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Since the discovery of a right-handed double-helical model of
DNA by Watson and Crick,1 it has been found that double helical
DNA can adopt several major conformations (A-, B-, and
Z-forms), depending on the environment and sequences.2 How-
ever, DNA rarely adopts the A-form in solution, and the left-
handed Z-form3 is formed in alternating pyrimidine-purine
sequences only under stresses such as high salt, polyamine, and
negative superhelicity of double-stranded DNA.4-6 Thus, DNA
essentially forms the right-handed B-form in solution. It was
originally thought thatD-chirality of the deoxyribose moiety is
responsible for the right-handedness of DNA. In fact, we have
already shown that the DNA hexamer, d(CGCGCG), containing
L-deoxyribose (L-DNA) forms a left-handed B-form double helical
structure under low salt conditions.7 However, it is still unknown
why D-deoxyribose is responsible for the right-handness of DNA.
Uesugi et al. reported the structure ofD-homooligonucleotides
consisting of 6,2′-O-cyclouridine and 8,2′-S-cycloadenosine,
whose glycosyl torsion angles are restricted in a highanti (sc)
conformation, and they concluded based on the results of CD
and1H NMR experiments that the highanti-fixed D-oligonucleo-
tides form a left-handed double helix.8 Thus, D-deoxyribose
apparently permits a left-handed structure of DNA which is
different from the Z-form, as well as the right-handed structures.
In this paper, we describe the basis for the right-handed helical
sense of double-stranded DNA.

We have elucidated the structure of anL-nucleotide residue in
a natural double-stranded oligonucleotide, in which theL-
nucleotide residue adopts a lowanti (ap) glycosyl conformation
to form the stable Watson-Crick base-pairing,9a and this result
has been supported by another research group.9b This means the
possibility thatL-DNA with the low anti glycosyl conformation
forms a right-handed helix. On the basis of the hypothesis that
glycosyl conformation could be one of the major factors
determining the helicity of double-stranded DNA, we designed
novel carbocyclicL-nucleoside analogues (2, 3) whose glycosyl
conformation is restricted to the lowanti conformation (Scheme
1). We have already reported the synthesis of racemic compounds
carbocyclic 6,6′O-anhydro-6,6′-dihydroxy-2′-deoxyuridine2 and
carbocyclic 8,6′-O-anhydro-8,6′-dihydroxy-2′-deoxyadenosine3.10,11

Synthesis of theL-like enantiomer of2 and 3 was carried out
similarly by using chiral (-)-olefin 1 as a starting material, whose

(+)-enantiomer was reported to be a useful chiral synthon for
syntheses of carbocyclicD-nucleoside analogues.12 The optical
purity of (-)-olefin 1 was estimated to be more than 97% ee by
chiral HPLC analysis.13 Finally, compounds2 and 3 were
converted to phosphoramidite derivatives according to conven-
tional methods.14 Then we synthesized oligonucleotides (C1-
D2) on an applied biosystems model 392 DNA synthesizer.
Cleavage from the support and deprotection were effected by
treatment with concentrated aqueous ammonia for 2 h at room
temperature,15 and purification was carried out on reversed-phase
HPLC. The structure of the modified oligonucleotides, C1 and
C2, was confirmed by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectra.17

First, we measured the UV-melting profiles to evaluate the
ability of formation of a duplex structure for the C1-C2 strands
(Figure 1). The C1-C2 annealed strands showed only slight rise
of the baseline near 100°C and we could not observe definite
transition of duplex to random coil for the C1-C2 annealed

(1) Watson, J. D.; Crick, F. H. C.Nature1953, 171, 737-738.
(2) Saenger, W. InPrinciples of Nucleic Acid Structure; Springer-Verlag:

New York, 1984.
(3) Wang, A. H.-J.; Quigley, G. J.; Kolpak, F. J.; Crawford, J. L.; van

Boom, J. H.; van der Marel, G.; Rich, A.Nature1979, 282, 680-686.
(4) Pohl, F. M.; Jovin, T. M.J. Mol. Biol. 1972, 67, 375-396.
(5) Rao, M. V. R.; Atreyi, M.; Saxena, S.FEBS Lett. 1991, 278, 63-65.
(6) Singleton, C. K.; Klysik, K.; Stirdivant, S. M.; Wells, R. D.Nature

1982, 299, 312-316.
(7) (a) Urata, H.; Shinohara, K.; Ogura, E.; Ueda, Y.; Akagi, M.J. Am.

Chem. Soc. 1991, 113, 8174-8175. (b) Urata, H.; Ogura, E.; Shinohara, K.;
Ueda, Y.; Akagi, M.Nucleic Acids Res. 1992, 20, 3325-3332.

(8) (a) Uesugi, S.; Tezuka, T.; Ikehara, M.J. Am. Chem. Soc. 1976, 98,
969-973. (b) Uesugi, S.; Yasumoto, M.; Ikehara, M.; Fang, K. N.; Ts’o, P.
O. P.J. Am. Chem. Soc. 1972, 94, 5480-5486. (c) Ikehara, M.; Uesugi, S.J.
Am. Chem. Soc. 1972, 94, 9189-9193.

(9) (a) Urata, H.; Ueda, Y.; Suhara, H.; Nishioka, E.; Akagi, M.J. Am.
Chem. Soc. 1993, 115, 9852-9853. (b) Blommers, M. J. j.; Tondelli, L.;
Garbesi, A.Biochemistry1994, 33, 7886-7896.

(10) (a) Urata, H.; Miyagoshi, H.; Yumoto, T.; Akagi, M.J. Chem. Soc.,
Perkin Trans. 11999, 1833-1838. (b) Urata, H.; Miyagoshi, H.; Kakuya,
H.; Tokumoto, H.; Kawahata, T.; Otake, T.; Akagi, M.Chem. Pharm. Bull.
1998, 46, 458-461.

(11) The numbering system used for carbocyclic nucleosides in refs 12a,
b is employed. In this nomenclature, the carbon atom replacing the furanose
ring oxygen of natural nucleosides is designated C-6′.

(12) (a) Biggadike, K.; Borthwick, A. D.; Evans, D.; Exall, A. M.; Kirk,
B. E.; Roberts, S. M.; Stephenson, L.; Youds, P.J. Chem. Soc., Perkin Trans.
1 1988, 549-554. (b) Altmann, K.-H.; Kesselring, R.Synlett1994, 853-
855. (c) Bisacchi, G. S.; Chao, S. T.; Bachard, C.; Daris, J. P.; Innaimo, S.;
Jacobs, G. A.; Kocy, O.; Lapointe, P.; Martel, A.; Merchant, Z.; Slusarchyk,
W. A.; Sundeen, J. E.; Young, M. G.; Colonno, R.; Zahler, R.Bioorg. Med.
Chem. Lett. 1997, 7, 127-132.

(13) Chiral HPLC was performed on a column (0.46× 25 cm) of Chiralpak
AD (Daicel Chemical Industries Ltd.) with UV (254 nm) detection. 2-Propanol
(7%) in n-hexane was used as a mobile phase.

(14) Sinha, N. D.; Biernat, J.; McManus, J.; Ko¨ster, H.Nucleic Acids Res.
1984, 12, 4539-4557.

(15) The labile protecting group (tert-butylphenoxyacetyl)16 was used for
exocyclic amine protection of the adenine moieties.

(16) Sinha, N. D.; Davis, P.; Usman, N.; Perez, J.; Hodge, R.; Kremsky,
J.; Casale, R.Biochimie1993, 75, 13-23.

(17) MALDI-TOF MS (negative) C1, calcd C120H133N24O82P11 ) 3564.19,
found 3563.64 (M- H+); C2, calcd C132H145N60O58P11 ) 3840.68, found,
3839.67 (M- H+).

Figure 1. UV-melting profiles of the D1-D2 (triangles) and C1-C2
(circles) duplexes. The open and closed symbols represent the melting
profiles of each duplex (4µM) in 10 mM sodium phosphate (pH 7.0)
containing 1 M NaCl and 0 M NaCl, respectively. The temperature was
raised at a rate of 0.5°C/min.
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strands in 1 M NaCl solution. However, we were able to clearly
observe a melting transition under low-salt conditions. The
midpoint of the transition for D1-D2 is 15°C, but that for C1-
C2 is 80°C under identical conditions. This can be explained by
favorable entropic effects by means of covalent fixation of the
glycosyl bonds for the C1-C2 duplex. The substantial stabiliza-
tion of duplex structure is also observed in modified oligonucle-
otides whose sugar conformation is restricted by covalent bonds.18

The duplex structure of C1-C2 was evaluated by measuring CD
spectra. The results are shown in Figure 2. The spectra of C1
and C2 under single-stranded conditions are quite different from
corresponding natural dodecanucleotides D1 and D2, respectively
(Figure 2a). The modifiedL-like dodecamers C1 and C2 show
much more intense ellipticity than natural dodecamers D1 and
D2. This may be due to rigidity of glycosyl conformation for C1
and C2 by covalent fixation. A conservative CD band of C2 means
degenerate exciton interaction between the bases, which reflects
the stacking of bases in an asymmetric helix. A nonconservative
CD band of C1 means nondegenerate exciton interaction between
the bases related to base stacking. On the other hand, the spectrum
of the C1-C2 duplex is very similar to that of the D1-D2 duplex
which is well-known to adopt the right-handed B-form (Figure
2b).19 The results of the CD spectra strongly suggest that the C1-
C2 duplex forms a B-form-like right-handed double helical
structure, despite its unnaturalL-like chirality. This result is
equivalent to naturalD-oligonucleotides with the lowanti glycosyl
conformation forming a left-handed double helix. Such a lowanti
left-handed structure of DNA was predicted by potential energy
and molecular mechanics calculations.22,23

Our results strongly suggest that a helical sense of DNA
depends tightly on a glycosyl conformation as well as chirality

of deoxyribose. In other words, a glycosyl conformation would
be a major determinant of the helical sense of naturalD-DNA.
Figure 3 represents the means of relationship between a glycosyl
conformation and the helical sense of naturalD-DNA. The helical
sense of double-stranded DNA changes leftw right w left on
varying the glycosyl conformation from highanti to low anti.
However, there is steric repulsion between H8 of a purine base
(or H6 of a pyrimidine base) and H2′ or O4′ of the sugar moiety,
when nucleos(t)ides adopt the highanti or low anti conformation,
respectively. Therefore, the conformation around the glycosyl
bond is eventually restricted in narroweranti region other than
both highanti and low anti. This unique restricted stability of
the anti conformation would be one of the reasons whyD-
deoxyribose is responsible for the right-handness of double-
stranded naturalD-DNA.

We have demonstrated that differential stability among the
glycosyl conformations determines the helical sense of DNA,
althoughD-deoxyribose itself has potential to permit both the
right- and left-handed helices of DNA. The understanding of the
mechanism determining the handness of double-stranded DNA
would be useful for the prediction of the handness of novel helix-
forming molecules.
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Figure 2. CD spectra of oligonucleotides under single-strand (a) and
double-strand (b) conditions at 1°C. Samples contained 1 M NaCl, 10
mM sodium phosphate, pH 7.0. (a) Solid, bold, dotted, and broken lines
are the spectra of C1, C2, D1, and D2, respectively. (b) Solid and dotted
lines are the spectra of the C1-C2 duplex and D1-D2 duplex,
respectively.

Figure 3. Schematic diagram representing a relationship between a
glycosyl torsion angle and a helicity of double-stranded naturalD-DNA.
The arrows indicate the direction of the nucleobase ring, whose base
proton (H8 for purines or H6 for pyrimidines) is positioned at the
arrowhead as illustrated at the bottom. Sectors in the inner circle represents
each glycosyl conformational limit defined by a dihedral angle ofø )
O4′-C1′-N9-C4 for purines andø ) O4′-C1′-N1-C2 for pyrim-
idines. The sector opposite to that of each glycosyl conformational limit
means the region where the H8 atom of the purine ring (or H6 atom of
the pyrimidine ring) is located on each conformation. Theanti region is
shown by values taken from crystallographic data of A- and B-form
DNA.24 The outer circle represents the helicity of double-stranded natural
D-DNA on each glycosyl conformation.
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