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Sequence Dependence of Thermodynamic Stability of Heterochiral DNA
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Abstract: Several heterochiral dodecadeoxynucleotides (2-6) containing an unnatural L-enantiomer of
D-deoxyribose were synthesized and their thermodynamic stability for duplex formation was investigated.
The results suggested that substitution of L-deoxyribose Pr natural D-deoxyribose somewhat decreases
the duplex stability, depending on the site that incorporates the L-deoxynucleoside.
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Oligodeoxy nucleotides (ODNs) have shown great promise as therapeutic agents for inhibiting gene
expression owing to their ability to bind sequence-specifically to target nucleic acids.' However, one of the
limiting factors in the success of this strategy is the rapid degradation of unmodifiead ODNs by cellular
nucleases. It is thus important to improve the stability of ODNs against the action of nucleases. To this end,
various modifications of ODNs have been reported”® and recently, some groups have focused upon ODNs
containing unnatural L-deoxyribose.”!" Unnatural L-ODNs are highly resistant to degradation by
nucleases.”®!? In contrast, the hybridization properties of L-ODNs toward comp lementary natural DNA and
RNA sequences are ambiguous. L-(dAp)sdA has been found to hybridize with natural D-poly(rU) rather than
D-poly(dT),” and an acridine conjugate of L-d(Ap)s has been reported to form double and triple helices with
poly(rU) and poly(dT), respectively.® However, oligomers of L-dU showed no UV detectable base-pairing
with D-poly(dA).® Similarly, oligomers of L-dT failed to form complexes with complementary deoxy- or ribo-
D-homopolynucleotide.!® Furthermore, L-ODNs containing all four natural base residues did not interact with
complementary D-DNA or RNA sequences.'! Accordingly, we and others have independently focused upon
heterochiral ODNs having both D- and L-deoxynucleosides."”'® Damha et al. found heterochiral ODNs to
show significant resistance toward exonuclease digestion.!> We investigated the structure of the heterochiral
self-complementary dodecadeoxynucleotide, d(CGCGAATTCGCG) (3, G denotes the L-deoxyguanosine
residue) and found stable Watsbn-Crick base-pairing to be formed between D- and L-nucleotide residues.'*
Such unexpected base-pairing between D- and L-nucleotide residues in a heterochiral ODN is supported by the

work of Blommers et al.!®
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Figure 1. UV melting profiles of natural (1) and heterochiral ODNs (2-6). Samples contained § pM strand
in 1 M NaCl, 10 mM NaHPO,, pH7.5. Bold letters denote L-nucleotide residues.

In this paper, we describe the thermodynamic properties in the duplex formation of several heterochiral
ODNSs, each possessing an L-nucleotide residue at a different site. L-Nucleosides were syntheized from L-
arabinose and heterochiral ODNs were synthesized by a B-cyanoethylamidite method.'>"’

Figure 1 shows the sequences of natural (1) and heterochiral ODNs (2-6) and their melting profiles.
When the natural 12-mer (1) showed a simple sigmoidal profile, the heterochiral 12-mer (4) indicated a non-
cooperative gradual melting pattern. The 12-mer (4) would thus appear likely to have a more complex melting
pathway (e.g. duplex <> hairpin <> single strand'®). On the other hand, the heterochiral 12-mers other than 4
showed a simple sigmoidal melting pattern as well as the natural 12-mer in spite of the significant decrease of
melting temperature (Tm). The extent of decrease of Tm by substitution of the L-deoxyribose residue for the

D-deoxyribose residue (ATm = 10°C) was less than that by introducing a base pair mismatch (ATm=

20°C)."® The L-nucleotide residue in 12-mers other than 4 would thus appear quite likely to form base-pairing
with the complementary natural residue. The present heterochiral system should be useful for thermodynamic
evaluation of base-pairing between D- and L-nucleotides. The CD spectra of 1-6 supported the results of the
UV-melting exp eriments. The temp erature-dependent CD spectra of 12-mers other than 4 showed isoelliptical
points suggesting a simple two-state transition (data not shown).

Thermodynamic parameters for duplex formation of the 12-mers were determined by van’t Hoff plots
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of the strand concentration dependence of Tm ?° and the results are shown in Table 1. Free-energy change in
duplex formation for heterochiral 12-mers at 25°C in the 1M NaCl buffer was shown to be less than that for
natural 12-mer by as much as 2-4 Kcal/mol. The double-helix of the heterochiral 12-mers is thus shown to be
somewhat destabilized. This destabilization depends on the particular site that incorporates an L-nucleotide.
Comparable -AAG® for 3 and 6 suggests double-helix destabilization by substitution of an L-nucleotide for a
natural nucleotide is not dependent on the kind of 3’-neighboring base of the L-nucleotide residue. On the other
hand, the kind of 5’-neighboring base of the L-nucleotide residue may be essential for the duplex stability. The
destabilization effect for the Pu-Py sequence (2; -AAG®°= 2.2 Kcal/mol) is much less than that for the Py-Py
sequence (§; -AAG°®= 3.4 Kcal/mol) and is the strongest for the Py-Pu sequences (3, 6; -AAG°= 4.0~4.1

Kcal/mol) (Py and Pu indicate L-pyrimidine and L-purine nucleotides, respectively). Antisense molecules
having Pu-Py sequences should thus prove useful for improving the hybridization properties of heterochiral
oligonucleotides.

In the present self-complementary dodecanucleotide sequence, the average -AAG® per D-L base pair is
1.7 Kcal/mol (1.1- 2.05 Kcal/mol), suggesting that the 12-mer no longer forms the double-helix when six
residues of the 12-mers replace the D-sugar with L-sugar, in which each base pair is a D-L pair. Homochiral L-
ODNs consisting only of the L-deoxyribose sugar would thus not likely form a double-helix with natural DNA
sequences and this is consistent with earlier observations.”*!! The thermodynamic investigations described

here show possibilities of heterochiral ODNs to serve as antisense ODNs.

Table 1. Thermodynamic parameters for duplex formation of natural and heterochiral 12-
mers at 25°C®.

Sequence® AH°  -AS° AG®  -AAG® Tm
(Kcal/mol) (cal/Kmol) (Kcal/mol) (Kcal/mol) (°C)

d(CGCGAATTCGCG)(1) 106 288 20.1 — 67.8
d(CGCGAATTCGCG)(2) 104 289 17.9 22 60.5
d(CGCGAATTCGCG)(3) 99 278 16.1 4.0 55.7
d(CGCGAATTCGCG)(S5) 96 267 16.7 3.4 58.9
d(CGCGAATTCGCG)(6) 99 277 16.0 4.1 55.3

#Samples contain 1M NaCl, 10 mM sodium phosphate, pH 7.5.  "Bold letters denote L-nucleotide residues.



5554

Acknowledgment: This work was supported in part by a Grant-in-Aid for Scientific Research from the

Ministry of Education, Science, and Culture, Japan.

References

1.
2.

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.

Mesmaeker, A. D.; Hiner, R.; Martin, P.; Moser, H. E. Acc. Chem. Res. 1998, 28, 366.

Matsukura, M .; Shinozuka, K.; Zon, G.; Mitsuya, H.; Reitz, M.; Cohen, J. S.; Broder, S. Proc. Natl.
Acad. Sci. U.S.A. 1987, 84, 7706-7710.

Miller, P. S.; Yano, J.; Yano, E.; Carroll, C.; Jayaraman, K.; Ts’o, P. O. P. Biochemistry 1979, 18, 5134-
5143.

Marshall, W. S; Caruthers, M. H. Science 1993, 259, 1564-1570.

Gagnor, C.; Bertrand, J.-R.; Thenet, S.; Lemaitre, M .; Morvan, F.; Rayner, B.; Malvy, C.; Lebley, B,;
Imbach, J.-L.; Paoletti, C. Nucleic Acids Res. 1987, 15, 10419-10436.

Niclsen, P. E.; Egholm, M.; Berg, R. H.; Buchardt, O. Science 1991, 254, 1497-1500.

Fujimori, S.; Shudo, K.; Hashimoto, Y. J. Am. Chem. Soc. 1990, 112, 7436-7438.

Asseline, U.; Hau, J.-F.; Czernecki, S.; Diguarher, T. L.; Perlat, M.-C.; Valery, J.-M.; Thuong, N. T.
Nucleic Acids Res. 1991, 19, 4067-4074.

Anderson, D. J; Reischer, R. J.; Taylor, A. J.; Wechter, W. J. Nucleosides Nucleotides 1984, 3, 499-512.
Morvan, F.; Genu, C.; Rayner, B.; Gosselin, G.; Imbach, J.-L. Biochem. Biophys. Chem. Res. 1990, 172,
537-543.

Garbesi, A.; Capobianco, M. L.; Colonna, F. P.; Tondelli, L.; Arcamone, F.; Manzini, G.; Hilbers, C.
W.; Aelen, J. M. E.; Blommers, M. J. J. Nucleic Acids Res. 1993, 21, 4159-4165.

Urata, H.; Ogura, E.; Shinohara, K.; Ueda, Y.; Akagi, M. Nucleic Acids Res. 1992, 20, 3325-3332.
Dambha, M. J.; Giannaris, P. A.; Marfey, P.; Reid, L. S. Tetrahedron Lett. 1991, 32, 2573-2676.

Urata, H.; Ueda, Y.; Suhara, H.; Nishioka, E.; Akagi, M. J. 4m. Chem. Soc. 1993, 115, 9852-9853.
Blommers, M. J. J.; Tondelli, L.; Garbesi, A. Biochemistry 1994, 33, 7886-7896.

Hashimoto. K.; Iwanami, N.; Fujimori, S.; Shudo, K. J. Am. Chem. Soc. 1993, 115, 9883-9887.

Urata, H.; Shinohara, K.; Ogura, E.; Ueda, Y.; Akagi, M. J. Am. Chem. Soc. 1991, 113, 8174-8175.
Marky, L. A,; Blumenfeld, K. S.; Kozlowski, S.; Breslauer, K. J. Biopolymers 1983, 22, 1247-1257.
Leonard, G. A.; Booth, E. D.; Brown, T. Nucleic Acids Res. 1990, 18, 5617-5623.

Marky, L. A.; Breslauer, K. J. Biopolymers 1987, 26, 1601-1620.

(Received in Japan 17 May 1996; revised 6 June 1996; accepted 10 June 1996)



