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Synthesis of building blocks

General conditions: TLC was performed on Merck silica gel 60 plates coated with F254.
Compounds were visualized under UV light (254 nm) or after spraying with the p-anisaldehyde
staining solution followed by heating. Flash column chromatography was performed using a
Teledyne ISCO Combi Flash system with pre-packed RediSep Teledyne ISCO silica gel cartridges
and Prep-Achiral supercritical fluid chromatography. All moisture-sensitive reactions were carried
out under anhydrous conditions using dry glassware, anhydrous solvents, and argon atmosphere.
All commercially available reagents and solvents were purchased from Sigma-Aldrich unless
otherwise stated and were used as received. ESI-MS spectra were recorded on a Waters QTof
Premier instrument using the direct flow injection mode. *H NMR spectra were recorded at 300,
400, and 500 MHz. *3C NMR spectra were recorded at 75, 101, and 126 MHz. 3P NMR spectra
were recorded at 162 and 202 MHz. Chemical shifts are given in ppm referenced to the solvent
residual peak (DMSO-ds — *H: § at 2.50 ppm and *3C § at 39.5 ppm; CDCl; — H: § at 7.26 ppm
and 3C § at 77.16 ppm). Coupling constants are given in Hertz. Signal splitting patterns are
described as singlet (s), doublet (d), triplet (t), septet (sept), broad signal (brs), or multiplet (m).
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(2S,5R)-3-[tert-butyl(dimethyl)silylJoxy-5-(2,4-dioxopyrimidin-1-yl)-4-methoxy-
tetrahydrofuran-2-carbaldehyde (2): The aldehyde was synthesized following the literature
procedure.! 2-lodoxybenzoic acid (2.82 g, 10.07 mmol) was added to 12 (1.25 g, 3.36 mmol) in
anhydrous acetonitrile (30 mL) under argon atmosphere. The mixture was refluxed at 81 °C for
0.75 h and then cooled. The reaction mixture was filtered through a celite bed, and the solid residue
was washed with ethyl acetate (EtOAc) (50 mL). The combined filtrate was evaporated at 30 °C.
The gummy residue thus obtained was further co-evaporated with toluene (30 mL) to afford 2
(1.15 g, 93% vyield) as an amorphous white solid that was used in the next step without further
purification. The product was stored at —20 °C. *H NMR (500 MHz, CDCl3) § 9.79 (s, 1H), 9.75
(s, 1H), 7.68 (d, J = 8.1 Hz, 1H), 5.88 — 5.72 (m, 2H), 4.55 (d, J = 4.5 Hz, 1H), 4.43 (t, J = 4.5 Hz,
1H), 3.96 (t, J = 4.7 Hz, 1H), 3.47 (s, 3H), 0.93 (s, 9H), 0.14 (d, J = 7.7 Hz, 6H) ppm.
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1-[(2R,5R)-4-[tert-butyl(dimethyl)silylJoxy-3-methoxy-5-vinyl-tetrahydrofuran-2-
yl]pyrimidine-2,4-dione (3): Compound 3 was obtained following the literature procedure.! To a
well-stirred suspension of methyltriphenylphosphonium bromide (7.08 g, 19.43 mmol) in
tetrahydrofuran (THF) (30 mL) was added potassium-tert-butoxide (2.23 g, 19.43 mmol). The
bright yellow suspension was stirred at 0 °C for 10 min and then for 1 h. The crude aldehyde 2
(2.4 g, 6.48 mmol) was dissolved in THF (20 mL), transferred into a dropping funnel, and slowly
added to the solution of ylide at 0 °C. The mixture was vigorously stirred at 0 °C for 10 min and
then at 22 °C for 16 h. The mixture was diluted with DCM (30 mL), and the organic layer was
washed with saturated NH4ClI solution (30 mL). The organic layer was dried over anhydrous
Na>S0s and filtered, and the filtrate was evaporated to dryness. The crude compound was purified
by column chromatography (gradient: 0-50% EtOAc in hexanes) to afford 3 (1.93 g, 81% yield)
as a white foam. 'H NMR (400 MHz, CDCls) § 9.26 (s, 1H), 7.38 (d, J = 8.1 Hz, 1H), 5.90 (ddd,
J=17.1, 105, 6.5 Hz, 1H), 5.83 (d, J = 2.0 Hz, 1H), 5.77 (dd, J = 8.1, 1.9 Hz, 1H), 5.45 (dt, J =
17.1, 1.3 Hz, 1H), 5.35 (dt, J = 10.5, 1.3 Hz, 1H), 4.42 (it, J = 6.5, 1.3 Hz, 1H), 3.91 (dd, J = 7.7,
5.0 Hz, 1H), 3.72 (dd, J = 5.0, 2.1 Hz, 1H), 3.56 (s, 3H), 0.90 (s, 9H), 0.09 (d, J = 7.2 Hz, 6H)
ppm. *C (101 MHz, CDCl3) § 163.4, 150.0, 139.8, 134.6, 119.3, 102.6, 89.8, 8.1, 83.6, 74.6, 58.8,
25.8, 18.3, -4.5, -4.5 ppm. HRMS calc. for C17H20N20sSi [M + H]* 369.1846, found 369.1846.
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1-[(2R,5R)-4-[tert-butyl(dimethyl)silylJoxy-5-(2-hydroxyethyl)-3-methoxy-tetrahydrofuran-2-
yl]pyrimidine-2,4-dione (4): Conditions used for optimization are shown in Table S1.
Hydroboration of 3 was done following the literature procedure.® To a solution of 3 (2.0 g, 5.43
mmol) in THF (25 mL) was added 9-borabicyclo[3.3.1]nonane (3.97 g, 32.56 mmol, 4.44 mL) at
0 °C. The mixture was allowed to warm and stirred at 22 °C for 20 h. The reaction mixture was
cooled, and methanol (20 mL) was added dropwise. When the gas evolution ceased, water (30 mL)
was added followed by sodium perborate tetrahydrate (20.88 g, 130.26 mmol). The resulting
mixture was vigorously stirred for 30 h at 0 °C and then filtered. The filtrate was washed with
EtOAc (50 mL). The organic layer was further washed with brine (40 mL), dried over anhydrous
Na>SOg4, and filtered. The filtrate was evaporated to dryness. The crude residue thus obtained was
purified by column chromatography (gradient: 20-75% EtOAc in hexanes) to afford 4 (1.57 g,
75% yield) as a white solid. *H NMR (600 MHz, DMSO-ds) § 11.38 (s, 1H), 7.62 (d, J = 8.0 Hz,
1H), 5.77 (d, J =4.5 Hz, 1H), 5.66 (d, J =8.0 Hz, 1H), 4.56 (t, J = 5.0 Hz, 1H), 4.12 (t, J = 5.2 Hz,
1H), 3.88 (dt, J = 7.0, 4.4 Hz, 2H), 3.56 — 3.42 (m, 2H), 3.32 (s, 3H), 1.80 (dtd, J =14.3, 7.4, 4.6
Hz, 1H), 1.71 (ddt, J = 14.0, 8.0, 5.5 Hz, 1H), 0.88 (s, 9H), 0.09 (d, J = 3.6 Hz, 6H) ppm. *C NMR
(151 MHz, DMSO-de) 6 163.1, 150.4, 141.0, 102.2, 87.1, 81.5, 80.7, 73.4, 57.5, 57.4, 35.9, 25.7,
17.8, -4.7, -4.9 ppm. HRMS calc. for C17H30N206SiNa [M + Na]* 409.1771, found 409.1767.
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2-[(2R,5R)-3-[tert-butyl(dimethyl)silylJoxy-5-(2,4-dioxopyrimidin-1-yl)-4-methoxy-
tetrahydrofuran-2-yl]ethyl-4-methylbenzenesulfonate (5): To a clear solution of 4 (1.00 g, 2.59
mmol) in dry DCM (30 mL) and pyridine (620.15 mg, 7.76 mmol, 0.63 mL) was added 4-
(dimethylamino)pyridine (638.55 mg, 5.17 mmol), and reaction mixture was cooled to 0 °C. To
the resulting solution, p-toluenesulfonyl chloride (747.36 mg, 3.88 mmol) was added in single
portion, and the reaction mixture was stirred for 12 h at 22 °C. The reaction mixture was diluted
with DCM (20 mL) and washed with NaHCO3 solution (30 mL). The DCM layer was dried over
anhydrous Na>SO4 and filtered, and the filtrate was evaporated to dryness. The crude mass thus
obtained was purified by column chromatography (gradient: 0-60% EtOAc in hexanes) to afford
5(0.92 g, 66% yield) as a white solid. *H NMR (600 MHz, CDCls) § 8.61 (s, 1H), 7.81 — 7.76 (m,
2H), 7.37 — 7.32 (m, 2H), 7.23 (d, J = 8.1 Hz, 1H), 5.76 (dd, J = 8.1, 1.8 Hz, 1H), 5.64 (d, J = 2.6
Hz, 1H), 4.23 (ddd, J = 10.1, 7.1, 5.3 Hz, 1H), 4.13 (ddd, J = 10.1, 7.7, 6.4 Hz, 1H), 3.94 (ddd, J
=9.4,7.3,3.3 Hz, 1H), 3.86 (dd, J = 7.3, 5.3 Hz, 1H), 3.73 (dd, J = 5.3, 2.6 Hz, 1H), 3.48 (s, 3H),
2.45 (s, 3H), 2.14 (dtd, J = 14.6, 7.4, 3.4 Hz, 1H), 1.90 (dddd, J = 14.5, 9.4, 6.5, 5.4 Hz, 1H), 0.89
(s, 9H), 0.09 (s, 3H), 0.07 (s, 3H) ppm. 3C NMR (151 MHz, CDCl3) § 162.9, 149.7, 145.1, 140.3,
132.9,130.0, 128.1, 102.8, 90.4, 83.0, 79.5, 74.4, 67.0, 58.6, 32.5, 25.8, 21.8, 18.2, -4.4, -4.7 ppm.
HRMS calc. for C24H37N20gSSi [M + H]* 541.2040, found 541.2045.
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1-[(2R,5R)-4-[tert-butyl(dimethyl)silylJoxy-3-methoxy-5-(2-morpholinoethyl)tetrahydrofuran-
2-yl]pyrimidine-2,4-dione (6): Morpholine (4 mL) was added to 5 (0.5 g, 0.924 mmol), and the
clear solution was heated at 70 °C for 8 h. All the volatile matters were evaporated, and the residue
was purified by column chromatography (gradient: 0-5% MeOH in DCM) to afford 6 (0.35 g, 83%
yield) as a hygroscopic solid. tH NMR (500 MHz, CDCl3) § 9.05 (s, 1H), 7.33 (d, J = 8.1 Hz, 1H),
5.78 (d, J = 2.4 Hz, 1H), 5.76 (d, J = 8.1 Hz, 1H), 4.03 (ddd, J = 9.0, 7.4, 3.8 Hz, 1H), 3.84 (dd, J
=7.4,5.2 Hz, 1H), 3.75 — 3.63 (m, 5H), 3.52 (s, 3H), 2.67 — 2.34 (m, 6H), 2.05 — 1.88 (m, 1H),
1.79 — 1.64 (m, 1H), 0.91 (s, 9H), 0.10 (d, J = 5.0 Hz, 6H) ppm. 3C NMR (126 MHz, CDCl3) §
163.2, 149.9, 139.9, 102.6, 89.6, 83.6, 81.5, 74.7, 67.0, 58.5, 55.4, 53.8, 30.4, 25.8, 18.3, -4.3, -4.6
ppm. HRMS calc. for C21H3sN306Si [M + H]" 456.2530, found 456.2529.
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1-[(2R,5R)-4-hydroxy-3-methoxy-5-(2-morpholinoethyl)tetrahydrofuran-2-yl]pyrimidine-2,4-
dione (7): To a clear solution of 6 (0.6 g, 1.32 mmol) in THF (15 mL) at 22 °C,
tetrabutylammonium fluoride, 1 M in THF (1.71 mmol, 1.71 mL), was added slowly in a single
portion and then stirred for 3 h. All the volatile matters were removed under high vacuum, and the
residue thus obtained was purified by column chromatography (gradient: 0-10% MeOH in DCM)
to afford 7 (0.37 g, 82% yield) as a white solid. *tH NMR (500 MHz, DMSO-ds) & 11.50 — 11.08
(m, 1H), 7.59 (d, J = 8.1 Hz, 1H), 5.77 (d, J = 4.3 Hz, 1H), 5.65 (dd, J = 8.1, 1.9 Hz, 1H), 5.37 —
5.18 (m, 1H), 3.90 (s, 1H), 3.84 (dd, J = 5.3, 4.3 Hz, 1H), 3.79 (dt, J = 8.0, 5.4 Hz, 1H), 3.57 (t, J
= 4.7 Hz, 4H), 3.36 (s, 3H), 2.40 — 2.26 (m, 6H), 1.87 (dtd, J = 13.1, 7.8, 5.2 Hz, 1H), 1.71 (dtd, J
=13.5, 7.7, 5.5 Hz, 1H) ppm. 3C NMR (126 MHz, DMSO-ds) § 163.0, 150.4, 140.8, 102.1, 87.0,
82.0,81.7,72.1,66.1,57.6, 54.6, 53.2, 29.7 ppm. HRMS calc. for C15H24N306 [M + H]" 342.1665,
found 342.1660.
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3-[(diisopropylamino)-[(2R,5R)-5-(2,4-dioxopyrimidin-1-yl)-4-methoxy-2-(2-
morpholinoethyl)tetrahydrofuran-3-ylJoxy-phosphanyl]propanenitrile (8): To a clear solution of
7 (0.34 g, 1.0 mmol) in DCM (20 mL) was added DIPEA (650.13 mg, 4.98 mmol, 0.88 mL) and
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N-methylimidazole (123.90 mg, 1.49 mmol, 0.12 mL) in single portions. To the resulting mixture
was added 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (248.15 mg, 996.02 umol, 0.23
m pL) at 22 °C. After stirring for 1 h, when TLC showed completion of reaction, the mixture was
diluted with DCM (20 mL) and quenched by adding NaHCO3 solution (20 mL). The organic layer
was separated, dried over anhydrous Na>SOs, and filtered. The filtrate was evaporated to dryness.
The crude material was triturated with 1:1 hexanes in ether. The precipitate thus obtained was
purified by column chromatography (gradient: 0-3% MeOH in DCM containing 3% TEA) to
afford 8 (0.36 g, 69% yield) as a yellowish-white hygroscopic foam. *H NMR (400 MHz, CD3CN)
0 8.84 (s, 1H), 7.40 (dd, J = 8.1, 1.0 Hz, 1H), 7.14 — 6.73 (m, 1H), 5.83 (dd, J = 4.5, 1.1 Hz, 1H),
5.63 (d, J = 8.1 Hz, 1H), 4.29 — 3.97 (m, 2H), 3.91 — 3.75 (m, 2H), 3.69 — 3.55 (m, 6H), 3.43 (d, J
=14.2 Hz, 3H), 2.83 - 2.60 (m, 2H), 2.49 — 2.26 (m, 4H), 1.94 (dt, J = 4.9, 2.5 Hz, 1H), 1.76 (ddd,
J=9.9,6.3, 2.2 Hz, 1H), 1.29 - 0.97 (m, 13H) ppm. *C NMR (126 MHz, CD3CN) § 164.1, 151.5,
151.5,141.1,138.9,129.5,121.3,119.6, 103.2, 103.1, 88.9, 88.5, 83.2, 83.2, 82.8, 82.7, 82.4, 82.3,
82.0, 81.9, 75.3, 75.2, 75.1, 74.9, 74.5, 67.5, 67.5, 59.8, 59.6, 59.2, 59.0, 58.9, 58.8, 58.7, 58.7,
58.0, 55.6, 54.6, 54.6, 47.3, 46.6, 46.4, 46.3, 46.0, 46.0, 45.6, 44.2, 44.1, 44.1, 44.0, 33.6, 30.9,
25.0,24.9,24.9,24.9, 23.6,23.2,23.2,23.1, 23.1, 22.6, 21.1, 21.0, 21.0, 20.4, 20.4 ppm. 3P NMR
(202 MHz, CDsCN) 6 150.84, 150.78 ppm. HRMS calc. for C24sH41NsO7P [M + H]* 542.2744,
found 542.2744.
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1-[(2R,5R)-4-[tert-butyl(dimethyl)silylJoxy-3-methoxy-5-(1-piperidyloxymethyl)tetrahydro
furan-2-yl]pyrimidine-2,4-dione (10): To a clear solution of 9* (0.4 g, 1.03 mmol) in acetic acid
(5 mL) and DCM (10 mL) was added glutaraldehyde (0.1 g, 1.03 mmol). To the resulting mixture,
sodium cyanoborohydride (0.74 g, 11.56 mmol) was added in portions at 15 °C. The reaction
mixture was further diluted with DCM (70 mL) and stirred for 8 h. Volatile matters were removed
under high vacuum, and the residue thus obtained was diluted with DCM (50 mL) and washed
with water (3 x 30 mL). The organic layer was separated, dried over anhydrous Na;SOs, and
filtered. The filtrate was evaporated to dryness. The crude compound thus obtained was purified
by column chromatography to afford 10 (0.32 g, 68.0% yield). *H NMR (400 MHz, CDCl3) § 9.18
(s, 1H), 8.07 (d, J = 8.2 Hz, 1H), 5.88 (d, J = 1.9 Hz, 1H), 5.69 (dd, J = 8.1, 2.1 Hz, 1H), 4.36 —
3.96 (m, 3H), 3.97 — 3.72 (m, 1H), 3.61 (dd, J = 4.7, 1.9 Hz, 1H), 3.54 (s, 3H), 3.41 — 3.24 (m,
2H), 2.36 (s, 2H), 1.74 (s, 2H), 1.56 (d, J = 18.3 Hz, 3H), 1.24 — 1.11 (m, 1H), 0.90 (s, 9H), 0.09
(d, J = 3.4 Hz, 6H) ppm. **C NMR (126 MHz, CDCl3) & 163.5, 150.2, 140.5, 101.7, 88.1, 84.2,
82.5, 69.4, 68.7, 58.5, 56.9, 25.8, 25.5, 23.5, 18.3, -4.5, -4.7 ppm. HRMS calc. for C21H3sN30sSi
[M + H]" 456.2530, found 456.2520.
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1-[(2R,5R)-4-[tert-butyl(dimethyl)silylJoxy-3-methoxy-5-(morpholinooxymethyl)tetrahydro
furan-2-yl]pyrimidine-2,4-dione (11): To a clear solution of 9 (2.4 g, 6.19 mmol) in acetic acid
(20 mL) was added 2-(2-oxoethoxy)acetaldehyde® (0.63 g, 6.19 mmol) followed by sodium
cyanoborohydride (4.13 g, 64.4 mmol) in portions. After stirring at 15 °C for 12 h, the mixture
was diluted with DCM (50 mL), and the organic layer was washed with water (2 x 30 mL). The
DCM layer was dried over anhydrous Na,SO4 and filtered. The filtrate was evaporated to dryness.
The crude residue was purified by column chromatography to afford 11 (0.88 g, 31% vyield) as a
white solid. *H NMR (500 MHz, CDCls) § 8.50 (s, 1H), 7.93 (d, J = 8.2 Hz, 1H), 5.86 (d, J = 2.0
Hz, 1H), 5.70 (dd, J = 8.2, 2.0 Hz, 1H), 4.23 — 4.06 (m, 3H), 3.92 (dd, J = 11.9, 3.0 Hz, 3H), 3.67
—3.57 (m, 3H), 3.55 (s, 3H), 3.23 (dd, J = 28.2, 10.2 Hz, 2H), 2.65 (g, J = 10.1 Hz, 2H), 0.91 (s,
9H), 0.10 (d, J = 5.8 Hz, 6H) ppm. *C NMR (126 MHz, CDCls) § 163.4, 150.1, 140.2, 101.8,
88.4, 84.1, 82.1, 69.4, 68.9, 66.4, 58.6, 56.4, 25.8, 18.3, -4.4, -4.7 ppm. HRMS calc. for
C20H3sN30-Si [M + H]* 458.2323, found 458.2315.
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1-[(2R,5R)-4-hydroxy-3-methoxy-5-(1-piperidyloxymethyl)tetrahydrofuran-2-yl]pyrimidine-
2,4-dione (12): To a solution of 10 (0.30 g, 0.66 mmol) in THF (5 mL) at 25 °C,
tetrabutylammonium fluoride, 1 M in THF (0.99 mmol, 0.99 mL), was added slowly in a single
portion and then stirred for 5 h. VVolatile matters were removed under high vacuum, and the crude
residue thus obtained was purified by column chromatography (gradient: 10-60% EtOAc in
hexanes) to afford 12 (0.17 g, 76% yield). *H NMR (400 MHz, CDCls) § 8.79 (s, 1H), 7.97 (d, J
=8.2 Hz, 1H), 5.94 (d, J = 2.2 Hz, 1H), 5.71 (dd, J = 8.2, 1.8 Hz, 1H), 4.20 (td, J = 7.4, 5.2 Hz,
1H), 4.16 — 4.11 (m, 1H), 4.08 (dt, J = 7.1, 2.6 Hz, 1H), 3.95 (dd, J = 11.2, 2.7 Hz, 1H), 3.77 (dd,
J=5.2,2.3Hz, 1H), 3.61 (s, 3H), 3.36 (s, 2H), 2.84 (d, J = 7.7 Hz, 1H), 2.39 (t, J = 11.4 Hz, 2H),
1.76 (d, J = 13.0 Hz, 2H), 1.59 (brs, 2H) ppm. *C NMR (101 MHz, CDCl3) § 163.2, 150.2, 140.2,
102.0, 87.6, 84.0, 83.1, 69.5, 69.1, 58.8, 57.0, 56.7, 25.5, 23.5 ppm. HRMS calc. for C15H24N30e
[M + H]* 342.1665, found 342.1656.
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1-[(2R,5R)-4-hydroxy-3-methoxy-5-(morpholinooxymethyl)tetrahydrofuran-2-yl]pyrimidine-

2,4-dione (13): To a solution of 11 (0.85 g, 1.86 mmol) in THF (15 mL) at 22 °C,
tetrabutylammonium fluoride, 1 M in THF (2.41 mmol, 2.41 mL), was added slowly in single
portion and then stirred for 3 h. Volatile matters were removed under high vacuum, and the crude
residue thus obtained was purified by column chromatography (gradient: 0-5% MeOH in DCM)
to afford 13 (0.52 g, 81% yield) as a white solid. *H NMR (500 MHz, CDCls3) § 9.26 (s, 1H), 7.85
(d, J=8.2 Hz, 1H), 5.93 (d, J = 2.1 Hz, 1H), 5.73 (d, J = 8.2 Hz, 1H), 4.23 — 4.14 (m, 2H), 4.08
(dt, J =7.3, 2.9 Hz, 1H), 3.98 (dd, J = 11.3, 3.2 Hz, 1H), 3.92 (d, J = 11.7 Hz, 2H), 3.81 — 3.71
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(m, 1H), 3.62 (s, 5H), 3.25 (t, J = 9.1 Hz, 2H), 2.81 (d, J = 8.3 Hz, 1H), 2.67 (td, J = 10.9, 3.2 Hz,
2H) ppm. 3C NMR (101 MHz, CDCls) § 163.4, 150.2, 140.0, 102.1, 87.7, 83.7, 82.7, 69.6, 68.9,
66.3, 58.9, 56.5, 56.23ppm. HRMS calc. for C14H22NsO7 [M + H]* 344.1458, found 344.1465.
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3-[(diisopropylamino)-[(2R,5R)-5-(2,4-dioxopyrimidin-1-yl)-4-methoxy-2-(1-piperidyloxy
methyl)tetrahydrofuran-3-ylJoxy-phosphanyl]oxypropanenitrile (14): To a clear solution of 12
(0.60 g, 1.76 mmol) in DCM (20 mL), diisopropylethylamine (1.15 g, 8.79 mmol, 1.55 mL) and
N-methylimidazole (0.51 g, 6.15 mmol, 0.49 mL) were added at 22 °C. After 5 min, 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite (0.88 g, 3.52 mmol, 0.82 mL) was added slowly. After
stirring for 0.5 h, the reaction mixture was diluted with DCM (10 mL) and quenched with 10%
NaHCO3 solution (20 mL). The organic layer was separated, dried on anhydrous Na SOs, and
filtered. The filtrate was evaporated to dryness. The crude compound thus obtained was purified
by column chromatography (gradient: 20-80% EtOAc in hexanes) to afford 14 (0.66 g, 70% yield)
as a hygroscopic solid. *H NMR (400 MHz, CDCls) § 8.81 (s, 1H), 7.96 (dd, J = 10.9, 8.1 Hz, 1H),
5.97 (d, J = 3.7 Hz, 1H), 5.69 (d, J = 8.1 Hz, 1H), 4.49 — 4.16 (m, 2H), 4.09 (td, J = 11.2, 2.3 Hz,
1H), 3.98 - 3.77 (m, 4H), 3.72 - 3.58 (m, 2H), 3.51 (d, J = 14.2 Hz, 3H), 3.39 — 3.23 (M, 2H), 2.64
(dt, J = 11.9, 6.3 Hz, 2H), 2.39 (d, J = 10.5 Hz, 2H), 1.73 (s, 2H), 1.58 (s, 3H), 1.30 — 1.06 (m,
15H) ppm. $3C NMR (101 MHz, CDCl3) § 163.4, 163.4, 150.4, 150.3, 140.4, 140.2, 117.8, 117.6,
102.1, 102.0, 87.8, 87.5, 83.5, 83.4, 83.1, 83.1, 82.4, 82.4, 82.2, 82.2, 70.9, 70.7, 70.1, 70.0, 69.6,
69.5, 58.9, 58.7, 58.7, 58.3, 58.3, 58.2, 58.1, 58.0, 56.9, 53.6, 43.6, 43.5, 43.4, 43.4, 25.4, 24.8,
24.7, 24.7, 24.7, 24.7, 23.5, 23.4, 20.6, 20.5, 20.5, 20.5 ppm. 3P NMR (162 MHz, CDCls) §
150.98, 150.54 ppm. HRMS calc. for C24H41NsO7P [M + H]* 542.2744, found 542.2747.

o
o)
_> NH
Q_N\ KNB*O
07 o

NG~O-p-O  OCHg
Y

3-[(diisopropylamino)-[(2R,5R)-5-(2,4-dioxopyrimidin-1-yl)-4-methoxy-2-(morpholinooxy
methyl)tetrahydrofuran-3-yl]Joxy-phosphanyl]oxypropanenitrile (15): To a solution of 13 (0.3 g,
0.87 mmol) in dry acetonitrile (10 mL) was added 5-(ethylthio)-1H-tetrazole (0.12 g, 0.87 mmaol).
2-Cyanoethyl-N,N,N',N'-tetraisopropylphosphordiamidite (1.14 mmol, 0.37 mL) was added
slowly to the reaction mixture and stirred at 22 °C for 3 h. The reaction mixture was filtered,
volatile matters were removed under high vacuum, and the residue was purified by flash column

chromatography using a gradient of EtOAc in hexanes containing 0.2% triethylamine to yield 15
as a white solid. To remove P (V) impurities from the column-purified compound, 15 was
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dissolved in methyl tert-butylether (25 mL) and washed with 50% DMF in water (2 x 10 mL) and
the with brine (3 x 20 mL). The organic layer was separated, dried over anhydrous Na>SO4, and
filtered. The filtrate was evaporated under high vacuum to obtain 15 (0.31 g, 66% yield) as a white
foam. 'H NMR (400 MHz, CD3CN) § 8.94 (s, 1H), 7.76 (dd, J = 8.9, 8.2 Hz, 1H), 5.88 (dd, J =
7.3, 4.6 Hz, 1H), 5.65 (dd, J = 8.2, 3.0 Hz, 1H), 4.50 — 4.14 (m, 2H), 4.08 — 3.98 (m, 1H), 3.92 —
3.74 (m, 5H), 3.65 (dtd, J = 10.3, 6.8, 4.7 Hz, 2H), 3.56 — 3.36 (m, 6H), 3.21 (d, J = 10.2 Hz, 2H),
2.75 — 2,51 (m, 4H), 1.28 — 1.10 (m, 17H) ppm. *C NMR (126 MHz, CD3CN) & 163.9, 163.9,
151.4,151.4,141.0,141.0, 119.6, 119.6, 102.8, 102.7, 88.4, 87.9, 83.5, 83.5, 83.2, 83.2, 83.2, 83.1,
82.7,82.7,72.2,72.0, 71.6, 71.5, 71.0, 70.9, 66.8, 66.8, 59.8, 59.6, 59.2, 59.1, 58.9, 58.9, 58.6,
58.6, 57.2, 57.0, 49.5, 44.2, 44.2, 44.1, 44.1, 27.2, 25.0, 25.0, 24.9, 24.9, 24.9, 24.8, 21.1, 21.0,
21.0 ppm. 3P NMR (202 MHz, CD3CN) § 151.48, 151.16 ppm HRMS calc. for C23H3sNsOsPNa
[M + Na]* 566.2356, found 566.2379.



Table S1: Optimization of conditions for compound 4

o) o)
| NH ﬁNH
\ N/J*o HO N/&O
0 - 0
TBSO OCH;,4 TBSO OCH;4
3 4
Entry Conditions? Product(s) (based on LCMS)
1 9-BBN, sodium perborate tetrahydrate, THF, MeOH, 4 (7%),
H.0, 0-25 °C, 17 hr 3 (70%)
2 9-BBN, sodium perborate tetrahydrate, THF, MeOH, 4 (14%),
H-0, 0-25 °C, 17 hr 3 (69%)
3 9-BBN, sodium perborate tetrahydrate, THF, MeOH, 4 (32%),
H-0, 30°C, 17 hr 3 (21%)
4 BHs. THF, sodium perborate tetrahydrate, THF, MeOH, | 85% unidentified byproduct
H-0, 0-25 °C, 3 hr
5 9-BBN, sodium perborate tetrahydrate, THF, MeOH, 4 (43%)
H-0, 40 °C, 3 hr
6 9-BBN,sodium perborate tetrahydrate, THF, MeOH, 4 (75%)
H-0, 0 °C-rt, 50 hr

2Entry 5 is the optimized condition used during large scale synthesis of 4.
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Synthesis of oligonucleotides

(0]
X

B 0
NH
5-modified building &N, fiﬂ* &} LA
SPS blocks o) N"~0 o N°"0
HNQ —— A A/ NSO ° and o
Qute AVaVaVa®
X = CHy, O VaVa®

xw Q

28-30% NH,OH &N N

e O
0 N0 N N0
o) and o1 -0
e OMe OMe
’ AVAVE AVAV 4

Figure S1: Incorporation of modified amidites at the 5’-end of oligonucleotides. SPS indicates
solid-phase synthesis.

—_—
60°C, 5 hr
X=C

H

Oligonucleotide synthesis and purification: Oligonucleotides were synthesized on K&A H-8-SE
at 40-pumol scale using universal supports. A solution of 0.25 M 5-(S-ethylthio)-1H-tetrazole in
acetonitrile (CH3CN) was used as the activator. The solutions of commercially available
phosphoramidites and synthesized phosphoramidities were used at 0.15 M in anhydrous CH3CN
or CHxCl>.The oxidizing reagent was 0.02 M 1, in THF/pyridine/H20. N,N-Dimethyl-N'-(3-
thioxo-3H-1,2,4-dithiazol-5-yl)methanimidamide (DDTT) in 0.1 M in pyridine was used as the
sulfurizing reagent. The detritylation reagent was 3% dichloroacetic acid in CH2Cl,. Waiting times
for coupling, capping, oxidation, and sulfurization step were 450 s, 25 s, 80 s, and 300 s,
respectively. After completion of the automated synthesis, the oligonucleotide was manually
released from support and deprotected using 28-30% ammonium hydroxide solution at 60 °C for
5h.

After filtration through a 0.45-um nylon filter, oligonucleotides were purified by ion exchange
and/or reverse phase column chromatography. For ion exchange, a preparative HPLC column
custom packed with TSKGel SuperQ-5PW(20) (Sigma) was used. Appropriate gradients of mobile
phase (buffer A: 20 mM sodium phosphate, 15% CHsCN, pH 8.5; buffer B: 1 M NaBr, 20 mM
sodium phosphate, 15% CH3CN, pH 8.5) were employed. Oligonucleotides were desalted using
size-exclusion chromatography using a column custom packed with Sephadex G25 (GE
Healthcare) and water as an eluent. Oligonucleotides were then quantified by measuring the
absorbance at 260 nm. Extinction coefficients were calculated using the following extinction
coefficients for each residue: A, 13.86; T/U, 7.92; C, 6.57; and G, 10.53 M-*cm™. The identities of
modified oligonucleotides were verified by mass spectrometry, respectively. Sequences and mass
spectroscopy data are shown in Table S2. Purities were evaluated by analytical reverse-phase
HPLC. For reverse-phase HPLC, a C-18 column was used with a gradient of 2-29% buffer B
(buffer A: 95 mM hexafluoroisopropanol, 16.3 mM TEA, 0.05 mM EDTA,; buffer B: MeOH) over
39 min.
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Table S2: Sequences and mass spectroscopy characterization of oligonucleotides.

)  ama Mass (M-H)~
Entry Sense and antisense strand (5'-3") Target | S/AS Calcd. Obsd.
ON1 MolegeUgAcAaAUAUGgGCcAuCaAL ApoB S 8795.45 | 8796.14
ON2 Mo2egeUgAcAaAUAUGgGCcAuCaAL ApoB S 8809.48 | 8809.84
ON3 PipegeUgAcAaAUAUGgGCAUCaAL ApoB S 8809.48 | 8809.76
ON4 Mo3egeUgAcAaAUAUGgGCcAuCaAL ApoB S 881145 | 8811.86
ON5 uegeUgAcAaAUAUGgGCAUCaAL ApoB S 8726.35 | 8726.92
ONG6 ueUegAuGcCcAuauUuGuCaCaeaea ApoB AS 7530.89 | 7531.36
ON7 MoleUegAuGcCcAuauUuGuCaCaeaea | ApoB AS 7599.99 | 7600.36
ONS8 Mo2eUegAuGcCcAuauUuGuCaCaeaea | ApoB AS 7614.02 | 7613.96
ON9 PipeUegAuGcCcAuauUuGuCaCaeaea ApoB AS 7614.02 | 7614.23
ON10 Mo3eUegAuGcCcAuauUuGuCaCaeaea | ApoB AS 7615.99 | 7616.39
ON11*  |aeaecaguGuUCUugcucuauaal, TTR S 8685.45 | 8685.35
ON12*  |VPueUeauaGagcaagaAcAcuguueueu TTR AS 7731.12 | 7730.80
ON13 MoleUeauaGagcaagaAcAcuguueueu TTR AS 7724.22 | 7724.68
ON14 Mo2eUeauaGagcaagaAcAcuguueueu TTR AS 7738.25 | 7736.78
ON15 PipeUeauaGagcaagaAcAcuguueueu TTR AS 7738.25 | 7738.46
ON16 Mo3eUeauaGagcaagaAcAcuguueueu TTR AS 7740.22 | 7739.79
ON17 MoZeueauaGagcaagaAcAcuguueueu TTR AS 7750.28 7749.97
ON18 ueueauaGagcaagaAcAcuguueueu TTR AS 7667.15 7667.21
ON19 MoZ2euegAuGcCcAuauluGuCaCaeaea | ApoB AS 7626.05 | 7626.84
ONZ20 ueuegAuGcCcAuauluGuCaCaeaea ApoB AS 7542.92 | 7542.83
ON21 Mo2eGeUgAcAaAUAUGgGCcAuUCaAL ApoB S 8795.45 | 8798.03

2 ON11 and ON12 were synthesized previously.®
b Chemical modifications are indicated as follows: @, PS linkage; lower case, 2'-OMe; italicized
upper case, 2'-F; L, trivalent-GalNAc.
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Figure S2: Chemical structures of 5’-end modifications and trivalent-GalNAc.
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HPLC chromatograms of oligonucleotides
DAD1 A, Sig=2604 Ref=400,50 (20211105_BF 2021-11-05 12-10-200025-D1F-B5-132055.0.0)

PN G lUYGYAYCYATATATUTATUTGIG 1G] CYATU (C) ATA TS
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S

] 10 15 20 25 30 35 i
MSD1 TIC, ME File (C:Wsers\PubliciDocuments\ChemSiation\ 1\Datat20211108_BF 2021-11-05 12-10-200025-D1F-B5-132086.0.0) ES-API, Neg, Scan, Fr

o
TOOD0000
50000000 @ - PS @\1 fi’\i" {

50000000 OMe N™ "0
o o
4000000
0000000 O OCH,4
20000000 A ‘
10000000 @
; Ji .
-—T—TT——fF—T—7——T T 77— 7T T T—T—T—T— T
] i0 15 20 25 20 35 man
Area Percent Report
Sorted By : Signal
Multiplier : 1.0000
Diluticn : 1.0000

Do not use Multiplier & Diluticn Factor with ISTDs

Signal 1: DADL &, Sig=2é0,4 Ref=400,50

I Infinity 2 LCMS 2 11/9/2021 8:19:30 AM SYSTEM Page 1eof 2

1le Hame: 132966.9

Peak BetTime Type Width LArea Height Area
£ [min] [min] [MmAT*s] [mATT] %
——————————— | -] ———— | = | - | |
1 22.175 MF 0.1982 99.5939% 3.375E8 2.0663
2 22.315 MF 0.0745 177.68138 39.73951 3.6864
3 Z22.445 MF 0.0785 2304.50757 489.09137 47.8125
4 22,455 M 0.0720 2124.&2207 4951.518B8c 44.0804
5 Z2Z.88Z FM 0.358% 113.47950 5.270486 2.3544
Totals : 4819.38451 1033.9%9607

Reverse-phase HPLC profile for ONL1.
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DAD1 A, Sig=2404 Ref=200,50 [20211108_BF2 2021-11-08 1842-38007-D1F-Ca-2182170.1.0)
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MSD1 TIC, M3 File (G sers\Public'Diocurnents\ChemStation) 11Data20211108_BF2 20219-11-08 16-20-38007-D1F-Ca-2182170.1.00

PS

Arza DPsrcent Bsporc

Sortced By
Mulciplier
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Do not use Multipl

Signal 1: DRDL A,
Pzak B=tTlims

2

Type
[min]

1 19.782 MM
2 22.115 MF
3 22.507 MF
4 22.584 MF

W Infinicyz LCMS 1

a2 File C:wUsershP.o..
3182170.1

1ple Hame:

Dzak BecTlims Typs
£

____I _______I —_——
ZZ2.e28 FM
22.803 MF

23.803 FM

[min]

-1 m N

Totals :

Signal
1.0000
1.0000

ier & Dilution Factor with ISTIDs

Sig=260, 4 Ref=400,50

Width Ersa

min] mR*=]

0.2125 21_25385 1_66687 0_4881
0.1314 371.12&3 47.08932 g.4880
0.065% 467.56702 118.33%8% 10.6937
0.0554 1023_e5344 308.03235 23_411%9

11,

tion\1\Datar\20211108 BFZ 2021-11-08 16-43-38\007-D1

Width Ersa Height RArea
[min] mRI*=] [mAILT] %
-]
0.0898 Z350.86304 445_08271 54.5641
0.1348 59.48031 £.23742 1._3e04
0.1%3¢ 30.4287¢ 2.615%63 0._€959

52g.01819

4372 g

Reverse-phase HPLC profile for ON2.

371
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DADT A, Sig=2004 Ref=200,50 (20211108_BF2 2021-11-08 1648-38\002-D1F-C1-3182171.1.0)

ClGIuTGYATCYAY AYATUTAT YT TG CTATUTCT A TA TS
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MSD1 TIC, M3 File (C:Wsers\Public DocumentsiChemStation' T'\Datal20211109_BF2 2021-11-08 16-28-38002-D1F-C1-2192171.1.00  ES-AFI, Meg,

30000000 i |

15000000 @ove & OcH,
10000000 v

Sorted By : Signal
Mulciplier : 1_0000
Dilution : 1_0000

Do not use Multiplier & Dilution Factor with ISTDs

4 [min] [min [mALT*

1 0.2470 48.55107 3.27635 1.0185
2 0.0615 §1.312086 21.91%88 1.T057
3 0.0738 5Be3.81122 115.33207 11.3533
4 0.0885 2140.5%4141 403.30154 44_5%115
5 0.0882 1881.48511 355.36322 3% 4652
£ 0.20e% 4487410 3.61401 02414

Totals : 4766.9745e 30

=3}
1=
=
(x5}
=
X5}

Reverse-phase HPLC profile for ON3.
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DADA A, Sig=2304 Ref=400,50 (20211108_BF2 2021-11-08 16-48-38\005-D1F-C4-2182172.1.0)
™~
.

2

(YCIUTGYAYCYAYAYATUTATU TG GG CTATUTCT A YA RE fine
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MSDA TIC, MS File (C:Wsers\Public’Diocurnents\ChemStation) T\Daal20211108_BF2 2021-11-08 16-40-38005-D1F-C4-2192172.1.0)  ES-API, Neg,
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Signal 1: DRDL R, S5ig=2Ie0,4 R=f=400,50

Pzak Rectlims Type Width Eresa Height Rrea

£ [min] [min] (mAT* =] [mALT] %

- -]
1 2Z2.001 MF 0.111% 180.26251 26._86028 3.3686
2 22.108 MF 0.1140 103.474€1 15.1335%4 1.%33¢
3 22_63T7 MF 0.12%1 B820.27240 05.859%41 15.3284
4 22.722 FM 0.1047 4154.766ll €€l.14532 77.6402

-
[}

]
]
=]
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i
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o
i
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1=}
i
i
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o
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0 InfinicyZ LCHS 1 Pags 1l of 2

a File C:iA\Users\FP...tion\14Data\20211108 BFZ 2021-11-08 1&6-43-38M\005-D1F-C4-3132172.1.D

ple Hame: 3152172.1

Pzak Rectlims Type Width Eresa Height Rrea
£ [min] [min] (mAT*=] [mAL] &
- -]
E 22.%63 FM 0.3801 92.53299 405743 1.725%2
Totals 5351.30882 B13.0963%9

Reverse-phase HPLC profile for ONA4.
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e e B B B et Bt
Totals : 4821.87445 2€0.5584¢6

Reverse-phase HPLC profile for ONS.
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DADT A, Sig=260,4 Ref=400,50 (20211105_BF 2021-11-05 12-18-29\024-D1F-B4-127772.83.0)
mAL ] 3
100 ] ulutclatulelcielcIATUTATUTUTUTGTU TCTATCIALALA)
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200 @ove
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MSD1 TIC. MS File (C\Users\Public' Documents\ChemStation\ 1'Data\202 11 105_BF 2021-11-05 12-18-20024-01FB4-127773.83.0) ES-API, Neg, Scan,
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Area Percent Report
Sorted By : Signal
Multiplier H 1.0000
Dilution : 1.0000

Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL &, Sig=260,4 Ref=400,50

) Infinity 2 LCMS 2 11/8/72021 4:26:18 PM SYSTEM Page 1of 2

i File C:\Users\P...ation\1\Data\202L1105 BF 2021-11-05 12-159-29%\024-D1F-B4-127773.83.D
2le Hame: 127773.8B3

Peak RetTims Type Width Erea Height Lrea
¥ [min] [min] [mAT*=] [mAIT] %
——————————— -]
1 19.245 MF 0.4598 127.20907 4.61089 2.38B8
2 19,800 MF 0.0974 575.81504 98.49812 0.8147
1 19.703 MF 0.069% 21£5.92944 G516.63629 40.8725
4 19.708 MF 0.0662 2043.83972 G514.25098 3.3798
5 19.808 FM 0.030% 262.9B508B 141.66614 4.9384
& 20.105 FM 0.3%964 149.41920 6.268218 2.8058
Totals : 5325.29755 1281.944&0

Reverse-phase HPLC profile for ONG.
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DAD1 A, Sig=200 4 Ref=200,50 (20211108_BF2 2021-11-08 16-48-38\000-D1F-C5-132871.0.0)
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Rrea

Reverse-phase HPLC profile for ON7.
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DAD1 A, Sig=2304 Ref=400,50 (20211108_BF2 2021-11-08 16-48-380004-DF-C3-2182172.1.0)
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1
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e B B L] B B e
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Totals - 4220 RONS9 {39 S5FR49EF

zR:'everse-phase HPLC profile for ONS.
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DADT A, Sig=2004 Ref=400,50 (20211108_BF2 2021-11-08 1848-38\003-D1F-C2-3182174.1.0)
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Reverse-phase HPLC profile for ONO.
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DADT A, Sig=260,2 Ref=+D0,50 [20211105_BF 2021-11-05 12-10-20025-D 1F-BB-3102175.1.0)
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Area Percent Report
Sorted By : Signal
Multiplier : 1.0000
Dilution : 1.0000

Do not use Multiplier & Diluticn Factor with ISTDs

Signal 1: D&Dl &, 5ig=2¢0,4 Ref=400,30

Infinity 2 LCMS 2 11/9/2021 9:54:30 AM SYSTEM Page 1 of 2

File C:\Users\P...ation\1\Data%20211105_BF Z021-11-05 1Z2-15-29\028-D1F-B8-3192175.1.D
le Hame: 319:2175.1

Pzak RetTime Type Widcth Lrea Height BArea
3 [min] [min] [mAU*s] [mAT] %
——————————— -
1 19.893 MF 0.2818 186.88727 11.05233 3.3210
2 20.003 MF 0.070 161.9834¢€ 8.36491 2.8785
3 Z20.200 MF 0.1316 967.93292 122.58730 17.2003
4 20.300 MF 0.0689 1429,43945 345.58673 25.4013
5 20.339 MF 0.06le 1498,59497 405.2543% 26.6302
E 20.366 FM 0.0583 1263.47070 360.99738 22.4520
7 20,492 FM 0.1205 119,1164€ l6.47668 2.1187
Totals : S5E27.42523 1300,31972

Reverse-phase HPLC profile for ON10.
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CAD1 A, Sig=260.4 Ref=400,50 (20180726_J0 2018-07-26 11-37-28'001-P1-B7402551660.0)
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Area Percent Report

Sorted By H Signal
Multiplier H 1.0000
Dilution H 1.0000

Do not use Multiplier & Diluticon Factor with ISTDs

Signal 1: DADL A, Sig=260,4 Ref=400,50

i T/29/2019 11:01:53 AM SYSTEM Page 1of 2

1 File C:\Users\P...tation\14\Data\201%0726 JO 201%-07-26 11-37-26\001-P1-B7-492551b&q.D
1le Hame: 49255lbeg

Peak BetTime Type Width Lrea Height LArea
# [min] [min] [mAT*s5] [mAIT] %
——————————— -
1 17.343 BB 0.1357 23.22223 Z.05684 0.8209
2 18.485 MF 0.1404 3696.49292 435.83374 98.8392
3 3.734 MF 0.0859 20.18972 3.917¢7 0.5398
Totals : 3739.90487 444.80824

Reverse-phase HPLC profile for ON13.
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Sorted By : Sig
Multiplier : 1.0

Dilution : 1.1

Pzak BecTims Type Width Lrsa Height Lrea
) [min] [mim] (mAl*s] [mATT) &

1 B.157 MF 0.1410 10.75872 1.27193 0.2039
2 B.506 MF 0.10%4 Z25%7.e0430 45.32123 5.6400
3 B.B55 MF 0.0931 65.55331 11.73782 1.2423
4 5003 MF 0.128% 147.05121 19.00803 2.78cH
E 5.121 MF 0.078% 2151.8%380 454.54013 40.7812

} Infinitcy 2 LCMS 2 10/13/2020 2:53:33 PM S5YSTEM Page 1l1eof 2

i File C:‘\Users\FP...tion\1\Data“\2020100% BF Z0Z0-10-0% lé-58-4T\00&-D1lF-RA7-ZE00326.12.D

ale Hame: 2e0032c.12

Pzak BecTims Type Width Ar=a Height Arsa

£ [min] (mAU*s] [mAIT] %

£ 5.189% FM L0524 244 137%4 441 .41%31 4¢_3575
7 5.51lc MF L. l4es de.403ce 5.27857 0.8794
| 5.789 MF .lgge 39.87500 3.5366%8 0.7557

.301le 25.38440 1.4028¢ 0.4811
.e417 32.03666 B_3207%=-1 0.6071
-1551 13.98477 1.50238 0_2e50

Reverse-phase HPLC profile for ON14.

5 10.123 MF
10 10.478 MF
11 12.137 FM
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Paak PetTime Type Width Hria Height REea
& [mim] [redm) [mAO*a] [=AO] L]
e e e P e s S EEES
1 B.S60 MF O.2515 31.85194% 2.09T1lE 0.56393
2 10.049 MF 0. 2698 G_D¥EdE 5. SE0ZEE-1 b.1Ez24
3 10,430 MF D.l¥20 1TE.S9440 24.14326 3.1781
4 10.595 pF . 0652 250220288 E39.62335 45.0052

) Infimicy? LOME 1 10/E/Z2020 11:54:45 RM SYSTEM Fage 1l af 2
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la Hame: ZEOO3IZE.1

Paak BetTime Type Width Rrea Height RAraa
& [min] [mdm) [mRO*s] [kl ] &
e i ] e B ] o
5 10.600 P O.0E9% JES2.03331 E35.20264 4B8.2357
E 1l.TE5 bF . LE00 4670032 4.56473 . B&00
T 12.048 MM 0. 5437 15.&7338 4.80433a-1 o.2819
B 13.024 P o.131& T-48531 9.482Tde-1 .1348
9 13.403 P D.155% 15_57&84 1.6E548 0. 2802
10 14.424 MF . 208l 10.72783 5.55247a-1 .1930
11 14.83% MF o.2724 15_75&5T 9._6421%a-1 0. THZ4
12 15.058 MF D.LETS 1531831 1.58380 . 2HE3
13 15.Z68 MF .140% 11. 78071 l.35382 .2119
14 15.541 P O 2230 1H.5TE4ES 1.3BSE1 0. 3342

Reverse-phase HPLC profile for ON15.
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Reverse-phase HPLC profile for ON16.
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DADT A, Sig=250,4 Reaf=400,50 [20220521_BF2 2022-08-21 16-27-22005-D1F-A3-3831223.1.0)

17500000
15000000
12500000
10000000

700000

2500000

Sorted By H Signal
Multiplier H 1.0000
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Peak RetTime Type Widsh Area Height Area
3 [min] [min] [mAE*=] [mAT] &
R e e et -

1l 18_.346& MF 4 _450€1 1.43217

5.23053 1.412E
Z51.3611% 259.08ZZ
205.14€63% S56.4355
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MF
MF
MFE
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1

PH SY3TEM FPage 1l of 2

I EEEEEEE———
lata File C:Z\Taers\P.. .t-'_nn"\-,'_".,Itat:.'-.E:E:CS:'__BZE‘E 2022-0%-21 16-27-22\002-D1F-A3-3831223.1.D

ampl= Hame=: 3IA3ALZZ3.1

Peak RetTime Type Widsh Area Height Area
i [min] [min] [mR*=] [mAD] &
R e e et -

5 1%_280 EM 0.1212 2388.11752 54.73122 10.2878
€ 15.781 FM 0.4538 47 482286 1.T743€5 1.23B0
Total=s : 2822 .52835 GZZ_.T03€0

Reverse-phase HPLC profile for ON17.
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DAL A, Sig=260,4 Ref=400,50 (20220014 _MHK 2022-00-14 11-40-100022-D1F-A3-137474.410)
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Signal 1: DRD1 A, Sig=260,4 R=f=400,50
Peak RetTime Type Width Area Height Area

s [min] [mim] [mAU%s] [mAT] ]

0.1558% 47. 664 1.2838
0.1056 67.757 1.8251
0.1328 32Z2.36 g6.g8002
0.1187 374.637 10.090%

Reverse-phase HPLC profile for ON18.

S-57



DAD1 A, Sig=260.4 Ref=4D0,50 (20z20921_BFZ 2022-08-21 18-27-22\002-D1F-A2-3331221.1.D)
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Sorted By : Signal
Multiplier : 1.0000
Dilution : 1.0000
Do not use Multiplier & Dilution Factor with ISTDs

Signal 1: DADL A, Sig=260,4 Ref=400,50

Peak BetTime Iype Width Area Height Area
# [min] [min] [mAT*s] [mATT] £

1 18.220 MF 0.4364 05.76465 2.51170 1.6981

2 18.84]1 MF 0.0988 184.12778 31.068525 5.3142

3 18.5%%8 MF 0.0914 1195.73523 218.1173% 34.5110

4 15.032 FM 0.1228 1690.35413 226.37971 48.78c6

5 15.179 FM 0.1320 328.81210 41.5012& 9.4501
Totals : 3404.75%388 522.57530

Reverse-phase HPLC profile for ON19.
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Sig=260,4 Ref=400,50

Width Lrea Height Area
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-]
0.1203 367.90045 50.979:3 7.46591
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Reverse-phase HPLC profile for ON20.
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DADA A, Sig=250,4 Raf=400,50 [20220521_BF2 2022-09-31 16-27-22005-D1F-A5-383122001.0)
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Pazk BetIime Type Widch Lrea Height Area
# [min] [min] [mAU* =] [mAT] ®
- I

1l Z0D_.764 MF 0.1£02 42 . 05488 4 _95530 0.741l%
2 Z1.205 MF 0.0585 203.58710 57.04085 3.5BB2
4 21.303 MFP 0.1198 460€.7€553 640.96368 Bl.l946
4 21_420 FM 0.1085 T55.31510 115.64345 13_ 2B66
1290 Infindisy? LCMS 1 5/22f20F2 Z2:31:46 PM SYSTEM Page 1l of 2

Data File C:\Users\P...tion\1'\Data\20220%21 BF2 2022-09%-Z1 16-27-2Z\005-D1F-AS-3831220.1.D
Sample Hame: 382LZ2Z0.1

Peak BetTime Type Width Area Height Area
3  [min] [min] [mAl+=] =] %
el e il - - I
5 21.856 FM 0.1994 45.43597 4_13z282 0.B71
6 22.415 FM 0.1486 12.33401 1.383z23 0.Z174

Reverse-phase HPLC profile for ON21.
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Treatment of mice and analysis of ApoB

All studies were conducted using protocols consistent with local, state, and federal regulations, as
applicable, and were approved by the Institutional Animal Care and Use Committee (IACUC) at
Alnylam Pharmaceuticals. Female C57BL/6 mice (Charles River Laboratories) of 6 -8 weeks old
used. Mice were treated with test article via subcutaneous injection. There were three mice per
group. siRNA was given at a dose of 3 mg/kg on day 0. Plasma samples were collected in EDTA
collection tube at days O (pre-dose), 7, 14, and 21. Apo-B protein levels were determined using the
Mouse ApoB SimpleStep ELISA® Kit (Abcam; catalog number ab230932) in accordance with
the manufacturer’s protocol, and data were normalized to pre-bleed ApoB levels in each individual
mouse.

On- and off-target activity determination in luciferase reporter assay’

COS-7 cells were cultured at 37 °C, 5% CO2 in Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum. Cells, in 96-well plates (15,000 cells/well), were co-transfected with
10 ng luciferase reporter plasmid and 0.64 pM to 50 nM siRNA in 5-fold dilutions using 2 pL
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. Cells
were harvested at 48 hours after transfection for the dual luciferase assay (Promega) according to
manufacturer’s instructions. The on-target reporter plasmid contained a single site perfectly
complementary to the antisense strand in the 3’ UTR of Renilla luciferase. The off-target reporter
plasmid contained four tandem seed-complementary sites separated by a 19-nucleotide spacer
(TAATATTACATAAATAAAA) in the 3> UTR of Renilla luciferase. Both plasmids co-expressed
firefly luciferase as a transfection control.
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Table S3. siRNA activities in luciferase reporter assay

Dublex 1D Sense strand (upper) and antisense ICs0 (nM) ICso fold change
P strand (lower)? (5'-3") relative to parent
Parent aeaecaguGuUCUugcucuauaal 0.0075 1.0
ueUeauaGagcaagaAcAcuguueueu
aeaecaguGuUCUugcucuauaal
IX MoleUeauaGagcaagaAcAcuguueueu 0.0961 13
aeaecaguGuUCUugcucuauaal
221
X Mo2eUeauaGagcaagaAcAcuguueueu 0 6 30
X1 _ aeaecaguGuUCUugcucuauaal 0.0102 14
PipeUeauaGagcaagaAcAcuguueueu
aeaecaguGuUCUugcucuauaal
Xl Mo3eUeauaGagcaagaAcAcuguueueu 0.0107 14
X1 aeaecaguGuUCUugcucuauaal NA NA

Mo2eueauaGagcaagaAcAcuguueueu
2 Chemical modifications are indicated as follows: e, PS linkage; lower case, 2'-OMe; upper case, 2'-F; L, trivalent-
GalNAc.

TTR reporter On-target
160+

o 1404
1204 - Parent

1004
80~ = XlIl (Mo2-AS)

60~ —+ X (M02-AS)
40~
204

% Target remainin

1 1 1 T 1 I 1
Q N o ® > v O D

Q
SiRNA (nM)

Figure S3: Gene silencing activity is inhibited by Mo2 modification of the antisense strand.
Percent luciferase expression in reporter assay as a function of sSiRNA concentration.

In vitro ApoB assay

To evaluate modified siRNA silencing activity in vitro, oligonucleotides were transfected into
primary mouse hepatocytes. Cells were seeded in collagen-coated 96-well plates (50,000
cells/well) and transfected with 0.64 pM to 10 nM siRNA in 5-fold dilutions using 0.3 pl/well
Lipofectamine RNAiMax reagent (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Cells were harvested at 48 h after transfection, and RNA was extracted, and ApoB
mMRNA was quantified by RT-PCR.
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Table S4: In vitro silencing activity of sSiRNAs targeting ApoB.
Sense strand (upper) and antisense strand

Duplex ID (lower)? (5-3") ICs0 (NM) max repression (%)
uege UgAcAaAUAUGYGCcAUCaAL
Parent ueUegAuGcCcAuauluGuCaCaeaea 0.244 84.0
" Mo2egeUgAcAaAUAUGgGCAUCaAL 0.135 85.0

ueUegAuGcCcAuauluGuCaCaeaea

VI uegeUgAcAaAUAUGYGCAUCaAL i 0.2

Mo2eUegAuGcCcAuauluGuCaCaeaea '
Mo2eGeUgAcAaAUAUGYGCAUCaAL
ueUegAuGcCcAuauluGuCaCaeaea

XV uegeUgAcAaAUAUGYGCAUCaAL i 37
Mo2euegAuGcCcAuauUuGuCaCaeaea '

8 Chemical modifications are indicated as follows: e, PS linkage; lower case, 2’-OMe; upper case, 2'-F; L, trivalent-
GalNAc.

X1V 0.023 88.0

ApoB siRNA in PMH (Transfection)

S 1601
@ 140-
% 1204 - Parent
o 1007 = Il (M02-S)
£ 80 -+ VI (M02-AS)
= 28' ~ XV (M02-AS)
< ] -+ XIV (M02-S
:th 204 ( )
1S 0 T T T T T T T T
QO X A O @ % 9 O
@ B8P P N
F PSS
SHESHI
SiRNA (nM)

Figure S4: 5-Mo2 coupled with 2'-fluoro at position 2 of the antisense strand inhibits activity at
the highest concentration tested. Percent ApoB mRA remaining in cells transfected with
indicated siRNA.
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Table S5. Details regarding Oligonucleotides shown in Figure 5.

TTR AS strand (5°-3”)2 5’-end Remarks
modification
-OH
KO* Poor loading.
NH Inefficient  phosphorylation
Sﬁ%l GagcaataAcA . HO lN/&o due to chemical modification
auazagcaag cuguususu :o: or de-phosphorylation by
phosphatases
Q OCHy
VP (Vinyl
phosphonate)
. 0
ON12 @o—gzo ﬁNH Efficient MID  domain
VPusU-auaGagcaagaAcAcuguueusu “ NS0 | loading
0
O OCH,
Mol
o)
ON13 oy " . .
Inhibitor of load
MoleUeauaGagcaagaAcAcuguueu-u &NW o N“To. | InIIer oTIoading
O OCH,
Mo2
o)
0
ON14 C) [ IMost efficient inhibitor of
Mo2+U-auaGagcaagaAcAcuguueusu Lo N9 | loading
O OCH;

8Chemical modifications are indicated as follows: ¢, PS linkage; lower case, 2’-OMe; and upper
case, 2'-F; respectively.

In vitro Ago2 binding assay

Anti-FLAG M2 antibody (2.5 pg) was incubated with 20 ul of Dynabeads® Protein G (Life
Technologies) in PBS supplemented with 0.02% Tween-20. After washing in fresh buffer, 4 pg of
N-terminal FLAG-tagged recombinant human Ago2 (Active Motif, catalog number 31486) was
incubated for 10 min at room temperature with gentle rotation, and unbound protein was removed
by washing in PBS. Beads were resuspended in Ago2 binding and wash buffer (150 mM NacCl, 20
mM Tris pH 8.0, 2 mM MgCl2, 0.5 mM TCEP). Antisense strands of sSIRNAs were added to Ago2
protein immobilized on Dynabeads to a final concentration of 0.05 pg in 40 ul final volume and
allowed to incubate for 1 h at 37° C. After washing beads three times in 1 ml PBS with 0.25%
Triton X-100, RNA was quantified using stem-loop RT-gPCR as previously described.?
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Figure S5. Morpholino analogues disrupt interaction of the 5’-phosphate with the MID domain of
Ago2. Models of Ago2 bound to strands with (A) Mo1l, (B) Mo2, (C) Pip, and (D) Mo3. (E)
Overlay of the complexes shown in panels A-D. (F) Potential hydrogen-bond formation with Moz2.
(G) Ago2 surface colored according to Coulombic potential (blue positive, white neutral). (H)
Ago2 surface colored according to hydrophobicity (green lowest and pink highest).
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