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used to monitor transcriptional activity in transfected mammalian
cells.3 However, there are differences in the coding sequence from
each vector which allows us to use two different parent siRNAs. As
such, we can expand the scope of siRNAs that contain the chemi-
cally modified UaU dimer unit which replaces two adjacent uridine
residues in the wild-type parent sequence to examine their func-
tion. The sequences of the siRNAs targeting both pGL2 and pGL3
are shown in Table 1.

First, a variety of different siRNAs that target pGL2 were synthe-
sized that contain the UaU modification illustrated in Figure 1

(Table 2). The siRNAs were tested in a dose-dependent manner
using the Dual-luciferase/Renilla reporter system and the results
are illustrated in Figure 2.

Table 2 highlights the Tm data for the siRNAs that target pGL2.
SiRNA 1 contains an internal UaU modification close to the 30-end
of the sense strand and a Tm decrease of ca. 6.5 !C is observed rel-
ative to wild-type. Other single UaU modifications (siRNAs 2, 7 and
8) display a similar degree of destabilization. When two internal
modifications are present (siRNA 3), the largest destabilization ef-
fect is observed (ca. 10 !C). These Tm changes are consistent with
other similar studies involving PNA–DNA hybrids.21 In general,
internal amide-bond modifications display a degree of thermal
destabilization, whereas UaU modifications at the 30-overhang ob-
serve little change in thermal stability.

The gene-silencing ability of the chemically-modified siRNAs
outlined in Table 2 was tested at 8, 80 and 800 pM within HeLa

Table 1
The parent siRNA duplexes that target pGL2 and pGL3. These siRNA duplexes only
differ by three single-nucleotide substitutions (blue color)

Table 2
Sequences of anti-luciferase siRNAs that target the pGL2 luciferase transcript and Tm

data22

Figure 1. Structures of different amide-bond derivatives used within siRNAs. A
represents the structure conducted by Iwase and coworkers and this derivative is
localized at the 30-overhangs of siRNAs.18 B illustrates the structure used by Potenza
and coworkers and this derivative is placed at the 30-overhangs of siRNAs.19 C
represents the novel uracil-based PNA–RNA dimer unit containing an aminoethyl
glycine unit (UaU).17 This amide-bond derivative is placed both at the 30-overhangs
and within various internal regions of the siRNAs used in this study.

Figure 2. Reduction in firefly luciferase pGL2 expression related to the potency of amide-bond modified siRNAs using the dual-luciferase reporter assay. The siRNAs were
tested at 8, 80, and 800 pM, with firefly luciferase expression normalized to Renilla luciferase.
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Based on the aforementioned reports and the well-established
principle of thermodynamic asymmetry exhibited within siR-
NAs,27–29 a variety of different length alkyl spacer chains was cho-
sen for this study to replace typical destabilizing modifications.

The C3 spacer places three carbons between the oxygens of the
phosphodiester linkages, which is exactly the same number of car-
bons between native RNA. The C4 and C5 spacer naturally have one
or two additional carbons, respectively. These were chosen as it
had been shown previously that alkyl bulges with increased carbon
length can be used for siRNA constructs.30 Each introduction of
these alkyl spacer modifications was designed to replace the dis-
tance of a single nucleoside.

The E8 and C9 spacers contain eight or nine atoms between
phosphodiester functionalities, respectively. The intention of these
spacer derivatives is to span across two nucleotides with each
introduction in RNA. Native RNA contains nine atoms between
alternating phosphodiesters. Finally, the E17 spacer contains 17
atoms and is a mimic designed to span across three bases. Figure
1 illustrates the structural differences amongst the different alkyl
spacer linkers used.

Various siRNAs were synthesized or purchased commercially
that contained a combination of the linkers identified in Figure 1.
The siRNAs generated target firefly luciferase mRNA transcribed
from the plasmid pGL3 and expressed within mammalian cells
(Table 1). The siRNAs were tested in a dose-dependent manner
and their silencing data is illustrated in Figure 2.

Figure 1. Structure of various alkyl spacer linkers used within siRNAs.

Table 1
Sequences of anti-luciferase siRNAs and Tm data31
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backbone derivatives linked together through a triazole moiety,
none of the derivatives have been reported as substrates within
the RNAi pathway. Herein, we report the incorporation of tria-
zole-linked nucleic acids based on a PNA-type scaffold (Fig. 1) with-
in duplex siRNAs. The RNAs display effective gene silencing and
thus exhibit a high degree of compatibility as RNAi substrates.

In this paper, we expanded the scope of siRNA sequences and
modified them with a cytosine-triazole-uracil (CtU) dimer in addi-
tion to the uracil-triazole-uracil (UtU) dimer previously synthe-
sized. Synthesis of the CtU dimer phosphoramidite commenced
through the generation of 2-azidoethanamine from bromoethyl-
amine combined with sodium azide. This compound was alkylated
with 2-bromoethoxy-tert-butyldimethylsilane16 in 39% yield to af-
ford azide linker 1. Utilizing EDC as a coupling reagent, this com-
pound was amide-bond coupled to N4-benzoylcytosin-1-yl acetic
acid17 to generate monomer 2 in 62% yield. TBS-deprotection of 2
with 3HF-TEA afforded a monoalcohol, which was then protected
with a 4,40-dimethoxytrityl group (DMT) to produce compound 3
in 90% yield (Scheme 1).

In order to generate an appropriate alkyne monomer, alkyne
linker 4 was synthesized in 71% yield by treating TBS-protected
ethanolamine with limiting equivalents of propargyl bromide. This
linker was amide-bond coupled to uracil-1-yl acetic acid18 using
EDC as the coupling reagent to produce monomer 5 in 52% yield
(Scheme 2).

With both azide (3) and alkyne (5) monomers available, 1,4-tri-
azole formation catalyzed with CuSO4 and sodium ascorbate in a
THF/H2O solution afforded compound 6 in 98% yield. TBAF depro-
tection of the silyl protective group on compound 6 afforded com-
pound 7 in 99% yield. Finally, compound 7 was treated with a
phosphitylating reagent to afford the phosphoramidite 8 in 73%
yield (Scheme 3). Both the CtU and UtU phosphoramidites were
used to synthesize a variety of triazole-modified siRNAs.

Various siRNAs were synthesized, bearing one to three triazole
backbone modifications through the use of an ABI DNA/RNA syn-
thesizer. These siRNAs were designed to target firefly luciferase
mRNA expressed within HeLa cells, in order to gauge their func-
tionality within cells-based systems (Table 1).

To first examine the effects of our RNAs, we investigated the ef-
fect of circularly polarized light on our siRNA duplexes to deter-
mine whether our chemically modified duplexes were still able
to retain A-type helical structure. Figure S1 (Supplementary data)
illustrates that the siRNAs retain the characteristic A-form helix;
however, a loss of helicity for double-stranded RNAs that contain
the internal triazole backbone modification is observed.

In addition to the listing of luciferase-targeting siRNAs, Table 1
highlights melting temperature (Tm) data indicating that the mod-
ification can have either a destabilizing or stabilizing contribution
on the dsRNA depending on its location.

In general, as the modification approaches the 50-end of the
sense strand, its contribution is less destabilizing. For example,
RNAs 9, 10 and 12 show very little destabilization relative to
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Figure 1. Triazole-linked nucleic acid.
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Scheme 1. Synthesis of azide intermediate.

N

O

NH

N O

O

OH

O

DIPEA

71%

EDC

52%

Br

NH

N O

O

OTBS
H2N OTBS

H
N

OTBS
4 5

Scheme 2. Synthesis of alkyne intermediate.
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