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We describe the synthesis and silencing activities of siRNA possessing N -[3,5-bis(hydroxy-
methyl)phenyl]thymine (bt) in their 30-overhang regions. We found that an siRNA possessing bt in the
30-overhang region was more effective than an siRNA with natural nucleosides and the siRNA possessing
1,3-bis(hydroxymethyl)benzene (b) without a nucleobase at the 30-overhang region in in vitro experi-
ment using HeLa cells system. Furthermore, the RNA possessing bt at its 30-end was more resistant to
nucleolytic hydrolysis by snake venom phosphodiesterase (a 30-exonuclease) than the RNA possessing
the natural nucleoside 20-deoxythymidine at the 30-end. Thus, the compound bt will be a novel 30-over-
hang moiety that can enhance the silencing activity and nuclease-resistant property of siRNAs.

� 2008 Elsevier Ltd. All rights reserved.
Introduction. Short interfering RNA (siRNA) molecules have
drawn considerable attention since it was demonstrated that they
mediate potent gene knock-down in a variety of mammalian cells
without triggering non-specific RNA degradation and translation
inhibition based on interferon response.1,2 siRNA has considerable
potential as a new therapeutic drug for intractable diseases be-
cause siRNAs can be rationally designed and synthesized if the se-
quences of the disease-causing genes are known.2 Improved
nuclease stability of siRNAs is of prime importance for the efficient
therapeutic application of synthetic siRNAs. Thus far, many types
of siRNAs modified at the base, sugar, or phosphate moieties have
been synthesized, and their nuclease-resistant properties and
RNAi-inducing activities have been studied.3,4

Argonaute2, a key component of the RNA-induced silencing
complex (RISC), is responsible for mRNA cleavage in the RNAi path-
way.5,6 It is composed of PAZ, Mid, and PIWI domains. X-ray struc-
tural analysis and NMR studies have revealed that the 2-nucleotide
30-overhang region of the guide strand (antisense strand) of siRNA
is recognized by the PAZ domain and is accommodated into its
hydrophobic binding pocket.7–10
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Recently, we have designed and synthesized siRNAs possessing
the aromatic compound 1,3-bis(hydroxymethyl)benzene (b) in
their 30-overhang regions (Fig. 1).11,12 We found that these mod-
ified siRNAs are more effective than the siRNAs without the 30-
overhang regions in in vitro experiment using HeLa cells system.
Figure 1. Structures of modified siRNAs.
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Further, the silencing activities of the modified siRNAs are very
similar to those of normal siRNAs with natural nucleosides in
their 30-overhang regions. Moreover, RNAs possessing the aro-
matic groups at their 30-ends were more resistant to nucleolytic
degradation by snake venom phosphodiesterase (SVPD; a 30-exo-
nuclease) than normal RNAs with natural nucleosides at their 30-
ends.

These results prompted us to investigate the silencing activities
of the modified siRNAs possessing the aromatic compound N1-[3,5-
bis(hydroxymethyl)phenyl]thymine (bt), which has a nucleobase
capable of forming hydrogen bonds. We predicted that the silenc-
ing activities of the siRNAs possessing b in their 30-regions would
be enhanced by introducing the nucleobase capable of forming
hydrogen bonds in their 30-overhang regions. In this paper, we re-
port the synthesis and silencing properties of siRNAs possessing bt

in their 30-overhang regions (Table 1).
Table 1
Sequences of ONs and siRNAs used in this study

No. of siRNA No. of ON Sequence

siRNA 9 ON 13 50-GGCCUUUCACUACUCCUAC-30

ON 14 30-CCGGAAAGUGAUGAGGAUG-50

siRNA 10 ON 15 50-GGCCUUUCACUACUCCUACtt-30

ON 16 30-ttCCGGAAAGUGAUGAGGAUG-50

siRNA 11 ON 17 50-GGCCUUUCACUACUCCUACbtbt-30

ON 18 30-btbtCCGGAAAGUGAUGAGGAUG-50

siRNA 12 ON 19 50-GGCCUUUCACUACUCCUACbb-30

ON 20 30-bbCCGGAAAGUGAUGAGGAUG-50

Capital letters represent ribonucleosides and small letters represent 20-deoxyribo-
nucleosides. The compounds b and bt are 1,3-bis(hydroxymethyl)benzene and N1-
[3,5-bis(hydroxymethyl)phenyl]thymine, respectively.

Scheme 1. Reagents and conditions: (a) LiAlH4, THF, rt, 91%; (b) TBDPSCl, imidazole
diethylazodicarboxylate, THF, rt, 92%; (d) TBAF, THF, rt, 87%; (e) DMTrCl, pyridine, rt, 69
80%; (g) (1) succinic anhydride, DMAP, pyridine, rt; (2) CPG, WSCI, DMF, rt, 42 lmol/g.
Results and discussion. Synthesis. Modified siRNAs were syn-
thesized by the standard phosphoramidite method. In order to
incorporate the aromatic compound in the 30-overhang regions of
the siRNAs, a solid support carrying the aromatic compound 6
and a phosphoramidite of 6 were synthesized according to the
route shown in Scheme 1. Trimesic acid (1) was treated with LiAlH4

to give tris(hydroxymethyl)benzene (2) in a 91% yield. The 3 hy-
droxyl groups of 2 were protected with tert-butyldiphenylsilyl
(TBDPS) groups to afford a mono-TBDPS derivative 3a, a di-TBDPS
derivative 3b, and a tri-TBDPS derivative 3c, in 10%, 34%, and 44%
yields, respectively. The 3b derivative was coupled with N3-ben-
zoylthymine under the Mitsunobu conditions to give the N1-substi-
tuted thymine derivative 4 in a 92% yield. The silyl groups of 4
were removed by treatment with tetra-n-butylammonium fluoride
(TBAF). One of the 2 hydroxyl groups of 5 was protected with a
4,40-dimethoxytrityl (DMTr) group to afford a mono-DMTr deriva-
tive 6 in a 69% yield. The mono-DMTr derivative 6 was phosphity-
lated by the standard procedure13 to produce the corresponding
phosphoramidite 7 in an 80% yield. In order to incorporate 6 at
the 30-ends of RNAs, 6 was further modified to afford the corre-
sponding 30-succinate, which was then reacted with controlled
pore glass (CPG) to afford a solid support containing 6 (42 lmol/g).

All the oligoribonucleotides (ONs) were synthesized using a
DNA/RNA synthesizer. Fully protected ONs (1.0 lmol each) linked
to solid supports were treated with concentrated NH4OH:EtOH
(3:1, v/v) at room temperature for 12 h and then with 1.0 M
TBAF/THF at room temperature for 12 h. The ONs released after
the treatment were purified by denaturing 20% polyacrylamide
gel electrophoresis (20% PAGE) to afford deprotected ONs 17 and
18 in 12 and 9 OD260 absorbance units, respectively.14 These ONs
were analyzed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF/MS), and observed
molecular weights were in agreement with their structures.16
, DMF, rt, 10% for 3a, 34% for 3b, and 44% for 3c; (c) N3-benzoylthymine, PPh3,
%; (f) chloro(2-cyanoethoxy)(N,N-diisopropylamino)phosphine, i-Pr2NEt, CH2Cl2, rt,
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Dual-luciferase assay. The ability of modified siRNAs to suppress
gene expression was studied by a dual-luciferase assay using a psi-
CHECK-2 vector (Promega), which contained the Renilla and firefly
luciferase genes. The siRNA sequences were designed to target the
Renilla luciferase gene. HeLa cells were co-transfected with the
vector and indicated amounts of siRNAs, and the signals of Renilla
luciferase were normalized to those of firefly luciferase.17

As shown in Figure 2, the silencing activities of siRNAs 10, 11,
and 12, which possessed overhang moieties, were markedly great-
er than that of siRNA 9, which had no overhang moiety. The silenc-
ing activity of the siRNA 12, which had b in its overhang region,
was almost equal to that of the unmodified siRNA 10, which had
thymidine in its overhang region, at each concentration,11 whereas
the activity of the siRNA 11, which possessed bt in its overhang re-
gion, was greater than that of the siRNAs 10 and 12 at each concen-
tration. Thus, it was found that the siRNA 11, which had thymine
base in the overhang region, was more potent than the siRNA 12,
which had no base in the overhang region.

Nuclease-resistant property. Next, the susceptibility of the ONs
to snake venom phosphodiesterase (SVPD), a 30-exonuclease, was
examined. The unmodified ON 16 and the modified ON 18 possess-
ing the benzene derivative bt at its 30-end, were labeled with
[c-32P]ATP and incubated with SVPD. The reactions were analyzed
by PAGE under denaturing conditions (data not shown). Densities
of radioactivity of the gel were visualized by a Bio-imaging ana-
lyzer. As shown in Figure 3, the ON 18 possessing bt was more
Figure 2. Dual-luciferase assay.17

Figure 3. Nuclease resistance of ON 16 and ON 18 against SVPD. Each ON
(100 pmol) labeled with 32P at the 50-end was incubated with snake venom
phosphodiesterase (8 � 10�3 U) in a buffer containing 37.5 mM Tris–HCl (pH 7.0)
and 7.5 mM MgCl2 (total 40 lL) at 37 �C. At appropriate periods, aliquots (5 lL) of
the reaction mixture were separated and added to a solution of 9 M urea (10 lL).
The mixtures were analyzed by electrophoresis on 20% PAGE containing 7 M urea.
Densities of radioactivity of the gel were visualized by a Bio-imaging analyzer (Bas
2000, Fuji Co., Ltd).
resistant to SVPD than the unmodified ON 16. The half-lives
(t1/2s) of the ONs 16 and 18 were 3.7 min and 11.4 min, respec-
tively. Thus, it was found that the ON 18 possessing bt was 3 times
more resistant to SVPD than the unmodified ON 16.

In conclusion, we have demonstrated the synthesis of the siR-
NAs possessing N1-[3,5-bis(hydroxymethyl)phenyl]thymine (bt) in
their 30-overhang regions. The silencing activities of the siRNAs
were examined by the dual-luciferase assay. It was found that
the siRNA possessing bt in the 30-overhang region was more effec-
tive than the siRNA with 20-deoxythymidine as the natural
nucleosides in the 30-overhang region and the siRNA possessing
b without the nucleobase in in vitro experiment using HeLa cells
system. Furthermore, the RNA possessing bt was more resistant to
nucleolytic hydrolysis by SVPD than the RNA possessing the nat-
ural 20-deoxythymidine. Thus, bt can be a novel overhang unit
that enhances the silencing activity and nuclease-resistant prop-
erties of the siRNAs.
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