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ABSTRACT: Hybridization to RNA is important for many applications, including antisense therapeutics, RNA
interference, andmicroarray screening. Similar thermodynamic stabilities of A-U andG-Ubase pairs result in
difficulties in selective binding to RNA. Moreover, A-U pairs are weaker than G-C pairs so that binding is
sometimes weak when many A-U pairs are present. It is known, however, that replacement of uridine with 2-
thiouridine significantly improves binding and selectivity. To test for additional improvement of binding and
of the specificity for binding A over G, LNA-2-thiouridine was synthesized for the first time and incorporated
into many LNA-20-O-methyl-RNA/RNA duplexes. UV melting was used to measure the thermodynamic
effect of replacing 20-O-methyluridine with 20-O-methyl-2-thiouridine or LNA-2-thiouridine. The 2-thiouri-
dine usually enhances binding and selectivity. Selectivity is optimized when a single 2-thiouridine is placed at
an internal position in a duplex.

Among the 107 naturally modified RNA nucleotides, 16 carry
sulfur, including 9 derivatives of 2-thiouridine (s2U) (1). Replace-
ment of the pyrimidine oxygen at position 2 with sulfur changes
biological and structural properties. Oxygen and sulfur have
different radii (60 versus 100 pm) and electronegativity (3.5
versus 2.5 Pauling units). Those differences influence the ability
to hydrogen bond and the ribose puckering. In general, uridine
and 2-thiouridine nucleosides and nucleotides adopt ca. 50-60%
and 70-100% C30-endo conformation, respectively. In conse-
quence, 2-thiouridine derivatives influence the overall structure
of helixes (2, 3).

Uridine is the least effective nucleotide to include in probes and
therapeutics because it binds weakly and with low specificity to
adenosine. On the basis of UV melting, CD, and NMR studies,
Kumar andDavis demonstrated that substitution of uridine with
2-thiouridine but not 4-thiouridine (s4U) in A-U pairs signifi-
cantly enhances stabilities of RNA duplexes (3). CD and NMR
experiments indicated that A-form helical structure is main-
tained. Imino proton NMR showed that proton exchange rates,
chemical shift differences, andNHproton linewidths indicate the
following stability order in A-U pairs: s2U > U > s4U. More-
over, 2-thiouridine in oligoribonucleotides enhances the specifi-
city for binding to complementaryRNAbecause the difference in
stabilities between A-s2U and G-s2U base pairs is larger than
between A-U and G-U base pairs (4). Replacing U with s2U
significantly enhances thermodynamic stability of A-s2U but not

G-s2U containing RNA duplexes. Parallel triplexes are also
significantly stabilized by 20-O-methyl-2-thiouridine (s2UM) and
2-thiothymidine, which was attributed to the effect of 2-thiocar-
bonyl groups on stacking (5).

The unique features of 2-thiouridine influence RNAbiological
function. For example, 2-thiouridine derivatives are present very
often at wobble position 34 of tRNA, and it is essential for
ribosome binding (6, 7). The full-length, unmodified transcript of
human tRNALys3

UUU and unmodified tRNALys3
UUU anticodon

stem/loop (ASLLys3
UUU) do not bind AAA- or AAG-

programmed ribosomes. Single, site-specific substitution of s2U
at position 34 to produce the modified ASLLys3

SUU, however,
restores ribosomal binding. Moreover, investigations of thermo-
dynamic stability and of structure by NMR demonstrated
different dynamic conformations for the loop of modified
ASLLys3

SUU and unmodified ASLLys3
UUU, whereas the stems

were isomorphous (7-10).
Substitution by 2-thiouridine also can affect gene silencing of

short interfering RNA (11). Among other modified nucleotides,
introducing s2U resulted in 5-10 times more effective gene
silencing of pBACE1-GFP plasmid in HeLa cells.

Locked nucleic acids (LNA) are analogues of nucleic acids
where C40 and O20 are bridged with a methylene linker which
fixes the ribose ring pucker to C30-endo conformation exclu-
sively (12, 13). Among all known modified analogues, LNA
forms the most thermodynamically stable duplexes with RNA
andDNA (14-18). In this paper, the chemical synthesis of LNA-
2-thiouridine is described for the first time. To achieve this goal, it
was necessary to change one of the protecting groups used during
synthesis and to optimize the nucleoside condensation reaction to
minimize S-nucleoside formation. Studies of the thermodynamic
stabilities of model LNA-20-OMeRNA/RNA duplexes con-
taining either 20-O-methyl-2-thiouridine or LNA-2-thiouridine
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demonstrated that both enhance selectivity of binding to A over
G but that LNA-2-thiouridine has a larger effect on stability. The
abbreviation, LNA-20-OMeRNA/RNA, means that one strand
of the duplex is formed by a 20-O-methyl oligonucleotide with
LNA nucleotide(s) (LNA-20-OMeRNA) at selected position(s)
whereas the second strand is oligoribonucleotide (RNA). The
largest enhancement in selectivity occurs when s2U is at an inter-
nal position within the duplex. Similar results were observed with
duplexes carrying pyrene at the 30-side of the 20-O-methyl
oligonucleotide strand. This latter type of duplex mimics inter-
actions of isoenergetic microarray probes that target RNA. In
those microarrays, the probes are short 20-O-methyl oligonucleo-
tides, and they are used to study secondary structure of
target RNAs (19-24). The 20-O-methylated oligonucleotides
(20-OMeRNA) are also useful for modulating biological func-
tions by binding to target RNA (25-28).

MATERIALS AND METHODS

General Methods. Mass spectra of nucleosides and oligo-
nucleotides were obtained on an LC MS Hewlett-Packard series
1100 MSD with an API-ES detector or a MALDI TOF MS,
model Autoflex (Bruker). Thin-layer chromatography (TLC)
purification of oligonucleotides was carried out on Merck 60
F254 TLC plates with the mixture 1-propanol/aqueous ammonia/
water = 55:35:10 (v/v/v). TLC analysis of reaction progress was
performed on the same type of silica gel plates with various
mixtures of dichloromethane andmethanol [98:2 v/v (A), 95:5 v/v
(B), 9:1 v/v (C)].
Synthesis and Purification of Oligonucleotides. Oligo-

nucleotides were synthesized on an Applied Biosystems DNA/
RNA synthesizer, using β-cyanoethyl phosphoramidite chemis-
try (29). Commercially available A, C, G, and U phosphorami-
dites with 20-O-tert-butyldimethylsilyl or 20-O-methyl groups
were used for synthesis of RNA and 20-O-methyl RNA, respec-
tively (Glen Research, Azco, Proligo). The 30-O-phosphorami-
dites of LNA nucleotides were synthesized according to publi-
shed procedures with some minor modifications (16, 17, 30, 31).
The details of deprotection and purification of oligoribonucleo-
tides were described previously (32).
UVMelting.Oligonucleotides were melted in buffer contain-

ing 100 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM
Na2EDTA, pH 7.0. The relatively low NaCl concentration kept
melting temperatures in the reasonable range even when there
were multiple substitutions and also allowed comparison to
previous experiments. Oligonucleotide single strand concentra-
tions were calculated from absorbance above 80 �C (33, 34).
Absorbance vs temperature melting curves were measured at
260 nmwith a heating rate of 1 �C/min from0 to 90 �Con aBeck-
man DU 640 spectrophotometer with a thermoprogrammer.
Melting curves were analyzed and thermodynamic parameters
were calculated from a two-state model with the program
MeltWin 3.5 (35). For most sequences, the 4H� derived from
TM

-1 vs ln(CT/4) plots is within 15% of that derived from
averaging the fits to individual melting curves, as expected if the
two-state model is reasonable.
Synthesis of 3-O-Allyl-1,2,5,6-di-O-isopropynylene-R-

D-glucose (3). The derivative 2 (40.7 g, 156.3 mmol) was
coevaporated twice with THF and dissolved in 163 mL of
anhydrous THF. Then, to a stirred solution of 2 at room
temperature, a 60% emulsion of sodium hydride (9.36g, 234
mmol) in mineral oil was added and left to dissolve the sodium

hydride (ca. 30 min), whereupon 21.6 mL (250 mmol) of allyl
bromide was added and left stirring for 16 h. After comple-
tion, the reaction mixture volume was reduced to half, a satu-
rated aqueous solution of sodium bicarbonate was added,
and the mixture was extracted three times with dichloro-
methane. The organic layers were combined, dried with anhy-
drous sodium sulfate, and evaporated to heavy oil. Rf 0.15 (A),
0.28 (B); 1H NMR δH (CDCl3) 6.01-5.90 (1H, m, All-OCH2-
CHCH2), 5.77 (1H, d, H-1), 5.38-5.24 (2H, 2� d, All-OCH2-
CHCH2), 4.65 (1H, t, H-2), 4.30-4.20 (1H, m, H-3), 4.11-4.02
(3H, m, H-5, H-10a, H-10b), 3.95-3.68 (3H, m, H-4, All-
OCH2CHCH2), 1.60 (3H, s, CH3), 1.35 (3H, s, CH3);

13C
NMR δC (CDCl3) 133.97, 118.94 (All), 113.24 (C(CH3)2),
104.17 (C-1), 77.32 (C-2), 77.00 (C-3), 76.68 (C-4), 71.31 (C-5),
70.73 (All), 64.16 (C-10), 26.74, 26.49 (CH3).
Synthesis of 3-O-Allyl-1,2-O-isopropynylene-R-D-glu-

cose (4). To derivative 3 (47.6 g, 158.7 mmol), 127 mL of glacial
acetic acid, 65mL of formic acid, and 80mL of water were added
and left stirring at room temperature for 1.5 h. After reaction
completion, the reaction mixture was evaporated and coevapo-
rated three times with toluene.Rf 0.15 (A), 0.28 (B); 1HNMR δH
(CDCl3) 6.01-5.90 (1H,m,All-OCH2CHCH2), 5.77 (1H, d, H-1),
5.38-5.24 (2H, 2� d, All-OCH2CHCH2), 4.65 (1H, t, H-2),
4.30-4.20 (1H, m, H-3), 4.11-4.02 (3H, m, H-5, H-10a, H-10b),
3.95-3.68 (3H, m, H-4, All-OCH2CHCH2), 1.60 (3H, s, CH3),
1.35 (3H, s, CH3);

13C NMR δC (CDCl3) 133.97, 118.94 (All),
113.24 (C(CH3)2), 104.17 (C-1), 77.32 (C-2), 77.00 (C-3), 76.68
(C-4), 71.31 (C-5), 70.73 (All), 64.16 (C-10), 26.74, 26.49 (CH3).
Synthesis of 3-O-Allyl-5-aldehyde-1,2-O-isopropyny-

lene-R-D-glucose (5). To 45.5 g (175 mmol) of derivative 4
dissolved in 430mLof ethanol, a solution of 42.2 g (192mmol) of
sodium periodite in 290 mL of water was added. The reaction
mixture was stirred for 0.5 h at room temperature and volume
reduced by half. Then, a saturated aqueous solution of sodium
bicarbonate was added, and the mixture was extracted three
times with dichloromethane. Combined organic layers were dried
with anhydrous sodium sulfate and evaporated to a heavy oil. Rf

0.32 (A), 0.61 (B); 1H NMR δH (CDCl3) 9.70 (1H, s, CHO),
6.02-5.84 (1H, m, All-OCH2CHCH2), 5.80 (1H, d, H-1), 5.40-
5.25 (2H, m, All-OCH2CHCH2), 4.65 (1H, t, H-2), 4.30-4.03
(3H, m, H-3, H-4, H-5), 3.95-3.82 (2H, m, All-OCH2CHCH2),
1.60 (3H, s, CH3), 1.30 (3H, s, CH3);

13C NMR δC (CDCl3)
198.53 (CHO), 133.80, 118.89 (All), 113.94 (C(CH3)2), 104.61
(C-1), 77.32 (C-2), 77.00 (C-3), 76.68 (C-4), 71.61 (All), 26.91,
26.57 (CH3).
Synthesis of 3-O-Allyl-4-C-hydroxymethyl-1,2-O-

isopropynylene-R-D-glucose (6). The derivative 5 (38.3 g, 168.1
mmol) was dissolved in 170mL of THF and 170mLofwater and
cooled to 4 �C. Then, 96.3 mL (3.48 mol) of formic aldehyde and
430 mL of 1 M aqueous sodium hydroxide were added; after
10 min the mixture was left at room temperature for 16 h.
The reaction mixture was extracted three times with dichloro-
methane. The combinedorganic layerswerewashedwith saturated
aqueous solution of sodium bicarbonate, dried with anhydrous
sodium sulfate, and evaporated.Rf 0.18 (A), 0.35 (B);

1HNMR δH
(CDCl3) 6.01-5.88 (1H, m, All-OCH2CHCH2), 5.77 (1H, d,
H-1), 5.37-5.21 (2H, m, All-OCH2CHCH2), 4.67 (1H, t, H-2),
4.40-3.80 (5H, m, H-3, H-5a, H-5b, H-10a, H-10b), 3.92-
3.80 (2H, m, All-OCH2CHCH2), 1.61 (3H, s, CH3), 1.35
(3H, s, CH3);

13C NMR δC (CDCl3) 133.97, 118.41 (All), 113.52
(C(CH3)2), 104.34 (C-1), 86.14 (C-4), 78.51 (C-2), 78.21 (C-3),
71.90 (C-5), 70.14 (All), 64.10 (C-10), 26.54, 25.86 (CH3).
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Synthesis of 3-O-Allyl-1,2-O-isopropynylene-5-O-metha-
nosulfonyl-4-C-methanosulfonyloxymethyl-R-D-erythro-
pentafuranose (7). Derivative 6 (44.5 g, 171.2 mmol) was
dissolved in 140 mL of anhydrous pyridine and cooled to 4 �C,
whereupon methanesulfonyl chloride (26.6 mL, 342 mmol) was
added. After a fewminutes, the reaction mixture was left at room
temperature for 1 h.Then, the volumeof the reactionmixturewas
reduced to half; a saturated aqueous solution of sodium bicar-
bonatewas added, and themixturewas extracted three timeswith
dichloromethane. The combined organic layers were dried with
anhydrous sodium sulfate, and the solution was evaporated and
coevaporated a few times with toluene. Rf 0.56 (A), 0.85 (B); 1H
NMR δH (CDCl3) 5.98-5.86 (1H, m, All-OCH2CHCH2), 5.81
(1H, d, H-1), 5.38-5.25 (2H, m, All-OCH2CHCH2), 4.70 (1H, t,
H-2), 4.40-4.05 (5H, m, H-3, H-5a, H-5b, H-10a, H-10b), 4.19
(2H, d, All-OCH2CHCH2), 3.12 (2H, s, CH3-Ms), 3.10 (1H, s,
CH3-Ms), 3.09 (1H, s, CH3-Ms), 3.05 (1H, s, CH3-Ms), 1.68
(3H, s, CH3), 1.35 (3H, s, CH3);

13C NMR δC (CDCl3) 133.55,
118.95 (All), 114.03 (C(CH3)2), 104.46 (C-1), 83.22 (C-4), 78.39
(C-2), 77.93 (C-3), 72.14 (C-5), 69.47 (All), 68.75 (C-10), 38.07,
37.56 (CH3-Ms), 26.19, 25.64 (CH3).
Synthesis of 3-O-Allyl-5-O-methanosulfonyl-4-C-metha-

nosulfonyloxymethyl-R-D-erythro-pentafuranose (8). To de-
rivative 7 (42.3 g, 101.6 mmol) was added 130 mL of 80% acetic
acid, and the mixture was refluxed for 3 h at 90 �C. After com-
pletion, the reaction mixture was evaporated and coevaporated a
few times with toluene and a few times with anhydrous pyridine.
Rf 0.05 (A), 0.21 (B); 1H NMR δH (CDCl3) 5.96-5.84 (1H,
m, All-OCH2CHCH2), 5.42 (1H, s, H-1), 5.39-5.25 (2H, m, All-
OCH2CHCH2), 4.60 (1H, d, H-2), 4.43-4.05 (5H, m, H-3, H-5a,
H-5b, H-10a, H-10b), 4.20 (2H, d, All-OCH2CHCH2), 3.08, 3.06
(6H, 2s, CH3-Ms); 13C NMR δC (CDCl3) 133.16, 119.30 (All),
101.45 (C-1), 82.24 (C-4), 77.31 (C-2), 76.68 (C-3), 72.70 (C-5),
69.62 (All), 68.98 (C-10), 37.65, 37.59 (CH3-Ms).
Synthesis of 1,2-Di-O-acetyl-3-O-allyl-5-O-methano-

sulfonyl-4-C-methanosulfonyloxymethyl-R-D-erythro-pen-
tafuranose (9).Derivative 8 (38.4 g, 102 mmol) was dissolved in
90 mL of anhydrous pyridine, and 38 mL (408 mmol) of acetic
anhydride was added and stirred at room temperature for 16 h.
After completion, the volume of the reaction mixture was
reduced to half, a saturated aqueous solution of sodium bicar-
bonatewas added, and themixturewas extracted three timeswith
dichloromethane. The combined organic layers were dried with
anhydrous sodium sulfate, and the solution was evaporated and
coevaporated a few timeswith toluene. The remains ofmineral oil
were washed out with n-hexanes. The reaction mixture was
purified by silica gel column chromatography using dichloro-
methane as solvent. The overall yield for nine steps was 37%,
which corresponds on average to ca. 90% for each step. Rf 0.66
(A), 0.78 (B); 1H NMR δH (CDCl3) 6.17 (1H, s, H-1), 5.87-5.77
(1H, m, All-OCH2CHCH2), 5.38-5.30 (2H, m, All-OCH2CH-
CH2), 5.28-5.22 (1H, t,H-2), 4.39 (1H, d,H-3), 4.37-4.20 (4H,m,
H-5a, H-5b, H-10a, H-10b), 4.10-3.98 (2H, m, All-OCH2CH-
CH2), 3.08 (3H, s, CH3-Ms), 3.07 (3H, s, CH3-Ms), 2.16 (3H, s,
COCH3), 2.11 (3H, s, COCH3);

13C NMR δC (CDCl3) 169.15,
168.79 (CdO), 133.18, 118.55 (All), 97.33 (C-1), 82.73 (C-4), 78.46
(C-2), 76.99 (C-3), 73.47 (C-5), 72.96 (C-10), 68.66 (All), 37.89,
37.71 (CH3-Ms), 21.03, 20.65 (CH3-Ac).
Synthesis of 1-(2-O-Acetyl-3-O-allyl-5-O-methanosul-

fonyl-4-C-methanosulfonyloxymethyl-β-D-ribofuranosyl)-
2-thiouridine (10). 2-Thiouracil (12.2 g, 95 mmol) was
suspended in 150 mL of hexamethyldisilazane, and 50 mg of

ammonium sulfate was added and refluxed at 130 �C for
16 h. The reaction mixture was cooled to room temperature,
evaporated to dryness, and coevaporated three times with 1,
2-dichloroethane. Then, 1,2-di-O-acetyl-3-O-allyl-5-O-methano-
sulfonyl-4-C-methanosulfonyloxymethyl-R-D-erythro-pentafura-
nose (9) (32.4 g, 70.4 mmol) that was previously coevaporated
three times with 1,2-dichloroethane was added to silylated 2-
thiouracil, and the mixture of both substrates was coevaporated
once again with 1,2-dichloroethane. The residual oil was dis-
solved in 340 mL of anhydrous 1,2-dichloroethane and cooled to
4 �C. Then, 16.5 mL (141 mmol) of tin(IV) chloride was added
dropwise and left at room temperature for 2 h. To the reaction
mixture was added a saturated aqueous solution of sodium
bicarbonate and sodium chloride, and the mixture was extracted
three times with dichloromethane. The combined organic layers
were dried with anhydrous sodium sulfate, and the solution was
evaporated. The reaction mixture was purified by silica gel
column chromatography using as solvent dichloromethane with
gradually increasing amount of methanol (up to 2%). Yield of
product (10) 27.3 g (51.6 mmol, 73.3%); Rf 0.19 (B), 0.45 (C);
1H NMR δH (CDCl3) 7.68 (1H, d, H-6), 7.26 (1H, s, H-10),
6.05 (1H, d, H-5), 5.91-5.78 (1H, m, All-OCH2CHCH2),
5.30-5.20 (2H, m, All-OCH2CHCH2), 4.67 (1H, s, H-20), 4.53
(1H, s, H-30), 4.25 (2H, d, All-OCH2CHCH2), 4.15-3.96 (4H, m,
H-50a, H-50b, H-50 0a, H-500b), 3.13 (3H, s, CH3-Ms), 3.10 (3H, s,
CH3-Ms), 2.16 (3H, s, COCH3);

13C NMR δC (CDCl3) 175.72
(C-2), 169.48 (CdO), 159.85 (C-4), 139.43 (C-6), 132.94, 119.10
(All), 107.18 (C-5), 91.63 (C-10), 84.60 (C-40), 77.21 (C-20), 75.60
(C-30), 73.48 (C-50), 67.65 (All), 53.41 (C-10 0), 37.92, 37.62 (CH3-
Ms), 20.75 (CH3-Ac).
Synthesis of (1S,3R,4R,7S)-3-(2-Thiouridin-1-yl)-7-

allyloxy-1-methanosulfonyloxymethyl-2,5-dioxabicyclo-
[2.2.1]heptane (11). Derivative 10 (24.4 g, 46.2 mmol) was
dissolved in 78 mL of THF, and 138 mL of a 1 M aqueous
solution of monohydrate of lithium hydroxide was added. After
1 h stirring at room temperature, the reaction was complete, and
acetic acid was used to neutralize the reaction. To the reaction
mixture was added a saturated aqueous solution of sodium
bicarbonate, and the mixture was extracted three times with
dichloromethane. The combined organic layers were dried with
anhydrous sodium sulfate, and the solution was evaporated to
dryness. Yield of the crude (11) 16.5 g (42.3 mmol, 91.5%);
Rf 0.39 (B), 0.60 (C); 1H NMR δH (CDCl3) 7.70 (1H, d, H-6),
6.12 (1H, s, H-10), 5.97 (1H, d, H-5), 5.86-5.70 (1H, m,
All-OCH2CHCH2), 5.24-5.11 (2H, m, All-OCH2CHCH2),
4.84 (1H, s, H-20), 4.56 (1H, s, H-30), 4.12-3.92 (4H, m, H-50a,
H-50b, H-10 0a, H-10 0b), 3.86 (2H, d, All-OCH2CHCH2), 3.07
(3H, s, CH3-Ms); 13C NMR δC (CDCl3) 174.68 (C-2), 159.75
(C-4), 139.02 (C-6), 133.08, 118.02 (All), 106.49 (C-5), 90.43
(C-10), 86.08 (C-40), 77.42 (C-20), 76.99 (C-30), 75.84 (C-50), 68.67
(All), 64.09 (C-100), 37.50 (CH3-Ms).
Synthesis of (1S,3R,4R,7S)-3-(2-Thiouridin-1-yl)-7-

allyloxy-1-benzoyloxymethyl-2,5-dioxabicyclo[2.2.1]hep-
tane (12). Compound 11 (16.5 g, 42.3 mmol) was coevaporated
three times with anhydrous DMF, and residue was dissolved in
200 mL of anhydrous DMF. Then, 16.3 g (127 mmol) of lithium
benzoate was added and stirred for 16 h at 90 �C. After
completion, a saturated aqueous solution of sodium bicarbonate
and sodium chloride was added to the reaction mixture, and the
mixture was extracted three times with dichloromethane. The
combined organic layers were dried with anhydrous sodium
sulfate, and the solution was evaporated to dryness. Yield of



Article Biochemistry, Vol. 48, No. 46, 2009 10885

the crude (12) 15.9 g (38.1mmol, 90.0%);Rf 0.51 (B), 0.66 (C);
1H

NMR δH (CDCl3) 10.69 (1H, s, N-H), 8.01 (1H, d, H-6),
7.55-7.52 (5H, m, Bz), 6.14 (1H, s, H-10), 5.90-5.79 (1H, m,
All-OCH2CHCH2), 5.76 (1H, d, H-5), 5.30-5.10 (2H, m, All-
OCH2CHCH2), 4.91 (1H, s, H-20), 4.16 (1H, s, H-30), 4.20-3.80
(6H, m, H-50a, H-50b, H-10 0a, H-10 0b, All-OCH2CHCH2);

13C
NMR δC (CDCl3) 174.58 (C-2), 162.53 (Bn), 159.69 (C-4), 139.43
(C-6), 133.82, 133.28, 129.69, 128.76 (Bn), 106.14 (C-5), 92.56
(C-10), 86.73 (C-40), 81.42 (C-20), 77.32 (C-30), 75.92 (C-50), 71.27
(All), 58.98 (C-10 0).
Synthesis of (1S,3R,4R,7S)-3-(2-Thiouridin-1-yl)-7-

allyloxy-1-hydroxymethyl-2,5-dioxabicyclo[2.2.1]heptane
(13). To crude derivative 12 (15.9 g, 38.1 mmol) was added
50 mL of pyridine and 32% aqueous ammonia to beginning
cloudiness of solution and left at 55 �C for 16 h. After cooling to
room temperature, the solution was evaporated and coevapo-
rated several times with toluene. The reaction mixture was
purified by silica gel column chromatography using as solvent
dichloromethane with gradually increasing amount of methanol
(up to 5%). Yield of product (13) 9.4 g (30.1 mmol, 79.1%);
Rf 0.21 (B), 0.65 (C); 1H NMR δH (CDCl3) 8.04 (1H, d,
H-6), 6.12 (1H, s, H-10), 6.04 (1H, d, H-5), 5.90-5.77 (1H, m,
All-OCH2CHCH2), 5.30-5.10 (2H, 2d, All-OCH2CHCH2), 4.79
(1H, s, H-20), 3.99 (1H, s, H-30), 4.10-3.70 (6H, m, H-50a,
H-50b, H-10 0a, H-100b, All-OCH2CHCH2);

13C NMR δC (CDCl3)
176.00 (C-2), 161.88 (C-4), 140.27 (C-6), 133.50, 118.59 (All),
106.19 (C-5), 90.28 (C-10), 89.07 (C-40), 77.32 (C-20), 76.68 (C-30),
75.33 (C-50), 70.01 (All), 56.65 (C-10 0).
Synthesis of (1S,3R,4R,7S)-3-(2-Thiouridin-1-yl)-7-(prop-

1-enyl)-1-hydroxymethyl-2,5-dioxabicyclo[2.2.1]heptane
(14). Compound 13 (8.8 g, 28.1 mmol) was dissolved in 140 mL
of anhydrous DMF, and 15.8 g (140.7 mmol) of potassium tert-
butoxide was added. The reaction mixture was refluxed for 2 h
at 100 �C. After completion, a saturated aqueous solution of
sodium bicarbonate was added to the reaction mixture, and the
mixture was extracted three times with dichloromethane. The
combined organic layers were dried with anhydrous sodium
sulfate, and the solution was evaporated to dryness. Yield of
the crude (14) 7.2 g (23.1 mmol, 82%); Rf 0.24 (B), 0.72 (C);
1H NMR δH (CDCl3) 7.80 (1H, d, H-6), 6.12 (1H, s, H-10), 5.95
(1H, d,H-5), 4.80 (1H, s,H-20), 4.10 (1H, s,H-30), 4.04-3.82 (4H,
m, H-50a, H-50b, H-10 0a, H-10 0b), 1.55-1.51 (3H, 2d, CH3-All);
13C NMR δC (CDCl3) 174.68 (C-2), 162.62 (C-4), 140.08 (C-6),
128.78, 127.33 (All), 106.27 (C-5), 90.18 (C-10), 89.14 (C-40), 77.42
(C-20), 76.31 (C-30), 71.39 (C-50), 56.34 (C-10 0), 9.11 (CH3-All).
Synthesis of (1S,3R,4R,7S)-3-(2-Thiouridin-1-yl)-7-

hydroxy-1-hydroxymethyl-2,5-dioxabicyclo[2.2.1]heptane
(15). To derivative 14 (7.2 g, 23.1 mmol) was added 80 mL of
80% acetic acid and then kept at 100 �C for 4 h. After reaction
completion, the acetic acid was evaporated and coevaporated
three times with toluene. Yield of the crude (15) 6.3 g (23.1mmol,
100%); Rf 0.03 (B), 0.38 (C); 1H NMR δH (CDCl3) 7.84-7.79
(1H, d, H-6), 6.14 (1H, s, H-10), 6.09 (1H, d, H-5), 4.69 (1H, s,
H-20), 4.43 (1H, s, H-30), 4.16-3.70 (4H, m, H-50a, H-50b, H-100a,
H-100b);

13C NMR δC (CDCl3) 176.87 (C-2), 162.69 (C-4), 140.33
(C-6), 106.04 (C-5), 90.30 (C-10), 87.26 (C-40), 77.42 (C-20), 71.23
(C-30), 71.05 (C-50), 56.36 (C-10 0).
Synthesis of (1S,3R,4R,7S)-3-(2-Thiouridin-1-yl)-7-hy-

droxy-1-(4,40-dimethoxytrityloxymethyl)-2,5-dioxabicy-
clo[2.2.1]heptane (16).The derivative 15 (6.3 g, 23.1mmol) was
coevaporated twice with 25 mL of anhydrous pyridine. The
residue was dissolved in 80 mL of anhydrous pyridine, and

4,40-dimethoxytrityl chloride (11.7 g, 34.6 mmol) was added and
left at room temperature for 2 h.After reaction completion, to the
reaction mixture was added a saturated aqueous solution of
sodium bicarbonate and extracted three times with dichloro-
methane. The combined organic layers were dried with anhy-
drous sodium sulfate, and the solution was evaporated and
coevaporated three times with toluene. The reaction mixture
was purified by silica gel column chromatography using as
solvent dichloromethane with gradually increasing amount of
methanol (up to 5%). Yield of product (16) 10.2 g (17.8 mmol,
76.9%); overall yield for the synthesis of protected LNA-
2-thiouridine was 25.2%, which corresponds on average to
82% on each step; Rf 0.35 (B), 0.46 (C); 1H NMR δH (CDCl3)
10.40 (1H, s,N-H), 8.14 (1H, d, H-6), 7.56-7.40 (9H,m,DMTr),
7.40-7.20 (4H, m, DMTr), 6.14 (1H, s, H-10), 5.85 (1H, d, H-5),
4.73 (1H, s,H-20), 4.24 (1H, s,H-30), 3.90-3.80 (2H,m,H-10 0a, H-
100b), 3.79 (6H, s, OCH3-DMTr), 3.60-3.49 (2H, m, H-50a, H-
50b);

13C NMR δC (CDCl3) 174.52 (C-2), 159.89 (C-4), 158.78
(DMTr), 144.37 (DMTr), 140.29 (C-6), 130.07, 129.99, 128.62,
128.30, 127.97, 127.33, 127.22, 113.35 (DMTr), 106.26 (C-5),
90.12 (C-10), 88.68 (DMTr), 87.02 (C-40), 77.42 (C-20), 71.35
(C-30), 70.12 (C-50), 57.57 (C-10 0), 55.26 (OCH3).
Synthesis of (1R,3R,4R,7S)-7-(2-Cyanoethoxy(diiso-

propylamino)phosphinoxy)-1-(4,40-dimethoxytrityloxy-
methyl)-3-(2-thiouridin-1-yl)-2,5-dioxabicyclo[2.2.1]-
heptane (17). Compound 16 (3.65 g, 6.36 mmol) and tetrazole
(0.45 g, 6.36 mmol) were dried under vacuum for several hours
and dissolved in 43 mL of anhydrous acetonitrile. Then, to a
stirred solution was added with syringe 2-cyanoethyl-N,N,N0,N0-
tetraisopropylphosphordiamidite (2.47 g, 8.27 mmol). The mix-
ture was stirred at room temperature for 1.5 h. A saturated
aqueous solution of sodiumbicarbonate was added and extracted
three times with dichloromethane containing 1% of triethyla-
mine. The organic phase was dried with anhydrous sodium
sulfate and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography using hexane
containing 1% of triethylamine and gradually increasing ethyl
acetate up to 75%. The fractions carrying product were com-
bined and evaporated and coevaporated three times with benzene
and lyophilized to give product as a white solid material. Yield
4.28 g (5.53 mmol, 86.9%); Rf 0.45 (B), 0.58 (C); 31P NMR δC
(DMSO-d6) 151.00, 148.26.

RESULTS

Synthesis of LNA-2-thiouridine. The chemical synthesis
of LNA-2-thiouridine is shown in Figures 1 and 2. Twomajor
problems were found when using standard procedures for
synthesis of LNA nucleosides. First, trimethylsilyl trifluoro-
methanesulfonate catalyzed condensation (36) of aglycone
with silylated 2-thiouracil produced S-substituted nucleoside
as the major product (K. Pasternak, Z. Gdaniec, and R.
Kierzek, unpublished results). Changing temperature and
solvent did not affect significantly those preferences. Tin(IV)
chloride in 1,2-dichloroethane (37-39), however, provided ca.
90% N-substituted nucleosides (Figure 2). The second problem
was removal of the transient protecting group from the 30-
hydroxyl. Classically, benzyl is removed by hydrogenolysis in
the presence of palladium catalyst (40). That and palladium-free
methods for deprotection of benzyl were insufficient for multi-
gram scale of synthesis (40). Several alternative protecting
groups, o-nitrobenzyl, tert-butyldimethylsilyl, methythiomethyl,
and 2-methoxyethoxymethyl (A. Kowalska, A. Pasternak,
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K. Pasternak, and R. Kierzek, unpublished results) were found
inapplicable for this synthesis. The allyl protection group,
however, proved successful (Figure 1) (40-42).

The chemical synthesis of the precursor of the ribose
analogue was performed as described for standard synthesis
but with allyl bromide replacement (12, 30, 40, 41). The allyl

bromide reaction as well as all reactions toward synthesis
of the precursor, 1,2-di-O-acetyl-3-O-allyl-5-O-methanosul-
fonyl-4-C-methanosulfonyloxymethyl-R-D-erythro-pentafura-
nose, was almost quantitative so column purification of the
intermediates was omitted. The final product was purified by
column chromatography, and the overall yield for nine reactions

FIGURE 1: Scheme for synthesis of 1,2-di-O-acetyl-3-O-allyl-5-O-methanosulfonyl-4-C-methanosulfonyloxymethyl-R-D-erythro-pentafuranose,
precursor of the aglycon for LNA-s2U preparation.

FIGURE 2: Scheme for synthesis of 50-O-dimethoxytrityl-LNA-s2U and it 30-O-phosphoramidite.
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was ca. 40%, which means that the average reaction yield was
ca. 90%.

Condensation of the sugar precursor with silylated 2-thiouracil
(ca. 1.3 equiv) was performed at room temperature in 1,2-
dichloroethane for 2 h in the presence of tin(IV) chloride (37).
The reaction was complete and resulted in two products, N-
glycoside (ca. 90%) and S-glycoside (ca. 10%) (Figure 2).
Because the character of the C-S bond in N- and S-glycosides
differs, 13C NMR distinguished the character of the glycosidic
bond. The chemical shifts of C2 inN-glycoside and in S-glycoside
were 175.72 and 164.45 ppm, respectively (43). Silica gel column
purifiedN-glycoside onlywas used for the next reaction. The next
reactions were performed according to the original procedure,
except that, in exchanging of 50-O-methanosulfonyl, lithium
benzoate was substituted for sodium benzoate due to solubility
in DMF (12, 17, 30). A two-step deprotection was used for
removal of 30-O-allyl (44). With potassium tert-butoxide, 30-O-
allyl was converted into propenyl ether and then deprotectedwith
acetic acid. The overall yield for synthesis of protected LNA-2-
thiouridine was over 25%, which corresponds on average to
82% for each step.
Design of Sequences. To measure the effects of replacing

20-O-methyluridine with 20-O-methyl-2-thiouridine and LNA-
uridine with LNA-2-thiouridine in oligonucleotides, thermody-
namics was measured for duplexes containing A-U and/or G-U
pairs. Moreover, those base pairs were placed in terminal and
internal positions within 20-O-MeRNA/RNA duplexes.

Another group of model duplexes have 20-O-methylated
oligonucleotides containing a 30-terminal pyrene residue. Pyrene
at the 30-end of a 20-OMeRNAoligonucleotide enhances thermo-
dynamic stability of 20-OMeRNA/RNA duplexes by 2.2-2.4
kcal/mol, independent of RNA strand length and nature of the
RNA nucleotide opposite the pyrene (45). This makes pyrene
very useful for preparation of probes for isoenergetic RNA
microarrays. LNA-20-OMeRNA probes rich in A and U nucleo-
tides often form only weak hybridization duplexes with target
RNA. For this reason, it was important to evaluate the influence
of LNA-2-thiouridine (s2UL) on the thermodynamic stability
of 30-pyrene-terminated duplexes containing A-s2UL and
G-s2UL pairs. To make these studies more realistic, the RNA
strand (mimic of RNA target) was two nucleotides longer than
the 30-pyrene-terminated 20-OMeRNA (mimic of microarray
probe).
Influence of 20-O-Methyl-2-thiouridine and LNA-2-

thiouridine at 50-Terminal Positions. The influence of 50-
terminal 20-O-methyl-2-thiouridine and LNA-2-thiouridine on
thermodynamic stabilities was studied in 20-OMeRNA/RNA
and chimeric LNA-20-OMeRNA/RNA duplexes, 50YCMUM-
AMCMCMAM/30RGAUGGU. In those duplexes, the superscript
M marks 20-O-methylated nucleotides, Y means 20-O-methyl-
2-thiouridine (s2UM), LNA-2-thiouridine (s2UL), 20-O-methylur-
idine (UM), or LNA-uridine (UL), and R means A or G. The
thermodynamic stabilities (ΔG�37) of 50YCMUMAMCMCMAM/
30AGAUGGU were -7.18, -7.67, -7.64, and -8.51 kcal/mol
for Y equal to UM, s2UM, UL, and s2UL, respectively, whereas in
duplexes 50YCMUMAMCMCMAM/30GGAUGGU, the thermo-
dynamic stabilities were -6.79, -7.03, -7.01, and -7.45 kcal/
mol, respectively (Table 1). Thus, 50-terminal A-s2UM and
A-s2UL base pairs enhance stability by 0.49 and 0.87 kcal/mol,
respectively, relative to UM-A and UL-A, whereas 50-terminal
G-s2UM and G-s2UL base pairs enhance stabilities by 0.24 and
0.44 kcal/mol, respectively.

For 30-pyrene-terminated duplexes, 50YGMUMGMUMpyrene/
30GACACAG, the thermodynamic stability was -7.35 and
-8.12 kcal/mol for Y equal to UL and s2UL, respectively
(Table 2). The enhancement of duplex stability (ΔΔG�37) due
to replacement of 2-oxo with 2-thio analogues was 0.77 kcal/mol
in an A-U pair. When UL and s2UL pair with G in
50YGMUMGMUMpyrene/30GGCACAG duplexes, the free en-
ergies were -5.68 and -6.12 kcal/mol for the same modified
nucleotides, so the increase of the stability was 0.44 kcal/mol.
Influence of 20-O-Methyl-2-thiouridine and LNA-2-

thiouridine at 30-Terminal Positions. The effects of 30-term-
inal s2UM and s2UL were studied in duplexes, 50AMCMUM-
AMCMCMY/30UGAUGGA. The thermodynamic stabilities
were -7.37, -7.20, -7.24, and -7.84 kcal/mol for Y equal
toUM, s2UM, UL, and s2UL, respectively (Table 1). When 2-thio-
modified nucleotides base paired to G in 50AMCMUMAM-
CMCMY/30UGAUGGG, the thermodynamic stabilities were
-6.93,-6.78,-7.38, and-7.40 kcal/mol, respectively (Table 1).
The presence of a 30-terminal A-s2UM base pair diminished
stability by 0.17 kcal/molwhereas a 30-terminalA-s2UL enhanced
stability by 0.60 kcal/mol relative to 30-terminalA-UMandA-UL,
respectively. The 30-terminal base pairs, G-s2UM and G-s2UL,
change the thermodynamic stability by 0.15 and-0.02 kcal/mol,
respectively, relative to G-UM and G-UL.

When s2UL and 30-terminal pyrene were placed next to each
other in the duplexes 50UMGMUMGMYpyrene/30GACACAG,
the stabilities were -7.03 and -7.54 kcal/mol for Y equal to UL

and s2UL, respectively (Table 2). Thus, the stability (ΔΔG�37) of
the duplex increased by 0.51 kcal/mol due to the replacement of
uridine with 2-thiouridine in an A-U pair. When UL and s2UL

base pair withG in 50UMGMUMGMYpyrene/30GACACGG, the
free energies were -6.42 and -6.25 kcal/mol for the same
modified nucleotides, so stability was diminished by 0.17 kcal/
mol (Table 2).
Influence of 20-O-Methyl-2-thiouridine and LNA-2-

thiouridine at Internal Positions. The s2UM and s2UL nucleo-
tides were placed at two internal positions, the central and
50-penultimate, positions within 20-OMeRNA/RNA and LNA-
20-OMeRNA/RNA duplexes (Table 1). At the center of
50AMCMUMYGMCMAM/30UGAACGU duplexes, the thermo-
dynamic stabilities were -7.59, -9.00, -8.96, and -10.40 kcal/
mol for Y equal to UM, s2UM, UL, and s2UL, respectively. When
those nucleotides base paired to G, in 50AMCMUMYGMCMAM/
30UGAGCGU, the thermodynamic stabilities were -4.60,
-5.17, -6.76, and -6.64 kcal/mol, respectively. Thus, replace-
ment of UM with s2UM or UL with s2UL enhanced the duplex
thermodynamic stability (ΔΔG�37) by 1.41 and 1.44 kcal/mol,
respectively, when base pairing to A, whereas the changes when
base pairing to G were -0.57 and 0.12 kcal/mol, respectively.

Two sets of LNA-20-OMeRNA/RNA duplexes with a 30-
terminal pyrene were investigated (Table 2). For 50CMUM-
YGMCMpyrene/30UGAACGU, the thermodynamic stabilities
were -9.52 and -10.97 kcal/mol for Y equal to UL and s2UL,
respectively. The enhancement of theA-Upair stability (ΔΔG�37)
was 1.45 kcal/mol. When binding of the oligonucleotides occur-
red via mismatch to G, the stabilities of duplexes 50CMUMYGM-
CMpyrene/30UGAGCGU were -7.18 and -7.49 kcal/mol, res-
pectively. In that case, the replacement ofULwith s2UL increased
stability by only 0.31 kcal/mol. In the second set of the dup-
lexes, 50UMGMYGMUMpyrene/30UACACAU, the stabilities
were -7.90 and -8.87 kcal/mol for Y equal to UL and s2UL,
respectively, so enhancement of A-U pair stability (ΔΔG�37) was
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0.97 kcal/mol. When UL and s2UL paired to G in 50UMGM-
YGMUMpyrene/30UACGCAU, free energies of the duplexes were
-5.59 and-5.66 kcal/mol, respectively, so enhancement was only
0.07 kcal/mol.

Placing of s2UM and s2UL at the 50-penultimate position
within 50GMYUMAMCMCMAM/30CRAUGGU duplexes resul-
ted in a similar range of thermodynamic stability changes. For
50GMYUMAMCMCMAM/30CAAUGGU duplexes, the thermody-
namic stabilities were-6.85,-7.51,-8.15, and-8.67 kcal/mol for
Y equal to UM, s2UM, UL, and s2UL, respectively. When the same
nucleotides paired with G in duplexes, 50GMYUMAMCMCMAM/
30CGAUGGU, the thermodynamic stabilities were -5.06, -4.76,
-6.35, and-6.01 kcal/mol, respectively. Thus, replacing UM with
s2UM and UL with s2UL enhanced A-U base pair interaction by
0.66 and 0.52 kcal/mol, respectively, but diminished G-U pair
interaction by 0.30 and 0.34 kcal/mol, respectively.
Influence of Multiple Substitutions of 20-O-Methyl-2-

thiouridine and LNA-2-thiouridine at Internal Positions. It
is often proposed to place more than one s2UL within the same
duplex. Thus, several 50UMGMYGMYpyrene/30GACRCRGand
50CMYAMYCMpyrene/30UGRURGU duplexes were studied
(Table 2).

In the set of 50UMGMYGMYpyrene/30GACACAG duplexes,
the thermodynamic stabilities were -8.71 and -10.12 kcal/mol
for Y equal to UL and s2UL, respectively, so the enhancement
(ΔΔG�37) due to presence of 2-thio derivatives was 1.41 kcal/mol
for two A-U pairs. For the duplexes, 50UMGMYGMYpyrene/
30GACGCGG, with two G-U pairs the free energies were-6.21
and -8.28 kcal/mol, respectively, so stability was enhanced by
2.07 kcal/mol. For the set of duplexes, 50CMYAMYCMpyrene/
30UGAUAGU, the thermodynamic stabilities were -8.85 and
-10.03 kcal/mol for Y equal to UL and s2UL, respectively. The
increase in stabilitywas equal to 1.18 kcal/mol for twoA-U pairs.
For the duplexes, 50CMYAMYCMpyrene/30UGGUGGU, the
free energies were -4.57 and -6.55 kcal/mol, respectively,
so stability was increased by 1.98 kcal/mol. The ΔH� values
for 50CMs2ULAMs2ULCMpyrene/30UGGUGGU, however, are
small, which indicates unusual melting.

Finally, the duplexes, 50CMYAMYCMpyrene/30UGRURGU,
were designed so that one Y pairs with A and the other Y pairs
with G. The thermodynamic stabilities of 50CMYAMYCM-
pyrene/30UGAUGGU were -6.95 and -6.70 kcal/mol for Y
equal to UL and s2UL, respectively, so replacement of UL with
s2UL destabilized the duplex by 0.25 kcal/mol.When positions of
matched and mismatched base pairs were inverted to give
50CMYAMYCMpyrene/30UGGUAGU, the free energies were
-6.08 and -6.03 kcal/mol, so there was negligible difference in
the thermodynamic stability.

DISCUSSION

The 2-thio-modified RNA nucleotides are relatively common
in tRNAand important for biological functions (1, 6, 7, 9, 10, 46,
47). The presence of a sulfur instead of oxygen at position 2 of a
pyrimidine residue results in predominantly C30-endo ribose
conformation (2, 3) and an increase of thermodynamic stabilities
of complementary duplexes (4, 48-50).

A 2-thiouridine within an oligoribonucleotide enhances
matched binding to A but diminishes mismatched binding to G
in a target RNA (4, 48, 49). In RNA, the thermodynamic
stabilities of unmodified A-U and G-U base pairs are very
similar, so replacing U with s2U increases selectivity of bind-
ing (4). This is also observed with 20-O-methyl-2-thiouridine T
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(43, 48, 49). LNA forms thermodynamically very stable duplexes
with RNA, 20-OMeRNA, and DNA strands (12, 16-18, 51, 52).
Thus, it is potentially useful for incorporation in probes and
therapeutics (14, 19-22, 53-56). For various applications,
additional modifications of LNA nucleosides have been
introduced (56-60). Many applications would benefit from
enhanced specificity for binding A over G, which led us to
develop a chemical synthesis of LNA-2-thiouridine.

To measure the influence of s2UL on thermodynamic stabi-
lities, several LNA-20-OMeRNA/RNA duplexes were studied.
For comparison, isosequential duplexes carrying 20-O-methyluri-
dine, 20-O-methyl-2-thiouridine, and LNA-uridine were mea-
sured to evaluate the effects of 2-thio and LNA substitution on
thermodynamic stability and selectivity of base pairing.

The position of a modified nucleotide within a duplex affects
its thermodynamic stability (16, 17, 61). For this reason, s2UM

and s2UL were placed at 50- and 30-terminal, central internal, and
50-penultimate positions in primarily 20-O-methyl oligonucleo-
tides. Thermodynamic properties of 20-O-methylated oligo-
nucleotides with 30-terminal pyrene were also studied (45).
Both types of oligonucleotides are useful for isoenergetic
microarrays (19-23).
Influence of LNARings on Enhancement of the Thermo-

dynamic Stabilities of 2-Thiouracil Nucleotides. LNA ri-
bose enforces C30-endo conformation and enhances the
thermodynamic stability of RNA, 20-OMeRNA, and DNA
duplexes (12, 13). Stacking and single strand preorganization
are mostly responsible for this enhancement of thermodynamic
stability (52, 62). The increase of thermodynamic stability with
s2UL is also dependent on position within the duplex. The largest
increase was found at internal positions whereas shifting the
LNA nucleotide to the end of a duplex resulted in less enhance-
ment of thermodynamic stability. For the LNA-20-OMeRNA/
RNAduplexes studied here, changing 20-O-methylribose to LNA
enhanced duplex stability by 0.84, 0.64, 1.40, and 1.16 kcal/mol
for A-s2UL present at 50-terminal, 30-terminal, central, and 50-
penultimate positions, respectively (Table 1). This compares with
the average enhancements for LNA vs 20-OMe of 0.53, 0.14, and
1.28 kcal/mol for 50-terminal, 30-terminal, and internal positions,
respectively (16).
Influence of 2-Thiouracil Nucleotide on the Selectivity of

Binding to Adenosine and Guanosine in a Complementary
RNA Strand. Amajor goal is to enhance selectivity for binding
of uridine to adenosine over guanosine. Previous studies showed
that 2-thiouridine provides greater selectivity than U (4).
For RNA/RNA duplexes with U at the central position, the
difference between A-U and G-U increased by 1.45 kcal/mol
when A-s2U and G-s2U substitutions were made. This corre-
sponded to an increase of 8.0 �C in the difference betweenmelting
temperatures (4). Sekine et al. reported that replacing Uwith s2U

and s2UM in RNA duplexes increased the difference in melting
temperature by 10.8 and 11.8 �C, respectively (48). When the
sameRNA strandswere bound to aDNA strand, the increases in
melting temperature were 7.3 and 11.2 �C due to replacement of
Uwith s2U and s2UM, respectively. That suggested that changing
20-O-methylribose to the LNA ring might further increase A-U
over G-U binding selectivity (48).

The enhancement of the selectivity [(ΔΔΔG�37 (A-s2UM) -
(G-s2UM)] of s2UMoverUMbindingwas equal to 0.25, 0.42, 0.84,
and 0.96 kcal/mol for 50-terminal, 30-terminal, central, and 50-
penultimate positions, respectively (Table 3). Replacement ofUM

with s2UL increased the selectivity of binding to A over G
[(ΔΔΔG�37 (A-s2UL) - (G-s2UL)] by 0.67, 0.00, 0.77, and 0.87
kcal/mol, respectively (Table 3). Substitution of s2UL for s2UM at
the central position has little effect on selectivity but a large affect
on thermodynamic stability (Table 3).

For LNA-20-OMeRNApyrene/RNA duplexes, the enhance-
ment of selectivity for binding of UL versus s2UL to A versus G
[ΔΔΔG�37 (A-s2UL) - (G-s2UL)] was equal to 0.33, 0.68, 1.14,
and 0.90 kcal/mol for 50- and 30-terminal and two central
positions, respectively (Table 4). Thus, replacement of 2-oxo
with 2-thio nucleotide improved selectivity most strongly at
internal positions within the duplex. Surprisingly, LNA-20-
OMeRNApyrene/RNA duplexes with double substitution of
UL with s2UL provided less specificity than duplexes with UL

(Table 4). It could be because an LNA nucleotide enforces its
30-adjacent nucleotide to adopt predominantly C30-endo con-
formation as well. The differences in electronegativity between
sulfur and oxygen (one unit) could result in different stacking
interactions of A-UL and G-UL in comparison to A-s2UL and
G-s2UL in both single strand and duplex.
Effects of 2-Thiouracil and LNA Substitution Are Not

Always Additive. Table 3 gives the differences in ΔG�37 for
substituting s2UM for UM, UL for UM (in parentheses), and s2UL

forUM. Inmost but not all cases, the sum of the effects of the first
two substitutions is close to the effect of the latter substitution.
This is least true at the 30-terminal and central positions.
Recommendations for Probe Design. Thermodynamic

stability and specificity are important considerations when
designing probes and therapeutics. Uridine provides both low
stability and specificity, but modifications can enhance both
characteristics. Previous work has shown that UM to UL sub-
stitution has a large effect on stability when inside a duplex
(16, 17).Moreover, UM toUL substitutions anywhere have either
negligible or negative effect on specificity for A-U vs G-U (16).
The summaries in Tables 3 and 4 provide insight into optimal
design of probes with s2U. Substitution of U with s2U is most
effective at enhancing both stability and specificity when a single
substitution is inside the duplex. The maximum observed en-
hancements in binding and specificity from substituting s2UL for

Table 4: Differences in Free Energies (ΔG�37 in kcal/mol) Resulting from Substitution of UL to s2UL at Particular Positions within LNA-20-OMeRNApyrene/

RNA Duplexes

50-terminal 30-terminal central 1 central 2 double s2UL (1)a double s2UL (2)b mixed substitutions

ΔΔG�37 A-s2UL -0.77 -0.51 -1.45 -0.97 -1.41 -1.18 0.25d

ΔΔG�37 G-s2UL -0.44 0.17 -0.31 -0.07 -2.07 (-1.98)c 0.05e

ΔΔΔG�37 (A-s2UL) - (G-s2UL) -0.33 -0.68 -1.14 -0.90 0.66 0.80

aSequences are 50UMGMs2ULGMs2ULpyrene/30GACRCRG. bSequences are 50CMs2ULAMs2ULCMpyrene/30UGRURGU. cValues of ΔH� for

50CMs2ULAMs2ULCMpyrene/30UGGUGGUare unusually small. dSequence is 50CMs2ULAMs2ULCMpyrene/30UGAUGGU. eSequence is 50CMs2ULAMs2ULCM-
pyrene/30UGGUAGU.
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UM were-2.81 and-0.87 kcal/mol, respectively, which at 37 �C
corresponds to more than 90- and 4-fold improvements, respec-
tively, in binding constant and relative binding to A-U vs G-U.
The maximum observed enhancements from substitution of
s2UM for UM were -1.41 and -0.96 kcal/mol, respectively.
Significant enhancements in both binding (-1.33 kcal/mol) and
A-U vs G-U specificity (-0.67 kcal/mol) were also observed for
substituting s2UL forUM at the 50-terminal position. Substitution
of s2UL for UM at the 30-terminal position, however, does not
appear to be advantageous (Table 3). This could reflect the
unusual stacking properties at 30U on a CG pair, so other
sequences may behave differently. Adding pyrene to the 30-end
and flipping the penultimate base pair to GC does provide large
discrimination (-1.29 kcal/mol) between A-U and G-U pairs by
an adjacent s2UL (Table 2). The generalizations are based on the
limited number of sequences studied but are consistent with
expectation from studies of UM and UL in a larger number of
sequence contexts (16, 17, 45). A surprising result, however, is
that two s2UL for UL substitutions reduce specificity for A-U vs
G-U pairs.
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