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ABSTRACT: To ensure specificity, loading of the sense strand of
small interfering RNAs (siRNAs) into RISC must be inhibited. We
show here that siRNAs with 5′- and 6′-morpholino LNA residues
or 6′-OH-LNA at the 5′ terminus of a fully phosphodiester sense
strand resulted in metabolically stable siRNAs with a potency and a
duration of action in mice that were greater than those of an siRNA
in which the 5′ terminus of the sense strand has two terminal
phosphorothioate linkages and regular LNA.

Synthetic short interfering RNAs (siRNAs) act through theRNA interference (RNAi) pathway, an endogenous
mechanism for the control of gene expression. Synthetic siRNAs
must be chemically modified to ensure metabolic stability,
efficacy, and cell permeation and to overcome off-target related
toxicities.1−4 All clinically approved siRNAs have 2′-modified
nucleosides (2′-OMe and 2′-F) and some phosphorothioate
(PS) linkages to providemetabolic stability. The 3′ ends of sense
strands of most clinically approved siRNAs are conjugated to
trivalent N-acetylgalactosamine (GalNAc), a ligand that
mediates efficient uptake into liver hepatocytes and provides
metabolic stability (Figure S1).
After an siRNA interacts with RISC, only the antisense strand

is retained. The antisense strand then specifically interacts
through base pairing with the targeted mRNA to downregulate
gene expression. Incorporation of the sense strand into RISC
can result in the undesired silencing of unrelated mRNAs. We
previously reported that the presence of 5′- or 6′-morpholino at
the 5′ end of the sense strand improves activity by blocking
loading of the sense strand into RISC.5−7 Alternate backbones
such as amide linkages have been shown to achieve the same
goal.4

Locked nucleic acid (LNA) oligomers bind strongly to target
RNA and are resistant to degradation by nucleases.8−10 In
addition, the LNA modification is a poor substrate for
polymerases and kinases.11 We reasoned that combining LNA
withmorpholino at the 5′ end of the sense strand would strongly
disfavor its loading into RISC and would further improve the
metabolic stability. Here, we tested this hypothesis by
incorporating novel 5′-morpholino (Mo1) LNA, 6′-morpholino
(Mo2) LNA, and 6′-OH-LNA (Figure 1) into GalNAc-
conjugated sense strands with or without 5′-terminal PS
linkages. PS linkages have chirality-dependent metabolic

stability and RNAi activity12 and as diastereomeric mixtures
complicate purification (Figure S2). We reasoned that the
enhanced stability provided by morpholino and LNA might
enable the removal of PS linkages without compromising siRNA
activity.
To understand the effect of LNA combined with Mo1 on the

5′ end of the sense strand, a building block with Mo1 and LNA
(5) was synthesized (Scheme 1). In brief, the 5′-OH group of a
reported nucleoside 113 was tosylated and treated with
morpholine to afford 3 in moderate yield. The tert-
butyldimethylsilyl (TBS) group of 3 was then removed to
afford compound 4, which was phosphitylated to afford 5 in
good yield. Phosphoramidite 5 was then used in the synthesis of
5′-modified sense strands [ON1−ON4 (Table S1)]. These
modified sense strands were used to prepare si-3−si-6 (Table
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Figure 1. Structures of 5′- and 6′-morpholino LNAs, LNA, and 6′-OH-
LNA adenosine building blocks.
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1).We also prepared si-2, in which the 5′ end of the sense strand
is modified with LNA with a 3′-phosphodiester linkage. All
siRNAs were fully modified with 2′-F and 2′-OMe, and all sense
strands were conjugated to trivalent GalNAc and differed in the
number and position of PS linkages. These siRNAs were
evaluated in mice for their ability to reduce the circulating levels
of TTR. The control in this experiment was si-1, an siRNA that
has been previously reported to effectively silence expression of
Ttr.14

Mo1-LNA-modified siRNAs si-3−si-6 were more potent at
the nadir on day 7 and had longer durations of action than did si-
1 and si-2 (Figure 2A). Surprisingly, si-6, which has no PS

linkages in the sense strand, was more efficacious than si-5,
which has two PS linkages at the 5′ end (Figure 2A). This
indicates that PS linkages are unnecessary when the Mo1-LNA
modification is incorporated at the 5′ end of the sense strand.
Our previous work showed that Mo2 is a better RISC

antagonist than Mo1 in the context of 2′-OMe.7 To test Mo2 in
the context of LNA, we synthesized building block 14 (Scheme
2). The 5′-hydroxy group of nucleoside 1 was oxidized with 2-
iodoxybenzoic acid to obtain aldehyde 6, which was used in a
Wittig reaction to afford 7 in quantitative yield. The hydro-
boration−oxidation reaction of 7 produced a complex reaction
mixture. Therefore, the N6-benzoyl was removed from
compound 7 to afford compound 8, which was then treated

Scheme 1. Synthesis of 5′-Morpholino LNA-A
Phosphoramidite 5

Table 1. Sense and Antisense Strand Sequences and
Chemistries of Ttr-Targeted siRNAs Used in This Study

aBlack and green circles indicate 2′-OMe and 2′-F sugar
modifications, respectively. Orange lines indicate PS. Light blue,
pink, dark blue, and red colored circles represent Mo1-LNA-A (5),
LNA-A, Mo2-LNA-A (14), and 6′-OH-LNA-A (18) modifications,
respectively. The trivalent GalNAc ligand at the 3′ terminus of the
sense strand is indicated as hexagonal rosettes.

Figure 2. PS linkages are unnecessary in the sense strand when the
sense strand is modified with Mo1-LNA, Mo2-LNA, or 6′-OH-LNA.
Plotted are relative levels of TTR protein in the serum of mice treated
with one subcutaneous dose of (A) siRNAs with LNA or the LNA-Mo1
modification at 1.0 mg/kg, (B) siRNAs with 6′-LNA or the Mo2
modification at 1.0 mg/kg, and (C) the indicated siRNAs at 0.3 mg/kg.
TTR was evaluated by an enzyme-linked immunosorbent assay at the
indicated times after dosing. Each data point is the average ± standard
deviation normalized to predose levels in individual animals (n = 3 per
group). Data in panels A and B were acquired in a single experiment,
and the combined data are shown in Figure S3A.
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with 9-borabicyclo(3.3.1)nonane to afford 6′-OH-containing
compound 9 in moderate yield. Compound 9 was then
iodinated using triphenyl phosphine and iodine to afford 6′-
iodo compound 10, which was converted into 6′-morpholino
LNA nucleoside 11 in good yield. The exocyclic amine group of
11was benzoyl protected to afford 12. The TBS group of 12was
desilylated to afford 13, which was phosphitylated to afford 14 in
very good yield.
We also synthesized the 6′-OH-LNA building block to

evaluate a longer homologue without morpholino using the
chemistry we published.7 The exocyclic N6-amino group of
compound 9 was protected with N,N-dimethylformamide
dimethyl acetal to afford 15. Dimethoxytrityl protection of the
6′-OH afforded 16 in moderate yield, and subsequent removal
of TBS afforded 17 in very good yield. The phosphitylation of 17
produced 18 (Scheme 3). Building blocks Mo2-LNA-A (14)

and 6′-OH-LNA-A (18) were used in syntheses of sense strands
(Table S1) that were annealed with the complementary
antisense strand to form si-7−si-11 (Table 1).
As was observed for siRNAs with sense strands modified with

Mo1-LNA, irrespective of the number or placement of PS
linkages, Mo2-LNA-modified sense strands resulted in siRNAs
that were more active than control si-1 (Figure 2B). The 6′-OH-
LNA modification (si-7) also provided an advantage compared

to the control (Figure 2B). At a dose of 1 mg/kg, it was not
possible to differentiate the efficacies of si-6, si-7, and si-11,
which are modified with Mo1-LNA, 6′-OH-LNA-A, and Mo2-
LNA, respectively. At the lower dose of 0.3mg/kg, si-7 appeared
to be slightly more active than si-6 and si-11 (Figure 2C).
To understand the advantages of LNA linked through a

phosphodiester over the standard 2′-OMe linked through a PS,
we synthesized building blocks for incorporation of Mo2-2′-
OMe-A and 6′-OH-2′-OMe-A (Schemes S1 and S2). We also
used the reported Mo1-2′-OMe-A5 building block for this
comparative study. These building blocks were incorporated at
the 5′ ends of the sense strands through phosphodiester
linkages. The sense strands were annealed with antisense strands
to afford siRNAs si-15−si-17 (Table S3). When tested in mice
at a dose of 0.3 mg/kg, the siRNAs with morpholino
modifications in the context of 2′-OMe (si-15 and si-17) had
activity that was higher than that of the siRNA with a sense
strand modified with 6′-OH-2′-OMe (si-16) (Figure S3B). si-
16 was also less active than si-7, which has a sense strand
modified with LNA (Figure S4A). The efficacies of si-15
(modified with Mo2-2′-OMe) and si-17 (modified with Mo1-
2′-OMe) were similar to those of si-11 and si-6, which combine
morpholino analogues with LNA (Figure S4B). Furthermore,
consistent with our previous observations,4 the Mo2-LNA and
6′-OH-LNA modifications on the 5′ end of the antisense strand
result in the complete loss of Ttr silencing as these modifications
block loading of the antisense strand into the RISC (Figure S5).
To assess how well LNA and morpholino protect sense

strands from nucleases present in plasma, two additional siRNA
duplexes with sense strands modified with LNA were prepared.
These siRNAs had a 5′ LNA modification with PS linkages at
position 1 or 2 [si-12 or si-13, respectively (Table 1)]. These
siRNAs as well as siRNAs with sense strands modified with LNA
(si-2),Mo1-LNA (si-6), 6′-OH-LNA (si-7), andMo2-LNA (si-
11) without PS linkages were incubated in rat plasma for 24 h.
No 5′ sense strand metabolism was observed, and the extent of
removal of the 3′-terminal residue of the antisense strand was
similar for all siRNAs (Figure S6).
To evaluate the 5′ exonuclease and overall metabolic stability

of these duplexes in the liver, mice were treated with 10 mg of
siRNA/kg, and livers were collected at 24 h. For si-12, with an
LNA and a single terminal PS, nometabolism of the sense strand
was detected. Metabolism of the sense strand modified with
LNA with a penultimate PS linkage (si-13) was detected, but no
5′ sense strand metabolism was observed for any other siRNA
(Figure S6). For si-13, ∼29% of the sense strand signal resulted
from the sense strand lacking the LNA residue, which has the
penultimate PS. No metabolism from the 5′ terminus was
detected for si-2, which also has an LNA terminus but is not
stabilized by a PS linkage. Close examination of the LCMS data
for si-2 revealed a significant loss of the total sense strand signal
(Figure S6), suggesting that after removal of the terminal residue
metabolism of the entire strand occurred. In rat plasma, removal
of the 3′-terminal residue of the antisense strands was similar for
all siRNAs, with 40−50% of the signal due to a strand that is
shorter by a single residue. These data indicate that Mo1-LNA,
Mo2-LNA, and 6′-OH-LNA protect the sense strand of an
siRNA to a roughly equivalent extent from degradation by
nucleases present in plasma.
We used computational modeling to visualize the interactions

of 6′-P-LNA andMo2-LNA at the active site of a 5′-exonuclease
to gain insight into the origins of the increased metabolic
stability afforded by these modifications (Figure 3). Human

Scheme 2. Synthesis of 6′-Morpholino LNA-A
Phosphoramidite 14

Scheme 3. Synthesis of 6′-OH-LNA-A Phosphoramidite 18
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phosphodiesterase II is a 5′-exonuclease that is often used for
stability assays conducted in vitro; however, no three-dimen-
sional structural information is available for this nuclease.
Therefore, we modeled the oligonucleotides in the active site of
a eukaryotic 5′-exonuclease, Xrn1, as we did previously.15 Xrn1
is an exonuclease conserved from yeast to mammals.16

At the Xrn1 active site with two Mg2+ ions (Figure S7), we
changed the 5′ residue to phosphorylated 6′-OH-LNA using
UCSF Chimera,17 followed by energy minimization with Amber
1418 until conversion. The resulting model demonstrates that
the 6′-phosphate of the 6′-OH-LNA is insertedmore deeply into
the Xrn1 binding pocket than the 5′-phosphate of the
oligonucleotide in the crystal structure. In addition, R100,
which is in direct contact with the 3′-phosphate group of the 5′-
terminal residue in the crystal structure, does not contact the
LNA phosphate group [4.29 Å (Figure 3)]. The terminal
phosphate of the LNA-containing oligonucleotide is shifted by
1.4 Å, and the 3′-phosphate is shifted by 1 Å relative to the
positions in the crystal structure. The LNAC4″−O2′ bridge sits
as close as 3.3 Å to a water coordinated to one of the active site
Mg2+ ions (Mg2+A) and as close as 3.6 Å to a main chain atom of
Xrn1 residueN37. Themisaligned phosphates in themodel with
6′-OH-LNA are consistent with the enhanced metabolic
stability of this modification. Next, we usedmolecularmechanics
to evaluate the Mo2-LNA modification bound at the active site
of the dual-metal ion model of Xrn1. The energy-minimized
model of the complex shows shifts of key residues at the active
site away from themorpholino moiety (Figure 4). These include
N37, H41, K93, R100, and R101 that directly contact or are in
the proximity of the 5′ phosphate in the parent structure and are
important for activity. The scissile 3′ phosphate also undergoes a
shift (Figure S8). The inability of nucleases to establish
interactions with the hydrophobic morpholino moiety likely
precludes the degradation of sense strands modified with
morpholino.
Similar to the electrostatic and steric incompatibility of Mo2

at the Xrn1 active site, this modification is not tolerated at the
Ago2 MID domain that harbors the binding site for the 5′-

terminal residue of the guide strand. This was illustrated in
previously published modeling studies.5,7 5′-OH-LNA and
extended 6′-OH-LNA exhibit poor affinity for MID, which
recognizes the terminal phosphate of the guide strand through
interactions with Lys and Arg side chains. Even LNA with a
phosphate or (E)-vinyl phosphonate is not a good fit as the
bicyclic LNA sugar cannot adopt the DNA-like C2′-endo
conformation imposed by the Ago2 on the ribose of the 5′-
terminal nucleotide.2 The LNA sugar is restricted to the RNA-
like C3′-endo conformation. Moreover, LNA is a poor substrate
for kinases,11 as rationalized on the basis of a model of LNA at
the active site of eukaryotic polynucleotide kinase Clp1.19

Accordingly, the C4″−O2′ bridge clashes with Clp1 side chains
(not shown).
In conclusion, combinations of Mo1 orMo2 with LNA linked

through a phosphodiester provided as much or even more
metabolic stability than an LNA linked through a PS linkage at
the 5′ end of the sense strand of an siRNA. In addition, siRNAs
with sense strands modified at the 5′ ends withMo1-LNA,Mo2-
LNA, or 6′-OH-LNA without PS linkages had efficacy, potency,
and duration of silencing that were greater than those with sense
strands with 2′-OMe linked through PS. siRNA strands with PS
linkages have chirality-dependent properties and are diastereo-
meric mixtures that cause difficulties in purification and cause
analytical challenges. Thus, these metabolically stable, off-target-
mitigating morpholino LNA modifications warrant further
investigation in the context of RNAi therapeutics. Yamada et
al. recently confirmed the numerous applications possible for
such “extended” backbone linkages20 and corroborated the
findings reported here and previously.7,21−23
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Figure 3. Model of Xrn1 bound to an oligonucleotide with a
phosphorylated 6′-OH-LNA residue at the 5′ end. The crystal structure
(Protein Data Bank 2y35) is shown as thin gray lines, revealing
deviations between the LNA 6′-phosphate and the parent 5′-phosphate
as well as between the 3′-phosphates. The guanidino moiety of R100
that forms salt bridges to OP1 and OP2 of the 5′-phosphate in the
crystal structure does not contact the 5′-terminal phosphate in the 6′-
OH-LNA model.

Figure 4. Model of Xrn1 bound to an oligonucleotide with a 5′ Mo2-
LNA residue. The crystal structure (Protein Data Bank entry 2y35) is
shown with thin gray lines, illustrating the electrostatic incompatibility
of theMo2-LNAmodification with surrounding basic and/or polar side
chains K93, R100, R101, N37, and H41.
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