























A Parallel-Stranded Double Helix 163

per base pair, which renders the indicated neutral state for base pair C[2] - C[4]
irrelevant. However, statements with high probabilities regarding the protonation
state require precisely determined bond lengths and angles. In the present structure,
the estimated standard deviations for bond lengths are 0.03 A, and for bond angles,
they are 2°. An unambiguous discrimination between protonated and unprotonated
state using the above rules may therefore not be possible. In addition, bond lengths
and planarity restraints were used for some of the residues during refinement, and
the resulting values for bond lengths and angles may be the reason for the irrelevance of
the numbers obtained from the discriminant function.

Backbone and Sugar Conformation

The backbone conformation of oligonucleotides is usually characterized with six
torsion angles o to § for each of the nucleotide units (Figure 1). The conformational
flexibility of the furanose ring with accompanying changes of torsion angle 8[C(5')-
C(4')-C(3')-0(3")] is the underlying cause of the dramatic topological differences
between the A-DNA and B-DNA conformers. In B-DNA, 8 is in the ap range, and
distances between adjacent intra-strand phosphorus atoms range from 6.5t0 7.0 A
Changing & to the +sc conformation, as found in A-type double helices, resultsin a
reduction of the distance between adjacent phosphorus atoms to about 5.5 A.From
Figure 1, it is apparent that in the bicyclic oligonucleotide, the torsion angles most
likely to be restricted in their rotational ranges are angles y and 8. X-ray experiments,
NMR solution studies, as well as molecular modeling with mononucleosides are
consistent with a less flexible furanose conformation in bcDNA, and the preference
of an S-type sugar pucker (10). In the crystal structure of the bed(T) nucleoside, the
furanose adopts a C(1")-exo conformation (8=127°). This structure, as well as pro-
ton NMR spectra with other nucleosides in solution, supported the preference of an
anti conformation of the glycosyl torsion angle x at least with bicyclic pyrimidine
nucleosides.

The crystal structure of bed(C,) confirms the expectations based on earlier studies,
showing a preference for S-type pucker by the furanose in the bycyclic sugar
framework. In the case of residues 1 and 3, the furanose rings adopt C(1")-exo confor-
mation. The furanoses of residues 2 and 4 adopt C2'-endo conformation. Thus, the
two sugar moieties of the bcd(C,) single strands constituting the duplex have dif-
ferent puckers. The sugar puckers of base-paired residues are very similar, as
indicated by the only small differences between individual ring torsion angles
(Table IT). C(1")-exo and C(2')-endo conformation are direct neighborsin the pseudoropa-
tion phase cycle. Both are found for the deoxyriboses in B-DNA duplexes, and in
the dodecamer with the sequence d(CGCGAATTCGCG), the C(1")-exo conforma-
tionis found in 11 of the 24 nucleotides, whereas the C(2')-endo conformation occurs
9 times. Thus, the additional ethylene bridge linking atoms C(5") and C@3) in

bcDNA appears not to alter the furanose conformation found in B-type duplexes in
a dramatic way.

The hackhone torsion angles for both bed(C,) strands fallinto the ranges —sc. ac. ac.
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