
and the pH was adjusted by addition of HGI@Merck, p.a.y® The
phthalate buffer was diluted 10 or 100 times for the kinetics experi-

concentration of cations in the condensation layer does notments, and the pH was determined by use of a standard pH electrode

conform to the uniform level typical of extended DNA3’

(Orion). NaCIQ (Merck, p.a.) or Mg(ClQ@). (ACROS, p.a.) was added

The effective concentration of an approaching cationic speciesto adjust the ionic strength. Stock solutions were kept at room
is thus likely to depend on the location of the target site chosen temperature. Water was doubly distilled from quartz.

for a specific interaction. A preliminary investigation of the
kinetics for reactions of a metaboliteis-[Pt(NH3)(NH2CeH11)-
CI(OH,)]™, of an orally active Pt(IV) anticancer drug (e.g., JM-
216¥83%and two phosphorothioate-containing oligonucleotides
was reported recentff. At the pH used, accumulation of
oxonium ions could be excluded as a contribution to the
observed reactivity variatiorf8-42 A significant kinetic prefer-
ence was observed for adduct formation with the middle position
in d(Tgp(S)Tg) compared with the "send in d(Tp(S)1s). The
reactivity at the 5end was found to be higher compared with
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The compoundcis[Pt(NH3)(NH2CeH11)Cly], 1, was synthesized
according to literaturé* The complexcis-[Pt(NHs)(NH2CgH11) CIX] 0,

X = DMF or NOs~, was prepared by addition of 0.98 equiv of AgNO
(Baker Analyzed Reagent) tbdissolved in DMF (LAB-SCAN). The
reaction mixture was allowed to vortex in the dark for ca. 20 h, and
the AgCl precipitate was removed by centrifugation. Platinum(ll) stock
solutions were stored in the dark at’8. Addition of cis-[Pt(NH3)-
(NH,CgH11)CIX] 0, X = DMF or NO;~, to an aqueous solution results

in rapid and quantitative conversion to the corresponding aqua complex
Cis-[Pt(NHg)(NH2CsH11)CI(OH,)]*, 2.

Aqueous stock solutions of the phosphorothioates d(Tp(S)T) (KEBO-
lab), d(Tp(S)Ts), d(Tap(S)Twz), d(Tep(S)Ts), d(T220(S)Ta), and d(hsp(S)T)
(Scandinavian Gene Synthesis AB) were kept frozen-ao °C.
Concentrations were determined spectrophotometrically at 260 nm using
calculated extinction coefficients for dfgf and d(T),*>*6e60= 130 200
and 16 800 M* cm™?, respectively. Spectra were recorded at ambient
temperature and pressure using a Milton Roy 3000 diode-array
spectrophotometer and thermostated 1.00 cm Quartz Suprasil cells.

HPLC Measurements.The platination reaction was monitored by
use of a LaChrom chromatograph (Merck-Hitachi, working under
Microsoft Windows 3.51) with a D-7000 interface and a D-7400 UV/
vis detector set at 260 nm. Unplatinated phosphorothioates were
separated from platinated products by use of a reverse phase Protein
& Peptide C18 (100x 4.6 mm i.d., 1Qum particle diameter) column
(Vydac) equipped with a guard, or a Poros R2/H (20@.6 mm i.d.,
10um particle diameter) column (PerSeptive Biosystems). The columns
were kept at 25.@t 0.2 °C by use of an L-7350 oven and a cooling
module (Merck-Hitachi). Solutions of 0.10 M ammonium acetate fNH
OAc, Merck),A, adjusted to pH 6.0 with acetic acid (HOAc, Merck),
and a 1:1 mixture oA and acetonitrile (CECN, LAB—SCAN), B,
were used as eluents for the Vydac column. A low-pressure gradient
was used at a constant flow of 1 mL/min. A linear gradient in which
the ratioA:B changed from 100:0 to 64:36 over a period of 30 min
was used to separate products from reactants. In the case of the Poros
R2/H column, solutions of 0.1% TEAA (triethylammoniumacetate,
Merck) in HO, C, and 0.1% of TEAA in CHCN (LAB-SCAN), D,
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were used as eluents. A constant raticCob of 96:4 for 2 min was
followed by a linear gradient in which the rati®:D changed from 1
96:4 to 87:13 over a period of 9 min, at a constant flow of 3 mL/min,
was used for separation. The chromatograms were evaluated by use of
an on-line HPLC System Manager Software. The time-dependent
changes of integrated peak areas for reactants, as a sum of #melR
S, diastereomer&#” and corresponding products were used for the
kinetics evaluation.

Kinetics. Reactions betweetis-[Pt(NHz)(NH2CsH11)CI(OH,)] T, 2,
and the oligonucleotides d(Tp(S)T), d(Tp(SYIT d(T4p(S)Tro),
d(Tsp(S)Ts), d(T12p(S)Ta), and d(Tsp(S)T) were studied at pH 4% 0 N
0.1. At this pH, the distribution betweep and its corresponding
hydroxo complex is rather insensitive to possible local pH differences
between the bulk solution and the oligonucleotide surf&c@A dilute
phthalate buffer was used to minimize the influence from competitive Figure 1. Normalized integrated HPLC peak areas vs time for the
reactions of the metal with buffer anioffsThe reactions were studied  reactions of2 at 25.0°C, pH 4.1+ 0.1, [cation]= 0.035 M, [Pt(lI)]
as a function of the concentrations of mono- and divalent cations in = (5.00-5.04) x 10°* M, [oligonucleotide]= (4.99-5.02) x 10°°M
the medium in the interval 1.5 mM [cation] < 0.50 M. The cation with d(Tp(S)Tis) (4), d(Tep(S)Te) (@), and d(Tp(S)Ta) (#).
concentration, defined as [cation]([Na*] + [K*]) or ((Mg?"] + [K™]),
was varied by addition of NaClOor Mg(CIOs) to the buffers. The
potassium ion concentration was 5.0 mM at [catien35 mM and 0.5
mM at other concentrations. Metalation of the phosphorothioates was

Normalized area
o
W

0 50 100
Time/min

Table 1. Selected Second-order Rate Constants for the Reaction of
2 with d(Tp(S)T) and d(#p(S)Tis-n) @s a Function of Type and
Concentration of Cation in the Supporting Electrolyte

studied under pseudo-first-order conditions, with at least a 10-fold predominant _Ke.apdM~* s*for [cation]/mM =
excess of the monoaqua platinum(ll) compl@x, Typical reaction oligonucleotide catiort 1.5 35 206-500
conditions wereCp; = (0.3—3) x 104 M and [oligonucleotide}= (0.4—

2) x 1075 M. Reactions were initiated by addition of a small volume d(Tp(S)T) |\'>|132+ cl)gi 8? 831 gi 8ii ggj
of 2in DMF to a buffered and thermostated solution of oligonucleotide. d(Tp(S)Tiy) N§+ 30410 19+3  14+0.7
Sample aliquots were withdrawn at different time intervals during the Mg2* 81+10 17402 06+02
course of the reaction, and they were immediately quenched by dilution  g(T,p(S)T:) Na* 49+ 8 29+ 0.9
in buffer followed by freezing in liquid nitrogen. Samples were stored Mg?* 3.4+ 07 13+05
in liquid nitrogen at-196 °C and analyzed by HPLC within 48 h after d(Tsp(S)Te) Na* 20040 74+4  6.0+2.0°
sampling, directly after thawing. Observed pseudo-first-order rate Mg?*+ 35+ 6 3.6+£03 1.3+£0.2

constants for the platination reactions were determined from a fit of a[K*] = 5 mM for [cation] = 35 mM, and 0.50 mM for all other

single exponentials to the time-dependent decrease of the peak are"{‘cation]. b Average of rate constants in the interval 0-ZD50 M.
associated with unreacted oligonucleotide. Errors correspond to one [cation] = 0.50 M

standard deviation.

than in the presence of Mg, ko appbeing 1.0+ 0.5 and 0.5+
0.1 M1 s71, respectively (experimental data in Tables S2 and
Kinetics Evaluation. Addition of 2 to a solution containing S3).
a mixture of the Band $ diastereomers of phosphorothioate- gyt |nfluence on the Platination Rate of Oligonucleotides:
containing ollgqnucleotldgs re§ults in a decrease of the peakreagctions with d(Tep(S)Ts) and d(Tp(S)T1s). The influence
areas eluting with a retention time typical for that of unreacted 4t the cations in the reaction medium on the rate of platination
starting ma_ltenal and an increase of peaks or|g|nat_|ng _from of the oligonucleotides dgp(S)Te) and d(Tp(S)Te) was studied
products with longer retention times (chromatograms in Figure ¢, varying concentrations of monovalent (Naand divalent
S1). The time course for the decrease of unreacted oligonucle-(Mgz+) counterions. The platination rate constars,y, are
otide peaks obeys pseudo-first-order kinetics. Typical plots of 4yays Jarger in the presence of monovalent cations than in the
experimental data for reactions of @[S)Te), d(Tizp(S)Ta),  presence of My; see Table 1 and Figure 2b,c (experimental
and d(Tp(S)Ts) with 2 are shown in Figure 1, together with a5 in Tables S2 and S3). This tendency is most pronounced
the corresponding best fit of single exponentials to the experi- ot cation concentrations of 1.5 mM and for the platination of
mental data. There is a linear relationship with insignificant d(Tep(S)Te), the second-order rate constants being 2080
intercept between the observed rate constégis, and the total and 35+ 6' M-1s1 in the presence of mono- and divalent
concentration of P(Il)Cey or [Pt(I]iot (experimental data in 1 cations, respectively. Under identical reaction conditions,
Table S1), in agreement with previous studies on related e ¢orresponding rate constants for platination of d(Tp(S)T
systemg*2528Apparent second-order rate constants could thus \,are determined to be 3@ 10 and 8.1+ 1.0 Mt s L
be cal_culgted according 4@,app = kObSC_( [PtID] ot respectively. Further, the platination rate decreases for increasing
Platination of d(Tp(S)T). The reactions between d(Tp(S)T)  sait concentrations. The apparent rate constants exhibit a strong
and 2 were monitored to determine the inherent reactivity of ¢t dependence up to a concentration of ca. 0.10 M. Above
the phosphorothioate group and its dependence on the ionicia¢ vajue, the rate constants are approximately constant:
charge and concentration of the cations in the medium. For k2,apdd(Tep(S)Tg)) = 6 £ 2 and 1.3+ 0.3 M ! st in the
cation concentrations 10 mM, there is little variation with prégence of mono- and divalent cations, respectively. The

the ionic charge_ and concentration, the average S,econd'orde'éorresponding rate constants for platination of d(Tp(g)dre
rate constant being ca. 0.4 Ms™, cf. Table 1 and Figure 2a. {44 07 and 0.6+ 0.2 M1 51 respectively.

At the lowest salt concentration used, 1.5 mM, the platination
rate is slightly higher in the presence of monovalent cations

Results

Reactivity Profiles for Platination of d(T np(S)T16-n); N =
1, 4, 8, 12, and 15Rates of platination of the phosphorothioate
(47) Eckstein, FAngew. Chem., Int. Ed. Engl983 22, 423439 site in the oligonucleotide environment were studied as a

(48) Teggins, J. E.; Lee, K. W.; Baker, M.; Smith, E. D.Coord. Chem. function of the specific position along the phosphodiester
1971, 1, 215-220. backbone in d({p(S)Tie-n), N =1, 4, 8, 12, and 15. The rate
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a 304 b 200 ¢~ ¢
2 -
s - 20 H
S d(Tp(S)T) d(Tp(S)T, ,) . d(T,p(S)T,)
0
0 01 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05
[cation]/M [cation}/M [cation]/M

Figure 2. Plots of the apparent second-order rate constant vs cation concentration for the rea2tanpéf 4.1+ 0.1 and 25.0°C, [Pt(Il)] =
(3.78-27.6) x 1075 M, [oligonucleotide]= (4.00-18.4) x 107 M, and variable concentration of N4®) and Mg™" (M), with (a) d(Tp(S)T), (b)
d(Tp(S)Tws), and (c) d(EP(S)Te)-

100 pronounced on the' 3ide; compard; ,pp= 7 + 2 M~ s for
a d(T15p(S)T) with 194 3 M1 s for d(Tp(S)Tis) at [cation]=
25 0.035 M, andkz app= 1.4+ 0.3 M~ 571 for d(T15p(S)T) with
, .\ 244 0.3 M1 s for d(Tp(S)Tis) at [cation]= 0.50 M.
The reactivity profiles obtained in the presence of2¥gre
50 — / ' illustrated in Figure 3b. At high concentrations (0.50 M), the
platination rate for d(fp(S)Tis-n) Shows little variation with
O 25 _/ Q the position of the phosphorothioate group. An average rate
constant ok, app= 1.2+ 0.2 M1 s71 can be calculated from
\. the experimental data for these 16-mer oligonucleotides. A
decrease of the salt concentration to 35 mM has only a minor
influence on the platination rates for the end positions, which
were determined to bégap = 1.0 £ 0.1 Mt s for
5 d(T15p(S)T) and 1.7 0.2 Mt s 1 for d(Tp(S)Tis). Platination
b rates of d(Tp(S)T12), d(Tsp(S)Ts), and d(hp(S)Ts) are sig-
B nificantly larger however, and the reactivity of these oligomers
R

/M !

2,app
e

can be described by a common averagéoqhp,= 3.6 + 0.3
M-lsL

/M !

/

25—

./ \ Discussion

== o —9©- —o _ Concentration DependenceThe introduction of phospho-
o . rothioate groups into normal DNA has proven to be a useful
method for the direction of platinum complexes to well-defined
binding sites on the charged phosphodiester backBotteg?.50
The preferential adduct formation with these groups is partially
due to kinetic factord} where the softness and negative charge
Figure 3. Reactivity profiles for the platination of the p(S) moiety as  of the S-donor favor formation of the P8 bond over adduct

a function of its location along the oligonucleotide at 25®and pH - . )
414 0.1, [PL(I)] = (5.00-5.04) x 105 M, [d(Tup(S)Tre )] = (4.99- formation with the bases, e.g.,®;. The use of the mono

2,app

0 | | |

0 4 8 12 16
Position of p(S) relative 5'-end

5.03)x 10°M, n= 1, 4, 8, 12, and 15, [cation} 0.035 M @), and aqua complex as the metalation reagent allows for a reaction
[cation] = 0.50 M (O) in the presence of (a) Nas predominant cation ~ Mechanism where the rate-determining step for product forma-
and (b) Mg+ as predominant cation. tion is the direct replacement of the aqua ligand of the complex

for the phosphorothioate group. Hydrolysis of the chloride ligand
was determined at two different salt concentrations, 35 mM and of cis-[Pt(NHz)(NH2CsH11)CI(OH,)] T is likely to be negligible
0.50 M, with both mono- and divalent cations in the supporting within the time frame employed for this stuéf*>51-52The linear
electrolyte. During these experiments, the concentratior®s of relation betweerkspsq and the total concentration & Cpy, or
and the oligonucleotides were kept constant to enable compari-[Pt(I)] it is in agreement with such a simple reaction mechanism.
son between experimental da@y = (5.0 £ 0.1) x 10> M The absence of an intercept suggests a reaction without
and [d(Tp(S)Tee-n)] = (5.04 0.1) x 1076 M (primary data in significant contribution from the reverse reaction and a rate law
Tables S2 and S3). Reactivity profiles with the apparent second-according to eq 1 for the reactions of the dinucleotide, d(Tp(S)T)
order rate constants as a function of position of the phospho-
rothioate site relative to the®H group are shown in Figure —d[d(Tp(S)Tldt =k, oo Jd(Tp(S)THIP(N] o (1)
3. Selected rate constants are given in Table 1.

In the presence of monovalent cations, platination of the (n = m= 1), and the various oligonucleotides, gTS)T.) (n
middle position is favored both at high and low cation =1, 4, 8, 12, 15 andn = 16 — n).
concentrations withk app= 74 + 4 and 4.1+ 0.4 M1 st at Reactivity Profiles. The plots in Figure 3 give a more detailed
[cation] = 0.035 and 0.50 M, respectively; see Figure 3a. The picture of how the reactivity is influenced by the local
platination rate decreases gradually and to a similar extent asenvironment of the p(S)-site within an oligonucleotide of given
the 8- and 3-ends are approached. The decrease is slightly moresize with overall chargéZ| = 15. In the presence of mono-
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charged cations, a preference for platination of the middle Table 2. Slopes ZaZs) and Intercepts (lodo) after Analysis of

position is observed at both 35 mM and 0.50 M cation
concentrations; see Figure 3a. In contrast, with’Mip the
supporting electrolyte, little kinetic discrimination is found
between the embedded p(S)-linkages in@(¥) Tig-n), N = 4,

8, and 12. At the lower salt concentration employed, 35 mM,
the reactivity of these embedded groups is still significantly

higher compared with that obtained for the end positions. For
higher salt concentrations, however, all phosphorothioate sites

exhibit a similar reactivity; see Figure 3b.

Salt Dependence for the Reactions of gi(5)Ts) and d(Tp(S)Ts)
with 2 in the Presence of Monovalent and Divalent Cations

predominant

oligonucleotide catior? ZnZs log ko
d(Tep(S)Te) Na* —49+05  25+0.2
Mgt —3.6+0.8 1.6+0.2
d(Tp(S)Ths) Na* -5.0+0.8  1.8+0.2
Mg2*+ —4.0+0.2 1.2+0.1

a Analysis based on observation in the interval 0.0816< 0.3 M.

The choice of the poly-d(T) fragment as the common °[K*] =5 mM for [cation] = 35 mM, and 0.50 mM for all other
backbone for the present study excludes contributions to the [c@tion]-
reactivity from variations of the base sequence. This is .
particularly true for the p(S)-linkages in di(S)Ti_n), N = 4, enhancements are much smaller; see Figure 2. For example,
8, and 12, which are all embedded in an identical surrounding the maximum rate enhancements, still observed for platination
of at least eight bases: d(TTTTp(S)TTTT). In the absence of Of d(TeP(S)Ts), are reduced to a factor of ca. 70 and 3 at 1.5
sequence effects, the present medium-dependent variations if™™ and 0.26-0.50 M cation concentration, respectively.
reactivity must therefore be due to molecular properties of the Finally, platination of the end positions shows DNA-promoted
oligomer. It is tempting to conclude that the variations in reactivity for the low salt concentrations only, a factor of ca.
reactivity simply reflect a varying tendency for local accumula-
tion, or condensation, of cations along these short oligomers, ~Together these data show that a change from monocharged
presupposed that the oligomers used exhibit polyanionic proper-t0 doubly charged cations in the supporting electrolyte has a
ties dominated by end effecs:37 This conclusion is supported large influence on the observed reactivity, resulting in a reduced
by recent theoretical calculations on short double-stranded kinetic influence from the surrounding oligonucleotide. Two
oligomers with an overall charge in the ranges§z| < 3453 effects can be noticed. First of all, the observed rate constants
The calculations predict a maximum local concentration of réveal a reduction of the apparent nucleophilicity of the
monovalent cations at the middle position of these oligomers. Phosphorothioate group at constant salt concentration and ionic
However, after complex formation with an octavalent ligand Strength for reaction with the cationic compléx Second, a
L8+ the local surface concentration of monovalent cations was decreased response to a change of the bulk salt concentration
found to be reduced to a common value for the base pairs iniS observed. . _ o _
the central part of the studied oligomers. Both of these Mechanistic Considerations.Mechanistic interpretation of
observations are in good agreement with our experimental kinetics data for interactions with groups located on short
findings, provided that the influence of the divalent Mgs to oligonucleotides is hampered by the lack of detailed information
reduce the net charge of the internal phosphates in a way similaron the solution behavior of such DNA fragments. In particular
to that of L8*+. This function of M@* agrees with its well-known  for reactions with cations such asthe role of the electrostatic
higher affinity for polyanions and stronger structural influence interactions with the negatively charged DNA backbone have
compared with monovalent cations with a smaller charge/radius not been fully elucidated. It is clear from the salt and length
ratio, e.g., N&.5455 dependencé?8that the kinetics are influenced by the presence

Influence from the Polymer Environment. As shown of nonreacting phosphodiester linkages on the target oligomer.
earlier, the rate of adduct formation betwe2and phospho- There are several ways to analyze and interpret the available
rothioates is accelerated after incorporation of the target data. We will discuss two alternatives below: (i) analysis
phosphoro[hioa{e |inkage into a p0|ymeric DNA environ- aCCOfdlng to the kinetic salt effect and (II) assumption of a salt-
ment?42528 The present investigation shows that this effect dependent preassociation Bfcombined with the release of
depends not only on the ionic strength of the medium but also Monovalent cations from the oligomer surface. Both approaches
on factors such as the net charge of the medium cations andSUpport a mechanism in which the cationic compiexnet
the location of the binding site within the oligonucleotide ChargelZ| = 1) interacts electrostatically with a diffuse negative
fragment. The effect is illustrated by the ca. 200- and 13-fold surface of the DNA || > 3), prior to the rate-determining

larger rate constants obtained for platination of g#(B)Ts)
compared with those obtained for d(Tp(S)T) at 1.5 mM and
0.2-0.5 M monovalent bulk cation concentration, respectively.
It is also noteworthy that the end positions, i.e., d(Tp()T

adduct formation step.

Kinetic Salt Effect. The influence from the ionic strength,
[, on the rate constant for the reaction Ddfvith d(Tgp(S)Ts)
and d(Tp(S)Ts) was analyzed by plots of lok{app Vs 1V/%/(1

and d(Tisp(S)T), exhibit DNA-promoted reactivity despite the + 1%/, according to literaturé? A summary of the numerical
reduced tendency for cation accumulation expected in their values obtained for the product of ionic charges of the reactants,

vicinity;35-37 see Figure 2b. For Mg in the reaction medium,

ZpZg, and the logarithm of the rate constants at infinite ionic

on the other hand, the absolute rates as well as the ratestrength, logks, is given in Table 2. The negative values

(49) Strothkamp, K. G.; Lippard, S. Proc. Natl. Acad. Sci. U.S.A976
73, 2536-2540.

(50) Chu, B. C. F.; Orgel, L. ENucl. Acids Res199Q 18, 5163-5171.

(51) Miller, S. E.; House, D. Alnorg. Chim. Actal989 166, 189-197.

(52) Barton, S. J.; Barnham, K. J.; Frey, U.; Habtemariam, A.; Sue, R. E,;
Sadler, P. JAust. J. Chem1999 52, 173-177.

(53) OImsted, M. C.; Bond, J. P.; Anderson, C. F.; Record, M. Biapbhys.
J. 1995 68, 634-647.

(54) Saenger, WPrinciples of Nucleic Acid StructureéSpringer-Verlag:
New York, 1984.

(55) Cowan, J. AChem. Re. 1998 98, 1067-1087.

determined forZaZg are expected considering the opposite
charges of the reactants. The absolute values ranging-fdm

to —3.6 are significantly more negative compared with the value
of —1 expected for a direct and exclusive interactior2 efith

a single monoanionic phosphodiester linkage, however. Further,
a change of bulk cations from Nado Mg?* was found to reduce
the magnitude of the charge interactions betw2eand both

(56) Espenson, J. HChemical Kinetics and Reaction Mechanisiad
ed.; McGraw-Hill Inc.: New York, 1995; pp 266210.
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oligomers. Such reduction is suggestive of Mas the better 1.2
electrostatic screening agent when present in the condensation a
layer and fits well with its documented both larger binding
affinity to DNA and larger charge-to-radius ratio compared with
Nat.

A simplistic interpretation of these data includes a mechanism
where platination is facilitated by the formation of an outer-
sphere complex prior to the rate-determining step: PDNA
= Pt"---DNA. In this reaction, the surrounding phosphodiester
linkages are assumed to contribute to an increase of the
equilibrium constant for the reactioK,s, compared with the : : —Ll L
similar preassociation constant that can be defined for the 00 ol [Cm?;,f,],M 03 04
reaction with the reference system d(Tp(S)T). The similar
products ofZaZg obtained for reactions with the middle and 3.0
the end positions suggest that the nature of the charge interac- b
tions reflects an average electrostatic property of the oligomer,
or parts of it, rather than the electrostatic environment in the
direct vicinity of the target site. In addition, the dependence of
ZaZg on the choice of counterions in the medium {Na Mg?")
suggests that this average electrostatic property, or diffuse
charge, is a function not only of the DNA molecule itself but
also of the type of cations associated with the DNA.

Salt-Dependent Preassociation Combined with Release of
Associated CationsThe presence of associated cations on the 0.0 u L I L
surface of the studied oligonucleotides is expected due to their 0.00 005 0.10 0.15 020 025
polyanionic nature. For such polymers, the amount of associated [cation)/M
or condensed cations can be regarded as an average inherefrigure 4. F_'Iots of the inve_rse of the apparent se(_:ond-order rate constant
molecular property determined by the axial charge dedgity. vs bulk cation concentration for the reaction2ofvith d(Tp(S)Tws) (O)

. . . and d S)Tg) (M), at pH 4.1+ 0.1 and 25.0°C, [Pt(Il)] = (3.78—
If the formation of the outer-sphere complex, vide supsa 27.6) >(<Ef((r5)l\?l), ;nzj [oligonucleotide}: (4.00_18&) X( l)C]TGI\SIat @

assumed to be driven mainly by the electrostatic interactions yariaple concentration of Naand (b) variable concentration of Nig

created by such charge density, rather than exclusive interaction

with a single phosphodiester linkage, associatiodisfexpected smaller value for the produdtKass during platination of the

to be accompanied by release of another cation from the end position compared with platination of @f[S)Ts), with a

oligomer surface. A modified elementary reaction for this slope of 0.5+ 0.1. This observation fits well with a model where

preassociation step is given in eq 2. The use of counterionthe central part of the oligomer is the preferred region for
nonspecific electrostatic interactioffs3”5357as already dis-

ass (2) cussed in connection with the reactivity profiles.

The data obtained with Mg in the supporting electrolyte
condensation theory (CC) allows for determination of the net gare also reasonably well described by a linear relationship. Thus,
charge of the interacting “ligand”, in this case the Pt(Il) complex, there is experimental support for a reaction mechanism as that
by a plot of logKasy Vs l0g(i), where ¢, denotes the  outlined in eqs 2 and 3 also in the presence ofNMd\gain,
concentration of supporting monovalent electrolf@he net  the plot for platination of d(Tp(S)E) exhibits the largest slope,
charge of the reactive complex can thus be evaluated in the12 + 2, compared with 2.% 0.4 for platination of d(3p(S)Ts).
present systems assuming that the variationk; iy, simply The larger values obtained for Mfgsolutions can be rational-
reflect the salt dependence of the equilibrium in eq 2, i.e., a jzed if the contribution from the preassociation stefass is
variation of the fraction of in the SyStem entering the fOfmal'y smaller in the presence of Mgcompared with the monovalent
monomolecular reaction pathway leading to rate-determining cation situation. This assumption seems reasonable considering
adduct formation step, eq 3. An analysis of the present data bythe better binding affinity of Mg" to the charged oligomer

N N backboné? which is likely to effectively prevent formation of
Pt"---DNA — Pt"-DNA ko ) the productive outer-sphere complex leading to the final-Pt
DNA adduct, eq 3.

11
Z.app)M §

(1/k

yM st

2,app

(1/k

Pt" + DNA---Na" = Pt"---DNA + Na" K

use of a plot of lodf,app Vs log[Na'] results in an average net
charge of the platinum complex of 0 0.2 for the reactions ~ Conclusions
with d(Tgp(S)Ts) and d(Tp(S)Ts), close to the expected value
of 1.35 The resulting expressions for the reaction rate and the
observed rate constant are given by eqgs 4 and 5.

Rate constants for platination of small-size phosphorothioate-
containing single-stranded oligonucleotides in agueous media
are strongly dependent on binding site location and on the nature
_ _ + Nt + and concentration of the neutral salts dissolved in the medium.

d[DNA/dt = kKosfPt]o[DNA---Na'}/[Na’] - (4) Platination is typically favored by (i) a binding site located in

_ + + the middle of the oligonucleotide, (ii) low salt concentration in
Kops = KoKas{PU liof[Na'] ) the reaction medium, and (iii) a monocharged cation surround-

A plot of the inverse ok, appas a function of [N4] is given in ing. In contrast, the dimer d(Tp(S)T) shows little variation in

Figure 4a f.or the reac.tlons W!th CKﬂ-(S)Ts)' and d(Tp(S)Ts) (57) Zhang, W.; Ni, H.; Capp, M. W.; Anderson, C. F.; Lohman, T. M.;
together with a best fit of a linear equation to the data. The Record, M. T. JBiophys. J.1999 76, 1008-1017.
larger slope obtained for d(Tp(S)), 3.4 &+ 0.3, indicates a (58) Pack, G. R.; Wong, L.; Lamm, @iopolymers1999 49, 575-590.
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reactivity when exposed to similar changes of the reaction systems. In addition, the results should be of interest for
medium. The different kinetic behavior of the dimer compared applications both in vitro and in vivo, e.qg., for the optimization
with the oligomers can be accounted for by a reaction model in of synthetic procedures and the use of antisense technologies
which preassociation of the platinum complex on the oligomer as a tool for detection and treatment of genetically caused
is required for the formation of the metal adduct. The observed diseases.

variations in reactivity as a function of the position of the A : : :
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