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Oligonucleotide-directed triple helix formation is one of the
most powerful methods for the sequence-specific recognition of
double-helical DNA.!? Pyrimidine oligonucleotides bind purine
tracts in the major groove of DN A parallel to the purine Watson—
Crick strand through the formation of specific Hoogsteen-type
hydrogen bonds.!< Specificity is derived from thymine (T)
recognition of adenine-thymine (A-T) base pairs (T-A-T triplet)
and N3-protonated cytosine (C+) recognition of guanine—cytosine
(G-C) base pairs (C + G-C triplets).'* The sequence-specific
recognition of double-helical DNA by a third strand to form a
triple helix is limited to mostly purine tracts. Although G in the
third strand has been found to specifically bind to T-A,* the lower
stability of the G-T-A triplet and its dependence on the sequence
of the neighboring triplets reveals that this will have limitations.>-$
In an attempt to extend the recognition code to all four Watson-
Crick base pairs, the nonnatural deoxyribonucleoside 1-(2-deoxy-
8-D-ribofuranosyl)-4-(3-benzamido)phenylimidazole [D;]° was
synthesized and incorporated into pyrimidine DNA oligonucle-
otides (Figure 1a). It was found that D; selectively recognizes
both T-A and C.G Watson-Crick base pairs within the
pyrimidine-purine-pyrimidine triple-helix motif.? This was also
found to have a nearest neighbor dependence.’®

In order to determine the binding mode of the nonnatural
deoxyribonucleoside D5 with the Watson-Crick base pair T-A,
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Figure1. (A) Chemicalstructure of the nonnatural deoxyribonucleoside
Dj with ring labeling and numbering scheme used. R is deoxyribose. (B)
Schematic of the proposed folding of the 32-base intramolecular triplex

with base numbering scheme used. Hydrogen bonds are indicated by -
except for those of protonated C, indicated by (+).

the oligonucleotide with the sequence d(AGATAGAACCCC-
TTCTATCTTATATCTD,TCTT) was synthesized as previously
described® and studied by one- and two-dimensional 'H NMR
spectroscopy. The molecule was designed to fold into an
intramolecular triplex, similar to those we have previously
reported®!0.11 (Figure 1b). NMR spectra of this DNA oligo-
nucleotide (100 mM NaCl, 5 mM MgCl,, pH 5.2, 2 mM strand)
indicate that the molecule forms anintramolecular triplex. Fifteen
hydrogen-bonded imino proton resonances are observed in the
one-dimensional 'H spectra, and NOESY!? spectra in H,O
(spectra not shown) were used to assign these to the eight Watson-
Crick and seven Hoogsteen base pairs indicated in Figure 1b.!?
Downfield-shifted amino proton resonances, characteristic of
protonated cytosine bases, and NOE cross peaks between imino
protons and sugar resonances of the Hoogsteen base-paired strand
are also observed, as expected. 510,11

Although the NMR spectra indicate that the D;-containing
oligonucleotide forms an intramolecular triplex, there are some
unexpectedly missing cross peaks in the NOESY spectra.
Sequential connectivities observed in NOESY spectra in D,O4
from base-H1’ (and base-H,",H2”) along each strand of the
triplex are missing between T4H1’ and ASHS, between T16H1’
and A17H8, and between T27H1’ and D;28. There is also a
break in the imino—imino sequential connectivities between
T4:-A17 and A5-T16. In addition, no NOE cross peaks are
observed between the base protons of D; and the T27-A3-T18
triplet.
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Table I. Internucleotide NOEs of D328
AH2 AH5 BH2 BH4 BHS BH6 CH2/6 CH3/5 CH4

T4HY w
T4H3

T4H2” m
T4HY m*
T4H6

T4Me w m* [

Al7HY m*
A17H8 m m
Al17H2 m w

T29HYV m w

T29Hé6 w w

T29Me s w

T29%imino m m

AS5SHS m* s m
ASH2

T16HY’

T16H3Y

T16H2”

T16H2

T16H6

T16Me m
T16imino

guw»gsz
Hg €%

gegv~sg
*
858 ““<s%

4 NOEsare classified as strong (s), medium (m), or weak (w) intensity.
An asterisk indicates some ambiguity in NOE intensity due to cross peak
overlap. NOE cross peaks were obtained from a NOESY spectrum which
was acquired essentially as previously described,!’ with 7, = 200 ms at
25 °C. The data for the imino NOEs are from a NOESY spectrum in
H,0, with 7, = 100 ms at 1 °C.

The NOE cross peaks observed between the D; base and other
nucleotides in the triplex are summarized in Table I. Several
cross peaks are observed between the C ring protons and T16 and
A17 and between the B ring protons and T4 and A5. Cross peaks
from the A ring protons are observed to T29 but not to T27.
These NOE cross peaks are only consistent with D;28 being
positioned between the T29-A5-T16 triplet and a T4-A17 base
pair, rather than forming a D;28-T4-A17 triplet, as illustrated
in Figure 2. Particularly compelling evidence for binding of D5
by intercalation are the NOE cross peaks between BH4, BHS,
BH6 and T4H?2’, T4 H2”, between BH4, BH5, BH6 and ASHS,
between CH2/6, CH3 /5, and A17H2, and between CH3/5 and
ASH2. The intercalation of D328 between T4-A17 and
T29-A5-T16 is consistent with the breaks in sequential connec-
tivities discussedabove. Similar breaksin sequential connectivities
are observed in intercalative drug-DNA complexes.!® Interca-
lation of D3 also provides an explanation for the large upfield
shifts of the T4H6 (6.32 ppm) and T4Me (0.34 ppm) resonances,
which are >0.9 ppm upfield of the other TH6 and TMe resonances
in the triplex, respectively, due to ring current shifts from the
stacked phenylimidazole moiety of Ds.
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Figure 2. Schematicillustrating the binding mode of D3 and neighboring
nucleotides.

The intercalative binding mode of D; shown here provides a
rationale for the results of previous studies on the sequence
specificity and nearest-neighbor effects of triplexes containing
the Ds nucleotide in the Hoogsteen-paired strand.’®® Those
studies indicated that in a triplex containing a DsTA “triplet”,
only the 3’ neighboring triplet (i.e., 3’ along the purine strand)
affected the triplex stability. This is to be expected, since
intercalation of Dj; places it next to a T-A base pair rather than
the 5’ neighboring triplet. The best intercalation sites for D;
appear to be TpA and CpA, followed by ApA and then GpA,;
there appears to be little binding at NpG sites. Thus, D3 shows
sequence-specificintercalation at YpA sites. Triplexescontaining
Ds opposite T-A and C-G have comparable stabilities, and NMR
studies on a related D;CG triplex indicate that the binding mode
is the same.!6

Covalent attachment of intercalating agents at the 5’ end of
a third-strand oligonucleotide has previously been shown to
increase the stability of DNA triplexes.!” The binding mode of
Djs is unique in that it not only binds by intercalation but skips
a potential base pair to do so. Thus, non-purine bases can be
accommodated in the purine strand of DNA triplexesin anentirely
new way. This unexpected result opens the door for a new design
approach to achieving sequence specificity and stability in mixed
sequence DNA triplexes.
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