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ABSTRACT: Oligonucleotides hold great promise as therapeutic agents but poor bioavailability limits their utility. Hence, new
analogues with improved cell uptake are urgently needed. Here, we report the synthesis and physical study of reduced-charge
oligonucleotides containing artificial LNA-sulfamate and sulfamide linkages combined with 2′-O-methyl sugars and
phosphorothioate backbones. These oligonucleotides have high affinity for RNA and excellent nuclease resistance.

Therapeutic oligonucleotides have great potential in the
treatment of cancer1 and genetic disorders,2 and the

recent approval of several antisense oligonucleotides (ASOs)
including Inclisiran and Mipomersen for chronic diseases has
intensified interest in the field.3 ASOs exert their effects
through several alternative mechanisms, such as splice
modulating, exon-skipping, siRNA-mediated gene silencing,
or RNase-H mediated mRNA degradation.4 ASOs do not
readily pass-through cell membranes, and some cell types, such
as those in muscle and brain are very difficult to address.
Hence, the further development of ASOs with enhanced
properties is essential.5 The nuclease resistance and cell uptake
properties of ASOs can be improved through chemical
modification of the sugar phosphate backbone.6 Natural
oligonucleotides are rapidly digested by nucleases in cells,
and modifications including 2’O-alkyl, and 2′-fluoro sugars and
phosphorothioate (PS) backbones6b are used to overcome
these challenges.4e,7 However, while the PS backbone increases
nuclease resistance,8 it also reduces RNA target affinity.9 To
compensate for this, modified sugars such as locked nucleic
acid (LNA) are employed to boost RNA affinity8,10 and confer
resistance to nucleases. Reducing the net anionic charge of the
oligonucleotide is another method that has been used to
increase nuclease resistance and cell uptake.11 This can be
achieved through the use of charge-neutral or positively
charged internucleotide linkages.12

An uncharged DNA backbone containing the sulfamate
group has been reported by Huie et al.13 This structure, unlike
phosphorothioate, has the advantage of being achiral, and is
essentially isostructural with the natural DNA phosphodiester

backbone (Figure 1). However, although the 3′-O-sulfamate
backbone contributes to nuclease resistance, it also reduces
duplex stability. Fettes described 3′-N-sulfamate and sulfamide
structures in DNA14 showing that the 3′-N-sulfamate slightly
increases duplex stability. Both the above studies were carried

Received: April 11, 2024
Revised: April 26, 2024
Accepted: May 7, 2024
Published: May 8, 2024

Figure 1. Previously synthesized sulfamate and sulfamide backbones
compared to the current work.
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out on oligonucleotides with unmodified phosphodiester
backbones which are unsuitable for use in vivo. In this work,
our aim was to increase RNA binding affinity by combining
LNA sugars with sulfonyl backbone variants and to insert these
into 2′-O-methyl-PS modified oligonucleotides. To achieve
this, it was first necessary to establish methods to synthesize
ASOs containing LNA- sulfamate and sulfamide linkages.
Our key objective was to synthesis oligonucleotides

containing the artificial backbones shown in Figure 1, with
LNA located below, or above and below it. This would allow
us to evaluate the positional influence of LNA on duplex
stability. Our synthetic strategy is outlined in Scheme 1.

Commercially available compound 1 was converted to
protected LNA-T nucleoside 2 following a reported procedure
(SI Scheme S1).15 Next, the benzyl group was removed by
catalytic hydrogenation to give 3, and the 3′−OH group was
protected with tert-butyldimethylsilyl to give 4.16 The mesyl
group was then replaced by azide to give 5 which was reduced
to the amine by catalytic hydrogenation,12a yielding TBS-
protected 5′-NH2-LNA-T nucleoside 6 (Scheme 1A).
Intermediate 714 for use in dinucleotide synthesis was prepared
by reacting 6 with p-nitrophenylsulfurochloridate in the
presence of p-nitrophenol and triethylamine (Scheme 1B).
We then reacted activated p-nitrosulfamate nucleotide
analogue 7 with nucleosides 8 (SI Scheme S2),15,17 9 (SI
Scheme S3),18 and 10 as shown in Scheme 2.
Reaction of 7 with 8 gave the LNA-LNA O3′ → N5′

sulfamate dinucleotide 11. Initially Et3N was used as the base
for the sulfamate coupling step with limited success. Several
reaction conditions were tried, but in all cases very low yields
resulted (10−20%). We then switched from Et3N to DMAP
and higher yields were obtained for all reactions involving 7.
After TBS deprotection of 11, compound 1418c was
phosphitylated to give LNA-LNA O3′ → N5′ sulfamate
dinucleotide 17 for use in oligonucleotide synthesis. Similarly,
reaction of 7 with 9 gave DNA-LNA N3′ → N5′ sulfamide
dinucleotide 12 in 80% yield. The TBS group was removed to
give 15 which was converted to phosphoramidite 18. Finally,
reaction between compounds 7 and 10 gave DNA-LNA O3′
→ N5′ sulfamate dinucleotide 13 in a yield of 45%. TBS

deprotection gave 16 which was converted to dinucleotide
phosphoramidite 19 (Scheme 2).
Modified dinucleotide phosphoramidites 17, 18 and 19 were

used to prepare oligonucleotides on an Applied Biosystems
ABI-394 DNA synthesizer. The oligonucleotides (ON1-ON5)
contained either one or two sulfa-type linkages and the other
linkages were 2′-O-methyl phosphorothioates for compatibility
with cell-based assays. The sequence is designed to target a
splice site in model HeLa Luc cells to restore the aberrant
luciferase reading frame and give a luminescent readout of
exon skipping (Table 1).12a,19 Initially deprotection of all
oligonucleotides was carried out at room temperature using a
1:1 mixture of ethylene diamine (EDA) and THF, commonly
used for oligonucleotides such as alkyl phosphonates which are
unstable to ammonia deprotection (Table S1). The observed
mass of the DMT-ON oligonucleotide ON1 containing the

Scheme 1. A. Synthesis of TBS Protected 5′-Amino-LNA-
thymidine 6. B. Synthesis of Sulfamate Intermediate 7

Scheme 2. Synthesis of Sulfamate/Sulfamide Backbone
Dinucleotide Phosphoramiditesa

aReagents and conditions: (i) 7, DMAP, THF, rt, 18 h, 11 38%, 12
80%, 13 45%; (ii) TBAF, THF, rt, 5 h, 14 90%, 15 88%, 16 88%; (iii)
Chloro (diisopropylamino)-β-cyanoethoxyphosphine, Et3N, THF, rt,
3 h, 17 65%, 18 58%, 19 72%.

Table 1. Oligonucleotides: All Oligonucleotides Are 2′-
OMe Phosphorothioate Except for Any Sulfa-Type Linkages
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LNA-LNA O3′ → N5′ sulfamate was correct, but the presence
of one and two acetyl groups was observed for ON3 and ON2
respectively. Both oligonucleotides contain the DNA-LNA N3′
→ N5′ sulfamide, and it is apparent that the acetic anhydride/
N-methylimidazole capping reagent used in oligonucleotide
synthesis reacts with the backbone nitrogen atoms of the
sulfamide linkage. The mass spectrum of ON5 (DNA-LNA
O3′ → N5′ sulfamate linkage) gave disappointing results,
suggesting cleavage of the sulfamate backbone (Figure 2A).

We were unable to obtain interpretable mass data for ON4 due
to the presence of two unstable DNA-LNA O3′ → N5′
sulfamate linkages which leads to a mixture of short strands.
Changing the deprotection conditions to concentrated
aqueous ammonia (55 °C, 5h) gave the desired masses for
oligonucleotides ON1, ON2, and ON3. Importantly, the N
atom of the N3′ → N5′ sulfamide backbone, which was
acetylated during the solid-phase synthesis, was successfully
deacetylated by ammonia treatment. Yet again, incorrect mass
was observed for ON5, due to cleavage of the S−O bond, and
no clear mass was observed for ON4. The mass spectrum of
ON5 suggested acetylation of the backbone NH and cleavage
at the 3′-oxygen of the sulfonyl group (Figure 2A).
Unfortunately, milder treatment of ON4 and ON5 with
ammonia at room temperature failed to solve the problem. We
reasoned that the electron withdrawing acetyl group negates
the stabilizing effect of the backbone sulfamate nitrogen.
Pleasingly, by omitting the capping step during solid-phase

synthesis, we were able to successfully obtain oligonucleotides
ON4 and ON5 that contain the DNA-LNA O3′ → N5′
sulfamate linkage (Table S1). The purity of these oligonucleo-
tides is slightly compromised by the lack of the capping step,
which makes trityl-on HPLC purification less effective.
Interestingly, in the study conducted by Huie et al.,13

oligonucleotides containing the DNA−DNA O3′ → N5′
sulfamate linkage were successfully deprotected with 27%
ammonia. The sulfamate dimer sequence used by Huie was 5′-
dAX1dG-3′ whereas we used 5′- dTX1

LT-3′, (Figure 2B). The
bulkiness of the purine ring may possibly hinder nucleophilic
attack at the sulfamate linkage or even prevent backbone
acetylation. The reason that the LNA-LNA O3′ → N5′
sulfamate linkage is more stable to deprotection than DNA-
LNA O3′ → N5′ sulfamate is probably steric in nature, but the
electronegative ring oxygen of the LNA sugar might also
hinder the approach of nucleophiles. As expected, the DNA-

LNA N3′ → N5′ sulfamide linkage is very stable to
oligonucleotide deprotection as was found for its deoxyribose
analogue.14

The 5′-DMT groups were removed from all oligonucleotides
by treatment with 80% aqueous acetic acid, and mass
spectrometry was used to characterize them (Table S2).
Analysis of duplex stability by UV-melting (Table 2, SI

Figure S29) showed that the LNA-LNA O3′ → N5′ sulfamate

linkage (ON1) increases the Tm against complementary DNA,
and RNA by more than 4 °C per modification. The DNA-LNA
O3′ → N5′ sulfamate linkage was less effective, only slightly
improving the stability of duplexes with its DNA and RNA
complements (ON4, ON5). Comparison of melting temper-
atures of LNA-LNA O3′ → N5′ and DNA-LNA O3′ → N5′
sulfamate linkages shows that the 5′-LNA sugar has a strong
positive influence on the artificial sulfamate backbone.
Interestingly HPLC/MS showed that oligonucleotides con-
taining DNA-LNA O3′ → N5′ sulfamate linkages fragment at
the sulfonyl group during repeated heating cycles of UV
melting, giving rise to complex melting curves. For this reason,
the later cycles were omitted from the Tm calculations. In
contrast, the LNA-sulfamate-LNA oligonucleotide (ON1) was
stable during UV melting.
The DNA-LNA N3′ → N5′ sulfamide linkages in ON2 (2

sulfamides) and ON3 (1 sulfamide) increase the Tm by +7.3
and 4.0 °C respectively against complementary DNA and by
4.6 and 2.6 °C against complementary RNA. Duplex
stabilization is less for the acetylated sulfamide backbone
(Ac) in ON2_Ac and ON3_Ac.
Fettes et al.14 found that a single DNA−DNA N3′ → O5′

sulfamate barely stabilized a DNA duplex (+0.1 °C), and two
and three N3′ → O5′ sulfamate linkages had a negligible
cumulative effect. The same linkage destabilized the duplex
with RNA by 1.2 °C. They also found that DNA−DNA N3′ →
N5′ sulfamide linkages destabilize the duplex against both
DNA and RNA (−3.2 °C). Hence, our strategy of replacing
the deoxyribose sugar in these artificial sulfa-type backbones
along with LNA has a significant beneficial effect on duplex
stability, and the LNA-sulfamate-LNA combination is partic-
ularly effective.

Figure 2. A. Cleavage of the acetylated sulfamate backbone during
oligonucleotide deprotection. B. Sulfamate backbones that are stable
during deprotection.

Table 2. UV Melting Resultsa

DNA Target RNA Target

ON Tm, °C ΔTm Tm, °C ΔTm

ON1 57.6 +9.1 77.7 (71.1*) +8.2
ON2 55.8 +7.3 74.1 (71.0**) +4.6
ON3 52.5 +4.0 72.1 +2.6
ON2-Ac* 52.0 +3.5 69.0 −0.5
ON3-Ac 50.0 +1.5 70.2 +0.7
ON4 49.7 +1.2 68.9 −0.6
ON5 48.9 +0.4 69.3 −0.2
ON6 48.5 69.5 (61.3*, 65.5**)

aTarget DNA strand = 5′-TGTAACTGAGGTAAGAGG-3′. Target
RNA strand 5′-UGUAACUGAGGUAAGAGG-3′. *ON3-Ac was
obtained as a mono- and diacetylated mixture. The experiments
were performed in 100 mM NaCl, 10 mM phosphate buffer, pH 7.0.
Tm = Melting temperature, ΔTm = (Tm of the modified duplex-Tm of
the unmodified duplex). *Tm value measured in 25 mM NaCl, 10
mM phosphate buffer, pH 7.0; and **Tm values were measured in 50
mM NaCl, 10 mM phosphate buffer, pH 7.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.4c01232
Org. Lett. 2024, 26, 4137−4141

4139

https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.4c01232/suppl_file/ol4c01232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.4c01232/suppl_file/ol4c01232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.4c01232/suppl_file/ol4c01232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.4c01232/suppl_file/ol4c01232_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c01232?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c01232?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c01232?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.4c01232?fig=fig2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.4c01232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Alterations to the global duplex structures of the backbone-
modified oligonucleotides against complementary DNA and
RNA were determined by circular dichroism (CD) (SI Figure
S30). The helical conformations are only slightly affected in
comparison to the control ON6. Increasing the proportion of
LNA in duplexes containing O3′→N5′ sulfamate (ON1) and
N3′→N5′ sulfamide (ON2) produced a slight hypsochromic
shift.
All oligonucleotides with sulfamate or sulfamide linkages

remained stable to endonuclease S1 from Aspergillus oryzae
after 2 days, whereas the unmodified oligonucleotide was
degraded in less than 1 h (SI Figures S31−S35). This strongly
suggests that sulfamate and sulfamide backbones will not be
substrates for cellular nucleases.
In conclusion, oligonucleotides containing LNA-O3′→N5′

sulfamate-LNA and DNA-N3′→N5′ sulfamide-LNA linkages
were synthesized using a standard solid-phase dinucleotide
phosphoramidite strategy. The method could potentially be
carried out on a large scale. These new backbone
modifications, particularly LNA-O3′→N5′ sulfamate-LNA,
hybridize to complementary RNA with high affinity and
show strong resistance to enzymatic degradation. Poor cellular
uptake remains a significant hurdle in oligonucleotide
therapeutics, and PS and LNA modifications with neutral
backbones such as sulfamate have the potential to improve
clinical efficacy.12a In this context we are planning to evaluate
oligonucleotide analogues with different numbers of LNA-
sulfamate and LNA-sulfamide backbones in various therapeutic
assays.
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