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The presence of Ca2+ has a marked effect on the reaction release of the phosphonate ligand as observed by NMR is
significantly accelerated by the presence of Ca2+, which iskinetics of platinum phosphonate complexes with d(GpG).

Compounds studied are [cis-Pt(NH3)2(bmpaa)] and [Pt(R,S- ascribed to its interaction with the phosphato groups in the
ligands.dach)(ntmp)]. The formation of GG-N7,N7 chelates and the

Introduction

The therapeutic activity of the well-known antitumor
drug cisplatin [cis-diamminedichloroplatinum(II)] is
thought to originate from its interaction with DNA, re-
sulting in inhibition of DNA synthesis. [1] The main reaction
product has proven to be the GN7,GN7-intrastrand
crosslink. [2] Numerous analogs of cisplatin have been syn-
thesized and tested in order to improve the therapeutic
properties. A rational approach to the development of cyto-
statics involves the use of carrier functions that cause a
specific accumulation of the potential antitumor agents in
the target organs or in the target cells. Platinum complexes
containing phosphonic acid ligands have been designed for
the treatment of bone tumors, [3] since bisphosphonates

Figure 1. Structures of the platinum phosphonate complexes[cis-
show a high affinity for bone and other calcified tissues. [4]

Pt(NH3)2(bmpaa)] (a), [Pt(R,S-dach)(apmd)] (b), [cis-
Pt(NH3)2(ntmp)] (c) and [Pt(R,S dach)(ntmp)] (d)Four interesting examples of such compounds, i.e. [cis-

Pt(NH3)2(bmpaa)] (a), [Pt(R,S-dach)(apmd)] (b), [cis-
Pt(NH3)2(ntmp)] (c), and [Pt(R,S-dach)(ntmp)] (d) [5] are

Figure 2] in water, results in the formation of GN7,GN7shown in Figure 1, of which [cis-Pt(NH3)2(bmpaa)] (a) is
chelates, as deduced from the NMR data, in analogy withexpected to enter clinical trials. [6]

the Pt phosphonate compounds c and d (resulting chelatesPrevious work has shown that [cis-Pt(NH3)2(ntmp)] (c)
are [cis-Pt(NH3)2{d(GpG)-N7(1),N7(2)}] in case of com-and [Pt(R,S-dach)(ntmp)] (d) are capable of forming GG-
pound a and [Pt(R,S-dach){d(GpG)-N7(1),N7(2)}] in caseN7,N7 chelates (in analogy with cisplatin), concomittant
of compound b). [7] In addition free phosphonate ligand iswith the release of the phosphonate ligand. [7] Because of
formed. Since the primary amine is a strongly coordinatingthe slow reaction kinetics of these platinum complexes, ob-
ligand and usually acts as a non-leaving group it is ratherserved at physiological pH, an activation mechanism was
surprising that in the same molecule, i.e. [Pt(R,S-dach)(-supposed to be present in vivo. The principal objective of
apmd)] (b), RNH2 can act as non-leaving group (dach), butthe work reported here has been to investigate this acti-
also as leaving group (apmd).vation mechanism and, in particular, the influence of the

At physiological pH compound a is not very reactivepresence of Ca21 on the reaction kinetics.
towards d(GpG) (see Table 1). The same lack of reactivity
towards d(GpG) is observed for compound d at physiologi-

Results and Discussion cal pH (see Table 1; see Figure 3). Therefore, an activation
mechanism has been proposed to occur in vivo. [7] Initially,Reaction of [cis-Pt(NH3)2(bmpaa)](a) or [Pt(R,S-dach)(-
it was investigated whether S-containing nucleophiles (cyst-apmd)] (b) with d(GpG) [for the structure of d(GpG), see
eine, methionine, gluthatione) could act as activators, be-
cause of their known affinity[8] for platinum compounds.[a] Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden

University, However, although initially the reaction of d with G bases
P. O. Box 9502, NL-2300 RA Leiden, The Netherlands proceeds faster in the presence of cysteine, methionine or[b] University of Vienna, Institute for Inorganic Chemistry,
Währingerstrasse 42, A-1090 Vienna, Austria GSH (as determined by UV-Vis spectroscopy), the resulting
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Figure 2. A schematic representation of the dinucleotide anion 2-
deoxyguanylyl(3R59)-2-deoxyguanosine, d(GpG)

product proved to be [Pt(R,S-dach)(nucl-S)(G-N7)] (as ob-
served by NMR) and this was found not to be very reactive
towards a second G base. Since coordination to a second
G base is thought to be necessary for antitumor activity, S- Figure 3. Influence of Ca21 on the reaction of d(GpG) with plati-
containing nucleophiles are unlikely candidates for an acti- num phosphonate complexes at pH 7 as determined from UV data.

e 5 [Pt(R,S-dach)(ntmp)]; s 5 [cis-Pt(NH3)2(bmpaa)]; 1 5vation mechanism in vivo because they inactivate, rather
[Pt(R,S-dach)(ntmp)] 1 Ca21; , 5 [cis-Pt(NH3)2(bmpaa)] 1 Na1;

than activate, platinum phosphonate complexes. n 5 [cis-Pt(NH3)2(bmpaa)] 1 Ca21. At/Ao is defined as: [At(λmax)
2 At(λmin)]/[Ao(λmax) 2 Ao(λmin)]The bmpaa ligand is not released from [cis-

Pt(NH3)2(bmpaa)] in the presence of CaCl2, for weeks at
310 K, if no G bases are present. So the above release of
bmpaa is not just caused by the CaCl2. Instead the attack which is relatively inert, relative to the aqua species. Al-

though for the Pt phosphonate complexes a direct attack ofof the G base on Pt is significantly enhanced by the pres-
ence of Ca21. The slightly enhanced reactivity in the pres- the G base on the carboxylate is involved (considered to be

step 1), it cannot be ruled out that, in case of the sub-ence of NaCl could be due to the presence of Na1 which
may also reduce the negative charge on the phosphonate sequent step, the N-coordinated phosphonate ligand is hy-

drolyzed before the second G base will coordinate. This co-groups, although less pronounced than for Ca21.
To study the possible effect of (de)protonation, the same ordination of the second G would occur slower at pH 7.0,

due to the presence of coordinated OH, whereas at pH 6.5experiment has been repeated at slightly acidic pH (pH 6.5)
(see Table 1). With these complexes the presence of Ca21 relatively more aqua ligand would be present.

The enhanced reactivity of platinum phosphonate com-also enhances the reaction, as in the case of pH 7.0. An
additional effect, however, must be present under these con- plexes in slightly acidic media and in the presence of Ca21

may explain their antitumor properties and selectivity forditions, since overall the reaction is faster at pH 6.5 than at
pH 7. A possible explanation could be that the H1 ions can bone tumors. Since in tumor tissue the pH is known to be

(approximately) 0.5 pH units lower than in normal tis-also slightly reduce the negative charge on the phosphonate
ligand (a similar effect as Na1, vide supra). Another expla- sues, [10] the reactivity of Pt phosphonates may be enhanced

in tumor tissues. In addition, the phenomenon called “bonenation comes from the known pKa values of [cis-
Pt(NH3)2(OH2)2] (pKa1 5 5.02, pKa2 5 6.93). [9] This im- buffering” may also contribute to the enhanced reactivity of

phosphonate compounds in tumors. Bone buffering occursplies that at pH 6.5 for the aquated form of cisplatin the
predominant species is [cis-Pt(NH3)2(OH2)(OH)]1 whereas during prolonged acidosis or other pathological con-

ditions. [11] Calcium phosphate (present as hydroxyapatite inat pH 7.0 almost all Pt is present as [cis-Pt(NH3)2(OH)2]

Table 1. t1/2 values (hours) for the several reactions of d(GpG) with [cis-Pt(NH3)2(bmpaa)] and [Pt(R,S-dach)(ntmp)] (1025 ) as determi-
ned from UV data (standard deviations in parentheses)

Compound pH t1/2 Compound pH t1/2

[cis-Pt(NH3)2(bmpaa)] 6.5 501 (20) [Pt(R,S-dach)(ntmp)] 6.5 479 (20)
1CaCl2 6.5 189 (22) 1 CaCl2 6.5 295 (18)

[cis-Pt(NH3)2(bmpaa)] 7.0 2391 (24) [Pt(R,S-dach)(ntmp)] 7.0 2871 (21)
1CaCl2 7.0 685 (7) 1 CaCl2 7.0 521 (10)

1NaCl 7.0 1641(17)
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any more) the reaction products were lyophilized and analyzed bythe inorganic part of the bone) is relatively insoluble; how-
NMR. The excess of Ca21 was removed by using oxalic acid andever at lower pH the calcium phosphate can go into solu-
the precipitate was removed by filtration.tion and the levels of Ca21 and phosphate rise. The in-

creased phosphate concentration is thus able to buffer the
H1 ions, whereas the increased Ca21 level can enhance the
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