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Much attention is currently focused on the design of new
generations of platinum anticancer complexes that circum-
vent cisplatin resistance. Such resistance often involves the
recognition of platinated DNA adducts by proteins and
enzymes in the excision ± repair systems in cells.[1] It is
therefore vital to understand how ligand design influences
the nature of platinated DNA lesions. A complex with high
activity against cisplatin-resistant cell lines is the 2-picoline (2-
Pic, 2-methylpyridine) complex cis-[PtCl2(NH3)(2-Pic)] (1,
ZD0473), a new anticancer PtII drug currently in phase I
clinical trials.[2, 3] The steric effect of 2-picoline plays an
important role in determining the rates of hydrolysis and
substitution reactions with the nucleotide guanosine-5'-mono-
phosphate (5'-GMP).[4, 5] As a result of slow rotation about the
PtÿN(2-Pic) bond (0.62 sÿ1, 296 K), together with the non-C2-
symmetrical structure of complex 1, four isomers of the
bis(GMP) adduct are possible, and these are formed in equal
amounts.[5] We show here, in dramatic contrast, that reactions
of 1 with the 14mer DNA duplex 2 give predominantly a
single stereoisomer, whereas relatively little stereoselectivity
is observed for reactions with the deoxydinucleotide d(GpG)
or the 14-mer single strand 2 a. The structural basis for this
unusually high stereoselectivity has been revealed by NMR
studies.

5'd(A1T2A3C4A5T6G*7 G*8 T9A10C11A12T13A14) 2 a

3'd(T28A27T26G25T24A23C22C21A20T19G18T17A16T15) 2 b

2a� 2 b� 2

Reactions of complex 1 with both d(GpG) and 14-mer
single strand 2 a at a 1:1 molar ratio (1 mm, pH 6.0, 9 mm
phosphate, 100 mm NaClO4, H2O/D2O 90/10, 298 K) were
followed by 1D 1H and 2D [1H,15N] HSQC NMR spectro-
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scopy. In each case the GG chelate gave rise to four cross
peaks of similar intensities, which correspond to similar
populations of the four possible stereoisomers: 2-picoline
orientated towards 5'-G or 3'-G, and slow rotation about the
PtÿN(2-Pic) bond.[6] When the temperature was increased,
the four 1H/15N cross peaks for the d(G*pG*) adducts began
to merge into two, as observed for the bis(GMP) adducts.[5]

The reaction of complex 1 with duplex 2 at a 1:1 molar ratio
was studied under the same conditions, and followed in the
same way. After one week one major cross peak was observed
(Figure 1, d� 4.51/ÿ 67.46), which accounted for 90 % of the

Figure 1. 2D [1H,15N] HSQC NMR spectrum recorded after one week of
reaction of cis-[PtCl2(15NH3)(2-Pic)] (1, 1 mol equiv) with the 14-mer DNA
duplex 2 (298 K, 100 mm NaClO4, pH 6.0, 9 mm phosphate buffer, H2O/
D2O 90/10). The integral percentages of the major peak and the two minor
peaks are indicated.

total quantity of platinated adducts. Peaks for the H6 (d�
8.88) and 2-methyl (d� 3.15) protons of the 2-picoline ligand
of unreacted 1 were replaced by two new signals at d� 9.20
and 3.19, respectively. A feature of the new 2-picoline signals
was their broadness relative to free 1, as a result of the
2-picoline complex taking on the T2 relaxation characteristics
of a macromolecule by irreversible binding to DNA. New
NMR resonances were also observed outside the usual
windows expected for both aromatic and methyl protons of
DNA. These signals enabled further assignments to be made.
We explored the use of NMR methods to determine the
structure around the platination site of the major adduct even
though the NMR spectra were complicated by the presence of
peaks for the minor adducts and free duplex 2. A 1H 2D
NOESY NMR spectrum (mixing time 200 ms) was acquired
for the same sample and compared to that of the cisplatin GG
bischelated adduct of the same DNA duplex.[7] The key
1H NMR assignments derived from these data are listed in
Table 1. They are based on the following observations: a clear
strong NOE between G7 H8 and G8 H8 with chemical shifts
similar to those observed for the cisplatin ± DNA adduct of
DNA duplex (Figure 2 A),[7, 8] an NOE between 2-picoline H6
and G7 H8, a cross peak between a resonance in the usual H2'/
H2'' region and a resonance at d� 0.42 assignable to T6 H2'
(which is significantly shifted to low frequency relative to that
for DNA platinated by cisplatin, d� 1.37 for duplex 2,[7] and
d� 1.40 for a reported 12-mer duplex[8]), and a strong cross
peak between 2-picoline CH3 and T6 CH3, which also showed
NOEs to T6 H1'and T6 H2'. Confirmation of the 2-picoline

Figure 2. A) Expansion of the aromatic region of the 200 ms 2D NOESY
NMR spectrum for the same sample as Figure 1 in 99.9 % D2O. Assign-
ments are shown on the right-hand side (Pic refers to the 2-methylpyridine
ligand), and the dashed line shows the connectivity from Pic-H6 to G7 H8
and G7 H8 to G8 H8; B) Slices through the 2D NOESY spectrum at the
chemical shifts of a) 2-picoline H6, b) T6 H2', and c) T6 CH3, showing
NOE connectivities to other protons. Detailed peak assignments and NOE
information are listed in Tables 1 and 2, respectively.

ring proton assignments was obtained from a 1H 2D
DQFCOSY NMR spectrum. The assignments of resonances
for T6 were further confirmed by the NOE observed between
T6 H2' and G7 H8. Figure 2 B shows slices taken through the
NOESY data at the chemical shifts of T6 CH3, T6 H2', and
2-picoline H6. Key assignments of NOEs around the platina-
tion site are listed in Table 2.

Table 1. Assignments of key 1H resonances for the G*G* chelate of duplex
2 with complex 1.

Assignment
(2-picoline)

d Assignment
(DNA)

d

H6 9.20 T6 CH3 1.16
H5 7.67 T6 H1' 5.82
H4 8.18 T6 H2' 0.43
H3 7.59 T6 H2'' 1.91
2-CH3 3.19 T6 H3' 4.69

T6 H4' 4.00
G7 H8 8.55
G8 H8 8.18
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Four molecular models of the GG adduct of duplex 2 were
built by docking {Pt(NH3)(2-Pic)}2� onto the G*7 G*8 site of the
14-mer DNA duplex 2. The structure of the latter was based
on that of the cisplatin adduct.[7] The models differed as
follows: 2-picoline trans to G8 (3'-G) with the 2-methyl group
orientated either towards the phosphate backbone (Methyl-
Out, 3 a) or towards the centre of the major groove (Methyl-
In, 3 b); 2-picoline trans to 5'-G also with either Methyl-Out
(3 c) or Methyl-In (3 d) orientations (See Scheme 1). Distance
restraints were applied to each case, based on the data shown
in Table 2, and the models minimized in the region of the
bischelate site in order to satisfy the data. Of the four models
only that with 2-picoline trans to 3'-G with the Methyl-In
orientation (3 b) satisfied all of the observed NOE constraints,
as shown in Figure 3.

Figure 3. A) Space-filling model of cis-[Pt(NH3)(2-Pic)]-d(ATA-
CATG*G*TACATA) ´ d(TATGTACCATGTAT), with cis-{Pt(NH3)(2-
Pic)}2� shown in green. The perfect fit and alignment of the 2-picoline
ligand along the major groove can be seen. B) Close-up view of the Pt
binding site showing NOE connectivities (yellow dashed lines, listed in
Table 2) between 2-picoline and DNA. Hydrogen bonding between Pt-NH3

and O6 of G8 is shown as a yellow dotted line. Color code: C: white, H:
cyan, N: blue, O: red, P: orange, Pt: purple.

The first notable feature of model 3 b is that the picoline
ring fits perfectly into the major groove of the DNA duplex
and lies along the phosphate backbone, as shown in Fig-
ure 3 A. Models 3 c and 3 d, in which the 2-picoline ligand is
trans to 5'-G with Methyl-Out or Methyl-In orientations, have
the 2-picoline ring in an almost perpendicular orientation with

respect to the planes of the nearby nucleotide bases. This
steric clash causes models 3 c and 3 d to be far less stable than
those with 2-picoline trans to 3'-G. The other notable feature
is the orientation of the 2-picoline ring which lies almost
perpendicular to the Pt square plane (angle 1008), as in the
crystal structure of 1 (1038).[4] Model 3 b satisfies several other
features of the NMR data. As shown in Table 1 the T6 H2'
resonance at d� 0.44 is significantly shifted to low frequency
from its normal position for a G*G* DNA duplex/cisplatin
adduct (usually near d� 1.39). It can be seen in Figure 3 B that
T6 H2' for molecule 3 b lies directly beneath, and within 3 �
of, the center of the 2-picoline ring. This is consistent with
strong aromatic ring current shielding effects.[9, 10] The 1H
chemical shift of the NH3 signal of the platinated duplex is
shifted to high frequency by d� 0.4 relative to that for 1 itself.
This is consistent with the presence of hydrogen bonding
between the NH3 of {Pt(NH3)(2-Pic)}2� and O6 of DNA
residue G8 in model 3 b. Additional stabilization of complex
3 b may arise from van der Waals contact between the
2-methyl group of 2-picoline and the T6 methyl group of DNA
(C ´´´ C: 3.78 �).[11] This contact is not observed in the Methyl-
Out model 3 a (distance between 2-CH3 and T9 CH3: 5.13 �)
and appears to be important in distinguishing between the
Methyl-In and Methyl-Out models.

In previous reports of the stereoselective formation of
platinated GG adducts,[12, 13] the selectivity has been low and
with the opposite orientation (NH3 cis to 5'-G) compared to
that observed here. In the case of cis-[PtCl2(NH3)-
(C6H11NH2)], a metabolite of the orally active drug JM216,
the most abundant platinated G*G* stereoisomer (isomer
ratio 2:1) has the cyclohexylamine ligand directed towards the
3'G of calf thymus DNA.[14] This preference was attributed
partly to PtÿNH3 H-bonding with the 5'-phosphate. The same
ratio of orientational isomers (2:1) has been observed for an
11-mer DNA duplex platinated at G*G* with cis-{Pt(NH3)(4-
aminoTEMPO)}2� (TEMPO� 2,2,6,6-tetramethylpiperidine-
N-oxide (radical)).[15]

Preliminary kinetic studies of the reaction of complex 1
with duplex 2 show that the monoaqua species with 2-picoline
trans to water reacts faster with DNA, and therefore mono-
functional adducts with GN7 trans to 2-picoline are formed in
preference to those with NH3 trans to GN7 (Scheme 1). This is
probably a result of unfavorable steric interactions when
2-picoline is cis to GN7. This contrasts with the formation of
monofunctional adducts of cis- and trans-[PtCl(NH3)2(4-
MePy)]� where the methyl substituent is further away from
the coordination plane,[16] and emphasizes further the impor-
tant role played by the 2-methyl group of 1 that is close to the
Pt ion. Monofunctional 3'-G-platinated adducts of DNA
duplexes usually form faster and ring-close faster than 5'-G
monofunctional adducts.[17] If this is also the case for adducts
of 1, then this, together with the preference for substitution
trans to 2-picoline, would explain why the bifunctional adduct
with 2-picoline cis to 5'G is the preferred product.

In conclusion, a number of factors appear to drive the high
stereoselectivity in reactions of the anticancer drug 1 with
DNA duplex 2. These include: unfavorable steric interactions
between the 2-picoline ring and the nearby nucleotide bases in
models 3 c and 3 d, favorable hydrogen bonding between the

Table 2. Key NOE signals observed between 2-picoline and DNA protons
after platination of DNA duplex 2 with the platinum anticancer drug 1. The
corresponding distances in the four models are listed for comparison.
Distances over 5 � are beyond the limit for NOEs, and are labeled ( ± ).

Observed NOE Distances in models [�]
1 ´ ´ ´ 2 3a 3b 3c 3d

H6 ´´´ G7 H8 4.45 3.47 5.70( ± ) 5.15( ± )
H6 ´´´ T6 H3' 4.88 4.53 7.21( ± ) 7.06( ± )
H6 ´´´ T6 H2'' 4.98 4.50 7.08( ± ) 7.02( ± )
H6 ´´´ T6 H2' 3.33 3.52 5.57( ± ) 5.88( ± )
H5 ´´´ T6 H2' 3.78 3.85 7.86( ± ) 8.09( ± )
CH3 ´´´ T6 CH3 8.22( ± ) 4.03 9.07( ± ) 5.31( ± )
H3 ´´´ T6 CH3 7.26( ± ) 2.73 9.66( ± ) 7.35( ± )
H4 ´´´ T6 CH3 5.42( ± ) 4.70 9.02( ± ) 9.15( ± )
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Scheme 1. Pathways for reactions of anticancer complex 1 with DNA
duplex 2 (only G7 and G8 are shown). Charges on complexes are not
shown. A possible preferred route to the major GG adduct with 2-picoline
cis to 5'-G is indicated by bold arrows.

NH3 ligand and O6 of G8 in model 3 b, and van der Waals
interactions between the 2-picoline CH3 group and the CH3

group of nearby T6, which is absent in model 3 a. Both
thermodynamic and kinetic factors appear to favor the
formation of complex 3 b. The high stability of 3 b may be
important in determining the lack of cross-resistance between
1 and cisplatin. Such a lesion may be recognized differently
from cisplatin ± DNA adducts by the excision-repair systems
in cells.[18, 19]

Experimental Section

2-Picoline was purchased from Aldrich. The sodium salts of HPLC-purified
14-mer oligonucleotides were prepared by Oswel (Southampton, UK). cis-
[PtCl2(15NH3)(2-Pic)] (1) was prepared from cis-[PtCl2(15NH3)2] by a
similar procedure to that described for natural abundance mixed-ligand
ammine/amine PtII complexes.[20]

The DNA 14-mer duplex 2 was annealed by slow cooling from 343 K. The
reaction of 1 with 2 was conducted at a 1:1 molar ratio (1 mm) in H2O/D2O
90/10 (0.5 mL). Samples contained 0.1m NaClO4 to maintain a constant
ionic strength. Phosphate buffer (9 mm) was used in the reactions to
maintain the pH at 6.0. The sample was freeze-dried twice from 99.9 % D2O
and finally dissolved in 99.9 % D2O for experiments in D2O.

NMR spectra were acquired, as previously described,[4, 5] on both Bruker
DMX500 and Varian UnityINOVA600 NMR spectrometers operating at 1H
resonance frequencies of 500.13 and 599.842 MHz, respectively. 2D 1H
NOESY data sets were acquired for both the H2O/D2O 90/10 sample and
the 99.9 % D2O sample with a 200 ms mixing time at 278 K. 2D DQFCOSY
data were acquired only on the 99.9 % D2O sample.

Measurements of pH were made using a Corning 145 pH meter equipped
with an Aldrich micro combination electrode calibrated with Aldrich
buffer solutions of pH 4, 7, and 10.

Molecular modeling was carried out using Sybyl version 6.3 (Tripos Inc.).
DNA duplex structures were based on energy-minimized models of a
cisplatin ± DNA duplex calculated from NMR data.[7] The X-ray crystal

structure coordinates of 1[4] were used to construct the fragment
{Pt(NH3)(2-Pic)}2� for docking onto DNA. Distances between GN7 and
Pt were based on the crystal coordinates of the 12-mer DNA duplex/
cisplatin adduct.[21] Four different models that reflected the possible
geometry of the final DNA adduct were built. Inter-proton distance
constraints were built into each model based on an assessment of the
distances calculated from the NOE data. Distance bounds were set for
strong, medium, and weak NOEs in the ranges 2.5 ± 4.5, 3.0 ± 5.0, and 4.0 ±
5.0 �, respectively, with force constants of 20 kcal molÿ1 �ÿ2 each. A total
of eight identifiable NOE distance constraints between the 2-picoline ring
and the DNA duplex were incorporated into the models. Substructures of
each model (T6G*7 G*8 T9� {Pt(NH3)(2-Pic)}2�) were subjected to 200 steps
conjugate gradient energy minimization to allow each model to satisfy the
distance constraints.
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