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Isonucleotide incorporation into middle and
terminal siRNA duplexes exhibits high gene
silencing efficacy and nuclease resistance†
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In this study, we introduced a pair of nucleotide enantiomers, D-/L-isonucleotides (D-/L-isoNA), to

examine the interactions between siRNAs and their related proteins. The serum stability and gene-silen-

cing activity of the modified siRNAs were systematically evaluated. Gene-silencing activity had a site-

specific effect, and the incorporation of a single D-isoNA at the 8th position (counting from the 5’-termi-

nus) in the antisense strand improved the gene-silencing activity by improving RISC loading and affecting

the movement of the PIWI domain. D-isoNA incorporated at the terminus of siRNA including the 2nd

position in the antisense strand and 3’-overhangs in the sense strand, especially the latter, enhanced

nuclease resistance and prolonged the silencing retention time. In addition, L-isoNA incorporation into

the middle of the sense strand enhanced activity. These results provide a chemical strategy for the modu-

lation of siRNA gene-silencing activity and nuclease resistance.

Introduction

RNA interference (RNAi), which is a natural process for regulat-
ing gene activities, has been regarded as a powerful tool for
depressing gene expression. The RNAi approach was con-
firmed by double-stranded RNAs (dsRNAs) in Caenorhabditis
elegans in 1998.1 Small interfering RNAs (siRNAs) can be incor-
porated into the RNA-induced silencing complex (RISC), in
which the antisense strand binds to the complementary mRNA
by base-pairing and triggers its cleavage.2 siRNAs are potential
candidates for clinical application because they can be tailored
to many disease-causing genes with high efficiency and speci-
ficity.3 However, there are some inherent limitations of oligo-
nucleotides that must be overcome, such as susceptibility to
cleavage by ribonucleases in serum,4 off-target effects,5 and
the possibility of causing immune responses.6 Appropriate
chemical modification is a considerable approach to optimize
the biological and pharmacokinetic properties of siRNAs.7

Large conformational alterations are not tolerated, but minor

conformational alterations may improve the overall gene-silen-
cing activities.8

Modified positions play a vital role in the biological
efficiency of siRNAs. For example, phosphorylation of the first
nucleotide in the 5′-terminus (the 1st position) is essential for
silencing activity, which is usually intolerant to modifications,
such as a locked nucleic acid (LNA).9 In addition, the seed
region (the 2nd–8th positions) of siRNAs builds an A-form helix
with the target mRNA,10 and significantly affects the guide–
target base paring in RISC.11 Recently, Ian J. MacRae et al. ana-
lyzed the structures of Ago2 protein binding to a modified
siRNA guide strand. They showed that the central seed sites
(the 5th and 6th positions), which were modified with 2′-O-
methyl (2′-O-Me) and 2′-fluoro (2′-F), deviated from the natural
nucleotides in the modified complex.12 Furthermore, the
central region (the 9th–12th positions) is proximal to the clea-
vage sites. The modifications stabilizing the A-form and the
minor groove may enhance the activity of 2′-O-Me, 2′-F and
8-oxoguanine (8-OG).13 In addition, the 3′-half region (the
13th–18th positions) assists in forming the hybridization
duplex and improves the affinity to target mRNA,14 and
enhancement of stability is obtained by utilizing 2′-O-Me.8

Moreover, the 3′-tail region (the 19th–21st positions) interacts
with the PAZ domain of the Ago2 protein and protects siRNA
from ribonuclease degradation.15 This conformational require-
ment is essential for siRNAs to interact properly with other
proteins and their targets. For example, the A-form confor-
mation of siRNAs is necessary for the stabilization of the Ago
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protein.16 Furthermore, the secondary/tertiary structures of
mRNAs influence the accessibility of RISC by hybridizing to
the target.17

Although there have been many reports on chemical mole-
cules incorporation into the siRNA duplex, several modifi-
cations successfully lead to optimization of its characteristics.
However, analogs causing conformational alterations usually
have diverse structures in comparison with natural nucleo-
tides. For example, the 2′-O-MOE and LNA modifications show
steric effects; however, the UNA modification shows molecular
flexibility. Though the modifications lead to conformational
distortion, the structures of these molecules are very different
from those of natural nucleotides. An isonucleotide (isoNA) is
a type of nucleotide analog, whose nucleobase is linked to a
ribose at a position other than C-1′, usually at C-2′.18

Isonucleotides can be divided into D and L configurations
(Fig. 1), which show varying degrees of conformational altera-
tion around the incorporation sites. Generally, D-isoNA incor-
poration leads to a minor rotational distortion to shorten the
distance with the corresponding nucleotide in the siRNA.
However, its enantiomer L-isoNA must rotate completely to
fulfill base pairing, which consequently drastically affects the
local conformation. The characteristic differences of
D-/L-isoNAs minimize except for conformational alteration.
Through comparing the distinction of siRNAs respectively
modified with D-isoNA and L-isoNA, we could clearly demon-
strate how these alterations function in the RNAi approach.
Therefore, isonucleotide modification could be used as a mole-
cular tool to probe conformational requirement between
nucleic acids and interactional biomacromolecules.

Previous reports have shown that siRNA modified with
isoNAs at a specific position is likely to improve stability and
activity.19 Nevertheless, we lack knowledge regarding the
impact and molecular mechanisms of D-/L-isoNAs’ incorpo-
ration into various regions of siRNAs, such as the middle and
terminus of the siRNA duplexes. To examine the effect of con-
formational distortion resulting from isoNA modification, we
evaluated the biological properties, and moderate D-/L-isoNAs
were incorporated at the A–U sites in the siMB3 sequence, tar-
geting the mutant BRAF-V600E.20 Since D-/L-isoNA incorpor-
ation might lead to a preferable conformational requirement,
which is beneficial to the associated protein’s recognition and

binding process, we assumed that an isoNA substitution at the
proper position in siRNA would enhance its silencing activity
and nuclease resistance.

Results

BRAF is a member of the Raf kinase family and is a member of
the EGFR signaling pathway,21 which affects cell division,
differentiation, and secretion. In the BRAF-V600E mutation,
thymine is substituted with adenine at nucleotide 1799, which
leads to valine (V) being substituted by glutamate (E) at codon
600. The frequency of the BRAF-V600E mutation varies widely
in human cancers. In melanomas, more than 70% of the BRAF
mutations are the V600E mutation, which makes it a potential
drug target.22 RNase A is responsible for the degradation of
siRNAs in the serum.23 The A–U sites and the end of the siRNA
duplex were identified as positions vulnerable to ribonu-
cleases.24 Additionally, there is a rigid nucleotide selectivity
loop in the hAgo2 mid domain selecting for U and A mono-
phosphates more actively than other nucleotide monophos-
phates.25 Thus, we synthesized a series of D-/L-isoNA modified
siMB3s targeting the mutant Braf mRNA (BRAF V600E) (Table 1),
and the modification was focused around the A–U sites to improve
the biological properties that were involved in serum stability and

Fig. 1 The structure of D-/L-isoNAs.

Table 1 Sequences of D-/L-isoNA modified siMB3s

The positions of D-/L-isoNA incorporation are indicated in blue italic
and bold. “BD” represents D-isoNA modification; “BL” represents
L-isoNA modification.
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silencing activity. All of the sequence details of the synthesized
oligonucleotide strands are shown in Table S1.†

Antisense strand of siRNAs modified with D-/L-isoNAs

The serum stabilities of siMB3s modified with D-/L-isoNA were
analyzed (Fig. 2A and B), and siQuant assays were also per-
formed to evaluate their gene-silencing activities (Fig. 2C). In
brief, a short target sequence complementary to the siRNA
antisense strand was fused in frame with the firefly luciferase
gene in a eukaryotic expression vector. The resulting fusion
reporter was transfected into cultured HEK293 cells, together
with siRNA and a Renilla luciferase normalization vector. The
relative luciferase levels were inversely proportional to the
gene-silencing activities of siRNA.

In our case, we found that D-/L-isoNA incorporation in
siMB3s exerted a different serum stability even at the same
position. Natural siRNA (S/A) was significantly degraded
within 3 h. siRNA with D-isoNA modified at the 2nd position
(S/A02D) clearly exhibited initial bands after 12 h, though the
silencing activity was slightly reduced. In addition, the activity
of D-isoNA incorporation in the siMB3s tended to be site-
specific, whereas the serum stability showed little change
except at the 2nd position. The 9th position (S/A09D) and 16th
position (S/A16D) modifications noticeably reduced activity.
However, L-isoNA incorporation in the 3′-region of the anti-
sense strand (S/A17L) significantly reduced serum stability.
Furthermore, most siRNAs with L-isoNA incorporated in the
antisense strand lost their activity. The activities of these
siRNAs exhibited a significant difference on the unmodified
sequence (P < 0.0001).

Only the S/A08D sequence exhibited a significant effect
with activity enhancement in the siQuant assays. Though
S/A07D and S/A10D seemed to lead to an enhancement of

activity, this result was not convincing enough to draw any
conclusion. Thus, we further evaluated the activity of S/A08D
in a western blot assay (Fig. 2D) and a real-time PCR assay
(Fig. S1†). The results were consistent with the siQuant assay.
This demonstrated that the 8th position was a precise site for
D-isoNA modification in the antisense strand, which met the
structural requirement of interactional regions by a slight con-
formational alteration. The activity of the sense strand was
detected as well to estimate the off-target effect. siMB3 showed
excellent target specificity at 5–30 nM (Fig. 2E). In addition,
the D-/L-isoNA modifications did not influence the strand selec-
tion at the 8th position of the antisense strand (Fig. 2F).

Molecular mechanism for silencing enhancement of the 8th
position modified with D-isoNA

To investigate whether the silencing enhancement is
sequence-independent, we synthesized various siRNAs con-
taining modified D-isoNA at the 8th position (Table 2). Due to
the excellent strand selection of the siMB3 sequence, these
novel siRNAs had inconspicuous terminal differences. The
siQuant assay results (Fig. 3A) showed that both modified
siRNAs (RNA1, RNA2) improved their activities with statistical

Fig. 2 Serum stability of siMB3s modified with D-isoNA (A) and L-isoNA (B) at the antisense strand. These siRNAs were incubated in 50% fetal bovine
serum at 37 °C and sampled at various time points. Natural siRNA without serum treatment was the control sample to mark the intact siRNA band.
(C) Firefly luciferase gene silencing activity of siMB3s modified with D-/L-isoNAs at the antisense strand (0.3 nM). (D) Western blot assay of BRAF and
p-ERK proteins (2.0 nM). A375 cells were harvested for proteins 48 h post transfection. (E) Firefly luciferase gene silencing activity of the sense and
antisense strands of siMB3. (F) Firefly luciferase gene silencing activity of siMB3 modified with D-/L-isoNAs at the 8th position (10 nM). (C, E, F) The
relative luciferase level was normalized to the ratio of firefly luciferase and Renilla luciferase. Normalized expression in mock-transfected cells was
treated as 100%.

Table 2 Sequences of D-isoNA modified siRNAs
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significance, which indicated that activity enhancement of the
siRNAs by modification with D-isoNA at the 8th position might
be universal. The binding free energies (Fig. 3B) showed that
the D-isoNA modified siMB3 bound earlier to Ago due to the
lower free energy of Ago/siRNA. Moreover, the RISC/ssRNA
complexes were destabilized with a higher free energy, which
accelerated the sense strand separation.

RNA-binding protein immunoprecipitation (RIP) was evalu-
ated to investigate the relationship between modification and
the complex amount. The results showed that the 8th position
modified with D-isoNA had a strong affinity to the Ago2
protein and a significant drop in the L-isoNA modification was
detected (Fig. 3C). This was well consistent with the silencing
activities.

Molecular dynamic simulation showed that the complex
consisting of D-/L-isoNA modified siRNAs and the Ago protein
rapidly achieved equilibrium (Fig. 3D), and the RMSF of the
simulated modes showed that there were two flexible loops in
the Ago-S/A mode belonging to the PAZ and PIWI domains
(Fig. 3E and F). The D-isoNA modified mode (Ago-S/A08D) was
similar to the natural mode except that the PIWI domain was
more stable. However, the L-isoNA modification (Ago-S/A08L)
remarkably altered the steady state of the complex, which
might influence the modified siRNAs binding to the Ago
protein.

Sense strand of siRNAs modified with D-/L-isoNAs

The degradation assays (Fig. 4A) and siQuant assays (Fig. 4B)
of siRNAs modified with D-/L-isoNAs on the sense strand were
carried out as before. It was found that D-isoNA incorporation

in the sense strand had no obvious effects on the stability
and silencing activity. However, the middle of the chain
modified with L-isoNA (S10-13L/A) was able to improve the
gene-silencing ability, even though these siRNAs were unstable
in serum.

Both L-isoNA and mismatched pairs introduced into siRNAs
lowered the Tm value, which activated RISC and enhanced
activity. We further synthesized a series of mismatched siRNAs
whose false priming sites were complementary to the 7th and
8th positions of the antisense strand (Table S2†), and their
activity and thermodynamic stability were examined by the
siQuant assays and melting temperature analysis (Tm) (Fig. 4C).
The results showed that the modified position rather than the
Tm reduction might play a role in the activity. In addition,
gene-silencing had no marked variation at the 12th position
even when the Tm value was reduced from 70.4 °C (S/A) to
64.0 °C (S13a/A). Nevertheless, the activity of the 13th position
modified with L-isoNA (67.7 °C, S13L/A) exhibited a significant
enhancement compared with the mismatched siRNAs
(63.9 °C, S12c/A) despite its higher Tm value.

3′-Overhangs of siRNAs modified with D-/L-isoNAs

3′-Overhangs of siRNAs modified with chemical molecules
improved the biological properties. Incorporation of isoNAs
into 3′-overhangs might affect the characteristics of siRNAs to
varying degrees. First, we introduced double D-isoNA (base =
uracil, D-isoU) into the siRNAs’ 3′-overhangs in each strand (S/
ADD, SDD/A). It was found that the 3′-overhang of the sense
strand modification (SDD/A) significantly enhanced serum
stability, while the antisense strand modification (S/ADD), as

Fig. 3 (A) Firefly luciferase gene silencing activity of siRNAs modified with D-isoNAs at the 8th position (6 nM). The relative luciferase level was nor-
malized to the ratio of firefly luciferase and Renilla luciferase. Normalized expression in mock-transfected cells was treated as 100%. (B) The binding
free energies of Ago/siRNA and RISC/ssRNA for each of the models (kcal mol−1). (C) Quantitative analysis of Ago2-associated siRNA. The Ago2
protein was obtained by immunoprecipitation 48 h post transfection, and the Ago2-associated antisense strand was extracted and quantified by
real-time PCR. Unmodified siRNA in mock-transfected cells was treated as 100%. (D) RMSD of the complex of TtAgo and modified siRNA for 30 ns.
The complex achieved equilibrium at 5–10 ns. (E) RMSF of each residue in the complex of TtAgo and modified siRNA at the 20 ns point. There were
two peaks around the 220th and 495th residues in the natural and D-isoNA modified siRNA models, respectively. (F) The complex of TtAgo and the
natural siRNA model. The red loop refers to the first RMSF peak representing the 210th–230th residues, and the blue loop refers to the second RMSF
peak representing the 480th–510th residues as indicated.
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well as a uracil mutation (Suu/A), had no prominent effects on
the stability (Fig. 5A and S2†). Further study showed that a
single D-isoU modification did not have much influence on the
serum stability regardless of its position in the 3′-overhangs
(SD/A, SDt/A, StD/A); however, two or three isoNA modifi-
cations strongly enhanced serum stability (Fig. 5B and S3†),
and the stability of SDD/A exhibited statistical significance in
comparison with other modifications (Fig. S4†), such as the
2′-O-MOE modification (Fig. 5C and S5†). Thus, the D-isoNA

modifications had unique superiority for use in the appli-
cation of existing RNAi-based therapeutics (Table 3).

The ribonuclease degradation assay proved that the SDD/A
sequence possessed strong exo-/endo-nuclease resistance
(Fig. 5D and E), which explains its physiological and intracellu-
lar stability. Quantitative PCR analysis showed that SDD/A
enhanced the duration of RNAi activity, and exhibited prefer-
able silencing activity within 72 h. Thus, double D-isoUs incor-
poration into the 3′-overhangs of the sense strand might be an

Fig. 4 Serum stability of siMB3s modified with D-isoNA (A) and L-isoNA (B) on the sense strand. These siRNAs were incubated in 50% fetal bovine
serum at 37 °C and sampled at various time points. Natural siRNA without serum treatment was the control sample to mark the intact siRNA band.
(C) Firefly luciferase gene silencing activity of siMB3s modified with D-/L-isoNAs on the antisense strand (0.3 nM). (D) Firefly luciferase gene silencing
activity of mismatched siRNAs. (C, D) The relative luciferase level was normalized to the ratio of the firefly luciferase and Renilla luciferase.
Normalized expression in mock-transfected cells was treated as 100%. Data were from three replicates. (E) Thermal denaturation studies of L-isoNAs
or mismatch incorporation in siRNAs.

Fig. 5 (A–C) Serum stability of modified siRNAs. These siRNAs were incubated in 50%, 80%, and 90% fetal bovine serum at 37 °C. Intact siRNA was
quantified by using Image Lab software, and the relative siRNA level was calculated with the percentage of the initial amount treated as 100%. The
P-values of S/ADD, SD/A, and SMOE/A are compared with S/A, and the P-values of SDD/A are compared with S/ADD, SD/A, SMOE/A in the three
figures, respectively. The data are from two replicates. (D) SVPD (0.1 g L−1) cleavage assay of natural and modified siRNAs. (E) RNase A (2 mg L−1)
cleavage assay of natural and modified siRNAs. (D, E) These siRNAs were incubated at 37 °C and sampled at various time points, followed by separ-
ation on a 20% PAGE gel with siRNA products visualized by SYBR Gold staining. (F) Quantitative PCR analysis of Braf-mu mRNA (2 nM). Data are from
three replicates.
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effective chemical strategy for improving the stability and
silencing-activity of siRNA.

Discussion

The process of the siRNA-induced RNAi approach is complex.
siRNA first binds to a set of bioactive proteins to form the
RISC loading complex (RLC).26 Subsequently, the duplex is
wound and the sense strand is cleaved and separated to form
an active-RISC. The active-RISC facilitates binding to target
mRNA and exhibits gene-silencing activity. Chemical modifi-
cations enable the improvement of biological properties by
regulating parts of the RNAi process, and the ribonuclease
resistance.27 In addition, the incorporation of chemical mole-
cules into different positions in siRNAs may lead to diverse
characteristic variations.

The antisense strand of siRNA plays a vital role in its silen-
cing activity. The chain directly interacts with the Ago2 protein
and forms a significant component of active-RISC. All siRNAs
modified with L-isoNA at the antisense strand exhibited a
remarkable loss of silencing activity due to strong interference
of siRNA binding to the Ago protein (shown in the S/A08L
model). The L-isoNA modifications led to a significant confor-
mational distortion, which led to the Ago protein being unable
to bind to modified siRNA. However, the D-isoNA incorporated
into the 2nd position of the antisense strand (S/A02D) signifi-
cantly enhanced serum stability with a slight activity conces-
sion. It is possible that the position is proximal to the unstable
thermodynamic terminus of the siRNA, where the regions
were selected for directional invasion of the nuclease in
serum.28 In addition, only the 8th position of the antisense
strand modified with D-isoNA exhibited a clear activity
enhancement, which was observed in three individual siRNAs
(S/A, RNA1, and RNA2). The Ago/siRNA complex of the S/A08D

model was stabilized with a lower free energy, which indicated
that the modified siRNA was easily loaded into the RISC;
however, the RISC/ssRNA complex was destabilized with a
higher free energy, which accelerated sense strand separation
and activated the RISC.29 The result of the quantitative ana-
lysis of the Ago2-associated siRNA was consistent with the
results of the molecular dynamics simulation. It represents
that single D-isoNA modification was likely to adjust the con-
formation for meeting the requirement of interactional
regions. It will help us understand the spatial structure of the
acting sites. Additional studies showed that the siMB3
sequence exhibited excellent strand selection due to its obser-
vable thermodynamic differences, and the D-/L-isoNA modifi-
cation did not change the target specificity. Furthermore,
D-isoNA incorporated into either the 9th or the 16th position
reduced the level of gene-expression, which suggests these
sites are conserved.

The sense strand of siRNA is usually tolerant of chemical
modifications. It was found that the D-isoNAs incorporated
into the sense strand (except for the 3′-overhangs) did not
exhibit visible effects on their biological properties, including
serum stability and silencing activity. The modified siRNAs
showed no statistical significance in comparison with the
unmodified siRNA. It is possible that chemical molecules are
not directly involved in the RNAi approach, which is not
enough to cause character variation. However, L-isoNA incor-
poration greatly impaired the serum stability to a large enough
degree so that siRNAs immediately disappeared when mixed
with fresh FBS. We believe that the modification led to an
incompact conformation, which added a new vulnerable region
for ribonuclease recognition. Furthermore, L-isoNA incorporated
into the middle of the sense strand (S10-13L/A) slightly
enhanced its silencing activity. siRNAs with the L-isoNA modi-
fication and a mismatch at the same position failed to verify
whether the Tm value was primarily responsible for the silen-

Table 3 Sequences of chemically modified siMB3s at 3’-overhangs

The positions of the other nucleotides’ incorporation are indicated in blue italic and bold. “BMe” represents the 2′-O-methyl modification, “BMOE”
represents the 2′-O-methoxyethyl modification, “BLNA” represents the locked nucleotide modification, “S” represents the phosphothioate
modification.
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cing enhancement. Certain mismatched siRNAs reduced the
silencing activity, even though they showed a lower Tm value,
and the activity change was not consistent with the Tm
reduction. Therefore, the activity enhancement caused by
L-isoNA incorporation into the middle of the sense strand
cannot contribute to the decreasing thermodynamic stability.

The 3′-overhangs of siRNAs modified with chemical mole-
cules improved their biological properties. Incorporation of
the 3′-overhangs from the sense strand (but not the antisense
strand) enhanced serum stability, which was consistent with
previous reports, even though the PS was replaced by D-isoNAs.
In addition, the SDD/A sequence exhibited the best stability of
all of the chemical modifications, and had a unique superior-
ity that could be used in the application of existing RNAi-
based therapeutics. Extending the length of the 3′-overhangs
did not enhance the serum stability any further. This indicates
that double D-isoNAs achieved ideal protection of the siRNA
from ribonuclease degradation, which was confirmed by exo-/
endo-nuclease cleavage assays. Moreover, the activity evalu-
ation showed that the SDD/A sequence prolonged the retention
time in comparison with the unmodified siRNA. Thus, double
D-isoU incorporation in the 3′-overhangs of the sense strand
might be an effective chemical strategy for improving the stabi-
lity and silencing-activity of siRNA.

Experimental
Synthesis and purification of RNA oligonucleotides

Synthesis of the RNA oligonucleotides was performed on a 394
DNA Synthesizer (Applied Biosystems, USA) at the 1 µmol scale
according to standard phosphoramidite chemistry. D-isoNA
and L-isoNA phosphoramidite monomers were synthesized
according to our previous reports.30 The coupling time used
for natural RNA phosphoramidites with 2′-OTBDMS protected
(ABz, CAc, Gibu and U) was the standard 600 seconds, differing
from that of D-/L-isoNA phosphoramidites, whose coupling
time was extended to 900 seconds because of their steric
effect. Deprotection and cleavage of the oligomers from the
solid-phase support CPG were carried out in methylamine/
methanol (1 : 1, v/v) at 60 °C for 1.5 h and desilylation was
accomplished by treatment with Bu4NF. The crude product
was precipitated with 3 M sodium acetate followed by the
addition of cold butanol and ethanol, and was subsequently
purified by high-performance liquid chromatography using
a base ion-exchange column (DionexDNAPac, PA200, 9 ×
250 mm). Phase B was 0.02 M Tris-HClO4 with 10% ACN
(pH 8.0), and phase A had extra 0.4 M NaClO4 in eluent B. The
purified oligonucleotides were then desalted by using a
Sephadex G25 column (Fig. S6†), lyophilized to dryness for
storage, and confirmed by MALDI-TOF MS and ESI MS ana-
lyses (Fig. S7†).

Serum siRNA degradation assays

siRNAs (1 μL, 20 μM) were incubated in PBS (10 μL) at 37 °C
containing 50% FBS (Sigma-Aldrich Corp., St Louis, MO, USA).

The solution was removed after the indicated points of time
and frozen in liquid nitrogen immediately. Following the
addition of 6× RNA loading buffer (2 μL, DingGuo, Beijing,
China), aliquots were analyzed on 20% polyacrylamide gels at
110 CV for 120 min and stained with 0.1% SYBR Gold to be
visualized.

Ribonuclease cleavage assays

siRNAs (1 μL, 2 μM) were incubated with RNase A (2 mg L−1,
Sigma-Aldrich Corp., St Louis, MO, USA) or SVPDE (0.1 g L−1,
Sigma-Aldrich Corp., St Louis, MO, USA) at 37 °C in water. The
solution was removed after the indicated time points, mixed
with a ribonuclease inhibitor (1 μL) for 2 minutes, and frozen
in liquid nitrogen. Following the addition of 6× RNA loading
buffer (2 μL), the aliquots were analyzed on 20% polyacryl-
amide gels at 110 CV for 120 min and stained with 0.1% SYBR
Gold to be visualized.

Cell culture and dual-luciferase assay

Human embryonic kidney 293 (HEK293) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Macgene) sup-
plemented with 10% fetal bovine serum (FBS, Corning),
100 U ml−1 penicillin, and 100 μg ml−1 streptomycin
(Macgene) at 37 °C in a 5% CO2 humidified incubator.

Cells were seeded into 24-well plates at 5 × 104 cells per well
1 day before transfection. The siQuant vector (0.1 μg per well)
carrying the target site of the tested siRNA and pRL-TK control
vector (0.01 μg per well) was transfected into HEK293 cells by
Lipofectamine 2000 (Invitrogen, USA), both with and without
the siRNA (0.3 nM). After a 4 h incubation, 1.0 mL of the
DMEM culture containing 10% FBS was added into the trans-
fection medium. Cells were harvested 24 h after transfection
and lysed with passive cell lysis. Dual luciferase activities were
determined with 30 μL of the cell lysate using the Dual-
Luciferase Assay System (Promega) by NOVOStar (BMG Lab
Technologies GmbH, Germany). The silencing efficacy of each
siRNA was calculated for comparison to a sample without
siRNA treatment. All experiments were performed in triplicate.

Real-time PCR

Cells were seeded in 6-well plates at 2 × 105 cells per well 1 day
before transfection. After the cells reached approximately 50%
confluence, they were transfected with siRNAs encapsulated in
Lipofectamine RNAiMAX (Invitrogen, USA) according to the
manufacturer’s protocols.

After the siRNAs were transfected for 48 h, RNA was
extracted from the cells using the Trizol reagent (Life
Technologies, USA) according to the standard chloroform extrac-
tion protocol. For cDNA synthesis, 1 μg of total RNA was reverse
transcribed using the Reverse Transcription System (Promega,
USA), according to the manufacturer’s protocols. Then real-
time PCR was performed using an Mx3005P real-time PCR
System (Agilent Technologies, USA) and an SYBR Green qPCR
Master Mix (Promega, USA). The primers used in the study were
as follows: β-actin (forward, CCA ACC GCG AGA TGA; reverse,
CCA GAG GCG TAC AGG GAT AG), and MB3 (forward, TGG
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TGT GAG GGC TCC AGC TTGT; reverse, ATG GGA CCC ACT
CCA TCG AGA TTT CT). PCR followed a three-step amplifica-
tion protocol followed by a melting curve segment. The
expression level was analyzed by the Ct (cycle threshold) values
using a standard protocol.31

Western blot

Melanoma A375 cells were seeded into 6-well plates at 2 × 105

cells per well, 1 day before transfection. When the cells
reached approximately 50% confluence, the siRNAs (2 nM)
were transfected with Lipofectamine RNAiMAX (Invitrogen).
The cells were collected and lysed 48 h after transfection.
The protein concentration was measured by using a Flex
Station 3 Benchtop Multi-Mode Microplate Reader (Molecular
Devices, California, USA) at 562 nm. Proteins were separated
on 30% Bis–Tris-polyacrylamide gels and then transferred to
PVDF membranes (Millipore, Bedford, USA). After blocking
with 5% skim milk overnight, the membranes were probed
with primary antibodies against GAPDH (1 : 4000, Cell
Signaling Technology, MA, USA), B-RAF (1 : 2000, Abcam, MA,
USA), or p-ERK (1 : 4000, Cell Signaling Technology, MA, USA)
at 4 °C overnight and then incubated with a secondary anti-
body (1 : 4000, Santa Cruz Biotechnology, Santa Cruz, USA) in
5% skim milk for 3 h. Proteins were analyzed by using Image
Lab™ software (ChemiDoc™ XRS System, BIO-RAD, CA, USA)
and normalized against the GAPDH protein expression levels.

Thermal denaturation studies (Tm)

The hyperchromicity curves of the hybridized duplex solution
1 μ min−1 Tm buffer (5.7 mM Tris-HCl, pH 7.5, 5.7 mM KCl,
0.1 mM MgCl2) were recorded on a Varian Cary 300 Bio UV-
visible spectrophotometer. The absorbance was recorded in
the reverse and forward directions at a temperature range of
25–90 °C at a rate of 0.3 °C min−1 at the settled wavelength of
260 nm.

RNA-binding protein immunoprecipitation assay (RIP)

The cells were lysed at 48 h post transfection in lysis buffer
(Beyotime Institute of Biotechnology, Suzhou, China). The
Ago2 antibody (Cell Signaling Technology, MA, USA) was incu-
bated with magnetic protein G dynabeads (Life Technologies
AS, Oslo, Norway) at 4 °C for 2 h on a rotator. After washing
twice with washing buffer to remove unbound antibodies, the
beads were added to the cell lysis above and rotated at 4 °C
overnight. Ago2, as well as the containing siRNAs, were eluted
from the beads by an eluent (Life Technologies AS, Oslo,
Norway) and then neutralized immediately with an equal
volume of 1 M Tris-HCl (pH = 8.0). Twenty U of proteinase K
was used to hydrolyze the Ago2 at 65 °C for 10 min and the
siRNAs were quantified by stem-loop RT-PCR.

Stem-loop RT-PCR for siRNA detection was performed
using TaqMan miRNA assays followed by SYBR Green based
real-time PCR. Five microliters of the eluent and the stem-loop
RT primer (50 nM, synthesized by Ribobio, Guangzhou,
China) were denatured at 85 °C for 5 minutes, and then at
60 °C for 5 minutes. cDNA was synthesized by using the

TaqMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, USA). The reverse transcription reaction was incu-
bated at 16 °C for 30 minutes, 42 °C for 30 minutes, and 85 °C
for 5 minutes, and then stored at 4 °C. Real-time PCR was per-
formed in 20 μL of the PCR reaction mixture including 1.5 μL
of the RT product, 1× GoTaq qPCR Master Mix (Promega,
USA), and 0.5 μM of the forward primer and reverse primer.
The reaction was incubated at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 seconds and 60 °C for 1 min. The
content of the siRNA was measured by relative quantification
and u6 snoRNA was used as an internal reference.

Molecular structures of the Ago/siRNA complex

The crystal structures of the Ago2 protein without the siRNA
duplex have been reported.32 The T. thermophilus Ago protein
could be used as a substitute due to the Ago family sharing a
high structural similarity. The crystal structure termed 3HVR
was chosen as the subject for its complete structure. The two-
stranded siRNA duplex came from 3HK2, and the original
nucleotides were substituted in the siMB3 sequence. An iso-
nucleotide was incorporated into a set position, and molecular
simulation was carried out to obtain the complex composed of
the D-/L-isoNA modified siRNA and Ago protein through
Discovery Studio 2.5 software according to an exemplary
method.18b A scale of the abscissa represented the serial
number of the residues in the complex.

Molecular dynamics simulation

All of the dynamics simulations were performed in Amber 11.
The complex was parceled in an octahedral water box, and the
minimum distance between them was 10 Å. The SHAKE algo-
rithm was applied to restrain the hydrogen atoms, as the TIP3P
water model, as well as sodium ions, was used to neutralize
the system. In addition, the electrostatic interaction was evalu-
ated utilizing the particle mesh Ewald (PME) principle. The
integration time step was set to 1 fs and the results were auto-
matically saved every 10 ps. The Ago-siRNA complex was
restricted by the steepest descent for 5000 steps and the conju-
gate gradient pathways in the case of water molecules’ contact,
and minimization of the systems was performed in the same
way. Then, the general heating equilibrium-production pipe-
line was carried out in the separated minimized systems. First,
the systems underwent heating under the NVT ensemble mode
from 0 K to 300 K in 20 ps with a 10 kcal mol−1 Å−2 harmonic
constraint. Second, the systems underwent an equilibrium
process under the NPT ensemble mode, with the harmonic
constraint reduced to 0. Finally, the last 10–20 ns trajectory
production was applied to the analysis. The scale of the
abscissa represented the serial number of residues in the
complex.

MM/PBSA binding free energy calculation

The binding free energy was calculated by using the equation:
ΔGb,s = ΔGb,v + ΔGs,c − (ΔGs,l + ΔGs,r), where ΔGb,s and ΔGb,v

are the binding free energies in the solution and in a vacuum,
respectively. ΔGs,c, ΔGs,l and ΔGs,r represent the free energies
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of the complex, ligand and receptor, respectively. ΔGb,v is com-
posed of the interaction energy as well as the entropy contri-
bution between the ligand and the receptor. Solvation free
energy contained both a hydrophobic part and an electrostatic
part. In this case, the binding free energies for the complexes
of Ago/siRNA and RISC/ssRNA were calculated with the MM/
PBSA pathway excluding the entropy contribution through
AmberTools 1.5. software with the MMPBSA.py module.

Statistical analysis

One-way repeated measures analysis of variance (ANOVA) was
used for the analysis of the experimental data. All data are
average experimental values, and error bars denoted standard
deviations. As appropriate, the significant differences were rep-
resented by P-values obtained with Student’s t-test: *P < 0.05;
**P < 0.01; ***P < 0.001; or ****P < 0.0001. All statistical ana-
lyses were carried out using GraphPad Prism 6.0 software.

Conclusion

D-/L-isoNAs were incorporated into different positions of the
siRNA duplex, leading to an enhancement of nuclease resist-
ance as well as an improvement in gene-silencing abilities. The
activity tended to be site-specific when D-isoNA was incorporated
into the antisense strand of the siMB3 duplex. When the siRNA
sequence was modified at the 8th position with a single D-isoNA
analog, the silencing activity improved, which was assessed by a
western blot, molecular dynamics simulation, and stem-loop
RT-PCR. These data suggest that D-isoNA modified the 8th
position of the antisense strand and enhanced the loading of
the siRNA into Ago2, promoting hydrolysis of the sense strand
to form an active RISC. In addition, the D-isoNA modification
was well tolerated in the RNAi machinery at the sense strand,
particularly for the 3′-overhangs. Double D-isoNA modifications
can enhance exo-/endo-nuclease resistance, and prolong the
silencing retention time. However, L-isoNA incorporated into
the antisense strand significantly reduced the silencing
activity. These modifications had evident effects on the siRNA
interaction with the Ago2 protein, and remarkably decreased
the level of the guide strand associated with the RISC;
however, L-isoNA incorporated into the center (the 10th–13th
positions) of the sense strand slightly enhanced silencing.
Thus, D-/L-isoNA can be applied as a useful tool to examine the
conformational requirement between nucleic acids and the
Ago2 protein, and improve siRNA efficacy.
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