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The Interaction of Aquated Platinum(II) Compounds with Purine Mononucleotides
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The interactions of aquated bifunctional cis-
diammineplatinum(II) and 2,2,N,N-tetramethylpro-
panediamineplatinum(ll) and monofunctional di-
ethylenetriamineplatinum(II}) with 5'-GMP, 5'-IMP
and 3'-GMP were investigated by 'H-NMR. Reaction
of these aquated platinum compounds with a stoi-
chiometric amount of the mononucleotide yields
1:1 Pt—nucleotide complexes as reaction products.
The bifunctional platinum compounds containing
one mononucleotide may react further with addition-
al mononucleotides or with chioride to form 1:2
Pt—nucleotide complexes, or 1:1 Pt—nucleotide
complexes in which a chloride is coordinated to
platinum. Competition binding experiments show
that both aquated cis-diammineplatinum and di-
ethylenetriamineplatinum(II) bind preferentially to
5-GMP when allowed to react with a mixture of
5"-GMP and 3'-GMP.

Introduction

The interaction of cis-platinum compounds with
DNA appears to be essential for their activity as
antitumor agents [1, 2]. The primary targets for
attack by cis-Pt(NH;),Cl,(cis-A,PtCl,) are most
likely the N7 atoms of the guanine base [3, 4]. A
specific bifunctional binding only possible for cis-
A,PtCl, could explain its activity in comparison
with inactive platinum compounds like frans-A,-
PtCl, and the monofunctional compound (dien-
PtCNCl, which are also able to bind to DNA, both
in vitro [5] and in vivo [6, 7]. As a specific binding
mode for cis-A,PtCl, intrastrand crosslinks between
two bases in DNA vig cis-A,PtCl, have been sug-
gested [8, 9] and there is evidence that such cross-
links occur in oligonucleotides [10-—-16] and DNA’s
with defined sequences treated with c¢is-A,PtCl,
invitro [17, 18].

Alternatively, chelate formation by binding of
cis-A,PtCl, to the N7 and 06 of a single guanine
base has been proposed as the cytotoxic lesion [19].
A direct Pt—0O6 interaction is not very likely, and
has been rejected for geometric reasons [20]. Hydro-
gen-bonding interactions between 06 and H,0 or

*Author to whom correspondence should be addressed.

0020-1693/84/$3.00

NHj; ligand of platinum bound to N7 may, however,
occur [21,22]. Such interactions may also occur for
trans-A,Pt and dienPt bound to guanine N7.

The binding of a bifunctional platinum compound
to DNA probably occurs in two stages. After an ini-
tial monofunctional binding, which may result in a
local structural perturbation of the DNA, the second,
crosslinking, reaction can take place. The study of the
first interaction of platinum compounds with nucleo-
tides, ie. the formation of 1:1 Pt—nucleotide com-
pounds has so far received little attention.

In an earlier study [23] we showed that cis-A,Pt
reacts faster with 5'-GMP or 5-dGMP than does
trans-A,Pt (GMP = guanosine monophosphate). Reac-
tion of the first 5'-GMP with cis-A,Pt is fast and
yields the 1:1 product cis-A,Pt(5'-GMP)(H,0).

In this study the interaction of several platinum
compounds (see Fig. 1) with the mononucleotides
5'-GMP, 5'-IMP (IMP =inosine monophosphate; see
Fig. 2) and 3'-GMP was followed by 'H NMR to
obtain information about the formation of 1:1 and
1:2 Pt—nucleotide compounds and their properties.
Some competition experiments to study the relative
binding preferences of platinum compounds and
mononucleotides have also been performed, in order
to determine the factors that are important for the
binding of platinum compounds to mononucleotides
as models for platinum binding to DNA.
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Fig. 1. Schematic structure of the aquated forms of the
platinum compounds used in this study. CH, protons have
been omitted for clarity.
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Fig. 2. Purine ring numbering system; R = NH,(GMP) or R =
H(IMP).

Experimental

The mononucleotides used were commercially
available as their disodium salts. Cis-A,PtX,, tmdap-
PtX; and (dienPtX)X (X =I) were prepared by pub-
lished methods [24—26] (tmdap = 2,2 N-tetramethyl-
1,3-propanediamine, dien = diethylenetriamine). So-
lutions of the aquated platinum compounds were
prepared from the iodides by stirring suspensions of
these compounds with 1.95 equivalents of AgNO;
in D,0 for one hour and filtering off the Agl pre-
cipitate.

Aquated cis-A,Pt may be represented as cis-A,-
Pt(H,0),**. At neutral pH this compound is in equi-
librium with the species cis-A,Pt(H,O)(OH)* and
cis-A,Pt(OH), [19]. The pK, values are reported to
be 5.6 and 7.3, so the species dominating at neutral
pH is cis-A,Pt(H,0)(OH)Y*. Under neutral conditions
formation of non-reactive hydroxy-bridged dimers
may occur, especially in concentrated solutions [19,
27]. Therefore, stock solutions of the aquated cis-
platinum compounds were kept unbuffered (pH 3-—
4) and were used within 24 hours after preparation.

Due to the good solubility of the aquated plati-
num compounds in water, experiments with these
compounds were usually performed in 5 mm dia-
meter NMR tubes at a concentration of 20 mM for
the nucleotide. *H NMR spectra were recorded on a
JEOL PS-100 spectrometer, operating in the Fourier-
transform mode. The solutions were not buffered.
After the reaction had taken place, the pH* was
usually between 6 and 7. No essential differences
were found between reactions performed in buffered
and unbuffered solutions, although the reactions in
buffered solutions appeared to be slightly slower
[28]. As internal chemical shift reference tetrameth-
ylammoniumnitrate (TMA) was used. The reported
chemical shifts are referenced on the TSP scale
(TMA: 3.18 ppm downfield from TSP; TSP = sodium
2,2,3 3-tetradeutero-3(trimethylsilyl)propionic acid).
No attempt was made to isolate the platinum com-
pounds as crystalline solids.
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Results

General

Under the conditions used, platinum coordination
at the N7 atoms of the guanine bases is expected
[29-31]. This is confirmed by the downfield shifts
observed for the H8 resonances [4, 10-15, 22, 32,
33]. Unfortunately, the satellites due to coupling of
these protons with the **Pt nucleus were not clearly
observed, for reasons described by Chottard et al.
[9, 34]. With 5'-IMP as nucleotide binding at N7 is
also expected [21, 35, 36]. However, in some exper-
iments small amounts of impurities were observed;
probably these were compounds in which the NI
atom of the ligand is bound to platinum.

The chemical shifts, especially those of the H8
resonances, are slightly temperature dependent. They
decrease with an increasing temperature, as also
found by other workers [37]. A concentration de-
pendence is also likely. Furthermore, because spectra
were obtained from approximately neutral solutions,
slight variations in the pH may give small differences
in the chemical shift values, due to the effect of the
phosphate protonation (pK, about 6.0) [33]. There-
fore, the accuracy of the chemical shifts under the
indicated conditions is estimated to be only about
0.02 ppm. The charge of the compounds that were
obtained is not indicated. At the pH used, most of
the phosphate groups will be double deprotonated,
and the bases are, therefore, expected to be un-
charged. 'H NMR chemical shifts of the base protons
and Hl' protons of the platinum compounds are
listed in Table I.

Formation of Reaction Products

Reaction of the aquated platinum compounds
cis-A;Pt and tmdapPt with one equivalent of §'-
GMP is very fast, even at S °C. This reaction is much
faster than the reaction of aquated trans-A,Pt with
5"-GMP [23]. Within half an hour the 1:1 products
cis-A,Pt(5'-GMP)(H,0) and tmdapPt(5'-GMP)(H,0)
are formed at 5 °C. The presence of a 1:1 product
is inferred from the fact that subsequent addition of
a second equivalent of 5'-GMP leads to formation of
the bis(nucleotide)-platinum compounds. This second
reaction, however, is much slower. Binding of the
first 5'-GMP to tmdapPt gives a product with only
one H8 resonance. This is most likely due to binding
of the first 5'-GMP to the least sterically hindered
site of the tmdapPt molecule, ie close to the NH,
group. Binding of the second molecule of 5'-GMP to
tmdapPt(5'-GMP)H,0) is very slow, probably due
to steric hindrance by the N(CH;), group of the
tmdap ligand. Hydrogen bonding between coordi-
nated H,O and the 06 atom of GMP could also
stabilize the 1:1 adduct, however. In the compound
tmdapPt(5'-GMP), four sets of resonances should be
expected for the 5'-GMP ligands [38]. In fact, only
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TABLE 1. 'H NMR Chemical Shifts of the Base and H1' Protons of Some Nucleotides and of their Platinum—Nucleotide Com-
pounds?®. First Order Coupling Constants Jygy’—po’ are Given in Parentheses.

Compound L= 5-GMP L = 5"-IMP L = 3'-GMP Temp.
H8 H1' H8 H2 H1' H8 HY'

L 8.22 5.92 (6.2) 8.55 8.20 6.14 (5.9) 8.01 5.93 (5.6) 5°C

cis-APtL, 8.70 5.85(3.2) 9.13 8.14 6.10 (3.9) 8.48 5.90 (2.5) 20°C

cis-A,PtLCl 8.62 5.99 (5.1) 9.02 8.28 6.20 (4.6) 20°C

cis-A,PtL(H,0) 8.89 6.02 (1.7) 9.25 8.30 6.25 (2.2) 5°C

cis-A,PtLL 8.75 5.84 34) 9.07 8.12 6.09 (2.7) 22°C
8.53

tmdapPtL, 8.37 5.83 20°C
8.36

tmdapPtLCl 8.49 5.96 (5.1) 8.88 8.29 6.18 (4.6) 20 °C

tmdapPtL(H,0) 8.85 6.04 (2.7) 9.18 8.31 6.26 (3.2) 5°C

dienPtL 8.86 6.00 (3.9) 8.47 5.96 34) 5°C

3Chemical shifts in ppm relative to TSP; coupling constants in Hertz. Spectra were obtained from D,0 solutions at neutral pH

(6.0—-7.0); the temperature is indicated in the Table.

three resonances are observed, probably because two
of the four resonances merge. The same reactions
were also observed for 5'-IMP. As an example the
reactions of 5'-IMP with cis-A,Pt are schematically
depicted in Fig. 3.

Reaction of 3'-GMP with one equivalent of cis-A,-
Pt leads to rapid formation of an insoluble white
precipitate in the NMR tube, which could not be
studied by NMR. This product, however, reacts
further with additional 3'-GMP to yield the soluble
product cis-A,Pt(3"-GMP), (see Table I).

Reaction of aquated cis-platinum compounds with
5'.GMP in a 1:1 ratio yields almost pure cis-Pt(5'-
GMP)(H,0) compounds. These products react further
with added chloride. Reaction of these compounds
with a five-fold excess of NaCl takes several hours at
room temperature to produce the compounds cis-A,-
Pt(5'GMP)Cl or tmdapPt(5'-GMP)Cl. Compounds
with 5'-IMP react similarly with excess chloride.

The availability of stable cis-A,Pt(5-GMPYH,0)
allows the synthesis of mixed platinum-nucleotide
compounds. Reaction of cis-A,Pt(5'-GMP)YH,0) with
one equivalent of 5'-IMP yields the mixed compound
cis-A,Pt(5'-GMP)5'-IMP). A synthesis starting with
cis-A,Pt(5'-IMP)(H,0) vyields the same compound
upon reaction with 5'-GMP. The chemical shifts of
this mixed compound are slightly different from
those of cis-A,Pt(5'-GMP), and cis-A,Pt(5"-IMP),, as
is seen from NMR spectra of mixtures of these com-
pounds (see Table I). Reaction between aquated dien-
Pt and 5'-GMP or 3'-GMP yields dienPt(5'-GMP) or
dienPt(3'-GMP) within half an hour at 5°C (see
Table I).

Competition Experiments
Competition binding experiments of platinum
compounds with mixtures of 5'-nucleoside mono-

phosphates have already been performed [4]. From
these experiments it became clear that cis-A,Pt has a
strong preference for binding to the guanine N7. In
these experiments, however, no distinction was made
between binding of the first and of the second nu-
cleotide to platinum.

To a mixture of equal amounts of 5'-GMP, 5'-AMP
and 5'-CMP one equivalent of aquated cis-A,Pt was
added at S °C (Fig. 4). After 15 minutes almost all
5'-GMP had reacted to form cis-A,Pt(5-GMP)(H,0).
Signals originating from other reaction products were
very small. Only after prolonged reaction times other
resonances, due to formation of mixed cis-A,Pt(5'-
GMP)(5'-AMP) compounds appeared, while the
resonances of free 5'-AMP simultaneously decreased
in intensity (Fig. 4).

Addition of one equivalent of aquated cis-A,Pt
to a mixture of equal amounts of 5-GMP and 5'-
dGMP showed that the platinum compound has no
preference for one of these nucleotides.

Although reaction of aquated cis-A,Pt with 3’
GMP results in a precipitate, the reaction of cis-A,-
Pt with a 1:1 mixture of 5'-GMP and 3'-GMP could
still be studied in solution. Upon addition of one
equivaient of the platinum compound some precipita-
tion occurred in the NMR tube. The NMR spectrum
showed that 5'-GMP had reacted to cis-A,Pt(5'-GMP)-
(H,0), while a strong H8 signal due to unreacted
3"-GMP was stil} present (Fig. 5). The same competi-
tion experiment between S-GMP and 3'-GMP was
also performed with aquated dienPt. In this case both
reaction products are soluble. 15 minutes after addi-
tion of one equivalent of dienPt at 5 °C most of the
5'-GMP had reacted to dienPt(5'-GMP), while only a
small portion of the 3'-GMP had reacted (Fig. 5).

To determine whether cis-A,Pt or dienPt reacts
faster with 5-GMP, a 1:1 mixture of these two
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Fig. 3. Reaction of aquatcd cis-A,Pt with 5'-IMP, followed
by H NMR (100 MHz), showing the H8, H2 and H1' reso-
nances of 5-IMP. A) 5'-IMP (20 mM, 5 °C). B) 15 minutes
after addition of one equivalent of cis-A,Pt at 5 °C. C) Im-
mediately after addition of a second equivalent of 5'-IMP to
the compound obtained in B. D) After one hour reaction at
5°C. E) Product obtained after reaction for several hours at
room temperature.
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Fig. 4. Reaction of cis-A,Pt with a 1:1:1 mixture of 5'-AMP,
5'-CMP and 5'-GMP, followed by 'H NMR, showing the re-
sonances of the base protons. A) Mixture of the nucleotides
at 5°C. B) 15 minutes after addition of one equivalent of
cis-A,Pt at 5°C. C) After two hours reaction at room tem-
perature. Resonances denoted a are from 5'-AMP, ¢ from 5'-
CMP and g from 5-GMP. g’ is from cis-A,Pt(5 -GMP)(H,0)
and a' is from H2 resonances of 5'-AMP coordinated to Pt.

The other small peaks in spectrum C are due to reaction
products containing both 5'-AMP and 5'-GMP.
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Fig. 5. Reaction of platinum compounds with mixtures of
3'-GMP and 5'-GMP at 5°C. Only the H8 resonances are
shown. The concentration of all reactants was 20 mM. A)
Mixture of 5'-GMP (a) and 3'-GMP (b). B) 15 minutes after
addition of one equivalent of cis-A,Pt. The resonance de-
noted a' is from cis-A,Pt(5'-GMP)(H,0). The small peak at
8.80 ppm might be from cis-A,Pt(3’-GMP)(H,0). C) 15 mi-
nutes after addition of one equivalent of dienPt to the mix-
ture of 5’-GMP and 3’-GMP. The resonance denoted a"” origi-
nates from dienP1(5'-GMP) and the onec denoted b” originates
from dienPt(3'-GMP).
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platinum compounds was allowed to compete for one
equivalent of 5’-GMP. Both reaction products, cis-A,-
Pt(5'-GMP)H,0) and dienPt(5'-GMP) appear at
about an equal rate, indicating that there is hardly
any preference for one of these platinum compounds.

Discussion

The reaction of aquated trans-A,Pt with 5'-GMP
is much slower than the reaction of aquated cis-A,Pt
or dienPt [23]. This difference in reaction rate can be
ascribed to the trans effect [39]. According to the
rules of the trans effect ligands that are trans with
respect to an NH; or NRj ligand are more easily sub-
stituted than ligands #rans with respect to a H,0
ligand. As is apparent from competition experiments,
the reactions of cis-A,Pt or dienPt with 5'-GMP are
about equally fast. This is also in accordance with
the rules of the trans effect [39].

Because the reaction of a second nucleotide with
aquated cis-A,Pt is much slower than the reaction of
the first nucleotide, the 1:1 Pt—nucleotides can be
obtained in a rather pure state in solution (see Fig. 3).
These compounds may then be reacted further with
for example the same, or another nucleotide, or with
excess chloride. Reaction with another nucleotide
may yield a platinum compound with two different
nucleotides, as demonstrated for cis-A,Pt(5-GMP)5'-
IMP). Synthesis of this compound also shows that
under the conditions used, no ligand exchange be-
tween the nitrogen-donors occurs in the platinum
compounds.

Reaction of cis-A,Pt(5-GMP)YH,0) or cis-A,Pt-
(5"-IMP)(H,0) with an excess of chloride leads to
formation of almost pure cis-A,Pt(5'-GMP)Cl (and
cis-A,Pt(5'-IMP)Cl) with a single sharp H8 resonance.
In a mixture of compounds, prepared upon reaction
of 5'-GMP with a tenfold excess of cis-A,PtCl, in a
very large excess of chloride, Clore and Gronenborn
[40] assigned two of the observed H8 resonances to
rotamers of cis-A,Pt(5'-GMP)Cl. However, under our
conditions only one sharp H8 resonance is observed
for cis-A,Pt(5'-GMP)CL. Furthermore, because we
recently showed that rotation of purines in Pt—purine
compounds is fast on the NMR time scale when un-
substituted amines are coordinated to platinum [41],
we feel confident that only one H8 resonance should
be observed for cis-A,Pt(5"-GMP)CI. This reasoning is
confirmed by preliminary experiments, using the con-
ditions described by Clore and Gronenborn [40], that
suggest the other product to be cis-A,Pt(5'-GMP),
instead of a rotamer of cis-A,Pt(5'-GMP)CL.

Mansy et al. have shown that cis-A,Pt has a prefer-
ence for binding to 5'-GMP when it is allowed to
react with a mixture of 5'-nucleoside monophos-
phates [4]. Binding to 5'-AMP was also observed, but
to a smaller extent. Qur results show that, as a first
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reaction product, cis-A,Pt(5-GMP)(H,0) is formed
almost exclusively. The second binding reaction with
5'-AMP is much slower (Fig. 4). The preference for
5'-GMP over 5'-AMP may be due to the fact that
hydrogen bonding of coordinated NH,y or H, O to the
06 of 5'-GMP is possible, whereas no hydrogen bond-
ing is possible from the N7 bound platinum adduct to
the C6-NH, group of 5'-AMP. Such hydrogen bond-
ing interactions can be important for binding at N7,
as was shown for a variety of Co-complexes by Mar-
zilli et al. [42].

As shown in the competition experiments of
aquated cis-A,Pt or dienPt with mixtures of 5'-GMP
and 3'-GMP (Fig. 5) the platinum compounds have a
distinct kinetic preference for the nucleotides con-
taining a 5'-phosphate group. Several observations in
the literature indicate that the assistance of the 5'-
phosphate group is important in the reaction rate of
the binding of platinum compounds to the N7 site of
purines [11, 43]. An enhancement of the N7/NI
binding ratio in the equilibrium binding of palladium
compounds with adenosine or inosine nucleotides
containing a 5"-phosphate group was observed by
Vestues et al. [44]. A first interaction with a 5'-
phosphate group (probably of ionic or dipolar nature)
could bring the platinum compound near the N7 posi-
tion of a purine. On the other hand, when the plati-
num compound is near the 3'-phosphate group by
such ionic or dipolar interactions, a simultaneous
interaction with the purine N7 is unlikely.

The H1' sugar resonances of all platinum—nucleo-
tide compounds, except the cis-bis(nucleotide)plati-
num compounds are shifted to lower field as com-
pared with the same resonances in the free nucleo-
tides. For the cis-bis(nucleotide)platinum compounds
small upfield shifts are found. These upfield shifts
may be due to a mutual influence of the two nucleo-
tides on each other in the complex, e.g. a shielding
effect [22,23,31,45]. Such an influence is highly
likely, since it has been shown in several crystal struc-
tures of cis-bis(nucleotide)platinum compounds that
the angles between the planes through the nucleotide
ligands can be significantly smaller than 90 °C [21,
31, 35, 36]. This shielding effect could also be the
origin of the smaller chemical shifts of the H8 reso-
nances in cis-bis(nucleotide) compounds than in for
example the corresponding trans-bis(nucleotide)
compounds [23].

Compared with the free nucleotides the Jgq'_go'
coupling constants in the N7 platinated compounds
are relatively small (see Table I). This decrease of the
coupling constants is ascribed to a change of the con-
formational equilibrium in the sugar moiety in the
direction of the N-type conformer [46]. This confor-
mational equilibrium may be effected by the tem-
perature, as is seen in the compound cis-A,Pt(5'-
GMP), where the Jg;'_go coupling constant de-
creases from 5.0 Hz at 70 °C to 2.5 Hz at § °C [23].
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Dipolar interaction between the platinum adduct and
the 5'-phosphate group, or hydrogen bond interac-
tions, as proposed by Vestues et al [44], and as
found in a trans-A,Pt(transfer-RNA) crystal structure
[47] may in part account for the observed conforma-
tional changes. Such interactions seem unlikely in
compounds containing 3'-GMP. Yet, the coupling
constants for the compounds containing 3'-GMP are
also relatively small (see Table I). It is of interest to
note that in the crystal structure of the compound
cis-A,Pt(3'-CMP), the riboses are also found to adopt
an N-type conformation [48].

Conclusions

As the physiologically-active form of the antitu-
mor drug cis-A,PtCl, is probably a hydrolyzed form
of this compound [49], the reactions of the aquated
forms of the platinum compound are of great biolog-
ical interest.

The first interaction of aquated cis-A,Pt occurs
very fast and very specifically with 5-GMP and other
5'(6-oxopurine nucleoside) monophosphates, where-
as reaction with the aquated trans-A,Pt compound is
much slower [23]. Important factors for binding to
nucleotides, and possibly also to DNA, appear to be:

1) the substitution of a coordinated water mole-
cule from platinum, as mainly governed by the trans
effect,

2) the presence of a 6-oxo group on the purine, to
which hydrogen bonding from coordinated NH; or
H, 0 ligands of platinum can occur, and

3) the presence of a 5'-phosphate group, which
may help to bring the platinum compound and the
binding site together, probably through dipolar inter-
action and/or hydrogen bonds. In DNA, such interac-
tions do not lead to a preference for a particular base,
but it could facilitate reaction with the bases of DNA
in general.

In the so-formed 1:1 Pt—nucleotide compounds
hydrogen bonds between the platinum adduct and
the 06 and/or 5'-phosphate may still be present and
be responsible for the relative stability of cis-A,Pt-
(H,0)(5-GMP). A further reaction with a nucleic
acid base is now possible, which after some reorgani-
zation and/or rotation could lead to inter- or intra-
strand crosslinks in DNA.
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