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Abstract: Cross-talking between nucle-
ic acids is a prerequisite for information
transfer. The absence of observed base
pairing interactions between pyranose
and furanose nucleic acids has excluded
considering the former type as a (poten-
tial) direct precursor of contemporary
RNA and DNA. We observed that a-
pyranose oligonucleotides (a-homo-
DNA) are able to hybridize with RNA
and that both nucleic acid strands are
parallel oriented. Hybrids between a-
homo-DNA and DNA are less stable.
During the synthesis of a-homo-DNA
we observed extensive conversion of N 6-
benzoyl-5-methylcytosine into thymine

under the usual deprotection conditions
of oligonucleotide synthesis. a-Homo-
DNA:RNA represents the first hybrid-
ization system between pyranose and
furanose nucleic acids. The duplex
formed between a-homo-DNA and
RNA was investigated using CD, NMR
spectroscopy, and molecular modeling.
The general rule that orthogonal orien-
tation of base pairs prevents hybridiza-
tion is infringed. NMR experiments

demonstrate that the base moieties of
a-homo-DNA in its complex with RNA,
are equatorially oriented and that the
base moieties of the parallel RNA
strand are pseudoaxially oriented. Mod-
eling experiments demonstrate that the
duplex formed is different from the
classical A- or B-type double stranded
DNA. We observed 15 base pairs in a
full helical turn. The average interphos-
phate distance in the RNA strand is
6.2 � and in the a-homo-DNA strand is
6.9 �. The interstrand PÿP distance is
much larger than found in the typical A-
and B-DNA. Most helical parameters are
different from those of natural duplexes.
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Introduction

Although all naturally occurring nucleic acids have not been
analyzed with respect to their configurational uniformity,
natural a-oligonucleotides have not been identified. How-
ever, nucleosides with an a-ribose moiety have been isolated
from natural sources, that is 1-(a-d-ribofuranosyl)-5,6-di-
methyl-benzimidazole,[1] a-NAD,[2] and a-adenosine.[3] Stud-
ies on prebiotic synthesis demonstrate that when a dry
mixture of adenine and ribose in the presence of Mg2� and
inorganic polyphosphate was heated for two hours at 100 8C,
a-adenosine and b-adenosine are formed in a 1:1 ratio (total

yield 8 %).[4] This demonstrates that the likelihood of
formation of both anomers under presumed prebiotic con-
ditions is equal. The extensive work on the evaluation of a-
oligonucleotides for antisense purposes was preceded by the
first synthesis of dinucleoside monophosphates containing a-
nucleosides by A. Holy[5] and U. SeÂquin.[6] Using simple
Dreiding stereomodels, U. SeÂquin predicted that oligonucleo-
tides consisting of a-nucleotide units might be able to
hybridize with complementary b-strand in a parallel way.[7]

He concluded that ªthe replication of genetic material might
also have proceeded with a-nucleotidesº. Experimentally it
was demonstrated that a-deoxyribonucleotides hybridize in a
parallel way with their b-counterpart.[8, 9] RNase H is not able
to degrade RNA in an a-oligodeoxyribonucleotide:RNA
duplex.[10, 11] a-Deoxynucleosides preferentially adopt the
S-type sugar conformation, as a result of a cooperative
stereoelectronic effect of nucleobase and 3'-hydroxyl
group.[12] 1H NMR studies of an a-oligodeoxynucleotide
annealed to its b-complement demonstrate that the confor-
mation of the parallel duplex belongs to the right-handed B
family and that the sugar moieties in the a- and b-strand adopt
the C2'-endo puckering conformation.[8, 13, 14] a-Oligonucleo-
tides targeted to the cap site of rabbit b-globin mRNA reduce
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protein synthesis in a dose-dependent manner.[15] Other
modified a-oligonucleotides which are able to form duplexes
with natural nucleic acids are a-phosphorothioates,[16, 17] oligo-
a-d-bicyclodeoxynucleotides,[18] a-(P-NH2)phosphor-ami-
dates,[19] a-N-alkylphosphoramidates,[20] a-(N3'!P5')phos-
phoramidates,[21] a-methylphosphonates,[22] 5-propynyl-a-oli-
gonucleotide,[23] a-LNA,[24] and a-l-ribo-LNA.[25, 26] The con-
clusion of this research is that a wide variety of a-furanose-
oligonucleotides are able to hybridize with b-furanose oligo-
nucleotides in both the deoxyribose (DNA) and ribose
(RNA) series and that both strands are parallel oriented. In
one exception [oligo-a-(dT)8:oligo-b-(rA)8] antiparallel an-
nealing was described.[27] The configuration at the anomeric
center in furanose oligonucleotides is likely to be decisive for
the strand orientation but not for the selectivity in the
hybridization with DNA and RNA.

Investigations on pyranose nucleosides are inspired by the
search on nucleic acid alternatives which possess a potentially
natural type of molecular structure (i.e., a sugar moiety
belonging to the family of aldo sugars) and the ability for
informational base pairing in the Watson ± Crick mode.[28] b-
Homo-DNA or oligo(2',3'-dideoxy-b-d-glucopyranosyl) nu-
cleotides is an artificial oligonucleotide which was used as a
model system for the study of the family of hexopyranosyl
oligonucleotides.[29] b-Homo-DNA shows stronger Watson ±
Crick base pairing than DNA and RNA and has a base-
pairing system which is orthogonal to that of the natural
systems.[26] b-Homo-DNA does not cross-pair with DNA.[29, 30]

a-Homo-DNA, however, has not been thoroughly studied, so
far. We previously observed that a-homo-DNA-thymidylate
does not hybridize with natural oligodeoxyadenylate;[31] this
was attributed to the conformational preference of the a-
dideoxyhexopyranose nucleoside. 1-(2,3-Dideoxy-erythro-a-
d-hexopyranosyl)thymine crystallizes in the 1C4 conformation
with an equatorially oriented heterocyclic base and axially
oriented 4'-hydroxyl and 5'-hydroxymethyl moiety
(Scheme 1).[32] Based on our experiences with hexitol nucleic

Scheme 1. Conformational equilibrium of 2,3-dideoxy-erythro-a-d-hexo-
pyranosyl nucleoside. The thymine nucleoside crystallizes in the 1C4

conformation.

acids,[33] the absence of hybridization between a-homo-DNA-
oligothymidylate and DNA-oligoadenylate can be explained
by the wrong preorganization of the a-homo-DNA oligomer
(the hexitol nucleoside bases are oriented orthogonally to the
bases of a-hexopyranose nucleosides). However, we did not
have any experimental evidence to confirm this hypothesis.
Here, we investigated the potential base pairing between a-
homo-DNA and b-d-deoxyribonucleic acids and b-d-ribonu-
cleic acids of mixed sequences. This study was inspired by our
observations that a) the conformation of a nucleoside may be
different before and after incorporation in an oligonucleo-

tide,[34] and b) several modified oligonucleotides discriminate
between DNA and RNA for their pairing properties,[35, 36] and
c) results obtained with polyA:polyT hybrids are not good
models for the study of mixed-sequence duplexes.

Results and Discussion

Synthesis of nucleosides : The 2,3-dideoxy-d-glucopyranosyl
nucleosides with a thymine, N 4-benzoylcytosine, and adenine
base moiety are obtained as minor products during the Lewis
acid catalyzed condensation reaction between methyl 4,6-di-
O-acyl-2,3-dideoxy-a-d-glucopyranoside[37] or 3,4,6-tri-O-ace-
tyl-d-glucal[30] and the silylated nucleobases. In the latter
example, condensation is followed by hydrogenation of the
2',3'-double bond. The a-/b-mixture of the nucleoside with an
N 6-benzoyladenine base moiety is difficult to separate.[37] The
a-isomer could be enriched in solution by the crystallization
of a substantial part of the b-isomer.[37] Complete separation
of both anomers was carried out after 6'-O-monomethoxy-
tritylation. The 5-methyl-N 6-benzoylcytosine analogue was
synthesized from the thymine nucleoside using literature
procedures.[38] The structure of 1-(2,3-dideoxy-erythro-a-d-
hexopyranosyl)thymine was confirmed by X-ray diffraction
analysis.[32] Monomethoxytritylation of the primary hydroxyl
group, followed by activation of the secondary hydroxyl group
into a phosphoramidite (Figure 1), allowed us to synthesize

Figure 1. Structure of the phosphoramidite building blocks used for the
synthesis of a-homo-DNA.

several oligonucleotides which sequences are depicted in
Table 1. As determined using 1H NMR spectroscopy,[37] 1-(4,6-
di-O-acetyl-2,3-dideoxy-a-d-erythro-hexopyranosyl)thymine
and 1-(4,6-di-O-acetyl-2,3-dideoxy-a-d-erythro-hexopyrano-
syl)-N 6-benzoylcytosine adopt a conformation with an equa-
torial base moiety, and so does 1-(2,3-dideoxy-a-d-erythro-
hexopyranosyl)-5-methyl-N 6-benzoylcytosine. This is in ac-
cordance with published results describing the X-ray analysis
of the thymine congener.[32] The equatorial position of the
base in the a-anomer infers a pyranose nucleoside in the 1C4

conformation instead of the usual 4C1 conformation. Appa-
rently, the occurrence of this conformation is driven by the

Table 1. Molecular masses of 2,3-dideoxy-a-d-hexopyranosyl-containing
oligonucleotides measured by electrospray mass spectrometry.

Sequence or composition Monoisotopic mass Mass found

a-h(TCMeTCMeCMeT) 1981.5 1981.6
a-h(T4CMe

2) 1982.5 1982.7
a-h(T5CMe) 1983.5 1983.6
a-h(TCMeTCMeCMeTCMeTCMeCMeCMeT) 3885.9 3886.4
a-h(T13) 4210.8 4211.3
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steric influence of the nucleobase and is opposite to the
conformation that would have been expected based on the
steric effect of the hydroxymethylene group and on the
dominant influence of the anomeric effect. Rather surpris-
ingly, however, in the case of 1-(6-O-monomethoxytrityl-2,3-
dideoxy-a-d-erythro-hexopyranosyl)-N 6-benzoyladenine, the
base moiety is axially oriented and both 4'- and 6'-substituents
are equatorially oriented.

This immediately follows from the rather small vicinal
coupling constant between H1' and both H2' hydrogens, so
that in the 1H NMR spectrum the H1' signal appears as a
triplet, corresponding to an equatorial hydrogen. It thus
seems that in the case of purines as the base moiety, the
conformation of the sugar does not change from 4C1 to 1C4 in
going from the b to the a-anomer as it does within the
pyrimidine series.

This conclusion was also confirmed by the observation of a
similar small coupling (and thus equatorially positioned
hydrogen) for H1' of 9-(2,3-dideoxy-a-d-glucopyranosyl)-
N 2-isobutyryl-guanine[37] (compound 22 in that report).

Oligonucleotide synthesis and mass spectrometric analysis :
The synthesis of a-homo-DNA was performed in the same
way as the regular DNA synthesis with similar coupling yields.
However, when benzoyl protected 5-methylcytosine nucleo-
sides were incorporated, and deprotection was carried out
using ammonia in H2O, several peaks were observed when
running an anion-exchange HPLC analysis at pH 12. These
oligomers were isolated and analyzed using mass spectrom-
etry. These data can be interpreted by the conversion of one or
several 5-methylcytosine bases in thymine residues. Oligonu-
cleotides, in which a single CMe to T conversion took place,
would have a molecular ion one mass unit higher; a double
conversion would lead to an increase of two mass units.
Although it is possible to deduce the sequence of oligonu-
cleotides from CAD mass spectra, it was not applicable in this
case because the fragmentation behavior does not follow the
rules known for DNA or RNA. Instead, the relative numbers
of CMe and T residues were assessed from the intensities of the
signals for the base anion losses from CAD data for a-
h(TCMeTCMeCMeT) (see Figure 2). The doubly charged ion
[Mÿ 2H]2ÿ was selected as precursor and the collision energy
was set high enough (150 eV) to release all the bases. For the
oligonucleotide containing three CMe and three T residues we
found a relative intensity of 24.4 % for the base anion [CMe]ÿ .
Assuming that the base anion intensity depends on its
structure and is proportional with the number of bases,
relative intensities of (24.4/3� 2)/(100/3� 4)� 100 %�
12.2 % and (24.4/3� 1)/(100/3� 5)� 100 %� 4.9 % are ex-
pected for one and two conversions of CMe to T, respectively.
The experimental values 14.2 and 5.8 are in good agreement
with the theoretical values. Similar conversions of CMe to T
were observed for the 12-mer.

We previously observed that upon base protection of
5-methylcytosine with an acyl group, the equilibrium shifts
in the direction of the 4-imino tautomer.[39] By treatment in
basic conditions, both N 4-debenzoylation as well as hydrolysis
of the 4-imino function can be expected (Scheme 2). This
observation warrants for a careful control of oligonucleotide

Figure 2. Parts of the collisionally activated dissociation mass spectra for
A): a-h(TCMeTCMeCMeT), B): a-h(T4CMe

2), and C): a-h(T5CMe) showing the
loss of the base anions from the oligonucleotides. The [CMe]ÿ/[T]ÿ intensity
ratio follows the base content in the oligonucleotides.

Scheme 2. Deprotection of N 4-benzoyl-5-methylcytosine bases using con-
centrated ammonia partially leads to thymine formation as side reaction.

integrity when the N-benzoyl group is used as protecting
group for the 5-methylcytosine base moiety. In this case, we
isolated the oligomers with the correct mass and used them for
the hybridization studies. All other oligonucleotides show the
correct mass as shown in Table 1.

Thermal stability studies : a-Homo-oligoT and a-homo-oli-
goA do not form stable complexes with their DNA comple-
ment at 0.1m NaCl (Table 2). However, a-homo-(A)13 hybrid-
izes with oligo(dT)13 at 1m NaCl. a-Homo-oligoT and a-
homo-oligoA are able to form duplexes with RNA. Likewise,
a-homo-oligonucleotides demonstrate self pairing as a com-
plex formed between a-h(T)13 and a-h(A)13 has a Tm of 23.8 8C
at 0.1m NaCl. The stability of these duplexes is comparable to
the stability of regular d(T)13:r(A)13 and r(U)13:r(A)13 dup-
lexes (Tm: 26 8C) and is dependent on the salt concentration.
a-Homo-oligoA does not self associate as no Tm is observed
when heating a solution of single stranded a-homo-oligoA.
The Tm of the a-homo-oligoA:a-homo-oligoT association and
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of a-homo-oligoA:r(U)13 is nearly the same. Likewise, mixed
pyrimidine sequences of a-homo-DNA hybridize with their
RNA complement and this as well for a 6-mer as for a 12-mer.
With the 12-mer also weak hybridization with the DNA
complement is observed. Similar RNA selective hybridization
properties are described with, for example, l-ribonucleic
acids.[35] Hybridization is observed between [(l)-dU]20 and
poly(rA) and between [(l)-rU]12 and poly(rA). Neither [(l)-
dU]20 nor [(l)-rU]12 hybridizes with poly(dA). The synthesis of
the mixed sequence allows us to determine the orientation of
the complementary strands in the duplex. It is observed that
with a-homo-DNA and RNA, the parallel annealing gives the
most stable duplexes (in contrast to hybridization of natural
nucleic acids). Although an exact comparison cannot be made
(due to the presence of 5-methylcytosine bases in the a-homo-
oligomers) it is generally observed that the a-homo-DNA:
RNA duplexes are somewhat less stable than the correspond-
ing DNA:RNA duplexes. For example, the stability of the a-
homo-DNA:RNA 12-mer (parallel) at 1m NaCl is the same as
the stability of the DNA:RNA complex (antiparallel) at the
same salt concentration, although the former duplex contains
seven 5-methylcytosine bases instead of the cytosine bases.
Because of the different strand orientation it is not always
straightforward to interpret the data. However, the DNA:
RNA duplex formed between a polypyrimidine (DNA) and
polypurine (RNA) strand (which is used to compare stability
with a-homo-DNA containing duplexes) is more stable than
the polypurine (DNA):polypyrimidine (RNA) duplex. The
dsRNA complex remains the most stable association.

We also have evaluated whether the parallel duplex formed
between the a-homo-DNA 12-mer and its RNA complement
is susceptible to cleavage by E. coli RNaseH. However, we did
not observe any cleavage reaction under those circumstances

where a reference antiparallel DNA/RNA duplex is com-
pletely degraded (data not shown).

CD Spectral analysis : The CD spectrum was taken of the
parallel hybrid formed between a-homo-DNA 12-mer (Ta-
ble 2, Tm: 67 8C) and its RNA complement at 0.1m NaCl. This
spectrum is characterized by the occurrence of a negative
Cotton effect at 260 nm (Figure 3). Although natural nucleic
acids are hybridizing in an antiparallel way, we used them as

Figure 3. CD spectra of a-homo-DNA:RNA duplexes compared with the
spectra of natural nucleic acids duplexes. Spectra were recorded at 10 8C
(buffer 0.1m NaCl, 0.02m potassium phosphate at pH 7.5, and 0.1 mm
EDTA) with a concentration of 4 mm of each strand.

reference for the interpretation of the spectra obtained with
a-homo-DNA. Parallel or antiparallel orientation of the
sugar-phosphate backbone should not induce drastic changes
in the CD spectra when helix parameters remain the same.
However, in order to make parallel annealing possible, it is
expected that some of the helix parameters must alter and this
will have its reflection on the CD signals.[40] Nevertheless, we
determined the CD spectra (see Table 2 for Tm values) of the
dsRNA (Tm: 72 8C), RNA:DNA (Tm: 47 8C), DNA:RNA (Tm:
64 8C), and dsDNA (Tm: 50 8C) duplexes from which the first
(dsRNA) and the third (DNA:RNA) hybrids have a poly-
purine RNA strand, although in opposite orientation to the
RNA strand of the a-homo-DNA:RNA duplex. The second
(RNA:DNA) and last (dsDNA) hybrids have a DNA poly-
purine strand of the same sequence and orientation as the
above-mentioned RNA strand. All hybrids have DNA or
RNA polypyrimidine strand of the same sequence and
orientation as the a-homo-DNA 12-mer. A striking differ-
ence, however, is that the RNA strands are composed of
uracil/cytosine bases, the DNA strands have thymine/cytosine
bases and the a-homo-DNA possesses thymine/5-methylcy-
tosine bases. It has been described in literature that the
presence of a methyl group in the major groove may affect the
conformation of the oligonucleotide in solution depending on
the sequence and conditions. In some cases, introduction of
5-methylcytosine does not significantly influence DNA con-
formation[41] while, in other cases, A to B or B to Z transitions
are promoted.[42] However, as pyranoses mainly occur in one

Table 2. Tm values of a-homo-DNA complexes and reference duplexes of
natural nucleic acids.[a]

a-homo-DNA (6'! 4') DNA complement RNA complement
0.1m NaCl 1.0m NaCl 0.1m NaCl 1.0m NaCl

a-h(T)13 NM NM 28.0 37.0
a-h(A)13 NM 28.5 22.8 40.2
a-h(TCMeTCMeCMeT)
antiparallel ND NM ND NM
parallel ND ND 24.0 28.4
a-h(TCMeTCMeCMeTCMeTCMeCMeCMeT)
antiparallel NM NM 49.6 58.5
parallel 26.2 33.1 67.3 72.1

DNA/RNA (5'! 3') DNA complement RNA complement
0.1m NaCl 1.0m NaCl 0.1m NaCl 1.0m NaCl

d(T)13 ND ND 32.2 42.4
d(A)13 ND ND 13.9 35.2
d(TCTCCTCTCCCT)
antiparallel 50.0 58.0 64.0 72.9
parallel 32.7 45.0 49.4 60.1
d(AGGGAGAGGAGA)
antiparallel ND ND 47.0 ND
r(UCUCCUCUCCCU)
antiparallel ND ND 72.0 ND
parallel ND ND 56.2 ND

[a] Melting temperature [8C] were determined at 260 nm, pH 7.5 (20 mm
KH2PO4, 0.1 mm EDTA) with a concentration of 4 mm of each oligonucleotide;
NM: no melting curve observed; ND: not determined.
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of the two chair conformations, we do not expect that the
replacement of cytosine by 5-methylcytosine will have a
drastic influence on duplex conformation (easy pseudo-
rotation influencing local helix geometry will not take
place).

The dsRNA, DNA:RNA, and RNA:DNA duplexes show a
typical A-form geometry with a maximum around 260 ±
270 nm. The CD spectrum of the dsDNA shows a positive
signal at 275 nm and a negative signal at 235 nm, which is
expected for a b-type structure. However, the CD spectrum of
the a-homo-DNA:RNA duplex is completely different from
all other reference spectra and, above 240 nm, is somewhat
the mirror-image of the RNA:DNA curve. It may be
concluded that the geometry of the a-homo-DNA:RNA
parallel duplex is different from that of regular antiparallel
nucleic acids aggregates. As the nature of the duplex cannot
be extracted from these CD experiments, we compared the
experimental data with those described in literature for
parallel oriented a-DNA:b-DNA duplexes of related sequen-
ces.[40, 41] The CD spectra of a-CCTTCC and a-(Tp)7T are
characterized by a negative band around 265 nm, while the
spectra of b-CCTTCC and b-(pT)8 show a positive band at a
slightly higher wavelength.[40, 43] This was explained by quasi-
topological enantiomeric behavior of a- and b-anomers (the
a-anomer as geometric mirror image of the b-anomer with
respect to a plane parallel to the sugar moiety).[43] The CD
spectrum of the complex formed between a-CCTTCC and b-
GGAAGG shows a negative signal at 280 nm while the CD
spectrum of the duplex formed between a-GGAGG and b-
CCTTCC shows a positive signal at the same wavelength. The
sign of the Cotton effect is apparently dependent on the
sequence and annealing mode. A comparison of the spectrum
obtained of a-homo-DNA:RNA and of a-(Tp)7T:oligo(rA) is
difficult to make as the former is a parallel duplex and the
latter is an antiparallel hybrid.[25] The data we obtained for the
a-homo-DNA:RNA duplex correspond to the results de-
scribed for the a-polypyrimidine-DNA:b-polypurine-DNA
sequence[40] and suggest that the geometry of both duplexes is
similar but not identical.

Molecular modeling : Molecular modeling has been used to
obtain initial parameters for the duplex formed between a-
homo-DNA and RNA. For building the model an a-homo-
DNA with pyrimidine bases was used, which are identical to
the oligonucleotide for which experimental Tm data are
available (Table 2, a-h(TCMeTCMeCMeTCMeTCMeCMeCMeT).
Three models were envisaged (Table 3). As hybridization
experiments show that a-homo-DNA forms parallel duplexes
with RNA and only very weak duplexes with DNA, model 3
(Table 3) is less likely than model 1 and model 2. Indeed,

model 3 was very unstable as could be observed by computer
calculations.

NMR experiments, X-ray diffraction, and conformational
search indicate that a-homo-nucleosides with a pyrimidine
base moiety preferentially occur in a 1C4 conformation with an
equatorially oriented base moiety. The axial conformation is
about 6 to 8 kcal molÿ1 higher in energy for one monomer unit
(Table 4).

If the duplex would adopt an A-like conformation with the
a-homo-DNA bases axially oriented, the loss in energy in
going from the equatorial to the axial conformation must be
compensated by stacking interactions and interstrand hydro-
gen bonding. Stacking and hydrogen-bond interactions could
provide enough stabilization energy (stacking AG:TC
ÿ9.81 kcal molÿ1 for a dimer in b-DNA, hydrogen bonding
in GC pairÿ16 kcal molÿ1 andÿ7.8 kcal molÿ1 for AT pair[71])
for the chair inversion of all the pyranose nucleosides in the
oligomers. Looking at the structural and energetic require-
ments of the a-homo-DNA for hybridization, model 1 might
fit the best. Unfortunately, this model gave unstable duplexes
during the molecular dynamics simulations. Model 2, starting
from the Arnott A conformation, resulted at first sight into
stable duplexes and we continued working with this model.
During the molecular dynamics simulation, however, the helix
started to unwind and became somewhat more stretched. The
ultimate and penultimate a-homo-DNA monomers (at the 4'-
end) changed their sugar puckering from 4C1 (chair with axial
base) to 1C4 (chair with equatorial base) while the RNA ribose
sugars remained in their C3'-endo puckering. After 200 ps
molecular dynamics simulation, model 2 was altered and a
new duplex was created having all bases in the a-homo-DNA
chain equatorially oriented. Continuing molecular dynamics
simulations for another 100 ps did not change this conforma-
tion. The structures during the simulation were carefully
monitored for minor changes but the duplex apparently
reached a stable conformation after 200 ps. The energy of the
a-homo-DNA chain obtained with Amber was about
50 kcal molÿ1 more stable than the a-homo-DNA in an initial
structure from the model 2 simulation. The final model is
shown in Figure 4. A close-up of one base pair showing clearly
the 1C4 sugar conformations of the a-homo-DNA and the C3'-
endo conformation of the complementary RNA is shown in
Figure 5.

The results of the curvature analysis using the Curves 5.0
program, are given in Tables 5 and 6. The analysis was done
using one optimal linear axis (A Curves analysis which
calculated an optimally curved axis produced a completely

Table 3. The starting structures for the a-homo-DNA:RNA duplex that
were considered for model building.

Model duplex starting a-homo-DNA RNA base Strand
conformation base orientation orientation alignment

1 Arnott A eq ax parallel
2 Arnott A ax ax parallel
3 Arnott B eq eq parallel

Table 4. Conformational search of 2',3'-dideoxy-a-d-glucopyranosyl and
2',3'-dideoxy-b-d-glucopyranosyl nucleosides: Energies [kJ molÿ1] of the
mononucleosides (Amber, GB/SA solvent model).

Base Thymine Adenine
conformation equatorial axial DE equatorial axial DE

a ÿ 319 ÿ 284 35 ÿ 327 ÿ 301 26
b ÿ 310[a] ÿ 284[a] 26 ÿ 317 ÿ 310 7

[a] Values from ref. [70].
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Figure 5. Three-dimensional picture of a a-h(T):r(A) nucleotide pair
clearly showing the pseudoaxially oriented adenine in RNA and the
equatorially oriented base in the a-homo-nucleotide.

curved axis which followed the midpoints of the base pairs but
did not represented the helical symmetry.).

The average helical parameters describe a helix with base
pairs displaced over 5.7 � into the minor groove and inclined
over ÿ0.28 with respect to the helical axis. The base pairs
generally show no propeller twisting (ÿ28). The average rise
consists of 3.56 � and the mean helical twist 24.08, implying 15
base pairs in a full helical turn. For the local helical
parameters, where the notion of a helical axis is abandoned,

an average slide of 7.1 � and an
average roll of 18.08 are found.
Figure 4 shows the side and top
view of this double helix de-
picted next to the well known
Arnott A-helix. It is clear that
the major groove width is much
larger than of regular A- or
B-type duplexes.

The dihedral angles (Table 7)
do not give a regular pattern.
However, all dihedral angles
(Tables 5, 6) except c in the a-
homo-DNA chain are closer to
the torsion angles found for
B-DNA right-handed helices.
The torsion angles in the RNA
chain are more in the ranges
observed for the A-DNA right-
handed helices.[45]

The sugar ring puckering pa-
rameters (Table 8) reveal that
the sugar rings in the a-homo-
DNA chain adopt a chair con-
formation slightly distorted to-
wards the half-chair conforma-
tion (mean q� 1698) with a
mean puckering amplitude
slightly lower than the one for
an ideal cyclohexane chair con-
formation (0.53 � versus
0.63 �). The bases are posi-
tioned in an equatorial orienta-
tion. The ribose sugars have a
C3'-endo conformation (pucker
phase angle P �188).

Closely related to the sugar
puckering and the backbone
torsional angles is the distance
between adjacent phosphates

of the same oligonucleotide chain. The different sugar
puckerings as observed for the different helical types imply
different intraphosphate distances. The C2'-endo puckering
mode observed for B-type helices pushes adjacent phosphates
of one chain about 7 � apart. The C3'-endo puckering of the
A-type helices is associated with a shorter intraphosphate
distance of only 5.9 �, giving rise to underwound helices
compared with those of the B-family. The average intra-
phosphate distance (6.2 �) together with the ribose C3'-endo
puckering with axially oriented bases give the RNA strand
some properties of an A-helix (d� 808 versus 838 for an
A-helix). In the a-homo-DNA chain the intraphosphate
distance is 6.9 � which is more similar to a B-helix (7 �).
This can be explained by the slightly distorted chair con-
formation with equatorially oriented bases (d� 1598 versus
1578 for a B-helix). In general, however, the geometry of the
duplex formed between a-homo-DNA and RNA is signifi-
cantly different from A- and B-type duplexes and shows much
more irregularities.

Figure 4. Top and side view of the structure of oligonucleotide hybrids composed of parallel oriented a-homo-
DNA and RNA (a-TCMeTCMeCMeTCMeTCMeCMeCMeT:r-AGAGGAGAGGGA). The a-homo-DNA nucleotides
have equatorially oriented bases while the RNA chain has pseudoaxially oriented bases. For comparison purposes
an ideal A-RNA helix is also shown. Pictures generated using Bobscript.[71, 72]
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NMR analysis : A preliminary NMR study on the a-homo-
(TCTAAACTC):RNA complex was started to obtain exper-
imental data verifying the modeling results. In a first stage
single stranded a-homo (TCTAAACTC) was studied in D2O.
So far signals from the nine sugar moieties in the oligomer are
identified using COSY,[46] TOCSY,[47] and NOESY[48] spectra
in D2O. As a starting point in the assignment strategy, the H1'
signals at d� 5.6 to 6.1 were used. Each of these anomeric
protons shows a strong and a weak COSY crosspeak in the
high field region between d� 1.4 to 2.5. Similar to H2'1 and
H2'2 in deoxyriboses of DNA,[49] , H2'1, H2'2, H3'1 and H3'2
of the non-oxygenated carbons are expected to resonate at
this chemical shift. The H2' with a strong J coupling to H1',
also shows a strong geminal coupling to the H2' that is weakly
coupled to H1' and a strong coupling to one of the H3' signals
in the same high field region (d� 1.4 to 2.5). The latter H3' has
strong intraresidue NOE to H1' and a proton signal at d�

Table 5. Helical parameters as calculated with Curves 5.0. The analysis was done making use of one optimal linear axis, part a.

Global helical
parameters

Dis- Axial Helix Tilt Inclina- Propeller Minor
groove

Minor
groove

Major
groove

Major
groove

Inter-
strand

Helical Pitch
location rise twist [8] tion [8] twist

width depths width depths P ± P distance
symmetry height

[�] [�] [8] [8]
[�] [�] [�] [�] [�]

[�]

rA24 ± a T1 6.57 1.73 22.27 10.82 ÿ 26.33 ÿ 10.30 X X X X 17.11
rG25 ± a C3 6.54 2.96 30.12 11.19 ÿ 15.52 ÿ 8.95 7.70 1.18 X X 16.98
rA26 ± a T5 6.32 3.92 12.52 2.61 ÿ 4.32 4.08 7.19 2.68 X X 17.50
rG27 ± a C7 5.29 3.69 29.80 2.67 ÿ 1.71 ÿ 3.20 8.40 3.04 X X 17.48
rG28 ± a C9 6.01 2.98 23.68 12.45 0.96 0.56 8.51 2.23 22.76 12.17 17.95
rA29 ± a T11 6.57 4.56 20.51 ÿ 1.82 13.41 8.75 6.58 1.95 22.48 3.86 16.92
rG30 ± a C13 5.84 4.66 16.36 ÿ 1.27 11.60 3.71 6.16 2.42 25.25 7.84 16.66
rA31 ± a T15 4.87 3.89 26.61 ÿ 1.80 10.33 ÿ 9.47 6.51 2.74 25.86 6.96 17.72
rG32 ± a C17 4.95 3.99 33.15 ÿ 8.48 8.53 7.41 6.91 2.66 X X 17.84
rG33 ± a C19 4.70 3.20 22.56 3.66 0.05 ÿ 3.43 8.20 1.30 X X 17.97
rG34 ± a C21 4.92 3.54 26.89 ÿ 6.35 3.72 ÿ 5.94 8.66 1.41 X X 16.56
rA35 ± a T23 5.34 X X X ÿ 2.64 ÿ 5.88 X X X X X
Average 5.66 3.56 24.04 2.15 ÿ 0.16 ÿ 1.89 2.16 24.09 7.71 17.34 15-1 75.7

A[a] ÿ 5.3 2.73 32.7 17 12 11.0 2.8 2.7 13.5 5.9 11-1 30.9
B[a] 0 3.38 36.0 ÿ 2.1 2.4 5.7 7.5 11.7 8.5 7.0 11-1 33.8

[a] Values from refs. [44] and [73].

Table 6. Helical parameters as calculated with Curves 5.0. The analysis was
done making use of one optimal linear axis, part b.

Local helical parameters Slide [�] Roll [8]

rA24 ± a T1 2.59 0.34
rG25 ± a C3 ÿ 1.41 98.18
rA26 ± a T5 2.44 106.80
rG27 ± a C7 ÿ 1.15 ÿ 9.01
rG28 ± a C9 ÿ 0.83 61.40
rA29 ± a T11 1.61 ÿ 36.27
rG30 ± a C13 2.51 83.73
rA31 ± a T15 3.51 ÿ 72.53
rG32 ± a C17 ÿ 3.02 ÿ 73.53
rG33 ± a C19 2.99 29.53
rG34 ± a C21 2.77 9.78
rA35 ± a T23 X X
Average 7.09 18.04

A ÿ 2.13 8.95
B ÿ 0.33 ÿ 0.28

Table 7. Dihedral angles of the a-homo-DNA strand and the RNA strand in the duplex.

a-homo- a b d e g j c RNA a b d e g j c

DNA

T ± ± 162 ± ÿ 178 ± 165 A ± ± 74 ± 45 ± ÿ 160
CMe ÿ 68 165 161 ÿ 105 42 144 136 G ÿ 72 ÿ 172 73 ÿ 170 73 ÿ 68 ÿ 170
T ÿ 68 ÿ 178 154 ÿ 158 46 ÿ 133 132 A 99 ÿ 172 73 ÿ 157 50 ÿ 50 ÿ 163
CMe 85 ÿ 178 155 ÿ 91 ÿ 163 158 114 G ÿ 176 64 ÿ 157 ÿ 95 ÿ 68 ÿ 171
CMe ÿ 77 ÿ 166 144 179 54 ÿ 94 141 G ÿ 93 179 83 ÿ 167 65 ÿ 52 ÿ 162
T ÿ 69 ÿ 159 164 ÿ 162 17 ÿ 116 159 A 143 ÿ 159 78 179 55 ÿ 71 ÿ 159
CMe ÿ 85 172 158 ÿ 86 38 149 133 G 97 180 85 ÿ 136 ÿ 164 ÿ 68 171
T 121 ÿ 179 175 ÿ 116 ÿ 172 179 117 A 139 ÿ 167 81 ÿ 179 ÿ 164 ÿ 72 ÿ 150
CMe 46 ÿ 163 150 ÿ 178 60 42 132 G ÿ 70 ÿ 178 97 ÿ 152 ÿ 96 ÿ 63 175
CMe 38 ÿ 172 159 54 57 17 157 G 130 180 79 ÿ 177 ÿ 172 ÿ 65 ÿ 145
CMe 26 32 162 60 26 57 161 G ÿ 71 ÿ 168 85 ÿ 151 62 ÿ 71 ÿ 167
T ÿ 80 169 164 ÿ 160 32 ÿ 63 142 A ÿ 163 ÿ 171 88 ÿ 160 ÿ 155 ÿ 68 ÿ 145

av ÿ 12 169 159 193 78 162 141 av 203 186 80 197 139 ÿ 65 196
(sd) (73) (45) (8) (72) (65) (89) (16) (sd) (80) (7) (8) (13) (84) (7) (13)

A ÿ 88 ÿ 155 83 ÿ 179 54 ÿ 52 ÿ 155
B ÿ 46 ÿ 147 157 155 36 ÿ 96 ÿ 98
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4.0 ± 4.5, which was assigned to H4' based on the TOCSY
spectrum. None of the H4' signals showed any strong COSY
crosspeaks. Using the H4' to H5' crosspeaks in the TOCSY
spectrum, H5' signals could be assigned. Attempts to stereo-
specifically distinguish H6'1 and H6'2 were unsuccessful. The
one-dimensional 31P spectrum showed only broad signals
clustered around d� 0, hampering through bond sequential
assignment of the sugar moieties by 1H,31P correlation spectra.
Most likely, flexibility of the backbone in the single stranded
oligomer is causing conformational averaging at the phos-
phodiester linkage resulting in a broadening of the 31P NMR
signals.

The data obtained on the sugar ring systems in the single
stranded oligomer allow to determine the conformation of
sugars in a-homo(TCTAAACTC). An asymmetric six-mem-
bered ring system theoretically has two low energy chair
conformations that may interconvert through the boat and
twist forms as intermediates (Figure 6). Structural data

Figure 6. The two chair conformations of a-homo-DNA (a: with equato-
rial base moieties; b: with axial base moieties). The conformation ªaº
predominates in single strand a-homo(TCTAACTC) as deduced from 3J
values and NOE contacts.

observed by NMR are considered as the result of conforma-
tional averaging in solution.[50] Strong 3JHH coupling (�9 Hz)
of one of the H2' to H1' as well as to one of the H3' is only
possible when all of these protons are predominantly in a
cross-diaxial position, where dihedral torsion angles between
the considered protons are about 180� 308. The absence of
any COSY crosspeaks from H4' signals can be explained by an
equatorial position of the latter, giving rise to small 3JH4',H5' ,
3JH4',H3'1, and 3JH4',H3'2 couplings (theoretically 2 ± 3 Hz).[51] Only
a chair-like predominant conformation of the six-membered

sugar ring with the base in an equatorial position, as depicted
in Figure 6 a, is in agreement with these experimental data.
The observed intraresidue NOE contacts from H1' to H2'1,
H2'2', H3', and one of the H6' protons confirm this as the
major type of sugar conformation.

In the second stage of the NMR study, an equimolecular
amount of a complementary RNA nonamer was added to the
sample described before. The sequence of the RNA 5'-
AGAUUUGAG-3' was chosen to favor a duplex formation of
a-homo(TCTAAACTC) and RNA with parallel oriented
strands. One-dimensional spectra of non-exchangeable
anomeric and base protons were used to monitor the degree
of complex formation during the titration. At 5 8C, the 1H as
well as the 31P NMR spectra in D2O of the RNA:a-homo-
DNA complex gave nicely resolved sharp signals, with
chemical shifts clearly different from those of the single
stranded oligomers; this is indicative for a strong and stable
complex between both molecules at the measuring conditions
(Figure 7). A one-dimensional jump-return spectrum[52] in
90 % H2O showed several imino signals at d� 10 to 14, typical
for Watson ± Crick base pairing.[53] Nine different imino
signals could be distinguished using a two-dimensional water-
gate NOESY, consistent with nine base pairs between the two
parallel oriented strands.

Figure 7. One-dimensional NMR spectra in D2O of the a-homo-DNA (A)
and RNA oligonucleotides (B) compared with the same spectral region of
the complex (C).

Patterns from a-homo-DNA sugar proton signals in COSY,
TOCSY, and NOESY spectra of the complex with RNA were
very similar to those in the single stranded a-homo-DNA.
Also in this sample, strong 3JHH coupling (�9 Hz) of one of
the H2' to H1' as well as to one of the H3' was observed in all
a-sugars. Intrasugar NOE contacts of H1' to H2'1, H2'2, H3'1,
and one of the H6' protons, characteristic for a sugar ring in
chair conformation with the base in an equatorial position, are
visible in a NOESY spectrum with mixing time of 150 ms.

Ribose sugars in the RNA part of the complex behave
remarkably different from the single-stranded RNA. In the
latter, the H1' signals are split by an observed 3JH1',H2' of about
5 Hz, a typical average for fast interconversion between
N-type and S-type conformation with 3JH1',H2' of �1 Hz and

Table 8. Sugar puckering parameters of the nucleotides.

a-homo-DNA q [8] f [8] Q [�] RNA q [�] P [8]

T 159.0 351.0 0.48 A 0.43 16.59
CMe 176.3 178.0 0.56 G 0.48 14.09
T 160.1 334.6 0.55 A 0.46 2.59
CMe 171.1 336.0 0.48 G 0.40 28.55
CMe 163.0 316.5 0.48 G 0.29 13.14
T 169.7 258.9 0.48 A 0.44 18.65
CMe 170.6 247.5 0.51 G 0.37 19.50
T 167.6 15.8 0.56 A 0.37 25.61
CMe 175.5 196.7 0.55 G 0.40 355.06
CMe 170.4 255.6 0.57 G 0.38 17.52
CMe 179.4 48.5 0.57 G 0.41 352.33
T 170.7 328.9 0.55 A 0.38 10.57

av 169 239 0.53 av 0.40 12.85
(sd) (6) (107) (0.04) (sd) (0.05) (10.69)
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�10 Hz, respectively.[54] The same anomeric RNA protons in
the complex with a-homo-DNA are singlets, without observ-
able splitting from 3JH1',H2' , characteristic for an N-type sugar
conformation with 3JH1',H2' in the same range as the H1'
linewidth.

The molecular modeling and NMR experiments have been
done with a different duplex sequence because of historical
reasons. Modeling and synthesis were started at the same time
but evolved differently. Yet we may conclude that, as the
NMR experiments of the duplex with a more complex
sequences than the modeled duplex confirm some conforma-
tional properties of the model, the overall conformation of the
duplexes is, most likely, similar for both sequences.

Conclusion

Two main criteria for selecting nucleic acid alternatives as
potential competitors of RNA for the generation of a genetic
system, were proposed: a) a potentially natural type of
molecular structure that is a sugar moiety belonging to the
family of aldosugars and b) the capacity for informational
base pairing in the Watson ± Crick mode.[28] In these studies, b-
homo-DNA was first used as artificial model for the family of
hexopyranosyl oligonucleotides.[29] Later, the hydroxylated
(b-allo, b-altro, b-gluco) analogues were synthesized and it
was concluded that they could not be viable competitors of
RNA because of functional reasons.[28] As demonstrated with
b-homo-DNA[27] and pentopyranosyl oligomers,[55, 56] b-pyra-
nose oligonucleotides form very stable, quasi-linear and
antiparallel oriented Watson ± Crick base-pairing systems.
However, b-pyranose oligonucleotides do not cross-pair with
natural nucleic acids which argues against their potential role
as direct precursor of RNA in an evolving biological system.
We investigated the hybridization properties of the isomeric
oligonucleotides (a-homo-DNA) and, likewise, used the
dideoxy analogues as model system. We observed that a-
homo-DNA is a self-pairing system with the properties of
cross-pairing with its RNA complement and less well with
DNA complement, by parallel strand orientation. The base
moieties in the a-homo-DNA strand are equatorially oriented
and those in the RNA strand are pseudoaxially oriented
(Figure 5). The geometry of the duplex is significantly differ-
ent from those of existing double stranded nucleic acids and
can be classified as a non-A-, non-B-type helix with an
average of 15 base pairs per turn. The geometry of the duplex
can be considered as intermediate between the natural A-type
helix and the unnatural ladder-like structure.

In the furanose series, the a-oligonucleotides are able to
hybridize with the b-nucleic acids.[8, 9] . This is, likewise, the
case with locked nucleic acids where a-l-ribo-LNA (oligo-
thymidylate) recognizes DNA and RNA (oligoadenyl-
ate).[25, 26] These results led the authors to suggest that
ªconstitution (rather than configuration) could have been a
decisive factor in an early-stage combinatorial chemical
evolution of present [b-pentofuranose] nucleic acid struc-
tureº.[26] In the pyranose series, configuration plays an
important role in hybridization properties. While b-homo-
DNA does not hybridize with natural nucleic acids, a-homo-

DNA does. Previously, cross-pairing capability of a-l-lyxo-
pyranosyl (3'! 4') oligonucleotides with DNA was observed,
although the nature of the hybridization mode was described
by the author as ªcapriciouslyº.[28] Explanations for the
emergence of RNA as a dominant player in the origin of life
are based on its selection either by combinatorial generation
and functional selection, either by synthetic contingency or as
the result of an evolving biological system that later became
extinct.[57] One possibility for this last hypothesis is that
furanose nucleic acids evolved from pyranose nucleic acids.
The former polymers have more conformational diversity,
which might be important for evolution and transfer of
information. The pyranose nucleic acids might have been a
predecessor of the furanose nucleic acids, but then became
extinct because of functional criteria. We demonstrate here
that informational base pairing is possible between a-homo-
DNA and RNA. The a-homo-DNA remains an artificial
model and the data obtained should be confirmed for a-
glucose-DNA. A strong argument against an evolutionary
pathway involving a-glucose-DNA is the absence of a role for
the product of the thermodynamically controlled aldolization
(b-pyranoses) in favor of a compound formed by kinetically
controlled reaction (a-pyranoses). Although it may be
hypothesized that a-glucose nucleotides may have been ªan
element of a kinetically labile reaction library possessing
informational capacity and with the potential to evolve to
constitutionally more robust variants in which the information
is preservedº,[58] it now seems clear (based on this and
previous work with hexopyranose oligonucleotides) that
hexopyranose DNA was, most likely, not a direct precursor
of our contemporary nucleic acids. Arguments why hexopyr-
anose nucleic acids failed as RNA competitors have been
previously discussed.[28]

Experimental Section

General methods : UV spectra were recorded with a Philips PU8740 UV/
Vis or Uvikon 940 spectrophotometer. The 1H and 13C NMR spectra were
recorded with a Varian Gemini 200 or Unity 500 spectrometer. Tetra-
methylsilane (TMS) was used as internal standard for the 1H NMR spectra
(s� singlet, d� doublet, t� triplet, m�multiplet), and the center peak of
the solvent CDCl3 (d� 77.0) for the 13C NMR spectra. Mass spectrometry
measurements were obtained using a Kratos Concept IH mass spectrom-
eter with liquid secondary ion mass spectrometry (LSIMS) ionization.
NPOE (2-nitrophenyl octyl ether) was used as the matrix. Exact mass
measurements were performed on a quadrupole/orthogonal-acceleration
time-of-flight (Q/oaTOF) tandem mass spectrometer (qTof2, Micromass,
Manchester, UK) equipped with a standard electrospray ionization (ESI)
interface. Samples were infused in a 2-propanol/water 1:1 mixture at
3 mLminÿ1. Pyridine was heated under reflux overnight on potassium
hydroxide and distilled. Dichloromethane was stored on calcium hydride,
refluxed, and distilled. Precoated Macherey ± Nagel Alugram SIL G/UV
254 plates were used for thin-layer chromatography (TLC) and products
were visualized with UV light. Column chromatography was performed on
Acros Organics silica gel (0.2 ± 0.5 mm, pore size 4 nm).

6''-O-Monomethoxytritylation of the a-dd-homo nucleosides

Reactions were carried out on a 1 mmol scale using 1.1 equivalents of
monomethoxytrityl chloride in dry pyridine (10 mL) at room temperature
overnight. After addition of a saturated NaHCO3 solution (1 mL), the
reaction mixture was evaporated, diluted with CH2Cl2 (30 mL), and washed
with H2O (3� 30 mL). The organic layer was dried, evaporated and the 6'-
O-monomethoxytritylated nucleoside was purified by column chromatog-



FULL PAPER P. Herdewijn et al.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5192 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235192

raphy (hexane/EtOAc 2:8 for thymine; hexane/EtOAc 5:5 for 5-methyl-
cytosine; CH2Cl2/MeOH 98:2 for cytosine), except for the adenine
analogue which was purified by preparative TLC (EtOAc/toluene/MeOH
95:5:1).

1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-thy-
mine (55 %): exact mass calcd for C31H32N2O6Na [M�Na]�: 551.2158, found
551.2142.

1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-5-
methyl-N 4-benzoylcytosine (50 %): exact mass calcd for C38H38N3O6

[M�H]�: 632.2760, found 632.2774.

1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-N 4-
benzoylcytosine (50 %): exact mass calcd for C37H36N3O6 [M�H]�:
618.2603, found 618.2604.

1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-N 6-
benzoyladenine (67 %): exact mass calcd C38H36N5O5 [M�H]�: 642.2716,
found 642.2717.

The 1H NMR and 13C NMR spectra are collected in Table 9.

Oligonucleotide synthesis

Analytical details for the phosphoramidite building blocks are as follows:

1-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-thymine : Rf (hexane/acetone/
TEA 49:49:2)� 0.45; exact mass calcd for C40H50N4O7P [M�H]�:
729.3417, found 729.3422; 31P NMR: d� 148.63, 148.47.

1-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-N 4-benzoylcytosine : Rf (hexane/
acetone/TEA 49:49:2)� 0.47; exact mass calcd for C46H53N5O7P [M�H]�:
818.3682, found 818.3663; 31P NMR: d� 148.64, 148.61.

1-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-N 4-benzoyl-5-methylcytosine : Rf

(hexane/acetone/TEA 49:49:2)� 0.61; LSIMS (NPOE): m/z : 832 [M�H]� .

9-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-N 6-benzoyl adenine : Rf (hexane/
acetone/TEA 49:49:2)� 0.32; exact mass calcd for C47H53N7O6P: [M�H]�:
842.3795, found 842.3790; 31P NMR: d� 148.65, 148.23.

Oligonucleotide synthesis was carried out on an automated DNA
synthesizer with the phosphoramidite approach, model ABI 392 (Applied
BioSystems). Condensations were run at 0.12m of the respective modified
building blocks for 10 min to ensure adequate coupling yields. The
sequences obtained were deprotected and cleaved from the solid support
by treatment with concentrated ammonia at 55 8C for 16 h. After a first

purification on a NAP-10 column (Sephadex G-25-DNA grade), a mono-
QHR 10/10 anion-exchange column/Pharmacia) was used with the follow-
ing gradient system: A) NaOH, pH 12.0 (10 mm), NaCl (0.1m); B) NaOH,
pH 12.0 (10 mm), NaCl (0.9m). The low-pressure liquid chromatography
system consisted of a Merck ± Hitachi L6200A Intelligent pump, a Mono-Q
HR 10/10 column, a Uvicordu SII2138 UV detector (Pharmacia-LKB) and
a recorder. Product-containing fractions were immediately neutralized by
addition of aqueous ammonium acetate. Following concentration, the
eluent was desalted on a NAP 10 column and lyophilized.

UV-melting experiments and thermodynamic data : UV-melting experi-
ments were recorded with a Uvikon 940 or a Carry 100 Bio spectropho-
tometer. Samples were dissolved in a buffer solution containing NaCl (0.1
or 1m), potassium phosphate (0.02m, pH 7.5) and EDTA (0.1 mm). The
oligomer concentration was determined by measuring the absorbancy at
80 8C in pure water and assuming extinction coefficients in the denaturated
state as used for natural DNA. The concentration in all experiments was
4 mm of each strand. Cuvettes were kept at a constant temperature with
water circulating through the cuvette holder and with a thermistor
immersed directly in the cuvette. For the melting experiments, temperature
control and data acquisitions were carried out automatically with an IBM/
PC AT-compatible computer. The samples were heated and cooled at a rate
of 0.2 8C minÿ1 with data sampling every 30 s. Tm values were determined
from the maximum of the first derivative curve.

CD spectra : CD spectra were measured at 10 8C with a Jasco 600
spectropolarimeter in thermostatically controlled 1 cm cuvettes corrected
with a Lauda RCS 6 bath. The oligomers were dissolved and analyzed in
buffer containing NaCl (0.1m), potassium phosphate (0.02m, pH 7.5) and
EDTA (0.1 mm) and at a concentration of 4 mm of each strand.

Mass spectrometric analysis of oligonucleotides : Oligonucleotides were
purified by RP HPLC on a C18 column prior to mass spectrometric
analysis. A linear gradient of A: ammoniumbicarbonate (25 mm in H2O,
pH 7.0) and B: acetonitrile (80 % in H2O) was applied. Mass spectra were
acquired in negative ionization mode on a quadrupole/orthogonal-accel-
eration time-of-flight (Q/oaTOF) tandem mass spectrometer (qTof 2,
Micromass, Manchester, UK) equipped with a standard electrospray
ionization (ESI) interface. Samples were infused in acetonitrile/water 1:1
at 3 mL minÿ1. Collisionally activated dissociation (CAD) was performed
with argon in the collision cell and a collision energy of 150 eV.

Model building

Conformational search : The model building and conformational analysis of
the a-homo-DNA monomer was done using Macromodel 5.0.[59] The

Table 9. NMR data for 6-O-monomethoxytrityl-2,3-dideoxy-a-d-erythro-hexopyranosyl nucleosides (coupling constants in Hz).[a, b]

------------------------------

B T C5Me-N4-Bz C-N4-Bz A-N6-Bz
Pos 1H 13C 1H 13C 1H 13C 1H 13C

1' 5.760 79.34 5.796 79.43 5.787 80.70 6.056 75.36
(dd, J� 2.9/9.9) (dd, J� 2.5/9.5) (dd, J� 3.4/9.3) (t, J� 4.4)

2'
�

1.70 ± 2.15 (m)

�
24.25

�
1.75 ± 2.15 (m)

�
24.40

�
2.12 (m)

�
24.83 2.98 (m), 2.10 (m) 25.44

3' 25.95 25.98 1.75 ± 1.95 (m) 26.07 218 (m), 1.75 (m) 26.79
4' 3.881 64.31 3.893 64.31 3.908 64.66 3.795 66.98

(m, SJ� 10) (m, J� 10) (dt, J� 3.4/3.9) (dt, J� 5.5/10.0)
5' 4.103 78.21 4.136 78.79 4.155 79.12 3.604 79.97

(dd, J� 17) (m, J� 16) (dt, J� 3.9/6.3) (q, J� 7.6)

6'

3.456 3.452 3.484 3.471
�

(dd, J� 5.7/9.9)

�
62.28

�
(dd, J� 5.7/9.9)

�
62.28

�
(dd, J� 5.9/9.8)

�
62.52

�
(dd, J� 5.5/10.0)

�
64.31

3.317 3.321 3.362 3.417
(dd, J� 7.0/9.9) (dd, J� 7.0/9.9) (dd, J� 6.8/9.8) (dd, J� 6.0/10.0)

N 4 8.65 (br) ± 8.36 (br) ± 8.79 (br) ± 9.44 (br) ±
5-Me 1.922 (d, J� 1.1) 12.38 2.115 (d, J� 1.2) 13.48 ± ± [5] ± 123.22
5 ± 110.84 ± 111.84 7.252 (d, J� 7.3) 96.45 [8] 8.249 (s) 141.83
6 ± 135.82 8.310 (s) 136.97 8.135 (d, J� 7.3) 144.80 [4] ± 149.75
2 ± 149.96 ± 147.72 ± 154.04 [2] 8.780 (s) 152.60
4 ± 163.71 ± 147.72 ± 162.07 [6] ± 151.72

[a] The resonances for the protecting groups are omitted for clarity: [f.e. for B�C-N4-Bz: 1H: a) MMTr: 3.800 (s, 3H), 68.48 (d, 2H), 7.20 ± 7.45 (m, 12H);
b) Bz: 7.48 (t, 2 H), 7.60 (t, 1H), 7.89 (d, 2 H); 13C: a) MMTr: 55.25, 87.01, 113.30 (2), 127.13 (2), 127.96 (4), 128.29 (4), 130.30 (2), 135.02, 143.87 (2), 158.74.
b) Bz: 127.54 (2), 129.01 (2), 133.23, 133.13, 166.7. [b] For B�C-N4-Bz, all assignments were checked by 2D-COSY and 6 HSQC experiments on a Unity 500
spectrometer.
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building and molecular dynamics simulation of the polymer duplexes was
done using midasplus[60] and Amber 4.1.[61]

Charge and force field parameter development : The force field parameters
and partial charges for RNA were taken from the Amber 4.1 force field
parameter database.[62] The force field parameters for the a-d-glucose sugar
were taken from Amber 4.1 without modification. Some missing angle and
improper torsion parameters and force constants for the 5-Me-Cytosine
base were taken from comparable angles from the Amber 4.1 force field.
Partial atomic charges of the a-homo-DNA nucleotide were obtained by a
two-stage fitting procedure (RESP)[63] of the charges to the 6-31G* derived
electrostatic potential from a Gamess calculation.[64]

Duplexes: The building and molecular dynamics simulation of the polymer
duplexes was done using Midasplus[60] and Amber 4.1.[62] The a-homo-
DNA:RNA parallel duplex (a-TCMeTCMeCMeTCMeTCMeCMeCMeT:r-
AGAGGAGAGGGA) was built starting from a 12-mer Arnott A-type
antiparallel double RNA helix (A:U and G:CMe base pairs) (model 1 and 2)
and starting from a twelvemer Arnott B-type double stranded DNA helix
(model 3). The duplexes were soaked in a rectangular box of explicit TIP3P
water molecules[65] and 22 Na� counterions. After equilibration, the
molecular dynamics simulation was started (with particle mesh Ewald
conditions,[66] initial box size 69.3� 47.7� 48.5 �3; total number of atoms is
13951) to verify the stability of the model structures.

Calculation of structural parameters : Curvature : The curvature analysis
was done using the Curves 5.0 program.[67] The analysis was done making
use of one optimal linear axis.

Sugar puckering parameters : The puckering parameters of the six-
membered hexopyranose rings were calculated according to Cremer and
Pople.[68] The ribose puckering parameters were calculated following
Altona and Sundaralingam.[69]

NMR sample preparation and NMR spectrometry of oligonucleotides

Sample preparation : Oligonucleotide strands were dissolved in D2O and
the pD was adjusted to 7. The RNA solution (OD� 68) was titrated with
the complementary a-homo-DNA solution to obtain an equimolar mixture.
After adding each aliquot of the a-homo-DNA solution, the mixture was
briefly heated to 80 8C and slowly cooled to room temperature to allow for
duplex formation. The degree of complex formation was monitored by one
dimensional proton NMR. After reaching the 1:1 RNA:a-homo-DNA
titration point the sample was lyophilized and dissolved in 0.75 mL D2O
yielding a 1.2 mm duplex solution. For measurements in H2O, the sample
was lyophilized and dissolved in a 0.75 mL 90 % H2O/10 % D2O mixture.

NMR spectrometry : NMR spectra were recorded on a Varian 500 Unity
spectrometer operating at 499.505 MHz. Quadrature detection was ach-
ieved by States ± Haberkorn hypercomplex mode.[74] Spectra were pro-
cessed using Vnmr software package (Varian).

For samples in H2O one dimensional spectra in were recorded using a
jump-return observation pulse.[52] A two dimensional of a-homo-DNA:
RNA sample in H2O was recorded at 5 8C with a 150 ms mixing time using
the watergate sequence,[75] with a sweep width of 11000 Hz in both
dimensions. The spectrum was recorded with 64 scans for each FID and
4096 data points in t2 and 512 FIDs in t1.

The two-dimensional DQF-COSY,[46] TOCSY,[47] and NOESY[48] spectra of
the a-homo-DNA and a-homo-DNA:RNA samples dissolved in D2O were
recorded with a spectral width of 4200 Hz in both dimensions. DQF-COSY
spectra were recorded with 4096 data points in t2 and 400 increments in t1.
For the TOCSYexperiment, a Clean MLEV17[76] was used during the 65 ms
mixing time. The spectrum was acquired with 32 scans, 4096 data points in t2

and 512 FIDs in t1. The NOESY spectra were recorded with mixing times of
150 and 300 ms. Each experiment had 32 scans for each FID, 2048
datapoints in t2 and 256 increments in t1. All two-dimensional spectra data
were apodized with a shifted sine bell squared function in both dimensions.
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