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Abstract—Synthesis of the novel a-l-ribofuranosyl phosphoramidite derivative 7 was accomplished via the a-l-ribofuranosyl
thymine nucleoside 4. Amidite 7 was used in automated syntheses of chimeric oligonucleotides composed of mixtures of the novel
a-l-RNA nucleotide monomer (�LT, a-l-ribo configured RNA), and DNA, LNA (TL, locked nucleic acid) or a-l-LNA (�LTL, a-l-
ribo configured locked nucleic acid) nucleotide monomers. For a-l-RNA/DNA and a-l-RNA/a-l-LNA chimeras, RNA-selective
hybridization was obtained, for a-l-RNA/a-l-LNA chimera we found increased binding affinity compared to the corresponding
DNA:RNA reference duplex. In addition, a-l-RNA/a-l-LNA chimera displayed significant stabilization towards 30-exonucleolytic
degradation. These results indicate that a-l-RNA/a-l-LNA chimeras deserve further evaluation as antisense molecules. # 2002
Elsevier Science Ltd. All rights reserved.

In the antisense therapeutic strategy, chemically mod-
ified oligonucleotides are administered in order to
specifically inhibit the translation of disease-related
mRNA sequences by duplex formation. Essential
requirements for therapeutic efficiency of antisense oli-
gonucleotides include good aqueous solubility, resis-
tance toward enzymatic degradation, and high binding
affinity and specificity towards the RNA target strand.
Accordingly, synthesis of a large number of chemically
modified oligonucleotides has been accomplished.1 The
unprecedented thermal stability of duplexes involving
LNA (locked nucleic acid, b-d-ribo isomer, Fig. 1)1b,2,3

has prompted us to study the properties of various LNA
stereoisomers, including a-l-LNA (a-l-ribo configured
LNA, Fig. 1).1b,3�5 Very efficient recognition of single-
stranded DNA and RNA has been demonstrated not
only for LNA but also for a-l-LNA.2�5

Although significantly less stabilizing than LNA or a-l-
LNA, 20-O-alkyl-RNAs6�8 are presently among the
preferred nucleotide modifications in antisense oligo-
nucleotides. The fact that 20-O-alkyl-RNA/RNA
duplexes9 and LNA/RNA duplexes2f are not substrates
for the RNA-cleaving enzyme RNase H limits the use of

fully modified 20-O-alkyl-RNA and fully modified LNA
to RNase H independent antisense applications, for
example, as steric blockers, as agents interfering with
double-stranded RNA targets, or as end-gaps in gap-
mer9 antisense oligonucleotides. However, high binding
affinity and efficient mis-match discrimination are of
utmost importance for any antisense application, as is
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Figure 1. Structures of LNA and a-l-LNA nucleotide monomers and
sketches of their locked N-type (C30-endo, 3E) furanose conforma-
tions.5 Also shown are structures of RNA and a-l-RNA nucleotide
monomers. In Table 1, the notations �LT (a-l-ribo configured RNA),
TL (LNA) and �LTL (a-l-LNA) are used for the monomers shown
above (base=thymin-1-yl).
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the opportunity to fine-tune these parameters, for exam-
ple, by combining nucleotide monomers of different che-
mical structures. This report is focused on the potential of
modulating RNA-recognition by use of the novel a-l-
RNA (a-l-ribo configured RNA, Fig. 1) with special focus
on a-l-RNA/DNA and a-l-RNA/a-l-LNA chimeras.

Starting from l-arabinose, the known nucleoside 110

was synthesized in five steps. Mesylation of compound 1
in pyridine gave compound 2 in an acceptable yield
(84%). Subsequent treatment with aq NaOH in ethanol
afforded the ribo-configured nucleoside 3, presumably
via an O20,C2-anhydronucleoside intermediate. Sub-
sequent heating of the reaction mixture for 18 h effected
removal of the 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl
protecting group and 1-(a-l-ribofuranosyl)thymine (4)
was isolated in 59% yield (from 2). The NMR data of 4
were identical to those of its enantiomer, 1-(a-d-ribo-
furanosyl)thymine.11 Nucleoside triol 4 was selectively
DMT-protected in 93% yield at the primary hydroxy
group by reaction with 1.5 equiv DMTCl in pyridine to
give derivative 5, which after reaction with 3.0 equiv

TBDMSCl in pyridine in the presence of imidazole
afforded a mixture of the 20-O- and 30-O-silylated pro-
ducts. Separation of these by column chromatography
(2.0–6.0% acetone/0.5% pyridine/97.5–93.5% dichloro-
methane; v/v/v) furnished nucleoside 6 in 45% yield.
Nucleoside 6 was dissolved in anhydrous dichloro-
methane in the presence of N,N-diisopropylethylamine
and 2-cyanoethyl N,N-diisopropylphophoramido-
chloridite to give phosphoramidite 7 in 73% yield
(Scheme 1).

The oligomers (Table 1) used in this study were synthe-
sized on an automated DNA synthesizer using the
phosphoramidite approach.12 The a-l-ribofuranosyl
phosphoramidite building block 7 was used for the
synthesis of the a-l-RNA oligomers 11, 12 and 16–20.
The stepwise coupling yield for amidite 7 was approx-
imately 98% (20 min coupling time; 1H-tetrazole as
activator) using procedures described previously.4a

After detritylation, cleavage from the solid support and
deacylation were effected using 40% aqueous methyl-
amine (10 min, 55 �C). After cooling to �18 �C, the solid
support was removed (centrifugation), washed [2 � 0.25
cm3; EtOH/CH3CN/H2O (3:1:1, v/v/v)], and the com-
bined liquid phase evaporated to dryness under reduced
pressure. The residue was desilylated using a method
described previously13 during 20 h at 55 �C. Desilylation
of the oligomers was incomplete when using milder
desilylation conditions as revealed by MALDI-MS
analysis. Standard conditions of the synthesizer were
used for incorporation of DNA monomers whereas the
incorporation of LNA or a-l-LNA monomers followed
procedures described previously.2a,2b,4a Analysis by
capillary gel electrophoresis verified the purity of the
novel a-l-RNA oligomers 11, 12 and 16–20 as being
>90%, whereas MALDI-MS analysis confirmed their
compositions.14 The reference DNA oligomers 8 and
13,2a,4b the LNA oligomers 9 and 14,2a,2b and the a-l-
LNA oligomers 10 and 154b,4c have been prepared and
studied previously.

Table 1. Melting temperatures (Tm values) towards complementary single-stranded DNA and RNA targets obtained as the maximum of the first

derivative of the melting curve (A260 vs temperature) in medium salt buffer (10 mM sodium phosphate, 100 mM sodium chloride, 0.1 mM EDTA,

pH 7.0) using 1.5 mM concentrations of the two complementsa

Entry Description of oligomers Sequence of oligomers DNA complement RNA complement
Tm (�C) Tm (�C)

1 DNA reference 8: GTGATATGC 30 28
2 LNA/DNA 9: GTLGATLATLGC 44 50
3 a-l-LNA/DNA 10: G(�LTL)GA(�LTL)A(�LTL)GC 37 45
4 �-L-RNA/DNA 11: GTGA(�LT)ATGC 26 28
5 �-L-RNA/DNA 12: G(�LT)GA(�LT)A(�LT)GC <5 12

6 DNA reference 13: T10 20 19
7 LNA 14: (TL)9T 80 71
8 a-l-LNA 15: (�LTL)9T 63 66
9 �-L-RNA 16: (�LT)9T <5 <5
10 �-L-RNA/LNA 17: (�LT)4(T

L)4(
�LT)T <5 27

11 �-L-RNA/LNA 18: [(�LT)(TL)]4(
�LT)T <5 <5

12 �-L-RNA/�-L-LNA 19: (�LT)4(
�LTL)4(

�LT)T <5 29
13 �-L-RNA/�-L-LNA 20: [(�LT)(�LTL)]4(

�LT)T <5 27

aAll oligomers are depicted with the 50-end positioned to the left. A=adenine monomer, C=cytosine monomer, G=guanine monomer, T=thymine
monomer; A, C, G and T are DNA monomers, that is, 20-deoxy-b-D-ribofuranosyl derivatives. See Fig. 1 for structures of the TL, �LTL, and �LT

monomers (Base=thymin-1-yl).

Scheme 1. Synthesis of the a-l-ribofuranosyl thymine nucleoside 4 and
the phosphoramidite derivative 7: (i) MsCl, pyridine (84%); (ii) aq
NaOH, ethanol; (iii) aq NaOH, ethanol, 65 �C (59%, two steps); (iv)
DMTCl, pyridine (93%); (v) TBDMSCl, imidazole, pyridine (45%); (vi)
NC(CH2)2OP(Cl)N(i-Pr)2, EtN(i-Pr)2, CH2Cl2 (73%). [Si]=1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl. DMT = 4,40-dimethoxytrityl.
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Results from hybridization experiments (Tm values)
toward single-stranded DNA and RNA complements
are depicted in Table 1. In entries 1–5, different variations
of a 9-mer mixed-base sequence are studied. Introduction
of three thymine LNA monomers (9)2a,2b or three a-l-
LNA monomers (10)4c significantly improves the ther-
mal stability towards both DNA and RNA when com-
pared to the results obtained with the corresponding
DNA reference 8. Both 9 and 10 display a weak RNA
selectivity as witnessed by the slightly lower thermal
stabilities of the duplexes involving the DNA comple-
ment. Results for the two a-l-RNA/DNA chimeras 11
and 12 are despicted in entries 4 and 5. Incorporation of
one a-l-RNA nucleotide leads to unchanged (toward
RNA) or reduced (toward DNA, �Tm=�4 �C) thermal
stability when compared to the DNA reference 8. When
three a-l-RNA monomers are incorporated (oligomer
12), hybridization towards both DNA and RNA is
adversely influenced, most so, however, toward DNA.

Various combinations of the different monomers in a
homothymine 10-mer context are evaluated in the sec-
ond series of oligomers (Table 1, entries 6–13). As
reported earlier, the (almost) fully modified LNA and a-
l-LNA oligomers 14 and 15, respectively, indeed dis-
play very efficient hybridization towards both DNA and
RNA.2a,3b,3c In contrast, a melting point was not
obtained for the corresponding a-l-RNA 16 neither
toward DNA nor RNA. Exchange of four a-l-RNA
monomers of 16 with LNA monomers gave the a-l-
RNA/LNA chimeras 17 and 18. With four consecutive
LNA monomers (17), no hybridization toward the
DNA complement was detected. However, a Tm value
of 27 �C toward the RNA complement was observed.
This strong RNA selectivity is thought to be caused by
hybridization of the LNA segment (-TL

4-) with the
RNA but not with the DNA complement, as supported
by hybridization results reported earlier for a TL

5T oli-
gomer.2a A comparable RNA selectivity has not been
observed neither for longer homothymine sequences
(e.g., 14) nor for partly or fully modified LNAs with
mixed base compositions.2b,15 The a-l-RNA/LNA chi-
mera 18 with alternating a-l-RNA and LNA monomers
hybridizes neither with the DNA nor the RNA comple-
ment. The two a-l-RNA/a-l-LNA chimeras 19 and 20

containing four consecutive a-l-LNA monomers and
alternating a-l-RNA and a-l-LNA monomers, respec-
tively, display very similar binding properties. Thus, Tm

values of 29 �C and 27 �C for 19 and 20, respectively,
were observed toward the RNA target but no Tm values
toward the DNA target. Of utmost importance for
antisense applications are not only binding affinity but
also base-pairing selectivity. It is therefore encouraging
that oligomers 19 and 20 both display satisfactory dis-
criminatory behavior towards an RNA target with one
mis-matched base [r(A7CA6) target: Tm <5 �C]. How-
ever, more experiments are needed in order to fully
understand the binding interactions between RNA and
a-l-RNA/a-l-LNA chimera.

The stability of a-l-RNA/a-l-LNA chimera toward 30-
exonucleolytic degradation in vitro was evaluated using
snake venom phosphodiesterase (SVPDE).16 During
SVPDE digestion of unmodified oligonucleotides, for
example the DNA reference 13 (see Fig. 2), the absor-
bance at 260 nm rapidly increases due to conversion
into the nucleoside constituents.16 In contrast, the a-l-
RNA/a-l-LNA chimeras 19 and 20 are both very sig-
nificantly stabilized toward degradation by SVPDE
(Fig. 2; no significant hyperchromicity observed). These
qualitative experiments indicate that a-l-RNA/a-l-
LNA chimera, like a-l-DNA,17 a-l-LNA,18 and DNA/
a-l-LNA chimera,18 are significantly protected toward
30-exonucleolytic degradation.

The results reported herein suggest that further studies
should be performed in order to evaluate the full
potential of a-l-RNA/a-l-LNA chimeras as antisense
molecules. If the pronounced RNA selectivity obtained
for 20 (composed of alternating a-l-RNA and a-l-LNA
monomers) turns out to be a general feature of a-l-RNA/
a-l-LNA chimeras, one may envision reduced toxicity
and improved specificity compared to the current anti-
sense molecules which are known to be able also to
hybridize toward DNA targets. A similarily pronounced
RNA selectivity has been reported for a few other
oligonucleotide analogues, for example, b-l-DNA,19

arabinonucleic acids,20 20-O,30-C-linked bicyclic oligo-
nucleotides,21 and a-d-LNA.22 However, their usefulness
as antisense molecules is hampered either by compara-
tively low binding affinity toward RNA19,20 or the
necessity of using fully modified oligomers in order to
obtain efficient RNA binding.21,22 It is therefore impor-
tant that the a-l-RNA/DNA chimera 11 retains the
ability to hybridize to RNA and that the a-l-RNA/a-l-
LNA chimera 20, with alternating a-l-RNA and a-l-
LNA monomers, displays increased binding affinity
towards RNA (�Tm value=+8 �C compared to the
DNA reference 13). It is striking that both DNA/a-l-
LNA and a-l-RNA/a-l-LNA chimeras display increased
binding affinity toward RNA which stresses the flexibility
and power of these LNA-type chimeric oligonucleotides.
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