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Abstract

Similar in structure to both glycol nucleic acid (GNA) and peptide nucleic acid (PNA), serinol nucleic acid (SNA) combines the acyclic flexibility of
GNA with the amide bond found in PNA and can form stable heteroduplexes with DNA and RNA. While the thermal and metabolic stability of
SNA and SNA-modified heteroduplexes has been previously reported, we here describe the application of SNA in RNA interference (RNAI) using
GalNAc-conjugated small interfering RNAs (siRNAs). Single incorporations were evaluated at each position across both the guide and passenger
strands and subsequently evaluated at key positions in mice. Additionally, the off-target potential of siRNAs containing SNA was assessed. We
demonstrate the position-dependent tolerance of SNA inside both the guide and passenger strands, and more specifically, high tolerance of SNA
incorporation in the seed region of the guide strand, preserving on-target activity while mitigating microRNA-like off-target effects. Furthermore,
the crystal structure of an RNA dodecamer containing a single SNA nucleotide was obtained and the resulting SNA structure was used to explain
the activity of SNA containing siRNAs. Thus, SNA constitutes another viable modification in the siRNA toolbox for the development of potent
and specific RNAI therapeutics.
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Introduction plex (RISC). The catalytic center of RISC is comprised of Arg-
RNA interference (RNAI) is the biological process that reg- onaute 2 (Ago2), an endonuclease protein that utilizes 20-25
ulates gene expression via the RNA-induced silencing com-  nucleotide double-stranded small interfering RNA (siRNA)
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Figure 1. Overview of a GaINAc-siRNA conjugate duplex and the chemical structures of the nucleotides used in this study.

to guide the sequence-specific recognition and cleavage of a
target mRNA sequence [1, 2]. Harnessing this natural path-
way using rationally designed RNAi-based therapeutics holds
tremendous potential by targeting disease-causing protein
species at the mRNA level. In fact, RNAi therapeutics have
emerged as a new class of medicines that have the potential to
treat a wide range of diseases, with eight siRNAs currently ap-
proved across several medical agencies around the world for
both rare and prevalent diseases [3].

Many years of research directed toward mechanism, chem-
istry, design, and delivery technologies have enabled and en-
hanced the therapeutic potential of inherently metabolically
unstable and immunostimulatory canonical exogenous RNA.
Key chemical modifications of siRNAs have been directed
toward improving metabolic stability by preventing enzy-
matic degradation, mitigating immune stimulation, minimiz-
ing off-target effects, and enabling targeted delivery to the
cell type of interest [4-8]. For targeted delivery, encapsula-
tion in lipid nanoparticles, trivalent N-acetylgalactosamine
(GalNAc), lipophilic, and antibody ligands have been used [4,
5, 9, 10]. Addressing the above challenges through a com-
bination of strategically placed chemical modifications and
targeted siRNA delivery was critical for the development of
the eight approved RNAIi drugs. With regards to improving
siRNA specificity, prior work conducted by multiple groups
has identified several promising modifications intended for the
mitigation of seed-based microRNA (miRNA)-like off-target
effects [11] of the siRNA guide strand. These include glycol
nucleic acid (GNA), unlocked nucleic acid (UNA), abasic and
C3 spacers, threofuranosyl nucleic acid (TNA), 2’-5'-linked
RNA, 2'-gem-Me/F RNA, and alkyl phosphonate or amide
linkages [12-25]. Notable among these modifications, siRNAs
modified with GNA are now a part of a new generation of
RNAI therapeutics undergoing clinical trials, and we have re-
ported that the utilization of this approach for the design of
ALN-HBVO02 (VIR-2218, elebsiran), a GalNAc-siRNA tar-

geted to the hepatitis B virus, resulted in an improved hepatic
safety profile in human clinical trials relative to the earlier gen-
eration ALN-HBV [21, 26].

To further deconvolute the impact of nucleotide structure
on off-target mitigation, and to continue the expansion of
chemical modifications in the field, we chose to investigate an-
other acyclic nucleic acid analog in siRNA, serinol nucleic acid
(SNA; Fig. 1), as a potentially useful tool for the mitigation
of miRNA-like off-target effects. SNA consists of a 2-amino-
1,3-propanediol backbone, featuring three carbon atoms be-
tween phosphates like natural DNA or RNA [27, 28]. A sim-
ilar number of bonds between backbone phosphates is fea-
tured in other modifications such as UNA, C3-, or abasic-
spacers, but contrasts other monomers such as GNA or TNA
that feature only two carbon atoms between backbone phos-
phates. Ramasamy and Seifert first reported the preparation
of SNA in 1996, where they incorporated SNA-T into DNA
sequences and showed only slightly destabilized cross-pairing
with complementary DNA or RNA [27]. Asanuma and col-
leagues later revisited SNA in greater detail by synthesizing
octamers composed solely of SNA and investigated their hy-
bridization properties within SNA homoduplexes or chimeric
duplexes with complementary DNA or RNA. Importantly,
SNA could efficiently hybridize to form right-handed, A-form
like duplex structures with DNA or RNA regardless of the
sequence context [29]. Two related homologues, which dif-
fer only by the addition of a single methyl group to the C3’
position of SNA, acyclic L- and D-threoninol nucleic acids (L-
aTNA and aTNA, respectively), were synthesized in 2001 and
2010 by the Gupta and Asanuma groups, respectively [30,
31]. Whereas both L-aTNA and aTNA have been shown to
efficiently self-hybridize, only L-aTNA forms a stable hybrid
with DNA or RNA, albeit in a parallel orientation [32]. De-
spite the small structural differences between SNA, L-aTNA,
and aTNA, they demonstrate unique behavior when interact-
ing with canonical nucleic acids [32, 33].
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SNA modification of therapeutic oligonucleotides has
garnered interest for various antisense approaches such
as siRNA, splice-switching oligonucleotides, and antisense-
oligonucleotides (ASOs), and studied in detail by the Asanuma
group [34-37]. They reported the effect of SNA-modified siR-
NAs on nuclease stability, on-target activity, and the reduction
of passenger strand-driven off-target activity. In these reports,
the authors concluded that modification of the siRNA with
SNA at terminal positions improved exonuclease resistance
relative to canonical RNA. Depending on the placement of the
SNA modification in either guide or passenger strand, siRNA
activity could be maintained or enhanced. More importantly,
SNA modification at both ends of the passenger strand de-
creased passenger-strand loading-driven off-target effects. In
a similar fashion, L-aTNA modification of siRNAs has been
shown by the Eritja group to improve nuclease resistance,
modulate RNAI activity as a function of position, and in-
fluence the interaction of the 3’-overhang with the PAZ do-
main of Ago2 [38—40]. Most recently, it has been shown that
SNA can effectively promote exon-23 skipping of the mouse
dystrophin gene transcript in mdx myotubes, and that gap-
mer ASOs modified with SNA can induce efficient gene si-
lencing in mouse kidney, similar to that of 2’-O-methoxyethyl
(2’-MOE) gapmers, but with an improved duration and
safety profile [34, 36], further reinforcing the utility of SNA
as a useful modification across therapeutic oligonucleotide
modalities.

Due to its simpler structure, and a potentially more favor-
able antiparallel pairing to RNA, we chose to further inves-
tigate SNA as an interesting acyclic structural modification
for the mitigation of seed-mediated, miRNA-like off-targets
of siRNAs. Herein, we report a detailed investigation into the
impact of SNA modification on the thermal stability, on-target
activity, and seed-mediated miRNA-like off-target activity of
GalNAc-conjugated siRNAs. Because homopolymers of SNA
were shown to be incompatible with RNAi [37], we inves-
tigated singly modified guide or passenger strands. We com-
pared the SNA-mediated impact on thermal stability to those
values reported for duplexes containing GNA modification
at identical positions. We determined the X-ray crystal struc-
ture of an RNA dodecamer duplex with a single SNA-T per
strand. To assess the effect of SNA modification on in vitro
RNAI activity, we performed a walk of a single SNA residue
along the passenger and guide strands of a GalNAc-siRNA
targeted against mouse transthyretin (T#r). We demonstrated
using subcutaneous injections in mice that the favorable po-
tency of the SNA-modified anti-T#r GalNAc-siRNA observed
in vitro is also maintained in vivo. Finally, we show that SNA
modification in the seed region, most prominently when in-
corporated at position 7 of the guide strand, can mitigate
miRNA-like off-target effects in a dual-luciferase reporter
system.

Materials and methods

Oligonucleotide synthesis

All oligonucleotides were synthesized on a MerMade 192 or
MerMade 12 synthesizer according to previously published
protocols [20, 22]. 2'-O-methyl (2’-OMe) and 2’-deoxy-2'-
fluoro (2'-F) phosphoramidites were purchased commercially.
SNA phosphoramidites were synthesized according to previ-
ously published protocols [27-29] and dissolved in acetoni-
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trile at a concentration of 100 mM for coupling using the same
conditions as those used for 2’-OMe and 2’-F. The identity and
purity of all oligonucleotides in these studies were confirmed
using ESI-LC/MS and IEX HPLC, respectively.

Thermal melting experiments

Melting studies were performed in 1 cm path length quartz
cells on a Cary 300 UV-visible spectrophotometer equipped
with a Peltier temperature-controlled multicell holder. Each
cuvette contained 800 ul of sample solution covered by 200
ul of light mineral oil. Samples were first annealed in the in-
strument by heating at a rate of 5°C/min from 25°C-95°C fol-
lowed by cooling at the same rate from 95°C-25°C. After a
waiting period of 3 min, melting curves were monitored at 260
nm with a heating rate of 1°C/min from 25°C-95°C. Melting
temperatures (Ty1) were calculated from the first derivatives
of the heating curves and the reported values are the result of
at least two independent measurements.

Crystallization, data collection, and refinement
Crystals of 5-CGCGAA(T)(BrSU)CGCG-3" were grown by
sitting-drop vapor diffusion. Drops contained 400 nl of 1
mM RNA and 400 nl of buffer containing 10% 2-methyl-2,4-
pentanediol (MPD), 12 mM spermine 4 HCI, 80 mM potas-
sium chloride, and 40 mM sodium cacodylate (pH 6.0). Drops
were equilibrated against reservoirs containing 70 pl of 40%
MPD at 20°C. Crystals were harvested directly from the drop
using Mitegen™ microloops and flash-cooled by plunging into
liquid nitrogen. A Br-SAD dataset was collected using syn-
chrotron radiation at 0.9184 A wavelength on beamline 21-
ID-D of the Life Sciences-Collaborative Access Team at the
Advanced Photon Source at Argonne National Laboratory.
Diffraction data were processed using xia2 and DIALS [41,
42]. Phasing of the data was done using HKL2MAP graph-
ical interface to SHELXC, SHELXD, and SHELXE [43-45].
Model building was done manually using COOT [46]. Re-
finement was done using PHENIX. Due to the limitation of
the single rotation axis, the synchrotron dataset showed low
completeness in the low-resolution bins. A fresh crystal was
used to collect a complete dataset in-house at the Vander-
bilt University Center for Structural Biology Biomolecular
Crystallography Facility using a Bruker D8 Venture (Bruker
AXS, Madison, WI) system. The system includes an Excillum
D2 + MetalJet X-ray source operated at 250W with Helios
MX optics providing Ga K radiation at 1.3418 A wave-
length. The crystal was mounted on a kappa axis goniome-
ter and maintained at 100K using an Oxford Cryosystems
Cryostream 800 cryostat. The detector was a PHOTON III
C14 charge-integrating pixel array detector. Data collection
was performed in shutterless mode. Diffraction data were re-
duced using ProteumS5 software (Bruker AXS, Madison, WI).
The in-house data were phased by molecular replacement us-
ing the Br-SAD structure. Refinement and preparation for de-
position was done using the Phenix suite [47]. Selected crystal
data, data collection, and refinement parameters are summa-
rized in Supplementary Table SS.

In vitro screening

Primary hepatocytes were obtained from Gibco and cultured
in Williams E Medium (Gibco) with 10% fetal bovine serum.
Cells were plated in 384 well plates at a density of 5000 cells
per well on collagen-coated plates, and siRNA was added to
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a final concentration of 10 or 0.1 nM. Transfection of siRNA
(5 ul) was accomplished in 40 pul complete medium containing
4.9 ul OptiMem I (Gibco) and 0.1 ul RNAiMax (Invitrogen).
At 24 h after transfection, RNA extraction was performed us-
ing Dynabeads (Inivtrogen), followed by reverse transcription
according to the manufacturer’s protocols (ABI, High Capac-
ity). Mouse Ttr was quantified by RT-qPCR (Applied Biosys-
tems, #Mm00443267_m1), with mouse Gapdh (4352339E)
as loading control. Relative levels of Ttr were determined by
normalizing to Gapdh RNA expression from the same sam-
ple, and these values were subsequently expressed as percent
of a mock control. All data points are the average of four mea-
surements.

In vitro screening in the dual-luciferase reporter
assay

COS-7 cells were cultured at 37°C and 5% CO, in Dul-
becco’s modified Eagle medium supplemented with 10% fe-
tal bovine serum. Cells were cotransfected in 96-well plates
(15000 cells/well) with 10 ng luciferase reporter plasmid and
0.64 pM to 50 nM siRNA in five-fold dilutions using 2 g/ml
Lipofectamine 2000 (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Cells were harvested at 48 h
after transfection for the dual luciferase assay (Promega) ac-
cording to the manufacturer’s instructions. The reporter plas-
mids were generated by cloning targeting sequences into the
psiCHECK?2 vector between Xho1 and Not1 restriction sites.
The on-target reporter plasmid contained a single site with
perfect complementarity to the guide 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 (5'-TAATATTACATAAATAAAA-3') in the
3/-UTR of renilla luciferase. Both plasmids co-expressed fire-
fly luciferase as a transfection control. The specific insert se-
quences were as follows:

Ttr on-target: ATAAACAAGGTTTGACAT-
CAATCTAGC TATATCTTTAAGAATGATAAACT
AAACAGTGTTCTTGCTCTATAAGACATTGGTGAGGA
AAAATCCTTTGGCCGTTTCCAAGAT CTGACAGTGCA

Ttr  off-target:  ATAAACAAGGTTTGACATCAATC-
TAGC TATATCTTTAAGAATGATAAACT GCTCTATAA
TAATATTACATAAATAAAAGCTCTATAATAATATTACAT
AAATAAAAGCTCTATAAT  AATATTACATAAATAAAA
GCTCTATAA GACATTGGTGAGGAAAAATCCTTTG
GCCGTTTCCAAGATCTGACAGTGCA

Care and use of laboratory animals

All studies were conducted by certified laboratory personnel
using protocols consistent with local, state and federal reg-
ulations, as applicable, and experimental protocols were ap-
proved by the Institutional Animal Care and Use Committee
at Alnylam Pharmaceuticals. All animals were acclimated in-
house for 48 h prior to study start.

In vivo screening, serum protein quantification,
liver mRNA quantification, and liver siRNA
quantification in mice

Female C57BL/6 mice ~6-8 weeks of age were obtained from
Charles River Laboratories and randomly assigned to each
group. All dosing solutions were stored at 4°C until 1 h be-
fore the time of injection, when they were removed from stor-
age and allowed to reach room temperature. Animals received

a single subscapular subcutaneous injection of siRNA or 1x
PBS at the indicated dose, prepared as an injection volume
of 10 pl/g in 1x PBS. At the indicated time pre- or post-
dosing, blood was collected via retroorbital bleed. Serum sam-
ples were kept at room temperature for 1 h and then spun in
a microcentrifuge at 21 000 x g at room temperature for 10
min and subsequently stored at —80°C until analysis. TTR
serum protein levels were measured by ELISA (serum was di-
luted 1:4000 and used in a mouse prealbumin kit according
to the manufacturer’s instructions (ALPCO, 41-PALMS-EO01).
Animals were sacrificed at the days indicated in the figures,
after which livers were harvested and snap frozen for further
analysis.

For the extraction of RNA, powdered liver (~10 mg) was
resuspended in 500 ul QIAzol and a 5-mm steel grinding ball
was added to each sample. Samples were homogenized at 25/s
for 2 x 5 min at 4°C using a TissueLyser LT (Qiagen). Sam-
ples were incubated at room temperature for 5 min followed
by addition of 100 ul chloroform. Samples were mixed by
vigorously shaking the tubes, followed by a 10-min incuba-
tion at room temperature. Samples were spun at 12000 x
g for 15 min at 4°C and the supernatant was removed to a
new tube and 1.5 volumes of 100% ethanol was added. Sam-
ples were then purified using an RNeasy Kit (Qiagen). Samples
were eluted from RNeasy columns with 60 pul RNase-free wa-
ter (Ambion) and quantified on a NanoDrop (Thermo Fisher
Scientific). 1.5 pg of RNA was used to generate cDNA using
a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, 4368813). qPCR reactions were performed using
gene-specific TagMan assays for each target (Thermo Fisher,
MmO00443267_m1 for Ttr and Mm00439249_m1 for Haol)
and mouse Gapdh as an endogenous control (Thermo Fisher,
4352339E). Real-time PCR was performed in a Roche Light-
Cycler 480 using LightCycler 480 Probes Master Mix (Roche,
04707494001). Data were analyzed using the AACt method
normalizing to control animals dosed with PBS alone.

Mass identification of siRNA metabolites in mouse
liver

Mice were sacrificed 7 days post dose of the indicated
GalNAc—siRNAs and the livers were snap frozen in liquid
nitrogen and ground into powder for analysis. Lyophilized
mouse liver (50 mg) was thawed at RT to which 430 pl pro-
teinase K digestion buffer [105 mM Tris—=HCI, 17.5% tween
20%, 1.26% triton X-100, 50 mM CaCl,, 3 mM disodium
ethylenediaminetetraacetic acid (EDTA), pH 8.0] was added.
After briefly vortexing (20 s) and sonicating (10 min) at RT
using a bath sonicator, 20 ul proteinase K (600 mAU/ml; Qia-
gen, Cat. 19133) was added and vortexed (5 s). Samples were
centrifuged at 12 700 RPM for 10 min and three aliquots of
100 ul supernatant was removed. To each fraction, 900 ul
lysis loading buffer (Phenomenex, Cal. ALO-8579; adjusted
to pH 5.5 with citric acid) with 0.5 ng/ml internal standard
(12 nucleotide fully modified 2’-O-methyl uridine oligonu-
cleotide) was added. Solid phase extraction (SPE) was facil-
itated by an automated positive pressure manifold (Biotage,
Extrahera) and Clarity OTX plates (Phenomenex, Cat. 8E-
S103-EGA) per manufacturer’s recommendations. Briefly, the
SPE plate was conditioned with 1 ml methanol and washed
with 1.9 ml buffer (50 mM ammonium acetate, 2 mM sodium
azide; pH 5.5). Samples were loaded (1 ml), washed 3 x with
1.5 ml wash buffer (50 mM ammonium acetate in 50:40:10
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H,O:MeCN:THF; pH 5.5), and eluted with 600 ul elution
buffer (10 mM EDTA, 10 mM DTT (dithiothreitol), 100
mM ammonium bicarbonate, 50:40:10 H,O:MeCN:THF;
pH 8.8). Solvent was evaporated to dryness using a nitrogen
manifold (Biotage, Turbovap) at 40°C and 65 psi. Samples
were reconstituted in 40 ul LC-MS grade water. Three repli-
cate samples were combined and 30 ul was analyzed via high
accuracy high resolution mass spectrometry (Thermo Scien-
tific, QExactive) coupled to an Ultimate 3000 UPLC (Dionex).
Chromatography was performed with a XBridge BEH XP
Cg column (130 10\, 2.5 um, 2.1 x 30 mm; Waters) at 80°C
and a linear gradient of methanol (1%-35%) in mobile phase
A (16 mM triethylamine, 200 mM 1,1,1,3,3,3-hexafluoro-2-
propanol in water). The mass spectrometer was equipped with
a HESI 11 source and operated in negative ion full scan mode
with a scan range of 500-2000 m/z at a resolution setting
of 35000. Spray voltage was2.8kV, auxiliary gas and cap-
illary temperature were set to 300°C. Data analysis and sig-
nal deconvolution were performed using XCalibur software
(Thermo Scientific) interfaced to Promass HR (Novatia LLC).

Modeling

Coordinates for the crystal structure of the complex between
human Ago2 and miR-20a (PDB ID code 4f3t [48]), the Ago2
seed complex with guide and passenger siRNA bound (PDB
ID code 4wS5t [11]), and Ago2 with miR-122 bound to a
seed and supplementary paired target (PDB ID code 6n40
[49]) were downloaded from the Protein Data Bank (http:
/Iwww.rcsb.org). Using the program UCSF Chimera [50], indi-
vidual RNA nucleotides at positions g1, g2, g3, g5, g6, and g7
in the miR-20a complex were substituted by SNA-T from the
crystal structure of the modified RNA duplex. Similarly, the
RNA nucleotide at position g13 in the Ago2 complex with
seed and supplementary region paired, and nucleotides at po-
sitions g20 and g21 (g22 and g23, respectively, of si-1) bound
to the PAZ domain in the Ago2 seed complex were replaced
by SNA-T. All models were energy-minimized with Amber 14
[51] as implemented in UCSF Chimera until convergence was
reached.

Results

Thermal stability of RNA and GalNAc-siRNA
duplexes containing SNA

An initial evaluation of duplex thermal stability was per-
formed using a model 12-mer RNA duplex modified at an
internal position with SNA. A single SNA modification desta-
bilized the RNA duplex thermal melting (Ty) by a range of
—9°C to —13°C (Supplementary Table S1), consistent with
a previous report on the stability of a DNA/RNA heterodu-
plex containing a central SNA modification [27]. The aver-
age destabilization for a single SNA modification in RNA of
—10.4°C is almost identical to the reported value of —10.3°C
for (S)-GNA, however, the incorporation of SNA-C or SNA-G
(—12.6°C or —9.7°C, respectively) was less disruptive than the
corresponding incorporation of GNA-C or GNA-G (—16.8°C
or —12.1°C, respectively) in the same RNA sequence context
[20]. On the other hand, the incorporation of SNA-A or SNA-
T resulted in a more pronounced decrease in thermal stabil-
ity (—8.8°C or —10.5°C, respectively) than that reported for
GNA-A or GNA-T incorporation (—7.7°C or —4.7°C, respec-
tively).
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To enable an assessment of the impact of SNA modifi-
cation on both duplex thermal stability and inherent po-
tency, a well-characterized GalNAc—siRNA targeting mouse
Ttr was chosen (si-1; Supplementary Table S2, [4]). Single
SNA nucleotides were inserted at every possible position of the
GalNAc—siRNA duplex (Supplementary Table S2). Profiles re-
vealed a general SNA-mediated decrease in thermal stability
that was dependent on both the position of modification and
nucleobase identity (Fig. 2A and Supplementary Table S3). In
general, the magnitude of the effect increased as the SNA mod-
ification moved more toward the center of the duplex. Figure
2B shows that the average destabilization of SNA-A and -T
modification at internal positions was —4.2°C and —5.0°C,
respectively, which was slightly higher than that of GNA-A
and -T modification (—2.9°C and —3.9°C, respectively; see
[20]). Notably, modification of positions 8, 9, 12, 15, or 17
on the guide strand (g8, g9, g12, g15, or g17) with SNA was
found to be the most destabilizing and correlated in each in-
stance to modification of a C or G nucleobase. A similar ten-
dency was observed for modification of positions 7, 10, 13,
14, or 16 on the passenger strand (p7, p10, p13, p14, or p16;
Supplementary Fig. S1). The trend of increased thermal desta-
bilization with SNA-C or SNA-G (—6.9°C and —6.3°C, re-
spectively) was consistent with, but less pronounced than that
of GNA-C or GNA-G (—8.2°C and —6.8°C, respectively), pre-
sumably due to the nature of the rotated base-pairing featured
in all GNA nucleotides, making it refractory to hybridization
with G/C-rich RNA [22]. Overall, the SNA-mediated effect on
Twm ranged from +0.1 to —8.1°C, which was very similar to
the range observed with GNA in the same GalNAc-siRNA
(+1.1 to —9.8°C).

Crystal structure of an SNA-modified RNA
dodecamer

A total of seven different self-complementary RNA octamers
or dodecamers containing a single SNA thymidine, addition-
ally modified with either 5-bromouridine or 5-bromocytidine
to support anomalous phasing, were subjected to crystalliza-
tion trials (see Supplementary Table $4). Multiple conditions
in a sparse matrix crystallization screen yielded crystals for
the dodecamer 5'-CGCGAA(T)(Br5SU)CGCG-3', with (T) and
(Br5U) representing a SNA-T and 5-bromouridine nucleotide,
respectively (sequence x-5, Supplementary Table $4). Crystals
diffracted to 1.6 A resolution and the structure was phased
by Br-SAD. They belonged to space group P1 with unit cell
constants 24.02 A, 29.19 A, 29.78 A, 110.9°, 100.3°, 111.6°
and contain a single duplex. Due to the constraints of a single
rotation axis and P1 space group, low-resolution data were
not complete. Another crystal was used to collect fully com-
plete diffraction data in-house as described in the “Materials
and methods” section. Data collection, phasing, and refine-
ment parameters are summarized in Supplementary Table S5.

The modified RNA adopts a so-called A’ conformation
whose hallmarks include reduced inclination of base pairs
(~10°), increased helical rise (~3 A), and a wider major
groove (~8 A) compared to a standard A-from RNA duplex.
Structural comparisons between the SNA-modified RNA and
the parent 12-mer as well as an A’-form duplex are shown in
Supplementary Fig. S2. The presence of SNA residues has both
consequences for the overall conformation of the RNA duplex
and results in significant local conformational changes. SNA
features four bonds between backbone and base (C2'—NH—
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A
)
<
S
<
Site of Modification
B
Modification AT, (°C) 2 Range ®
Single SNA substitution -54+1.8 +0.1 to -8.1
A -42+1.8 0.0t0-6.3
C -6.9=1.1 -4.8 to -8.1
G -6.3+1.2 -4.8 to -8.1
T 5017 +0.1t0 -7.6

aEach reported value is the average of two independent measurements at a duplex
concentration of 1 uM in 0.25x PBS buffer. The values represent the average impact of
single substitution from positions 3-19 across either guide or passenger strand of the
conjugate duplex. ® Specific ranges cover all positions of the 21/23-mer siRNA-GalNAc

conjugate duplex

Figure 2. Effect of SNA substitution on GalNAc-siRNA duplex thermal stability (n = 2). (A) Ty values relative to parent GaINAc—siRNA (si-1) with guide
strands modified with SNA or GNA (data from [20]) at the specified position. Positions with a C or G nucleobase are indicated by the red squares or
circles. (B) Average effect of single SNA substitution on GaINAc—siRNA duplex thermal stability.

C(O)—CH,;—N1[T]) compared to just three in RNA (C3'—
C2'—C1'—N1[U]) or (C4'—04'—C1'—N1[U]). Because the
Watson—Crick pairing type is maintained between SNA-T and
RNA-A, the inter-strand phosphate-phosphate spacing in-
creases by ~1 A to >18 A at SNA incorporation sites (Fig. 3A)
compared to the rest of the duplex. Like with RNA, the SNA
backbone contains six bonds, but the torsion angles of SNA-
T nucleotides differ distinctly from those in RNA (Fig. 3A).
In SNA, three of the angles (B, v, and ¢) fall into the ap and
the others in the sc- range. By comparison, for adjacent RNA
nucleotides, only B and € adopt an ap conformation and all
others are in the sc+ or sc— ranges. These differences result in
intra-strand phosphate-phosphate distances for SNA residues
(6.47 and 6.58 A) that are reminiscent of B-form DNA and ~1
A longer than those observed in neighboring RNA nucleotides
(ca. 5.5 A on average). In both strands the carbonyl oxygen of
the SNA amide linker is engaged in a halogen bond to the
bromine at C5 of the 3’-adjacent RNA-U (distances of 3.10 A
in strand 1 and 2.96 A in strand 2; Fig. 3A). It is likely that
these interactions help to stabilize the SNA-modified RNA
duplex, but we don’t believe that they should be viewed as
an artifact of bromine modification. Thus, in the absence of
bromine, SNA could be stabilized by [#] C = O ... H-C5(Py)

[# + 1] and [#] C = O ... H-C8(Pu) [z + 1] interactions. It
is conceivable that such H-bonds will have a length of ~3.5
A, assuming that the amide moiety can tilt slightly toward the
base of the following residue (Fig. 3A). We grew crystals of an
SNA-modified RNA 12-mer without bromine and of another
12-mer with bromine at an alternative location (sequences x-
7 and x-8, respectively, Supplementary Table S4). Neither of
the crystals belonged to space group P1 and they diffracted
to <2.5 A resolution. Phasing of the structure from x-7 using
molecular replacement and the refined structure of the modi-
fied RNA as a model did not yield a solution. The anomalous
signal in the data collected for x-8 was insufficient for solving
the structure by Br-SAD.

An additional conformational change observed in the SNA-
modified RNA duplex concerns local unwinding. The central
region of the modified duplex viewed along the stacking di-
rection demonstrates a negative twist between SNA-T and
RNA-A preceding it in both strands (Fig. 3B). The resultant
twist between that RNA-A and the RNA-U after SNA-T is
only 26°, and the unwinding thus amounts to —40° relative
to the expected twist over two base-pair steps in canonical
A-form RNA (66°). Considering all these conformational dif-
ferences, one is tempted to view SNA as a poor mimic of a
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'SNA-T angle RNA
sc- ¢ sc-

Halogen bond
(Br ... 0=C)

Figure 3. Crystal structure of an SNA-modified RNA duplex and conformational consequences of SNA modification. (A) View into the relatively wide
major groove of the A’-form RNA duplex. Carbon, oxygen, nitrogen, phosphorus, and bromine atoms of RNA nucleotides are colored in tan, red, blue,
orange, and maroon, respectively, and carbon atoms of SNA-T nucleotides are highlighted in magenta. Water molecules are small cyan spheres. Inter
and intra-strand phosphate-phosphate and C = O ... Br halogen bond distances are indicated with thin solid lines. Backbone torsion angle ranges for
RNA and SNA are shown at the upper right. (B) View down the central stack of base pairs, demonstrating the negative helical twist of ca. —10° between
SNA-T and the preceding A in both strands. Glycosidic bonds are highlighted in green in one strand and black in the other. (C) Overlay of SNA-T (magenta
carbon atoms) and RNA-U (light blue carbon atoms) viewed into the major groove (left) and along the stacking direction (right), demonstrating
significantly different orientations of the nucleobases inside an RNA duplex. Circles highlight continuity of the backbone on the 5’- and 3'- sides of the
insertion site despite deviating orientations of phosphates.
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A

Log2 Activity Rel. to Parent

Log2 Activity Rel. to Parent

-2

Figure 4. Relative in vitro activity of GaINAc-siRNAs transfected at a
dose of 10 nM in primary mouse hepatocytes modified using a single
SNA nucleotide at each position of either the passenger (A) or guide (B)
strand (n = 4). The logo of the GalNAc-siRNA is shown for clarity, and the
parent modification pattern is as indicated in Fig. 1. A 5'-phosphate is
indicated by the black hexagon and was only included in the indicated
GalNAc—siRNA (P-g1, or si-3). Relative log, activity [log, (SNA-modified
siRNA) — logy(parent)] of <0 indicates an improved activity over the
parent whereas a value of >0 indicates a loss of activity relative to the
parent.

double-helical RNA conformation. This impression is also
supported by an overlay of RNA-U and SNA-T that re-
veals significantly different orientations inside an RNA duplex
(Fig. 3C) and was consistent with the destabilization observed
with modified strands in UV melting experiments.

In vitro gene silencing of modified siRNA
containing SNA modifications

We chose to investigate the effect of SNA modification on
RNAI activity within a fully modified GalNAc—siRNA con-
struct targeting the rodent Tir gene. The parent sequence
(si-1), fully modified with 2’-OMe, 2’-F, and site-specific
phosphorothioate backbone modifications, was previously
designed to provide optimal productive association with
Ago2 while resisting nucleolytic degradation [4]. The SNA-
containing GalNAc-siRNAs (Supplementary Table S2) were
first screened for activity in primary mouse hepatocytes via
transfection at two dose levels (10 and 0.1 nM). We observed
a position-dependent tolerance of SNA modification in both
the passenger and guide strand of the tested GalNAc—siRNA.
Certain positions such as g1, g2, g4, and g14-17 of the guide,
and p11-12 of the passenger were detrimental to RNAi ac-
tivity relative to the parent sequence (Fig. 4, Supplementary
Figs S3and S4, and Supplementary Table S6). Activity could be
partially restored to the siRNA modified at g1 by chemically
installing a 5'-monophosphate, suggesting a lack of kinase ac-

tivity directly on the terminal SNA nucleotide. It is perhaps
unsurprising that positions g2, g14, p11, and p12 were sensi-
tive to SNA modification, as these have all been reported to be
sterically constrained (g2, g14), or crucial for passenger slic-
ing and removal (p11, p12). It was also interesting to observe
that modification with SNA was not tolerated in the region ad-
jacent to and including the supplemental region of the guide
strand (g14-17), suggesting potential challenges with reach-
ing a stable “two-duplex” state just prior to the fully paired
conformation to support target catalysis [52]. Improved ac-
tivity was notable when SNA was incorporated at p15-p21,
perhaps because of an effect on thermal rebalancing of the
duplex for optimal RISC loading of the desired guide strand.
Most importantly, activity was maintained relative to the par-
ent for modification at g5—g8, positions that have been previ-
ously demonstrated to be critical for modulating miRNA-like
off-target behavior of siRNAs.

Analysis of miRNA-like off-target activity in a
luciferase reporter assay

Encouraged by the fact that siRNA activity was well main-
tained when a single SNA modification was incorporated at
positions g5-g8 in the seed region, we wanted to evaluate
the potential of SNA modification to mitigate off-target ac-
tivity in a dual-luciferase reporter assay. We chose the same
Ttr-targeting siRNA sequence used for the single nucleotide
SNA walk but updated the chemical modification pattern to
be consistent with that of our more advanced designs for
maximal potency and duration in eventual rodent studies
(Supplementary Table S7; see [8, 21]). This GalNAc-siRNA
was also chosen because it has shown robust miRNA-like
off-target behavior, resulting in a strong signal in the dual-
luciferase off-target reporter assay, substantial transcriptome
dysregulation in RNA sequencing of treated hepatocytes, and
toxicity in rats when administered at supratherapeutic doses
[21].

SNA incorporation in this more advanced GalNAc—siRNA
design (si-48, si-49, 5i-50, si-51) resulted in a change in T, rel-
ative to parent (si-47) that was consistent to within 1°C of the
changes observed in the analogous siRNAs used in the single
nucleotide walk (Supplementary Tables S3 and S7). To deter-
mine whether the measured Ty values for these fully mod-
ified GalNAc—siRNA duplexes could reflect the differences
in hybridization expected with the target mRNA, we deter-
mined the melting temperature of hybrid duplexes consist-
ing of the modified guide strands of these GalNAc-siRNAs
with a complementary RNA of either 23 nucleotides in length
(fully complementary) or 33 nucleotides in length (fully com-
plementary with 5 nucleotide overhangs). Although the ab-
solute Ty values decreased by ~9°C-13°C for the duplexes
with 23-mer RNA and ~10°C-15°C for the 33-mer RNA,
the relative changes in magnitude of Ty due to SNA in-
corporation were highly correlated with those of the fully
modified GalNAc—siRNAs (Supplementary Tables S7 and S8,
and Supplementary Fig. S5). There was also a strong cor-
relation between the Ty data generated for duplexes with
a 23-mer or 33-mer RNA complement (Supplementary Fig.
S6). The cumulative data suggests that Ty measurement of
fully modified GalNAc-siRNA serves as a good predictor
of the relative impact of chemical modification on the ther-
mal stability of a guide strand complexed with the targeted
mRNA.
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Figure 5. Activity of GaINAc—siRNAs targeting Ttrin (A) the dual-luciferase off-target reporter assay in COS-7 cells and (B) the corresponding on-target,

off-target ICsq values, and relative ratios (n = 4).
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Figure 6. Evaluation of SNA-modified GalNAc-siRNA activity in C57BL/6 mice. (A) Serum TTR protein levels in mice (n = 3) after subcutaneous
administration of a 0.5 mg/kg dose of the specified GaINAc—siRNA. (B) Knockdown of liver Hao7 mRNA in mice (n = 3) normalized to PBS control after
subcutaneous administration of a 1 mg/kg dose of the specified GaINAc—siRNA. Data for si-52 is representative of the average of four independent
experiments; data for si-53 and si-b5 is representative of the average of two independent experiments of n = 3 each.

We next assessed both off- and on-target activity of
these SNA-modified GalNAc-siRNAs in two separate dual-
luciferase reporters expressing four tandem repeats of the seed
region (off-target) or the full complement to the guide strand
(on-target). The on-target activity was maintained or slightly
improved for each SNA-modified GalNAc-siRNA relative to
the parent sequence (Fig. 5 and Supplementary Fig. S7). In
three of the four positions tested (g6, g7, and g8), a vari-
able increase in off-target ICsy value was observed, indicat-
ing a position-specific mitigation of off-targeting behavior
(Fig. 5A). The presence of SNA in position g5 (si-48) main-
tained an almost identical level of miRNA-like off-target ac-
tivity when compared to the parent sequence si-47. Relatively
modest decreases in off-target behavior relative to the parent
were observed when SNA was included in position g6 or g8
of si-49 and si-51, with increases in ICs5y values of ~16- or
~65-fold, respectively (Fig. 5B). The greatest impact of SNA
modification was observed when included at position g7 in si-
50, with a relative off-target ICs increase of ~260-fold over

the parent si-47. The relative ratio of off- to on-target activity
can provide a means by which to better assess the overall ben-
efit of SNA substitution and allows for a comparison to what
has previously been reported for GNA [21]. Interestingly, the
effect of SNA substitution on off- to on-target ratio was not
as robust as that reported for GNA, with a stronger position-
specific effect and lower ratios than the range of ~200-12 000
reported for GNA. However, the relative fold change to the
parent, which accounts for assay variability across individual
experiments, showed that SNA at g7 demonstrated an ~680-
fold improvement of off- to on-target ratio compared to an
~300-fold improvement with GNA at the same position. The
strongest effect was observed with GNA at position g5 of
this sequence, but that resulted in only ~380-fold improve-
ment in off- to on-target ratio. It should be noted, however,
that a direct comparison is challenging since the ICs( values
for GNA-modified siRNAs in the dual-luciferase off-target re-
porter were defined as >50 nM because this was the high-
est dose tested in these assays, whereas SNA had well-defined
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Figure 7. Modeling of SNA fit and interactions at various sites in the siRNA guide strand bound to Ago2 starting from the crystal structures of Ago2—-RNA
complexes (PDB ID 4f3t, panels (A-F); PDB ID 6n40, panel (G). (A) g1, (B) g2, (C) g3, (D) g5, (E) g6, (F) g7 and (G) g13. Ago2 in the energy-minimized
complexes is shown in ribbon mode colored in tan with selected side chains displayed and labeled. Carbon atoms of the modeled guide strand are
colored in light blue, except for those in SNA-T that are highlighted in green. In panel (G), carbon atoms of the modeled passenger strand are colored in
goldenrod. Guide and passenger RNA strands observed in the crystal structures of Ago2 complexes are overlaid with carbon atoms colored in brown.
H-bonds in the modeled complexes are drawn with thin black lines. In panel (G), selected P-P distances are drawn with thin solid lines.
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ICso values in both reporter assays. Head-to-head experiments
across in vitro and in vivo models would allow for a more
robust comparison of how effectively each modification can
improve GalNAc-siRNA specificity and safety.

In vivo gene silencing of modified siRNA
containing SNA modifications

We next evaluated the pharmacodynamics of RNAi-mediated
silencing for three of the four SNA-modified GalNAc-siRNAs
that were tested in the dual-luciferase reporter assays. After
subcutaneous dosing of 0.5 mg/kg for each GalNAc-siRNA,
TTR expression was monitored by protein ELISA of mouse
serum over a period of 35 days (Fig. 6A). Administration of
the parent si-47 led to a 76% reduction in circulating TTR
protein with a nadir of ~14 days. Interestingly, all tested
GalNAc-siRNAs containing SNA demonstrated a similar or
greater level of silencing at nadir, leading to 76%, 80%, and
84 % target suppression for si-48, si-49, and si-50 modified at
g5, g6, and g7, respectively. Moreover, the silencing duration
was comparable for si-47, si-49, and si-50, but the activity
with si-48, with SNA at position g5, showed a slightly faster
recovery. A similar trend in activity and duration was observed
for the same parent GalNAc-siRNA containing GNA at po-
sition g7, but not for those modified with GNA at position
g5 or g6 where a statistically significant loss of potency and
duration was observed [21].

To confirm the generalizability of these trends, we evalu-
ated a second series of SNA-modified GalNAc—siRNAs tar-
geting Haol (hydroxyacid oxidase 1) in mice (Supplementary
Table S7). We first confirmed a similar trend and magnitude
of thermal destabilization due to SNA incorporation in po-
sition g5-g8 of the seed region (Supplementary Tables S7
and S8, and Supplementary Figs S5 and S6). The parent
GalNAc-siRNA, si-52, or those modified with SNA at posi-
tions g5 (si-53), g6 (si-54), or g7 (si-55) were subcutaneously
administered to mice at a dose of 1 mg/kg (Fig. 6B). The mice
were subsequently sacrificed 7 days post-dose and mRNA ex-
pression quantified from liver. Haol mRNA was suppressed
by 75% after administration of the parent si-52. A simi-
lar trend emerged as in the Tir-targeting series whereby all
three SNA-modified GalNAc-siRNAs targeting Haol demon-
strated a robust level of silencing consistent with or exceed-
ing that of the parent. Haol expression was reduced by 76 %,
90%, or 82% with si-53, si-54, or si-55 modified at g5, g6, or
g7, respectively. This trend is again only partially consistent
with that of GNA, where GalNAc-siRNAs modified at posi-
tions g6 or g7 with GNA showed robust silencing like that of
the parent, but the modification of position g5 with GNA led
to a reduced target silencing [21, 24].

To further understand the observed differences in activity
between these SNA or GNA g5-modified GalNAc—siRNAs
targeting Haol in mice, we leveraged metabolite profiling via
mass spectrometry from the livers of mice 7 days after dos-
ing with si-52 or si-53 and compared with our previously re-
ported data for the corresponding GNA-modified siRNA [22].
We chose this comparison since it was one of the most promi-
nent examples where GNA modification led to an almost com-
plete loss in activity in mice due to a strong metabolism of the
guide strand. In line with the GNA-modified GaINAc—siRNA,
we identified metabolism of the guide strand nucleotides
5’- of the SNA-C incorporation which accounted for
65% of the detected guide strand species in the liver
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(Supplementary Table S9 and Supplementary Fig. S8). The
other 35% of the detected guide strand consisted of the full-
length and 3’-N-1 metabolites, which are both considered to
be active species. The identified metabolites of parent si-52
guide strand detected in the liver consisted of 100% of the
active species. In contrast, only 13% of the active species
with the g5-GNA-modified GalNAc-siRNA were detected in
mouse liver under the same conditions [22]. This less signifi-
cant metabolism of the SNA-containing siRNA and the con-
comitant ~3-fold increase in active species likely accounts for
the differences in activity observed in mice for GNA and SNA
modification at g5 of this Hao1-targeted GaINAc—siRNA. The
observed disparity in activity, duration, and metabolism be-
tween SNA- and GNA-modified GalNAc—siRNAs would sug-
gest that SNA is better tolerated in some of the tested positions
relative to GNA and warrants further investigation.

Discussion

RNAI therapeutics make use of chemical modifications to im-
prove their drug-like properties, such as nuclease resistance,
reduction of immunostimulatory effects, optimal PK/PD pro-
files, targeted delivery, and on-target specificity. This has
prompted significant efforts toward the investigation of var-
ious noncanonical modifications. Previous reports have de-
tailed the intriguing utility of SNA nucleotides for their re-
sistance to exonucleases, to reduce passenger-strand-mediated
off-target effects of siRNAs, to efficiently modulate splice-
switching of a mouse dystrophin mRNA transcript, and to im-
prove the duration and safety of gapmer ASOs. In this report,
we studied the biophysical and biological properties of SNA-
modified siRNAs and compared these findings to those results
previously reported for another acyclic nucleic acid analog,
GNA. We utilized X-ray crystallography to rationalize the be-
havior of SNA nucleotides in RNA duplexes and subsequently
demonstrated the potential utility for SNA modification in the
development of more specific RNAI therapeutics through the
mitigation of seed-mediated, miRNA-like suppression of off-
target mRNAs.

The decreased thermal stability of RNA or GalNAc-siRNA
duplexes modified with SNA was in line with previous reports
on SNA and was comparable to the level of thermal destabi-
lization afforded by GNA modification of the same sequences.
Given the flexible nature of the SNA backbone, and the struc-
tural distortions introduced through SNA modification that
were observed in the RNA dodecamer crystal structure, it is
perhaps unsurprising to observe this level of duplex thermal
destabilization. SNA differs in one key aspect in its compari-
son to GNA; that is, unlike GNA, SNA presumably does not
suffer from inefficient base pairing of C- and G-nucleotides
to the complementary nucleotide, resulting in less-significant
duplex thermal destabilization, and hypothetically improved
metabolic stability when incorporated into an siRNA. The
trend whereby the modification of C- or G-nucleotides in the
GalNAc-siRNA with acyclic monomers such as SNA or GNA
results in, on average, significantly more thermal destabiliza-
tion relative to the same modification of A- or U-nucleotides
is intriguing and requires further investigation. A potential
explanation for this stability trend observed with SNA:RNA
pairing could be that the shift in the SNA nucleobase relative
to native RNA (Fig. 3C) is likely to more substantially affect
the pairing geometry and formation of three optimal H-bonds
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in RNA:SNA G:C (C:G) base pairs compared to the formation
of two optimal H-bonds in RNA:SNA A:T (U:A) pairs.

SNA modification was tolerated at multiple positions
across both strands of the tested GalNAc—siRNA, especially
when placed in positions g5-g8 of the seed region. Al-
though SNA modification of positions g6-g8 in the model
GalNAc—siRNA demonstrated the ability to mitigate miRNA-
like off-target behavior, the strongest effect was observed
when SNA was placed at position g7. Given the similar level
of thermal destabilization caused by SNA modification of g6
or g7 in this sequence (—6.5°C or —4.0°C, respectively), but
substantially different levels of effect on the mitigation of
miRNA-like off-targets (~30-fold or ~680-fold increase in
off- to on-target ratio relative to parent, respectively), it is rea-
sonable to hypothesize that thermal destabilization of the seed
region alone is not sufficient to suppress these seed-mediated
off-target effects. These findings mimic that of our previous
report with GNA and 2’-5'-RNA linkages, whereby position
of the modification rather than level of thermal destabiliza-
tion appeared to be a key factor in determining the extent of
off-target mitigation. Another recent report using phospho-
nate linkages between g6 and g7 for the suppression of off-
targets further supports this hypothesis; similar to what we
have reported for GNA, 2/,5-RNA, and now SNA, Ty dif-
ferences alone were not effective in predicting the ability of
alkyl phosphonate linkages to mitigate off-targets, but rather
more complex factors such as guide-Ago2 interactions and
conformational changes were considered to be more impact-
ful [17]. As we have shown here, SNA introduces a longer P-P
distance at the site of incorporation, like 2’-5-RNA, and po-
tentially explains the similarity in behavior toward improving
specificity where both modifications were most effective when
incorporated at g7 [21, 53-55]. Encouragingly, the pharmaco-
dynamic activity of two different GalINAc-siRNAs modified
with SNA at position g3, g6, or g7 translated effectively into
mice, further supporting the utility of SNA as a modification
that can improve siRNA specificity while maintaining robust
on-target activity.

To gain insight into the regiospecific changes in potency
observed in the walk of a single SNA nucleotide along a
GalNAc-siRNA guide strand, we modeled Ago2 complexes
with a guide strand featuring a single SNA residue at selected
sites (Fig. 7). Given that the incorporation of SNA-T into an
RNA duplex was accompanied by significant conformational
changes both at the global (helical rise, base-pair inclination,
major groove width) and local level (intra-strand P-P distance,
duplex diameter, unwinding), it is perhaps surprising that SNA
is quite well tolerated at many positions of the guide strand,
with comparable activities to that of the parent si-1. At posi-
tion g1, SNA-T fits quite well and the nucleobase maintains
stacking with Y529 without causing close contacts to main
chain atoms of K525 and T526 (Fig. 7A). The orientations
and positions of both 5’-phosphates P1 and P2 are very similar
in the Ago2 crystal structure and the modeled complex with
SNA-T at g1. Conversely, at position g2, the SNA-T thymine
and adenine at g3 are unstacked and the presence of the SNA
residue at that site creates unfavorable contacts with side and
main chain atoms of Q558 and T559 that are part of an «-
helix (Fig. 7B). This helix can move just slightly but is un-
able to accommodate the longer linker between SNA back-
bone and base compared to a ribonucleotide. The changes at
the structural level seen in the model are in line with the signif-
icant reduction in activity observed for SNA at g2. The excel-

lent fit of SNA at position g3 correlates well with the activity
of the modified siRNA that matches that of the parent strand
(Fig. 7C). A similar picture emerges for SNA at positions g5
and g6. SNA at position g5 maintains stacking with neigh-
boring bases and an H-bond between the base and the side
chain of Q757 (Fig. 7D). The structural model also supports
the notion that SNA can mimic a ribonucleotide at g6, the site
of a kink in guide siRNA that features the side chain of 1365
inserted between the bases of g6 and g7 nucleotides [48, 11,
56].

However, incorporating SNA at position g7 creates a sub-
optimal fit compared to g5 or g6 as the SNA nucleotide there
does not maintain stacking with the g8 nucleotide (Fig. 7F).
The loss of stacking is due to the keto oxygen of SNA push-
ing against the g8 nucleobase and thereby preventing the g7
base from assuming an ideal 3.4 A spacing. Because the side
chain of 1365 stacks on the g7 base in the parent Ago2 com-
plex, the isoleucine is pushed up alongside the g7 SNA base.
The altered position of the g7 base in the SNA-modified guide
strand allows for formation of a H-bond between O4 of SNA-
T and Oy of T361. Both 1365 and T361 are associated with
the kink in the guide strand between residues g6 and g7. GNA
with its shorter backbone perfectly mimics the 5.5 A distance
between adjacent phosphates in the parent RNA structure at
the site of the kink. SNA’s backbone cannot contract to <6 A
between adjacent phosphates at g7 but maintains the kink by
splaying apart the g6 and g8 nucleobases with the assistance
of its keto group. This is somewhat reminiscent of the situa-
tion with the gem-2'-F/Me modification at g7 where the axial
methyl group pushes against the g8 base [25]. Interestingly,
the thermal destabilization at the g6 and g7 positions caused
by SNA are quite similar and both the in vitro and in vivo data
show robust activity for SNA at g6 and g7 (Figs 4-6). Thus,
SNA’s ability to maintain a strong kink in the guide strand at
g7 through control of the relative orientation of the g6 and g8
bases while maintaining the interaction of the g7 nucleobase
with 1365 and T361 fundamentally distinguishes SNA incor-
porated at g6 and g7, likely providing an explanation for the
drastically different off-target mitigation observed with SNA
modification at the two sites (Fig. ).

The gain in activity triggered by SNA modification at g13
is quite striking (Fig. 4B). To better understand this effect,
we turned to the crystal structure of a guide-passenger strand
duplex with a well-defined supplementary region in complex
with human Ago2 (PDB ID 6n4o; [49]). The structure allows
visualization of the spatial relationship between the g2-g8
seed region and the g13—g16 supplementary region. The lat-
ter stretch is fully paired to the passenger or target strand
and, interestingly, the P-P distances for g12-g13,g13-g14,and
gl4-g15 are 5.5, 6.8, and 5.7 A, respectively. The observed
distances for SNA inside double helical RNA of 6.5 and 6.6
A (Fig. 3A) match the observed, slightly stretched g13 back-
bone in the 6n4o crystal structure with Ago2. Furthermore,
the virtual absence of a helical twist between the bases of g12
and g13 in the complex crystal structure is noteworthy as this
also matches this property of SNA inside RNA in our crystal
structure, i.e. the twist there is just slightly negative (Fig. 3B).
Using the structure of the Ago2 complex with PDB ID 6n4o,
we built a model with SNA-T at g13 opposite A using the
UCSF Chimera suite [50] and energy-minimized the modified
complex with Amber [51]. A comparison between the model
with SNA-T at position g13 with the crystal structure of the
parent complex is depicted in Fig. 7G. The overlay shows a
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good overall fit of the supplementary regions and that the
wider SNA residue can be quite well accommodated in terms
of Watson—Crick pairing. Finally, SNA is well tolerated at the
3’-terminal end of the guide strand that is bound to the Ago2
PAZ domain. Indeed, the models with SNA at positions g22
(Supplementary Fig. S9A) and g23 (Supplementary Fig. S9B)
demonstrate a relatively good fit in both cases.

Continued progress toward novel siRNA chemical modifi-
cations will provide additional opportunities to improve the
performance of therapeutic siRNAs, as well as to improve
our understanding of RNAi mechanism. This work highlights
a position-specific utility of SNA toward improving the on-
target specificity of siRNAs, which can demonstrate miRNA-
like effects through seed-pairing to undesired off-targets. Since
our prior work has demonstrated the connection between off-
target activity and safety, SNA can now be added to the list
of modifications that have the potential to improve the safety
and therapeutic index of siRNAs, warranting further preclin-
ical investigation of this modification for the development
of potent and safe therapeutic siRNAs. Future directions in-
clude the additional determination of sequence- and position-
specific effects of SNA on off-target mitigation, a broader
characterization of the metabolite profiles of SNA-modified
siRNAs, and the potential to leverage a synergistic effect by
incorporating multiple SNA nucleotides into siRNAs.
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