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Introduction

The well-known anticancer drug cis-diamminedichloroplati-
num(ii) (cis-DDP) can form a variety of covalent DNA ad-
ducts. Although the structure±activity relationship underpin-
ning the high efficacy of cis-DDP in the treatment of can-
cers is not fully understood, it is generally believed that the
cytotoxic properties are a consequence of its bifunctional
binding to DNA.[1] In the major adduct, cis-DDP forms 1,2-
cross-links between adjacent purines in d(GpG) or d(ApG)
sequences.[2] These lesions result in a bending of the helical
axis of DNA by 25±508 in the direction of the major
groove.[3±6] The clinically ineffective trans-DDP isomer
cannot form these types of 1,2-N7,N7 adducts.

Recently it has been shown that several analogues of
trans-DDP exhibit antitumor properties.[6] Early examples of
active trans-PtII complexes were the trans-[PtCl2(pyridine)2]
and the trans-[PtCl2(imino ether)2] species.[7±9]

Farell and co-workers found that trans-platinum com-
plexes with planar ligands may be as cytotoxic as cis-DDP
and dramatically more cytotoxic than trans-DDP.[10] In cellu-
lar systems this type of compound, for example, trans-
[PtCl2(pyridine)2], was found to accumulate more rapidly
than the DDP complexes. However, in cell-free systems,
trans-[PtCl2(pyridine)2] was shown to bind to DNA signifi-
cantly less (approximately 5±10-fold) than cis- or trans-
DDP.[10]

Of particular interest were the compounds with imino
ether ligands, such as trans-[PtCl2{(E)-HN=C(OMe)Me}2]
(trans-EE, see below), which have shown an activity compa-
rable to that of cis-DDP in the P338 leukaemia system and
exert antitumor effects on Lewis lung carcinoma.[7,11] Imino
ether ligands share some features with both amines and pyr-
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Abstract: The reactions of the anti-
cancer complex trans-[PtCl2{(E)-HN=

C(OMe)Me}2] (trans-EE) with both
single-stranded and double-stranded
deoxyribonucleotides have been
studied by HPLC and 2D [1H,15N]
HMQC NMR spectroscopy and
compared with those of cis-
[PtCl2(NH3)2] (cis-DDP). Reactions of
trans-EE with the single-stranded
oligonucleotides d(CCTCGCTCTC)
and d(CCTGGTCC) proceed rapidly
through solvolysis of the starting sub-
strate and subsequent formation of G-

N7/monochloro trans-EE adducts. The
rate of reaction is comparable to that
of formation of an adduct from trans-
EE and the dinuclotide d(ApG). Quite
unexpectedly, the double-helical du-
plexes, d(TATGGTACCATA)2 and
d(TATGGCCATA)2, with no terminal
G residues, are practically inert to-
wards trans-EE, and only minor species

(<5% as estimated from HPLC traces)
appear during 24 h reaction time. How-
ever, the duplexes d[(CCTCGCTCTC)¥
(GAGAGCGAGG)] and d(GATAGG-
CCTATC)2, which contain both termi-
nal and central G residues, undergo
platination only at the terminal, sol-
vent-exposed, G residues, thereby
confirming that the interior of the
duplex is not accessible to trans-EE
due to steric hindrance. In contrast,
cis-DDP was found to bind exclu-
sively to the central GG pair in
d(GATAGGCCTATC)2.
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idine-like ligands. Like pyridine, imino ethers are planar
(sp2-hybridized nitrogen atom); however, like amines, they
have one hydrogen atom that is linked to the nitrogen atom
and is suitable for hydrogen-bond formation. Moreover,
imino ether ligands are nonsymmetrical, with the steric hin-
drance concentrated on the side of the nitrogen atom oppo-
site to that of the proton.

The trans-EE/DNA binding mode in cell-free media has
been investigated by several biophysical methods. The
major DNA lesion formed by trans-EE appears to be a
monofunctional Pt binding to the N7 nitrogen atom of a
purine base.[12] Recently we have published a structural anal-
ysis of a trans-EE platinated duplex formed by platination
at G-N7 of the single-stranded 5’-d(CCTCG*CTCTC) se-
quence and subsequent hybridization with its complement
5’-d(GAGAGCGAGG) (G* indicates a platinated gua-
nine).[13] Interestingly, trans-EE platination was found to
induce a bending of the helix axis towards the minor groove
by 458. The magnitude of this bending angle is comparable
to that observed in 1,2-bifunctional adducts of cis-DDP, al-
though in the latter case the bending is directed towards the
major groove. Subsequent gel-electrophoretic studies by
Brabec and co-workers[14] showed that trans-EE induces
DNA bending of approximately 218 towards the minor
groove at the guanine residues.

The cellular accumulation of trans-EE is greatly enhanced
(>50-fold) with respect to that of cisplatin.[6] A possible ex-
planation for the marked accumulation of this compound
can be found in the enhanced lipophilicity of the carrier li-
gands.

It is also to be noted that, apart from the disubstituted
compounds described above, the replacement of only one
ammine group in trans-DDP by a bulky, rather planar,
ligand is sufficient for activation of the trans geometry.[6,8,15]

In most reported studies on the kinetics of monofunction-
al platination of single- and double-stranded oligonucleoti-
des, NMR spectroscopic and chromatographic methods have
been used to determine kinetic parameters. Recently, we
have published a comprehensive study of the kinetics of
monofunctional binding of [Pt(dien)Cl]+ to a series of self-
complementary deoxyribonucleotides,[16] with results show-
ing that the affinity for the nitrogen atom of the G residue
on the 5’-side follows the order: 5’-GG>GA>GT@GC. In
this paper we wish to address both the question of selectivi-
ty and the differences in kinetics between single- and
double-stranded oligodeoxyribonucleotides for the binding
of trans-EE.

Results

The following experiments were performed:

1) trans-EE versus single-stranded d(CCTCGCTCTC) (V)
and d(CCTGGTCC) (VI). The reactions were carried
out with an equimolar ratio of reactants, T=298 K.

2) trans-EE versus duplexes d(TATGGTACCATA)2 (I) and
d(TATGGCCATA)2 (II) with substoichiometric, equi-

molar, and excess platinum conditions, T=298 and
310 K.

3) trans-EE versus duplex d[(CCTCGCTCTC)¥(GAGAGC-
GAGG)] (III), first with an equimolar ratio and then
with threefold excess of platinum, T=298 K.

4) trans-EE versus duplex d(GATAGGCCTATC)2 (IV)
with 1:2 and 1:1 Pt/duplex ratios, T=285 and 298 K.

5) Control experiments of cis-DDP versus V and IV with
equimolar concentrations of reactants, T=298 K.

The NMR proton signals of all double-stranded oligonucleo-
tides except IV (I±III) were already assigned.[13,16] The
proton resonances of IV were assigned by using the well-
known method of sequential connectivity of 2D [1H,1H]
NOESY cross-peaks for right-handed double-helical DNA.
The magnitude of the cross-peaks in the 2D [1H,1H]
NOESY maps for the duplex indicated normal B-form ge-
ometry. The spectra of the imino region exhibited all the ex-
pected Watson±Crick thymine and guanine imino signals up
to 298 K; at higher temperatures the terminal guanine imino
signal disappears. The signals for single-stranded V were as-
signed from long-mixing-time 2D [1H,1H] NOESY spectra.
The 1D 1H spectrum was well resolved, which indicates that
V has an ordered conformation. From the 2D [1H,1H]
NOESY spectra the cytosines were determined from the
strong H6±H5 cross-peaks. The thymines were assigned
from the methyl±H6 cross-peaks. The guanine H8 signal was
found to be the most downfield-shifted signal. The signal as-
signments for VI were done in the same way. The number-
ing of the nucleobases in the oligonucleotides is from 5’ to
3’, for example, duplex III is 5’-d(C1C2T3C4G5C6T7C8T9C10)¥
(G11A12G13A14G15C16G17A18G19G20).

Reaction of d(CCTCGCTCTC) (V) with trans-EE : The re-
action between trans-EE and V was carried out with a Pt/V
ratio of 4:3 and at pH 3.5. The 1D 1H NMR spectrum
(region of nucleotide aromatic protons) showed a new
downfield-shifted G5-H8 signal at 0.37 ppm and also a down-
field shift of the C6-H6 signal by approximately 0.15 ppm
into the group of peaks at 7.98±8.09 ppm (Figure 1 a). In a
previous NMR spectroscopy study of G5-platinated duplex
III (V is coincident with the pyrimidine-rich strand of III
and it was G5-platinated and subsequently annealed with its
complementary strand) similar downfield shifts were ob-
served for the G5-H8 and C6-H6 signals.[13]

The 2D [1H,15N] HMQC spectra (imino ether protons) ini-
tially show three peaks at 7.40/86.92, 7.57/86.39, and 7.69/
89.27 ppm (Figure 2 a). The first peak corresponds to di-
chloro trans-EE, the second to monoaqua monochloro trans-
EE, and the third to G-N7/monochloro trans-EE. The as-
signment of dichloro trans-EE and monoaqua monochloro
trans-EE in Figure 2 is based on 2D [1H,15N] HMQC spectra
recorded for an aqueous solution of pure dichloro trans-EE
at the same pH value and salt concentration as used in the
experiment of Figure 2. The monoaqua monochloro trans-
EE signal has a lower 15N shift than that published earlier
by Liu et al. (d=7.52/90.5 ppm)[17] because of the lower pH
value in the present experiment. The G-N7/monochloro
trans-EE peak is assigned based on the simultaneous ap-
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pearance in the 1D 1H NMR spectra of a downfield-shifted
G5-H8 signal that is indicative of guanine platination.

After 1.5 h, two new signals appear at 7.34/84.71 and 7.90/
89.03 ppm (Figure 2 b). These signals may represent binding
to cytosine or thymine residues since the absence of a new
downfield-shifted G5-H8 signal in the 1D 1H NMR spectra
indicates that no new trans-EE/G-N7 species have been
formed. Therefore, the binding must involve cytosine or thy-
mine for which platination at N3 induces only a minor shift
of the signals of the aromatic protons H6 and H5.

After 9.5 h, a peak emerges at 8.10/91.87 ppm in the 2D
[1H,15N] HMQC spectra (Figure 2 c). At the same time the
1D 1H NMR spectra show a new G5-H8 peak 0.03 ppm
downfield of the G-N7/monochloro trans-EE signal. The in-
tensity of the new peak in the 1D 1H NMR spectra is corre-
lated with the intensity of the signal at 8.10/91.87 ppm in the
HMQC spectra. In previous studies the G5-H8 signal of G-
N7/monoaqua trans-EE was found to appear slightly down-
field of the peak of G-N7/monochloro trans-EE ;[17, 18] there-
fore, the peak at 8.10/91.87 ppm is assigned to G-N7/mono-
aqua trans-EE.

Experimental concentrations evaluated from NMR spec-
troscopic data and theoretically fitted curves for this reac-
tion are reported in Figure 3 a. Evaluated rate constants are
reported in Table 1.

Reaction of d(CCTGGTCC) (VI) with trans-EE : Dichloro
trans-EE and VI were reacted at equimolar amounts in
20 mm NaClO4 (pH 3.0). The 1D 1H spectra show two new
G-H8 peaks shifted 0.53 ppm and 0.40 ppm downfield and
representing G4- and G5-platinated residues, respectively.
The two signals have similar intensities (Figure 1 b). The 2D
[1H,15N] HMQC spectra initially show three peaks at 7.40/
87.59, 7.57/86.33 and 7.71/89.29 ppm; these correspond to di-
chloro trans-EE, monoaqua monochloro trans-EE, and G-

Figure 1. Aromatic region of 1D 1H NMR spectra for the reaction of
a) 1.2 mm trans-EE and 0.90 mm V (pH 3.5, 20 mm NaClO4, 20 mm phos-
phate buffer) and b) 1.5 mm trans-EE and 1.5 mm VI (pH 3.0, 20 mm

NaClO4). The platinated G residues are marked with an asterisk (*).

Figure 2. 2D [1H,15N] NMR spectra of 1.2 mm trans-EE and 0.90 mm V
(pH 3.5, 20 mm NaClO4, 20 mm phosphate buffer).
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N7/monochloro trans-EE species, respectively. Evidently, the
G4 and G5 adducts are represented by a single cross-peak. A
fourth peak (d=7.94/89.18 ppm), which appears after 2 h of

reaction time, is tentatively assigned to C-N3/monochloro
trans-EE or T-N3/monochloro trans-EE. After about 8 h, a
fifth peak occurs at 8.16/92.16 ppm; this corresponds to G-
N7/monoaqua trans-EE (as for V).

Experimental concentrations evaluated from NMR spec-
trosopic data and theoretically fitted curves for this reaction
are reported in Figure 3 b. Evaluated rate constants are re-
ported in Table 1.

Reaction of d(CCTCGCTCTC) (V) with cis-DDP : In a
control experiment, cis-DDP was allowed to react with V at
equimolar concentration. The reaction was performed at
pH 6.0 to avoid the overlap observed when performing the
same experiment at lower pH values. The 1D 1H spectrum
exhibits a G-H8 signal shifted 0.35 ppm downfield, a result
characteristic of N7 platination. Initially, the 2D [1H,15N]
HMQC spectra only show the peaks from dichloro cis-DDP
(4.04/�69.14 ppm) and monoaqua monochloro cis-DDP
(4.23/�67.38 and 4.07/�88.54 ppm). The peaks correspond-
ing to G-N7/monochloro cis-DDP (4.09/�69.48 and 4.37/
�66.08 ppm) appear after 1 h. After 9 h, two new peaks
occur at 4.07/�67.44 and 4.40/�65.87 ppm. After 14 h, three
other peaks occur at 4.20/�70.44, 4.30/�70.70, and 4.35/
�71.79 ppm. The sample was checked again after one week
to see which of these new peaks correspond to GC cross-
links and which represent monofunctional cytosine or thy-
mine adducts. The spectrum after 1 week showed five peaks
at 4.26/�68.80, 4.30/�70.61, 4.35/�71.79, 4.38/�64.90, and
4.40/�65.91 ppm. Therefore, the peaks at 4.30/70.70, 4.35/
�71.79, and 4.40/�65.87 (present in the spectra taken after 9
and/or 14 h and also in that taken after one week) represent
cross-linked GC adducts while the peaks at 4.07/�67.44 and
4.20/�70.44 ppm (present in the spectra taken after 9 and/or
14 h but absent in that taken after one week) represent
monofunctional cytosine or thymine adducts. The two peaks
at 4.30/70.70 and 4.35/�71.79 ppm occurred at the same
time and are of equal intensity and were therefore assigned
to the same GC cross-linked adduct. The signal at 4.40/
�65.87 ppm does not have a corresponding peak. (The fact
that the peak at 4.07/�67.44 has disappeared after one week
rules out the possibility that this peak corresponds to a peak
of a cross-linked adduct.) Therefore, for this GC cross-
linked adduct the second peak must be hidden underneath
the water signal. Thus, the intensity of the peak at 4.40/

Figure 3. Experimental concentrations (NMR data) and theoretically
fitted curves for the reactions between a) 1.2 mm trans-EE and 0.90 mm

V (pH 3.5, 20 mm NaClO4, 20 mm phosphate buffer), b) 1.5 mm trans-EE
and 1.5 mm VI (pH 3.0, 20 mm NaClO4), and c) 0.48 mm cis-DDP and
0.50 mm V (pH 6.0, 20 mm NaClO4). All experiments were performed at
298 K. Symbols for a) and b): (&) dichloro trans-EE, (~) monoaqua mono-
chloro trans-EE, (*) G-N7/monochloro trans-EE, (^) and (î ) C-N3/
monochloro trans-EE or T-N3/monochloro trans-EE, (+) G-N7/mono-
aqua trans-EE. Symbols for c): (&) dichloro cis-DDP, (~) monoaqua
monochloro cis-DDP, (*) G-N7/monochloro cis-DDP, (^) and (*) cis-
DDP/[(G-N7)(C-N3)], (+) and (î ) C-N3/monochloro cis-DDP or T-N3/
monochloro cis-DDP.

Table 1. Platination rate constants (standard deviation in parentheses)
for the reaction of trans-EE with single-stranded V and VI and duplexes
III and IV.[a]

kPt±G [m�1 s�1] kPt±C/T î 10�5 [s�1]

V[b] 0.79 (3) 4.2 (3), 4.2 (3)
VI[c] 1.47 (9) 8 (1)
III[d] 1.9 (4), 1.0 (2), 0.38 (9)
IV[e] 1.0 (2)
IV[f] 0.107 (3)

[a] Kinetic equations and defining rate constants are given in the Sup-
porting Information. [b] 298 K, 20 mm NaClO4, 20 mm phosphate buffer,
pH 3.5. [c] 298 K, 20 mm NaClO4, pH 3.0. [d] 298 K, 20 mm NaClO4,
20 mm phosphate buffer, pH 5.7. The three values represent binding to
5’-G1, G9, and G10 on the lower strand. [e] 298 K, 100 mm NaClO4,
pH 5.8. [f] 285 K, 100 mm NaClO4, pH 6.0, kinetic fit shown in Figure S1.
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�65.87 ppm was multiplied by two in order to have the cor-
rect concentration of the second GC adduct.

Experimental concentrations evaluated from NMR spec-
troscopic data and theoretically fitted curves for this reac-
tion are reported in Figure 3 c. Evaluated rate constants are
reported in Table 2.

Reaction of d(TATGGCCATA)2 (I) with trans-EE : No ap-
parent interaction was observed in a mixture of equimolar
amounts of I and trans-EE (100 mm NaClO4 and pH 6.8)
monitored by NMR spectroscopy for 24 h at 298 K. The ex-
periment was repeated at a lower pH value (4.1) and higher
temperature (310 K) in order to increase the rate of opening
of Watson±Crick base pairs and thus facilitate platination.
In the 1D 1H NMR spectrum the imino signals are absent,
as expected, while the aromatic and methyl signals are still
visible at similar shifts (to those seen when I was in a de-
fined duplex conformation) but the peaks are broader.
Therefore, it is possible to conclude that duplex I is not con-
verted into single strands since, if this was the case, a com-
pletely new set of signals would appear at considerably dif-
ferent chemical shifts. Moreover, in single-stranded oligonu-
cleotides the NMR signals are less separated, due to loss of
stacking interactions and therefore loss of the ring-current
chemical-shift effects seen in duplexes. Increasing the pH
value to 6.6 restores the original spectrum of the unplatinat-
ed duplex, a result confirming that, even when the reaction
is performed at lower pH value and higher temperature, the
duplex is relatively inert and does not react with trans-EE.

In order to increase the reactivity of the platinum sub-
strate, an analogous experiment was performed with the
monochloro mononitrato trans-EE instead of the dichloro
species. (The nitrato ligand undergoes fast solvolysis in
water.) The reactants were mixed in a Pt/duplex ratio of 2:5
in 100 mm NaClO4, at pH 5 and 298 K. As the reaction pro-
ceeds, several small new peaks appear in the NMR spectra
and, after 24 h, the sum of these peaks is equivalent to 5±
10 % of the native duplex. In the 2D [1H,15N] HMQC spec-
tra the initial monochloro monoaqua signal is slowly shifted
to a new position. Further addition of platinum substrate (so
as to bring the Pt/duplex ratio to slightly above 1:1) results
in an increase of the reaction products, which then add up
to 10±15 % of the native duplex. After a total reaction time
of 32 h, 1D 31P NMR spectra were recorded in order to
check if the platinum substrate was associated with the
phosphate oxygen atoms of I. In a previous investigation it
was shown that trans-EE can react with a phosphate buffer,
thereby giving a 31P signal that is shifted 6 ppm downfield;[19]

however, in the present case no such a resonance was ob-
served. The reaction products gave a set of cross-peaks in
the 2D [1H,1H] NOESY map; however, the intensities were
too low to allow a full sequential walk assignment.

Reaction of d(TATGGTACCATA)2 (II) with trans-EE :
Under different conditions from the previous case, this reac-
tion was carried on in the presence of 20 mm phosphate
buffer (1:1 Pt/duplex ratio, 100 mm NaClO4, pH 2, and
310 K). The 2D [1H,15N] HMQC spectra were similar to
those of I except for the presence of a monophosphato mono-
chloro trans-EE adduct formed by interaction of the plati-
num substrate with the phosphate buffer. The 1D 1H NMR
spectra reveal the presence of a small amount of reaction
products. The reaction mixture analyzed by HPLC exhibits
one major peak and one broad minor peak (<5 % of the
major peak) that is assumed to be a platinated species (Fig-
ure 4 a).

The reaction was repeated with a large excess of trans-EE
and with heating of the sample to approximately 330 K for
about 5 h. The HPLC trace showed two signals of similar in-
tensities with retention times similar to those of the two
peaks observed in the previous experiment (Figure 4 b). The
platinated fraction was analyzed by 1D 1H and 2D [1H,15N]
HMQC spectroscopy. The 1D 1H NMR spectrum clearly
showed that the platinated oligonucleotide was not in
duplex form. An attempt was made to anneal the platinated
single strands by heating above the melting temperature and

Table 2. Platination rate constants (standard deviation in parentheses)
for the reaction of dichloro cis-DDP with single-stranded V and duplex
IV at 298 K.[a]

kPt±G [m�1 s�1] kchelate î 10�5 [s�1]

V[b] 0.126 (4) 1.15 (5), 0.99 (6)
IV[c] 0.6 (1) 4.09 (7)

[a] Kinetic equations defining rate constants are given in the Supporting
Information. [b] 20 mm NaClO4, 20 mm phosphate buffer, pH 6.0.
[c] 100 mm NaClO4, pH 5.7.

Figure 4. HPLC chromatograms of trans-EE and duplex II (100 mm

NaClO4, 20 mm phosphate buffer, pH 6.2) at: a) equimolar Pt/duplex
ratio, 310 K, and 24 h reaction time and b) large excess of trans-EE,
330 K, and 5 h reaction time.
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then slowly cooling the samples. This procedure did not
yield a duplex, probably because the self-complementary se-
quence is hindered in forming a double-stranded adduct in
which both the upper and lower strands would be platinat-
ed.

Reaction of d[(CCTCGCTCTC)¥(GAGAGCGAGG)] (III)
with trans-EE : The reaction was first performed by mixing
equimolar amounts of duplex and trans-EE in 10 mm phos-
phate buffer and 15 mm NaClO4 at pH 7 and 298 K. Initially,
the 2D [1H,15N] HMQC spectra showed the presence of
three peaks at 7.41/89.90, 7.55/89.00, and 7.67/89.72 ppm.
The first two peaks correspond to dichloro trans-EE and
monoaqua monochloro trans-EE species while the third
peak corresponds to a trans-EE/III adduct. As the reaction
proceeds the third peak increases, the dichloro trans-EE
signal decreases, and a fourth peak becomes visible at 7.74/
89.61 ppm; this probably corresponds to a second trans-EE/
III adduct. After 4 h, 2 more peaks (5 and 6) appear at 7.99/
91.33 and 8.38/92.26 ppm while the peaks of unreacted
trans-EE (either dichloro or monoaqua monochloro) have
disappeared. The two new peaks (5 and 6) probably corre-
spond to the aquation products of the initially formed mon-
ofunctional platinum/G-N7 adducts (3 and 4). This conclu-
sion is supported by the observation that peaks 3 and 4 de-
crease as peaks 5 and 6 increase; moreover, the chemical
shifts of peaks 5 and 6 agree with the shifts observed for
guanosine monophosphate (GMP)/monoaqua trans-EE.[17]

The 1D 1H NMR spectra reveal that a signal downfield of
the T9 methyl signal has increased while the methyl signal of
T9 has decreased; also, the methyl signal of T7 has decreased
while two new signals, 0.033 and 0.022 ppm downfield of T7,
have arisen. (The decrease in intensity of the T methyl
signal accompanied by the increase in intensity of the new
signal(s) downfield is less pronounced in T7 than T9.) In the
aromatic region two new signals (8.183 and 8.126 ppm) in-
crease while the H8 signals of A12 and A14 decrease and no
change in intensity is observed for the A18-H8 signal. In the
imino region all the signals broaden and three new small sig-
nals become visible. The most likely interpretation of the
above results is that one of the two products that formed in-
itially is duplex III platinated at the terminal G11. This ex-
plains the downfield-shifted T9 methyl signal which is indica-
tive of platination to a neighboring G base (either G11 or
G13). At the other end of the duplex, the signals from G19-
H8 and G20-H8 decreased. This indicates platination at the
two terminal G residues (G19 and G20) as well. None of the
interior G residues (G5, G15, and G17) was found to be at-
tacked by platinum. Experimental concentrations and theo-
retically fitted curves for the reaction between trans-EE and
III (1:1.2 molar ratio) are reported in Figure 5 a.

Reaction of d(GATAGGCCTATC)2 (IV) with trans-EE :
This duplex was designed with a ™hot∫ central GG region
and a terminal G residue. The reaction with trans-EE was
carried out at 285 K, with a 2:5 Pt/duplex ratio and 100 mm

NaClO4 at pH 0. Initially the 2D [1H,15N] HMQC spectra
show the presence of only one product (7.86/90.26 ppm) in
addition to the dichloro and monoaqua monochloro trans-

Figure 5. Experimental concentrations (NMR data) and theoretically
fitted curves for the reaction between a) 0.72 mm trans-EE and 0.92 mm

duplex III (pH 5.7, 20 mm NaClO4, 20 mm phosphate buffer), b) 0.80 mm

trans-EE and 1.6 mm duplex IV (pH 5.8, 100 mm NaClO4), and
c) 0.90 mm dichloro cis-DDP and 0.95 mm duplex IV (pH 5.7, 100 mm

NaClO4). All experiments were performed at 298 K. Symbols for a) and
b): (&) dichloro trans-EE, (~) monoaqua monochloro trans-EE, (*), (^),
and (î ) G-N7/monochloro trans-EE, (+) G-N7/monoaqua trans-EE.
Symbols for c): (&) dichloro cis-DDP, (~) monoaqua monochloro cis-
DDP, (*) G-N7/monochloro cis-DDP, (+) cis-DDP/[(G-N7)(G-N7)].
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EE species (7.50/87.26 and 7.60/90.38 ppm, respectively).
After 15 h, when almost all free trans-EE has disappeared, a
second product starts to appear (8.13/94.31 ppm) and reach-
es about 10 % of the total intensity after 21 h. The sample
was left to stand for one week before a second 2D [1H,15N]
HMQC NMR spectrum was recorded; this spectrum showed
that the second product had now reached 30 % of the total.
This second product was assumed to be the aquated trans-
EE/G-N7 adduct based on comparison with chemical shifts
of the GMP/monoaqua trans-EE adduct.[17]

The same reaction was repeated twice at higher tempera-
ture (298 K), with a Pt/duplex ratio of 1:2 and a pH value of
5.8 (Figure 5 b) and with a Pt/duplex ratio of 1:1 and a pH
value of 6.7 (Figure 6), respectively. The proton assignments
unambiguously determine the terminal G1 residue to be the
reaction site of trans-EE in duplex IV.

The rate constants for the reactions between trans-EE
and IV (1:2 Pt/duplex ratio) performed at 285 K and 298 K
are listed in Table 1.

Reaction of d(GATAGGCCTATC)2 (IV) with cis-DDP :
The reaction was carried out with equimolar amounts of re-
actants in 100 mm NaClO4 and at pH 5.7 and 298 K. The first
2D [1H,15N] HMQC NMR spectrum, recorded after 15 min,
shows three peaks at 4.04/�69.08, 4.06/�88.13, and 4.24/
�67.34 ppm. The first one corresponds to dichloro cis-DDP
and the other two to monoaqua monochloro cis-DDP. The
spectrum recorded 50 min after the reaction was started ex-
hibits two new signals, which represent the platinated prod-
uct (NH3 cross-peaks at 4.02/�69.97 ppm for trans Cl and
4.09/�65.33 ppm for trans N7). This product is assumed to
be the monofunctional adduct of either G5 or G6. It was not
possible from the 1D 1H NMR spectra to unambiguously de-

termine which of the two guanine residues was platinated
first. In the imino region, the signal of G5-N1 decreases and
a new signal appears downfield of the imino signals of the
three guanines. Previous studies have shown that the 5’-G of
a GGCC sequence is more readily platinated than the 3’-
G.[16] Therefore, the first product is most probably the mono-
functional adduct at G5. Shortly after the appearance of this
first product, a second product appears (4.42/�69.34 and
4.29/�68.50 ppm) and, from the shift in the 2D [1H,15N]
HMQC spectrum, this product is assigned as the G5±Pt±G6

chelate. No other products were detected within the follow-
ing two days; thus, the terminal G residue appears to have a
much lower affinity for cis-DDP than the central GG site.
The presence of a G5/G6 cross-link was confirmed by
NOESY spectra (one in H2O and one in D2O) which show
two G5/G6-H8 signals shifted downfield by 0.68 ppm and
0.62 ppm, respectively. A corresponding downfield shift was
not observed for the G1-H8 signal. The formation of a A4±
Pt±G5 chelate is less likely since no downfield-shifted A4-H8
signal was observed. (For example, in an AG cis-DDP cross-
linked nonanucleotide duplex the A-H8 resonance was
found to be shifted 0.85 ppm downfield.[19]) Experimental
concentrations (NMR spectroscopy data) and theoretically
fitted curves for the reaction are reported in Figure 5 c. The
rate constants for G5 platination and chelate formation are
reported in Table 2.

Discussion

The differences in antitumor activity between cis- and trans-
platinum(ii) species have been related to three central fac-
tors: 1) the structural perturbation of DNA induced by plati-
nation, 2) the kinetics of adduct formation, and 3) the se-
quence selectivity of binding to DNA. We have already elu-
cidated the kinetics of trans-EE binding to a mononucleo-
tide (GMP)[17,20] and to a series of dinucleotides (rApG,
dApG, and dGpA).[18] Therefore, in this work we wanted to
investigate the interaction of trans-EE with single- and
double-stranded oligonucleotides.

Reaction with single-stranded oligonucleotides : The platina-
tion sites in the two sequences investigated are clearly iden-
tified as being residues G5 and G5,G6 for d(CCTCGCTCTC)
(V) and d(CCTGGTCC) (VI), respectively. One may notice
that G5 and G6 of VI have approximately equal affinity to-
wards trans-EE. This is in agreement with our earlier data
showing that sequence selectivity is absent in single-stranded
metallation, but occurs in duplex DNA as a consequence of
the variation in p-stacking interactions between base resi-
dues along the duplex.[16] The rate constants (Table 1) are
comparable to those observed for adduct formation between
trans-EE and dinucleotides.[18] No bifunctional adducts were
observed within 24 h after mixing. In a control experiment,
when V was treated with cis-DDP, the monofunctional G
adduct formed initially slowly evolved into intrastrand G±
Pt±C cross-links with neighboring cytosines. The rate con-
stants for monofunctional and bifunctional adduct formation
are listed in Table 2.

Figure 6. 2D [1H,1H] NOESY spectrum of 0.94 mm duplex IV and 1.0 mm

dichloro trans-EE (100 mm NaClO4, 5 mm phosphate buffer, pH 6.7) at
298 K. The peak labeled G1* is the platinated residue. All signals, except
those from the central GC region and A4-H2, are split into two peaks. In
the peak group labeled A10-H2 and T9, the two smallest peaks are from
T9. The assignment was also carried on for the aromatic H2’/H2’’ region,
thereby confirming the assignment given here. In the aromatic H5’/H5’’
region the terminal 5’ residue gives the most upfield-shifted signal which
can help very much in the assignment of the G1 and G1* signals.
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Bifunctional adducts with single-stranded oligonucleotides
are formed not only by cis-DDP, as shown above, but also
by trans-DDP. Therefore, the bulkiness of the carrier ligands
must be responsible for the lack of formation of such cross-
links in the case of trans-EE. Moreover, in a structural anal-
ysis of a trans-EE platinated duplex (formed by platination
at G-N7 of V and subsequent hybridization with its comple-
ment 5’-d(GAGAGCGAGG)),[13] it was shown that the
monofunctionally platinated duplex did not evolve to form
an interstrand cross-link, but underwent a deplatination re-
action over time (months). Thus, the intrastrand and inter-
strand DNA cross-links induced by cis-DDP and assumed to
be important for its antitumor efficacy are not the critical le-
sions for trans-EE.

Reaction with double-stranded oligonucleotides lacking ter-
minal G residues : Quite unexpectedly, the double-helical se-
quences d(TATGGCCATA)2 (I) and d(TATGGTACCA-
TA)2 (II), with no terminal G residues, form only minor ad-
ducts with trans-EE (<5 %) as determined by HPLC and
2D proton NMR spectroscopy. The amount of reaction
products was not large enough to allow their characteriza-
tion by 2D [1H,1H] NOESY spectra and thus it could not be
determined if trans-EE platination follows the proposed rule
for sequence-selective metallation.[16] In contrast, several
platinated species were formed by using a large excess of
trans-EE and prolonged heating (duplex II). The greater
steric demand of imino ether ligands, as compared to NH3,
can account for the lack of affinity of trans-EE for G resi-
dues in the central parts of the duplexes, GGCC (I) and
GGTA (II). This result is in line with the large conforma-
tional change induced by trans-EE platination of duplex III.
(Such a monofunctional adduct was obtained by platination
at G-N7 of the single-stranded 5’-d(CCTCG*CTCTC) (V)
and subsequent hybridization with its complementary
strand.[13]) Interestingly, the monofunctional platination by
trans-EE was found to induce a bending of the helix axis to-
wards the minor groove of approximately 408, a bend com-
parable to that given by bifunctional adducts of cis- DDP
which, however, is directed towards the major groove.

Reaction with double-stranded oligonucleotides containing
terminal G residues : Duplexes III and IV contain both ter-
minal and interior G residues. Both III and IV form adducts
with trans-EE through the terminal G residues while the
central G residues show no affinity. In the control experi-
ment between IV and cis-DDP the central G residues were
attacked by platinum to form a monofunctional adduct
which was subsequently involved in forming an intrastrand
G±Pt±G chelate. The terminal G residues, which were the
only residues with affinity towards trans-EE, did not bind at
all to cis-DDP (at least in a 1:1 cis-DDP/duplex ratio).

The rate constant for the formation of a monofunctional
trans-EE/III adduct was found to be appreciably lower than
the value obtained for monofunctional adduct formation be-
tween [Pt(dien)Cl]+ and G residues of an analogous double-
helical oligonucleotide.[16]

Conclusion

In a cell-free system (310 K, 10 mm NaClO4), the mono-
chloro mononitrato trans-EE complex has been found to in-
teract with nondenatured calf thymus DNA (ctDNA) with
t1=2

=294 min as compared to 141 min for trans-DDP.[12, 21]

After approximately 48 h, the imino ether compound was
bound quantitatively. Similar results were found by Coluccia
et al. using a sample of ctDNA in 2 mm tris(hydroxymethy-
l)aminomethane (Tris)/HCl at pH 7.4.[22] The apparent dis-
crepancy between these ctDNA results and the present
study of double-stranded oligonucleotides may be rational-
ized by invoking a possible difference in the relative amount
of unpaired nucleotides present in solution. The low amount
of salt used in the ctDNA studies (10 mm NaClO4 and 2 mm

Tris/HCl, respectively) could have favored the presence of a
large fraction of single-stranded DNA in the samples kept
at 310 K. By contrast, in model systems of short oligonucleo-
tides (like those used in the present investigation) it is much
easier to control the equilibrium between single- and
double-stranded species. The present results are also consis-
tent with the hypothesis that trans-platinum imio ether com-
plexes bind to DNA in a manner fundamentally different
not only from that of cis-DDP but also from that of trans-
DDP.[21] Characteristic features of trans-EE are a very large
difference in reactivity towards single- and double-stranded
oligonucleotides and the almost complete inability to form
DNA cross-links. This leaves open the possibility that
DNA±protein cross-links are responsible for the anticancer
activity of trans-EE.[14] Moreover the sterically demanding
imino ether ligands can also slow down the rate of hydroly-
sis and may also prevent (or retard) inactivation by sulphur-
containing biomolecules. In conclusion, the role of carrier li-
gands in influencing the type and rate of formation of ad-
ducts with DNA and other relevant biomolecules is a field
worthy of further investigation in the search for new anti-
cancer agents.

Experimental Section

Materials : The 15N-labeled trans-EE and 15N-labeled cis-DDP complexes
were prepared by the published procedures.[23] The DNA oligonucleoti-
des were purchased from DNA Technology A/S (Aarhus, DK) and ob-
tained as crude products from ethanol precipitation, except
d(CCTGGTCC) (VI) which was obtained from Oswel DNA Service
(Southampton, UK) as an HPLC-purified sample. The following chemi-
cals were used for DNA purification and sample preparation: acetoni-
trile, triethylammonium acetate buffer (made from equimolar amounts of
triethylamine and acetic acid), sodium hydrogen phosphate, NaCl, NaOH
(all of them purchased from Baker), and sodium perchlorate (purchased
from Merck).

Sample preparation : The purity of the oligonucleotides was first checked
by HPLC (Waters 626 LC instrument with Millennium 32 software) on a
MonoQ HR 10/10 (Pharmacia Biotech) column. If the samples were
pure, the oligonucleotides were desalted on a Sephadex G-25 column
(NAP-10, Pharmacia Biotech) with phosphate buffer (10 mm, pH 6.6) as
the eluent. If the HPLC traces showed more than 5% of by-products, the
oligonucleotides were purified on the MonoQ column and desalted on a
LiChrospher 100 Rp-18 column (250 î 4 ID, 5 mm, Merck). Eluents used
with the MonoQ column were A: 10 mm NaOH, 0.3m NaCl, pH 12.5,
and B: 10 mm NaOH, 1.0m NaCl, pH 12.5. The linear gradients used for
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the different oligonucleotides were as follows: duplex I (GGTA): 40!
60% B in 30 min; duplex II (GGCC): 40!45 % B in 30 min; single-
stranded III (pyrimidine reach strand): 30!37 % B in 30 min; single-
stranded III (purine reach strand): 50!65% B in 30 min. The eluents
used for desalting on the LiChrospher column were A: 5% acetonitrile,
15 mm triethylammonium acetate (TEAA), pH 7.2, and B: 70 % acetoni-
trile, 15 mm TEAA, pH 7.2. A 30 min linear gradient from 0!15 % B
was applied for the desalting. TEAA and acetonitrile were removed by
freeze-drying the sample twice, once at pH 12 and once at pH 3. This
procedure was performed for all oligonucleotides except duplex IV,
which was purified with dialysis at 5 8C in a 900-mL water bath contain-
ing 10 mm NaClO4 and by using a Float-A-Lyzer (1 mL, 1000 Da molecu-
lar-weight cut off, Spectrum Laboratories, Inc., USA). The dialysis was
performed over 4î 3 h cycles (changing the reservoir each time). The
purity was then checked by 1D 1H NMR spectroscopy.

The kinetics were usually run at 298 K with samples containing 0.1m
NaClO4 and 10±20 mm phosphate buffer. The concentrations of the
oligomers were normally in the range 0.5±1 mm and the reactions were
run at stoichiometric ratios except when stated otherwise. trans-EE was
added to the DNA samples from a stock solution (superdistilled water sa-
turated with trans-EE at �1.7 mm) and the ratio of Pt/DNA was deter-
mined by comparing the integral of the methyl group of trans-EE and
the thymine methyl groups of the oligonucleotide in the 1D 1H NMR
spectrum. cis-DDP was added from a 2.42 mm solution prepared by dis-
solving (with sonication) cis-DDP (0.0070 g) in H2O (9.5678 g). The reac-
tions were carried out directly in the NMR spectroscopy tube (Wilmad
528 pp).

The reaction mixtures were separated on a MonoQ HR 10/10 column by
using the same eluents as for the purification of the oligonucleotides. The
reaction mixture of duplex I (GGTA) and trans-EE was separated by a
linear gradient of 40!60% B over 30 min. Each of the collected frac-
tions from the HPLC was then desalted on a Sephadex G-25 column
(NAP-10, Pharmacia Biotech) with phosphate buffer (10 mm, pH 6.6) as
the eluent.

NMR spectroscopy experiments : NMR experiments were performed on
a Bruker DRX 600 or Varian Unity Inova 600 apparatus. Each instru-
ment was fitted with a pulsed gradient module and a 5-mm inverse pro-
behead. The Bruker instrument was used for the acquisition of 2D
[1H,15N] HMQC, 2D [1H,1H] NOESY, and 1D 1H NMR spectra. The
dpfgsew5 pulse sequence was used for the suppression of water in 2D
[1H,1H] NOESY and 1D 1H spectra in H2O.[24a,b] The 2D [1H,15N] HMQC
NMR spectra were recorded in a phase-sensitive mode with the Echo/
Antiecho-TPPI quadrature detection scheme. Pulsed field gradients were
employed to select the proper coherence and the 15N spins were decou-
pled during acquisition. No extra pulse sequence was needed for the sup-
pression of water in 2D [1H,15N] HMQC spectra (pulse sequence of
Palmer et al.)[25] in H2O. The 2D [1H,15N] HMQC spectra were optimized
for 1JNH=72 Hz for cis-DDP and 1JNH=78 Hz for trans-EE. The parame-
ters for the 2D [1H,15N] HMQC experiments were as follows for cis-
DDP: spectral width in F1 was 2006 Hz and in F2 was 4195 Hz,
2048 complex points in each FID in t2 and 64 increments in t1, 4±16 transi-
ents were averaged for each increment, and a relaxation delay of 2 s was
used. 2D [1H,15N] HMQC parameters for trans-EE : spectral width in F1
was 1216 Hz and in F2 was 6010 Hz, 2048 complex points in each FID in
t2 and 32 increments in t1, 8±16 transients were averaged for each incre-
ment, and a relaxation delay of 2 s was used. The Varian instrument was
only used to record 1D 1H and 2D [1H,1H] NOESY spectra of duplex IV
(with the Watergate 3919 pulse sequence for water suppression).[26] The
spectral width used for 1D 1H and 2D [1H,1H] NOESY NMR data sets
was 12019 Hz for all samples. The 2D [1H,1H] NOESY NMR spectra
were recorded in a phase-sensitive mode by using the States-TPPI quad-
rature detection scheme.[27] A total of 2048 complex points in t2 were col-
lected for each of 512 t1 increments, 24±48 transients were averaged for
each increment, and a 1.7±2.0 s relaxation delay was applied. 1H spectra
were referenced to the HDO resonance set at 4.76 ppm or sodium 3-tri-
methylsilyl-2,2’,3,3’-tetradeuteropropionate (TSP) set to 0 ppm and 15N
spectra referenced to 1m 15N-enriched NH4Cl in 1m HCl solution set at
0 ppm. The 1D 1H, 2D [1H,1H] NOESY, and 2D [1H,15N] HMQC NMR
Bruker data were processed by using the program XWIN-NMR, ver-
sion 2.6. The apodization function used in both dimensions for the 2D
NMR data was a pure squared-cosine-bell. Window functions applied to

the 1D 1H FIDs were an exponential function with a line-broadening of
1±3 Hz or a gauss multiplication with a line-broadening of �1 Hz and
gm 0.1. The t1 FIDs in the 2D NMR data sets were linearly predicted to
four times their original value. The Varian data was processed by using
the program MestRe-C, version 3.4.0. (The same processing parameters
as for the Bruker data were used.[28])

Data analysis : The rate constants for the reactions were determined by a
nonlinear optimization procedure with the program SCIENTIST.[29] The
data were fitted by using first- and second-order rate equations.
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