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The replacement of the sugar ring (4′-) oxygen of nucleosides
and nucleic acids by sulfur has been the subject of numerous studies.
In the case of DNA and 2′-deoxy-2′-fluoroarabinonucleic acid
(2′F-ANA), sulfur substitution causes a conformational switch to
northern, RNA-like conformations that leads to interesting biological
properties.1,2 4′-S-DNA can be amplified by PCR and can direct
transcription in mammalian cells.3 The conformational shift ob-
served for 4′-S-FANA has made it useful for siRNA gene silencing.2

4′-S-RNA has also been applied to modification of aptamers and
siRNA.4

It is of interest, therefore, to examine the biological properties
of the corresponding selenium congeners. Selenium modification
of the 4′-position of RNA has been one of the most challenging
substitutions. We recently synthesized 4′-selenonucleosides contain-
ing adenine, cytosine, thymine, and uracil bases,5 and after
completion of the work became aware that two other groups had
independently made the U and C analogues.6 All three studies
showed that 4′-selenoribonucleosides adopt southern, DNA-like
conformations. This fact is surprising because of the presence of
an R-face 2′-OH group. It would be even more surprising if this
conformational preference were manifested in the context of
oligonucleotides. For example, in the case of 4′-thio-DNA, a DNA-
like conformation is observed for nucleosides,7 but an RNA-like
conformation is displayed by oligonucleotides.1 For 4′-Se-RNA, a
larger ring atom, together with the fact that the R-face 2′-OH group
is incompatible with a B-form helix,8 should similarly favor an
RNA-like conformation. To explore this hypothesis, we have
undertaken a study of the synthesis and biophysical properties of
oligonucleotides containing 5-methyl-4′-selenouridine (abbreviated
here for convenience as 4′-Se-rT) and report herein the first
synthesis of this class of compounds.9

The phosphoramidite derivative of 4′-Se-rT was synthesized
using standard procedures. Thus, the 5′-OH was selectively
monomethoxytrityl-protected, then the 2′-OH was protected as a
silyl ether using TBDMS-Cl and imidazole in DMF,15 and the 3′-
silylated byproduct was removed by chromatography. Finally, the
3′-phosphoramidite was synthesized by treatment with diisopro-
pylamino-(2-cyanoethyl)-phosphoramidic chloride and diisopropyl-
ethylamine (DIPEA) in THF. Comparable results were obtained
using either this isolated phosphoramidite or an in situ phosphityl-
ation and coupling procedure. For the latter, 5′-MMT-2′-TBDMS-
4′-Se-rT (30 µmol) was combined with 1 equiv diisopropylamino-
(2-cyanoethyl)-phosphoramidic chloride and 1.16 equiv DIPEA in
acetonitrile, and this reaction mixture was stirred for 2-12 h, then
injected onto a solid-phase synthesis column containing a 5′-
deprotected growing oligonucleotide, in the presence of 5-ethyl-
thiotetrazole or 4,5-dicyanoimidazole activator. After 2-4 h, the

column was returned to the DNA synthesizer for oxidation and
addition of subsequent nucleotides. This procedure avoids the waste
associated with priming the lines of the synthesizer as well as any
loss during synthesis and purification of the phosphoramidite.
Oligonucleotides were deprotected using methylamine (5 h, room
temp) or 3:1 NH4OH:EtOH (48 h, room temp) followed by
tetrabutylammonium fluoride (1 M in THF, 24 h, room temp), and
were purified by HPLC, as described in detail in the Supporting
Information.

Coupling yields using either method were in the range of
10-40%, and the major byproduct in most of our syntheses was
an oligonucleotide truncated immediately before the 4′-Se-rT insert
(isolated in yields equal to or greater than those of the full-length
product). The other major byproduct was of mass 260 amu greater
than that of the truncated product, suggesting that the 4′-Se-rT
product does break down after incorporation, at a later stage of the
synthesis cycle.

Micura and co-workers observed a reversible oxidation of 2′-
SeMe-modified nucleotides during solid-phase synthesis.13 To avoid
degradation of the selenoxide products, they included a reduction
step (treatment with dithiothreitol in ethanol/water) after each iodine
oxidation step. However, Huang’s group did not observe such an
oxidation.12 We obtained similar results with or without a DTT
reduction step of this type. A second potential source of breakdown
products is the detritylation step, as observed by Carrasco et al. in
the context of 2′-SeMe oligonucleotides.12 Thus we kept TCA
treatment steps to 100 s during the synthesis. Finally, it is
conceivable that the breakdown could occur under the basic
deprotection conditions, but no differences were observed between
the conditions we tried.

Three self-complementary sequences were modified with 4′-Se-
rT as well as dT, rT, and LNA-T controls (Table 1). We chose to
modify one RNA 15mer (A), one B-form DNA sequence (the
Dickerson-Drew dodecamer, B) and one 10mer DNA sequence
which often crystallizes in the A-form when modified with an RNA
insert (C).16 In addition to these three sequences, a non-self-
complementary DNA 10-mer (D) was also modified with a central
4′-Se-rT and the corresponding controls (Table 2).

Thermal denaturation studies of the four sequences revealed that
the thermal affinity behavior of the 4′Se-RNA insert is usually
between that of RNA and LNA (Tables 1-2). For A-form and
hybrid duplexes (A and D:RNA), the progression in Tm was always
dT < rT < 4′-Se-rT < LNA-T. As such, 4′-Se-rT inserts led to
significant stabilization in these contexts.

In a B-form helix (D:DNA), both 4′-Se-rT and rT inserts led to
slight destabilization (∆Tm ) -1.9 °C), consistent with the
hypothesis that 4′-Se-rT adopts an RNA-like conformation (Table
2). In contrast, LNA, whose high preorganization apparently
outweighs the conformational differences, led to a moderate
increase.
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For sequences B1-B3 and C1-C3, the low hyperchromicity
of melting (%H) implies that a hairpin structure is the main species
present under the conditions of our Tm experiments. Thus, the fact
that sequence B is stabilized by RNA and 4′-Se-RNA, while
sequence C is destabilized, likely reflects the effect of these
modifications on the loop structure. Much higher %H values for
B4 and C4 suggest that an LNA insert, on the other hand, stabilizes
the duplex structure of these sequences because of its very high
binding affinity. We note that in both loops, 4′-Se-RNA behaves
more like RNA than either DNA or LNA.

For sequence A, on the other hand, we have confirmed using
native and denaturing PAGE that RNA and 4′-Se-RNA stabilize
the duplex structure (Figure S1). Thus, the observed changes in
Tm reflect binding affinity in an A-RNA duplex environment.

Two pieces of evidence suggest that despite its increased binding
affinity, 4′-Se-RNA leads to a decrease in base stacking. The first
is the lower hyperchromicity of melting observed for A3 and D3
(Tables 1-2), indicating that the bases are not as well-stacked for
this species. The second is the CD spectrum of sequence A3, which
follows much the same pattern as those of A1 and A2, but with
lower intensity for the 265 nm band, which is often associated with
base stacking (Figure 1). The same order of CD band intensities is
observed for sequence D, with both RNA and DNA target strands
(Figure S2). The differences are smaller than for sequence A;
however, perhaps because the greater flexibility of DNA allows it
to adapt to the 4′-Se-rT structure with less reduction in base
stacking, and also because sequence D contains only one insert
per duplex instead of two.

In conclusion, the first oligonucleotides containing a 4′-seleno-
ribonucleotide have been synthesized and characterized. In contrast
to the DNA-like conformation observed for 4′-Se-rT nucleosides,
a 4′-Se-rT insert in an oligonucleotide behaved more like RNA
than DNA, both in terms of its thermal binding affinity and its effect

on hairpin loop structure. 4′-Se-rT modification of A-RNA and
hybrid duplexes led to increased binding affinity. Paradoxically, it
also caused base destacking. Studies on the use of 4′-Se-RNA
modifications in the phasing of X-ray crystallographic data, which
will also allow confirmation of the RNA-like structure of 4′-Se-
RNA, are underway.
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Table 1. Sequences and Tm Values of Self-Complementary
4′-Se-rT-Modified Oligonucleotides and Controls.a

name sequence (5′f3′) Tm
b ∆Tm

c %Hd

A1 GGACUGAtCAGUCCA 65.8 27.4
A2 GGACUGATCAGUCCA 68.4 +2.6 26.6
A3 GGACUGAXCAGUCCA 76.3 +10.5 15.7
A4 GGACUGALCAGUCCA 85.7 +19.9 26.3
B1 cgcgaattcgcg 53.2 8.0
B2 cgcgaaTtcgcg 67.6 +14.4 3.7
B3 cgcgaaXtcgcg 70.8 +17.6 4.9
B4 cgcgaaLtcgcg 63.0 +9.8 15.2
C1 gcgtatacgc 68.9 2.0e

C2 gcgtaTacgc 64.0 -4.9 4.5
C3 gcgtaXacgc 62.6 -6.3 5.3
C4 gcgtaLacgc 51.5 -17.4 16.5

a Legend: RNA, uppercase; dna, lowercase; 4′-Se-rT, X; LNA-T, L.
b In °C. c Change in Tm relative to A1, B1, and C1, respectively.
d Hyperchromicity percent: the increase in A260 upon melting. e A lower
temperature transition was also observed for this sample only; this value
represents only the hyperchromicity of the higher temperature transition.

Table 2. Sequences and Tm Values of Non-Self-Complementary
4′-Se-rT-Modified Oligonucleotides and Controls.a

RNA targetb DNA targetc

name sequence (5′f3′) Tm
d ∆Tm

e %H Tm
d ∆Tm

e %H

D1 ccattatagc 30.8 - 19.1 33.4 - 19.4
D2 ccatTatagc 31.2 +0.4 18.4 31.6 -1.9 15.2
D3 ccatXatagc 32.7 +1.9 14.5 31.6 -1.9 12.9
D4 ccatLatagc 38.8 +8.0 22.9 37.4 +4.0 19.7

a Legend as for Table 1. b Target strand: 5′-GCUAUAAUGG.
c Target strand: 5′-gctataatgg. d In °C. e Change in Tm relative to D1.

Figure 1. CD spectra of sequences A1-A4.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 27, 2008 8579

C O M M U N I C A T I O N S

http://pubs.acs.org/action/showImage?doi=10.1021/ja802205u&iName=master.img-000.jpg&w=203&h=112

