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Oligonucleotides with novel modifications, 2'-O-[2-(methoxy)ethyl]-2-thiothymidine and 2'-deoxy-2'-fluoro-2-thiothymidine, have been synthesized.
These modified oligonucleotides exhibited very high thermal stability when hybridized with complementary RNA. 2-O-(2-Methoxy)ethyl-2-
thiothymidine modified oligonucleotide phosphodiesters showed enhanced resistance toward nucleases (ty, > 24 h), but 2'-deoxy-2'-fluoro-
2-thiothymidine modified oligonucleotide phosphodiesters showed limited stablity to nucleotytic degradation.

Oligonucleotides that form stable duplexes with RNA and compared to uridine. As a result, a 2-thiouridine exhibits
that are resistant to digestion by nucleases are needed foexcellent hybridization specificity. Recently, Sekine et al.

antisense applicatiortsIn addition, to be therapeutically

have reported the synthesis of-Q-methyl-2-thiouridine

useful, the synthesis of the modifications and of the oligo- modified oligonucleotidésand have demonstrated better
nucleotides must be straightforward and economical. 2-Thio- selectivity of 2-O-methyl-2-thiouridine for adenine than

uridine residues are known to adopt a&€nhdosugar pucker
and oligonucleotides with this modification form thermo-
dynamically stable duplexes with complementary RNA.

guanine relative to unmodified uridine.
The 2-O-[2-(methoxy)ethyl] (22O-MOE)-modified gap-
mer oligonucleotides have emerged as a promising choice

Furthermore, due to steric hindrance and the weaker H-for antisense applicatior$.2'-O-MOE-modified nucleotides

bonding ability of sulfur relative to oxygen, 2-thiouridine
destabilizes U-G wobbfe and U-2-amino-A base pairs
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prefer to adopt the &zendosugar pucker favorable for RNA
binding, due to an extended gauche effect and hydration
involving the 2-O-MOE side chairf® Another 2-modifica-

tion that favors a g-endosugar pucker and A-type confor-
mation when hybridized with RNA is'2leoxy-2-fluoro (2-

F).” Though the 2deoxy-2-fluoro ribo modification containing
oligonucleotides favors A-form helices while binding to

(5) Shohda, K.; Okamoto, |.; Wada, T.; Seio, K.; Sekine, Biborg.
Med. Chem. Lett200Q 10, 1795-1798.

(6) (&) Martin, P.Hely. Chim. Actal995 78, 486-504. (b) Monia, B.
P.; Lesnik, E. A.; Gonzalez, C.; Lima, W. F.; McGee, D.; Guinosso, C. J.;
Kawasaki, A. M.; Cook, P. D.; Freier, S. M. Biol. Chem.1993 268
14514-14522. (c) Teplova, M.; Minasov, G.; Tereshko, V.; Inamati, G.
B.; Cook, P. D.; Manoharan, M.; Egli, MNat. Struct. Biol.1999 6, 535—
539.



complementary nucleic acids, its resistance to nucleolytic

degradation was very po&t.On the other hand, the-D- Scheme P
MOE side chain provided better resistance to nucleolytic o o
degradation compared to the corresponding unmodified 2
deoxy sugar-containing oligonucleotides. | /’]‘\\H | JN\
We envisioned that oligonucleotides modified with 2-thio- R'O o. N° 7O R'O o. N TOEt
uridine and a 5-methyl substituent along with the use of either (i)
2'-O-MOE (1a, Figure 1) or 2F (1b, Figure 1) sugar
(la, Fig ) ( g ) sug OAck OH
2a R = O(CHy),0CH3, 4a R = O(CH,),0CHj,
R’ =DMT R =H
2bR=F,R =DMT iy 4o R=F. R'=H
O o 3a R = O(CH;),0CHj3, 5a R = O(CHy),OCHg,
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HO o N°7s HO o N s 0
NH
\fL/&
OH O~y OH F (iv) DMTO o N 78
1a 1b >
Figure 1. 2'-O-MOE—2-thiothymidine (a) and 2-deoxy-2-F-2- OR"R
thiothymidine (b). 6a, 6bR"=H 6a-9a R = O(CH,),0OCH3
6b-9bR=F,7cR=H
v) NiPr,
7a,7b, 7c R"=—P_ ~_CN
modifications would significantly improve the hybridization (vi) 0
affinity toward RNA relative to an unmodified DNA oligo- L o
. . . 8a, 8b R" = C(O)-(CHy),-C(O)OH
nucleotide and the use of-©-MOE should provide resis- (vii 2 (O-(CRy)-C(O)
tance to nucleolytic degradation.

X ) '—> 9a, 9b R" = C(0)-(CH,),-CONH-CPG
Here we report the facile synthesis 0fG-DMT-2'-O-

MOE-5-methyl-2-thiouridine-3phosphoramidite?a), 5'-O- 3 Reagents and conditions: (i) (a) HOAg®I(4:1), rt, (b) MsCl/
DMT-2'-deoxy-2-fluoro-5-methyl-2-thiouridine-3phosphor-  Py-dichloromethane (1:1);20 °C; (ii) NaHCGO; (2.5 mol equiv)/
amidite (7b), and the corresponding solid suppoi@s and Eﬁgv(i%ﬂﬁ%?’ee [‘“ v()';'% D'\r/{T'%:h[_)';géE_/ngsﬂ; SV) gogfg ;'ZZSh
9b) (Schemell). Alsc_).reporteq are _mcorporapon of these (v) 2-cyanoethy?tetrais)é’prc’)pylph’osphorodziar”nic}/iiQN-dii'sopro—’
novel nucleoside modifications into oligonucleotides, thermal pyiammonium tetrazolide, GHN, rt; (vi) succinic anhydride, 1,2-
stability of the modified oligonucleotide duplexes with dichloroethane, DMAP, (&s)sN, rt; (vii) 2-(1H-benzotriazole-1-
complementary DNA and RNA, and resistance to snake Yl)-1,1,3,3-tetramethyluroniumtetrafiuoroborate (TBTU), 4-methylmor-
venom phosphodiesterase (SVPD) digestion relative to Pholine, DMF, aminoalkyl controlled pore glass (CPG), rt.
unmodified DNA.

Syntheses of phosphoramiditéa and 7b are shown in
Scheme 1. Compour@awas prepared from'8D-DMT-2'-
O-MOE-thymidine according to standard procedurdhe

methanesulfonatg@a was refluxed in absolute ethanol in the in over 90% yield:* ) L .
presence of 2.5 molar equiv of anhydrous NaHG@der Compound3b was prepared in quantitative yield from

argon atmosphere for 36 h to afford-Q-MOE-2-O- compound2b according to standard procedufeEreatment
ethylthymidine #a) in 75% yield® Reaction of compound ~ ©f compound3b with anhydrous NaHC@in ethanol under

4awith DMT-CI in anhydrous pyridine in the presence of reflux gave a mixture of products with clogg values, not
DMAP afforded 5-O-DMT-2'-O-MOE-2-O-ethylthymidine observed wheAawas synthesized from compouBéd. This
(5a) in 90% yield. Treatment of compouriwith H,S and may be due to side reactions such as-anhyd_ro forma'Fion
1,1,3,3-tetramethylguanidine (TMG) in anhydrous pyridine " the presence of NaHGG@nd subsequent ring opening at
gave 50-DMT-2'-0-MOE—5-methyl-2-thiouridine §a) in elevated temperature in ethaddlThe mixture of products
85% yieldX® Flash column chromatography with a 1:1 was trgated with DMT-CI in pyridi_ne in the presence of a
mixture of ethyl acetate and hexane was used to removeCatalytic amount of DMAP to obtain compouith in 33%
over-all isolated yield from compoun8b. Compound5b
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TMG-H,S salt contamination from the product. Phosphity-
lation of compounda gave the desired phosphoramidite
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derivative of6b. At room temperature the thiolation reaction ||| | | | | I N

of compoundsb with H,S in anhydrous pyridine was very
slow. Phosphitylation of compoursh gave compoundb

in 60% yield. Compound$a and 6b were converted into
3-O-succinyl derivatives3aand8b, and loaded on to amino
alkyl controlled pore glass (CPG, Scheme 1) to obtain
supports 9a (loading capacity: 56.96umol/g) and 9b
(loading capacity: 58.3k&mol/g)!*

9 (A)

% Full Length Oligo
24
=}

23
Commercially available phosphoramidites were used for 40 o
oligonucleotide synthesis unless otherwise specified. Phos- fz
phoramidite7a was incorporated into oligonucleotidés, IO
17 (Table 1), and23 (Figure 2a} Oxidation of the inter- 0] . ' ’ : ' .
0 4 8 12 16 20 24

Table 1. Effect of the 2-O-MOE—2-thiothymidine (X),
2'-Deoxy-2-fluoro-2-thiothymidine (),

2'-Deoxy-2-thiothymidine (Z), 20-MOE-thymidine ¢), and ;f"
2'-Deoxy-2-flourouridine (1) Modifications on Stability of 2
Duplexes with Complementary RNA %"
seq Tm,® ATp,16 E
no. sequence 5'—3' °C (°C)/unit S
10 d(XCCAGGXGXCCGCAXC) 74.1 +2.9
11 d(YCCAGGYGYCCGCAYC) 77.3 +3.7 0
12 d(ZCCAGGZGZCCGCAZC) 65.8 +0.9 o 3 ‘; 9 1'2 1l<
13 d(tCCAGGtGtCCGCALC) 66.0 +0.9 i ) N
14 d(TCCAGGTGTCCGCATC) 62.4 Time min
17
ig S(UCCAGGUGUCCGCAUC) 17 64.8 J_ro.e Figure 2. The disappearance of oligonucleotid23-27 in the
(UCCAGGUGUCCGCAUC) 60.0 0.6 - - , . o
17 d(GCBXXNXXXXXXGCE) 829 134 presence of .SVPD.a.s a functlf)n of t|qﬁ8,_5-'|j15>(4-3 X = 2.-
O-MOE-2-thiothymidine);24, 5-Tist4-3' (t = 2'-O-MOE-thymi-
18 d(6CGzz22222722GCG) 654 17 dine); 25, T 26, 5-TisYs3 (Y = 2-deoxy-2-fluoro-2-
19 dGCttGee) 605 t1.2 thiothymidine); 27, 5-T1sZ,-3 (Z = 2-deoxy-2-thiothymidine);
20 d(GCGTTTTTTTTTTGCG) 48.5 each point is an average of two experimehts.
21 d(CTCGTACYYYYCCGGTCC) 76.9 +3.8
22 d(CTCGTACTTTTCCGGTCC) 61.8

freshly prepared 0.05 M ¥COs; in methanol to complete the
deprotectiort® HPLC purification, detritylation, and desalting

nucleotide phosphitg to the ph_os_phate was carried 0L_Jt Withgavell, 21 (5—10% isolated yield), an@6 (30% isolated
tert-butylhydroperoxide/acetonitrile/water (10:87:3) with a yield).

10 min oxidation wait period® The oligonucleotides were
characterized by ES-MS, capillary gel electrophoresis, and oligonucleotide0—22 and complementary RNA are sum-
HPLC. Oligonuclectides containing-geoxy-2-thiothymi-
dine (L12and18, Table 1, an@®7, Figure 2b) were synthesized
according to the same protocols with use of commercial (T.) enhancement of 2-98.4 and 2.8-2.2°C per modifica-
phosphoramidité&c obtained from Glen Research Inc.
The synthesis of oligonucleotiddd, 21 (Table 1), and
26 (Figure 2b) was first attempted with phosphoramidite
and standard phosphoramidites of A, G, and C. However, singly modified 2-deoxy-2-thiothymidine12 and18) or 2-
deprotection with aqueous ammonia gave a complex mixture 0-MOE-thymidine (13and19) hybridized to complementary
of products as evident from ES-MS analysis. Therefore, RNA was between 0.9 and 1°C per modification when
2-cyanoethyl phosphoramidites and solid supports Wfth
phenoxyacetyl-AN?-(4-isopropyl-phenoxyacetyl)-G, amdf-
acetyl-C (Glen Research Inc.) were used for the synthesis.and 2-O-MOE-thymidiné® favor the G-endosugar con-

Thermal denaturation studies of duplexes formed between

marized in Table 1. Incorporation of-©-MOE-2-thiothy-
midine (L0and17, Table 1) provided a melting temperature

tion compared to '2deoxy oligonucleotidesld and20) and
2'-O-MOE oligonucleotides13 and 19), respectively. The

Tm enhancement observed with oligonucleotides containing

compared to the'2deoxyoligonucleotideslé and 20).
Earlier studies showed that bothdeoxy-2-thiothymiding

The coupling and oxidation protocols were the same as thoseformation in the oligonucleotides and thus contribute to the
used for the synthesis of oligonucleotid®. The solid-  stability of duplexes formed with complementary RNA.

support bound oligonucleotides were treated with 1 M Replacement of thymidine with 2-thiothymidine, due to the
piperidine in anhydrous acetonitrile, to remove the cyanoethyl
protection from the phosphatt,and subsequently with

(14) Guzaev, A. P.; Manoharan, M. Org. Chem.2001, 66, 1798~
1804.

(15) Kuijpers, W. H.; Huskens, J.; Koole, L H.; van Boeckel, C. A.
Nucleic Acids Resl99Q 18, 5197-5205.

(13) Kumar, R. K.; Davis, D. RJ. Org. Chem1995 60, 7726-7727.
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intrinsic Gz-endoconformational preference of the later, does These data suggest an RNA selective preorganization and

not allow binding of human RNase H to RNA-DNA hybrid
containing 2-thiothymidine in the DNA palt. Thus the
advantage of using 2-thiothymidine (a'sdzoxy) is lost in
antisense applications due to its inability to recruit RNase
H. This makes the combination of &@odification and the
2-thiothymidine preferred. When these two modifications
were combined in one nucleoside residue, asi®-2MOE-
2-thiothymidine, thel', enhancement for the duplex formed

with complementary RNA was additive.

The oligonucleotide with 2deoxy-2-fluorouridine (L5),
which lacks a 5-methyl group relative t6-fioro-thymidine,
stabilized the duplex by 0.8C per modification compared
to DNA control 14.%7 The loss in thermal stability due to
the lack of a methyl group was 0.8C per modification

hybridization of the 20-MOE-2-thiothymidine and 2
deoxy-2-thiothymidine modified oligonucleotides.

The susceptibility of oligonucleotides containing novel
modifications to nuclease digestion was evaluated by using
a standard assay with SVPPThe enzymatic hydrolysis of
phosphodiester oligonucleotid@8—27, capped at the'3
terminus with four modified nucleoside residues, was evalu-
ated. The plot of the time-dependent disappearance of the
novel oligonucleotides and their-deoxy and 20-MOE
analogues is shown in Figure 2. The half-life of the
oligonucleotide with 20-MOE-2-thiothymidine modifica-
tion (23) was over 24 h and showed better resistance to
SVPD than the 20-MOE-thymidine modified oligonucle-
otide (4, Figure 2A). However, the'Zeoxy-2-fluoro-2-

(16),1” and therefore, one would expect an increase of aboutthiothymidine €6) and the 2deoxy-2-thiothymidine Z7)

1.2°C per modification for an oligonucleotide modified with
2'-deoxy-2-fluorothymidine. The oligonucleotidesl and21
containing the 2deoxy-2-fluoro-2-thiothymidine increased
thermal stability of duplex with complementary RNA up to
3.8°C per modification (Table 1) compared to the unmodi-
fied controls (4 and22). These results indicate the syner-
gistic stereoelectronic effect of 2-thio and@-MOE or 2-F

modified oligonucleotides were degraded as rapidly as the
2'-deoxy-oligonucleotide (half-lives between 1.5 and 5 min,
Figure 2B). Thus the replacement of thymine with 2-thio-
thymine did not improve the nuclease resistance of oligo-
nucleotides. On the other hand, when thHeO2MOE-2-
thiothymidine (Figure 2A) and thée-2leoxy-2-thiothymidine
modification (Figure 2B) are compared, it is clear that a

modifications on enhancement of thermal stability against combination of 20-MOE ribose sugar and 2-thio-5-me-

complementary RNA. This is in contrast to the@-methyl-
2-thiouridine modification where no additive effect on

thermal stability was observéd.

Unlike the 2-O-MOE-thymidine oligonucleotide that
destabilizes a duplex with complementary DNFO( Table
2) compared to the control oligonucleoti@®, both 2-O-

Table 2. Effect of the 2-O-MOE-2-thiothymidine (X),
2'-Deoxy-2-thiothymidine (Z), and'20-MOE-thymidine )

Modifications on Stability of Duplexes with Complementary

DNA
seq Tm8 ATm,
no. modification °C °C/modification
17 X 73.50 +1.9
18 z 62.00 +0.8
19 t 42.40 —-1.2
20 parent DNA 54.20

MOE-2-thiothymidine {7, Table 2) and 2deoxy-2-thio-
thymidine (@8, Table 2) oligonucleotides stabilize the
duplexes with complementary DNA. However, when com-
pared to the duplex with RNAL{ and 18, AT, = 3.4 and
1.7 °C per modification, respectively, Table 1), the stabiliza-
tion of the duplex with DNA {7 and 18, AT, = 1.9 and
0.8 °C per modification, respectively, Table 2) was less.

(16) ATy, per modification with respect to thymidine.

(17) Freier, S. M.; Altmann, K.-HNucleic Acids Resl997, 25, 4429~

4443.

(18) Unpublished results (Isis Pharmaceuticals Inc).

3008

thyluracil in a modified pyrimidine nucleoside provides
enhanced nuclease resistance compared to the corresponding
singly modified nucleoside when incorporated into oligo-
nucleotides..

In conclusion, facile syntheses of-@-MOE-2-thiothy-
midine and 2F-2-thiothymidine and their incorporation into
oligonucleotides were demonstrated. The additive effect of
the 2-O-MOE or 2-F and the 2-thiothymine modifications
on thermal stability suggests that there is a synergistic
stereoelectronic effect of sugar and base modifications in
preorganizing the modified oligonucleotides to form an
A-type helix. High binding affinity, nuclease stability, and
expected favorable pharmacokinetic properties (due to sulfur
and 2-O-MOE modifications) warrant further evaluation of
2'-O-MOE-2-thiothymidine modified oligonucleotides for
antisense applications. The remarkably high binding affinity
of 2'-F-2-thiothymidine makes it a good candidate for
hybridization-dependent nontherapeutic applications as well.
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