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Synthesis, gene silencing activity, thermal stability,
and serum stability of siRNA containing four (S)-5’-
C-aminopropyl-2'-O-methylnucleosides (A,
adenosine; U, uridine; G, guanosine; and C,
cytidine)t
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(8)-5'-C-
aminopropyl-2'-O-methylguanosine phosphoramidites and the properties of small interfering RNAs

Herein, we report the synthesis of (S)-5-C-aminopropyl-2'-O-methyladenosine and
(siRNAs) containing four (S)-5'-C-aminopropyl-2’-O-methylnucleosides (A, adenosine; U, uridine; G,
guanosine; and C, cytidine). The siRNAs containing (S)-5'-C-aminopropyl-nucleosides at the 3'- and 5'-
regions of the passenger strand were well tolerated for RNA interference (RNAI) activity. Conversely, the
(8)-5'-C-aminopropyl modification in the central region of the passenger strand decreased the RNAI
activity. Furthermore, the siRNAs containing three or four consecutive (S)-5'-C-aminopropyl-2'-O-
methylnucleosides at the 3'- and 5'-regions of the passenger strand exhibited RNAi activity similar to that
of the corresponding 2’-O-methyl-modified siRNAs. Finally, it was observed that (S)-5-C-aminopropyl
modifications effectively improved the serum stability of the siRNAs, compared with 2-O-methyl
modifications. Therefore, (S)-5'-C-aminopropyl-2’-O-methylnucleosides would be useful for improving
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Introduction

Small interfering RNA (siRNA) comprising double-strand RNA
(dsRNA) triggers the degradation of complementary mRNA in
a sequence-specific manner by mediated RNA interference
(RNAi) machinery, which is a biological process in cells.*
Accordingly, siRNAs possess potential as clinical tools for
unmet medical needs. However, it is known that oligonucleo-
tides such as siRNAs are degraded by nuclease inside and
outside cells and are difficult to internalize into the cells,
because they have negative charges over all the strands.*®
Chemical modifications such as 2’-O-methyl-RNA, 2'-fluoro-
RNA, and phosphorothioate linkage enhance the cell
membrane permeability of siRNAs and the stability of siRNAs

“United Graduate School of Agricultural Science, Gifu University, Japan. E-mail:
uenoy@gifu-u.ac.jp; Fax: +81-58-293-2919; Tel: +81-58-293-2919

*Department of Life Science and Chemistry, The Graduate School of Natural Science
and Technology, Gifu University, Japan

‘Course of Applied Life Science, Faculty of Applied Biological Sciences, Gifu University,
Japan

Center for Highly Advanced Integration of Nano and Life Sciences (G-CHAIN), Gifu
University, 1-1 Yanagido, Gifu, 501-1193, Japan

“Institute of Microbial Chemistry (BIKAKEN) Numazu Branch, Microbial Chemistry
Research Foundation, 18-24 Miyamoto, Numazu, Shizuoka 410-0301, Japan

(EST) available. See

+ Electronic supplementary information

https://doi.org/10.1039/d2ra00705¢

1454 | RSC Adv, 2022, 12, 11454-11476

the serum stability of therapeutic sSiRNA molecules without affecting their RNAI activities.

toward nuclease.®** In particular, chemically modified nucleo-
sides are required for the clinical application of ligand-siRNA
conjugates because this siRNA duplex is not protected from
nucleolytic degradation.'>'* To date, four siRNA drugs including
patisiran, givosiran, lumasiran, and inclisiran, with 2'-O-
methyl-, 2'-fluoro-, and phosphorothioate modifications have
been approved by the Food and Drug Administration (FDA) and/
or European Medicines Agency (EMA).

Recently, Manoharan et al. reported the synthesis and
properties of C4’ and C5’-modified nucleosides, such as the 4'-
C-methoxy-modified nucleosides, (R)-, or (S)-5-C-methyl-
modified nucleosides.”™ These nucleosides enhanced the
nuclease resistance of oligonucleotides, compared with C2'-
modified nucleosides without thermally destabilizing RNA
duplexes and inhibiting gene silencing activity. Moreover, (R)-
or (S)-5'-C-methylnucleosides improved the stability of oligo-
nucleotides to snake venom phosphodiesterase (SVPD),
compared with 4’-C-methoxy-nucleoside. This was due to the 5'-
C modifications close to the phosphate linkages, compared with
4'-C modifications.'® Recently, we reported the synthesis of RNA
oligomers containing (S)-5'-C-aminopropyl-2’-O-methyluridine
(1).>® We observed that analog 1 significantly increased the
stability of the RNAs in a buffer containing bovine serum and
the binding affinity of the RNAs toward complementary RNA,
compared with 4’-C-aminopropyl-2’-O-methyluridine and (R)-5'-
C-aminopropyl-2’-O-methyluridine. The results suggested that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Structures of (S)-5'-C-aminopropyl-2'-O-methyluridine® (1), (S)-5'-C-aminopropyl-2’-O-methylcytidine® (2), (S)-5-C-aminopropyl-2'-
O-methyladenosine (3), and (S)-5'-C-aminopropyl-2’-O-methylguanosine (4).

(S)-5'-C-aminopropyl-2’-O-methyl modifications were useful for
oligonucleotide-based therapeutics.

Here, we synthesized the corresponding adenosine and
guanosine analogs, (S)-5'-C-aminopropyl-2’-O-methyladenosine
(3) and (S)-5'-C-aminopropyl-2’-O-methylguanosine (4). The
properties of RNAs and siRNAs containing four (S)-5'-C-amino-
propyl-2’-O-methylnucleosides (1, 2, 3, and 4) were investigated
in terms of thermal stability, serum stability, and the position-
dependent effects of the analogs on the RNAi activity (Fig. 1).

Results and discussion
Synthesis of nucleoside analogs

The synthetic route of common synthetic intermediate 12 for
the synthesis of the phosphoramidites of (S)-5'-C-aminopropyl-
2/-0-methyladenosine (3) and (S)-5'-C-aminopropyl-2’-O-meth-
ylguanosine (4) is shown in Scheme 1. We used aldehyde

derivative 5, which was prepared according to a previously used
procedure,* as a starting material. The allylation reaction of 5
using allyltrimethylsilane and boron trifluoride diethyl ether
(BF;-OEt,)* afforded 5-C-allyl-ribofuranoside derivatives 6 and
7. The configurations of the 5-carbons in 6 and 7 were deter-
mined by nuclear overhauser effect spectroscopy (NOESY).>*>*>
To fix the conformations of the sugar moieties of 6 and 7, the 3-
and 5-hydroxy groups of 6 and 7 were protected by cyclic silyl
groups. After removing the 3-O-tert-butyldiphenylsilyl (TBDPS)
groups of 6 and 7, the resulting 3, 5-dihydroxy derivatives were
treated  with  1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane
(TIPDSCl,) in pyridine to afford 3,5-O-TIPDS derivatives 34
and 35 in 81% and 79% yields, respectively (Scheme 4). After the
NOESY, a strong NOE was observed between the H-5 and H-3 of
35, while no NOE was observed between the H-5 and H-3 of 34.
The results of the proton nuclear magnetic resonance (‘H NMR)
measurement of 34 and 35 showed that the spin-spin coupling
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Scheme 1 Synthetic route of the common synthetic intermediate 12 for the synthesis of (5)-5-C-aminopropyl-2’-O-methyladenosine and (S)-
5'-C-aminopropyl-2’-O-methylguanosine phosphoramidite?. ¢ Reagents and conditions: (a) allyltrimethylsilane, BFs-OEt,, CH,Cl,, —40 °C,
30 min, 82% (compounds 6 : 7 =4 : 1); (b) BnBr, NaH, DMF, room temperature (rt), 16 h, 78%; (c) 9-BBN, THF, 30% H,O, aq., 3N NaOH aq., 40 °C,
1h, 91%; (d) p-TsCl, pyridine, CH,Cl,, rt, 16 h, 95%; (e) NaNs, DMF, 60 °C, 8 h, 90%; and (f) (i) 50% CFzCO,H aq., CH,Cl, rt, 4.5 h and (i) Ac,O,

pyridine, rt, 24 h, 81% (2 steps).
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constants between H-4 and H-5 of 34 and 35 were 2.0 and
8.0 Hz, respectively. The difference in the spin-spin coupling
constants indicated that the conformations of H-4 and H-5 on
the C4-C5 bond were gauche-form in 34 and anti-form in 35,
respectively. Thus, we concluded that the stereochemistry of C5
in ribofuranoside derivative 6 was an (S)-configuration, whereas
that in ribofuranoside derivative 7 was an (R)-configuration.
Next, we attempted to protect the 5-hydroxy function of 6 with
a benzyl (Bn) group. It was revealed that the 3-O-TBDPS group
migrated to the 5-hydroxy group of 6 when 6 was treated with
sodium hydride (NaH).>**” Consequently, the benzylation reac-
tion of 6 using NaH and benzyl bromide (BnBr) afforded the 5-
O-TBDPS and 3-O-Bn derivative 8 in 78% yield. The hydro-
boration and oxidation of the allyl moiety of 8 produced the 5-C-
hydroxypropyl-ribofuranose derivative 9 in 91% yield. The
tosylation and azidation of the hydroxy function of 9 afforded
the azidopropyl derivative 11 in a 50% yield from 9. The
deprotection of the isopropylidene moiety of 11 using 50%
CF;CO,H in water, followed by the acetylation of 1,2-dihydroxyl
groups using acetic anhydride (Ac,0) in pyridine afforded
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a diastereomeric mixture of 1,2-diacetylated ribofuranoside 12
in 81% yield over two steps.
(S)-5'-C-aminopropyl-2’-O-methyladenosine phosphor-
amidite 22 was synthesized from the common synthetic inter-
mediate 12 (Scheme 2). The stereoselective glycosylation of the
5-C-substituted ribofuranoside derivative 12 with N°-benzoyl
adenine using tin(v) chloride (SnCl,),>** followed by deacety-
lation using potassium carbonate (K,CO;) in CH3;OH afforded
a 2/-OH derivative 14. The methylation of the 2’-OH moiety of 14
using CH;I and NaH afforded the 2'-O-methyl derivative 15 in
72% yield. After removing the 5'-O-TBDPS and 3'-O-Bn groups in
15, the resulting 5',3'-dihydroxy nucleoside derivative was
treated with TBDPSCI and imidazole in DMF to afford the 3’-O-
TBDPS derivative 18 in 76% yield. The tritylation of the 5'-
hydroxy function in 19 using dimethoxytrityl chloride (DMTrCI)
successfully occurred in the presence of silver nitrate (AgNO3).
The reduction of the azide group in 19 by the Staudinger reac-
tion, followed by the protection of the resulting amino function
using ethyl trifluoroacetate (CF;CO,Et) afforded the fully pro-
tected adenosine derivative 20 in 93% yield. The deprotection of

TFAHN

TBDPSO

OCHjs
20

Scheme 2 Synthetic route of (S)-5'-C-aminopropyl-2’-O-methyladenosine phosphoramidite 227. ¢ Reagents and conditions: (a) N®-benzoyl
adenine, SnCl,/CH,Cly, CH3CN, rt, 2 h, 70%; (b) K,CO3, CHsOH, 0 °C, 30 min, 92%; (c) CHsl, NaH, THF, 0 °C, 2.5 h, 72%; (d) TBAF/THF, THF, rt,
16 h, 92%; (e) BCls/CH,Cl,, CH,Cl,, —78 °C, 2 h, 89%; (f) TBDPSCL, imidazole, DMF, rt, 24 h, 76%; (g) DMTrCl, AgNOs, pyridine, THF, 40 °C, 12 h,
72%; (h) (i) PhsP, H,O, THF, 45 °C, 12 h and (i) CF3CO3Et, EtsN, CH,Cly, rt, 24 h, 93%; (i) TBAF/THF, THF, rt, 24 h, 99%; and (j) 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite, DIPEA, THF, rt, 1 h, 80%.
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Scheme 3 Synthetic route of (S)-5'-C-aminopropyl-2'-O-methylguanosine phosphoramidite 33%.  Reagents and conditions: (a) 2-amino-6-
chloropurine, N,O-bis(trimethylsilyllacetamide, TMSOTT, toluene, 80 °C, 15 h, 75%; (b) K,COs, CH3zOH, 0 °C, 30 min, 93%; (c) CHsl, NaH, DMF,
0°C, 7 h, 69%; (d) 3-hydroxypropionitrile, NaH, THF, 0 °C, 6 h, 85%; (e) isobutyric anhydride, DMAP, DMF, 60 °C, 13 h, 77%; (f) TBAF/THF, THF, rt,
46 h, 83% (g) (i) BCls/CH,Cl,, CH,Cl,, —78 °C, 4 h; (ii) TBDPSCL, imidazole, DMF, 0 °C, 29 h, 50% (2 steps); (h) DMTrCl, AgNOs, pyridine, THF,
40°C, 12 h, 92%; (i) (i) PhsP, H,O, THF, 45 °C, 22 h and (i) CFsCOEt, EtsN, CH,Clp, rt, 19 h, 77% (2 steps); (j) TBAF/THF, THF, rt, 24 h, 70%; and (k) 2-
cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, THF, rt, 1 h, 73%.

the 3’-O-silyl group in 20 by treatment with n-tetrabutylammo-
nium fluoride (TBAF) afforded 21 in 99% yield. Finally, the 3'-
hydroxy function of nucleoside 21 was phosphorylated by
treatment with 2-cyanoethyl-N,N-diisopropyl-
chlorophosphoramidite (CEP-CI) to afford (S)-5'-C-aminopropyl-
2'-O-methyladenosine phosphoramidite 22 in 80% yield.

The synthetic route of (S)-5-C-aminopropyl-2’-O-methyl-
guanosine phosphoramidite is shown in Scheme 3. Diacetate 12
was glycosylated by treatment with the silylated 2-amino-6-
chloropurine and trimethylsilyl triflate (TMSOT{)* to afford
nucleoside derivative 23 in 75% yield. Compound 23 was
treated with K,CO; in CH;O0H, followed by the methylation of
the resulting 2’-hydroxyl function of 24 by treatment with CH;I
and NaH to afford the 2'-O-methylnucleoside derivative 25. The
substitution reaction of the chlorine atom at the 6-position of
the 2-amino-6-chloropurine moiety of 25 with a hydroxyl group
successfully proceeded by treatment with 3-hydroxypropioni-
trile and NaH to afford the guanosine derivative 26 in 85% yield.
Thereafter, the exocyclic amino function of 26 was protected
with the isobutyryl (iBu) group to afford the protected guano-
sine derivative 27 in 77% yield. Similar to the synthesis of the
(S)-5'-C-aminopropyl-2'-O-methyladenosine phosphoramidite,
22, 27 was converted into the corresponding phosphoramidite
33.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Oligonucleotide synthesis

The nucleoside analogs 3 and 4 were incorporated into oligo-
nucleotides using phosphoramidites 22 and 33 with a DNA/
RNA synthesizer. RNA phosphoramidites and 2'-O-methyl-
modified phosphoramidites were prepared as 0.10 M solu-
tions in CH3CN. (S)-5'-C-aminopropyl-2’-O-methyl-modified
phosphoramidites were prepared as 0.15 M solutions in
CH;CN. 5-Benzylthio-1H-tetrazole as 0.25 M solution in
CH;CN was used as activator. The coupling time used for all
phosphoramidites was 12 min. In this condition, the coupling
efficiency of (S)-5'-C-aminopropyl-2'-O-methyl-modified phos-
phoramidites was nearly equal to that of RNA phosphor-
amidites. After the synthesis, to prevent the additional
reaction of acrylonitrile with the 5’-C-aminopropyl functional
groups, the controlled-pore glass (CPG) beads were treated
with 10% diethylamine in CH;CN at room temperature for
5 min and with concentrated NH3/40% methylamine (1 : 1, v/v)
solution at 65 °C for 10 min. The 2’-O-TBDMS groups were
removed by treatment with Et;N-3HF in dimethyl sulfoxide
(DMSO) at 65 °C for 1.5 h. RNAs were purified using 20%
denaturing polyacrylamide gel electrophoresis (PAGE). The
RNA sequences synthesized in this study are listed in Tables 1-
4 and S1-S7.7

RSC Adv, 2022, 12, 11454-11476 | 11457
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Scheme 4 Synthetic route of 3-, 5-O-TIPDS derivatives 34 and 35°. ? Reagents and conditions: (a) (i) TBAF/THF, THF, rt, 3.5 h and (i) TIPDSCL,,
pyridine, rt, 21 h, 81% (2 steps) and (b) (i) TBAF/THF, THF, rt, 1 h and (ii) TIPDSCl,, pyridine, rt, 21 h, 79% (2 steps).

Thermal stability of siRNA duplexes

We evaluated the effect of (S)-5'-C-aminopropyl modifications
on the thermal stability of siRNAs (siRNA 1-15). Temperature-

spectroscopy in 10 mM sodium phosphate buffer (pH of 7.0)
containing 100 mM NaCl. The melting temperature (T;,) values
are listed in Tables 1-4. As shown in Tables 1-3, the T}, values of

induced melting was

investigated by ultraviolet

(UV)

Table 1 Sequences of ssRNAs, siRNAs, and T,,, values of siRNAs

the 2’-O-methyl-modified siRNAs (siRNA 2, 4, 6, 8, 10, 12, and

Abbreviation Abbreviation of

Passenger strand (5'-3") ¢

. . T (°C)? ATm (°C) ©
of siRNA ssRNA Guide strand (3'-5")
. RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 1 77.9 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 2 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 2 77.4 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 3 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 3 75.7 (£0.3) 1.7 (£0.2)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 4 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 4 774 (£0.3) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 5 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 5 73.3 (£0.2) 4.1 (£0.1)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 6 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 6 77.7 (£0.2) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 7 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 7 75.2 (£0.1) 2.5 (£0.2)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'

“Blue and red letters denote 2-O-methylnucleosides and (S)-5'-C-aminopropyl-2/-O-methylnucleosides, respectively. ? The T, values were
determined using 3 pM dsRNA in a buffer containing 10 mM sodium phosphate (pH of 7.0) and 100 mM NacCl. All experiments were performed
thrice, and data are presented as the mean =+ SD. © ATy, represents [Ty, (SIRNA(s).5"-c-aminopropyl-2-0-methyl) — Tm (SIRNAg/0-methyl)]-

1458 | RSC Adv, 2022, 12, 1454-11476
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Table 2 Sequences of ssRNAs, siRNAs, and T, values of siRNAs

Abbreviation of

Abbreviation of

Passenger strand (5'-3') ¢

. ) Tm (°C) ® ATm (°C) ©
siRNA ssSRNA Guide strand (3'-5")
. RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 1 77.9 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
) RNA9 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 8 77.6 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
) RNA 10 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 9 73.9 (x0.2) 3.7 (£0.1)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 11 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 10 77.4 (£0.2) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 12 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 11 74.1 (202) 3.3 (£0.1)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 13 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 12 77.8 (£0.03) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
) RNA 14 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 13 75.1 (£0.2) 2.7 (£0.2)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'

“Blue and red letters denote 2’-O-methylnucleosides and (S)-5-C-aminopropyl-2-O-methylnucleosides, respectively. ” The T, values were
determined using 3 pM dsRNA in a buffer containing 10 mM sodium phosphate (pH of 7.0) and 100 mM NacCl. All experiments were performed
thrice, and data are presented as the mean =+ SD. © ATy, represents [Ty, (SiRNA(s).5'-c-aminopropyl-2-0-methyl) — Tm (SIRNAy"0-methy1)]-

14) were siRNA 2, 77.4 °C; siRNA 4, 77.4 °C; siRNA 6, 77.7 °C;
SiRNA 8, 77.6 °C; siRNA 10, 77.4 °C; siRNA 12, 77.8 °C; and
SiRNA 14, 77.9 °C, respectively. Those of the (S)-5'-C-amino-
propyl-2’-O-methyl-modified siRNAs (siRNA 3, 5, 7, 9, 11, 13,
and 15) were siRNA 3, 75.7 °C; siRNA 5, 73.3 °C; siRNA 7,
75.2 °C; SiRNA 9, 73.9 °C; siRNA 11, 74.1 °C; siRNA 13, 75.1 °C;
and siRNA 15, 78.0 °C, respectively. Therefore, the ATy, [T
(SiRNA(S)-S’-C—arninopropyI-Z’-O-methyl) — Ty (dSRNAZ’-O-methyl)] values
of siRNAs 3, 5, 7, 9, 11, 13, and 15 were calculated to be —1.7,
—4.1, —2.5, —3.7, —3.3, —2.7, and 0.0 °C, respectively. These
results suggested that the (S)-5'-C-aminopropyl-2’-O-methyl
modification at the passenger strand decreased the thermal

Table 3 Sequences of ssRNAs, siRNAs, and T, values of siRNAs

stability of the siRNA duplex compared to the 2’-O-methyl
modification, except for the modification of the 5-end of the
passenger strand.

Next, we measured the Ty, of the siRNAs containing 2'-O-
methylnucleosides or (S)-5'-C-aminopropyl-2’-O-methylnucleo-
sides at the 3'- and 5’-regions of the passenger strand (siRNA 16-
21). As shown in Table 4, the T,, values of the 2’-O-methyl-
modified siRNAs (siRNA 16, 18, and 20) were siRNA 16,
77.6 °C; siRNA 18, 77.6 °C; siRNA 20, 78.6 °C, respectively. Those
of the (S)-5'-C-aminopropyl-2’-O-methyl-modified siRNAs (siR-
NAs 17, 19, and 21) were siRNA 17, 76.3 °C; siRNA 19, 76.0 °C;
and siRNA 21, 72.6 °C, respectively. The ATy, [Ty, (SIRNA(g).5-c-

Abbreviation of Abbreviation of Passenger strand (5'-3") ¢
. . Tm (°C)? ATm (°C) ©
siRNA ssRNA Guide strand (3'-5")
. RNA'1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 1 78.0 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 15 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 14 77.9 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 16 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 15 78.0 (£0.1) 0.0 (+0.03)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'

“Blue and red letters denote 2-O-methylnucleosides and (S)-5'-C-aminopropyl-2/-O-methylnucleosides, respectively. ? The T, values were
determined using 3 pM dsRNA in a buffer containing 10 mM sodium phosphate (pH of 7.0) and 100 mM NacCl. All experiments were performed
thrice, and data are presented as the mean =+ SD. © ATy, represents [Ty, (SIRNA(s).5"-c-aminopropyl-2-0-methyl) — Tm (SIRNAg/0-methyl)]-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Sequences of ssRNAs, siRNAs, and T,,, values of siRNAs
Abbreviation  Abbreviation Passenger strand (5'-3") ¢
. . Tm (°C)® ATm (°C) ©
of siRNA of ssSRNA Guide strand (3'-5")
) RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 1 77.4 (£0.1) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
) RNA 17 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 16 77.6 (£0.2) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
) RNA 18 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 17 76.3 (£0.1) -1.3 (£0.2)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
) RNA 19 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 18 77.6 (£0.0) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 20 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 19 76.0 (x0.2) —1.6 (£0.1)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 21 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 20 78.6 (x0.2) -
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
. RNA 22 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 21 72.6 (x0.3) —6.0 (£0.2)
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'

“Blue and red letters denote 2’-O-methylnucleosides and (S)-5'-C-aminopropyl-2-O-methylnucleosides, respectively. ” The Ty, values were
determined using 3 pM dsRNA in a buffer containing 10 mM sodium phosphate (pH of 7.0) and 100 mM NacCl. All experiments were performed

thrice, and data are presented as the mean = SD. © ATy, represents [Ty, (SIRNA(s).5"-c-aminopropyl-2-0-methyl) — Tm (SIRNAoo-methyl)]-

aminopropylfz’fo—methyl) —Tm (dSRNAZ’fOfmethyl)] values of siRNAs 17,
19, and 21 were calculated as —1.3, —1.6 and —6.0 °C, respec-
tively. Previously, we reported that the incorporation of eight
(S)-5'-C-aminopropyl-2’-O-methyluridines in the passenger
strand of an siRNA resulted in a change in Ty, of —0.8 °C/
modification, compared with that in the unmodified siRNA.>
Oppositely, the change in the T, of siRNA 19 containing eight
(S)-5'-C-aminopropyl-2'-O-methylnucleosides was —0.18 °C/
modification. These results suggested that the thermal
stability of siRNAs can be improved by the consecutive intro-
duction of the analogs.

— —
o o
o o

®
o

Renilla luciferase / Firefly luciferase (%)

RNAI activity

We evaluated the RNAI activity of the 2’-O-methyl-modified, (S)-
5’-C-aminopropyl-modified, and unmodified siRNAs by a dual-
luciferase reporter assay using HeLa cells, in which the target
luciferase genes were constitutively expressed. All the siRNAs
targeted the Renilla luciferase genes, while the expression of
firefly luciferase genes was used as a control. The HeLa cells
were transfected with the siRNAs using RNAiMAX, and the
expression of both luciferase genes was analyzed after 24 h of
incubation. The relative percentages of Renilla and firefly

Fig. 2 RNAI activity of siRNAs modified by three consecutive analogs at the passenger strand. siRNAs were transfected into Hela cells at
concentrations of 0.1 and 1 nM. After a 24 h incubation, the activities of Renilla and firefly luciferases in the cells were determined using the dual-
luciferase reporter assay system. The results were confirmed by at least three independent transfection experiments with two cultures each and

are expressed as the average of four experiments as the mean £ SD.

1460 | RSC Adv, 2022, 12, N1454-11476

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00705c

Open Access Article. Published on 12 April 2022. Downloaded on 3/5/2026 7:11:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Renilla luciferase / Firefly luciferase (%)

View Article Online

RSC Advances

Fig. 3 RNAI activity of siRNAs modified by three consecutive analogs at the passenger strand. siRNAs were transfected into Hela cells at
concentrations of 0.1 and 1 nM. After a 24 h incubation, the activities of Renilla and firefly luciferases in the cells were determined using the dual-
luciferase reporter assay system. The results were confirmed by at least three independent transfection experiments with two cultures each and

are expressed as the average of four experiments as the mean + SD.
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Fig. 4 RNAI activity of siRNAs modified by three consecutive analogs at the passenger strand. siRNAs were transfected into Hela cells at
concentrations of 0.1 and 1 nM. After a 24 h incubation, the activities of Renilla and firefly luciferases in the cells were determined using the dual-
luciferase reporter assay system. The results were confirmed by at least three independent transfection experiments with two cultures each and

are expressed as the average of four experiments as the mean £ SD.

luciferase activities, compared with the controls containing no
siRNAs are shown in Fig. 2-7, Tables 5, 6, and S1-S6.T
Recently, we reported that siRNAs containing (S)-5'-C-ami-
nopropyl-2’-O-methyluridines at the passenger strand down-
regulated the expression of the target Renilla luciferase gene
with equal or slightly lower activity, compared with the
unmodified siRNA. Here, we investigated the position-
dependent effects of (S)-5'-C-aminopropyl modifications on
the RNAI activity of siRNAs. First, we synthesized modified
SiRNAs (siRNAs 2-15), which contained three (S)-5'-C-amino-
propyl-2’-O-methylnucleosides or three 2’-O-methylnucleosides
in succession at every position of the passenger strand. As
shown in Fig. 2-4, siRNAs 3, 5, 7, 13, and 15, which contain
three consecutive (S)-5'-C-aminopropyl-nucleosides at the 3'- or
5'-regions of the passenger strand, repressed the expression of
the Renilla luciferase gene with activities similar to those of the
corresponding 2’-O-methyl-modified siRNAs 2, 4, 6, 12, and 14
and the unmodified siRNA 1 at concentrations of 0.1 and 1 nM.
Oppositely, the incorporation of three consecutive (S)-5'-C-

© 2022 The Author(s). Published by the Royal Society of Chemistry

aminopropyl-nucleosides at the central regions of the passenger
strand decreased the silencing activities of siRNAs 9 and 11,
compared with the corresponding 2’-O-methyl-modified siRNAs
8 and 10 and the unmodified siRNA 1 at concentrations of 0.1
and 1 nM (Fig. 2). The introduction of (S)-5'-C-aminopropyl-
nucleosides at the 3’- or 5'-regions of the passenger strand
was well tolerated for eliciting RNAIi activity, and the incorpo-
ration of (S)-5'-C-aminopropyl-nucleosides at the central
regions of the passenger strand decreased the gene silencing
activity of the siRNAs. When argonaute-2 and siRNA formed the
RNA-induced silencing complex (RISC) in cells, the passenger
strand of siRNA was hydrolyzed by the slicer activity of the P-
element-induced wimpy testis (PIWI) domain of argonaute-
2.34% Therefore, it was suggested that siRNAs 9 and 11 were
prevented from the hydrolysis of the passenger strand because
of the (S)-5’-C-aminopropyl modification near the cleavage site.
The results showed that siRNAs containing (S)-5'-C-
aminopropyl-nucleosides at the 3’- or 5-regions of the

RSC Adv, 2022, 12, 11454-11476 | 11461
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Fig. 5 RNAi activity of siRNAs modified by three, four, or five consecutive analogs at the 3'- and 5'-regions of the passenger strand. siRNAs were
transfected into Hela cells at concentrations of 1 and 10 nM. After a 24 h incubation, the activities of Renilla and firefly luciferases in the cells were
determined using the dual-luciferase reporter assay system. The results were confirmed by at least three independent transfection experiments
with two cultures each and are expressed as the average of four experiments as the mean + SD.
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Fig. 6 RNAI activity of siRNA modified by analogs at the guide strand. siRNAs were transfected into Hela cells at concentrations of 1 and 10 nM.
After a 24 h incubation, the activities of Renilla and firefly luciferases in the cells were determined using the dual-luciferase reporter assay system.
The results were confirmed by at least three independent transfection experiments with two cultures each and are expressed as the average of
four experiments as the mean + SD.

passenger strand could efficiently suppress the expression of and 5'-regions of the passenger strand. As shown in Fig. 5, the
the target gene. RNAI activities of siRNAs 17 and 19, which contained three and

Next, we assessed the silencing activity of siRNAs (siRNA 16~  four consecutive analogs at the 3'- and 5'-regions, respectively,
21) containing three, four, or five consecutive analogs at the 3'- were equal to or slightly lower than those of the corresponding

Renilla lweiferase / Firefly hciferase (96)
a 2
2 g

o
S

Fig.7 RNAI activity of siRNAs modified by analogs at the guide strand. siRNAs were transfected into Hela cells at concentrations of 1 and 10 nM.
After a 24 h incubation, the activities of Renilla and firefly luciferases in the cells were determined using a dual-luciferase reporter assay system.
The results were confirmed by at least three independent transfection experiments with two cultures each and are expressed as the average of
four experiments as the mean + SD.
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Table 5 Sequences of ssRNAs and siRNAs used for RNAI activity study

Abbreviation of  Abbreviation
: sequence ¢
siRNA of ssRNA
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 1
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 22
RNA 23 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 23
RNA 24 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 24
RNA 25 3-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 25
RNA 26 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 26
RNA 27 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 27
RNA 28 3-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 28
RNA 29 3. UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 29
RNA 30 3'-UUCCGGAAAGUGAUGAGGAUG-5'

“ Blue and red letters denote 2'-O-methylnucleosides and (S)-5'-C-aminopropyl-2-O-methylnucleosides, respectively.

2’-0-methyl-modified siRNAs 16 and 18, whereas that of siRNA
21 containing five consecutive analogs was lower than that of
the corresponding 2’-O-methyl-modified siRNA 20. These
results suggested that the simultaneous incorporation of (S)-5'-
C-aminopropyl-nucleosides at the 3’- and 5'-regions of the
passenger strand was tolerable for eliciting RNAI activity.
However, it was observed that increasing the number of
contiguous analogs in the 3’- and 5'-regions of the passenger
strand tended to further reduce RNAI activity.

© 2022 The Author(s). Published by the Royal Society of Chemistry

To investigate the position-dependent effects of (S)-5'-C-
aminopropyl modifications in the seed region of the siRNA, we
synthesized siRNAs containing one (S)-5'-C-aminopropyl-
nucleoside at positions 1-8 from the 5-end of the guide
strand and evaluated their silencing activity. It was found that
the thermal stability of these siRNA duplexes containing one (S)-
5'-C-aminopropyl-nucleoside at the guide strand were similar to
those of the corresponding 2'-O-methyl-modified siRNA
duplexes (Fig. S5-S7 and Tables S7-S97). As shown in Fig. 6,
incorporation of (S)-5'-C-aminopropyl-nucleoside at positions 1

RSC Adv, 2022, 12, 11454-11476 | 11463
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Table 6 Sequences of ssRNAs and siRNAs used for RNAI activity study
Abbreviation Abbreviation
. sequence ¢
of siRNA of ssSRNA
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 1
RNA 8 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 30
RNA 31 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 31
RNA 32 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 32
RNA 33 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 33
RNA 34 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 34
RNA 35 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 35
RNA 36 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 36
RNA 37 3'-UUCCGGAAAGUGAUGAGGAUG-5'
RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 37
RNA 38 3'-UUCCGGAAAGUGAUGAGGAUG-5'
¢ Blue and red letters denote 2'-O-methylnucleosides and (S)-5'-C-aminopropyl-2’-O-methylnucleosides, respectively.
or 2 was detrimental to the RNAi activity of the siRNAs. Pra- the 2'-O-methyl modification. However, the (S)-5'-C-

deepkumar and Harikrishna reported that the 5'-phosphates of
positions 1 and 2 in the guide strand of siRNA interacted with
many amino acid residues, such as T526, Y529, Q545, Q548,
K550, N551, K566, K570, and R814.** Thus, it was considered
that the (S)-5'-C-aminopropyl modification incorporated at the
5’-end of the guide strand disturbed the important interaction
between the guide strand and argonaute-2 protein to form RISC.
As shown in Fig. 6 and 7, incorporating the (S)-5'-C-
aminopropyl-nucleoside at positions 3, 4, 5, 6, or 8 tended to
decrease the RNAI activity of the siRNAs, compared with that of

1464 | RSC Adv, 2022, 12, 1454-11476

aminopropyl-modification at position 7 from the 5’-end of the
guide strand was well tolerated for RNAi activity. Therefore, to
understand why the (S)-5'-C-aminopropyl modification at posi-
tion 7 of the guide strand was well tolerated for the RNAi activity
of siRNA, we performed a modeling study on the interaction
between argonaute-2 and the (S)-5'-C-aminopropyl modification
in siRNA. As shown in Fig. S8,T a pocket on the protein surface
that can accommodate the aminopropyl side-chain existed near
position 7 from the 5-end of the guide strand. Thus, it was
considered that the RNAi activity of siRNA 35 containing the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Polyacrylamide gel electrophoresis (PAGE) analysis donated stability of siRNA (4.5 uM) in 50% bovine serum. Fluorescein-labeled siRNAs
38-44 (600 pmol) were incubated in a buffer containing 50% bovine serum. Subsequently, the reaction mixtures at various incubation times (0,
15, and 30 min and 1, 3, 6, 12, and 24 h) were analyzed by nondenaturing PAGE. Arrows refer to the full-length band of the siRNAs.

analog at position 7 was retained by accommodating the ami-
nopropyl side chain in the pocket on the argonaute-2 protein.

Serum stability

Chemical modifications such as 2’-O-methyl-RNA and 2/-fluoro-
RNA are essential for siRNA-based therapeutics because
unmodified siRNAs are rapidly degraded by nucleases in serum.
Thus, to investigate the effects of (S)-5'-C-aminopropyl modifi-
cations at the 3’- and 5'-regions of the passenger strand on the
serum stability of the siRNAs, we assessed the stability of the
modified siRNAs in a buffer containing bovine serum. Chemical
modifications at the guide strand of siRNA are important for

achieving serum stability. Considering that the introduction of
the (S)-5-C-aminopropyl modification at the guide strand
decreased the RNAI activity of siRNAs by disturbing the inter-
action with the argonaute-2 protein, we used siRNAs
comprising the guide strand containing phosphorothioate, 2'-
O-methyl, and 2'-fluoro modifications in this study. The
fluorescein-labeled siRNAs 38-44 (Table 7) were incubated in
a buffer containing 50% bovine serum, and the reaction
mixtures at various incubation times (0, 15, and 30 min and 1, 3,
6, 12, and 24 h) were analyzed by PAGE.

As shown in Fig. 8, when the (S)-5'-C-aminopropyl-modified
siRNAs 40, 42, and 44 were used, the bands corresponding to

siRNA 38 siRNA 45 siRNA 46
min h min h min h
0 15 30 1 3 6 12 01530 1 3 6 12 015301 3 6 12

.~---—_¢-I

—> el e e —

ﬂu---.—__-e

Fig. 9 Polyacrylamide gel electrophoresis (PAGE) analysis donated stability of siRNA (4.5 uM) in 50% bovine serum. Fluorescein-labeled siRNAs
38, 45, and 46 (600 pmol) were incubated in a buffer containing 50% bovine serum. Subsequently, the reaction mixtures at various incubation
times (0, 15, and 30 min and 1, 3, 6, and 12 h) were analyzed by nondenaturing PAGE. Arrows refer to the full-length band of the siRNAs.
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the full-length of the siRNAs remained intact even after 24 h of
incubation. With the unmodified siRNA 38 or the 2'-O-methyl-
modified siRNAs 39, 41, and 43, it was observed that the
bands corresponding to the full-length of the siRNAs gradually
degraded and became faint. Thus, it was observed that the (S)-
5'-C-aminopropyl modifications enhanced the serum stability of
the siRNA, compared with the 2’-O-methyl modifications.
Furthermore, to investigate the effect of the site-specific
incorporation of the (S)-5'-C-aminopropyl modifications on
serum stability, we evaluated the stability of siRNAs 45 and 46
containing three consecutive (S)-5'-C-aminopropyl-nucleosides

Table 7 Sequences of ssRNAs and siRNAs for serum stability test

View Article Online

Paper

at the 3'- or 5'-regions of the passenger strand in 50% bovine
serum. As shown in Fig. 9, when siRNA 45 with three consecu-
tive (S)-5’-C-aminopropyl-nucleosides at the 3'-region was used,
the band corresponding to the full-length siRNA remained
intact even after 12 h of incubation, whereas with siRNA 46 with
three consecutive (S)-5'-C-aminopropyl-nucleosides at the 5'-
region, the band corresponding to the full-length siRNA grad-
ually degraded and became faint. These results indicated that
incorporating the (S)-5'-C-aminopropyl modification at the 3'-
region of siRNA effectively improved the resistance toward the
nuclease in serum, compared with that of the analog at the 5’

Abbreviation  Abbreviation

; sequence ¢

of siRNA of ssSRNA

RNA 1 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 38

RNA 39 3-UAUACACArGGAAAGUGAUGAGGAUG-5'-F

RNA 17 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 39

RNA 23 3'-UAUACACAGGAAAGUGAUGAGGAUG-5'-F

RNA 18 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 40

RNA 39 3'-UAUACACAGGAAAGUGAUGAGGAUG-5'-F

RNA 19 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 41

RNA 39 3-UAUACACArGGAAAGUGAUGAGGAUG-5'-F

RNA 20 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 42

RNA 39 3-UAUACACAGGAAAGUGAUGAGGAUG-5'-F

RNA 21 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 43

RNA 39 3'-UAUACACAGGAAAGUGAUGAGGAUG-5'-F

RNA 22 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 44

RNA 39 3-UAUACACAGGAAAGUGAUGAGGAUG-5'-F

RNA 3 5'-GGCCUUUCACUACUCCUACUU-3
siRNA 45

RNA 39 3'-UAUACACAGGAAAGUGAUGAGGAUG-5'-F

RNA 16 5'-GGCCUUUCACUACUCCUACUU-3'
siRNA 46

RNA 39 3-UANUACACAGGAAAGUGAUGAGGAUG-5'-F

“F, blue letters, green letters, red letters, and ~ denote fluorescein, 2'-O-methylnucleosides, 2'-fluoro-nucleosides, (S)-5'-C-aminopropyl-2’-O-

methylnucleosides, and phosphorothioate linkages, respectively.

1466 | RSC Adv, 2022, 12, 11454-11476
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Table 8 Sequences of ssRNAs and siRNAs for RT-qPCR analysis
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Abbreviation  Abbreviation Sense (Passenger) strand”
of siRNA of ssRNA Antisense (Guide) strand”
siRNA 47 RNA 40 5'-CUUACGCUGAGUACUUCGATT-3'
(siGL3) RNA 41 3'-TTGAAUGCGACUCAUGAAGCU-5'
RNIA 43 RNA 42 5-UAGUCAACUUGGUAUAUUUTT-3'
RNA 43 3-TTAUCAGUUGAACCAUAUAAA-5'
SRNA 10 RNA 44 5-UAGUCAACUUGGUAUAUUUATAT-3'
RNA 45 3-T"T"ANUNCMAGUUGAACCAUAUAAA-S

“ Blue letters, red letters, and ~ denote 2’-O-methylnucleosides, (S)-5'-C-aminopropyl-2’-O-methylnucleosides, and phosphorothioate linkages,

respectively.

region of siRNA. Previously, Gait et al. reported that siRNA
degradation in serum occurred similar to RNase A-like mecha-
nism, cleaving at UpA sequences close to the end of each strand
in the siRNA.** siRNA 38 used in this study contains the UpA
sequence at the 3’-end region of the passenger strand. The
siRNAs were considered to be degraded at the UpA site in bovine
serum. siRNAs 42 and 44 contained the (S)-5'-C-aminopropyl-
uridine analog instead of the U of the UpA site; therefore,
they were hardly degraded. Thus, the incorporation of the (S)-5'-
C-aminopropyl modification at the most vulnerable degrada-
tion site of siRNA such as the UpA sequence near the 3’-end
region of the strands would be useful for improving the bio-
logical stability of siRNAs in mammalian serum.

0.8
0.6
0.4

0.2

0 H =

siRNA 47 siRNA 48 siRNA 49

Relative KNTC2 mRNA level

Control

Fig. 10 RNAI activity of KNTC2 siRNA modified by (S)-5'-C-amino-
propyl-2’-O-methylnucleosides. siRNAs targeting KNTC2 gene (siRNA
48, siRNA 49) or firefly luciferase gene (siRNA 47) were transfected to
HCT116 cells at a concentration of 10 nM. After a 24 hours incubation,
cells were replated in fresh cell culture media and were further incu-
bated for another 24 hours. Then, total RNA of the cells was extracted
and KNTC2 mRNA levels were determined by RT-qPCR. Data were
normalized to the level of ACTB mRNA and are presented as relative
mMRNA levels compared to the un-transfected control group (control).
Data represent the mean of two independent experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Quantitative reverse-transcriptional PCR (RT-qPCR) analysis

We also examined the effect of the (S)-5'-C-aminopropyl modi-
fications on RNAi activity in another siRNA targeting human
KNTC2 gene, which is considered to be a therapeutic target for
several cancers.*>** We synthesized a modified KNTC2-siRNA
(siRNA 49) which contained four (S)-5'-C-aminopropyl methyl-
uridines at the 3'-regions of the passenger strand (Table 8) and
investigated its RNAi activity on the KNTC2 mRNA level in
human colon cancer HCT116 cells (Fig. 10). A quantitative
reverse-transcriptional PCR (RT-qPCR) analysis revealed that
the RNAI activity of the (S)-5'-C-aminopropyl modified siRNA
(siRNA 49) was nearly equal to that of the corresponding 2’-O-
methyl-modified KNTC2-siRNA (siRNA 48). This result supports
our mention that the simultaneous incorporation of (S)-5'-C-
aminopropyl-nucleosides at the 3'-regions of the passenger
strand was tolerable for eliciting RNAi activity.

Conclusion

Here, we successfully synthesized (S)-5'-C-aminopropyl-2’-O-
methyladenosine phosphoramidite (22) and (S)-5'-C-amino-
propyl-2’-O-methylguanosine phosphoramidite (33). It was
observed that the introduction of (S)-5-C-aminopropyl-
nucleosides at the 3’- and/or 5'-regions of the passenger
strand of siRNA was tolerable for the RNAi activity of the siR-
NAs, whereas the incorporation of analogs at the central region
of the passenger strand of siRNA was detrimental to the RNAi
activity. Furthermore, the (S)-5'-C-aminopropyl modifications at
the passenger strand thermally destabilized siRNA duplexes,
compared with the corresponding 2'-O-methyl modifications,
except for the consecutive incorporation of the (S)-5'-C-amino-
propyl modifications at the 5'-region of the passenger strand.
Finally, it was revealed that the incorporation of the (S)-5'-C-
aminopropyl modifications at the vulnerable degradation sites
of siRNA effectively enhanced the serum stability of siRNA.
Therefore, incorporating the (S)-5'-C-aminopropyl-2’-O-
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methylnucleosides into appropriate sites of siRNAs would be
useful for improving the serum stability of therapeutic siRNA
molecules without affecting their RNAi activities.

Experimental section

General remark

All chemicals and dry solvents (THF, DMF, CH,Cl,, CH;CN,
toluene and pyridine) were obtained from commercial sources
and used without any further purification. Thin layer chroma-
tography (TLC) was performed on silica gel plates precoated
with fluorescent indicator with visualization by UV light or by
dipping into a solution of 5% (v/v) concentrated H,SO, in
mixture of p-anisaldehyde and methanol and then heating.
Silica gel (63-210 mesh) was used for column chromatography.
"H NMR (400 or 600 MHz), "*C {'"H}NMR (101 or 151 MHz), *'P
NMR (162 MHz) were recorded on 400 or 600 MHz NMR
equipment. CDCl; or DMSO-ds was used as a solvent for
obtaining NMR spectra. Chemical shifts (9) are given in parts
per million (ppm) from CDCl; (7.26 ppm), DMSO-d¢ (2.50 ppm)
for "H NMR spectra and from CDCl; (77.2 ppm) DMSO-d; (39.5
ppm) for **C {'"H}NMR spectra. The abbreviations s, d, t, q, and
m signify singlet, doublet, triplet, quadruplet, and multiplet,
respectively. High resolution mass spectra (HRMS) were ob-
tained in positive ion electrospray ionization (ESI-TOF) mode.

Experimental procedures

(S)-5-C-Allyl-1,2-O-isopropylidene-3-O-[(1,1-dimethylethyl)
diphenylsilyl]-a-p-ribose  (6) and (S)-5-C-allyl-1,2-O-iso-
propylidene-3-O-[(1,1-dimethylethyl)diphenylsilyl]-a-p-ribose
(7). To a solution of 5 in CH,Cl, (50 mL) cooled to —40 °C was
added BF;-OEt, (1.27 mL, 10.12 mmol), allyltrimethylsirane
(1.28 mL, 8.09 mmol) under argon atmosphere. After 30 min at
—40 °C, the reaction mixture was quenched with saturated
NaHCOj; aqueous. The organic layer was washed with saturated
NaHCO; aqueous and brine, dried (Na,SO,). After concentra-
tion, the residue was purified by a silica gel column chroma-
tography (hexane:EtOAc = 5:1) to afford product as
a colorless oil (1.94 g, 4.14 mmol, 82%, S : R=4: 1). Compound
6: "H NMR (400 MHz, CDCl,): 6 7.78-7.76 (m, 2H), 7.71-7.69 (m,
2H), 7.47-7.35 (m, 6H), 5.89-5.78 (m, 1H), 5.53 (d, J = 3.6 Hz,
1H), 5.14-5.11 (m, 2H), 4.08 (dd, J = 8.6, 4.0 Hz, 1H), 3.99 (dd, J
= 8.8, 1.2 Hz, 1H), 3.94 (t, J = 4.0 Hz, 1H), 3.69-3.64 (m, 1H),
2.41-2.32 (m, 2H), 1.56 (s, 3H), 1.50 (d, J = 8.4 Hz, 1H), 1.23 (s,
3H), 1.10 (s, 9H); "*C {'"H}NMR (151 MHz, CDCl;): 6 136.2, 136.0,
134.8, 133.7, 133.5, 130.1, 130.0, 127.9, 127.6, 117.8, 112.7,
104.0, 81.4, 79.2, 72.7, 68.3, 39.6, 27.1, 27.0, 26.5, 19.5; HRMS
(ESI-TOF) m/z: [M + Na]" caled for C,,H3¢NaOsSi 491.2230,
found 491.2229.

Compound 7: '"H NMR (400 MHz, CDCl,): 6 7.79-7.71 (m,
4H), 7.47-7.34 (m, 6H), 5.88-5.77 (m, 1H), 5.47 (d, J = 3.6 Hz,
1H), 5.11-5.07 (m, 2H), 4.10-4.09 (m, 2H), 3.89-3.84 (m, 1H),
3.79-3.77 (m, 1H), 2.31-2.27 (m, 2H), 1.98 (d, J = 3.6 Hz, 1H),
1.54 (s, 3H), 1.14 (s, 3H), 1.10 (s, 9H); *C {"H}NMR (151 MHz,
CDCly): 6 136.4, 136.1, 135.0, 133.7, 133.4, 130.1, 130.0, 127.9,
127.5,117.8, 112.5, 103.4, 81.4, 79.1, 73.5, 70.6, 36.8, 27.1, 26.9,
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26.3, 19.5; HRMS (ESI-TOF) m/z: [M + Na]" caled for C,;Hze-
NaOsSi 491.2230, found 491.2223.
(S)-5-C-Allyl-3-O-benzyl-5-0-[(1,1-dimethylethyl)diphe-
nylsilyl]-1,2-O-isopropylidene-a-p-ribose (8). To a solution of 6
(1.00 g, 2.13 mmol) in DMF (10 mL) was added NaH (0.17 g, 4.25
mmol) under argon atmosphere. After 30 min, to a reaction
mixture was added BnBr (0.50 mL, 4.25 mmol) at 0 °C, stirred
for 16 h at room temperature. After the reaction mixture was
quenched with CH;0H, the mixture was washed with saturated
NaHCO; aqueous and brine, dried (Na,SO,). After concentra-
tion, the residue was purified by a silica gel column chroma-
tography (hexane : EtOAc = 15 : 1) to afford desired product 8 as
a colorless oil (0.92 g, 1.65 mmol, 78%). '"H NMR (600 MHz,
CDCly): 6 7.72-7.69 (m, 4H), 7.43-7.28 (m, 11H), 5.80 (d, J =
3.6 Hz, 1H), 5.52-5.45 (m, 1H), 4.87-4.82 (m, 2H), 4.65 (d, ] =
11.4 Hz, 1H), 4.56 (t, ] = 3.0 Hz, 1H), 4.38 (d,J = 12.0 Hz, 1H),
4.10 (dd,J = 9.0, 1.8 Hz, 1H), 4.02 (dd, J = 8.4, 4.2 Hz, 1H), 3.92
(ddd, J = 9.6, 4.8, 1.8 Hz, 1H), 1.53 (s, 3H), 1.37 (s, 3H), 1.00 (s,
9H); “*C {'"H}NMR (151 MHz, CDCl;): ¢ 138.0, 136.1, 136.0,
134.4, 134.1, 133.9, 129.8, 129.7, 128.5, 128.1, 127.9, 127.7,
127.6,117.8, 113.2, 104.5, 80.2, 78.2, 78.1, 72.1, 71.9, 38.7, 27.2,
27.1, 19.6; HRMS (ESI-TOF) m/z: [M + Na]' caled for C34Hyo-
NaOsSi 581.2699, found 581.2677.
3-0-Benzyl-(S)-5-C-hydroxypropyl-5-O-[(1,1-dimethylethyl)
diphenylsilyl]-1,2-O-isopropylidene-o-p-ribose (9). Under argon
atmosphere, 9-borabicyclo[3.3.1]nonane (9-BBN, 0.5 M in THF,
9.50 mL) was added dropwise to a solution of compound 8
(0.92 g, 1.65 mmol) in THF (16 mL) and stirred for 13 h at room
temperature. Water was added to the reaction mixture until
evolution of gas ceased. 3 N NaOH solution (3.6 mL) was added,
and then, slowly 30% aqueous hydrogen peroxide solution (1.87
mL) was added while keeping the temperature between 40 °C.
The mixture was stirred and extracted with water and ethyl
acetate. The organic layer was washed with neutral phosphate
buffer solution and brine, dried over Na,SO,, filtered, and
concentrated. The crude material was purified by column
chromatography (33% ethyl acetate in hexane) to afford desired
product 9 as a white solid (0.86 g, 1.50 mmol, 91%). "H NMR
(600 MHz, CDCl,): 6 7.72-7.69 (m, 4H), 7.43-7.29 (m, 11H), 5.77
(d,J = 3.6 Hz, 1H), 4.68 (d, J = 10.8 Hz, 1H), 4.57 (t,J = 3.6 Hz,
1H), 4.38 (d, ] = 12.0 Hz, 1H), 4.11 (dd, J = 8.4, 2.4 Hz, 1H), 3.96
(dd, J = 8.7, 4.8 Hz, 1H), 3.93-3.90 (m, 1H), 3.30-3.27 (m, 2H),
1.70-1.63 (m, 2H), 1.56 (s, 3H), 1.44-1.39 (m, 2H), 1.37 (s, 3H),
1.02 (s, 9H), 0.98 (bs, 1H); *C {"H}NMR (151 MHz, CDCl,):
6 137.9, 136.1, 134.4, 134.0, 129.8, 129.7, 128.5, 128.1, 128.0,
127.7,127.6, 113.0, 104.4, 80.7, 78.2, 78.0, 72.1, 72.1, 62.7, 30.0,
28.5,27.2,27.2, 27.0, 19.7; HRMS (ESI-TOF) m/z: [M + Na]" caled
for C3,H,,NaO¢Si 599.2805, found 599.2783.
3-0-Benzyl-(S)-5-0-[(1,1-dimethylethyl) diphenylsilyl]-1,2-O-
isopropylidene-5-C-p-toluenesulfonyloxypropyl-o-p-ribose (10).
Under argon atmosphere, p-TsCl (5.98 g, 31.36 mmol) and
pyridine (5.2 mL, 62.71 mmol) were added to a solution of
compound 9 (5.17 g, 8.96 mmol) in CH,Cl, (52 mL) at 0 °C. The
mixture was stirred for 16 h at room temperature. The mixture
was extracted with CHCl; and saturated NaHCO; aqueous
solution; organic layer was washed with brine. The organic layer
was dried over N,SO,, filtered, and concentrated. The crude

© 2022 The Author(s). Published by the Royal Society of Chemistry
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material was purified by column chromatography (17% ethyl
acetate in hexane) to afford desired product 10 as a colorless oil
(6.19 g, 8.47 mmol, 95%). 'H NMR (600 MHz, CDCl;): § 7.67-
7.65 (m, 6H), 7.42-7.39 (m, 2H), 7.34-7.26 (m, 11H), 5.71 (d, ] =
3.0 Hz, 1H), 4.64 (d,J = 10.8 Hz, 1H), 4.52 (t,] = 4.2 Hz, 1H), 4.33
(d,J = 10.8 Hz, 1H), 4.00 (dd, J = 8.4, 2.4 Hz, 1H), 3.84-3.81 (m,
2H), 3.73-3.65 (m, 2H), 2.43 (s, 3H), 1.58-1.55 (m, 1H), 1.53 (s,
3H), 1.53-1.48 (m, 2H), 1.43-1.37 (m, 1H), 1.35 (s, 3H), 1.00 (s,
9H); *C {'"H}NMR (151 MHz, CDCl;): 6 144.6, 137.7, 136.1,
136.0, 134.1, 133.8, 133.2, 129.9, 129.8, 129.8, 128.5, 128.2,
128.0,128.0, 127.7, 113.0, 104.3, 80.8, 78.1, 77.8, 72.0, 71.9, 70.5,
29.8,27.1, 26.9, 24.6, 21.7, 19.6; HRMS (ESI-TOF) m/z: [M + Na]"
caled for C,1H5oNaOgSSi 753.2893, found 753.2886.

(S)-5-C-azidopropyl-3-O-benzyl-5-O-[(1,1-dimethylethyl)
diphenylsilyl]-1,2-O-isopropylidene-a-p-ribose  (11).  Under
argon atmosphere, NaN; (4.63 g, 71.15 mmol) was added to
a solution of compound 10 (6.19 g, 8.47 mmol) in DMF (62 mL).
The mixture was stirred for 8 h at 60 °C. The mixture was
extracted with ethyl acetate and brine. The organic layer was
dried over Na,SO,, filtered, and concentrated. The crude
material was purified by column chromatography (9% ethyl
acetate in hexane) to afford desired product 11 as a colorless oil
(4.57 g, 7.59 mmol, 81%) *H NMR (600 MHz, CDCl,): 6 7.71-7.68
(m, 4H), 7.43-7.40 (m, 2H), 7.36-7.30 (m, 9H), 5.76 (d, J =
3.6 Hz, 1H), 4.68 (d,J = 10.8, 1H), 4.56 (t,] = 4.2 Hz, 1H), 4.37 (d,
J = 10.8, 1H), 4.07 (dd, J = 8.1, 2.4 Hz, 1H), 3.92 (dd, J = 8.7,
4.2 Hz, 1H), 3.89-3.87 (m, 1H), 2.92-2.86 (m, 2H), 1.65-1.63 (m,
1H), 1.56 (s, 3H), 1.45-1.40 (m, 3H), 1.36 (s, 3H), 1.02 (s, 9H); *C
{"H}NMR (151 MHz, CDCl,): 6 137.8, 136.1, 136.1, 134.3, 133.9,
129.8, 129.8, 128.5, 128.1, 128.0, 127.7, 127.7, 113.0, 104.4, 80.8,
78.2, 77.9, 72.1, 72.0, 51.3, 31.0, 27.2, 27.0, 24.7, 19.7; HRMS
(ESI-TOF) m/z: [M + Na] caled for C3,H,3N3;NaO5Si 624.2870,
found 624.2843.

(S)-5-C-Azidopropyl-3-O-benzyl-1,2-O-diacetyl-5-O-[(1,1-dime-
thylethyl)diphenylsilyl]-B-p-ribose (12). To a solution of 11 in
CH,Cl, (20 mL) was added 50% CF;CO,H aqueous solution (120
mL) and stirred for 4.5 h at room temperature. The mixture was
washed with saturated NaHCO; aqueous and brine, dried
(Na,SO,). After concentration, the residue was dissolved in
pyridine (130 mL). Acetic anhydride (32.6 mL, 350.8 mmol) was
added to the mixture under argon atmosphere. After the reac-
tion mixture was stirred for 20 h at room temperature, the
mixture was washed with saturated NaHCOj; aqueous and brine,
dried (Na,SO,). After concentration, the residue was purified by
a silica gel column chromatography (hexane : EtOAc = 4 : 1) to
afford desired product 12 as a colorless oil (11.89 g, 18.41 mmol,
81%). B-anomer: 'H NMR (600 MHz, CDCl,): 6 7.70-7.68 (m,
4H), 7.45-7.29 (m, 10H), 6.16 (s, 1H), 5.35 (d, J = 4.2 Hz, 1H),
4.57 (d,J = 10.8 Hz, 1H), 4.43 (dd, J = 8.4, 4.2 Hz, 1H), 4.33 (d, J
=10.8 Hz, 1H), 4.09 (dd, J = 8.4, 3.6 Hz, 1H), 3.86-3.84 (m, 1H),
2.89-2.75 (m, 2H), 2.13 (s, 3H), 1.97 (s, 3H), 1.67-1.60 (m, 1H),
1.47-1.40 (m, 1H), 1.36-1.25 (m, 2H), 1.06 (s, 9H); °C {"H}NMR
(151 MHz, CDCl;) 6 170.0, 169.4, 137.3, 136.0, 136.0, 134.3,
133.5, 130.0, 129.9, 128.6, 128.2, 128.1, 127.8, 127.7, 98.2, 83.2,
76.7, 74.0, 73.4, 72.2, 51.3, 30.6, 27.1, 24.4, 21.3, 20.9, 19.7;
HRMS (ESI-TOF) m/z: [M + Na]" caled for C;sH,3N;NaO,Si
688.2768, found 688.2769.
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2/-0-Acetyl-(S)-5'-C-azidopropyl-6-N-benzoyl-3'-O-benzyl-5'-O-
[(1,1-dimethylethyl)diphenylsilylJadenosine (13). Under argon
atmosphere, 1 M SnCl, in CH,Cl, (14.69 mL, 14.69 mmol) was
added to a solution of 12 (6.32 g, 9.79 mmol) and N°-benzoyl
adenine (2.81 g, 11.75 mmol) in CH3CN (63 mL) at —20 °C. After
the reaction mixture was stirred for 2 h at room temperature,
the mixture was quenched with saturated NaHCO; aqueous.
The mixture was extracted with saturated NaHCO; aqueous and
brine, dried (Na,SO,). After concentration, the residue was
purified by a silica gel column chromatography (hexane : EtOAc
= 1:1) to afford desired product 13 as a white form (5.65 g,
6.85 mmol, 70%). "H NMR (600 MHz, CDCl;): 6 9.07 (s, 1H), 8.77
(s, 1H), 8.22 (s, 1H), 8.04 (d, J = 7.2 Hz, 2H), 7.62-7.58 (m, 5H),
7.53 (t, ] = 7.2 Hz, 2H), 7.41-7.25 (m, 11H), 6.15 (d, J = 4.8 Hz,
1H), 5.82 (t,J = 4.2 Hz, 1H), 4.63 (t, ] = 5.4 Hz, 1H), 4.60 (d, J =
11.4 Hz, 1H), 4.38 (d,J = 11.4 Hz, 1H), 4.13 (dd, J = 6.3, 3.6 Hz,
1H), 3.82-3.79 (m, 1H), 2.94-2.83 (m, 2H), 2.12 (s, 3H), 1.75-1.70
(m, 1H), 1.44-1.28 (m, 3H), 1.05 (s, 9H); "*C {'"H}NMR (151 MHz,
CDCly): 6 170.0, 164.7, 153.0, 151.6, 149.7, 141.7, 137.2, 136.0,
135.9, 133.8, 133.5, 133.1, 132.9, 130.0, 129.9, 129.0, 128.7,
128.3, 128.3, 128.1, 128.0, 127.8, 127.7, 123.5, 86.6, 84.2, 76.5,
74.5, 73.6, 72.8, 51.2, 30.6, 27.2, 24.6, 20.8, 19.5; HRMS (ESI-
TOF) m/z: [M + K]" caled for C,5H,sKNgO4Si 863.3103, found
863.3113.

(S)-5'-C-Azidopropyl-6-N-benzoyl-3'-0O-benzyl-5'-O-[(1,1-
dimethylethyl)diphenylsilyl]adenosine (14). K,CO; (1.89 g,
13.70 mmol) was added to a solution of compound 13 (5.65 g,
6.85 mmol) in methanol (56 mL), and the mixture was stirred
for 30 min at 0 °C. The mixture was extracted with ethyl acetate
and water; the organic layer was washed with brine. The organic
layer was dried over Na,SO,, filtered, and concentrated. The
crude material was purified by column chromatography (50%
ethyl acetate in hexane) to afford desired product 14 as a white
solid (4.96 g, 6.33 mmol, 92%). "H NMR (400 MHz, CDCl;):
6 8.97 (s, 1H), 8.76 (s, 1H), 8.15 (s, 1H), 8.05-8.03 (m, 2H), 7.66-
7.53 (m, 7H), 7.44-7.28 (m, 11H), 5.98 (d, J = 5.2 Hz, 1H), 4.70
(dd,J = 11.4, 6.0 Hz, 1H), 4.65 (d, J = 11.2 Hz, 1H), 4.56 (d, ] =
12.0 Hz, 1H), 4.36 (t, J = 4.8 Hz, 1H), 4.11 (t, J = 3.6 Hz, 1H),
3.77-3.73 (m, 1H), 3.45 (d, J = 6.0 Hz, 1H), 2.99-2.83 (m, 2H),
1.74-1.68 (m, 1H), 1.45-1.38 (m, 2H), 1.30-1.26 (m, 1H), 1.02 (s,
9H); *C {'"H}NMR (151 MHz, CDClL;): § 164.7, 152.8, 151.6,
149.7, 141.7, 136.9, 135.9, 135.9, 133.8, 133.5, 133.0, 132.9,
130.1, 130.0, 129.0, 128.9, 128.7, 128.5, 128.0, 127.8, 127.7,
123.4, 88.8, 84.3, 78.0, 74.3, 73.4, 73.1, 51.2, 30.5, 27.1, 24.6,
19.6; HRMS (ESI-TOF) m/z: [M + Na]" caled for C43H,6NgNaOsSi
805.3258, found 805.3243.

(S)-5'-C-Azidopropyl-6-N-benzoyl-3'-0O-benzyl-5'-O-[(1,1-dime-
thylethyl)diphenylsilyl]-2-O-methyladenosine (15). NaH (0.63 g,
15.66 mmol) was added to a solution of compound 14 (4.09 g,
5.22 mmol) in THF (41 mL) at 0 °C. Then, CH3I (1.6 mL, 26.10
mmol) was added in dropwise and stirred 2.5 hours at 0 °C.
Saturated NaHCO; aqueous solution was added, then the
mixture was extracted with ethyl acetate and saturated NaHCO;
aqueous solution. The organic layer was washed with brine,
dried over Na,SO,, filtered, and concentrated. The crude
material was purified by column chromatography (50% ethyl
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acetate in hexane) to afford desired product 15 as a white solid
(2.99 g, 3.75 mmol, 72%). *H NMR (600 MHz, CDCl,): 6 9.11 (s,
1H), 8.79 (s, 1H), 8.33 (s, 1H),8.04-8.03 (m, 2H), 7.65-7.60 (m,
5H), 7.54-7.52 (m, 2H), 7.43-7.30 (m, 11H), 6.18 (d, ] = 4.2 Hz,
1H), 4.61 (d, ] = 11.4 Hz, 1H), 4.48 (d,J = 11.4 Hz, 1H), 4.42 (t,]
= 4.8 Hz, 1H), 4.36 (t,J = 5.4 Hz, 1H), 4.20 (dd, J = 5.7, 2.4 Hz,
1H), 3.85-3.82 (m, 1H), 3.48 (s, 3H), 2.93-2.85 (m, 2H), 1.83-1.75
(m, 1H), 1.48-1.39 (m, 2H), 1.30-1.23 (m, 1H), 1.06 (s, 9H); *C
{'"H}NMR (151 MHz, CDCl,): 6 164.7, 152.9, 151.5, 149.6, 141.7,
137.4, 136.0, 135.9, 133.9, 133.5, 132.9, 130.1, 130.0, 129.0,
128.6, 128.3, 128.0, 127.9, 127.8, 123.6, 86.8, 83.7, 82.4, 76.2,
72.9, 72.7, 58.7, 51.2, 30.8, 27.3, 27.2, 24.6, 19.6; HRMS (ESI-
TOF) m/z: [M + Na]' calcd for 819.3415, found 819.3417.
(8)-5'-C-Azidopropyl-6-N-benzoyl-3'-O-benzyl-2'-O-methyl-
adenosine (16). n-Tetrabuthylammonium fluoride (TBAF,
1.35 mL of a 1 M solution in THF) was added to a solution of
compound 15 (0.72 g, 0.90 mmol) in THF (7.2 mL) at room
temperature under argon atmosphere. After being stirred at
room temperature for 16 h, the mixture was concentrated. The
residue was purified by column chromatography (50% ethyl
acetate in hexane) to afford desired product 16 as a white solid
(0.46 g, 0.83 mmol, 92%). "H NMR (600 MHz, CDCl,): 6 9.19 (s,
1H), 8.74 (s, 1H), 8.04 (s, 1H), 8.02-8.00 (m, 2H), 7.61-7.59 (m,
1H), 7.51 (t, ] = 7.8 Hz, 2H), 7.14-7.32 (m, 5H), 5.99 (d, J =
7.2 Hz, 1H), 5.78 (d, J = 12.0 Hz, 1H), 4.74 (d, J = 12.0 Hz, 1H),
4.71(d,J = 11.4 Hz, 1H), 4.68 (dd,J = 7.8, 4.8 Hz, 1H), 4.32 (d, J
= 4.8 Hz, 1H), 4.27 (s, 1H), 3.61-3.57 (m, 1H), 3.29 (s, 3H), 3.27-
3.26 (m, 2H), 1.79-1.75 (m, 1H), 1,66-1.62 (m, 2H), 1.58-1.53
(m, 1H); **C {*H} (151 MHz, CDCl,): 6 164.7, 152.0, 150.5, 143.4,
137.4,133.5, 133.1, 129.0, 128.8, 128.4, 128.3, 128.0, 124.9, 89.8,
87.7, 81.7, 77.6, 72.7, 72.1, 58.6, 51.4, 31.1, 25.5; HRMS (ESI-
TOF) m/z: [M + Na]" caled for C,gH;3,NgNaO; 581.2237, found
581.2238.
(8)-5'-C-Azidopropyl-6-N-benzoyl-2'-O-methyladenosine (17).
Under argon atmosphere, BCl; (4.96 mL of a 1 M solution in
CH,Cl,) was added to a solution of compound 16 (0.46 g, 0.83
mmol) in CH,Cl, (6.9 mL) at —78 °C. After the mixture was
stirred at —78 °C for 3 h, the reaction mixture was quenched
with 50% Et;N in EtOH. After concentration, the residue was
purified by column chromatography (5% methanol in CHCI;) to
afford desired product 17 as a white solid (0.35 g, 0.74 mmol,
89%). '"H NMR (400 MHz, CDCl,): 6 9.04 (s, 1H), 8.80 (s, 1H),
8.07 (s, 1H), 8.04-8.02 (m, 2H), 7.66-7.62 (m, H), 7.55 (t, J =
7.6 Hz, 2H), 5.93 (d, J = 7.6 Hz, 1H), 5.78 (d, J = 12.0 Hz, 1H),
4.74 (dd, J = 7.2, 4.4 Hz, 1H), 4.58 (d, J = 4.4 Hz, 1H), 4.28 (s,
1H), 3.80-3.74 (m, 1H), 3.37 (s, 3H), 3.31 (t,] = 6.4 Hz, 2H), 2.72
(d, J = 1.2 Hz, 1H), 1.85-1.80 (m, 1H), 1.72-1.60 (m, 3H); *C
{'H}NMR (151 MHz, CDCl,): § 164.8, 152.2, 150.7, 150.6, 143.3,
133.5,133.2,129.1,128.1, 124.8, 89.5, 89.4, 82.3, 71.9, 71.3, 59.0,
51.4, 31.0, 25.5; HRMS (ESI-TOF) m/z: [M + Na]" caled for
C,1H,,NgNaOs 491.1767, found 491.1781.
(8)-5'-C-Azidopropyl-6-N-benzoyl-3'-0O-[(1,1-dimethylethyl)
diphenylsilyl]-2’-O-methyladenosine (18). Under argon atmo-
sphere, imidazole (1.16 g, 17.08 mmol), TBDPSCI (1.48 mL, 5.69
mmol) was added to a solution of 17 (2.05 g, 4.38 mmol) in DMF
(20 mL) at 0 °C, and the mixture was stirred for 24 h at 0 °C. The
mixture was extracted with ethyl acetate and water. The organic
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layer was washed with brine, dried over Na,SO,, filtered, and
concentrated. The crude material was purified by column
chromatography (50% ethyl acetate in hexane) to afford desired
product 18 as a white solid (2.36 g, 3.34 mmol, 76%). "H NMR
(600 MHz, CDCl5): 6 9.14 (s, 1H), 8.70 (s, 1H), 8.13 (s, 1H), 8.02
(d,J = 7.2 Hz, 2H), 7.75-7.70 (m, 4H), 7.62-7.60 (m, 1H), 7.53-
7.40 (m, 8H), 6.06 (d, J = 6.6 Hz, 1H), 5.64 (d, J = 11.4 Hz, 1H),
4.56-4.54 (m, 2H), 4.00 (d, ] = 1.2 Hz, 1H), 3.15 (s, 3H), 3.15-3.12
(m, 2H), 2.95-2.92 (m, 1H), 1.54-1.50 (m, 1H), 1.47-1.42 (m,
2H), 1.31-1.24 (m, 1H), 1.16 (s, 1H); “*C {"H}NMR (151 MHz,
CDCl,): 6 164.6, 152.0, 150.6, 150.5, 143.5, 136.1, 136.0, 133.6,
133.5, 133.1, 133.0, 130.3, 130.2, 129.0, 128.1, 128.0, 128.0,
124.9, 90.6, 89.7, 82.1, 73.0, 71.0, 58.9, 51.2, 30.9, 27.1, 25.3,
19.5; HRMS (ESI-TOF) m/z: [M + Na]" caled for C3,H,,NgNaOsSi
729.2945, found 729.2958.
(S)-5"-C-Azidopropyl-6-N-benzoyl-5'-0-(4,4'-dimethoxytrityl)-
3’-0-{(1,1-dimethylethyl)diphenylsilyl]-2’-O-methyladenosine
(19). Under argon atmosphere, DMTrCl (0.50 g, 1.46 mmol),
AgNO; (0.25 g, 1.46 mmol) were added to a solution of 18
(0.52 g, 0.73 mmol) in THF/pyridine (v:v = 3:1, 16 mL) at
room temperature, and the mixture was stirred for 12 h at 40 °C.
The mixture was filtered through Celite, and the filtrate was
extracted with ethyl acetate and water. The organic layer was
washed with brine, dried over Na,SO,, filtered, and concen-
trated. The crude material was purified by column chromatog-
raphy (33% ethyl acetate in hexane) to afford desired product 19
as a yellow solid (0.53 g, 0.53 mmol, 72%). "H NMR (600 MHz,
CDCl,): 6 9.05 (s, 1H), 8.80 (s, 1H), 8.40 (s, 1H), 8.06-8.05 (m,
2H), 7.63-7.60 (m, 3H), 7.55-7.49 (m, 4H), 7.44-7.37 (m, 4H),
7.33 (t, J = 7.8 Hz, 2H), 7.26-7.23 (m, 7H), 7.18-7.16 (m, 2H),
6.70-6.66 (m, 4H), 6.22 (d, J = 7.2 Hz, 1H), 4.86 (dd, J = 7.8,
4.8 Hz, 1H), 4.51 (dd, J = 4.8, 1.2 Hz, 1H), 3.96 (dd, J = 2.7,
1.2 Hz, 1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.13 (s, 3H), 3.01-2.99 (m,
1H), 2.78-2.73 (m, 1H), 2.67-2.62 (m, 1H), 1.40-1.34 (m, 1H),
1.08 (s, 9H), 1.06-1.02 (m, 1H), 0.98-0.91 (m, 1H), 0.56-0.49 (m,
1H); *C {'"H}NMR (151 MHz, CDCl;): 6 164.7, 158.7, 158.6,
152.9, 152.4, 149.6, 146.2, 142.7, 136.6, 136.2, 136.1, 135.8,
133.9, 133.8, 133.2, 132.9, 130.6, 130.5, 130.1, 129.9, 129.0,
128.4, 128.0, 127.9, 127.7, 126.9, 123.9, 113.1, 113.0, 87.2, 86.7,
85.7, 82.4, 74.1, 72.1, 58.6, 55.4, 51.1, 27.8, 27.1, 19.5; HRMS
(ESI-TOF) m/z: [M + Na]" caled for C5gHgoNgNaO-Si 1031.4252,
found 1031.4272.
6-N-Benzoyl-(S)-5'-0-(4,4"-dimethoxytrityl)-3'-O-[(1,1-dime-
thylethyl)diphenylsilyl]-2'-O-methyl-5'-C-tri-
fluoroacetylaminopropyladenosine (20). Ph;P (1.46 g, 5.55
mmol) and H,O (1.6 mL, 88.8 mmol) were added to a solution of
compound 19 (2.24 g, 2.22 mmol) in THF (44 mL). After being
stirred at 40 °C for 12 h, the mixture was concentrated in vacuo.
The residue was dissolved in CH,Cl, (20 mL). Et;N (0.46 mL,
3.33 mmol) and CF;CO,Et (0.79 mL, 6.66 mmol) were added to
the mixture. After being stirred at room temperature for 24 h,
the mixture was extracted with ethyl acetate and water. The
organic layer was washed with brine, dried over Na,SOy, filtered,
and concentrated. The crude material was purified by column
chromatography (33% ethyl acetate in hexane) to afford desired
product 20 as a yellow solid (2.22 g, 2.06 mmol, 93%). 'H NMR
(600 MHz, CDCl,): 6 9.04 (s, 1H), 8.80 (s, 1H), 8.38 (s, 1H), 8.06

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00705c

Open Access Article. Published on 12 April 2022. Downloaded on 3/5/2026 7:11:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(d,J = 7.8 Hz, 2H), 7.63-7.58 (m, 3H), 7.54 (t,J = 7.8 Hz, 2H),
7.49 (d,J = 6.6 Hz, 2H), 7.45-7.42 (m, 1H), 7.39-7.37 (m, 2H),
7.36-7.32 (m, 3H), 7.26-7.23 (m, 6H), 7.17-7.16 (m, 3H), 6.69-
6.65 (m, 4H), 6.20 (d, J = 7.2 Hz, 1H), 5.94 (bs, 1H), 4.92 (dd, ] =
7.8, 4.8 Hz, 1H), 4.50 (dd, J = 4.8, 1.2 Hz, 1H), 3.92 (d,J = 1.2 Hz,
1H), 3.77 (s, 3H), 3.76 (s, 3H), 3.15 (s, 3H), 2.99-2.97 (m, 1H),
2.80-2.77 (m, 2H), 1.32-1.24 (m, 1H), 1.08 (s, 9H), 1.02-0.97 (m,
1H), 0.83-0.78 (m, 1H), 0.54-0.50 (m, 1H); "*C {'"H}NMR (151
MHz, CDCl,): 6 164.7, 158.7, 158.6, 152.9, 152.4, 149.7, 146.1,
142.2, 136.6, 136.1, 135.9, 134.0, 133.8, 133.0, 133.0, 130.5,
130.4, 130.0, 130.0, 129.1, 128.3, 128.0, 127.9, 127.8, 127.0,
123.9, 113.1, 113.0, 87.2, 86.6, 85.7, 82.1, 73.9, 72.1, 58.6, 55.4,
39.7, 27.6, 27.0, 19.5; HRMS (ESI-TOF) m/z: [M + Na]" calcd for
CeoHg1F3NgNaOgSi 1101.4156, found 1101.4170.
6-N-Benzoyl-(S)-5"-0-(4,4 -dimethoxytrityl)-2'-O-methyl-5'-C-

trifluoroacetylaminopropyladenosine (21). TBAF (1.31 mL of
a 1 M solution in THF) was added to a solution of compound 20
(0.94 g, 0.87 mmol) in THF (9.4 mL) at room temperature under
argon atmosphere. After being stirred at room temperature for
24 h, the mixture was concentrated. The residue was purified by
column chromatography (66% ethyl acetate in hexane) to afford
desired product 21 as a white solid (0.73 g, 0.87 mmol, 99%). "H
NMR (600 MHz, CDCl5): 6 9.09 (s, 1H), 8.77 (s, 1H), 8.20 (s, 1H),
8.04 (d,J = 7.2 Hz, 2H), 7.61 (t,/ = 7.2 Hz, 1H), 7.53 (t,/ = 7.8 Hz,
2H), 7.47 (d,] = 6.6 Hz, 2H), 7.36 (dd, J = 9.0, 3.0 Hz, 4H), 7.22 (t,
J = 7.2 Hz, 2H), 7.19-7.16 (m, 1H), 6.78-6.74 (m, 4H), 6.43 (bs,
1H), 6.07 (d, ] = 4.2 Hz, 1H), 4.61 (dd, / = 5.7, 4.2 Hz, 1H), 4.38
(d,J = 4.8 Hz, 1H), 4.12 (t, ] = 4.8 Hz, 1H), 3.77 (s, 3H), 3.76 (s,
3H), 3.55 (dd, J = 11.1, 4.8 Hz, 1H), 3.53 (s, 3H), 3.90-2.97 (m,
2H), 2.84 (d, J = 4.8 Hz, 1H), 1.45-1.41 (m, 1H), 1.36-1.34 (m,
2H), 1.29-1.25 (m, 1H); *C {'H}NMR (151 MHz, CDCl,): 6 164.8,
158.8, 158.7, 157.6, 157.3, 157.1, 156.8, 152.8, 151.6, 149.8,
146.1, 142.0, 136.6, 136.5, 133.7, 133.0, 130.1, 129.1, 128.5,
128.0, 127.8, 127.1, 123.9, 118.8, 116.8, 114.9, 113.2, 113.1,
113.0, 87.1, 87.0, 86.7, 85.5, 82.7, 73.5, 69.8, 59.1, 55.3, 40.0,
28.1, 24.2; HRMS (ESI-TOF) m/z: [M + Na]" caled for Cy4H43F5-
NeNaOg 863.2992, found 863.2966.

6-N-Benzoyl-3'-O-[2-cyanoethoxy(diisopropylamino)  phos-
phino]-(S)-5'-0-(4,4'-dimethoxytrityl)-2’-O-methyl-5"-C-tri-
fluoroacetylaminopropyladenosine  (22). Under  argon

atmosphere, DIPEA (1.31 mL, 7.5 mmol), 2-cyanoethyl-N,N-dii-
sopropylchlorophosphoroamidite (0.67 mL, 3.0 mmol) were
added to a solution of 21 (1.26 g, 1.50 mmol) in THF (13 mL) at
room temperature, and the mixture was stirred for 1 h. The
mixture was extracted with ethyl acetate and saturated NaHCO;
aqueous solution. The organic layer was washed with brine,
dried over Na,SO,, filtered, and concentrated. The crude
material was purified by column chromatography (50% ethyl
acetate in hexane) to afford desired product 22 as a white solid
(1.25 g, 1.20 mmol, 80%) *'P NMR (151 MHz, CDCl;): 6 151.7,
150.2; HRMS (ESI-TOF) m/z: [M + K]" caled for Cs3HgoF;KNgOoP
1079.3810, found 1079.3836.
2/-0-Acetyl-(S)-5"-C-azidopropyl-3'-O-benzyl-6-chloro-5'-O-

[(1,1-dimethylethyl)diphenylsilyl] guanosine (23). N,O-Bis(-
trimethylsilyl)acetamide (2.0 mL, 8.16 mmol) was added to
a solution of 12 (1.75 g, 2.72 mmol) and 2-amino-6-chloropurine
(0.51 g, 2.99 mmol) in toluene (15 mL). The mixture was stirred
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for 1 h at 80 °C. The solution was cooled to 0 °C, and TMSOTf
(1.0 mL, 5.44 mmol) was added in dropwise; the mixture was
warmed to 80 °C and stirred for 15 h. The mixture was extracted
with ethyl acetate and saturated NaHCO; aqueous solution. The
organic layer was washed with brine, dried over Na,SOy, filtered,
and concentrated. The crude material was purified by column
chromatography (33% ethyl acetate in hexane) to afford desired
product 23 as a white solid (1.54 g, 2.04 mmol, 75%). "H NMR
(600 MHz, CDCl,): 6 7.96 (s, 1H), 7.63-7.59 (m, 4H), 7.42-7.29
(m, 10H), 7.26-7.25 (m, 1H), 5.97 (d, J = 4.8 Hz, 1H), 5.73 (t,] =
4.8 Hz, 1H), 5.14 (s, 2H), 4.59 (d, J = 10.8 Hz, 1H), 4.53 (t, ] =
5.4 Hz, 1H), 4.37 (d,J = 11.4 Hz, 1H), 4.10 (dd, J = 5.4, 3.6 Hz,
1H), 3.78-3.75 (m, 1H), 2.95-2.91 (m, 1H), 2.86-2.81 (m, 1H),
2.12 (s, 3H), 1,72-1.69 (m, 1H), 1.41-1.38 (m, 2H), 1.30-1.26 (m,
1H), 1.05 (s, 9H); "*C {"H}NMR (151 MHz, CDCl;): 6 170.0, 159.1,
153.4, 151.7, 140.8, 137.2, 136.0, 135.9, 133.5, 133.1, 130.1,
129.9, 128.7, 128.4, 128.3, 127.8, 127.7, 125.9, 86.0, 84.3, 76.4,
74.2, 73.5, 72.8, 51.1, 30.4, 27.2, 24.6, 20.8, 19.6; HRMS (ESI-
TOF) mfz: [M + Na]" caled for C;3H43CINgNaOsSi 777.2712,
found 777.2700.
(8)-5'-C-Azidopropyl-3'-O-benzyl-6-chloro-5'-O-[(1,1-
dimethylethyl)diphenylsilyl] guanosine (24). K,CO; (2.77 g,
20.18 mmol) was added to a solution of 23 (8.00 g, 10.59 mmol)
in methanol (80 mL), and the mixture was stirred for 30 min at
0 °C. The mixture was extracted with ethyl acetate and water; the
organic layer was washed with brine. The organic layer was
dried over Na,SO,, filtered, and concentrated. The crude
material was purified by column chromatography (33% ethyl
acetate in hexane) to afford desired product 24 as a white solid
(7.03 g, 9.86 mmol, 93%). "H NMR (600 MHz, CDCl5): 6 7.95 (s,
1H), 7.61-7.59 (m, 4H), 7.44-7.28 (m, 11H), 5.80 (d, J = 5.4 Hz,
1H), 5.03 (s, 2H), 4.64-4.60 (m, 2H), 4.54 (d, J = 11.4 Hz, 1H),
4.28 (dd, J = 5.4, 4.2 Hz, 1H), 4.07 (t, ] = 4.2 Hz, 1H), 3.74-3.71
(m, 1H), 3.22 (d, J = 7.2 Hz, 1H), 2.98-2.94 (m, 1H), 2.86-2.82
(m, 1H), 1.75-1.70 (m, 1H), 1.42-1.34 (m, 2H), 1.28-1.24 (m,
1H), 1.04 (s, 9H); "*C {"H}NMR (151 MHz, CDCl,): 6 159.1, 153.5,
151.6, 140.7, 136.7, 135.9, 135.9, 133.5, 132.8, 130.2, 130.1,
128.9, 128.7, 128.4, 127.9, 127.8, 125.8, 88.2, 84.1, 77.8, 74.1,
73.4,73.1,51.1, 30.4, 27.3, 24.6, 19.6; HRMS (ESI-TOF) m/z: [M +
Na]" caled for C36H4;CINgNaO,Si 735.2606, found 735.2599.
(8)-5"-C-Azidopropyl-3'-O-benzyl-6-chloro-5'-O-[(1,1-dimethy-
lethyl)diphenylsilyl]-2’-O-methyl-guanosine (25). CH;I (1.84 mL,
29.58 mmol) and NaH (0.43 g, 10.85 mmol) were added to
a solution of 24 (7.03 g, 9.86 mmol) and molecular sieve 3 A (7.0
g) in DMF (70 mL) at 0 °C under argon atmosphere. After this
solution was stirred 7 hours at 0 °C, the reaction was quenched
with saturated NaHCO; aqueous solution. The mixture was
extracted with ethyl acetate and saturated NaHCO; aqueous
solution. The organic layer was washed with brine, dried over
Na,SO,, filtered, and concentrated. The crude material was
purified by column chromatography (33% ethyl acetate in
hexane) to afford desired product 25 as a white solid (4.95 g,
6.81 mmol, 69%). '"H NMR (600 MHz, CDCl;): 6 8.08 (s, 1H),
7.64-7.61 (m, 4H), 7.37-7.31 (m, 11H), 6.00 (d, J = 3.6 Hz, 1H),
5.11 (s, 2H), 4.64 (d, J = 12.0 Hz, 1H), 4.48 (d, J = 11.4 Hz, 1H),
4.28 (d, J = 4.2 Hz, 1H), 4.15-4.13 (m, 1H), 3.79-3.76 (m, 1H),
3.43 (s, 3H), 2.95-2.90 (m, 1H), 2.85-2.80 (m, 1H), 1.80-1.74 (m,
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1H), 1.42-1.35 (m, 2H), 1.28-1.20 (m, 1H), 1.06 (s, 9H); **C {'H}
NMR (151 MHz, CDCl,): 6 159.1, 153.5, 151.6, 140.6, 137.5,
136.0, 135.9, 133.5, 132.8, 130.2, 130.1, 128.7, 128.3, 127.9,
127.8, 125.9, 86.0, 83.8, 82.6, 76.2, 72.9, 72.9, 58.7, 51.2, 30.6,
27.3, 24.6, 19.7; HRMS (ESI-TOF) m/z: [M + Na]" caled for C;,-
H4;3CINgNaO,Si 749.2763, found 749.2741.
(8)-5'-C-Azidopropyl-3'-O-benzyl-5'-0-(1,1-dimethylethyl)
diphenylsilyl]-2’-O-methyl-guanosine (26). NaH (0.40 g, 10.00
mmol) was added to a solution of 3-hydroxypropionitrile (0.68
mL, 10.00 mmol) in THF (25 mL) at 0 °C under argon atmo-
sphere. After this solution was stirred 10 min at 0 °C, compound
25 (3.64 g, 5.00 mmol) in THF (25 mL) was added to the reaction
mixture at 0 °C; the mixture was stirred for 6 h at 0 °C. The
reaction was quenched with saturated NH,Cl aqueous solution
and extracted with ethyl acetate and water. The organic layer
was washed with brine, dried over Na,SO,, filtered, and
concentrated. The crude material was purified by column
chromatography (5% methanol in CHCl;) to afford desired
product 26 as a white solid (3.02 g, 4.26 mmol, 85%). "H NMR
(600 MHz, CDCl,): 6 12.09 (s, 1H), 7.88 (s, 1H), 7.69-7.62 (m,
4H), 7.44-7.40 (m, 2H), 7.37-7.29 (m, 9H), 6.10 (s, 2H), 5.97 (d, J
= 4.2 Hz, 1H), 4.60 (d,J = 11.4 Hz, 1H), 4.44 (d, ] = 12.0 Hz, 1H),
4.30 (t,J = 5.4 Hz, 1H), 4.17-4.14 (m, 2H), 3.84-3.81 (m, 1H),
3.47 (s, 3H), 2.94-2.90 (m, 1H), 2.87-2.81 (m, 1H), 1.83-1.77 (m,
1H), 1.43-1.39 (m, 2H), 1.28-1.22 (m, 1H), 1.07 (s, 9H); *C {"H}
NMR (151 MHz, CDCl;): 6 159.3, 153.9, 151.4, 137.5, 136.0,
136.0, 135.5, 133.6, 132.9, 130.2, 130.1, 128.6, 128.3, 128.2,
127.9, 127.9, 117.7, 86.1, 83.2, 82.7, 76.1, 72.7, 58.6, 51.2, 30.8,
27.3, 24.6, 19.7; HRMS (ESI-TOF) m/z: [M + Na]" caled for Cso-
H,,NgNaOsSi 731.3102, found 731.3082.
(8)-5'-C-Azidopropyl-3'-O-benzyl-5'-0-[(1,1-dimethylethyl)
diphenylsilyl]-2-N-isobutyryl-2’-O-methyl-guanosine (27). Iso-
butylic anhydride (2.84 g, 17.04 mmol) was added to a solution
of 26 (3.02 g, 4.26 mmol) and DMAP (0.21 g, 1.70 mmol) in DMF
(25 mL) at room temperature under argon atmosphere; the
mixture was warmed to 60 °C and stirred for 13 h. The reaction
was quenched with methanol and extracted with ethyl acetate
and saturated NaHCO; aqueous solution. The organic layer was
washed with brine, dried over Na,SO,, filtered, and concen-
trated. The crude material was purified by column chromatog-
raphy (33% ethyl acetate in hexane) to afford desired product 27
as a white solid (2.57 g, 3.30 mmol, 77%). "H NMR (600 MHz,
CDCl,): 6 12.08 (s, 1H), 8.61 (s, 1H), 8.03 (s, 1H), 7.66-7.62 (m,
4H), 7,46-7,42 (m, 2H), 7.38-7.28 (m, 9H), 5.96 (d, j = 5.4 Hz,
1H), 4.61 (d, ] = 11.4 Hz, 1H), 4.46 (d, ] = 11.4 Hz, 1H), 4.25 (t,]
= 4.8 Hz, 1H), 4.15 (t, ] = 4.8 Hz, 1H), 4.12 (dd, J = 4.8, 2.4 Hz,
1H), 3.78-3.75 (m, 1H), 3.37 (s, 3H), 2.92-2.88 (m, 1H), 2.82-2.78
(m, 1H), 2.63-2.56 (m, 1H), 1.81-1.73 (m, 1H), 1.41-1.32 (m,
2H), 1.24 (d, ] = 7.2 Hz, 6H), 1.20~-1.16 (m, 1H), 1.06 (s, 9H); **C
{"H}NMR (151 MHz, CDCl;): 6 178.6, 155.7, 148.2, 17.6, 137.4,
137.0, 136.0, 135.9, 133.4, 132.7, 130.3, 130.1, 128.7, 128.3,
128.0, 127.9, 121.8, 85.7, 83.9, 83.3, 76.1, 72.9, 72.8, 58.7, 51.1,
36.6, 30.6, 27.3, 24.6, 19.6, 19.1, 19.1; HRMS (ESI-TOF) m/z: [M +
Na]" caled for C,,H5oNgNaOgSi 801.3520, found 801.3532.
(8)-5'-C-Azidopropyl-3'-O-benzyl-2-N-isobutyryl-2'-O-methyl-
guanosine (28). n-Tetrabuthylammonium fluoride (TBAF,
2.56 mL of a 1 M solution in THF) was added to a solution of
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compound 27 (1.31 g, 1.71 mmol) in THF (13 mL) at room
temperature under argon atmosphere. After being stirred at
room temperature for 46 hours, the mixture was concentrated.
The residue was purified by column chromatography (66% ethyl
acetate in hexane) to afford desired product 28 as a white solid
(0.77 g, 1.42 mmol, 83%). "H NMR (600 MHz, CDCl;): 6 12.03 (s,
1H), 8.21 (s, 1H), 7.73 (s, 1H), 7.39-7.33 (m, 5H), 5.86 (d, J =
6.6 Hz, 1H), 5.21 (d, J = 10.8 Hz, 1H), 4.75 (d, J = 12.6 Hz, 1H),
4.67 (d,] = 11.4 Hz, 1H), 4.35 (dd, J = 7.5, 4.8 Hz, 1H), 4.22 (dd, J
= 5.1, 1.2 Hz, 1H), 4.19 (s, 1H), 3.62-3.57 (m, 1H), 3.34-3.27 (m,
5H), 2.66-2.62 (m, 1H), 1.74-1.63 (m, 3H), 1.58-1.54 (m, 1H),
1.28 (dd, J = 6.9, 3.0 Hz, 6H); >C {'"H}NMR (151 MHz, CDCl,):
6 178.7, 155.3, 147.6, 147.0, 139.1, 137.4, 128.7, 128.4, 128.3,
122.7, 88.7, 86.7, 82.3, 72.8, 71.8, 58.6, 51.2, 36.6, 31.4, 25.5,
19.0, 19.0; HRMS (ESI-TOF) mj/z: [M + Na]" caled for
C,sH3,NgNaO, 563.2343, found 563.2340.
(S)-5"-C-Azidopropyl-3'-O-[(1,1-dimethylethyl)diphenylsilyl]-
2-N-isobutyryl-2'-O-methyl-guanosine (29). Under argon atmo-
sphere, BCl; (8.30 mL of a 1 M solution in CH,Cl,) was added to
a solution of compound 28 (0.75 g, 1.38 mmol) in CH,CI, (11
mL) at —78 °C. After the mixture was stirred at —78 °C for 4 h,
the mixture was warmed to —50 °C and stirred for 4 hours. The
reaction mixture was quenched with 7 M solution of aqueous
NH; in methanol. After concentration, the residue was purified
by column chromatography (10% methanol in CHCl;) to afford
a white solid compound. This compound was in DMF (5 mL),
and imidazole (0.27 g, 4.02 mmol), TBDPSCI (0.35 mL, 1.34
mmol) was added at 0 °C under argon atmosphere and the
mixture was stirred for 29 hours. The mixture was extracted with
ethyl acetate and saturated NaHCO; aqueous solution. The
organic layer was washed with brine, dried over Na,SO,, filtered,
and concentrated. The crude material was purified by column
chromatography (66% ethyl acetate in hexane) to afford desired
product 29 as a white solid (0.48 g, 0.69 mmol, 50% in 2 steps).
'H NMR (600 MHz, CDCls): 6 11.97 (s, 1H), 7.98 (s, 1H), 7.76 (s,
1H), 7.74-7.69 (m, 4H), 7.50-7.40 (m, 6H), 5.90 (d, J = 7.2 Hz,
1H), 5.18 (d,J = 10.2 Hz, 1H), 4.43 (d,J = 5.4 Hz, 1H), 4.18 (dd, J
= 8.4, 4.8 Hz, 1H), 3.94 (s, 1H), 3.20-3.16 (m, 5H), 2.93-2.88 (m,
1H), 2.61-2.55 (m, 1H), 1.51-1.40 (m, 4H), 1.25 (dd, J = 7.5,
4.2 Hz, 6H), 1.14 (s, 9H); “C {'H}NMR (151 MHz, CDCly):
6 178.4, 155.1, 147.5, 146.7, 139.3, 136.1, 136.0, 133.6, 133.0,
130.3,130.2,128.1,127.9,123.1, 89.7, 88.9, 82.5, 72.9, 71.2, 58.9,
51.1, 36.6, 31.3, 27.1, 25.3, 19.5, 19.0, 18.9; HRMS (ESI-TOF) m/z:
[M + Na]" caled for C3,H,4NgNaOgSi 711.3051, found 711.3072.
(S)-5'-C-Azidopropyl-5'-0-(4,4’-dimethoxytrityl)-3’-O-[(1,1-

dimethylethyl) diphenylsilyl]-2-N-isobutyryl-2'-O-methyl-
guanosine (30). Under argon atmosphere, DMTrCl (0.89 g,
2.62 mmol), AgNO; (0.45 g, 2.62 mmol) were added to a solution
0f 29 (0.90 g, 1.31 mmol) in THF/pyridine (v: v=3:1,30 mL) at
room temperature, and the mixture was stirred for 12 h at 40 °C.
The mixture was filtered through Celite, and the filtrate was
extracted with ethyl acetate and water. The organic layer was
washed with brine, dried over Na,SO,, filtered, and concen-
trated. The crude material was purified by column chromatog-
raphy (50% ethyl acetate in hexane) to afford desired product 30
as a yellow solid (1.19 g, 1.20 mmol, 92%). "H NMR (600 MHz,
CDCl): 6 11.92 (s, 1H), 7.89 (s, 1H), 7.60-7.58 (m, 2H), 7.52-7.50
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(m, 2H), 7.47-7.46 (m, 2H), 7.41-7.27 (m, 9H), 7.23-7.18 (m,
5H), 6.69 (dd, J = 10.8, 9.0 Hz, 4H), 5.83 (d, J = 7.8 Hz, 1H), 5.24
(dd, J = 7.8, 4.8 Hz, 1H), 4.59 (d, J = 5.4 Hz, 1H), 3.90 (s, 1H),
3.78 (s, 3H), 3.75 (s, 3H), 3.22 (s, 3H), 2.81-2.77 (m, 1H), 2.74 (dt,
J=19.0, 2.4 Hz, 1H), 2.66-2.62 (m, 1H), 1.50-1.45 (m, 1H), 1.24-
1.20 (m, 1H), 1.08 (s, 9H), 0.91-0.85 (m, 1H), 0.66 (d, ] = 6.6 Hz,
3H), 0.55 (d, J = 7.2 Hz, 3H), 0.44-0.36 (m, 1H); >C {'"H}NMR
(151 MHz, CDCl,): 6 178.0, 158.8, 158.8, 155.6, 148.4, 147.1,
146.9, 140.3, 136.7, 136.0, 135.8, 133.9, 133.0, 130.2, 130.0,
130.0, 129.9, 127.9, 127.9, 127.8, 127.7, 127.1, 123.2, 113.2, 86.7,
86.4, 86.3, 80.5, 74.7, 71.6, 58.8, 55.4, 55.3, 507, 36.1, 27.0, 24.8,
19.4, 18.5, 17.9, 17.8; HRMS (ESI-TOF) m/z: [M + Na]" calcd for
Cs5He,NgNaOgSi 1013.4363, found 1013.4358.
(8)-5'-0-(4,4'-dimethoxytrityl)-3’-O-[(1,1-dimethylethyl)
diphenylsilyl]-2-N-isobutyryl-2'-O-methyl-5'-C-
trifluoroacetylaminopropyl-guanosine (31). Ph;P (0.79 g, 3.00
mmol) and H,O (0.87 mL, 48.00 mmol) were added to a solution
of compound 30 (1.19 g, 1.20 mmol) in THF (24 mL). After being
stirred at 40 °C for 22 h, the mixture was concentrated in vacuo.
The residue was dissolved in CH,Cl, (10 mL). Et;N (0.25 mL,
1.80 mmol) and CF;CO,Et (0.45 mL, 3.60 mmol) were added to
the mixture. After being stirred at room temperature for 19 h,
the mixture was extracted with ethyl acetate and water. The
organic layer was washed with brine, dried over Na,SO,, filtered,
and concentrated. The crude material was purified by column
chromatography (50% ethyl acetate in hexane) to afford desired
product 31 as a yellow solid (0.98 g, 0.92 mmol, 77% in 2 steps).
'H NMR (600 MHz, CDCl,): 6 11.93 (s, 1H), 7.85 (s, 1H), 7.59-
7.57 (m, 2H), 7.51-7.49 (m, 2H), 7.47-7.45 (m, 2H), 7.41-7.27
(m, 9H), 7.21-7.17 (m, 5H), 6.69 (dd, J = 10.8, 9.0 Hz, 4H), 6.37
(t,J = 5.4 Hz, 1H), 5.81 (d, J = 9.0 Hz, 1H), 5.25 (dd, J = 8.1,
5.4 Hz, 1H), 4.61 (d, J = 5.4 Hz, 1H), 3.89 (s, 1H), 3.78 (s, 3H),
3.76 (s, 3H), 3.24 (s, 3H), 2.86-2.80 (m, 2H), 2.72-2.70 (m, 1H),
1.45-1.38 (m, 1H), 1.27-1.21 (m, 1H), 1.07 (s, 9H), 1.05-1.00 (m,
1H), 0.80-0.72 (m, 1H), 0.66 (d, J = 7.2 Hz, 3H), 0.54 (d, J =
6.6 Hz, 3H), 0.47-0.40 (m, 1H); °C {"H}NMR (151 MHz, CDCl,):
0 178.2, 158.9, 158.9, 155.6, 148.4, 147.1, 147.0, 140.3, 136.6,
136.1, 135.8, 134.0, 133.0, 130.1, 130.0, 130.0, 129.9, 128.0,
127.9, 127.8, 127.7, 127.2, 123.2, 113.3, 86.8, 86.4, 80.4, 74.6,
71.6, 58.8, 55.4, 55.4, 39.6, 36.1, 27.1, 24.5, 19.5, 18.6, 18.0, 17.9;
HRMS (ESI-TOF) m/z: [M + Na]' caled for Cs;HezF3NgNaOoSi
1083.4277, found 1083.4249.
(8)-5'-0-(4,4'-dimethoxytrityl)-2-N-isobutyryl-2'-O-methyl-5'-

C-trifluoroacetylaminopropyl-guanosine (32). n-Tetrabuthy-
lammonium fluoride (TBAF, 1.39 mL of a 1 M solution in THF)
was added to a solution of compound 32 (0.98 g, 0.92 mmol) in
THF (10 mL) at room temperature under argon atmosphere.
After being stirred at room temperature for 19 hours, the
mixture was concentrated. The residue was purified by column
chromatography (100% ethyl acetate) to afford desired product
33 as a white solid (0.46 g, 0.56 mmol, 61%). "H NMR (600 MHz,
CDCly): 6 12.11 (s, 1H), 8.43 (s, 1H), 7.72 (s, 1H), 7.54 (d, J =
6.6 Hz, 2H), 7.39 (d,J = 9.0 Hz, 4H), 7.25-7.18 (m, 3H), 6.79-6.76
(m, 4H), 6.37 (t,] = 5.4 Hz, 1H), 5.61 (d, J = 6.0 Hz, 1H), 4.90 (t,]
= 6.0 Hz, 1H), 4.41-4.39 (m, 1H), 4.03 (t, ] = 4.2 Hz, 1H), 3.77 (s,
3H), 3.77 (s, 3H), 3.44 (s, 3H), 3.36-3.33 (m, 1H), 3.12-3.06 (m,
1H), 2.98-2.93 (m, 1H), 2.70 (d, J = 3.6 Hz, 1H), 1.88-1.83 (m,
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1H), 1.57-1.54 (m, 1H), 1.37-1.31 (m, 2H), 1.19-1.15 (m, 1H),
0.93 (d, J = 7.2 Hz, 3H), 0.84 (d, J = 7.2 Hz, 3H); *C {'"H}NMR
(151 MHz, DMSO-d): 6 180.7, 158.6, 158.6, 156.6, 156.4, 155.3,
149.5, 148.8, 146.8, 137.8, 137.0, 136.8, 130.8, 130.7, 128.5,
128.1,127.1,121.0,113.4, 113.4, 86.5, 86.2, 84.2, 82.3, 79.7, 73.5,
68.6, 58.2, 55.5, 55.5, 35.3, 28.2, 24.6, 19.4, 19.3; HRMS (ESI-
TOF) mjz: [M + Na]" caled for CyH,sF3NgNaO, 845.3098,
found 845.3108.
3'-0-2-Cyanoethoxy(diisopropylamino)phosphino]-(S)-5'-O-
(4,4'-dimethoxytrityl)-2-N-isobutyryl-2'-O-methyl-5"-C-tri-
fluoroacetylaminopropylguanosine (33). Under argon atmo-
sphere, DIPEA (0.50 mL, 2.81 mmol), 2-cyanoethyl-N,N-
diisopropylchlorophosphoroamidite (0.25 mL, 1.12 mmol) were
added to a solution of 33 (0.46 g, 0.56 mmol) in THF (4.6 mL) at
room temperature, and the mixture was stirred for 1.5 h. The
mixture was extracted with ethyl acetate and saturated NaHCO,
aqueous solution. The organic layer was washed with brine,
dried over Na,SO,, filtered, and concentrated. The crude
material was purified by column chromatography (66% ethyl
acetate in hexane) to afford desired product 34 as a white solid
(0.38 g, 0.37 mmol, 65%). *'P NMR (162 MHz, CDCl): § 152.4,
150.8; HRMS (ESI-TOF) m/z: [M + H]' caled for CsoHg3F3NgO;oP
1023.4357, found 1023.4334.
(S)-5-C-Allyl-1,2-O-isopropylidene-3,5-0-(1,1,3,3-tetraiso-
propyl-1,3-disiloxandiyl)-o-p-ribose (34). To a solution of 6 in
THF (2.0 mL) was added n-tetrabuthylammonium fluoride
(TBAF, 0.52 mL of a 1 M solution in THF) under argon atmo-
sphere. After being stirred at room temperature for 3.5 h, the
mixture was concentrated. After concentration, the residue was
purified by a silica gel column chromatography (CHCl; : CH;-
OH = 20 : 1). After the purified material was dissolved in pyri-
dine (5.0 mL). 1,3-Dichloro-1,1,3,3-tetraisopropyldisiloxane
(TIPDSCl,, 0.16 mL, 0.50 mmol) was added to the reaction
mixture in an ice bath under argon atmosphere. After being
stirred at room temperature for 21 h, the mixture was extracted
with ethyl acetate and saturated NaHCO; aqueous solution; the
organic layer was washed with brine. The organic layer was
dried over Na,SO,, filtered, and concentrated. The crude
material was purified by column chromatography (2-5% ethyl
acetate in hexane) to afford desired product 34 as a colorless oil
(0.13 g, 0.28 mmol, 81% in 2 steps). "H NMR (400 MHz, CDCl;):
6 5.87-5.77 (m, 1H), 5.72 (d, J = 3.6 Hz, 1H), 5.16 (dd, J =
17.0 Hz, 2.0 Hz, 1H), 5.07 (dd, J = 10.2 Hz, 2.0 Hz, 1H), 4.55 (t, ]
= 3.6 Hz, 1H), 4.06 (dd, J = 9.2 Hz, 3.6 Hz, 1H), 3.97-3.93 (m,
1H), 3.88 (dd, J = 9.0 Hz, 2.0 Hz, 1H), 2.57-2.41 (m, 2H), 1.56 (s,
3H), 1.36 (s, 3H), 1.11-1.04 (m, 28H); *C {"H}NMR (151 MHz,
CDCl,): 6 134.4, 117.8, 113.1, 103.1, 79.4, 78.6, 71.5, 68.2, 38.4,
26.7,26.6,17.6,17.5,17.5,17.4,17.3,17.2,17.0, 13.7, 13.3, 13.3,
12.8, 12.7; HRMS (ESI-TOF) m/z: [M + Na]" caled for Cp3Hyy-
NaOgSi, 495.2574, found 495.2564.
(R)-5-C-Allyl-1,2-O-isopropylidene-3,5-0-(1,1,3,3-tetraiso-
propyl-1,3-disiloxandiyl)-a-p-ribose (35). To a solution of 7 in
THF (2.5 mL) was added TBAF (0.77 mL of a 1 M solution in
THF) under argon atmosphere. After being stirred at room
temperature for 1 h, the mixture was concentrated. After
concentration, the residue was purified by a silica gel column
chromatography (CHCl; : CH;0H = 20 : 1). After the purified
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material was dissolved in pyridine (10 mL). 1,3-Dichloro-1,1,3,3-
tetraisopropyldisiloxane (TIPDSCl,, 0.32 mL, 1.02 mmol) was
added to the reaction mixture in an ice bath under argon
atmosphere. After being stirred at room temperature for 21 h,
the mixture was extracted with ethyl acetate and saturated
NaHCO; aqueous solution; the organic layer was washed with
brine. The organic layer was dried over Na,SO,, filtered, and
concentrated. The crude material was purified by column
chromatography (2% ethyl acetate in hexane) to afford desired
product 35 as a colorless oil (0.19 mg, 0.40 mmol, 79% in 2
steps). "H NMR (400 MHz, CDCl,): 6 5.97-5.87 (m, 1H), 5.68 (d, ]
= 4.0 Hz, 1H), 5.11 (dd, J = 17.2 Hz, 1.2 Hz, 1H), 5.06 (d, J =
10.0 Hz, 1H), 4.52 (t, ] = 4.0 Hz, 1H), 4.02 (dd, J = 7.8 Hz, 4.8 Hz,
1H), 3.81-3.70 (m, 1H), 3.73 (t, / = 8.0 Hz, 1H), 2.54-2.50 (m,
1H), 2.33-2.26 (m, 1H), 1.55 (s, 3H), 1.36 (s, 3H), 1.13-1.04 (m,
28H); *C {'"H}NMR (101 MHz, CDCl3): § 134.8, 117.5, 112.9,
103.2, 81.2, 81.0, 76.0, 75.6, 40.5, 27.4, 27.0, 18.1, 17.8, 17.8,
17.7,17.5,17.3,17.2,13.7,13.3, 13.1, 13.0; HRMS (ESI-TOF) m/z:
[M + Na]" caled for Cp3H,4NaOgSi, 495.2574, found 495.2556.

Solid-phase oligonucleotide synthesis. The oligonucleotide
synthesis was carried out with a DNA/RNA synthesizer by the
phosphoramidite method. After the synthesis, the CPG beads
were treated with 10% dimethylamine in acetonitrile (CH;CN)
for 5 min followed by a rinse with CH;CN to selectively depro-
tect cyanoethyl groups. Then, the oligonucleotides were
deprotected and cleaved from CPG beads by incubated in the
mixture of concentrated NH; aqueous solution/40% methyl-
amine (1 : 1, v/v) for 10 min at 65 °C. Next, 2’-O-TBDMS groups
were deprotected by treatment with Et;N-3HF (125 puL) in DMSO
(100 pL) at 65 °C for 1.5 h. The reaction was quenched with
0.1 M TEAA buffer (pH 7.0), and the mixture was desalted by
a Sep-Pak C18 cartridge. The impure oligomers were purified
using denaturing 20% PAGE containing 7 M urea to give highly
purified oligonucleotides.

MALDI-TOF/MS analysis of ONs. The spectra were retrieved
with a matrix assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometer equipped with a nitrogen laser
(337 nm, 3 ns pulse). A mixture of 3-hydroxypicolinic acid (3-
HPA) and diammonium hydrogen citrate in H,O was used as
the matrix. The data of synthetic oligonucleotides: RNA 1 m/z =
6504.12 (caled for Cye4H44Ng50150P20 [M-H] ™, 6506.43); RNA 2
m/z = 6545.59 (caled for Cy97H,50N650150P20 [M-H] ™, 6548.52);
RNA 3 m/z = 6718.21 (caled for CpoeHyp71NgsO150P20 [M-H],
6719.85); RNA 4 m/z = 6546.83 (calcd for C;97H,50N650150P20
[M-H], 6548.52); RNA 5 m/z = 6717.47 (caled for
Ca06H271Nes0150P20 [M—-H]™, 6719.85); RNA 6 m/z = 6546.03
(caled for Cy97H,50N650150P20 [M-H] ™, 6548.52); RNA 7 m/z =
6718.32 (caled for Cp06H,71NggO150P20 [M-H] ™, 6719.85); RNA 8
m/z = 6814.75 (caled for Cyo3H,47N860144P5 [M-H]~, 6815.76);
RNA 9 m/z = 6546.55 (caled for Cy9;H,50Ng50150P20 [M-H]
6548.52); RNA 10 m/z = 6718.28 (caled for CposH,71NggO150Pa0
[M-H]", 6719.85); RNA 11 m/z = 6546.58 (caled for
C197H250N650150P20 [M-H]™, 6548.52); RNA 12 m/z = 6717.51
(caled for CypeHz71NegO150P20 [M-H] ™, 6719.85); RNA 13 m/z =
6547.07 (caled for Cyo7H,50Ng50150P20 [M—H] ™, 6548.52); RNA 14
m/z = 6717.66 (caled for CyoeHs71NggO150P20 [M-H] ™, 6719.85);
RNA 15 m/z = 6547.62 (caled for Ci97Hy50N650150P20 [M-H] ™,
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6548.52); RNA 16 m/z = 6720.78 (calcd for CposH,71NegO0150P20
[M-H]", 6719.85); RNA 17 m/z = 6590.81 (caled for
Ca00H256Ng50150P20 [M-H] ™, 6590.61); RNA 18 m/z = 6932.71
(caled for Cy15H,05N710450P20 [M—H] ", 6933.27); RNA 19 m/z =
6619.17 (caled for Cp0,H,60Ne50150P20 [M-H] ™, 6618.67); RNA 20
m/z = 7076.39 (caled for CpygHs16N730150P20 [M—H] ™, 7075.55);
RNA 21 m/z = 6647.38 (calcd for Cyp4Hz64Ng50150P20 [M-H] 7,
6646.73); RNA 22 m/z = 7218.06 (caled for Cps4Hz334N750150P20
[M-H], 7217.83); RNA 23 m/z = 6829.30 (caled for
C204H340Ng60144P20 [M-H]~, 6829.79); RNA 24 m/z = 6886.14
(caled for Cpo7H56Ng70144P20 [M-H] ™, 6886.90); RNA 25 m/z =
6830.45 (caled for Cp04H,49NgeO144P20 [M—H] ™, 6829.79); RNA 26
m/z = 6885.07 (caled for Cy;H,56Ng,0144P20 [M-H] ™, 6886.90);
RNA 27 m/z = 6828.58 (calcd for Cyp4H349Ng60144P20 [M-H],
6829.79); RNA 28 m/z = 6883.91 (caled for C,97H,56N570144P20
[M-H]", 6886.90); RNA 29 m/z = 6829.21 (caled for
C204H240N560144P20 [M-H]~, 6829.79); RNA 30 m/z = 6885.63
(caled for Cy;H,56Ng,0144P20 [M-H] ™, 6886.90); RNA 31 m/z =
6828.19 (calcd for Cpo4Hy40Ng0144P20 [M-H] ", 6829.79); RNA 32
m/z = 6885.74 (caled for CpoyH,56Ng,0144P20 [M—H] ™, 6886.90);
RNA 33 m/z = 6827.76 (caled for C,o4H49Ng60144P20 [M-H],
6829.79); RNA 34 m/z = 6885.46 (calcd for Cpo;H,56N570144P20
[M-H]", 6886.90); RNA 35 m/z = 6829.69 (caled for
C204H240Ng60144P20 [M-H]™, 6829.79); RNA 36 m/z = 6886.34
(caled for Cy;H,56Ng70144P20 [M-H] ™, 6886.90); RNA 37 m/z =
6831.79 (caled for Cp04H,40Ng60144P20 [M-H] ™, 6829.79); RNA 38
m/z = 6886.96 (caled for CporH,56N570144P20 [M—H] ™, 6886.90);
RNA 39 m/z = 7447.08 (calcd for C,3,H,75Ng,0145P»1FS, [M-H] 7,
7448.71).

Dual-luciferase assay. HeLa cells were transfected with the
psiCHECK-2 vector (Promega) and the pcDNA3.1 containing
a hygromycin resistance gene (Thermo Fisher Scientific). HeLa
Cells were grown in the presence of 0.5 mg mL ™' hygromycin for
1 week. Stable HeLa-psiCHECK-2 cells expressing both firefly
and Renilla luciferases were grown in Dulbecco's Modified Eagle
Medium (D-MEM) supplemented with 0.25 mg mL ™" hygrom-
ycin and 10% bovine serum (BS) at 37 °C. 24 hours prior to
transfection of siRNAs, HeLa-psiCHECK-2 cells (8.0 x 10*
mL ') were grown in a 96-well plate (100 pL per well). The cells
were transfected with siRNAs targeting the Renilia luciferase
gene using lipofectamine RNAIMAX in opti-MEM reduced
serum medium. Transfection without siRNAs was used as
a control. The cells were incubated for 1 hour, D-MEM (50 pL)
containing 10% BS was added to each well and cells were
further incubated for another 24 hours. The activities of firefly
and Renilla luciferases in the cells were measured using the
Dual-Luciferase Reporter Assay System (Promega) according to
a manufacture's protocol. The activity of Renilla luciferase was
normalized by the firefly luciferase activity. The results were
confirmed by at least three independent transfection experi-
ments with two cultures each and are expressed as the average
from four experiments as mean =+ SD.

Thermal stability of siRNA duplexes. The solution contain-
ing 3.0 uM passenger strand and guide strand of siRNA in
a buffer of 10 mM sodium phosphate (pH 7.0) containing
100 mM NaCl was heated at 100 °C and then cooled gradually to
room temperature and used for the UV melting experiment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thermally induced transitions were recorded at 260 nm with
a UV/vis spectrometer fitted with temperature controller in
quartz cuvettes with a path length of 1.0 cm. The sample
temperature was increased by 0.5 °C min~".

Nuclease resistance of siRNA. Fluorescein labeled siRNAs
(600 pmol) were dissolved in 20 pL of a buffer of 10 mM sodium
phosphate (pH 7.0) containing 100 mM NacCl. The samples were
hybridized by heating 100 °C and then cooling gradually to
room temperature to use for the serum stability test. 45 pL of
opti-MEM and 60 pL of bovine serum were added, and the
solution was incubated at 37 °C for the required time. Aliquots
of 6.7 pL were diluted with a stop solution (65 mM EDTA, 15%
glycerol, 6.0 pL). Samples were subjected to electrophoresis in
nondenaturing 15% polyacrylamide-TBE and analyzed by
a Luminescent Image analyzer LAS-4000 (Fujifilm).

Quantitative reverse-transcriptional PCR (RT-qPCR) anal-
ysis. Human colon cancer HCT116 cells (2.0 x 10> mL ") were
plated in a 12-well plate (1 mL per well) before transfection. The
cells were transfected with siRNAs using Lipofectamine RNAi-
MAX. After a 24 h incubation, cells were replated in fresh cell
culture media and were further incubated for another 24 hours.
Then, total RNA of the cells was extracted using an NucleoSpin
RNA Plus Kit (Takara Bio, Shiga, Japan). cDNA was synthesized
using a PrimeScript RT Master Mix (Takara Bio) and qRT-PCR
was performed using a TB Green Premix Ex Taq II (Takara
Bio) with a Thermal Cycler Dice Real Time System (Takara Bio).
Primer sequences were for human ACTB: forward 5-GGAG-

CAATGATCTTGATCTT-3/, reverse 5'-CCTTCCTGGGCATG-
GAGTCCT-3’ and for human KNTC2: 5'-
CCTCTCCATGCAGGAGTTAAGA-3/, reverse 5'-

GGTCTCGGGTCCTTGATTTTCT-3'. All reactions were run in
duplicate, and the relative expression levels were determined by
the AACT method.
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