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Pyrimidine-rich circular DNA oligonucleotides 1 and 2 display very high binding affinities for complementary DNA 
and RNA oligomers by forming bimolecular triple helical complexes. 

Although circular polynucleotides are abundant in nature, 
there exist few studies on small synthetic DNA circles.l.2 We 
report that circular single-stranded oligodeoxynucleotides 
having two runs of pyrimidines can bind tightly and sequence 
selectively to single-stranded polypurine DNA and RNA by 
forming triple helical complexes. 

The 34-nucleotide linear precursors to the circles (for 1, 

for 2,5'-p"TTCTTCACACTTCTTTCTTTTT"CCACACCTT- 
TTC), along with their DNA templates (3, 5'-AAAA- 
AAAAAAAA; 4, 5'-AAGAAAGAAAAG) were machine 
synthesized using the P-cyanoethyl phosphoramidite method3 
and purified by gel electrophoresis. Circle precursors were 
phosphorylated on the 5' end using a commercially avail- 
able phosphoramidite reagent .4 Also synthesized 
were DNA oligomers 5'-- and 
5'-CTTTTCTTTCTT, the Watson-Crick complements of 3 

5'-p'TTTTrTCACAC--CACACTI'TTTT; 
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and 4, respectively, to be used as controls for comparison of 
binding efficiency. 

A template-directed chemical ligation was used to condense 
the 5'-phosphate with the 3'-hydroxy of each precursor 
oligomer to give the desired macrocycles. For example, the 
precursor of 1 was hybridized to its complement, 3, bringing 
the reactive ends adjacent to each other. Cyclization reactions 
were carried out with the aqueous BrCN-imidazole coupling 
method, which has been shown to give natural 3' ,5'-phospho- 
diesters for both RNA and DNA using a template to align the 
reactive ends.5 Isolated yields after gel electrophoresis for the 
principal new products (1 and 2) of the two reactions were 42 
and 58%, respectively.? No product is observed without 
added template or in the absence of a 5'-phosphate group. The 
circular structures of products 1 and 2 were confirmed by 
resistance both to 3'-exonuclease digestion and to 5' dephos- 
phorylation under conditions in which the linear precursors 
react completely . 

The binding affinities of circles 1 and 2 for their single- 
stranded templates were measured by comparison of the 
melting temperatures of the complexes at pH 7 with 100 mmol 
dm-3 NaCl and 10 mmol dm-3 MgC12, approximating 
physiological conditions (Fig. 1 and Table 1). The melting 
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t Reactions were 50 pmol dm-3 each in circle precursor and template 
oligonucleotide, with 200 mmol dm-3 imidazole * HC1 (pH 7.0), 50 
mmol dm-3 BrCN, 100 mmol dm-3 NiC12, and were allowed to 
proceed for 24 h at 25 "C and lyophilized. In each case the mixture was 
then separated by denaturing 20% polyacrylamide gel electrophore- 
sis. The circular products migrated at a rate of 0.89 times the rate for 
the circle precursors. 
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Fig. 1 UV absorbance melting curves (260 nm) for the circle 
complexes and for the corresponding duplexes. Each oligomer strand 
was present at 3 pmol dm-3 concentration, in a buffer of 100 mmol 
dm-3 NaCl, 10 mmol dm-3 MgC12, and 10 mmol dm-3 Tris - HCl (pH 
7.0). ( A )  Complex of circle 1 with d(A)12 (a) compared with duplex 
d(T)12 * d(A)12 (b ) .  ( B )  The circle 2 complex with d(AAGAAA- 
GAAAAG) (a )  in comparison to the duplex d(C?TTTC?TTCTT) * 

d( AAGAAAGAAAAG) (b) .  

Table 1 Melting transitions (T,) and free energies of complexation 
(- for the circular oligodeoxynucleotides 1 and 2 with their 
complements and for the analogous duplexes at pH 7.0. Estimated 
uncertainties in T,  are f0.5 "C and in free energy, +lo%. 

Complex T,/ "C - A kcala 

8.1 5'-AAAAAAAAAAAA 36.9 
3'-TT T T T  T T T  T T T  T 

C AAAAAAAAAAAA C 57.4 16.7 
A ~ T T T T T T T T T T T T ~ A  

Ac T T T T T T T T T T T T ~ A  

A ~ T T C T T T C T T T T C ~ A  

A C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C A  

44.7 9.8 5'-AAGAAAGAAAAG 
3'-TT C TT T C T T T T  C 

C AAGAAAGAAAAG C 61.8 16.5 

a 1 cal = 4.1845. 

curves at 260 nm show a single transition from bound to 
unbound species. The free energies (-AGo37) of the com- 
plexes were derived from the melting data using a two-state 
model for curve-fitting.6 

Results show that the circular oligodeoxynucleotides bind 
to their templates much more strongly than do the natural 
DNA complementary sequences (Table 1). For example, 
template 3 with its Watson-Crick complement forms a duplex 
which melts at 37.1 "C. By comparison, the circular oligomer 1 
binds much more strongly, with a T, of 57.5 "C and a free 
energy of binding that is 8.6 kcal mol-1 (1 cal = 4.18 J) more 
favourable than the Watson-Crick duplex. The corresponding 
association constant at 37 "C is 6 x 1011 dm3 mol-1, which is 
more than six orders of magnitude greater than that of the 
duplex. A similar effect is seen for the circle 2 binding to 
template 4; this complex has a T, of 62.3 "C, while the 
analogous duplex melts at 43.8 "C. 

The sequence selectivity of binding by the circular oligo- 
mers is demonstrated by hybridizing them with the wrong 
template oligomer. For example, the complex of circle 1 and 4 
results in a triple helix with three T-G-T mismatches. The 
measured T, is 35.1, or 22.3 "C lower than with the correct 
template. Similarly, circle 2 hybridized to 3 gives a T, of only 
14.2 "C as a result of three C-A-C mismatches. The ordering 
of stabilities for these mismatches (T-G-T > C-A-C) is 
similar to the case for mismatches in duplex DNA, where T-G 
is more stable than C-A.7 

To test binding affinities for RNA, circles 1 and 2 were also 
hybridized to oligomers having the same sequence as 3 and 4, 
but with ribose sugars, prepared by the method of Usman.8 

a 

b 

I 

h e  \ tie 
Hoogsteen Watson-Crick 

Fig. 2 Illustrations of complexes formed between circles and single 
strands. (a) Helical representation showing triple helical structure. ( b )  
End-on view of complex 1 d(A)12 showing hydrogen bonds from 
outer circle bases to the central purine strand. For clarity, the helix is 
unwound and the phosphate-deoxyribose backbone is simplified. 

Melting studies reveal almost identical affinity of the circles 
for these RNA oligomers as they show for the DNA 
oligomers. For example, circle 1 hybridized with has a 
melting transition of 58.3 "C, and the complex of 2 with 
r(AAGAAAGAAAAG) has a T, of 61.9 "C. Both values are 
within 1 "C of the transitions for the all-DNA complexes. 

In addition to the high melting transitions, several other 
observations support the assumption that the circle single 
strand complexes are triple helical. Mixing curves for the two 
complexes confirm a 1 : 1 stoichiometry,$ indicating that both 
binding domains of the circles are involved in the complex; if 
this were not the case, a 1 : 2 complex would be expected for 
1 d(A)12. Additionally, we find that the T, of circle 2 with 4 is 
pH dependent: at pH 6 the T, is 8 "C higher than at neutral 
pH, while at pH 9 the T, is lowered by 12 "C. This behaviour is 
a strong indication of the presence of protonated C + G-C 
base triads,g found in pyrimidine * purine - pyrimidine 
triplexes.10 This pH-dependent binding effect is absent in the 
analogous duplex (data not shown). The T, of the complex of 
1 and 3 is insensitive to pH over this range, consistent with the 
model for T-A-T triads, which require no protonation.11 Also 
supporting a triple helical structure is the observation that the 
melting transition of the complex of circle 1 could be followed 
at 284 nm, a wavelength at which triplexes are reported to 
show transitions but at which Watson-Crick duplexes do not 
change in absorbance .I2 

The circular oligodeoxynucleotides evidently achieve this 
high binding affinity by forming hydrogen bonds on two sides 
of the central linear polypurine strand (see Fig. 2). Since one 

I Mixing curves (Job's method) were measured at 260 nm, keeping 
total oligomer concentrations at 6 pmol dm-3 but varying ratios of 
circle and complement. Plots of absorbance vs. mole ratio show a 
break at a ratio of 1 : 1, confirming this stoichiometry in the complex. 
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side of a circle is complementary in the antiparallel Watson- 
Crick mode and the other side is complementary in the 
parallel Hoogsteen mode,l3 this allows formation of a 12-base 
triple helix composed of T-A-T and/or C + G-C triads and 
capped by two loops of sequence -CACAC-. Although 
Hoogsteen base pairing in triple helices has been reported to 
be thermodynamically less favourable than Watson-Crick 
base pairing,l* we reasoned that the use of both pairing modes 
in a single molecule should allow for highly stable complexes. 
This allows, in principle, formation of four hydrogen bonds to 
adenine by two opposed thymines and five hydrogen bonds to 
guanine by two cytosines. The cooperative nature of the 
binding by the Hoogsteen and Watson-Crick domains in the 
circle complexes is manifested in the high T, values and single 
biphasic transitions observed. In effect, the complementary 
strand is chelated by the outer two strands in the circle. 

The binding of polynucleotide single strands with circular 
DNA oligomers represents a new strategy in nucleotide 
recognition. Other properties of DNA circles, including 
binding specificity and the effects of structural variations, are 
currently under investigation. 

We thank Professor D. Turner for helpful advice. 
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