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The activation of the anticancer drug cisplatais-[Pt(NHz),- 020 003
Cl,], for binding to biological targets involves replacement of @ ®
chloride ligands with water moleculé#\quated cisplatin can bind
to purine bases on DNA, forming intrastrand cross-links that destroy ~  ,, |
cancer cellg. The intermediacy in this process of platinum
complexes with other biologically abundant anions such as acetate, 008 |
phosphaté,and thiolaté has been explored in depth. Recent work
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has drawn attention to the reaction of cisplatin with carbonate ion %%

and to the potential role of platinum carbonato species in mediating 000 " ‘ ‘ ‘ 000 o o
cellular uptake, DNA binding, and anti-tumor propertid$.was 00 03 06 09 12 15 007 009 011 013 015 017
specifically suggested that carbonate alters the binding of cisplatin I r;

to DNA, leading to monofunctional platinurDNA adducts rather Figure 1. (a) Bound Pt/nt1(,) values of platinated pBR322 DNA as a
than bifunctional cross-links that form with the aqua compléxes. function of added Pt/intr{) for reactions in HEPES (black triangles),
Because of the potential implications of these findings to the field Phosphate (red diamonds), or carbonate (blue squares) buffer, pH 7.4. (b)
) . . . Expansion of low-ranger values, 0.070.17.
of platinum-based anticancer agents, we have investigated the
effects of carbonate on cisplatin binding to DNA in vitro. Our
results, which are fully consistent with early immunochemical
studies of platinum anticancer dru@gsiemonstrate that at physi-
ological concentrations of carbonate the major DNA adducts are
bifunctional cross-links. Like phosphate ion and other biological
nucleophiles, the major function of carbonate is to reduce the
amount of platinum available for DNA modification.

We investigated cisplatin binding to both double- and single-
stranded DNA in carbonate, phosphate, and HEPES buffer. In 24
mM buffer at pH 7.4, and 5 mM NaCl, cisplatin was allowed to
react with closed circular pBR322 plasmid DNA. After 24 h in the
dark at 37°C, unreacted cisplatin was removed by dialysis, and
the amount of platinum on the DNA was measured by atomic
absorption (AA) spectroscopy. The DNA was also analyzed by
agarose gel electrophoresis. Cisplatin intrastrand cross-links unwin
duplex DNA and concomitantly wind the superhelix, dramatically

altering its mobility on agarose gels. This behavior can be used to ™ o )
probe the binding of cisplatin to DNA in a sensitive manfer. high-performance liquid chromatography and characterized by UV

Analysis of the samples showed that, in HEPES buffer, unwind- @nd AA spectroscopy, enzymatic digestion with nuclease P1 and
ing of closed circular DNA occurs with increasing concentrations Calf intestinal phosphatase (CIP), and electrospray ionization (ESI)
of cisplatin. When the plasmid is completely unwound, such that Mass spectrometry.
it co-migrates with DNA containing a single-strand break, increased N all buffer systems, the major product of the reaction was
platinum binding winds the DNA into a positive superhelix. In determined to be the 1£Pt(NHs);}**—d(GpG) cross-link. The
phosphate buffer, DNA unwinding occurs only at the highest Mass of this product, as revealed in the negative ion ESI spectrum,
cisplatin concentrations, and the coalescence point is not reachedis 4424.9+ 1.7 Da (Figure S4), in agreement with the expected
No DNA unwinding occurs for samples treated in carbonate. These Value of the 14mer bearing{@t(NH)2} > lesion (4425.8 Da). After
data (Figure S1, Supporting Information) are identical to previously €nzymatic digestion of the products with nuclease P1 and CIP and
published results, the interpretation of which was that cisplatin binds separation of the resulting deoxynucleosides by liquid chromatog-
to DNA monofunctionally in carbonate bufférAn alternative raphy/mass spectrometry (LC/MS), the 1R{NH;);} > —d(GpG)
explanation, however, is that DNA treated with cisplatin in adductwas directly observed (Figure S5). A minor product detected
carbonate does not form a sufficient number of adducts to alter the by the same methods was a DNA strand containing a{ Bf3-
supercoiling of plasmid DNA under these conditions. (NH3)2} 2t —d(CpGpG) cross-link. Cytosine is not very reactive

To evaluate the latter possibility, we directly measurgdhe toward cisplatin, although binding of platinum to the cytosine N3
amount of platinum bound per nucleotide, as a function of added position has been observed in an oligonucleotidigentification
cisplatin (Figure 1). In carbonate and phosphate buffers, the amountof the 1,3-cross-link was confirmed by platinating the corresponding
of cisplatin on pBR322 DNA is substantially less than in the trinucleotide d(CpGpG) under the same conditions and analyzing
reaction in HEPES buffer. Slightly less platinum binds to DNA in the products by LC/MS. Peaks appeared at the same retention time

carbonate than in phosphate buffer. These results clearly reveal that
the decreased unwinding of superhelical DNA by cisplatin in
phosphate or carbonate buffers is due not to monofunctional adduct
formation, but to significantly lower levels of bound platinum. Even
at the highests, binding of cisplatin to DNA in carbonate buffer
does not attain the, value at which changes in DNA supercoiling
occur (Figure S1).

The reaction of cisplatin with a single-stranded 14mer oligo-
nucleotide, 5TTCACCGGAATTCC-3, was also investigated in
24 mM carbonate, phosphate, and HEPES buffers at pH 6.8 and
7.4, containing 5 mM NaCl (Figures S2 and S3). The DNA contains
a single reactive GG site, allowing for both mono- and bifunctional
platinum adducts to form. Cisplatin concentrations from 10 to 200
¢4M were investigated, and the DNA concentration was adjusted to
maintain a fixed Pt:DNA ratio of 1.2:1. After 24 h of incubation in
the dark at 37C, reaction products were purified by ion-exchange
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with identical mass spectra. UV and AA analyses confirmed that
all products contain one Pt atom per 14mer.

The product profile of the reaction of cisplatin and the 14mer
oligonucleotide is unaffected by the choice of HEPES, phosphate,
or carbonate buffer. Bifunctional platinuaDNA cross-links are
the dominant product of all three reactions. In both carbonate and
phosphate buffers, however, the reaction is significantly inhibited
relative to the reaction in HEPES buffer, particularly at concentra-
tions of cisplatin<40 uM. These results are consistent with the
data in Figure 1, obtained with pBR322 plasmid DNA.

At pH 6.8, the yield of platinated 14mer in carbonate and
phosphate buffers increases slightly relative to the yield at pH 7.4.
The yield of platinated DNA in HEPES buffer is unaffected by
pH. The X, of carbonic acid (for the equilibrium COF H,O =
HCO;~ + H*) is 6.1 and the secondKy, of phosphate (BPOy~ cos
= HPQ?” + H") is 7.09. Therefore, at lower pH, a larger fraction  £iure 2. Routes for biological processing of cisplatin. Upon entering the
of both carbonate and phosphate ligands will be protonated, makingcell, cisplatin is aquated (a). The activated platinum species can then react
them better leaving groups. This pH dependence provides strongwith carbonate (b) or phosphate (c) in a mono- or bidentate manner. Reaction

evidence that inhibition by these anions is due to complexation with glutathione results in the formation of a bis(glutathionato)platinum
with the platinum(ll) center complex (d). Platinum can also bind sulfur-containing amino acids, such

g . . o as Met in human albumifi(e). Finally, cisplatin can react with purine bases
Aquated cisplatin complexes are cations; binding to DNA, @ of both DNA and RNA, forming intra- and interstrand cross-links (f).
polyanion, is thus assisted by electrostatic attractions. Cisplatin
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platinum than phosphatéwhich renders it a stronger inhibitor of  Scjence Foundation Graduate Research Fellowship.
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