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Incorporation of a novel nucleobase allows stable
oligonucleotide-directed triple helix formation at the target sequence
containing a purine·pyrimidine interruption
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Thermal denaturation experiments have established that an
oligonucleotide incorporating the artificial nucleobase S,
does form a stable triplex with a double stranded DNA
which exhibits a pyrimidine interruption within the oligo-
purine sequence.

For many years, triple helix-forming oligonucleotides (TFOs)
have been known to be able to bind in the major groove of
oligopyrimidine·oligopurine sequences of double-stranded
DNA (dsDNA). TFOs establish specific hydrogen bonds with
the oligopurine strand of dsDNA through the formation of
T·A3T and C·G3C+ base triplets1 in Hoogsteen (pyrimidine-
motif, Fig. 1) or T·A3A and T·A3T, and C·G3G triplets in
reverse Hoogsteen configuration (purine- or mixed-motif).2
Hence, dsDNA sequence recognition by TFOs has potential
applications in gene expression modulation and in gene
targeting technologies.3 Unfortunately, these interesting appli-
cations must be restricted to long oligopyrimidine·oligopurine
sequences only ( > about 15 bp) since any interruption by even
a single A·T or G·C base pair strongly destabilizes triple helix
formation.4 Consequently, during the last decade, considerable
efforts have been devoted, so far with limited success, to
circumvent such a sequence limitation.5 Two approaches have
been undertaken to design and synthesize: (1) new base analogs
featuring an extended heterocyclic ring system for achieving
specific hydrogen bonds with all hydrogen bond-forming sites
available in the major groove side of the inverted A·T and G·C
base pairs;6 (2) nucleobases capable of stabilizing, non-
sequence-specifically, triple helix formation at the purine·pyr-
imidine interruption sites, either by the attachment of an
intercalating agent in conjunction with an appropriate nucleo-
base, or by a nucleobase alone.7 The second strategy (universal
base approach) has been more successful than the first (specific
base approach). In the literature, a 4-(3-benzamidophenyl)imi-

dazole (D3) has been shown to equally stabilize the triplex at
both A·T and G·C sites.6a Subsequent NMR studies showed that
the binding mode is intercalation6b which is consistent with the
lack of base pair discrimination.

In this work, a new base analog (S) has been synthesized and
incorporated into a TFO in an attempt to achieve better triplex
stabilization than the D3 nucleobase at the purine·pyrimidine
sites within its cognate dsDNA sequence. Compared to D3 the
S nucleobase consists of two unfused aromatic rings which are
linked to 2A-deoxyribose by an acetamide motif instead of a
three ring construct attached directly to 2A-deoxyribose (Fig. 2).
The synthesis of the required phosphoramidite 5 to serve for the
incorporation of S in TFOs is straightforward. Thus, compound
2, readily obtained by catalytic hydrogenation of 2-acetamido-
4-(3-nitrophenyl)thiazole 1,8 was acylated with 2-(2-deoxy-
5-O-dimethoxytrityldeoxyribosyl)acetic acid 39 using 2-chloro-
1-methylpyridinium iodide. Finally, the resulting derivative 4
was phosphitylated in the usual manner to give the desired
phosphoramidite 5 (Scheme 1).

The capacity of triple helix stabilization of the novel
nucleobase S was assessed in a model system where S was
incorporated in the middle of a 18-mer TFO (at position Z)10

and was screened against all four possible base pairs (X·Y =
T·A, C·G, A·T or G·C) in the target oligopyrimidine·oligopurine
sequence (Table 1). The thermal denaturation experiments11

indicated that the Tm value of the triplex containing an A·T3S
triplet (Tm = 50 °C) was very close to those of perfect triplexes
without any interruption of oligopyrimidine·oligopurine se-
quences (T·A3T or C·G3C+, Tm = 51 or 50 °C, respectively).
It was noted that the use of S base provides a 5–8 °C triplex
stabilization as compared to the best base triplet made of natural
bases (A·T3S vs. A·T3G; G·C3S vs. G·C3T), respectively. In
terms of triplex stability, the novel S nucleobase is at least as
good as the previously reported D3 base. The main difference

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b1/b103743a/

Fig. 1 Canonical T·A3T and C·G3C+ base triplets in Hoogsteen
configuration (pyrimidine-motif). R = 2A-deoxyribosyl.

Fig. 2 Structures of the 2A-deoxynucleosides featuring nucleobases S and
D3.
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between S and D3 is the observation that the S nucleobase can
discriminate, to some extent, an A·T base pair from others
(namely A·T3S vs. G·C3S, T·A3S and C·G3S). It is worth
noting that there is evidence that the aminothiazole moiety of S
is involved in the A·T base pair recognition as the replacement
of the heterocyclic moiety of S by aniline caused a 14 °C
decrease in Tm and abolished base pair discrimination. How-
ever, additional studies12 are needed to obtain the definitive
structural arguments which would validate the recognition
pattern proposed in Fig. 3. In this scheme the triple between the
A·T base pair and S is characterized by the establishment of
three hydrogen bonds to the N7 atom and the 6-amino group of
adenine, and to the 4-oxo group of thymine in a co-planar
arrangement. According to this scheme, steric hindrance

between the C5 methyl of T in the oligopurine-rich target strand
and the deoxyribose moiety of S can be anticipated. Indeed,
when T was replaced by U in the target strand, a further
stabilization of the triplex featuring an A·U3S triplet was
observed with the Tm increasing by 3 °C. Such an observation is
consistent with the proposed mode of recognition (Fig. 3).

In conclusion, this work shows that a novel S nucleobase
when incorporated into a pyrimidine-motif TFO can effectively
circumvent a purine·pyrimidine base pair interruption in an
oligopyrimidine·oligopurine sequence. This outstanding prop-
erty of S opens new perspective as it could be exploited as a lead
compound, in both universal base or specific base approaches,
to develop new nucleobases capable of achieving sequence-
specific recognition of further extended dsDNA sequences by
oligonucleotide-directed triple helix formation.
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Scheme 1 Reagents and conditions: (a) H2, Pd/C, EtOH–AcOH, 95%. (b)
2-Chloro-1-methylpyridinium iodide, NEt3, CH2Cl2, 60 °C, 90%. (c)
2-Cyanoethyl diisopropylchlorophosphoramidite, N,N-diisopropylethyl-
amine, CH2Cl2, rt, 75%.

Table 1 Sequence of the triple helices studied in this work. Melting
temperature (Tm) of all combinations of base triplets at the X·Y3Z site.
Estimated accuracy of the melting temperatures is ±1 °C

Z

X·Y T C G S

T·A 51 31 31 42
C·G 40 50 31 41
A·T 33 33 45 50
G·C 38 35 35 46

Fig. 3 Model proposed for the specific recognition of an A·T base pair by
nucleobase S. R = 2A-deoxyribosyl. Putative steric interaction in the plane
of the A·T3S triple is indicated (see text).
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