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ABSTRACT: Conjugation of synthetic triantennary N-acetyl-D-galactosamine (GalNAc) to small interfering RNA (siRNA)
mediates binding to the asialoglycoprotein receptor (ASGPR) on the surface of hepatocytes, facilitating liver-specific uptake and
siRNA-mediated gene silencing. The natural β-glycosidic bond of the GalNAc ligand is rapidly cleaved by glycosidases in vivo. Novel
GalNAc ligands with S-, and C-glycosides with both α- and β-anomeric linkages, N-glycosides with β-anomeric linkage, and the O-
glycoside with α-anomeric linkage were synthesized and conjugated to siRNA either on-column during siRNA synthesis or through a
high-throughput, post-synthetic method. Unlike natural GalNAc, modified ligands were resistant to glycosidase activity. The siRNAs
conjugated to newly designed ligands had similar affinities for ASGPR and similar silencing activity in mice as the parent GalNAc−
siRNA conjugate. These data suggest that other factors, such as protein−nucleic acid interactions and loading of the antisense strand
into the RNA-induced silencing complex (RISC), are more critical to the duration of action than the stereochemistry and stability of
the anomeric linkage between the GalNAc moiety of the ligand conjugated to the sense strand of the siRNA.

■ INTRODUCTION
Tissue-specific delivery of small interfering RNAs (siRNAs) to
hepatocytes mediated by conjugation to the synthetic
triantennary N-acetyl-D-galactosamine (GalNAc) ligand (Fig-
ure 1A), which binds to the asialoglycoprotein receptor
(ASGPR) on the surface of hepatocytes, has played a major
role in the development of therapies based on RNA
interference (RNAi). Several GalNAc-conjugated siRNAs,
including givosiran (GIVLAARI), lumasiran (OXLUMO),
inclisiran (LEQVIO), and vutrisiran (AMVUTTRA), have
been approved for clinical use. Givosiran is a subcutaneously
administered RNAi therapeutic approved for the treatment of
acute hepatic porphyria,1 lumasiran is used for the treatment of
primary hyperoxaluria type 1 in all age groups,2 inclisiran is
approved by both the EMA and US FDA for the treatment of

adults with heterozygous familial hypercholesterolemia,3−5 and
vutrisiran is used for the treatment of polyneuropathy caused
by transthyretin amyloidosis in adults.6 All of these siRNAs
contain a triantennary GalNAc ligand conjugated to the 3′ end
of their sense strands.

The ASGPR is a C-type lectin expressed on the surfaces of
hepatocytes that binds to a broad spectrum of carbohydrate
clusters bearing terminal-galactose or galactose-like residues
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such as D-fucose, D-galactose, D-lactose, and GalNAc.7 ASGPR
binds to terminal galactose residues of desialylated serum
glycoproteins through Ca2+ chelation to facilitate the clearance
of aged glycoproteins from circulation via clathrin-mediated
endocytosis.8−11 Upon acidification in early endosomes, the
ligand is released and transported into the lysosomal

compartment, and the receptor is recycled back to the surface
of the hepatocyte.7

Covalent conjugation of an engineered triantennary GalNAc
to therapeutic oligonucleotides enables efficient ASGPR-
mediated delivery of the oligonucleotide payloads into
hepatocytes at pharmaceutically relevant doses.1−5,12,13 Linkers
with different numbers of sugar residues and different steric

Figure 1. (A) Triantennary GalNAc−siRNA with metabolically labile β-O-glycosidic linkages. Orange and black arrows indicate predominant
metabolic cleavage sites of the ligand based on mass spectral analysis of the sense strand extracted from mouse liver at 15 min post-dose. (B)
Observed parent and cleavage products M, M-203 and M-609 confirm β-O-glycosidic linkages as the metabolic hot spots and are shown in the LC-
MS profile. (C) Plausible mechanism of β-O-glycosidic linkage cleavage based on previous studies.

Figure 2. Triantennary GalNAc with β-O-glycosidic linkage I and chemically modified glycosidic linkages II to VIII.
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configurations of the GalNAc clusters have been investi-
gated.14−17 The triantennary GalNAc ligand construct binds to
the receptor with approximately 50-fold higher affinity than the
ligand design terminating with galactose residues.18,19 The
stereochemistry of the hydroxyl groups at positions 3 and 4 of
the GalNAc sugar moiety and its accessibility are critical for
chelating with the Ca2+ ion to facilitate binding to the
receptor.20−22 Several glycomimetic and high-affinity ASGPR
ligands have been synthesized and their binding affinities have
been measured, but their therapeutic utilities have not been
reported.23−27

In the natural ligand and in the optimized ligand mimics, the
receptor-recognizing, exposed sugar moiety is covalently linked
to the core assembly via the anomeric oxygen with a β-
configuration (Figures 1A and S1). This natural β-O-glycosidic
linkage is very susceptible to cleavage by glycosidases present
in the early endosomes. Hydrolysis by a glycosidase involves
general acid and general base assistance from two amino acid
side chains, normally glutamic or aspartic acids, that are
typically located 6−11 Å apart (Figure 1B).28−30 The
glycosidases catalyze oxygen-mediated bond cleavage, possibly
also with anchimeric assistance from the C2-NHAc group.
After ASGPR-clathrin-mediated endocytosis, the β-O-glyco-
sidic bond is rapidly cleaved resulting in separation of the sugar
moieties from the rest of the molecule (Figure S1). This
cleavage also occurs in the context of GalNAc-conjugated
siRNAs after they are taken up by hepatocytes.31,32

The observed short half-life of the glycosidic linkage of the
triantennary GalNAc ligands in the early endosome of the
hepatocytes prompted us to investigate the impact of the
metabolism at the β-O-glycosidic linkage on the silencing
efficacy of GalNAc-conjugated siRNAs in vivo. Metabolically
stable GalNAc ligand monomers bearing S- and C-glycosides
with both α- and β-anomeric linkages and N-glycosides with β-
anomeric linkages were designed and synthesized (Figure 2).
We generated the corresponding triantennary as well as serial 1
+ 1 + 1 GalNAc ligands by post-synthetic conjugation of these
sugar monomers to a triamine-functionalized sense strand
containing either triantennary or serial 1 + 1 + 1 non-
nucleoside GalNAc monomers.14,15 The serial 1 + 1 + 1 format
involves three GalNAc residues linked in series (Figure 3).
These GalNAc−siRNA conjugates were evaluated for binding
affinities to ASGPR, stability in rat tritosomes, in vitro activity
under transfection and free uptake conditions in primary
mouse hepatocytes, and efficacy and activity at the tissue level

(whole liver) in mice relative to the clinically validated parent
β-O-glycosidic ligand.

■ RESULTS AND DISCUSSION
Design and Synthesis of Metabolically Stable

GalNAc−siRNA Conjugates. The natural β-O glycosidic
linkage was replaced at the anomeric position of the pyranose
ring of the parent design I with GalNAc moieties containing α-
O-glycosidic linkages II, α- and β-S-glycosidic linkages IV and
III, which were previously described,33 β-N-glycosidic linkages
V and VI, which involve an amide34 or urea,35 or α- and β-C-
glycosidic linkages VII and VIII, which were previously
reported36,37 (Figure 2). We devised a synthetic method to
synthesize these ligand analogues (17A−22A, Scheme 1) and
their activated NHS esters (17−22, Scheme 1) that allowed us
to chemoselectively attach the GalNAc ligands to oligonucleo-
tides containing triamine using a post-synthetic method
(Scheme 2 and Table 1).

The synthesis of the GalNAc solid support 1 and the on-
column synthesis of the parent GalNAc−siRNA conjugate I
from the solid support were reported earlier from our
laboratory.12 For the post-synthetic approach, the trifluor-
oacetamidylated triamine solid support 2 (Scheme 3) was
designed and synthesized based on a retrosynthetic analysis to
obtain the fully deprotected, triamine-functionalized sense
strand 3 shown in Scheme 2. Post-synthetic conjugation of
NHS ester 4 to the triamine-conjugated oligonucleotide 3
yielded the triantennary GalNAc-conjugated sense strand that,
upon annealing with the antisense strand afforded the
conjugate I (Scheme 2). Use of modified sugar NHS esters
16−22, afforded sense strands conjugates II−VIII (Scheme 2,
Figure 2 and Table 1).

The general approach for the synthesis of NHS esters 4 and
16−22 from their corresponding carboxylic acid precursors 4A
and 16A−22A is depicted in Scheme 1. Briefly, β-O-glycoside
NHS ester 4 was synthesized as described;12 α-O-glycoside
NHS ester 16 was synthesized from the olefin 16B through
oxidative cleavage of the double bond to the carboxylic acid
16A and subsequent NHS ester coupling.12 The NHS esters
17 and 18 of β- and α-S-glycosides were synthesized from
oxazoline 17D38 or thiazoline 18E.39

The galactopyranosylamine 19B34,40−44 was converted to
NHS ester 19 containing an amide linkage and 20 containing a
urea linkage (Scheme 1). Finally, α- and β-C-glycosides 21 and
22 were synthesized from the corresponding allyl precursors
21B36 or 22E37 via olefin metathesis and subsequent

Figure 3. Cartoon of a triantennary GalNAc ligand attached to the sense strand at the 3′-end (left) and a 1 + 1 + 1 trivalent GalNAc conjugate
(right).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01337
J. Med. Chem. 2023, 66, 2506−2523

2508

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c01337/suppl_file/jm2c01337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c01337/suppl_file/jm2c01337_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydrogenation. Each carboxylic acid obtained was stirred with
NHS in the presence of EDC and DIEA at ambient

temperature for 12−14 h to obtain the corresponding NHS
ester with a moderate to high yield.

Scheme 1. Synthesis of Activated Esters of Modified GalNAc Carboxylic Acidsa

aReagents and conditions: (A)�(a) NHS/EDC/CH2Cl2, 97%, (b) RuCl3·H2O/NaIO4, 77%, and (c) NHS/EDC, 82%; (B)�(a), (b) TMSOTf/
DCE, 15%, (c) (i) TFA/CH2Cl2 and (ii) NHS/EDC/CH2Cl2, 69%, and (d) NHS/EDC/CH2Cl2, 63%; (C)�(a) Glutaric Anhydride/Pyridine/
DMAP, 86%, (b) EDC/NHS/CH2Cl2, 65%, (c) DSC/CH3CN, 95%, (d) Et3N, 80%, and (e) (i) H2/Pd−C, (ii) NHS/EDC/CH2Cl2, 35%;
(D)�(a) (i) Second Generation Grubb’s Catalyst/Benzyl 4-Pentenoate, (ii) H2/Pd−C/EtOAc, 39%, (b) EDC/NHS/CH2Cl2, 76%, (c) (i) LAH/
THF, (ii) Ac2O/DMAP/Pyridine, 25%, (d) 5-Hexenoic Acid tert-Butyl Ester/Second Generation Grubb’s Catalyst/CH2Cl2, 68%, (e) (i) H2/Pd−
C/EtOAc, (ii) Ac2O/DMAP/Pyridine, 95%, (f) TFA/CH2Cl2, and (g) NHS/EDC/CH2Cl2, 63%, Two Steps
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Post-synthetic conjugation of GalNAc and anomeric linkage-
modified GalNAc NHS esters 4 and 16−22 to the triamine-
functionalized sense strand 3 afforded the corresponding
triantennary sugar-containing sense strands 23−30 (Scheme
2). The sense strand was synthesized from the solid support 2
under standard solid-phase oligonucleotide synthesis and
deprotection conditions.

The sense strand 3 was chemoselectively coupled with the
desired NHS ester in a buffer at pH 7.2 to obtain the
corresponding triantennary GalNAc-conjugated sense strand.
Deprotection of the acetate on the sugar moieties under an
aqueous methylamine condition at room temperature for 4 h
gave completely deprotected GalNAc-conjugated sense strands
23−30 in good yields after HPLC purification. The integrity of
each modified sense strand was confirmed by LC−MS analysis
(Table S1). Annealing of the sense strands with equimolar
amounts of the antisense strands afforded the siRNAs I−VIII
(Figures 1 and 2, Table 1).

We demonstrated previously that serial presentation of three
GalNAc moieties in a GalNAc−siRNA conjugate can elicit
robust gene silencing similar to the parent triantennary
conjugate design upon subcutaneous administration in mice,
so long as the proximity of the sugar moieties and the flexibility
of the tether connecting individual sugar moieties to the
central core are maintained.14 In the present study, in addition
to the parent design I, we evaluated one of the most active
alternate triantennary ligands, the 1 + 1 + 1 design IX, that we

described previously.14,15 This design was functionalized with
anomeric linkage-modified sugar moieties to obtain conjugates
X−XVI (Table 1).
In Vitro Binding Affinities to ASGPR and Target Gene

Silencing by Novel GalNAc−siRNA Conjugates. The
binding affinities of the GalNAc−siRNA conjugates to ASGPR
were determined using a fluorescence-based assay in freshly
isolated primary mouse hepatocytes.12 The inhibitory con-
stants (Ki values) for each GalNAc-conjugated siRNA are
shown in the Table 1. The binding affinities of the siRNAs
conjugated to the α anomers of C- and S-linked GalNAc
(siRNAs VII and IV, respectively) were enhanced by two-fold
compared to siRNA I, which is conjugated to the parent β-O-
glycoside. In contrast, the affinities of α-O- (siRNA II) and β-
N-, (siRNAs V and VI) C-, and S-glycosides (siRNAs VIII and
III, respectively) had 2−3 fold decreases in binding affinity.
The siRNAs conjugated to 1 + 1 + 1 ligand designs (siRNAs
IX−XVI) generally exhibited lower affinity for ASGPR than
the triantennary conjugates (siRNAs I−VIII). This may be a
result of the shorter tether lengths employed in the case of 1 +
1 + 1 designs.

We previously demonstrated that siRNAs I and IX, bearing
the triantennary and 1 + 1 + 1 GalNAc ligands,14,15 elicit
robust in vitro gene silencing in primary hepatocytes under free
uptake and transfection conditions. The in vitro potencies, as
measured by half maximal inhibitory concentrations (IC50)
determined from dose−response curves in primary mouse

Scheme 2. On-Column Synthesis of Sense Strand 3 and Post-synthetic Conjugation of GalNAc and Anomeric Linkage-
Modified GalNAc to siRNAa

aThe nucleotides of the sense strand are indicated by blue beads and those of the antisense strand by red beads. (i) On-column synthesis and
deprotection; (ii) buffer, pH 7.2, room temperature, 4 h; and carbohydrate deprotection (iii) annealing with a complementary antisense strand.
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hepatocytes, with and without transfection reagent, for
conjugates II−VIII and X−XVI and parent siRNAs I and IX
are listed in Table 1. To allow comparisons of intrinsic
potencies, the cells were incubated with GalNAc−siRNA
conjugate in the presence of lipofectamine RNAiMAX
transfection agent. Under these conditions, in which binding
affinities for the ASGPR are not expected to impact potency,

IC50 values were found to be comparable within experimental
error. Under free uptake conditions, the IC50 values for the
siRNAs with different sugar anomeric modifications varied
over a five-fold range, reflecting interactions of the ligand-
conjugated siRNA with ASGPR.
Modeling of the GalNAc Interaction with ASGPR. To

study how metabolically stable GalNAc ligand monomers

Table 1. Receptor Binding Affinity and IC50 Values for Gene Silencing of Triantennary GalNAc-Conjugated siRNAs I−VIII
and IX−XVI

a[a] The siRNAs target mouse Ttr. The different sense strands used are shown in the last column of the Table and the antisense strand is common
to all these sense strands is 5′-u•U•aUaGaGcAaGaAcAcUgUu•U•u-3′, where uppercase italics and lower-case letters indicate 2′-deoxy-2′-fluoro
and 2′-O-methyl sugar modifications, respectively, to adenosine (A), cytidine (C), guanosine (G) and uridine (U); • indicates phosphorothioate
linkage; and X shown in red indicates the GalNAc ligand. bThe deviation indicates standard error.
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interact with ASGPR, we modeled GalNAc with either an α-O-
glycosidic linkage (I) or a β-O-glycosidic linkage (II) bound to
ASGPR based on the available crystal structures of the ASGPR
carbohydrate recognition domain (CRD; Figure 4A,B) and
complexes between ASGPR-CRD and carbohydrates.14,15 Both
α and β configurations are compatible with binding, and steric
repulsions can be avoided (Figure 4C). The stereochemistries
at positions 2, 3, and 4 of the pyranose sugar moiety, which are
critical for Ca2+-mediated binding to the receptor,20 and the 5-
atom tether length between the anomeric oxygen and amide
linkage of the parent design were maintained in all ligand
derivatives evaluated. Altering the stereochemistry at position 4
from axial to equatorial disrupts Ca2+-chelation and hence
binding to the receptor,12 and modeling further confirmed the
incompatibility (Figure 4D). Modeling also suggested that
substitution of the anomeric oxygen with sulfur, nitrogen, or
carbon or a change of the anomeric linkage configuration from
β to α would have little or no impact on binding to ASGPR
(Figure 4C).

Efficacy and Duration of GalNAc−siRNA Conjugates
In Vivo. We next evaluated the efficacy in mice of all the sugar-
modified conjugates bearing the triantennary GalNAc ligand
designs at three doses (0.3, 1, and 3 mg/kg) given
subcutaneously. As a measure of gene silencing, circulating
TTR protein levels were monitored; these levels correlated
with mRNA depletion, as previously reported.11,12 As expected
based on previous analyses,11,12 the siRNA conjugated to the
parent β-O-GalNAc (siRNA I) elicited robust gene silencing
with a median effective dose (ED50) of 1 mg/kg. The siRNAs
II−VII reduced circulating TTR protein by approximately 20,
60, and 80% after single, subcutaneous doses of 0.3, 1, or 3
mg/kg, respectively, similar to reductions induced by the
parent siRNA I (Figure 5).

Next, the durations of action of these conjugates were
studied. Upon subcutaneous administration of a single 3 mg/
kg dose of siRNAs I−VII, levels of circulating TTR protein
were reduced by at least 80% at 4 days post-dose relative to
animals treated with the PBS control (Figure 6). Maximum
TTR protein reduction of at least 90% was observed 13 days

Scheme 3. Synthesis of Solid Support 2a

aReagents and conditions: (i) EDC·HCl/HOBt, Room Temperature, 97%; (ii) HCOOH, 48 h; (iii) EDC·HCl/HOBt, Room Temperature; (iv)
LiOH/THF:H2O (3:1), Room Temperature, 14 h; (v) 4 M HCl in Dioxane; (vi) CF3COOEt/Et3N, 48 h; (vii) HBTU/HOBt/DCM/DMF; and
(viii)�(a) Succinic Anhydride/DMAP/DCM; (b) HBTU/DIEA/lcaaCPG; and (c) Ac2O/Py, Room Temperature, Loading: 58 μmol/g

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01337
J. Med. Chem. 2023, 66, 2506−2523

2512

https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=sch3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


post-dose for all conjugates. Initial recovery of the TTR
protein levels was observed 20 days post-dose (∼60% target
reduction compared to the PBS control group). On average,
the trend for target recovery was similar to the parent I for
siRNA conjugates with anomeric linkages II−VII.

At least 80% suppression of circulating TTR protein was
observed at nadir (7 days post-dose) for siRNAs conjugated to
stable α and β C-glycosides linked to triantennary GalNAc
(siRNAs VII and VIII), equivalent to the parent compound I.
The siRNAs conjugated to α and β C-glycosides in the serial 1
+ 1 + 1 design (siRNAs XV and XVI) yielded somewhat lower

protein reductions of approximately 70% (Figure 7), as
predicted given the shorter linker design and lower ASGPR
affinity. Nevertheless, no significant differences in duration of
effect were observed across compounds regardless of their
GalNAc ligand design.
Metabolic Stability of Novel GalNAc−siRNA Con-

jugates. GalNAc-conjugated siRNAs were evaluated in a
previously described rat tritosome assay to evaluate their
metabolic stability in the endo-lysosomal compartments.45 The
GalNAc-conjugated siRNAs were incubated in rat tritosomes
at pH 5.0 for 0, 2, 6, and 24 h at 37 °C and then analyzed by

Figure 4. Modeling of the GalNAc interaction with ASGPR-CRD. (A) Crystal structure of ASGPR-H1-CRD (PDB ID 1DV8).22 Ca2+ ions are in
green, and their coordination spheres are indicated with dashed lines. Water molecules are shown as small red spheres. Three disulfide bridges are
highlighted in the ball-and-stick mode, with sulfur atoms colored in yellow. The green arrow points to the Ca2+ involved in GalNAc binding. (B)
Crystal structure of the trimeric mannose binding protein QPDWGH mutant (PDB ID 1BCH)21 bound to GalNAc (light blue cartoon) with
ASGPR-H1-CRD (tan) overlaid on one of the mannose binding protein lobes. GalNAc carbon atoms are shown in black, and a sodium ion
coordinated to the central coil−coil stalk is colored in purple. (C) Model of GalNAc bound to ASGPR-H1-CRD based on combining the structural
information from (A,B). The substituents at C1 that connect to the linker are highlighted as yellow spheres, and arrows show the directions that the
linker takes for axial (C1ax) and equatorial (C1eq) substitutions at C1. Carbon atoms of CRD residues surrounding the GalNAc sugar are colored in
cyan and labeled. The axial substitution at C1 points roughly in the direction of the six-membered ring of the W243 side chain (the shortest sulfur−
ring distance is ca. 3.2 Å in the model) and may account for the differences in Ki relative to equatorial substituents that jut into open space (Table
1). (D) Changing the sugar stereochemistry from C3-equatorial/C4-axial to C3-equatorial/C4-equatorial and maintaining the coordination of the
two hydroxyl groups to Ca2+ results in a clash between the linker and the CRD. The sugar C1 and linker carbon atoms are colored in gold, and the
linker was modeled in an extended conformation. The CRD/GalNAc (C3eq−C4eq) complex model depicted in (D) is rotated by about 120° in an
anti-clockwise direction around the normal to the plane of projection relative to the model of the CRD-GalNAc (C3eq−C4ax) complex model
depicted in (C).
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analytical HPLC and by LC−MS. Carbohydrate moieties of
natural beta O-glycosides I and alpha O-glycosides II were
cleaved from the siRNAs within 2 h (Figure 8). As expected,
GalNAc−siRNA conjugates III−VIII retained their sugar
moieties even after 24 h in the presence of tritosomes (Figure
8).

To confirm these findings in vivo, metabolic profiles were
evaluated in mouse liver either 2 or 8 h post dosing with 10
mg/kg of the GalNAc-conjugated siRNA. Livers were
harvested, and sense strands were analyzed by LC−MS. As
expected, the GalNAc ligand with the natural β-O-glycosidic
linkage was cleaved from siRNA I at a very early time point,
and no GalNAc-conjugated sense strand was detected at the 8
h time point. The β-S- (siRNA III), β-N- (siRNA V), and α-C-
(siRNA VII) anomeric bonds were not cleaved at 8 h after
subcutaneous administration (Figure 9). Similar stabilities
were observed for siRNAs VIII, XV, and XVI (data not
shown).

Finally, the amount of the active antisense strands in the
livers of mice treated with siRNAs conjugated to modified
GalNAc ligands was determined using the previously described
hybridization methods.11,12 Antisense strand levels were similar
in mice treated with siRNAs conjugated to β-S- (siRNA III),
β-N- (siRNA V), and α-C- (siRNA VII), and these levels were
comparable to those of the siRNA conjugated to GalNAc with

the natural β-O-glycosidic anomeric linkage (siRNA I) (Figure
10). This finding indicated that the triantennary ligands
described in this study do not impact loading of the antisense
strand into the RNA-induced silencing complex (RISC) and
that levels of the antisense strand correlate with in vivo gene
silencing.

Figure 5. siRNA conjugates with anomeric linkages have activity similar to the parent in vivo. Circulating TTR levels were measured on day 7 post-
dose in C57/BL6 female mice (n = 3). Mice were injected with a single, subcutaneous dose of 0.3, 1, or 3 mg/kg of GalNAc−siRNA or with PBS
on day 0. Serum was collected on day 0 (pre-dose) and day 7 post-dose. TTR protein levels were measured and normalized to the individual pre-
dose samples. Data were normalized to the saline control group. Error bars represent standard deviations.

Figure 6. Durability of gene silencing by GalNAc−siRNA conjugates
with stabilized anomeric linkages. Circulating TTR levels were
measured over time in C57/BL6 female mice (n = 3) injected with
a single subcutaneous dose of 3 mg/kg of GalNAc−siRNA or with
PBS on day 0. Serum was collected on day 0 (pre-dose) and on days
4, 13, 20, 27, and 34 post-dose. TTR protein levels were measured
and normalized to the individual pre-dose samples. Error bars
represent standard deviations.

Figure 7. Pharmacodynamic profiles of TTR serum protein reduction
over time for (A) triantennary GalNAc-conjugated siRNAs (I, VII,
and VIII) or (B) 1 + 1 + 1 GalNAc-conjugated siRNAs (XVI, XV,
and IX). Circulating TTR levels were measured over time in C57/
BL6 female mice (n = 3) injected with a single, subcutaneous dose of
1.5 mg/kg siRNA conjugates on day 0. Serum was collected on day 0
(pre-dose) and on days 4, 13, 20, 27, and 34 post-dose. TTR protein
levels were measured and normalized to the individual pre-dose
samples. Error bars represent standard deviations.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01337
J. Med. Chem. 2023, 66, 2506−2523

2514

https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01337?fig=fig7&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ CONCLUSIONS
In this study, we were interested in understanding the relative
contributions of ASGPR-mediated uptake, glycosidases-medi-
ated cleavage of sugar anomeric linkage, and RISC loading to
the gene silencing activities of siRNAs conjugated to novel
GalNAc ligands with metabolically stable linkers. As the β-O-
glycosidic linkage is hydrolyzed by glycosidases, we reasoned
that improving the metabolic stability of the natural β-O-
glycosidic linkage against the glycosidases in the triantennary
GalNAc ligand used for delivery of siRNAs into hepatocytes
should improve the durability of gene silencing. The metabolic

stability enhancement expected due to the chemical changes in
the anomeric linkage was confirmed in a liver tritosome assay
and by analysis of intact GalNAc-conjugated sense strand in
liver tissues of mice. Differences in the anomeric bond did not
result in significant differences in the affinity of the GalNAc-
conjugated siRNA for ASGPR, which is the receptor that
facilitates efficient delivery of the GalNAc-conjugated siRNA
into hepatocytes, or differences in uptake of the siRNA into
hepatocytes, confirming that the receptor binding is not
governed by the stereo configuration of the anomeric position
and/or the nature of the anomeric linkage of the sugar moiety.
Moreover, the RISC-mediated silencing efficiency was not
affected by the glycosidic linkage.

Interestingly, the higher metabolic stability of the anomeric
linkage did not contribute to an enhanced duration of the Ttr
gene silencing in cell-based assays or in a mouse model. This
finding indicates that the duration of RNAi activity observed in
preclinical species and in humans is presumably determined by
siRNA stability in endosomal and lysosomal compartments
rather than by metabolic stability of the the GalNAc sugar
moieties.45 Anomeric linkage metabolic stability is not
detrimental to ASGPR binding, and, more importantly, the
stabilized triantennary ligands described in this study do not
appear to impact loading of the antisense strand into the RISC,
as silencing activity was maintained in vitro and in vivo.40,46 In
summary, the protein−nucleic acid interactions involved in the
RNA metabolic stability mediated by the nucleases and RISC
loading and silency efficiency mediated by the slicer enzyme
Argonaute 2 appear to be more critical to the duration of
action than the stability of the linkage between the GalNAc
ligand and the sense strand of the siRNA. The findings from
the present work further explain the ongoing efforts to improve
the therapeutic utility of siRNA-GalNAc conjugates, as
demonstrated by several recent publications.47−53

GalNAc-conjugated siRNAs such as inclisiran are now being
used to treat metabolic diseases like hypercholesterolemia,
which affect large numbers of patients globally, and this
demands the convenient large-scale synthesis of such
conjugates. As part of this study, we devised a general
synthetic method to anchor the GalNAc sugar monomers to
two different triantennary amine-containing oligonucleotide
scaffolds, enabling rapid access to a variety of GalNAc
derivative-siRNA conjugates. This post-oligonucleotide syn-
thesis method is efficient and may prove more cost-effective

Figure 8. Modified GalNAc ligands remain on the siRNAs in rat liver tritosomes. Compounds were incubated with rat liver tritosomes for the
indicated times, and the remaining full-length sense strand with the ligand was quantified by HPLC.

Figure 9. Anomeric linkages of modified GalNAc ligands are stable in
vivo. Metabolic stability of the anomeric linkage in indicated GalNAc-
conjugated siRNAs was measured at 8 h after a 10 mg/kg dose was
given to C57/BL6 female mice (n = 3). Livers were harvested,
digested, and extracted by solid-phase extraction, and the percent
intact GalNAc-conjugated sense strand was analyzed by LC−MS
using a Q Exactive-Orbitrap mass spectrometer.

Figure 10. Antisense strand levels of siRNAs conjugated to GalNAc
ligands with different anomeric linkages are similar in livers 24 h after
subcutaneous dosing. The concentrations of the liver antisense strand
were evaluated by hybridization methods.
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than the current on-column method.12 This synthetic route
could be used in the synthesis of GalNAc−siRNA conjugates
for future therapeutic development.

■ EXPERIMENTAL SECTION
General Methods. All novel small-molecule compounds were

found to be >95% pure by HPLC, NMR, and HR-MS analyses. All
siRNA duplexes were purified and characterized by LC−MS and
evaluated for endotoxin levels and purity levels. TLC was performed
on Merck silica-coated plates. Compounds were visualized under UV
light (254 nm) or after spraying with the phosphomolybdic acid
staining solution, followed by heating. Flash column chromatography
was performed using a Teledyne ISCO Combi Flash system and pre-
packed RediSep Teledyne ISCO silica gel cartridges. All moisture-
sensitive reactions were carried out under anhydrous conditions using
dry glassware, anhydrous solvents, and an 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 an Agilent 6130 single quadrupole
spectrometer using the direct injection mode with 0.1% acetic acid in
water and methanol (1:1, v/v). 1H, 13C, 19F, and 31P NMR spectra
were recorded at 400 or 500, 100 or 125, 376, and 162 MHz,
respectively (Supporting Information, Section III). Chemical shifts are
given in ppm with reference to the solvent residual peak (DMSO-
d6�1H: δ at 2.50 ppm and 13C δ at 39.5 ppm; CD3OD�1H: δ at
4.87 ppm and 13C δ at 49.0 ppm). Coupling constants are given in Hz.
Signal splitting patterns are described as singlet (s), doublet (d),
triplet (t), broad signal (br s), or multiplet (m).
Compound Synthesis. Compound 4. To a stirred solution of

acid 4A (25.44 g, 56.9 mmol) in DCM (200 mL) were added NHS
(7.2 g, 62.59 mmol), EDC (13.04 g, 68.27 mmol), and DIEA (17.6
mL, 136.5 mmol) dropwise over 5 min. The reaction mixture was
stirred at room temperature for 14 h, and 100 mL of water was added,
followed by extraction with DCM (100 mL twice), washing with citric
acid (5%), sat. NaHCO3, and brine, and drying over anhydrous
Na2SO4. Concentration of the solvent gave the product 4 as a foamy
solid (30 g, 97%). 1H NMR (400 MHz, DMSO-d6): δ 7.81 (d, J = 9.2
Hz, 1H), 5.20 (d, J = 3.3 Hz, 1H), 4.95 (dd, J = 11.2, 3.4 Hz, 1H),
4.49 (d, J = 8.5 Hz, 1H), 4.02 (s, 3H), 3.94−3.82 (m, 1H), 3.73 (dt, J
= 10.6, 5.5 Hz, 1H), 3.45 (dt, J = 11.6, 5.9 Hz, 1H), 2.80 (s, 4H), 2.66
(t, J = 7.2 Hz, 2H), 2.09 (s, 3H), 1.99 (s, 3H), 1.88 (s, 3H), 1.76 (s,
3H), 1.65−1.55 (m, 4H). 13C NMR (126 MHz, DMSO-d6): δ 170.2,
170.0, 169.9, 169.6, 169.3, 168.9, 100.8, 70.5, 69.9, 68.0, 66.7, 61.4,
49.3, 40.0, 39.8, 39.7, 39.5, 39.3, 39.2, 39.0, 29.8, 27.8, 25.4, 22.7,
20.9, 20.5, 20.4. HRMS calcd for C23H33N2O13 [M + H]+, 545.1983;
found, 545.1985.
Compound 16A. Solid sodium periodate (3.44 g, 16 mmol) was

added to a stirred mixture of alkene 16B synthesized as described
previously12 (1.26 g, 2.93 mmol) in DCM (10 mL), acetonitrile (10
mL), and water (15 mL), followed by the addition of ruthenium
trichloride monohydrate (15 mg, 0.053 mmol). Change of color from
light to dark green and a slight exothermic effect indicated the
initiation of the oxidation reaction. The mixture was stirred at
ambient temperature and monitored by TLC. After 3 h, the mixture
was filtered through a plug of Celite and washed with DCM. Solvents
were removed under reduced pressure, and the residue was dissolved
in DCM (50 mL), washed with water (50 mL) and brine (50 mL),
and dried over anhydrous Na2SO4. Solvents were removed under
vacuum, and purification by column chromatography using 20−100%
ethyl acetate in hexanes as eluents yielded compound 16A (0.98 g,
77%) as a colorless viscous oil. 1H NMR (400 MHz, DMSO-d6): δ
12.02 (br s, 1H), 7.99 (d, J = 8.1 Hz, 1H), 5.31 (d, J = 2.5 Hz, 1H),
5.0 (dd, J = 11.8, 3.2 Hz, 1H), 4.83 (d, J = 3.5 Hz, 1H), 4.27−4.09
(m, 2H), 4.06−3.95 (m, 2H), 3.70−3.53 (m, 1H), 3.48−3.34 (m,
1H), 2.30−2.17 (m, 2H), 2.09 (s, 3H), 1.99 (s, 3H), 1.89 (s, 3H),
1.80 (s, 3H), 1.64−1.50 (m, 4H). 13C NMR (126 MHz, DMSO-d6):
δ 174.3, 170.0, 169.9, 169.7, 169.6, 96.8, 67.4, 67.3, 67.1, 66.0, 61.9,
47.2, 33.3, 28.3, 22.3, 21.1, 20.5, 20.48, 20.42. HRMS calcd for
C19H30NO11 [M + H]+, 448.1819; found, 448.1828.

Compound 16. To a solution of 16A (171 mg, 0.38 mmol) in
anhydrous DCM (10 mL) was added N-hydroxysuccinimide (NHS)
(70 mg, 0.57 mmol) and DIEA (0.20 mL, 1.14 mmol). EDC (110 mg,
0.57 mmol) was added, and the reaction was stirred overnight at
ambient temperature. The reaction mixture was extracted with DCM,
followed by washing with water (50 mL) and brine (50 mL), and the
organic layer was dried over anhydrous Na2SO4. Solvents were
removed under vacuum, and purification by column chromatography
using EtOAc/hexanes (30−100%) as eluents yielded 16 as a white
foam (0.172 g, 82%). 1H NMR (400 MHz, DMSO-d6): δ 8.00 (d, J =
8.1 Hz, 1H), 5.31 (dd, J = 3.4, 1.3 Hz, 1H), 5.01 (dd, J = 11.8, 3.2 Hz,
1H), 4.85 (d, J = 3.5 Hz, 1H), 4.27−4.08 (m, 2H), 4.09−3.93 (m,
2H), 3.63 (dt, J = 9.9, 5.9 Hz, 1H), 3.42 (dt, J = 10.0, 5.9 Hz, 1H),
2.80 (s, 4H), 2.70 (t, J = 7.2 Hz, 2H), 2.09 (s, 3H), 1.99 (s, 3H), 1.89
(s, 3H), 1.80 (s, 3H), 1.77−1.56 (m, 4H). 13C NMR (126 MHz,
DMSO-d6): δ 170.0, 169.8, 169.7, 169.57, 169.52, 168.7, 96.7, 67.4,
67.0, 66.8, 65.9, 61.7, 47.1, 29.7, 27.6, 25.3, 22.2, 20.94, 20.4, 20.3,
20.2. HRMS calcd for C23H33N2O13 [M + H]+, 545.1983; found,
545.1987.

Compound 17B. To a stirred solution of 17D (1.65 g, 5 mmol) in
ethylene dichloride (15 mL) were added tert-butyl 5-mercaptopenta-
noate 17C (1.0 g, 5.25 mmol) and TMSOTf (0.181 mL, 1.0 mmol) at
0 °C, and the mixture was stirred at room temperature overnight. The
reaction mixture was diluted with CH2Cl2 (100 mL) followed by
washing with water (50 mL), saturated aq. NaHCO3 (50 mL), brine
(50 mL), and the organic layer was dried over anhydrous Na2SO4.
Concentration of the solvent gave the crude material, which was
purified by column chromatography (0−5% MeOH in CH2Cl2) to
give 17B (380 mg, 0.731 mmol, 15%) as white foam. 1H NMR (400
MHz, CDCl3): δ 5.55 (d, J = 9.6 Hz, 1H), 5.38 (d, J = 3.2 Hz, 1H),
5.12 (dd, J = 10.8, 3.2 Hz, 1H), 4.61 (d, J = 10.4 Hz, 1H), 4.24 (q, J =
10.2 Hz, 1H), 4.08−4.18 (m, 2H), 3.90 (t, J = 6.6 Hz, 1H), 2.75−2.80
(m, 1H), 2.64−2.69 (m, 1H), 2.23−2.27 (m, 2H), 2.16 (s, 3H), 2.05
(s, 3H), 2.01 (s, 3H), 1.96 (s, 3H), 1.61−1.69 (m, 4H), 1.45 (s, 9H).
13C NMR (100 MHz, CDCl3): δ 173.1, 170.8, 170.6, 170.5, 170.4,
84.9, 80.5, 74.6, 71.6, 67.1, 61.8, 49.8, 35.0, 29.9, 28.8, 28.3, 23.9,
23.5, 20.9, 20.8. HRMS calcd for C23H37NNaO10S [M + Na]+,
542.2036; found, 542.2032.

Compound 17. To a stirred solution of compound 17B (380 mg,
0.731 mmol) in CH2Cl2 (4 mL) was added trifluoroacetic acid (1
mL) at 0 °C. The mixture was stirred at 0 °C for 2 h and then at room
temperature for 3 h. The solvent was removed by evaporation, and the
residue was co-evaporated with toluene to obtain the crude acid. This
material in CH2Cl2 (5 mL) was added to N-hydroxysuccinimide (168
mg, 1.46 mmol), EDC (280 mg, 1.46 mmol), and DIEA (0.764 mL,
4.38 mmol), and the reaction mixture was stirred at room temperature
for 14 h. The reaction mixture was diluted with CH2Cl2 (100 mL),
followed by washing with water (50 mL), saturated aq. NaHCO3 (50
mL), and brine (50 mL). The organic layer was dried over anhydrous
Na2SO4. Concentration of the solvent gave the crude material, which
was purified by column chromatography (0−5% MeOH in CH2Cl2)
to give 17 (284 mg, 0.507 mmol, 69%) as a white foam. 1H NMR
(400 MHz, CDCl3): δ 5.70 (d, J = 9.6 Hz, 1H), 5.36 (d, J = 3.2 Hz,
1H), 5.08 (dd, J = 10.4, 3.2 Hz, 1H), 4.60 (d, J = 10.8 Hz, 1H), 4.32
(q, J = 10.2 Hz, 1H), 4.11−4.14 (m, 2H), 3.93 (t, J = 6.6 Hz, 1H),
2.85−2.90 (m, 4H), 2.51−2.74 (m, 4H), 2.16 (s, 3H), 2.04 (s, 3H),
1.99 (s, 3H), 1.95 (s, 3H), 1.76−1.79 (m, 4H). 13C NMR (125 MHz,
CDCl3): δ 170.9, 170.6, 170.5, 170.4, 169.7, 168.9, 84.3, 74.5, 71.7,
67.1, 61.9, 49.4, 30.8, 29.4, 28.0, 25.8, 25.7, 23.5, 23.4, 20.92, 20.88,
20.86. HRMS calcd for C23H32N2NaO12S [M + Na]+, 583.1574;
found, 583.1572.

Compound 18. To a solution of compound 18A39 (2.40 g, 5.18
mmol) in CH2Cl2 (30 mL) were added N-hydroxysuccinimide (716
mg, 6.22 mmol), EDC (1.19 g, 6.22 mmol), and DIEA (2.7 mL, 15.5
mmol), and the reaction mixture was stirred at room temperature for
14 h. The reaction mixture was diluted with CH2Cl2 (100 mL),
followed by washing with water (50 mL), saturated aq. NaHCO3 (50
mL), and brine (50 mL). The organic layer was dried over anhydrous
Na2SO4. Concentration of the solvent gave the crude material, which
was purified by column chromatography (0−5% MeOH in CH2Cl2)
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to give 18 (1.83 g, 3.26 mmol, 63%) as a white foam. 1H NMR (500
MHz, CDCl3): δ 5.60 (d, J = 8.5 Hz, 1H), 5.49 (d, J = 5.5 Hz, 1H),
5.38 (d, J = 2.0 Hz, 1H), 5.04 (dd, J = 11.8 Hz, 3.3 Hz, 1H), 4.74−
4.80 (m, 1H), 4.54 (t, J = 6.5 Hz, 1H), 4.12 (dd, J = 11.3 Hz, 6.3 Hz,
1H), 4.07 (dd, J = 11.3 Hz, 6.8 Hz, 1H), 2.84 (br s, 4H), 2.58−2.72
(m, 4H), 2.16 (s, 3H), 2.04 (s, 3H), 2.00 (s, 3H), 1.97 (s, 3H), 1.73−
1.84 (m, 4H). 13C NMR (125 MHz, CDCl3): δ 171.1, 170.5, 170.4,
170.3, 169.3, 168.3, 85.0, 68.7, 67.5, 62.0, 48.4, 30.59, 30.57, 28.5,
25.7, 23.7, 23.5, 20.88, 20.86. HRMS calcd for C23H32N2NaO12S [M
+ H]+, 583.1574; found, 583.1566.
Compound 19. To a stirred solution of 2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosylamine 19B (10.0 g, 28.89 mmol) and glutaric
anhydride (3.29 g, 28.89 mmol) in DCM (100 mL) were added
pyridine (4.6 g) and DMAP (0.176 g). The reaction mixture was
stirred for 14 h at room temperature. Concentration followed by
drying under reduced pressure gave the crude product acid 19A
(11.45 g, 86%). To a stirred solution of the acid (7.6 g, 16.51 mmol)
in DCM (100 mL) were added NHS (2.09 g, 18.16 mmol), EDC (3.8
g, 19.8 mmol), and DIEA (7.16 mL, 41.27 mmol) dropwise over 5
min. The reaction mixture was stirred at room temperature for 14 h,
and 100 mL of water was added, followed by extraction with DCM
(50 mL twice), washing with citric acid (5%), sat. NaHCO3, and
brine, and drying over anhydrous Na2SO4. Concentration of the
solvent gave the product 19 (6 g, 65%) as a foamy solid. 1H NMR
(400 MHz, CDCl3): δ 7.07 (d, J = 8.6 Hz, 1H), 5.83 (d, J = 8.8 Hz,
1H), 5.09 (t, J = 9.2 Hz, 1H), 5.01 (dd, J = 5.02, 11.2 Hz, 1H), 4.3 (q,
J = 9.91 Hz, 1H), 4.17−4.05 (m, 2H), 3.99 (t, J = 6.6 Hz, 1H), 2.85
(br s, 4H), 2.65 (t, J = 7.14 Hz, 2H), 2.43−2.3 (m, 2H), 2.16 (s, 3h),
2.04 (s, 3H), 2.03 (s, 3H), 2.1−1.98 (m, 2H), 1.94 (s, 3H). 13C NMR
(101 MHz, CDCl3): δ 172.5, 172.2, 171.0, 170.5, 170.2, 168.2, 80.0,
72.2, 70.9, 66.6, 61.5, 49.3, 34.6, 30.0, 25.7, 23.1, 20.7, 20.3. HRMS
calcd for C23H31N3O13 [M + H]+, 558.1935; found, 558.1890.
Compound 20D. To a stirred solution of 2,3,4,6-tetra-O-acetyl-β-

D-galactopyranosylamine 19B (3.0 g, 8.66 mmol) in acetonitrile (50
mL) was added N,N′-disuccinimidyl carbonate (2.22 g, 8.66 mmol).
After stirring overnight (14 h) at room temperature, the mixture was
concentrated, extracted with ethyl acetate (50 mL three times),
washed with water, 5% citric acid, and brine, and dried over
anhydrous Na2SO4. Removal of the solvent under reduced pressure
gave the product 20D (3.8 g, 95%). 1H NMR (400 MHz, DMSO-d6):
δ 9.21 (d, J = 9.28 Hz, 1H), 7.91 (d, J = 8.96 Hz, 1H), 5.26 (d, J =
3.32, 1H), 5.07 (dd, J = 3.5, 11.0 Hz, 1H), 4.95 (t, J = 9.48 Hz, 1H),
4.13 (t, J = 6.28 Hz, 1H), 4.09−3.96 (m, 3H), 2.76 (br s, 4H), 2.09 (s,
3H), 1.99 (s, 3H), 1.89 (s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz,
DMSO-d6): δ 172.8, 171.3, 170.6, 170.0, 169.8, 169.50, 81.7, 71.5,
70.6, 66.6, 61.6, 48.6, 25.3, 22.6, 20.5, 20.48, 20.45. HRMS calcd for
C19H25N3NaO12 [M + Na]+, 510.1336; found, 510.1333.
Compound 20B. To a stirred solution of 20D (0.663 g, 1.36

mmol) in DCM (15 mL) were added p-toluenesulfonate salt of β-
alanine benzyl ester 20C (0.526 g, 1.5 mmol) and triethylamine (0.4
mL). The reaction mixture was stirred overnight (14 h) at room
temperature. Concentration of the solvent was followed by extraction
with ethyl acetate (25 mL ×3), washing with water, 10% citric acid,
sat. NaHCO3, and brine, and drying over anhydrous Na2SO4.
Concentration of the solvent gave the product 20B (0.7 g, 80%).
1H NMR (400 MHz, CDCl3): δ 7.4−7.3 (m, 5H), 6.04 (d, J = 8.64
Hz, 1H), 5.96 (d, J = 8.04 Hz, 1H), 5.38−5.34 (m, 1H), 5.32−5.22
(m, 1H), 5.12 (br s, 2H), 5.05 (dd, J = 2.86, 11.22 Hz, 1H), 4.98 (t, J
= 9.0, 1H), 4.28 (q, J = 9.85 Hz, 1H), 4.2−4.04 (m, 2H), 3.97 (t, J =
6.52 Hz, 1H), 3.55−3.35 (m, 2H), 2.6−2.5 (m, 2H), 2.15 (s, 3H),
2.03 (s, 3H), 1.94 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 171.4,
169.91, 169.9, 169.8, 169.5, 156.7, 136.1, 128.4, 128.0, 127.9, 80.7,
71.1, 70.6, 66.6, 65.5, 61.5, 48.0, 35.2, 34.6, 22.7, 20.5, 20.4. HRMS
calcd for C25H33N3NaO11 [M + Na]+, 574.2013; found, 574.1949.
Compound 20. To a stirred solution of 20B (0.7 g, 1.26 mmol) in

EtOH (15 mL) was added Pd/C (0.1 g), and the reaction was stirred
under hydrogen atmosphere overnight (14 h). The catalyst was
removed by filtration over Celite, and the product was washed with
EtOH (950 mL) and concentrated to yield the corresponding
carboxylic acid, which was used for the next step without purification.

To a stirred solution of the carboxylic acid thus obtained in DCM (20
mL) were added EDC (488 mg, 2.56 mmol), NHS (730 mg, 6.35
mmol), and DIEA (0.88 mL, 5.07 mmol), and the reaction mixture
was stirred overnight. Concentration of the reaction mixture followed
by column chromatography gave 20 (250 mg, 35%). 1H NMR (400
MHz, CDCl3): δ 6.37 (s, 1H), 6.01 (s, 1H), 5.81 (s, 1H), 5.35 (d, J =
3.28 Hz, 1H), 5.05 (dd, J = 3.58 Hz, 11.04 Hz, 1H), 5.0 (t, J = 9.1 Hz,
1H), 4.23 (q, J = 10.48 Hz, 1H), 4.15−4.05 (m, 2H), 3.99 (t, J = 6.7
Hz, 1H), 3.7−3.46 (m, 2H), 2.9−2.73 (m, 6H), 2.14 (s, 3H), 2.02 (s,
3H), 2.06 (s, 3H), 1.93 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ
169.4, 166.4, 166.3, 166.0, 165.2, 163.1, 153.6, 76.8, 67.5, 66.3, 62.2,
57.1, 45.5, 31.4, 27.6, 21.3, 21.1, 18.6, 16.4, 16.38. HRMS calcd for
C22H31N4O13 [M + H]+, 559.1888; found, 559.1890.

Compound 21A. To a stirred solution of compound 21B (1.94 g,
5.22 mmol) in CH2Cl2 (20 mL) were added benzyl 4-pentenoate
(2.99 g, 15.7 mmol) and second generation Grubb’s catalyst (433 mg,
0.522 mmol), and the reaction mixture was heated at 40 °C for 40 h.
The solvent was removed, and the residue was passed through a short
silica gel chromatography column and concentrated under reduced
pressure. To a solution of the crude product in EtOAc (30 mL) was
added palladium on carbon (10 wt %, Degussa type E101 NE/W: 185
mg). The reaction mixture was stirred under H2 atmosphere for 14 h.
After filtration over a Celite bed and evaporation of the solvent, the
residue was purified by column chromatography (0−5% MeOH in
CH2Cl2) to give compound 21A (903 mg, 2.03 mmol, 39%). 1H
NMR (500 MHz, CDCl3): δ 5.89 (d, J = 8.5 Hz, 1H), 5.31 (t, J = 3.0
Hz, 1H), 5.13 (dd, J = 9.5 Hz, 3.0 Hz, 1H), 4.44−4.48 (m, 1H), 4.28
(br s, 1H), 4.19−4.21 (m, 1H), 4.09 (dd, J = 11.5 Hz, 5.0 Hz, 1H),
4.00−4.02 (m, 1H), 2.35 (t, J = 7.3 Hz, 2H), 2.11 (s, 3H), 2.05 (s,
6H), 1.99 (s, 3H), 1.63 (t, J = 7.3 Hz, 2H), 1.32−1.44 (m, 6H). 13C
NMR (125 MHz, CDCl3): δ 178.2, 171.1, 170.8, 170.5, 170.3, 72.0,
68.8, 68.5, 67.1, 61.6, 49.2, 33.8, 28.8, 26.1, 25.1, 24.6, 23.3, 21.0,
20.89, 20.85. HRMS calcd for C20H31NNaO10 [M + Na]+, 468.1846;
found, 468.1849.

Compound 21. To a stirred solution of compound 21A (326 mg,
0.732 mmol) in CH2Cl2 (5 mL) were added N-hydroxysuccinimide
(127 mg, 1.10 mmol), EDC (211 mg, 1.10 mmol), and DIEA (0.383
mL, 2.20 mmol), and the reaction mixture was stirred at room
temperature for 14 h. The reaction mixture was diluted with CH2Cl2
(50 mL), followed by washing with water (50 mL), saturated aq.
NaHCO3 (50 mL), and brine (50 mL), and the organic layer was
dried over anhydrous Na2SO4. After concentration of the solvent, the
crude material was purified by column chromatography (0−5%
MeOH in CH2Cl2) to give 21 (300 mg, 0.553 mmol, 76%) as a white
foam. 1H NMR (500 MHz, CDCl3): δ 5.70 (d, J = 8.5 Hz, 1H), 5.30
(t, J = 3.0 Hz, 1H), 5.12 (dd, J = 9.5 Hz, 3.0 Hz, 1H), 4.44−4.48 (m,
1H), 4.25 (br s, 1H), 4.18−4.21 (m, 1H), 4.09 (dd, J = 11.5 Hz, 5.0
Hz, 1H), 3.98−4.01 (m, 1H), 2.84 (br s, 4H), 2.61 (t, J = 7.3 Hz,
2H), 2.11 (s, 3H), 2.050 (s, 3H), 2.045 (s, 3H), 1.98 (s, 3H), 1.73−
1.78 (m, 2H), 1.32−1.49 (m, 6H). 13C NMR (125 MHz, CDCl3): δ
171.0, 170.7, 170.3, 170.2, 169.4, 168.6, 71.9, 68.8, 68.4, 68.3, 67.1,
61.7, 49.1, 30.9, 28.4, 26.1, 25.7, 25.6, 25.0, 24.9, 24.5, 24.3, 23.4,
23.3, 21.0, 20.90, 20.85. HRMS calcd for C24H34N2NaO12 [M + H]+,
565.2009; found, 565.2007.

Compound 22D. To a solution of compound 22E (4.20 g, 8.32
mmol) in dry THF (83 mL) at 0 °C was added 1 M LiAlH4 solution
in THF (16.5 mL) dropwise. The reaction mixture was slowly
brought to room temperature and stirred for 1 h. The reaction
mixture was then cooled to 0 °C. EtOAc and water were added, and
the solution was neutralized with 1 N NaOH and then stirred for 15
min. The insoluble white precipitate was removed by filtration
through a Celite pad, and the filtrate was extracted with EtOAc. The
organic layer was washed with brine and dried over anhydrous
Na2SO4. Solvent and volatiles were removed under vacuum to obtain
a crude amine that was dissolved in dry pyridine and treated with
Ac2O (943 μL, 9.98 mmol) in the presence of DMAP (102 mg, 0.832
mmol) at room temperature for 5 h with stirring. The reaction
mixture was diluted with DCM and then quenched excess Ac2O with
saturated aq. NaHCO3. The organic layer was isolated and washed
with brine. The solvent was removed under vacuum. The crude
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residue was purified by column chromatography on silica gel (EtOAc/
hexanes 50−100%) to afford 22D (1.08 g, 25%) as a white solid. 1H
NMR (400 MHz, CDCl3): δ 7.38−7.23 (m, 15H), 5.84 (ddd, J =
17.3, 10.4, 7.1 Hz, 1H), 5.29−5.12 (m, 3H), 4.91 (d, J = 11.6 Hz,
1H), 4.66 (dd, J = 27.6, 11.8 Hz, 2H), 4.56−4.37 (m, 3H), 4.13−3.96
(m, 2H), 3.93−3.76 (m, 2H), 3.70−3.54 (m, 3H), 1.87 (s, 3H). 13C
NMR (126 MHz, CDCl3): δ 173.9, 170.4, 138.8, 138.3, 138.1, 135.5,
134.2, 128.8, 128.7, 128.66, 128.62, 128.5, 128.42, 128.40, 128.27,
128.23, 128.19, 128.14, 128.08, 128.00, 127.9, 127.8, 119.9, 118.9,
82.5, 81.10, 80.11, 79.6, 77.5, 77.4, 77.22, 77.15, 77.07, 76.97, 74.90,
74.8, 73.8, 73.7, 72.8, 72.3, 71.7, 69.0, 68.8, 55.6, 53.1, 29.9, 23.9,
21.4. HRMS calcd for [M + Na]+ C31H35NO5Na, 524.2407; found,
524.2415.
Compound 22C. A round-bottom flask was charged with 2nd

generation Grubbs catalyst (213 mg, 0.251 mmol, 10 mol %), and
compound 22D (1.26 g, 2.51 mmol) was added. The system was
flushed with Ar three times. Dry DCM (25 mL) was added, followed
by a solution of tert-butyl hex-5-enoate (1.28 g, 7.53 mmol) in dry
DCM (15 mL) dropwise. The resulting mixture was stirred for 6 h at
40 °C. The solvent was removed under vacuum. The crude residue
was purified by column chromatography on silica gel (EtOAc/hexanes
50−100%) to afford compound 22C (1.10 g, 68%) as a white foam.
1H NMR (400 MHz, CDCl3): δ 7.50−7.05 (m, 15H), 5.64 (ddd, J =
15.3, 7.5, 6.1 Hz, 1H), 5.47 (ddd, J = 15.5, 7.7, 1.5 Hz, 1H), 5.26 (d, J
= 7.9 Hz, 1H), 4.91 (d, J = 11.7 Hz, 1H), 4.65 (dd, J = 28.0, 11.8 Hz,
2H), 4.46 (dd, J = 11.9, 6.9 Hz, 3H), 4.14 (d, J = 7.9 Hz, 1H), 4.08−
3.94 (m, 2H), 3.94−3.76 (m, 2H), 3.69−3.42 (m, 4H), 2.24−2.11
(m, 2H), 2.11−1.81 (m, 6H), 1.75−1.53 (m, 5H), 1.50−1.01 (m,
12H). 13C NMR (101 MHz, CDCl3): δ 173.8, 173.7, 173.1, 170.4,
170.3, 156.9, 138.91, 138.86, 138.6, 138.4, 138.1, 138.0, 137.6, 135.9,
135.0, 134.9, 131.1, 128.8, 128.7, 128.63, 128.59, 128.5, 128.44,
128.38, 128.20, 128.18, 128.1, 128.0, 127.9, 127.70, 127.67, 127.0,
82.5, 81.0, 80.6, 80.3, 79.9, 79.5, 78.2, 77.6, 77.4, 77.2, 77.1, 76.9,
74.8, 74.73, 74.66, 74.6, 73.72, 73.68, 72.8, 72.6, 72.2, 71.7, 71.6, 68.9,
68.8, 55.7, 53.3, 52.3, 49.3, 35.0, 34.8, 34.2, 31.8, 31.7, 28.3, 27.3,
25.8, 25.2, 24.5, 24.4, 23.8, 23.7, 21.4. HRMS calcd for C39H50NO7
[M+H]+, 644.3587; found, 644.3583.
Compound 22B. To the solution of compound 22C (1.10 g, 1.71

mmol) in EtOH (17 mL) was added 10 wt % Pd−C (1.1 g). The
mixture was stirred under a H2 atmosphere at room temperature for
12 h. After completion of the reaction, the mixture was filtered
through a Celite pad, washed with EtOH, and the filtrate was
concentrated to obtain the tri-hydroxy compound. Acetylation of this
tri-hydroxy compound was done with Ac2O (553 μL, 8.55 mmol), in
the presense of DMAP (21.0 mg, 0.171 mmol) in anhydrous pyridine
(17 mL) at room temperature under stirring for 5 h. The standard
workup gave a crude product that was subsequently purified by
column chromatography on silica gel (0−5% MeOH in CH2Cl2) to
afford compound 22B (814 mg, 95%) as a white foam. 1H NMR (400
MHz, CDCl3): δ 5.39 (d, J = 9.7 Hz, 1H), 5.33 (dd, J = 3.4, 1.1 Hz,
1H), 4.93 (dd, J = 10.9, 3.4 Hz, 1H), 4.22−4.01 (m, 3H), 3.77 (td, J =
6.7, 1.2 Hz, 1H), 3.26−3.15 (m, 1H), 2.16 (d, J = 16.2 Hz, 5H),
2.07−1.89 (m, 9H), 1.64−1.45 (m, 5H), 1.42 (s, 9H); 1.35−1.19 (m,
3H). 13C NMR (126 MHz, CDCl3): δ 173.4, 171.3, 170.7, 170.6,
170.4, 80.2, 80.0, 77.5, 77.4, 77.2, 77.0, 74.2, 72.3, 67.4, 62.0, 60.6,
50.4, 35.62, 35.58, 34.7, 31.7, 31.5, 29.0, 28.9, 28.31, 28.30, 25.31,
25.27, 25.2, 25.11, 25.07, 25.02, 24.95, 23.6, 22.0, 21.2, 21.0, 20.94,
20.89, 14.4. HRMS calcd for C24H39NO10Na [M + Na]+, 524.2472;
found, 524.2493.
Compound 22. To the solution of compound 22B (800 mg, 1.60

mmol) in CH2Cl2 (16 mL) was added TFA (4 mL) dropwise. The
mixture was stirred at room temperature for 5 h. After completion of
deprotection, the volatiles were removed under vacuum. The resultant
residue was co-evaporated with toluene three times and then
dissolved in dry CH2Cl2 (16 mL). To the solution of the carboxylic
acid 22A thus obtained were added NHS (276 mg, 2.40 mmol), EDC
(373 mg, 2.40 mmol), and DIEA (836 μL, 4.80 mmol). The reaction
mixture was stirred for 12 h. The standard workup gave a crude
product that was purified by column chromatography on silica gel
(0−5% MeOH in CH2Cl2) to afford compound 22 (540 mg, 63% in 2

steps) as a white foam. 1H NMR (400 MHz, CDCl3): δ 5.57 (d, J =
10.0 Hz, 1H), 5.31 (d, J = 3.2 Hz, 1H), 4.92 (dd, J = 11.2, 3.2 Hz,
1H), 4.20−4.00 (m, 3H), 3.82−3.74 (m, 1H), 3.31−3.19 (m, 1H),
2.83 (s, 4H), 2.59 (t, J = 7.2 Hz, 2H), 2.13 (s, 3H), 2.02 (s, 3H), 1.97
(s, 3H), 1.92 (s, 3H), 1.82−1.30 (m, 8H). 13C NMR (126 MHz,
CDCl3): δ 171.2, 170.60, 170.55, 170.4, 169.5, 168.8, 79.1, 74.1, 72.2,
67.3, 62.0, 50.1, 31.04, 31.02, 28.0, 25.7, 24.6, 24.5, 23.4, 20.90, 20.87,
20.8. HRMS calcd for C24H35N2O12 [M + H]+, 543.2190; found,
543.2190.

Compound 8. To a stirred solution of amine 5 (80.18 g, 158.7
mmol), mono acid 6 (48.4 g, 198.36 mmol), and HOBt (32.17 g,
238.3 mmol) in dichloromethane (DCM; 1 L) and DMF (100 mL)
was added N-((3-(dimethylaminopropyl))-N′-ethylcarbodiimide hy-
drochloride (37.9 g, 198.4 mmol) portionwise over 15 min. To this
solution was added DIEA (69 mL, 396.7 mmol) dropwise over 30
min. After stirring at room temperature for 2 days, 100 mL of water
was added, and the volatile DCM was removed. To the DMF/water
mixture was added 1 L of water, and the mixture was left at room
temperature until it separated into two layers. The turbid water/DMF
layer was decanted and carefully washed with 100 mL of water; this
procedure was repeated twice. The obtained viscous oil was dissolved
in DCM (500 mL) and washed with water (500 mL), 10% citric acid
(500 mL), sat. NaHCO3 (250 mL), and brine (200 mL) and dried
over Na2SO4. Concentration of the solvent gave 7 (120 g) as a pale
yellow oil, and this material was dissolved in 1 L of 95% formic acid
and stirred at room temperature for 2 days. The formic acid was
concentrated under reduced pressure, followed by co-evaporation
with toluene (2× 500 mL), and dried under high vacuum overnight to
yield 8 (89.4 g) as white solid. 1H NMR (400 MHz, DMSO-d6): δ
12.13 (br s, 3H), 6.89 (s, 1H), 3.57 (s, 6H), 3.55 (s, 6H), 3.53 (s,
3H), 2.41 (t, J = 6.2 Hz, 6H), 2.27 (t, J = 7.3 Hz, 2H), 2.03 (t, J = 7.2
Hz, 2H), 1.55−1.35 (m, 4H), 1.22 (s, 12H). 13C NMR (126 MHz,
DMSO-d6): δ 173.3, 172.5, 172.47, 68.3, 66.7, 59.6, 51.1, 35.9, 34.6,
33.3, 28.9, 28.84, 28.8, 28.6, 28.5, 28.47, 25.3, 24.5. HRMS calcd for
C26H46NO12 [M + H]+, 564.3020; found, 564.3015.

Compound 10. To a stirred solution of 8 (89.5 g, 158.7), amine 9
(103.6 g, 595 mmol), EDC·HCl (113.7 g, 595 mmol), and HOBt
(96.4 g, 630 mmol) in DCM/DMF (1.5 L/0.5 L) was added DIEA
(207.4 mL, 1190 mmol) dropwise over 10 min. The solution was
stirred at room temperature for 14 h, and then 100 mL of water was
added. The DCM was removed by evaporation under reduced
pressure. Another 1 L of water was added, the water layer was
carefully removed, and this procedure was repeated twice. The
obtained viscous oil was dissolved in DCM (500 mL), washed with
water (500 mL), 10% citric acid (500 mL), sat. NaHCO3 (250 mL),
and brine (200 mL), and dried over Na2SO4. Concentration of the
solvent gave 10 (157 g) as a colorless viscous oil. 1H NMR (400
MHz, DMSO-d6): δ 7.83−7.75 (m, 3H), 6.94 (br s, 1H), 6.78−6.7
(m, 3H), 3.56 (s, 3H), 3.58−3.48 (m, 12H), 3.02 (q, J = 6.6 Hz, 6H),
2.9 (q, J = 6.4 Hz, 6H), 2.3−2.22 (m, 8H), 2.04 (t, J = 7.4 Hz, 2H),
1.55−1.4 (m, 10H), 1.36 (s, 27H), 1.22 (br s, 12H). 13C NMR (101
MHz, CDCl3): δ 174.0, 173.8, 171.5, 156.2, 78.5, 69.1, 67.1, 59.3,
51.1, 37.0, 36.7, 36.2, 35.9, 33.6, 29.6, 29.1, 29.0, 28.8, 28.7, 28.1,
24.5. HRMS calcd for C50H93N7NaO15 [M + Na]+, 1054.6627; found,
1054.6626.

Compound 15. To a stirred solution of 10 (135 g, 131 mmol) in
1.5 L of THF was added aq. LiOH (13 g in 0.5 L of water, 309.5
mmol). The reaction was stirred at room temperature for 14 h. The
solvent was evaporated to ∼1, and 2 L of water were added. This
aqueous solution was washed twice with 1 L ethyl acetate, and the pH
was adjusted to 2−3 with 20% citric acid. After extraction with DCM
(1 L twice), the product was washed with brine, dried over Na2SO4,
and concentrated to yield 11 (107 g) as a colorless viscous oil. To a
stirred solution of crude 11 (100 g, 98.42 mmol) in 250 mL of DMF
was added 500 mL of 4 M HCl in dioxane, and the reaction was
stirred overnight. Another 250 mL of 4 M HCl in dioxane was added,
and the reaction was stirred for 6 h. Subsequently, 1 L of dioxane was
added, and the reaction mixture was allowed to stand overnight. The
solvent was removed by decantation to yield 12 as a viscous oil. This
material was dissolved in 230 mL of DMF, Et3N (68.2 mL, 492.1
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mmol) and ethyl trifluoroacetate (58.54 mL, 492.1 mmol) were
added, and the reaction was stirred overnight at room temperature.
Volatiles were removed by evaporation under reduced pressure
followed by extraction with DCM. The solution was washed with 5%
citric acid, water, and brine. The solvent was dried over anhydrous
Na2SO4 and concentrated to yield 13 (∼100 g) as colorless foam.
This acid was dissolved in DMF (350 mL), and trans hydroxyl
prolinol 14 (43.4 g, 103.5 mmol), HBTU (39.2 g, 103.5 mmol), and
HOBt (17.8 g, 132 mmol) were added. DIEA (30.3 g, 1235 mmol)
was added dropwise at room temperature over 5 min. The reaction
was stirred at room temperature overnight. After this, 1000 mL of
water was added, and the mixture was allowed to stand for 30 min.
The water was decanted, and this procedure was repeated with 500
mL of water. The viscous material thus obtained was dissolved in 1 L
of DCM and washed with water and brine and dried over Na2SO4.
Concentration of the solvent gave the crude material which was
purified by column chromatography to obtain 15 (80 g, 60%) as
yellowish foamy solid. 1H NMR (400 MHz, DMSO-d6): δ 9.36 (s,
3H), 7.86 (t, J = 5.6 Hz, 3H), 7.33−7.16 (m, 9H), 6.95 (s, 1H),
6.90−6.80 (m, 4H), 4.95 (d, J = 4.0, 0.8H, major), 4.87 (d, J = 4.0 Hz,
0.2H, minor), 4.42−4.23 (m, 1H), 4.17−4.06 (m, 1H), 3.72 (s, 6H),
3.62−3.40 (m, 13H), 3.19−3.13 (m, 6H), 3.07−2.95 (m, 8H), 2.27
(t, J = 6.3 Hz, 6H), 2.19 (t, J = 7.4 Hz, 2H), 2.08−1.96 (m, 3H),
1.93−1.80 (m, 2H), 1.63−1.56 (m, 6H), 1.53−1.32 (m, 4H), 1.20 (s,
12H). 13C NMR (101 MHz, DMSO-d6): δ 172.5, 171.1 (minor),
171.0, 170.3, 158.1, 158.0, 156.6, 156.3, 156.0, 155.7, 145.1, 144.8,
135.9, 135.8, 135.5 (minor), 135.4 (minor), 129.6, 129.55, 127.8,
127.7, 127.6, 127.56, 126.7 (minor), 126.5, 119.4, 117.1, 114.8, 113.2,
113.1, 113.06, 112.5, 85.8, 85.1, 68.6, 68.3, 67.5 (minor), 67.3, 63.3,
59.5, 55.6, 55.0, 55.0, 55.0, 54.9, 53.4, 37.1, 36.3, 36.1, 36.0, 35.9,
34.2, 29.0, 28.9, 28.8, 28.8, 28.7, 28.6, 28.4, 25.3, 24.5. 19F NMR (376
MHz, DMSO): δ −81.38. HRMS calcd for C66H91F9N8NaO15 [M +
Na]+, 1429.6358; found, 1429.7299.
Solid Support 2. Compound 15 (14.0 g, 9.95 mmol), succinic

anhydride (2.0 g, 20 mmol), and DMAP (3.65 g, 29.85 mmol) were
dissolved in DCM and stirred for 14 h. The reaction mixture was
concentrated under reduced pressure, and the desired product was
purified by a short silica gel column using 10% MeOH in DCM as an
eluent. The solvent was removed under reduced pressure, and the
residue was dried overnight under high vacuum. The product
obtained was dissolved in acetonitrile (300 mL), and HBTU (4.74
g, 12.5 mmol), DIEA (1.62 g, 12.6 mmol), and LCAA CPG support
(70 g, amine content: 99 μmol/g) were added. The suspension was
gently shaken at room temperature on a wrist-action shaker for 24 h
then filtered and washed with DCM, 10% MeOH in DCM, DCM,
and ether. The solid support was dried under vacuum for 2 h. The
unreacted amines on the support were capped by stirring with 25%
acetic anhydride/pyridine containing 1% Et3N at room temperature
for 2 h. The support was washed with DCM, 10% MeOH in DCM,
DCM, and ether then dried under vacuum for 2 h to yield solid
support 2 (74.0 g, 58.0 μmol/g loading).
Synthesis of GalNAc-Conjugated siRNAs. Oligonucleotides

(Supporting Information, Section II; Table 1) were synthesized on an
ABI Synthesizer using commercially available 5′-O-(4,4′-dimethoxy-
trityl)-2′-deoxy-2′-fluoro-, 5′-O-(4,4′-dimethoxytrityl)-2′-O-(tert-bu-
tyldimethylsilyl)-, and 5′-O-(4,4′-dimethoxytrityl)-2′-O-methyl-3′-O-
(2-cyanoethyl-N,N-diisopropyl) phosphoramidite monomers of ur-
idine, 4-N-acetylcytidine, 6-N-benzoyladenosine, and 2-N-isobutyr-
ylguanosine using standard solid-phase oligonucleotide synthesis and
deprotection protocols.

The triantennary amine-functionalized sense strand 3 was
synthesized from the solid support 2, and antisense strands 40 and
42 (Table S1) were synthesized using standard solid-phase synthesis
conditions. Two consecutive couplings of the phosphoramidite under
solid-phase conditions to the solid support, followed by syntheses of
the oligonucleotides15 with desired chemistries, afforded the serial (1
+ 1 + 1) triamine containing sense strands 39 or 41 (Table S1).

After completion of the automated synthesis, the solid support was
washed with 0.1 M piperidine in acetonitrile for 10 min, then washed
with anhydrous acetonitrile and dried with argon. The support was

then treated with 40% aqueous methylamine (1.5 mL/1 μmol of solid
support) at 55 °C for 1 h to remove protecting groups from the
oligonucleotides. The suspension was filtered through a 0.2 μm filter
to remove solid residues, and the support was rinsed with deionized
water. The oligonucleotides were purified by anion-exchange high-
performance liquid chromatography (IEX-HPLC) with TSK-Gel
Super Q-5PW support (TOSOH Corp.) using a linear gradient of
22−42% buffer B over 130 min with a 50 mL/min flow rate (buffer A:
0.02 M Na2HPO4 in 10% CH3CN, pH 8.5, and buffer B: buffer A plus
1 M NaBr). All single strands were purified to >85% HPLC (260 nm)
purity and then desalted by size exclusion chromatography on an
AKTA Prime chromatography system using an AP-2 glass column (20
× 300 mm, Waters) custom-packed with Sephadex G25 (GE
Healthcare), eluted with sterile nuclease-free water. The isolated
yields for the oligonucleotides were calculated based on the respective
ratios of measured to theoretical 260 nm optical density units. The
integrities of the purified oligonucleotides were confirmed by LC−MS
(Supporting Information, Section IV) and by analytical IEX HPLC.
Post-synthetic Conjugation of GalNAc and Anomeric

Linkage-Modified GalNAc to Sense Strands. The triamine-
functionalized sense strands 3, 39, and 41 (Scheme 2 and Supporting
Information Section II, Table 1) were separately and chemoselectively
coupled with GalNAc and anomeric-linkage modified GalNAc NHS
esters 4 and 16−22 to obtain the corresponding triantennary and
serial (1 + 1 + 1) GalNAc-containing sense strands 23−30 and 31−
38, respectively. In brief, the amine-modified oligonucleotide was
dissolved at a concentration of approximately 20 mg/mL in a 0.05 M
sodium phosphate buffer at pH 7.1. 10 equiv of the NHS ester was
dissolved in ACN in the same volume as the phosphate buffer. The
NHS ester solution was added to the aqueous oligonucleotide
solution and shaken at room temperature. The progress of the
reaction was monitored hourly by LC/MS. After completion of the
reaction, at approximately 3 h, an equal volume of aqueous
methylamine was added to deprotect the acetate on the sugar
moieties. The mixture was shaken at room temperature for 4 h,
yielding completely deprotected GalNAc-conjugated sense strands.
The crude GalNAc-conjugated siRNAs were purified by IEX-HPLC
and then desalted by size exclusion chromatography as described
above. The integrity of each modified sense strand was confirmed by
LC−MS analysis (Supporting Information Sections II and IV, Table
S1). Equimolar amounts of complementary sense 23−38 and
antisense 40 strands were mixed and annealed by heating in a
water bath at 95 °C for 5 min and cooling to room temperature to
obtain the desired siRNAs I−XVI. The siRNA samples were analyzed
for purity, endotoxin, and osmolality,14,15 and the observed values
were within the allowed range for the concentration tested.
ASGPR Binding Studies. Freshly isolated hepatocytes were

resuspended at 1 million cells per mL in Dulbecco’s modified Eagle
Medium (Life Technologies) with 2% bovine serum albumin (BSA,
Sigma-Aldrich), and binding to ASGPR was evaluated using a
previously described flow cytometry-based competitive binding
assay.22 The GalNAc3-conjugated, Alexa647-labeled siRNA54 was
diluted to a final concentration of 20 nM and premixed with unlabeled
siRNA I−XVI at an appropriate range of final concentrations from 3
μM to 1.4 nM in Dulbecco’s Modified Eagle Medium with 2% BSA.
To wells containing siRNA, 100,000 hepatocytes were added, and
samples were incubated at 4 °C for 15 min. Cells were washed twice
with Dulbecco’s phosphate-buffered saline with Mg/Ca (Life
Technologies) with 2% BSA. Samples were centrifuged at 50g for 3
min to pellet cells between washes. Cells were resuspended in a
solution of Dulbecco’s phosphate-buffered saline with Mg/Ca with
2% BSA and propidium iodide (Sigma-Aldrich) and analyzed on an
LSRII flow cytometer (BD Biosciences). Compensation was
performed using Diva software (BD Biosciences). Hepatocytes were
gated by size using forward scatter and side scatter, and dead cells,
identified based on propidium iodide staining, were excluded from
analysis. The median fluorescence intensity of the Alexa647 siRNA
was quantified. Data were analyzed using FlowJo and GraphPad
Prism.
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In Vitro Gene Silencing Experiments. Transfection Experi-
ments. To the wells of a 384-well plate were added 2.5 μL of siRNA
duplex I-XVI, 7.4 μL of Opti-MEM, and 0.1 μL of Lipofectamine
RNAiMax (Invitrogen). Samples were incubated at room temperature
for 15 min. Primary mouse hepatocytes (∼5 × 103 cells in 40 μL of
William’s E Medium, Life Technology) were then added to the siRNA
mixture. Cells were incubated for 24 h. RNA was purified, and levels
of targeted mRNA were determined. Each sample was run in technical
duplicate. Dose response experiments were done over a range of doses
from 0.01 to 100 nM final duplex concentration. GAPDH was
quantified as the internal control. Values are plotted as a fraction of
untreated control cells, and each point represents the mean of two
biological samples ± percent error. IC50 values and dose−response
curves were generated using XLFit software.
Free Uptake Experiments. To the wells of a 384-well plate were

added 2.5 μL of siRNA duplex I−XVI and 40 μL of William’s E
Medium containing ∼5 × 103 primary mouse hepatocytes. Cells were
incubated at 37 °C and 5% CO2 for 24 h. RNA was purified, and
levels of targeted mRNA were determined. Each sample was run in
technical duplicate. Dose response experiments were done over a
range of doses from 100 to 0.01 nM final duplex concentration.
GAPDH was quantified as the internal control. Values are plotted as a
fraction of untreated control cells, and each point represents the mean
of two biological samples ± percent error. IC50 values and dose−
response curves were generated using XLFit software.
Analysis of Silencing Activity in Mice. All procedures involving

mice were conducted by certified laboratory personnel using
protocols consistent with local, state, and federal regulations.
Experimental protocols were approved by the Institutional Animal
Care and Use Committee (IACUC), the Association for Assessment
and Accreditation of Laboratory Animal Care International
(accreditation number: 001345), and the office of Laboratory Animal
Welfare (accreditation number: A4517-01). When deciding on sample
numbers for animal studies, we determined the final number required
to ensure confidence in the resulting data while utilizing the least
number of animals, as required by IACUC guidelines. Female C57/
BL6 mice of approximately 8 weeks of age were obtained from
Charles River Laboratories and randomly assigned to each group.
Mice were acclimated in-house for 48 h prior to study start.

Animals were dosed subcutaneously at 10 μL/g with siRNA or with
PBS saline control. Doses used in this study were 3, 1, or 0.3 mg/kg.
The test compounds were diluted into PBS, pH 7.4. All solutions were
stored at 4 °C until the time of injection. Animals were sacrificed at 4,
7, 13, 20, 27, or 34 days post-dose. Livers were harvested and snap-
frozen for analysis. Blood was collected utilizing the retro-orbital eye
bleed procedure 24 h after the final dose in accordance with the
IACUC-approved protocol into Becton Dickinson serum separator
tubes (Fisher Scientific, Cat# BD365967). For the metabolite study,
animals were dosed at 10 mg/kg, and livers were harvested at 0.25, 2,
or 8 h post-dose.

For analysis of TTR, serum samples were kept at room temperature
for 1 h and then spun in a microcentrifuge at 21,000g at room
temperature for 10 min. Serum was transferred into 1.5 mL
microcentrifuge tubes for storage at −80 °C until the time of assay.
Serum samples were diluted 1:4000 and assayed using a commercially
available kit from ALPCO (Cat# 41-PALMS-E01). Protein
concentrations (μg/mL) were determined by comparison to a
purified TTR standard, and the manufacturer’s instructions were
followed.
Determination of Liver Levels of Antisense Strand. Aliquots

of the tissue (frozen, powdered) were reconstituted to 100 mg/mL
concentration in PBS with 0.25% Triton X-100 and lysed by boiling.
The supernatant was used to generate antisense-specific cDNA using
sequence-specific stem loop cDNA primer; a sequence-specific
TaqMan assay, and the Light Cycler 480 system (Roche). siRNA
concentrations were determined by extrapolation from the standard
curves generated by spiking the naiv̈e tissue with various
concentrations of synthetic siRNAs.
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