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We report the use of hairpin-shaped and circular oligodeoxynucleotides as high-affinity ligands
in the binding of homopyrimidine DNA and RNA strands. The complexation involves the use
of two connected binding domains to bind a target strand by triple-helix formation. Previous
work in our2a–h and others' 3a–d laboratories has shown that homopurine target sequences
can be bound between connected pyrimidine domains using the pyr·pur·pyr triplex4–7 motif;
however, pyrimidine-rich sequences cannot be complexed in this fashion, thus limiting the
number of accessible targets. We now describe an approach in which oligonucleotides are
directed to homopyrimidine sequences by triple-helix formation, resulting in high binding
affinity. In this strategy (Figure 1), the single-stranded DNA and RNA sequences are bound
utilizing a purine-rich ligand in a variation of the pur·pur·pyr motif.8,9 The new strategy
expands the range of possible triplex binding sites in single-stranded RNA and DNA to include
either purine-rich or pyrimidine-rich targets.

Oligodeoxynucleotide ligands 1–3 (see sequences in Table 1) were constructed for the binding
of dodecanucleotide sequences containing 12 pyrimidines. Ligands similar to compound 1
were recently reported in a study of H-DNA properties,10 but the binding of RNA was not
explored and the affinities with either DNA or RNA were not characterized. Also synthesized
for comparison was the linear 12-mer Watson–Crick DNA complement of the pyrimidine
target. Oligodeoxynucleotide 1 and circle 2 are designed to bind the 12-mer sequence
dCTCCTCCCTCCT (or rCUCCUCCCUCCU); one 12-nucleotide domain is complementary
to the target in antiparallel Watson–Crick sense, and the opposing 12-nucleotide domain is
complementary to the first domain in antiparallel reverse Hoogsteen sense9 (see Figure 1). All
compounds were constructed with pentanucleotide bridging loops of sequence -CACAC-.2c,h

Melting studies of ligands 1 and 2 alone (data not shown) indicate that both compounds have
substantial helical structure in solution. Both ligands show weakly cooperative melting
transitions, with the same Tm of 57 °C and a hypochromicity of 14% at pH 7.0. Whether this
is the result of a single-stranded helix or a Hoogsteen-type duplex structure remains to be
determined.

The circular oligomer (2) was constructed to test the effects of covalent closure on binding.
Previous studies in the binding of purine targets2c,g have shown that circular compounds can
have a substantial binding advantage over linear ones, probably due to the entropic benefit of
preorganization.11 In addition, circular oligomers offer the practical advantage of being
exceptionally stable in biological media.2e In the current study, the circular oligomer was
constructed using a previously described ligation method,2c,g,h which involves the
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nonenzymatic template-directed closure of end-phosphorylated precursors. The cyclization of
5′-pdGAGGAGCACACGTGGTGGGTGGTCACACAGGAGG to give 2 was carried out
using the 12-nucleotide DNA complement dCTCCTCCCTCCT as a template for the ligation.
The esterification reaction was carried out in an aqueous buffer containing imidazole
hydrochloride, NiCl2, and BrCN. The circularity of the product was confirmed by partial S1
nuclease digestion, which resulted initially in a single band migrating as a linear 34-mer by
denaturing gel electrophoresis.

The binding properties of compounds 1–3 were characterized by thermal denaturation and gel
titration studies with DNA and RNA target strands monitored at 260 nm. Results of the binding
studies with single-stranded DNA (Table 1) show that compounds 1 and 2 do in fact bind the
12-mer homopyrimidine target, and with considerably higher affinity than does a Watson–
Crick 12-mer complement. Specifically, oligomer 1 binds dCTCCTCCCTCCT with a Tm of
68.4 °C (conditions: pH 7.0 (10 mM Na·PIPES buffer), 100 mM Na+, 10 mM Mg2+) and a free
energy estimated at −16.9 kcal/mol at 37 °C.14 This is in contrast to a simple 12-mer Watson–
Crick complement, which binds with a Tm of 56.9 °C and a free energy of −14.2 kcal/mol under
identical conditions. The closed circular oligomer 2 binds the target with the highest thermal
stability, with a Tm of 71.0 °C and a free energy of −17.3 kcal/mol. This represents an advantage
of 2 orders of magnitude in association constant over simple Watson–Crick recognition. A
similar advantage is seen in free energies calculated at 60 °C (Table 1). The stoichiometry of
the complex of 2 was measured by titration of the target with the ligand, monitored by
denaturing gel electrophoresis (data not shown). This confirmed 1:1 stoichiometry as predicted
for the expected triple-helical complex. The single-mismatched ligand 3 was also hybridized
to the pyrimidine complement. Results show (Table 1) that it binds the DNA target with
significantly lower affinity; this confirms the importance of the Hoogsteen strand in increasing
the affinity of binding, even though it presumably does not come in direct contact with the
target (Figure 1).

Importantly, oligomers 1 and 2 also bind single-stranded RNA with high affinity (Table 1,
bottom). Hairpin-shaped compound 1 binds rCUCCUCCCUCCU with a Tm of 65.3 °C, for an
advantage of 5.4 °C over the Watson–Crick complement, and circular compound 2 binds with
the highest thermal stability, with a Tm advantage of 10.3 °C over simple Watson–Crick
binding. Interestingly, the estimated free energies at 37 °C do not reflect this difference;
however, more accurate values calculated for 60 °C14 do mirror the advantage seen in the
melting temperatures. Somewhat surprisingly, mismatched ligand 3 binds the RNA target as
strongly as the fully complementary hairpin; it seems that with RNA as the target the third-
strand interaction is less favorable (compare the second Table 1 entries for DNA and RNA),
and it may be that a single T–G Hoogsteen mismatch is not significantly destabilizing in this
context. In any case, there is a clear binding advantage for hairpin and circular ligands over
the simple Watson–Crick complement. It is interesting that both DNA and RNA strands can
be strongly bound using the same DNA ligands; studies have recently shown that, in the other
(pyr·pur·pyr) triplex motif, stabilities can be highly dependent on DNA versus RNA structure.
2h,15 A comprehensive study of these effects has not yet been reported for the pur·pur·pyr
motif, although early studies have indicated that in third-strand triplex binding the backbone
can have a significant effect.15c,16

As is generally true for pur·pur·pyr-motif triplexes,8,9 the circle complex
2·dCTCCTCCCTCCT is not significantly pH dependent, giving the same Tm, within
experimental error, at pH 5.5 as that measured at pH 7.0. The higher affinities of the complexes
of 1 and 2 relative to the Watson–Crick complement demonstrate positive contributions from
the Hoogsteen domains, and comparison of circular 2 to hairpin-shaped 1 shows the benefit of
circularity. While the high-affinity ligand 2 presumably binds directly to the target using only
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Watson–Crick interactions (Figure 1), it likely uses the Hoogsteen domain to rigidify the
ligand, thus gaining an entropic benefit in complexation.

The results presented here clearly demonstrate that high-affinity binding of DNA or RNA
sequences containing pyrimidines is readily achievable using this new strategy. Thus, two types
of strong circle·single strand triple-helical complexes have now been characterized in the
binding of DNA and RNA (Figure 1): the pyr·pur·pyr type (used in targeting purine sites)2,3
and the pur·pur·pyr type (for pyrimidine sites, ref 10 and this work). The present result should
very significantly increase the number of sequences which can be targeted by triplex formation.
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Figure 1.
Two strategies for the high-affinity binding of single-stranded sequences by triplex formation.
Top: Previously reported strategy2a,c,h for binding purine (A,G)-rich sequences. Bottom:
Strategy, described herein, for binding pyrimidine (C,T,U)-rich sequences. Not shown are
similar T-A-T(U) triad structures for the binding of A (top) or T,U (bottom). Hairpin-like
structures can also be used as ligands in both cases if only one loop connects the binding
domains (see Table 1).
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Table 1

Melting Transition Temperatures (Tm (°C)) and Free Energies (−ΔG° (kcal/mol)) for Complexes of Linear and
Circular Purine-Rich DNAs with Complementary Pyrimidine DNA and RNA Single Strands at pH 7.0 (Lines
Indicate Watson–Crick Complementarity, Dots Hoogsteen Complementarity, and Arrows 5′ to 3′
Directionalitya

ligand complex Tm(°C)a,b -ΔG°37
b

(kcal/mol)
-ΔG°60

b
(kcal/mol)

DNA target

linear 12mer 56.9 14.2 8.4

1 68.4 16.9 11.6

2 71.0 17.3 12.0

3 61.9 12.4 9.4

RNA target

linear 12mer 58.9 15.6 8.3

1 65.3 14.5 10.4

2 69.2 15.4 11.2

3 64.3 15.3 10.3

a
Conditions: 10 mM Mg2+, 100 mM Na+, 10 mM Na·PIPES (pH 7.0), at 4.0 μM total DNA concentration.

J Am Chem Soc. Author manuscript; available in PMC 2010 September 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang and Kool Page 7

b
Uncertainties in Tm values and in free energies are estimated at ±1.0 °C and ±15%, respectively.
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