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1H NMR spectroscopy was used to study the binding of Pt(en)2
2+ to the dodecanucleotides d(CAATCCGGATTG)2

and d(TCGGGATCCCGA)2. Addition of Pt(en)22+ to d(CAATCCGGATTG)2 induced a significant and selective
change in the chemical shift of the A3H2 resonance but only small shifts for the major groove base resonances.
Similarly, addition of Pt(en)22+ to d(TCGGGATCCCGA)2 induced a selective change in the chemical shift of the
A6H2 resonance. In the NOESY spectrum of d(CAATCCGGATTG)2 with added Pt(en)22+ intermolecular NOE
cross-peaks between the methylene protons of the metal complex and the H2 of A3 and A9, as well as the H1′ of
T4, T10, and T11were observed. Importantly, no NOE cross-peaks from the metal complex to either major groove
protons or guanine and cytosine protons were observed. In the NOESY spectrum of d(TCGGGATCCCGA)2

with added Pt(en)22+ intermolecular NOE cross-peaks from the metal complex were only observed to the H2 and
H1′ protons of A6 and the T7H1′ proton. The results demonstrate that the square planar metal complex Pt(en)2

2+

selectively binds AT sequences in the DNA minor groove.

Introduction

There has been considerable interest in the noncovalent
binding ability of transition metal complexes with DNA, as the
study of these interactions can increase our understanding of
the principles of DNA recognition.1-10 The rigid geometry of
the transition metal complexes provides a defined scaffold for
the addition of organic ligands that can control site selective
binding.1,2,8,10 While most investigations have focused on
intercalating metal complexes, recent studies have shown that
coordinatively saturated octahedral metal complexes of nonin-
tercalating ligands also have the ability to selectively recognize
specific DNA sequences and conformations.4,5 Simple amine
complexes such as Co(NH3)63+ and Co(en)33+ bind in the major
groove of DNA in both a sequence and DNA structure selective
manner.4,5,9 Furthermore, these nonintercalating complexes are
capable of inducing DNA conformational transitions, from
B-type DNA to either Z- or A-type DNA, depending upon the
DNA base sequence.5,11

One aspect that has emerged from the study of intercalating
and nonintercalating metal complex-DNA binding is the
importance of shape selection, that is, matching the shape and
symmetry of the metal complex with that of the DNA binding

site.1 As octahedral metal complexes have been predominantly
utilized in DNA binding studies, we sought to examine the effect
of changing the shape of the coordination geometry of the metal
complex. In this paper we report an examination of the DNA
binding of the square planar metal complex Pt(en)2

2+. It has
been proposed that Co(NH3)63+ and∆-Co(en)33+ can selectively
interact with DNA by forming hydrogen bonds with the N7
and O6 groups of two adjacent guanines in the major groove.4,5,12

The square planar complex Pt(en)2
2+ is also capable of interact-

ing with DNA in this manner. However, a recent report
proposed that square planar peptide complexes of Ni(II)
selectively associate with A/T rich regions in the minor groove.13

Here we report a1H NMR study of the binding of Pt(en)22+

to the self-complementary dodecanucleotides d(CAATCCG-
GATTG) and d(TCGGGATCCCGA). Both dodecanucleotides
were designed to contain both GG and AT sequences, with
d(CAATCCGGATTG) containing a central GG sequence and
two potential A/T rich binding regions, while d(TCGGGATC-
CCGA) contains only a single AT sequence flanked by G/C
rich regions. The results of this study show that the Pt(en)2

2+

complex does not bind GG sequences or in the major groove,
but does selectively bind an AT sequence in the DNA minor
groove.

Experimental Section

Materials. The dodecanucleotides d(CAATCCGGATTG)2 and
d(TCGGGATCCCGA)2 were obtained from Bresatec Ltd. South
Australia. [Pt(en)2]Cl2 and D2O (99.96%) were obtained from Aldrich
Chemical Company, while CM-Sephadex was obtained from Pharmacia.
Sample Preparation. Dodecanucleotides were converted into the

Na+ form using a small CM-sephadex column. The dodecanucleotide
was dissolved in 0.7 mL of phosphate buffer (10 mM, pH 7) containing
20 mM NaCl and 0.1 mM EDTA, and a trace of DSS was added as an
internal chemical shift reference. For experiments carried out in D2O
the sample was repeatedly freeze-dried from D2O and finally made up
in 99.96% D2O. The dodecanucleotide concentration was determined
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from theA260 absorbance using an extinction coefficient of 6600 M-1

cm-1 per nucleotide.14 Aliquots of stock solutions of Pt(en)2
2+ were

titrated directly into the NMR tube.
Instrumental Methods. 1H NMR spectra were recorded on a Varian

Unityplus-400 spectrometer operating at 400 MHz. One dimensional
spectra recorded in 90% H2O/10% D2O were collected using the
WATERGATE solvent suppression technique of Piottoet al.15 Two
dimensional phase sensitive NOESY spectra were recorded by the
method of Stateset al.,16 using 2048 data points in t2 for 256-320 t1
values with a pulse repetition delay of 1.7 s for various mixing times.
NOESY spectra recorded in 90% H2O/10% D2O were obtained using
the standard NOESY pulse sequence with the WATERGATE sequence
incorporated as a read pulse. DQFCOSY experiments were ac-
cumulated using 2048 data points in t2 for 256 t1 values with a pulse
repetition delay of 1.7 s. NOESY spectra were apodized with either a
shifted sinebell or Gaussian function. No significant changes in the
intensity of the intermolecular NOEs (compared to the intra-dodeca-
nucleotide NOEs) were observed with the different processing functions.
Determination of the Pt(en)22+-d(TCGGGATCCCGA) 2 Binding

Constant. The binding affinity of Pt(en)22+ with the dodecanucleotide
d(TCGGGATCCCGA)2 was determined by fitting the NMR data to a
simple M+ DNA ) M-DNA binding model as previously described.17

The model assumes that the chemical shift changes are caused
exclusively by the binding of one metal complex in the immediate
vicinity of the proton being monitored. A more elaborate model would
be required to determine the binding constant of Pt(en)2

2+ with
d(CAATCCGGATTG)2, due to the 2:1 binding stoichiometry and the
possibility of several binding positions within each A/T region.

Results

Assignment of the Proton Resonances of d(CAATCCG-
GATTG) 2 and d(TCGGGATCCCGA) 2. The NMR reso-
nances of the free dodecanucleotides were assigned from a
combination of NOESY and DQFCOSY spectra, according to
established methods.18-20 In the NOESY spectrum of a right-
handed duplex each base H8 and H6 proton should exhibit an
NOE cross-peak to its own sugar H1′, H2′ and H2′′ protons as
well as to the H1′, H2′ and H2′′ protons on the flanking 5′
nucleotide residue.19,20 In the NOESY spectrum of both
d(CAATCCGGATTG)2 and d(TCGGGATCCCGA)2 an NOE
is observed from each base H8 and H6 resonances to its own
sugar H1′/H2′/H2′′ protons as well as to H1′/H2′/H2′′ protons
of the sugar of the nucleotide residue in the 5′ direction. In a
B-type duplex the distance between the base H8/H6 proton to
its own H2′ is approximately 2 Å and approximately 4 Å to the
H2′ proton on the flanking 5′ sugar.20 As the NOE cross-peak
from each base H8/H6 proton to its own H2′ proton is larger
than the cross-peak to the corresponding H2′ proton on the 5′
sugar, it is concluded that both dodecanucleotides adopt a B-type
conformation in solution.
The imino resonances in the NMR spectra of the dodeca-

nucleotides collected in 90% H2O/10% D2O were examined to
determine the extent of the base-pairing. Figure 1 shows the
imino resonances of both dodecanucleotides at 17°C. In each
spectrum only five resonances are observed, indicating that the
terminal residue does not form a stable base-pair at 17°C.
Furthermore, the penultimate nucleotide residues also exhibit
significant fraying, as shown by the less intense, relatively

broader imino resonances from the A2‚T11 and C2‚G11 base-
pairs in d(CAATCCGGATTG)2 and d(TCGGGATCCCGA)2
respectively.
Titration of d(CAATCCGGATTG) 2 and d(TCGGGATC-

CCGA)2 with Pt(en)22+. The NMR spectra of d(CAATCCG-
GATTG)2 at various ratios of added Pt(en)2

2+ are shown in
Figure 2. Only one set of dodecanucleotide resonances were
observed upon addition of the metal complex at all molar ratios
of metal complex to dodecanucleotide. This indicates fast-
exchange (on the NMR time scale) between the free dodeca-
nucleotide and the metal complex bound form. The addition
of Pt(en)22+ induces relatively small changes in the chemical
shifts of the major groove purine H8 and pyrimidine H6
resonances. The A3H8, T4H6, T10H6, and T11H6 show slightly
larger shifts than the other major groove protons (see Table 1).
The minor groove A2H2 and A9H2 resonances also show only
small chemical shift changes upon addition of the metal
complex, however, the A3H2 resonance shifts 0.21 ppm down-
field. This large and selective change in chemical shift for the
A3H2 resonance is consistent with the Pt(en)2

2+ complex binding
in the minor groove near the A3 residue. However, observed
chemical shift differences alone are insufficient evidence to
establish the binding site of the metal complex.
The NMR spectra of d(TCGGGATCCCGA)2 at various ratios

of added Pt(en)22+ are shown in Figure 3. Again, the addition
of Pt(en)22+ to d(TCGGGATCCCGA)2 induces only small
changes in the chemical shifts of the resonances from major
groove protons (see Table 2), with the A6H8 and T7H6
displaying the largest shifts (0.04 and 0.06 ppm respectively).
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Figure 1. 1H NMR spectrum of the imino protons of (A) d(CAATC-
CGGATTG)2 (1.3 mM) and (B) d(TCGGGATCCCGA)2 (1.1 mM) in
90% H2O/10% D2O at 17°C.

Figure 2. 1H NMR spectrum of the aromatic base protons of
d(CAATCCGGATTG)2 (1.2 mM) at Pt(en)22+ to dodecanucleotide
ratios of (A) 2.0, (B) 1.5, (C) 0.5, and (D) 0.
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The minor groove A6H2 resonance exhibits a relatively large
downfield shift (0.14 ppm), again possibly suggesting that the
metal complex binds at the AT sequence. No chemical shift
changes were observed for the H8 or H2 of A12 upon addition
of the Pt(en)22+. From the analysis of the chemical shift changes
of the A6H2 resonance as a function of added metal complex
(from R ) 0 to 10), the Pt(en)22+-d(TCGGGATCCCGA)2
binding constant was estimated to be 2500( 300 M-1.
In titration experiments carried out in 90% H2O/10%D2O at

10°C, no significant change (less than 0.03 ppm) in the chemical
shifts, or the relative intensities, of the imino resonances was
observed for either dodecanucleotide upon addition of Pt(en)2

2+.
NOESY Spectra of the Pt(en)22+-Bound Dodecanucle-

otides. NOESY spectra of d(CAATCCGGATTG)2 were re-
corded with added Pt(en)2

2+ at metal complex to dodecanucle-
otide ratios (R) of 2, 4, and 20. AtR) 2, intermolecular NOE
cross-peaks are observed from the A3H2 and A9H2 to the metal
complex methylene protons (Figure 4). Figure 5 shows the
expansion of the dodecanucleotide aromatic resonances to the
sugar H2′/H2′′ region at R ) 4. In this spectrum the
intermolecular NOE cross-peak from the A3H2 to the metal
complex methylene protons is more easily seen. A weaker
cross-peak between the A2H2 and the metal methylene protons
is also observed. Due to the overlap of the A3 and A9 H2′
resonances with the Pt(en)2

2+ resonance, it was not possible to
unambiguously assign NOE cross-peaks from the A3H1′ and
A9H1′ to the metal complex. However, NOE cross-peaks from
the metal methylene protons to the T4H1′, T10H1′, and T11H1′
were observed atR ) 2, 4, and 20. As the sugar H1′ and
adenine H2 protons lie in the dodecanucleotide minor groove,
the results strongly suggest that the Pt(en)2

2+ complex binds in

the minor groove at the A3T4 region (and equivalent A9T10
sequence). Importantly, no intermolecular NOE cross-peaks
between the metal complex and d(CAATCCGGATTG)2 major
groove protons were observed.
The proposal that Pt(en)2

2+ binds in the minor groove at AT
base sequences was confirmed by the analysis of the NOESY
spectra of d(TCGGGATCCCGA)2 with added Pt(en)22+. Figure
6 shows an expansion of the NOESY spectrum of d(TCGG-
GATCCCGA)2 at a metal complex to dodecanucleotide ratio
of 4. An intermolecular NOE cross-peak between the A6H2
and the Pt(en)22+ methylene protons is clearly observed.
Furthermore, NOE cross-peaks from the metal complex meth-
ylene protons to the A6H1′ and T7H1′ were also observed (data
not shown). No NOE cross-peaks from the Pt(en)2

2+ methylene
protons to guanine or cytosine protons were observed, even at
a metal complex to dodecanucleotide ratio of 4. These results
again indicate that Pt(en)2

2+ binds selectively at an AT sequence,
and in the minor groove.
Due to the fast rate of exchange between the Pt(en)2

2+ amine
and water protons in the pH 7 buffer, it was not possible to
obtain NOE data from the Pt(en)2

2+ amine protons in NOESY
spectra collected in 90% H2O/10% D2O.
Solution Conformation of the Pt(en)22+-Bound Dodeca-

nucleotide. In the NOESY spectra of d(CAATCCGGATTG)2

and d(TCGGGATCCCGA)2 with added Pt(en)22+ (Figures 5
and 6) a NOE cross-peak is observed from each base H8/H6
resonance to its own H2′/H2′′ protons as well as to the H2′/
H2′′ protons on the 5′-flanking residue. It is also observed in
Figures 5 and 6 that the NOE cross-peak from each base H8/
H6 to its own H2′ proton is significantly stronger than the cross-
peak to the H2′ proton on the flanking 5′ residue. These
observations indicate that the dodecanucleotides maintain the
basic B-type conformation in solution upon Pt(en)2

2+ binding.
In the NOESY spectra of d(CAATCCGGATTG)2 with added
Pt(en)22+ NOE connectivities are observed from the A3H2 to
the A2H2, T4H1′, and T11H1′, as well as from the A9H2 to the
T10H1′ and C5H1′. These intra- and interstrand NOE cross-
peaks are consistent with propeller twisting in the A2A3T4 region
(and the symmetrically related A9T10T11 region).21,22 Propeller
twisting can result in the walls of the minor groove being drawn
in, thereby resulting in a narrower minor groove.21,22 Equivalent
cross-peaks were, however, observed in the NOESY spectrum
of the free dodecanucleotide, indicating that the propeller
twisting is not induced or significantly altered by the Pt(en)2

2+

binding.
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Table 1. 1H NMR Chemical Shifts (in ppm) of d(CAATCCGGATTG)2 and the Chemical Shift Differences Induced by the Addition of
Pt(en)22+ (Numbers in Parentheses), at a Metal Complex to Dodecanucleotide Ratio of 20a

oligonucleotide proton

H8/H6 AH2 H1′ H2′ H2′′
C1 7.65 (-0.02) 5.62 (0.00) 1.76 (0.05) 2.30 (0.03)
A2 8.33 (0.00) 7.39 (-0.01) 5.93 (-0.07) 2.80 (0.01) 2.93 (0.01)
A3 8.21 (0.05) 7.74 (0.21) 6.23 (-0.02) 2.60 (0.05) 2.93 (0.00)
T4 7.10 (0.08) 5.88 (-0.05) 2.01 (0.12) 2.45 (-0.03)
C5 7.47 (0.04) 5.94 (0.03) 2.06 (0.08) 2.44 (-0.01)
C6 7.33 (0.01) 5.51 (0.00) 1.86 (-0.03) 2.25 (0.02)
G7 7.79 (0.03) 5.51 (0.02) 2.61 (0.04) 2.68 (0.05)
G8 7.74 (0.04) 5.67 (0.02) 2.60 (0.01) 2.73 (0.05)
A9 8.15 (0.03) 7.78 (0.01) 6.22 (-0.01) 2.60 (0.05) 2.90 (0.03)
T10 7.18 (0.06) 5.96 (0.02) 1.94 (0.10) 2.48 (-0.03)
T11 7.30 (0.07) 5.93 (-0.09) 1.96 (0.10) 2.37 (0.06)
G12 7.92 (0.00) 6.15 (0.03) 2.59 (0.01) 2.36 (0.03)

a Significant chemical shift differences (0.05 ppm or more) are shown in bold face. Positive numbers indicate a downfield shift.

Figure 3. 1H NMR spectrum of the aromatic base protons of
d(TCGGGATCCCGA)2 (0.9 mM) at Pt(en)22+ to dodecanucleotide
ratios of (A) 4 (B) 1, and (C) 0.
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The NOESY (and DQFCOSY) experiments suggest that the
Pt(en)22+ binding does not significantly alter the conformation
of d(CAATCCGGATTG)2. However, as the intermolecular
NOE cross-peaks from the A3H2 and A9H2 to the metal complex
are of similar intensity, the selective and relatively large
downfield shift observed for the A3H2 resonance suggests that
minor conformational changes are induced upon Pt(en)2

2+

binding.

Discussion

The addition of Pt(en)22+ to both dodecanucleotides induced
a relatively large and selective change in the chemical shift of
an adenine H2 resonance, the A3H2 in d(CAATCCGGATTG)2
and the A6H2 in d(TCGGGATCCCGA)2. Alternatively, only
relatively small chemical shift differences were observed for
all major groove proton resonances. In the two dimensional
experiments, NOE connectivities between the methylene protons
of the metal complex and various dodecanucleotide minor
groove protons were observed (see Figure 7). These results
indicate that the Pt(en)22+ binds in the DNA minor groove. As
the metal complex exhibited fast exchange (on the NMR time
scale) in its binding to both dodecanucleotides, the observation

of intermolecular NOE cross-peaks from the metal complex to
various minor groove AH2, AH1′, and TH1′ resonances is strong
evidence that the Pt(en)2

2+ selectively binds at AT sequences.
With the self-complementary dodecanucleotide d(CAATCCG-

Table 2. 1H NMR Chemical Shifts (in ppm) of d(TCGGGATCCCGA)2 and the Chemical Shift Differences Induced by the Addition of
Pt(en)22+ (Numbers in Parentheses), at a Metal Complex to Dodecanucleotide Ratio of 4a

oligonucleotide proton

H8/H6 AH2 H1′ H2′ H2′′
T1 7.50 (0.01) 6.07 (0.01) 2.12 (-0.02) 2.47 (-0.01)
C2 7.55 (0.00) 5.58 (0.00) 2.11 (-0.03) 2.37 (0.01)
G3 7.84 (0.02) 5.47 (0.01) 2.62 (0.03) 2.67 (0.00)
G4 7.68 (-0.03) 5.71 (0.01) 2.58 (0.01) 2.74 (0.00)
G5 7.66 (-0.01) 5.64 (0.00) 2.59 (-0.01) 2.73 (-0.01)
A6 8.10 (0.04) 7.82 (0.14) 6.23 (-0.02) 2.56 (0.03) 2.92 (-0.01)
T7 7.14 (0.06) 5.93 (-0.06) 2.04 (0.09) 2.49 (-0.05)
C8 7.54 (0.03) 5.98 (-0.01) 2.18 (0.04) 2.45 (0.00)
C9 7.50 (0.02) 5.90 (-0.01)) 2.08 (0.01) 2.40 (0.01)
C10 7.40 (0.02) 5.48 (0.01) 1.81 (0.03) 2.19 (0.02)
G11 7.84 (0.01) 5.69 (-0.01) 2.55 (0.04) 2.64 (0.02)
A12 8.18 (0.00) 7.94 (0.00) 6.34 (0.00) 2.63 (0.00) 2.46 (-0.02)

a Significant chemical shift differences (0.05 ppm or more) are shown in bold face. Positive numbers indicate a downfield shift.

Figure 4. Expansion of the NOESY spectrum (250 ms mixing time)
of Pt(en)22+ and d(CAATCCGGATTG)2 (1.2 mM), at a metal complex
to dodecanucleotide ratio of 2, showing part of the aromatic base (7.7-
8.4 ppm) to Pt(en)22+ methylene protons (2.66 ppm) and sugar H2′/
H2′′ protons (2.3-3.0 ppm) region.

Figure 5. Expansion of the NOESY spectrum (250 ms mixing time)
of Pt(en)22+ and d(CAATCCGGATTG)2 (1.2 mM), at a metal complex
to dodecanucleotide ratio of 4, showing the full aromatic base (7.1-
8.4 ppm) to sugar H2′/H2′′ (1.7-3.0 ppm) and Pt(en)22+ methylene
protons (2.65 ppm) region. Labeling of cross-peaks: A, A3H2-Pt-
(en)22+; B, A9H2-Pt(en)22+; C, A2H2-Pt(en)22+.

Figure 6. Expansion of the NOESY spectrum (250 ms mixing time)
of Pt(en)22+ and d(TCGGGATCCCGA)2 (0.9 mM), at a metal complex
to dodecanucleotide ratio of 4, showing the aromatic base (7.1-8.2
ppm) to Pt(en)22+ methylene protons (2.65 ppm) and sugar H2′/H2′′
and TMe protons (1.3-2.9 ppm) region.

7544 Inorganic Chemistry, Vol. 35, No. 26, 1996 Franklin et al.



GATTG)2 the metal complex bound at the A3T4 and A9T10
sequences, which are located in A/T tracts of the dodecanucle-
otide. The requirement for only a single AT sequence was
demonstrated in binding experiments with the dodecanucleotide
d(TCGGGATCCCGA)2. The Pt(en)22+ selectively bound in the
minor groove at the isolated AT sequence. The NOE data
presented in this study does not allow a detailed model of Pt-
(en)22+-DNA binding to be generated. However, the simple
molecular model of d(CAATCCGGATTG)2 with the Pt(en)22+

complex bound in an edge-on fashion (Figure 8) does show
the complementarity of the metal complex with the minor
groove. The model also shows the expected (from the NOE
data) two base-pair binding site.
While there are examples of organic drugs that contain a

coordinated metal and bind in the DNA minor groove,23-25 it
has been recently proposed that simple nonintercalating hexaamine
octahedral complexes, eg. Co(en)3

3+, target the DNA major
groove.4,5 The results of this study indicate that the square
planar Pt(en)22+ complex noncovalently binds in the DNAminor
groove. The reason for the AT minor groove binding may be
similar in origin to the considerable number of cationic organic
groove binding drugs which also show a preference for AT
sequences in the DNA minor groove.26-29 In the narrower
minor groove found at AT rich regions the drug binding is

stabilized by close van der Waals interactions with the groove,
as well as by hydrogen bonds to N3 atoms of adenines or O2
atoms of thymines.26 Additionally, more favorable electrostatic
interactions are obtained in the minor groove at AT sequences
which have a greater negative electrostatic potential than GC
sequences.26

Liang et al. proposed that square planar peptide complexes
of Ni(II) noncovalently bind at A/T rich regions in the minor
groove.13 The association constant determined for the binding
of Pt(en)22+ with d(TCGGGATCCCGA)2 is considerably lower
than the 105 M-1 DNA binding affinity reported for the Ni(II)
complexes.13 While this indicates that the DNA binding of the
Ni(II) peptide and Pt(en)22+ complexes are mediated by different
intermolecular interactions, it does suggest that square planar
complexes will, in general, bind in the DNA minor groove.
Hence, it may be possible to gain a better understanding of the
relative contributions of the various intermolecular forces
involved in minor groove recognition by studying the DNA
binding of a range of metal complexes related to Pt(en)2

2+.

IC9604775
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Figure 7. Schematic showing the summary of the observed intermo-
lecular NOEs between Pt(en)2

2+ and dodecanucleotides d(CAATCCG-
GATTG)2 and d(TCGGGATCCCGA)2. The intermolecular NOEs from
the equivalent Pt(en)22+ methylene protons are shown to only one of
the two symmetric strands for each nucleotide duplex. Arrows to
adenine (A) residues indicate NOEs to the AH2 and sugar H1′ protons,
while arrows to thymine (T) residues indicate an NOE to the sugar
H1′ protons.

Figure 8. Simple computer generated CPK model showing Pt(en)2
2+

(black) binding in the minor groove of d(CAATCCGGATTG)2 (gray)
at a 5′-AT region. The model shows the good fit of the metal complex
with the minor groove when the Pt(en)2

2+ binds edge-on. The model
also shows that the metal complex covers two base-pairs, consistent
with the NOE data.
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