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A backbone-extended sulfonamide nucleic acid was developed for
use in gapmer antisense oligonucleotides. Backbone extension
restores duplex stability while preserving the ability of the oligonu-
cleotides to induce RNase H-mediated RNA cleavage. Structural
analysis suggests that the extended linkage adopts unusual back-
bone conformations yet remains compatible with canonical A-type
duplex formation, highlighting backbone extension as a new
design parameter for antisense oligonucleotide therapeutics.

Antisense oligonucleotides (ASOs) are clinically useful syn-
thetic nucleic acids that exert their biological activity through
sequence-specific binding to target RNAs." Among these,
gapmer-type ASOs consist of a central DNA (“gap”) region
flanked by segments of 2'-O-modified nucleotides (“wings”)
and induce RNase H-mediated cleavage of the RNA strand.
Although phosphorothioate backbones® are widely used to
enhance the resistance of ASOs to nucleases, their inherent
chirality>* and associated off-target interactions with various
proteins®” have motivated the development of alternative
internucleotidic linkages.®™® Although unmodified phospho-
diester linkages can be inserted at specific positions, such as
the wing regions of gapmers, their application in the gap
region is hampered by instability toward nucleases.*

A sulfonamide linkage (Fig. 1 left panel) represents an
achiral backbone modification and has been investigated as a
candidate internucleotidic linkage lacking a phosphate group
because of its charge-neutral character and resistance to nucle-
ase digestion.”" In this linkage, the 3'-oxygen, the phos-
phorus atom, and the 5-oxygen of thymidyl(3,5)thymidine
were replaced with nitrogen, sulfur, and carbon, respectively;
we therefore named this residue TnscT. We have previously
reported the incorporation of TnscT into gapmer-type oligonu-
cleotides and shown that the modified gapmers support
RNase H-dependent RNA cleavage.'* However, TnscT exhibited
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reduced affinity for complementary RNA, probably because of
the limited rotational flexibility of the S-N bond and steric hin-
drance of the 6-CH, group adjacent to the SO, group (Fig. 1).
Herein, we report a new sulfonamide nucleic acid (Fig. 1,
TnsccT) in which backbone extension is achieved by inserting
a 7'-CH,, group.

We became interested in backbone extension based on our
previous studies'® showing that contrary to the general expec-
tation that backbone extension destabilizes duplex structures,
extension of the carbon chain in phosphodiester-linked oligo-
deoxynucleotides can allow the formation of stable canonical
duplexes with complementary RNA. In some cases, duplex
stability was slightly increased, suggesting that the extended
backbone could be accommodated within the DNA-RNA
duplex. Based on this, we hypothesized that introducing a
similar backbone extension into sulfonamide-linked nucleic
acids might restore duplex stability by alleviating the confor-
mational restrictions imposed by the sulfonamide linkage. In
this paper, we report a backbone-extended sulfonamide
nucleic acid (TnsccT) that restores the duplex stability of sulfo-
namide-linked oligonucleotides while maintaining their ability
to induce RNase H-mediated RNA cleavage.

The phosphoramidite dimer of TnsccT (8) was synthesized
as shown in Scheme 1. Starting from protected 5-homothymi-
dine 1,">'® selective mesylation of the 5-hydroxy group fol-
lowed by substitution with isobutyl methanesulfonate afforded
isobutyl sulfonate 3. Subsequent deprotection by treatment

TnsccT

TnscT

Fig. 1 Structures of the sulfonamide-modified thymidine dimer TnscT
and the backbone-extended TnsccT.
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Scheme 1 Synthesis of phosphoramidite dimer unit 8 having an
extended sulfonamide backbone.

with sodium iodide generated the sodium salt of sulfonate 4,
which was converted into the corresponding sulfonamide pre-
cursor by reacting with cyanuric chloride'*'” and 1,2,4-triazole
to give intermediate 5. Coupling of 5 with a 3’-aminothymi-
dine'® in the presence of triethylamine afforded the sulfona-
mide-linked dinucleoside 6. Removal of the tert-butyldimethyl-
silyl group, followed by phosphitylation of the free hydroxy
group using standard chlorophosphoramidite chemistry, pro-
vided the target phosphoramidite 8 suitable for automated
solid-phase oligonucleotide synthesis.

First, we measured the circular dichroism (CD) spectra of
the TnsccT dimer obtained by deprotection of 7 (Fig. 2).
Temperature-dependent CD spectra provide insight into the
conformational behavior of the natural thymidyl(3',5")thymidine
and TnsccT. As shown in the upper panel of Fig. 2, the CD
spectra recorded at 20, 40, and 60 °C exhibited a characteristic
negative Cotton effect at 250-260 nm and a positive band at
280-290 nm, consistent with n-n* transitions associated with
base stacking. Upon increasing the temperature, a gradual
attenuation of the CD intensity was observed, indicating a tran-
sition from stacked to unstacked conformations. In contrast, the
CD spectra of TnsccT were largely independent of temperature,
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and the intensity was comparable to that of TpT at 60 °C. These
results suggest that TnsccT does not adopt a stacked confor-
mation and that the unit likely undergoes a conformational
adjustment upon binding to a complementary strand.

The oligonucleotides synthesized in this study are listed in
Table 1. ODN1 is an oligodeoxynucleotide with the sequence
5-CGCACTTTTTTTTCGACC-3'. The UV-melting temperature
(Tm) of the duplex with complementary RNA was 58.4 °C.
When the 9th and 10th thymidine residues were replaced with
a TnscT unit (ODN2), the T, decreased by 3.3 °C to 55.1 °C. In
contrast, replacement of the same residues with TnsccT
(ODN3) resulted in a Ty, of 57.7 °C, only 0.7 °C lower than that
of ODN1. These results indicate that the destabilizing effect is
significantly reduced in backbone-extended ODN3. This miti-
gating effect was more pronounced when multiple TnsccT
units were incorporated. For example, in ODN4, in which two
TnscT units replaced the 7th to 10th thymidine residues, the
T, decreased by 6.2 °C to 52.2 °C. In contrast, ODN7, contain-
ing TnsccT at the same positions, showed only a 1.0 °C
decrease, giving a Ty, of 57.4 °C. A similar trend was observed
for ODN5 and ODNS, in which residues at position 9-12 were
replaced. Moreover, in ODN6 and ODN9, where six thymidine
residues at positions 7 to 12 were replaced with three TnscT or
TnsccT units, respectively, each T, was 49.3 °C and 55.2 °C,
giving a difference of 5.9 °C. These results suggest that the
extended backbone of TnsccT improves the accommodation of
the sulfonamide linkage within the A-type duplex.

Next, we studied the properties of TnsccT in the gapmer
antisense oligonucleotides. ASO1-3 contained a TT dimer at
positions 9 and 10. The sequences were originally designed in
our laboratory. As discussed in Fig. 4 and 5, RNase H recog-
nizes the phosphate group corresponding to the sulfonamide
linkage during cleavage of the complementary RNA; therefore,
this sequence was chosen for the present study to see if the
phosphate binding pocket of RNase H recognizes sulfonamide

Table 1 T,, values of the duplex of synthesized oligonucleotides with
complementary RNAs. xx and yy mean dimer unit TnscT and TnsccT,
respectively

280 300 320
Wavelength (nm)

2 . bey
S

300 320

280
Wavelength (nm)

Name Sequence (5’ to 3') Tm [°C] ATy, [°C]
ODN1 CGCACTTTTTTTTCGACC 58.4 (0.3) —
ODN2 CGCACTTTXXTTTCGACC 55.1(0.1) -3.3
ODN3 CGCACTTTyyTTTCGACC 57.7 (0.2) -0.7
ODN4 CGCACT[xx][xx]TTTCGACC 52.2 (0.2) —6.2
ODN5 CGCACTTT[xx][xx]TCGACC 52.7 (0.3) -5.7
ODN6 CGCACT[xx|[xx][xx]TCGACC 49.3 (0.7) -9.1
ODN7 CGCACT[yy][yy]TTTCGACC 57.4 (0.4) -1.0
ODNS CGCACTTT[yy|[yy]TCGACC 57.6 (0.4) -0.8
ODN9 CGCACT[yy]lyy]lyy]TCGACC 55.2 (0.2) -3.2
ASO1 AccGAGGCTTGCATAC 70.1 (0.3) —
ASO2 AccGAGGCexxGCeATAC 68.0 (0.9) 2.1
ASO3 AccGAGGeyyGCATAC 69.3 (0.5) -0.8

-2 -2

Fig. 2 CD spectra of thymidyl(3’,5')thymidine (left panel) and TnsccT
(right panel).
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Values in parentheses are standard deviations of three independent
measurements. ATy, is the difference between T, and that of ODN1 or
ASO1. For ASO1-3, the underline and lower case ‘c’ indicates LNA and
5-methylcytosine, respectively. The internucleotide linkages of ASOs
are phosphorothioates.
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linkage. In this sequence, cytosine residues were replaced with
5-methylcytosine in accordance with the general design prin-
ciples of antisense oligonucleotides, where such modifications
are commonly employed to reduce activation of the innate
immune system. The reference sequence, ASO1, incorporating
natural TT, exhibited Ty, of 70.1 °C. Introduction of the TnscT
modification (ASO2) resulted in a noticeable decrease in
duplex stability, with T, of 68.0 °C, corresponding to a
decrease of 2.1 °C relative to the unmodified control. In con-
trast, the incorporation of the TnsccT modification (ASO3) led
to only minor changes in T,,. ASO3 showed a Ty, of 69.3 °C,
representing a modest decrease of 0.8 °C compared with ASO1.
These results indicate that TnsccT modification largely pre-
serves duplex stability, whereas TnscT modification induces a
more pronounced destabilizing effect.

To understand the structural basis of the improved duplex
stability of TnsccT-containing oligonucleotides despite the
extended backbone, we modeled the possible conformations
of the TnsccT unit. The CD spectrum of the ODN3/RNA duplex
was measured and compared with those of ODN1/RNA and
ODN2/RNA (Fig. S4). Although the Cotton effects at ~210 nm
and ~260 nm are reduced in magnitude, the spectrum of
ODN3/RNA still exhibits a characteristic positive band at
~260 nm together with a negative band at ~210 nm, which are
typical features of A-form duplexes. These results indicate that
the ODN3/RNA duplex retains an overall A-type helical confor-
mation, and that the decreased intensities reflect subtle confor-
mational modulation probably due to the below mentioned
backbone conformation rather than a structural transition away
from the A-form. As shown in Fig. 3, the C3'-C4'-C5'-C6’ (y) di-
hedral angle can adopt either ¢rans (left panel) or the gauche-
(right panel) conformations. These conformations were not
found in the natural A-type and B-type nucleic acid duplexes but
were found in distorted duplexes such as protein-DNA com-
plexes or mismatched duplexes.'® This suggested that the oligo-
nucleotide containing a backbone-extended sulfonamide, such
as TnsccT, formed a canonical A-type duplex while adopting an
unusual backbone conformation.

To examine how the introduction of the sulfonamide
linkage affected RNase H recognition, we analyzed the initial
RNase H cleavage pattern before extensive secondary cleavage.

Fig. 3 The TnsccT unit adopted to the A-type duplex structure. y =
trans (left panel), and gauche- (right panel). The C4'-C5' bond is indi-
cated by arrows.
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ASO1-3 were hybridized with a perfectly matched 16-mer RNA
labeled with 5-6FAM, and the cleavage reactions in the pres-
ence of Escherichia coli RNase H were analyzed using polyacryl-
amide gel electrophoresis. As shown in Fig. 4, in the presence
of ASO1, 5% of the 16-mer RNA remained, and a 7-mer RNA
was generated as the major product. Additionally, 8-, 9-, 10-,
and 12-mer RNA were identified as minor products. When
TnscT was incorporated (ASO2), 10% of the 16-mer RNA
remained, and a 7-mer RNA fragment was generated as the
major product. Importantly, cleavage at position 7 remained
the major pathway, indicating that the introduction of the sul-
fonamide linkage did not interfere with RNase H cleavage of
the phosphate located opposite to the modification (Fig. 5).
Among the minor products, the amounts of 9-mer and 10-mer
fragments decreased. When TnsccT was incorporated (ASO3),
28% of the 16-mer RNA remained, and a 7-mer RNA fragment
was generated as the major product. In the case of ASO3, not
only the 9- and 10- but also the 8-mer products disappeared,
whereas the 12-mer product increased. These results indicate
that sulfonamide-modified gapmers, such as ASO2 and ASO3,
retain the ability to induce RNase H-mediated RNA cleavage
while altering the cleavage pattern.

To understand the cleavage pattern shown in Fig. 4, we
mapped the positions of the phosphates as shown in Fig. 5.
Arabic numerals on the RNA indicate the phosphates whose
cleavage generates RNA fragments of the indicated length. The
Roman numerals on the ASOs represent the phosphates recog-
nized by the phosphate-binding pocket of RNase H.'® For

ASO1 ASO2 ASO3

16mer -_ —

5% 10% 28%

—
1Imer e -—
omer —
Tmer - - O . e
Smer —

Fig. 4 The PAGE analyses of the cleavage of the 5'-6FAM-labeled
complementary 16-mer RNA in the presence of E. coli RNase H and
ASOs.

Xii  xViii
P
ASO: 5'-ACCGAGGCTTGCATAC-3"
RNA: 3' —UGG(TU*CCﬁA}ACAUAUG—FAM—S '

1 1T 987
12 10
Fig. 5 The positions of phosphates cleaved (7-12) and the corres-
ponding phosphates recognized by the phosphate-binding pocket of

RNase H (vii—xii), producing RNA fragments of the indicated chain
length. The position of the sulfonamide bond is indicated by a “*".
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example, cleavage at position 7 requires the recognition of
phosphate vii. The cleavage pattern of ASO1 suggests that
RNase H primarily recognizes phosphate vii to generate the
major product, whereas phosphates viii, ix, x, and xii are recog-
nized to produce minor products. In the case of ASO2, where
phosphate ix is replaced by a sulfonamide linkage, recognition
at position ix and additionally at x was diminished. These
results suggest that the sulfonamide linkage and adjacent
upstream phosphate are not efficiently recognized by the phos-
phate-binding pocket of RNase H. In the case of ASO3, the
recognition of phosphate viii, which leads to cleavage at posi-
tion 8, is also diminished. Because cleavage at position 8
requires the recognition of phosphate viii across the modifi-
cation at position ix, the unusual backbone conformation
shown in Fig. 3 may alter the static or dynamic structure of the
duplex and weaken the RNase H-substrate complex responsible
for cleavage at position 8.

Conclusions

In conclusion, we demonstrated that backbone extension
restores the duplex stability of sulfonamide-linked oligonucleo-
tides while preserving their ability to induce RNase
H-mediated RNA cleavage. Analysis of RNase H cleavage pat-
terns revealed that the sulfonamide linkage alters the reco-
gnition of the backbone by the enzyme, while the major clea-
vage pathway remains preserved. This indicates that sulfona-
mide linkages can be incorporated without abolishing RNase
H activity when placed at positions that avoid critical phos-
phate recognition sites. Additionally, because sulfonamide lin-
kages are resistant to nuclease digestion, backbone-extended
sulfonamides may serve as nuclease-resistant backbone modi-
fications that do not rely on phosphorothioate modifications
and can therefore be incorporated into the gap region.

Molecular modeling suggests the possibility that oligonu-
cleotides containing TnsccT form canonical A-type duplexes
with complementary RNA despite adopting unusual backbone
conformations, reflecting the increased conformational flexi-
bility of the extended backbone. Such structural adaptability
may influence protein-nucleic acid interactions, suggesting
that backbone extension could serve as a new design para-
meter for modulating undesired protein-nucleic acid inter-
actions in antisense oligonucleotide therapeutics. Recent
studies have highlighted the importance of replacing phos-
phorothioate linkages®*® or controlling nucleic acid-protein
interactions through chemical modification of the gap
region.”** In this context, the incorporation of backbone-
extended sulfonamide linkages may provide a useful strategy
for developing antisense oligonucleotides with reduced phos-
phorothioate content and potentially improved safety profiles.

The synthesis of additional backbone-extended sulfona-
mide dimers beyond TnsccT, in vitro and in vivo applications
of the ASOs containing nscc backbone are currently underway
to expand the general applicability of this modification and
will be reported elsewhere.
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