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The anticancer drug cisplatin is activated via hydrolysis before binding to DNA. Although [Pt(dien)CI]* 1 (where
dien is diethylenetriamine) has been extensively used as a model for the first step in the binding of cisplatin to
DNA and other biological targets, the hydrolysis behaviour of this complex is not well understood. In this work
we have used a two-dimensional ['H,"*N] NMR approach, and have established correlations between §(**N) and
LJ(**Pt-">N) for Pt—-NH, and Pt-NH groups which are useful for assignment of resonances and identification of
trans ligands, as has been previously recognised for Pt—-NH; complexes. Although it has previously been suggested
that the rate of reaction of complex 1 with guanosine 5'-monophosphate is determined by the rate of hydrolysis,
no NMR peaks for an aqua intermediate were detectable, and no hydrolysis of 1 alone was observed after 7 d at
298 K. This raises new questions about the mechanisms of such reactions.

The therapeutic effects of cisplatin are believed to depend
largely on the formation of bifunctional guanylyl(3’-5")guano-
sine (GpG) intrastrand cross-links on DNA.! The drug, which
exists in neutral form in circulating plasma, hydrolyses after
passing through the cell membrane into cytoplasm to give the
aqua complex [Pt(NH,),CI(H,0)]" and to a lesser extent
[Pt(NH,),(H,0),]**.2 The aqua complexes are believed to be the
active species in DNA binding.

Recently it has been shown that certain monofunctional
adducts formed between cis-[PtCly(NH;),] or cis-[Pt(NH;),-
(H,0),]*" and GG sequences of duplex DNA can be very long-
lived.>* Although the biological functions of these mono-
functional adducts are not known, they are the precursors of
the bifunctional adducts, and could also be targets for the
recognition by other cellular components. In the case of trans
iminoether Pt complexes, monofunctional adducts may be
responsible for the antitumour activity.?

The monofunctional complex [Pt([**N]dien)CI]C] (dien =
diethylenetriamine) 1 has been used extensively as a model for
the first step in binding of platinum antitumour compounds to
DNA,® although the compound itself is inactive as an anti-
tumour agent. Previous kinetic analyses of reactions of 1 with
nucleotides ™ are consistent with hydrolysis as the initial step,
although there has been no direct detection of the aqua com-
plex during the reaction. However, while studying reactions
of pyridine with [Pt(dien)X]X (X =e.g Cl, Br or I), Gray and
co-workers ! commented on the inertness of 1 in water. They
stated that ‘before adding pyridine, the conductances of the
solution of [Pt(dien)X]X corresponded to one to one electro-
lytes and did not change with time. Thus no hydrolysis
occurred’. Martin and Bahn ' studied the substitution of Br in
[Pt(dien)Br]* by chloride, using ion exchange and radioisotope
tagging, and concluded that aquation contributed partially to
the replacement, and a hydrolysis rate constant of 1.3 x 107*s™!
at 298 K was evaluated for [Pt(dien)Br]*.

Our previous work has illustrated the value of two-
dimensional ['H,"”N] NMR spectroscopy in following the
detailed courses of reactions of cisplatin with nucleotides, and
in particular has allowed the detection of aqua intermedi-
ates.*!* We have shown recently in preliminary studies that
[Pt([**N]dien)CI]CI can be prepared and used to monitor
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1 Based on the presentation given at Dalton Discussion No. 2, 2nd-5th
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H-bonding interactions within nucleotide adducts."* Therefore
we have re-examined the kinetics reactions of 1 with nucleo-
tides in an attempt to detect aqua intermediates. The diagnostic
value of Pt—"*N couplings and *N chemical shifts for Pt—-NH,
and Pt—NH groups is also discussed.

Experimental
Materials

Nitrogen-15 labelled diethylenetriamine was synthesised
according to the reported procedure,'® and the complex [Pt-
([®N]dien)CI]Cl was prepared according to the literature
method for the unlabelled complex.’® Stock solutions of
[Pt(["*N]dien)CI]NO; and [Pt([**N]dien)(H,0)](NO;), were pre-
pared by reacting [Pt(['**N]dien)CI]CI with 1 and 2 mol equiv-
alents of AgNO;, respectively, for 24 h in the dark. Complexes
[Pt([**N]dien)Br]Br and [Pt([**N]dien)I]I were prepared in situ
by reacting 1 with an excess of KBr or KI, respectively. The
sodium salts of guanosine 5’-monophosphate (5'-GMP) and
guanosine 3’'-monophosphate (3'-GMP) were obtained from
Sigma.

NMR spectroscopy

The NMR spectra were recorded on the following instruments:
Varian Unity-plus 500 (*H, 500 MHz; N 50.7 MHz), Varian
Unity and Inova 600 (*H, 600 MHz; '*N, 60.8 MHz). The 'H
NMR chemical shifts are internally referenced to 1,4-dioxane
(3 3.74) and the '*N chemical shifts externally referenced to 1 m
["*N]JH,Clin 1.5 M HCI. For 'H one-dimensional NMR spectra,
water suppression was achieved by using the WATERGATE
sequence.)” The one-dimensional N-edited 'H and two-
dimensional ['H,"N] heteronuclear single-quantum coherence
(HSQC) NMR spectra (decoupled by irradiation with the
GARP-1 sequence during acquisition) were recorded using the
sequences of Stonehouse et al.'® All the spectra were recorded
at 298 K and all samples were shielded from the light to avoid
possible photochemical reactions. Concentrations of species
were determined by integration of the two-dimensional NMR
cross-peaks using VNMR software.

pH Measurements

The pH values of the NMR samples were adjusted with 1 M
HCIO, or NaOH and determined using a Corning 240 pH
meter equipped with an Aldrich microcombination electrode,
calibrated with buffer solutions at pH 4, 7 and 10.
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Table 1 Proton and "N chemical shifts of {Pt([**N]dien)}** complexes (298 K)

NH NH, 1J(SSP-"N)/Hz
6(15N) S(ISN)
Compound pH 3(*H) (trans to) 5(*H) (transto N)  NH NH,
[PU([*N]dien)CI|CI 540 6.65 8.1 (Cl) 523 -338 392 326
5.02 —33.8 326
[Pt([**N]dien)(H,0)** 425 690  —8.5(0) 532 -318 425 334
5.52 —31.8 321
[Pt([**N]dien)(OH)]* 865 715  —1.7(0) 513 —349 348 303
4.93 —349
[Pt([**N]dien)Br|Br 6.00  6.65 15.1 (Br) 521 —346 389 315
5.01 —34.6 315
[Pt([**N]dien)JT 635  6.63 25.7 (1) 517 —364 370 298
4.98 —-36.4 301
[PU([*N]dien)(L-Met-S)]**  ~6.0 7.08 26.0(S) 568  —318 318 323
5.83 —31.8 323
[PY(["*N]dien)(5-GMP-N)** 645  6.76 5.9 (N) 590 —292 b b
5.68 —29.2
5.51 —29.2
5.40 —29.2
[PU([*N]dien)(3-GMP-N)* 674  6.72 6.0 (N) 548 =303 b b
5.32 —30.3

“L-Met-S = L-methionine. ® Satellites too broad to observe.

NMR sample preparation

All the samples were in 90% H,0-10% D,O (0.7 ml), and
contained 0.1 M NaClO, to maintain a constant ionic strength.
The concentrations of platinum complexes in samples for
hydrolysis and pH titration studies were in the range of 1 to
5 mMm. The concentration of [Pt([**N]dien)CI]CI 1 for kinetic
studies was 1 mM, and the ratio of Pt:5'-GMP was varied from
1:0.5 to 1:10. After mixing the solutions of the Pt complex and
the nucleotide, the pH value was adjusted to 6.4 to 6.9 when
necessary. The use of buffers was avoided because of the possi-
bility of interaction with Pt. Reactions of 1 (3 mm) with 3’-
GMP (1:1), KBr and KI (excess) were carried out at pH 6 to
7, and samples were incubated for 1-5 h prior to recording the
spectra.

Calculations of rate constants

For the second-order kinetic analysis of NMR data, the
appropriate differential equations were integrated numerically,
and the rate constants were determined by a non-linear opti-
mization procedure using the program SCIENTIST (version
2.01, MicroMath Inc.). First-order constants were calculated
using the program KALEIDAGRAPH" on a Macintosh
computer.

Results

First we characterized complex 1 and the related bromo and
iodo derivatives.

['H,"*N] NMR spectroscopy of [Pt(['*N]dien)X]X (X = CI, Br or
D

The two-dimensional NMR spectrum of [Pt([*N]dien)CI]CI 1
showed three cross-peaks, two with N chemical shifts of
8 —33.8, in the region expected for Pt-NH, trans N and there-
fore assignable to the non-equivalent protons on the two trans
Pt—-NH, groups of 1. The third cross-peak, with an >N chem-
ical shift of & 8.1, can be assigned to the Pt-NH trans to CI™.
The two cross-peaks for the Pt—-NH, groups of [Pt([**N]-
dien)Br]Br and [Pt([**N]dien)I]I have very similar >N chemical
shifts to those of 1, Table 1, whereas the >N chemical shifts of
the cross-peak assignable to Pt—~NH show a progressive down-
field shift on changing from Cl (§ 8.1) to Br (8 15.1) to I
(8 25.7) (Table 1). The **Pt-">N coupling constants for these
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complexes were measurable from the satellites observed in the
two-dimensional spectra and are listed in Table 1. To allow a
discussion of the influence of trans ligands on N chemical
shifts and coupling constants in conjunction with the data for O
ligands described below, data for [Pt([**N]dien)(L-Met-S)]*
were also obtained (Table 1).

Hydrolysis of [Pt(["*N]dien)CI]" 1

A 5 mM aqueous solution of 1 (pH 5.4) was monitored by 'H
and two-dimensional ['H,""N] HSQC NMR spectroscopy for 7
d at 298 K. Apart from the peaks assigned to the starting com-
plex, no new cross-peaks appeared in the spectra. Similarly the
spectrum of a solution of [Pt([**N]dien)CIINO; was also
unchanged after 24 h at 298 K. Considering the detection limit
of this technique, it was concluded that the rate of hydrolysis of
[Pt([**N]dien)CI]* is <107 857",

It was expected, by analogy with Pt-NH, and Pt-NH, com-
plexes,'® that the Pt~-NH "N resonance of hydrolysed species
would be shifted to high field by ca. 20 ppm relative to 1. To
confirm this, the aqua complex was prepared and characterized
by NMR spectroscopy.

Characterisation of [Pt(["*N]dien)(H,O)J]** 2

The two-dimensional ['H,"*N] HSQC NMR spectrum of 2 at
pH 4.25, prepared by removal of Cl~ by treatment with Ag*,
contains a major cross-peak at 6 6.90/—8.5 (Fig. 1), assignable
to an NH group trans to oxygen. The other two major cross-
peaks in the spectrum can be assigned to the trans NH, groups
of 2. A weak cross-peak at & 7.15/—1.7, in the **N chemical shift
region of NH trans to an oxygen, was unassigned.

This solution was titrated over the pH range 1 to 11 to
determine the pK, of the aqua ligand. The pH dependences of
the 'H NMR shifts are shown in Fig. 2. The computer best fits
gave rise to a pK, of 6.0 = 0.2. This value is comparable to that
reported previously for this complex and for [Pt(NH,),(H,O)]**
using other methods (Table 2).3***2* It was notable that
LJ(**Pt-"5N) values for the hydroxo complex [Pt([**N]-
dien)(OH)]" were ca. 80 Hz smaller for Pt-NH and ca. 30 Hz
smaller for Pt-NH,,.

Reactions of [Pt(['*N]dien)CI]CI 1 with nucleobases

In order to investigate the pathways of reaction of complex 1
with nucleotides, we studied the kinetics of binding of 1 to
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Table 2 pK, Values for some platinum mono-aqua complexes (298 K,
I1=0.1wm)

Compound pK, Ref.
[Pt(dien)(H,O)** 6.13 20
5.87 22
6.24 23
6.0 This work
[Pt(NH,),(H,0)** 6.37 21
6.0 3
-
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Fig. 1 Two-dimensional ['H,""N] HSQC NMR spectrum of [Pt([**N]-
dien)(H,O)]**, pH 4.25, 298 K. Peak a is assigned to the NH group, and
peaks b and ¢ to the two NH, groups. Peak d has not been assigned.
* Indicates Pt satellites
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Fig. 2 Plots of "H NMR chemical shifts of Pt~NH, and Pt~-NH of
[Pt([**N]dien)(H,0)]** vs. pH. The solid lines are best fits corresponding
to a pK, value of 6.0 + 0.2. The Pt-NH cross-peak was not observed at
pH values above 9, presumably due to an increase in exchange rate at
high pH

5’-GMP, and also studied an equilibrium solution of the 3’-
GMP adduct to allow comparison of NH shifts and assessment
of the role of the 5'-phosphate group in H-bonding.'*

The reaction of 1 (1 mm) with 5'-GMP proceeded rapidly,
and at a molar ratio of 1:0.5 was essentially complete within 4
h at 298 K. Only peaks assignable to 1 and the adduct
[Pt(["*N]dien)(5'-GMP-N")]** (charge on 5'-GMP ignored)
were seen. Plots showing the time dependence of the formation
of the product are shown in Fig. 3. Attempts to fit these curves
together with those for the disappearance of 1 using second-
order kinetics were unsuccessful, giving k, values which varied
from 0.06 M~' s™' at 1:10 to 0.2 m~* s™" at 1:0.5 molar ratio.
When the 1:4 and 1:10 reactions were treated as pseudo-first-
order reactions, k, values of 1.3 and 1.5 x 10™*s™!, respectively,
were obtained.

The two-dimensional ['H, *N] NMR spectrum of the adduct
of 1 with 3'-GMP is shown in Fig. 4. The cross-peaks observed
at 6 5.48/—30.3 and 5.32/—30.3 are assignable to the Pt-NH,
groups of [Pt([**N]dien)(3’-GMP-N")]**, and that at § 6.72/6.0
to Pt—=NH. It is notable that, in contrast to the 5'-GMP adduct,
only two cross-peaks are observed for Pt—-NH,.
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Fig. 3 Variation of the concentrations of [Pt([**N]dien)(5'-GMP-
N')** with time during reactions of 1 with 5’-GMP at molar ratios of
1:0.5(0), 1:1(A), 1:4(+)and 1:10 (&)
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Fig.4 Two-dimensional ['H,""N] NMR spectrum of a ca. 1:1 solution
of [Pt([**N]dien)CIICI 1 (3 mm) and 3'-GMP, pH 6.74, 298 K., after 5 h
incubation. Peak i is assigned to Pt—~NH and peaks j and k to Pt~-NH, of
[Pt([**N]dien)(3’-GMP-N")]**. Peaks a, b and c are due to unreacted 1

Discussion

Nitrogen-15 labelling of dien'® allows the study of the kinetics
of reactions of complex 1, a species which is of much interest in
the platinum anticancer field in relation to the formation of
monofunctional adducts,” using two-dimensional ['H,N]
NMR spectroscopy. This method has previously been shown to
be valuable for the detection and characterisation of reaction
intermediates and adducts.***

Analysis of the kinetic data for reactions of 1 with 5'-GMP
showed that the reaction is not a simple second-order process.
The k, values obtained from the pseudo-first-order treatment
(ca. 1.4 x107*s7%, 0.1 m NaClO,, ca. pH 6.6, 298 K) are com-
parable to those reported previously by Slavin et al.® (k, 107*
s7!, 0.5 M NaClO,, pH 6.8, 313 K) by UV spectroscopy, and
Djuran et al.” (k, 6.2 x 10757, 0.1 M phosphate, pH 6, 295 K)
by 'H NMR spectroscopy (GMP H?® resonance). Slavin et al.’
used pseudo-first-order kinetics to establish a two-term rate law
(first-order and second-order pathways), whereas Djuran et al.”
found that the second-order pathway was negligible even at low
Pt: GMP ratios (1:1 and 1:2). Both groups attributed the first-
order pathway to hydrolysis of 1. However, in the present work,
no peaks for an aqua/hydroxo intermediate were observed by
two-dimensional ['H,”*N] NMR during the course of the reac-
tion. Since it was possible that the aqua species was present at
too low a concentration to detect, hydrolysis of 1 was studied
independently. This showed that the rate of hydrolysis of either
1 or its nitrate salt is much slower than the rate of the reactions
with 5'-GMP. In fact, Gray and co-workers '®! noted the inert-
ness of 1 towards hydrolysis some 30 years ago, and there
appear to be no other reports of hydrolysis studies of 1.

Therefore either the rate-limiting step in reactions of 1 with
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Fig. 5 Plot of 'J('SPt-"5N) versus 8(°N) of Pt-NH,, Pt-NH, and
Pt-NH, showing a similar dependence on the trans ligand. Data are
taken from Table 1, and from the literature2-2-3¢

5'-GMP does not involve hydrolysis, or the hydrolysis is
catalysed by the presence of the nucleotide. Mechanisms involv-
ing dien ring-opening can be considered but we observed no
peaks for such intermediates and ring-opening seems unlikely
at pH values as high as 6.8. Arpalahti and co-workers® have
proposed a mechanism for the substitution of guanosine in
[Pt(dien)(Guo)] (Guo = guanosine) by thiourea which involves
a five-co-ordinate intermediate containing a ring-opened dien
ligand. However, their reactions were carried out at pH 3. It is
likely that complex 1 and 5'-GMP form an initial recognition
complex. Outer-sphere interactions are thought to be import-
ant in the recognition of DNA by cisplatin.?® Such a recogni-
tion complex could be a five-co-ordinate intermediate and
could facilitate hydrolysis or phosphate substitution. However
there is no NMR evidence for this. The second-order rate con-
stants for the reactions of [Pt(dien)(H,0)]** with inosine and
I-methylinosine have been shown? to decrease dramatically
with increase of pH due to the formation of the inert hydroxo
complex [Pt(dien)(OH)]*.

In order to confirm the chemical shifts, the aqua complex was
prepared by treatment of 1 with Ag*, and further characterized
by a pH titration. The pK, value (6.0) determined from the
variation of the 'H NMR NH and NH, chemical shifts is simi-
lar to values reported previously for this complex and the
related triammine complex, Table 2. It was notable that the
1J(**Pt-">N) values for the Pt-NH and Pt-NH, groups of
[Pt(dien)(OH)]" are significantly smaller than those of [Pt-
([*N]dien)(H,0)]** 2. Similarly, Appleton et al.*” have observed
that 'J(***Pt—"5N) for Pt-NHj, trans to O in [Pt([**'N]H,),(OH)]*
is ca. 90 Hz smaller than that for the protonated form [Pt-
(["NIH,);(H,O)I*".

As can be seen in Fig. 5, measurements of both 'J(**Pt-"*N)
and the N chemical shift are valuable for distinguishing
between Pt—-NH, Pt-NH, and Pt-NH, resonances and for
assignment of the zrans ligand. In general, ligands with high
trans influences give rise to smaller coupling constants (L-Met-
S <1< Br<Cl<H,0) and cause a low-field shift of the N
resonance. The dominant contribution to one-bond coupling
constants between Pt and N is usually interpreted in terms
of the Fermi contact interaction involving Pt 6s and N 2s
orbitals.’! The usefulness of 'J(**Pt-'*N) values is limited by
the difficulty in determining them for larger molecules
especially at high observation frequencies on account of the
dominance of relaxation via chemical shift anisotropy.® For
example, the '**Pt satellites for the GMP complexes studied here
were too broad to observe.

We have previously suggested ™ that both the 5'-phosphate
and C® carbonyl groups of [Pt([**N]dien)(5’-GMP-N")** are
involved in the stabilization of this adduct. As can be seen from
Fig. 4 and Table 1, two of the '"H NMR peaks for Pt-NH, of
[Pt([**N]dien)(5’-GMP-N")]** are shifted to low field compared
to similar peaks of the 3'-GMP adduct, consistent with the
presence of Pt—-NH, - - - 5’-phosphate H-bonding in the former.
This effect has also been observed for Pt~-NH, complexes,* and
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such interactions are thought to be important for adducts of Pt
drugs with DNA *?

Conclusion

We have shown that reactions of [Pt([**N]dien)CI]* with nucle-
otides can readily be monitored by two-dimensional ['H,*N]
NMR spectroscopy, and that Pt—-NH shifts and 'J(**Pt-"*N)
coupling constants are diagnostic of the trans ligand, as are
those of Pt—-NH, and Pt-NH;. Kinetic analyses of reactions 1
with 5'-GMP reported here, and those reported previously,”’
appear to be consistent with hydrolysis as the rate-limiting step
but no evidence for this was found in the NMR spectra. More-
over the rate of hydrolysis of 1 itself was found to be negligible,
confirming the previous report of its inertness in water.'” The
details of the mechanism of reaction of 1 with GMP are there-
fore unclear, and this has often been the case in reported kinetic
studies of other reactions of 1. Proton NMR shifts of the
Pt-NH, protons suggest that H-bonding interactions with the
5’-phosphate group are involved in the stabilization of
[Pt([**N]dien)(5’-GMP-N")]**. We are now using these NMR
methods for investigating DNA adducts of complex 1.
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