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Abstract: LNA (Locked Nucleic Acids, 1, X = O, Y = O) is a novel oligonucleotide analogue capable of
recognizing complementary DNA and RNA with unprecedented thermal affinities. Synthesis of the first chemically
modified LNA analogues is reported. A 9-mer phosphorothioate- LNA containing three LNA thymine monomers
(1,X=0,Y =8, Base = thymin-1-ylI) and 9-mer LNAs containing one, three or five 2'-thio-LNA monomers (1,
X = 8§, Y = 0, Base = uracil-1-yl) were able to recognize both complementary DNA and RNA with thermal
affinities comparable to those of parent LNA.. © 1998 Elsevier Science Ltd. All rights reserved.

Conformationally restricted oligonucleotide (ON) analogues containing bicyclic monomers have attracted
considerable attention due to their potential for formation of entropically favourable duplexes.'” We have recently
introduced LNA (Locked Nucleic Acids, 1, X =0, Y = 0)*” as a novel ON analogue containing one or more 2'-O,4"-
C-linked bicyclo[2.2.1nucleoside LNA monomers locked in a 3'-endo conformation.®® The highly interesting
properties and characteristics of LNA are summarized below:57

i Base Characteristics of LNA:7

0 * Unprecedented thermal stabilities of duplexes towards

LNA: X=0,Y=0 complementary DNA and RNA (AT, = +3 to +8 °C)
2'-Thio-LNA : X=8,Y=0 - . . .
0\ X 2"Phosphorothioate-LNA: X=0, Y = S ¢ Stability towards 3'-exonucleolytic degradation
] . . . _—
O=P—v- Efficient automated oligomerization
H ¢ Good aqueous solubility

We are interested in evaluating chemical variants of LNA and in this report we introduce the sulphur analogues
phosphorothioate-LNA (1, X = 0, Y = S) and 2'-thio-LNA (1, X =S8, Y = 0). Though a 14-mer oligothymidylate
LNA displayed stability towards the 3'-exonuclease snake venom phosphordiesterase,6 degradation of LNA by other
nucleases cannot at this moment be ruled out. As the introduction of phosphorothioate internucleoside linkages has
proved to be a solution to this problem for unmodified ONs,” we decided to synthesize an all-phosphorothioate-LNA
(Table, entry 6).'%4"-Thio analogues (with a sulphur atom replacing the oxygen atom in the furanose ring) of natural
ONs have shown satisfactory affinities towards complementary ONs.'""!? This fact, and molecular modeling
suggesting the compatibility of a similar modification in the additional ring of LNA monomers,'* have prompted
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us to synthesize the 2'-thio-LNA nucleoside 2 shown in the Scheme.'® For incorporation of monomer 1 (X =§,
Y =0, Base = uracil-1-yl) into ONs, the phosphoramidite derivative 4! was synthesized from 2 in 41% yield by
4 4'-dimethoxytritylation affording the 5'-O-protected nucleoside 3 followed by phosphitylation (Scheme). Amidite
4 was used to synthesize 9-mer 2'-thio-LNAs containing one, three or five 2'-thio-LNA monomers (Table, entries
7-9)."7
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Scheme. (i) 4,4"-Dimethoxytrityl chloride (DMTCI), pyridine (83%); (if) NC(CH,),OP(CI)N(iPr),, diisopropyl-
ethylamine, dichloromethane (49%). The experimental procedures were equivalent to those reported for the cor-
responding parent LNA nucleosides.”

The thermal affinity studies towards complementary DNA and RNA are depicted in the Table as T values
(melting temperatures) and AT, values (change in T, per modification). The remarkable effect of introducing three
LNA thymine monomers T" (1, X = O, Y = O, Base = thymin-1-yl) appears clearly (entries 1 and 2).57 The results
shown in entries 3 and 4 are in line with the earlier published data (AT, = +5.0 °C / T%). It is well known that the
thermal affinity of phosphorothioate ONs is decreased by approximately -1 °C per phosphorothioate linkage.'®
However, comparison of the thermal affinities of the phosphorothioate-LNA (1, X =0, Y = S, Base = thymin-1-yl)
of entry 6 with the corresponding phosphordiester reference of entry 2 (both containing three T monomers) reveals
a significantly less pronounced decrease (AT, = -0.4/-0.4 °C per phosphorothioate linkage) than that observed
between the corresponding oligodeoxynucleotides (entries 1 and 5, AT, = -0.9/-1.4 °C per phosphorothioate
linkage). The reason for this effect is presently not clear, but it could possibly originate from the dominating effects
of the rigid bicyclo[2.2.1]nucleoside system partially compensating the unfavourable effect from diastereoisomerism
at the phosphorus atoms. An interesting effect can be extracted when comparing the results for the two all-phosp-
horothioate sequences of entries 5 and 6. Thus, impressively increased thermal affinities towards both DNA (AT,
=+6.7 °C / TY) and RNA (AT, = +10.0 °C / T") were obtained by introducing the three LNA thymine monomers.
Comparison with the results of entries 1 and 2 reveals a possible conclusion with important implications for
antisense therapeuticals, namely that the stabilizing effect of LNA monomers is even more pronounced for phos-
phorothioate ONs than for unmodified phosphordiester ONs. Thus, e.g., if parent LNA is degraded in vivo, or if
astretch of unmodified phosphorothioate nucleotides is necessary to effect RNase H activity, phosphorothioate-LNA
appears to be a very attracting molecule.

The results for the 2'-thio-LNAs (Table, entries 7-9) clearly indicate a positive effect on the thermal stability
of duplexes towards both DNA and RNA by the introduction of 2'-thio-LNA monomer 1 (X=8, Y = O). This effect
(AT, ~ +5 °C / modification towards DNA; AT, ~+8 °C/ modification towards RNA) is comparable with that
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DNA complement RNA complement

Entry Sequence TC  ATfC T_fC AT,
Reference sequences
157 5-d(GTGATATGC) 28 28
267 5.4(GTV'GATFATLGC) 44 +5.32 50 +7.32
3 5-d(GTGTTTTGC) 32 n.d.
4 5-d(GT'GT'TITITIGC) 52 +5.0° nd.
Phosphorothioate sequences
5 5-d(GgTsGgAgTsAsTsGsC) 21 -0.9° 17 -1.4°
6 5-d(Gg T gGgAgT AT $G<C) 41 -04%+6.70 47 -0.4°+10.0°
2"-Thio-LNA sequences

7 5'-d(GTGAUYSATGC) 34 +6.0° 36 +8.0°
8 5-d(GULSGAUSAULSGC) 42 +4.7% 52 +8.0°
9 5-d(GULSGUMSULSULSULSGC) 51 +3.8° nd.

Table. LNAs synthesized and melting temperatures towards complementary DNA and RNA measured in 100 mM
NaCl, 10 mM Na,HPO,, 0.1 mM EDTA, pH 7. 07 A=2- deoxyadenosme monomer, C = 2'-deoxycytidine monomer,
G=2"- deoxyguanosme monomer, T = thymidine monomer, T = LNA thymine monomer (1, X=0, Y = O, Base
= thymin-1-yl), ULS = 2'-thio-LNA uracil monomer (1, X =S, Y = O, Base = uracil-1-y1). The subscript “s” in the
sequences deplcted in entries 5 and 6 denotes a phosphorothioate internucleoside linkage. T, = melting temperature,
AT, = change in T, per modification, n.d. = not determined. The results of entry 1 used as rcfcrence T,, values.
|’I‘he result of entry 3 used as reference T, value. °The results of entry 2 used as reference T, values. The results
of entry 5 used as reference T, values.

observed for parent LNA (entries 1-4). The picture is complicated by the simultaneous introduction of two modifica-
tions (the 2'-thio functionality and uracil instead of thymine). However, as we have earlier observed identical melting
temperatures for the LNA thymine and uracil monomers,’ and as the references containing 2'-deoxyuridine instead
of thymidine, if anything, would be expected to display lower T, values than those found in entries 1 and 3,'® the
comparison seems relevant. The results obtained for 2'-thio-LNAs are in accordance with the molecular modeling
results which indicated that the additional 2'-S,4'-C-linked ring is positioned at the rim of the duplexes with no
apparent unfavourable intermolecular steric interactions.'* Consequently, e.g., the corresponding 2'-amino-LNA
monomer (1, X = NH, Y = O) appears to be very interesting as a possible conjugation site in an LNA-type ON.
In conclusion, the first analogues of LNA, namely phosphorothioate-LNA and 2'-thio-LNA, have been synthesi-
zed. Preliminary studies of their binding behavior towards complementary DNA and RNA revealed very interesting
results. Thus, hitherto unprecedented thermal stabilities of phosphorothioate ONs were obtained, and the 2'-thio
substitution did not interfere with the superior nucleic acid recognition properties of LNA. With these results, the
importance of the conformationally restricted LNA structure, and its compatibility with much of the chemistry
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already developed for natural ONs, have been stressed. Further studies on these and other chemically modified LNAs
are underway.
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