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The binding of the complex [Co(phen)2(DPQ)]Cl3 to the decanucleotide d(CCGAATGAGG)2 containing two
pairs of sheared G:A mispairs was studied by 2D-NMR. There appear many 1H NOE cross-peaks from the
complex to the oligonucleotide. The results indicate that the complex, with DPQ, intercalates into the oli-
gonucleotide via its terminal base pairs from the minor groove, which further proved our previous
conclusion.

� 2008 Elsevier B.V. All rights reserved.
For the survival of any organism, maintaining the integrity of
the genome is very important. However, direct base-mispair often
occurs during genetic replication and as a result, a number of mis-
matched base pairs exist. In addition, overexposure to a constant
barrage of damage processes also often leads to chemical modifica-
tions to the polynucleotide [1–3]. In the absence of repair systems,
the end result of base mis-incorporation and DNA damage is the
same, a mutation, which may cause the cancers or genetic diseases
[4,5]. Up to date, many research groups have focused on the recog-
nition for the misparing DNA and RNA [6–9]. Among all mis-
matched base pairs, the sheared G:A is the most remarkable base
mismatch with the least efficiency. To probe this mismatch, we
have developed a bulky cobalt intercalator that target the mis-
match with high selectivity [10]. In our previous work [10], we ini-
tially reported a NMR study on the binding of [Co(phen)2(DPQ)]3+

to d(GCGAGC)2 which contains one pair of sheared G:A mispair.
Our results indicated that the complex bound to the terminal re-
gion from two directions.

However, as a DNA model, the hexamer oligonucleotide is too
short to form an integrated duplex. Herein, as an extension of our
work, we studied the binding of the complex [Co(phen)2(DPQ)]3+

to the decanucleotide d(CCGAATGAGG)2 containing two pairs of
sheared G:A mispairs by 2D-NMR (Fig. 1.). The results reveal that
[Co(phen)2(DPQ)]Cl3, with DPQ, intercalates into the terminal
region from the minor groove, and extends to the major groove.
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Addition of [Co(phen)2(DPQ)]3+ to d(CCGAATGAGG)2 induced
large upfield shifts derived from ligand DPQ, such as H11,H12
and H13 (Fig. 2a. and Table S1), while resonances from phen exhib-
ited only small shift, suggesting that DPQ binds preferentially.

At the same time, addition of the metal complex also induced
significant broadening and selective shifts of the resonances from
the decanucleotide (Fig. 2b). Such a broadening suggests that the
interaction between the complex and DNA takes the form of fast
exchanges of DPQ in and out the decanucleotide. Especially, obvi-
ous upfield shifts were observed for the particular protons located
in the major groove in terminal C1C2/G9G10 region, such as C1H5
(�0.19 ppm),C2H5 (�0.45 ppm) and C1H6 (�0.10 ppm). Con-
versely, H10 of C1 and C2 in the minor groove showed downfield
shifts. All of above observations suggest that the complex binds
to the DNA at the terminal region.

NOESY spectrum of d(CCGAATGAGG)2 with added [Co(phen)2-
(DPQ)]3+ (1:1) was recorded at 20 �C with mixing time 300 ms.
Fig. 3 shows the resonances of the aromatic to sugar H1’, H3’region
(a) and sugar H2’/2”region (b). In addition to the expected intradu-
plex sequential NOE cross-peaks, a number of intermolecular NOE
cross-peaks from the metal complex to the duplex were also ob-
served (Table 1). Of note were the NOE cross-peaks from the ligand
phen to the terminal protons in the minor groove, such as H4/7–
G10H10, H4/7–G9H10, H4/7–C1H10. More significantly, the NOE
cross-peak from H13 to C2H5 in the major groove was also ob-
served (see Table 1 and Fig. 3a). It is impossible to assign unambig-
uously NOE cross-peaks between the protons from the complex to
those minor groove protons, H40/H50/50 0 of C1 C2, G9 and G10, due to
serious overlap of resonances. These data suggest that the cobalt
complex intercalates into the terminal C1C2/G9G10 region of the
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Fig. 2. 600 MHz 1H NMR spectra of the complex [Co(phen)2(DPQ)]3+-d(CCGAATGAGG)2 at metal complex:duplex ratio = 1 (0.98 mM duplex) in 10 mM phosphate (pH 7)
containing 20 mM NaCl. (a) Aromatic region; (b) sugar H10 region.

Table 1
The NOE peaks between [Co(phen)2(DPQ)]3+ and the oligonucleotide.

New intermolecular NOE
peaks

The weakened intra-nucleotide sequence NOE
peaks

H4/7–G10H10 (F) G10H8/G9H10 (A)
H4/7–G9H10 (G) A4H8/A4H20 (B)
H4/7–C1H10 (H) A4H8/A4H20 0 (C)
H13–C2H5 (I) T6H6/T6H20 (D)
H4/7–C1H20 (J)
H4/7–G9H20 (K)
H4/7–G9H20 0 (L)
H4/7–C1H20 0 (M)

Fig. 1. (a) The structure of [Co(phen)2(DPQ)]3+ with atomic numbering; (b) the DNA
sequence used in this work.
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duplex from the direction of the minor groove, with the ligand DPQ
extending to the major groove. With the metal complex binding,
some intra-nucleotide sequential NOEs missed, such as G10H8/
G9H10(A). Additionally, different degree of broadening and the
weakened signals of the decanucleotide, induced by the addition
of [Co(phen)2(DPQ)]3+, hindered the observation of the sequential
NOEs, such as A4H8/A4H20(B), A4H8/A4H20 0(C), T6H6/T6H20(D).

From the imino resonances, we confirm that the bounded oligo-
nucleotide was still in duplex conformation. With the stacking of
DPQ with the terminal bases, the imino resonance from G9 shows
obvious upfield shift (Fig. S2).

In our previous paper [10], [Co(phen)2(DPQ)]3+ was found to
bind to the terminal G1C2 region of the hexanucleotide
d(GCGAGC)2 from two directions. However, in present work, when
decanucleotide d(CCGAATGAGG)2 was used, [Co(phen)2(DPQ)]3+

intercalated into the terminal region from the minor groove and
extended to the major groove. This discrepancy may be derived
from the different conformation between hexanucleotide and
decanucleotide. Compared to hexanucleotide, decanucleotide is
able to form a more complete double helix conformation with
both the minor groove and the major groove. On the other hand,
we carried out the experiment on the binding of the cobalt com-
plex to d(CCTAATTAGG)2 with normal base pairs and the result
showed that the metal complex bound to d(CCTAATTAGG)2 at
the site of T3A4:T6A7. To sum up, we deduced that the terminal
binding of this oligomer is really caused by the mismatched base
pairs.
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Fig. 3. Expansion of the NOESY spectrum (300 ms mixing time) of [Co(phen)2(DPQ)]3+-d(CCGAATGAGG)2 complex (0.98 mM) at a metal complex-to-duplex ratio of 1,
showing the aromatic to decanucleotide sugar H10 (a), and H20/H20 0 region (b). The NOEs from the cobalt complex resonances to the decanucleotide are labeled by letters as F:
H4/7–G10H10 , G: H4/7–G9H10 , H: H4/7–C1H10 , I: H13–C2H5, J: H4/7–C1H2’, K: H4/7–G9H20 , L: H4/7–G9H20 0 , M: H4/7–C1H20 0 . � indicates the weakened signals of the
intrastrand sequential NOEs in the sheared G:A region, A: G10H8/G9H10 ,B: A4H8/A4H20 , C: A4H8/A4H20 0 , D: T6H6/T6H20 .
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.inoche.2008.11.020.
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