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Storage of genetic information in DNA occurs through a unique ordering of canonical base pairs.
However, this would not be possible in the absence of the sugar—phosphate backbone which is essential
for duplex formation. While over a hundred nucleobase modifications have been identified (mainly in
RNA), Nature is rather conservative when it comes to alterations at the level of the (deoxy)ribose sugar
moiety. This trend is not reflected in synthetic analogues of nucleic acids where modifications of the
sugar entity is commonplace to improve the properties of DNA and RNA. In this review article, we
describe the main incentives behind sugar modifications in nucleic acids and we highlight recent pro-
gress in this field with a particular emphasis on therapeutic applications, the development of xeno-
nucleic acids (XNAs), and on interrogating nucleic acid etiology. We also describe recent strategies to
conjugate carbohydrates and oligosaccharides to oligonucleotides since this represents a particularly
Received 3rd September 2024 powerful strategy to improve the therapeutic index of oligonucleotide drugs. The advent of glycoRNAs

combined with progress in nucleic acid and carbohydrate chemistry, protein engineering, and delivery
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1. Introduction

Oligonucleotides are one of the most important classes of
biomolecules that are present in all domains of life. DNA serves
as the storage of genetic information while RNA relays this
information to the protein synthesis machinery. Both DNA and
RNA are made of nucleotide building blocks consisting of a
phosphate backbone, a pentose, and a heterocyclic nucleobase
(Fig. 1). Besides these structural key features, DNA and RNA can
be transiently modified mainly at the level of the nucleobase.
These epigenetic modifications allow regulation and alteration
of gene expression without requiring a change in the sequence
composition."™ Interestingly, so far, over 160 such chemical
alterations have been identified in RNA and 17 in DNA." These
modifications range from simple methylation patterns to more
intricate substitution patterns.® On the other hand, naturally
occurring chemical modifications at the level of the sugar unit
are rather scarce and are mainly restricted to the 2’-position of
the ribose moiety.'®*? This dearth of chemical diversity of the
sugar unit is in stark contrast with the chemical and structural
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undoubtedly yield more potent sugar-modified nucleic acids for

therapeutic,

biotechnological, and synthetic biology applications.

diversity present in natural mono- and oligosaccharides.'*"*

Another intriguing question is Nature’s choice of five- rather
than six-membered sugar building blocks.">*#

This question can be addressed by synthesizing nucleic acid
analogues with building blocks containing modified sugar
moieties and comparing their chemical, biochemical, and
structural properties to those of canonical DNA and RNA.
Experiments towards this aim, pioneered by Albert Eschenmo-
ser, have shown that the furanose plays an important role in
maintaining an adequate structure for helix formation by
imposing conformational restraints on nucleotides and repre-
sents the best balance between duplex stability, structural
diversity and flexibility."®?° On the other hand, six-membered
hexopyranosyl-(4’ — 6’) oligonucleotides (homo-DNA; vide
infra) display much stronger Watson-Crick base pairing capa-
cities than their natural, five-membered ring containing coun-
terparts and are unable to interact with canonical DNA and
RNA.'® The origin of the enhanced thermodynamic stability of
homo-DNA is believed to be entropic in nature and to originate
from the higher rigidity imposed by the pyranose ring.'® These
studies aiming at understanding the origin of the structure of
nucleic acids have spearheaded an immense research activity
striving to improve the stability of oligonucleotides in
biological media.

Chemical modification of nucleic acids originally stems
from the advent of the antisense oligonucleotide therapeutic
strategy. Antisense oligonucleotides (ASOs) consist of short

This journal is © The Royal Society of Chemistry 2025
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sequences of DNA or RNA that are designed to recognize
specific mRNA target regions and either sterically block the
protein machinery or recruit endonucleases to hydrolyze
mMRNA.>'"2” In the absence of chemical modifications, short
oligonucleotides are rapidly degraded by nucleases, suffer from
high renal excretion and poor cellular penetration, and often
induce important off-target binding toxicities.”*>* Alleviation
of these shortcomings can be achieved for instance by altering
the chemical nature of the sugar moiety of nucleotides or
coupling to ligands that act as vectors carrying oligonucleotides
to their targets."*>>° Inspired by the chemistry of nucleic
acids both to improve the therapeutic efficiency of oligonucleo-
tides and understanding of the chemical etiology of the nucleic
acid structure, a new research field was born which strives to
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identify artificial genetic polymers called xenonucleic acids
(XNAs).2*4* XNAs differ from their natural counterparts DNA
and RNA by the nature of the sugar moiety solely and retain the
structure of the original nucleobases (i.e. A, C, G, and T) and
phosphodiester linkages found in canonical nucleic acids
(Fig. 1).*° Such a chemical differentiation allows XNAs to store
genetic information while eluding interaction with DNA or RNA.

Besides the choice for furanoses rather than pyranoses as
salient structural elements of nucleotides, glycosylation of
nucleic acids is another, fundamental question that still needs
to be further addressed. Until the recent discovery that certain
small, non-coding RNAs were found to be equipped with sialy-
lated glycans,® it was believed that glycosylation did not affect
nucleic acids. This is in stark contrast with all other natural
biopolymers since glycosylation is one of the most common post-
transcriptional modifications of proteins'**® and glycolipids play
important roles in numerous cellular processes.'**’

Overall, these considerations highlight the presence of an
intricate and deep interconnection between nucleic acids and
carbohydrates. In this review article, we describe the nature and
properties of carbohydrate-modified nucleic acids. In the first
section, we highlight recent progress made towards the synth-
esis of nucleosides and nucleotides with modified sugar resi-
dues for the improvement of the in vivo properties of
therapeutic oligonucleotides and the development of orthogo-
nal XNAs. In the second section, we discuss nucleic acid
modification with glycans and in the last section, we summar-
ize progress on the conjugation of carbohydrates and (poly)-
saccharides to oligonucleotides. This review article, however,
addresses modifications of phosphate and/or nucleobases
other than carbohydrates, and the interested reader is redir-
ected to recent reviews covering these aspects.®”*>*875¢
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Fig. 1 Top: Structures of nucleobases. Bottom: Representation of nucleic
acids and their scope of various modifications.

2. Chemical modification of the
(deoxy)ribose of nucleosides and
nucleotides

Each unit of the backbone of natural nucleic acids consists of
six-covalent bonds (except for 2’-5’-branched RNA which con-
tains seven bonds®!). Changes in the backbone induce impor-
tant alterations in the sugar pucker conformation which in turn
can affect the base pairing strength and thus the (bio) physical/
chemical properties of duplexes. In addition, the Watson-Crick
base pairing rule (i.e. pairs with T (U) and G with C) governs
most of the fundamental properties of DNA and RNA and
modifying the structure of the backbone of DNA/RNA building
blocks can alter the hydrogen bonding capacity and hence
duplex stability.'®**** On the other hand, the ribose/deoxyr-
ibose is the main constituting part of nucleic acids involved in
creating structural and functional diversity, and thus their
chemical modification can lead to analogues with improved
functional and/or biological properties. Indeed, changing the
nature of the sugar moiety can improve the resistance against
nuclease-mediated degradation, modulate or lock the confor-
mation of the sugar puckering to reduce entropic penalty upon
duplex formation, target binding efficiency and specificity,
favor cellular penetration, and improve pharmacokinetics of
nucleic acid drugs.

Realization of the tremendous possibilities offered by sugar
alterations, especially in the context of developing more potent
therapeutic agents, stimulated intensive research activities. At
first, chemical alterations consisted in minute changes of the
(deoxy)ribose. For instance, replacing the 2’-OH of ribose with
NH,, 2’-methoxy (2'-OMe, 2), fluorine (2’-F, 3), methoxyethyl (2'-
MOE, 4), and aminopropyl (2’-O-AP) led to the development of
potent first-generation chemistries that have been included in a
number of therapeutic oligonucleotides such as antisense
oligonucleotides (ASOs) or small interfering RNAs (siRNAs)
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Fig. 2 Chemical structures of representative first generation modified
carbohydrate backbones used in therapeutic oligonucleotides.

(Fig. 2).>”*%>%% In addition to these rather minor alterations,
more drastic modifications can be made to the backbone by
changing the nature of the sugar moiety to trioses, tetroses,
other pentoses, hexoses including pyranose and furanose forms
or even seven-membered sugar rings (Fig. 3).*"°°

Such alterations of the natural ribose/deoxyribose can
improve the properties of therapeutic oligonucleotides but also
confer a certain degree of orthogonality to canonical nucleic acids
which is one of the main prerequisites for the crafting of
XNAs. 20494293 Iy this section, we emphasize the main artificial
sugar scaffolds that have been integrated into oligonucleotides
and their effect on duplex/triplex stability and potential useful-
ness in practical applications. Interested readers on the topic of
other therapeutic relevant modifications (e.g. at the level of

phosphate) are redirected to recent review articles of this
fleld 25,26,37,39,55,57-60

2.1 Glycol nucleic acid (GNA)

The sugar unit of nucleic acids can be replaced by short spacers
such as glycerol. Indeed, in glycol nucleic acid (GNA) the (deox-
y)ribose is replaced by a more flexible, acyclic glycol-phosphate
backbone which lacks one bond compared to canonical DNA/
RNA (6 in Fig. 3).°""* In addition, the 2,3-dihydroxypropyl-based
scaffold of GNA is reminiscent of the triose glyceraldehyde and
can thus be considered as the smallest possible XNA scaffold.®®
Even though the connecting glycerol moiety in GNA is achiral, it
is also prochiral with respect to substitution at the primary
hydroxyl group. Hence, there are two diastereoisomers of GNA
(6), namely (R)-GNA and (S)-GNA (Fig. 4). Oligomers formed by
both (S)- and (R)-GNA form antiparallel self-pairs that display
highly improved thermal stabilities compared to the corres-
ponding, unmodified RNA and DNA duplexes (AT, of 22 °C
and 20 °C, respectively).** This result is remarkable considering
the fact that the GNA backbone is acyclic and hence markedly
deviates from the structure of ribose/deoxyribose. However,
(S}GNA and (R)-GNA oligomers do not undergo antiparallel
cross-pairing with each other and fail to form duplexes with
complementary DNA sequences. Interestingly, only (S)-GNA is

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Chemical structures of (R)-GNA and (S)-GNA (6), p- and L-aTNA
(13), and SNA (14). The color code highlights structural differences
between members of acyclic nucleic acid analogues.

capable of cross-pairing with complementary RNA and follows
canonical Watson-Crick base pairing rules. Overall, the combi-
nation of structural simplicity and enhanced thermal stability of

This journal is © The Royal Society of Chemistry 2025

GNA (6) makes this modification an attractive scaffold for the
crafting of therapeutic agents.®>

Storage of genetic information and retrieving thereof rely on
the possibility of enzymatically synthesizing and replicating
nucleic acid polymers.®” This important prerequisite is only
met when stable duplexes are formed and when polymerases
can efficiently read through and faithfully copy the information
encoded in template sequences by incorporating the correct
(deoxy)nucleoside monophosphates ((d)NMPs) into primers.
Interestingly, even though GNA and DNA do not form stable
duplexes, DNA polymerases such as Bst are capable of catalyz-
ing DNA synthesis on short dodecamer GNA templates.®® GNA
triphosphates on the other hand are only moderately tolerated
by the terminator polymerase since DNA primers are extended
by only a few glycol nucleotides.®’

The favorable assets of GNA spawned the design of other
acylic DNA analogues such as ZNA (which consists of a
phosphonate rather than a phosphate connector and has an
additional methylene unit compared to GNA),”® acyclic p- and
1-threoninol nucleic acid (p- and 1-aTNA, 13 in Fig. 4)""7> and
serinol nucleic acid (SNA, 14 in Fig. 4)”® which also form highly
stable homo-duplexes but display a higher propensity to form
stable duplexes with DNA and RNA than GNA.”* Interestingly,
the methyl group dictates the stereochemistry in aTNA (13)
monomers, oligomers, and duplexes. In the absence of this

Chem. Soc. Rev., 2025, 54, 2948-2983 | 2951
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Fig. 5 Chemical structures of GNA equipped with glycose-nucleobase sur-
rogates and schematic representation of the putative H-bonding interaction
between 6-deoxyglucose in 16 and deoxyguanine in duplex DNA (16:dG). The
modified oligonucleotides comprise in particular (S)-2,3-dihydroxypropyl glu-
cose (15), (S)-2,3-dihydroxypropyl 6-deoxyglucose (16), (S)-2,3-dihydroxy-
propyl permethylated glucose (17), (R)-2,3-dihydroxypropyl permethylated
glucose (18), and (S)-1,4-dihydroxybutyl-2-(6-deoxyglucose) (19).

kind of methyl moiety, the stereochemistry is only controlled by
the sequence in SNA (14) oligomers.”® Nonetheless, GNA and
related analogues are interesting scaffolds for the development
of bio-orthogonal genetic systems (XNAs) since they fulfill most
of the requirements.”’

2.1.1 GNA equipped with glucose-nucleobase pseudo base
pairs. In addition to therapeutic applications and the development
of orthogonal and synthetic genetic systems, GNAs have also been
instrumental in the study of non-covalent forces between different
types of biomolecules. Indeed, glucose and 6-deoxyglucose have
been examined as a carbohydrate-nucleobase pairing system when
incorporated on a GNA scaffold (15-19 in Fig. 5).”° The resulting
double helices, either in the DNA or GNA series, are less stable
than the corresponding systems equipped with canonical
nucleobases but do not induce any marked changes in the
three-dimensional structure of the duplexes. Particularly, a
6-deoxyglucose nucleobase surrogate is fully integrated within
a double helix and forms two hydrogen bonds with com-
plementary guanine or thymine (dG:16 in Fig. 5). Changing the
anchoring system from glycerol to the one carbon longer
butanetriol system did not permit an increase in the thermal
stability of the duplexes.”® Moreover, Kf (exo™) polymerase from
Escherichia coli mainly incorporated purine nucleotides (~20%
dAMP and to a lesser extent dGMP) opposite a templating acyclic
nucleotide equipped with glucose and 6-deoxyglucose.”® Other
DNA polymerases such as Bst 2.0, SIII and BIOTAQ seem to
display a loop-out mechanism and mainly incorporated dTMP.

2.2 Three-membered ring analogues

The smallest possible cyclic surrogate of the deoxyribose/ribose
moiety is a three-membered cyclopropane ring. Such a three-
membered ring system is heavily strained and displays an inter-
mediate sp>- and sp>-hybridization on the constituting carbon
atoms.”” Consequently, substitution of the (deoxy)ribose moiety
by cyclopropane imparts a near-linear ring structure as well as a
strong rigidity to the scaffold.”®”® These alluring structural and

2952 | Chem. Soc. Rev,, 2025, 54, 2948-2983
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chemical features have attracted attention for the development of
potent antiviral nucleoside agents. Nonetheless, the properties of
the cyclopropyl ring system did not hold to promises and the
antiviral activity of such analogues (see e.g. nucleoside 20 in
Fig. 6) was usually low to moderate.”®3° A noticeable exception is
synadenol (21 in Fig. 6) and the corresponding guanosine
analogue, synguanol, which display important antiviral activity
against human cytomegalovirus and the Epstein-Barr virus.®"*?
So far, cyclopropyl nucleosides have not been introduced into
nucleic acids by solid-phase oligonucleotide synthesis (SPOS) and
all nucleotides with this altered sugar moiety were designed to
inhibit polymerases and transcriptases.®* ®>

2.3 Four-membered ring analogues

Increasing the ring size by a single carbon atom results in
cyclobutyl-containing nucleoside analogues which, unlike their
three-membered counterparts, often display interesting antiviral
properties. For instance, such an altered scaffold has been
identified in the naturally occurring antiviral agent oxetanocin A
(7 in Fig. 3 and 22 in Fig. 7)®® which acts as a DNA chain
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Fig. 7 Chemical structures of four membered ring containing nucleo-
sides, nucleotides, and oligonucleotides.
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87-89 The unusual three-dimensional structure con-

terminator.
veyed by the presence of the oxetane motif*® combined with its
highly potent pharmacological properties have led to the synthesis
of numerous oxetanocin variants including carbacylic 25 (Fig. 7)
and 3’-substituted analogues (23 in Fig. 7).%® In the 1990s, Katagiri
and colleagues have reported the synthesis of oligonucleotides
containing oxetanocin nucleotides. Homopolymeric dodecamers
containing oxetanocin analogues (24 in Fig. 7) formed duplexes
with complementary DNA sequences albeit with a marked
thermal destabilization (AT, ~ —7 °C per modification).”" Inter-
estingly, when the ring oxygen was replaced by a carbon atom (25
in Fig. 7), the oligomer properties changed drastically.”” Indeed,
homopolymers containing enantiomeric carbocyclic oxetanocin
nucleotides display a strong tendency to form stable triple helices
with complementary DNA and RNA sequences even under low salt
conditions. These modified oligonucleotides feature an extended
seven-bond backbone and display a more marked preference for
RNA than DNA.°*?* Finally, monophosphorylated oxetanocin
species have been reported in the literature (22 in Fig. 7).%°
Nucleoside triphosphates might thus be accessible and when
combined with engineered polymerases, enzymatic synthesis of
oxetanocin oligonucleotides could be envisioned in the future.
Such nucleotide analogues represent alluring alternatives for the
construction of XNA systems.

2.3 Five-membered ring analogues

The most common and intuitive approach for the generation of
nucleic acid analogues consists in either decorating the pen-
tose with additional and/or different substituents or by chan-
ging the nature of the sugar without altering the size of the
ring. Such modification patterns allow for fine tuning of the
sugar pucker as well as improving the in vivo properties of the
ensuing analogues without deviating substantially from the
structure of canonical nucleic acids.”® In this section, we will
discuss the most relevant examples of both approaches.

2.3.1 Ribofuranosyl nucleic acid analogues

C2'-modifications. The chemical/biological differences between
DNA and RNA arise from the presence of a 2’-OH or substituent on
the ribose moiety. Chemical alteration at the C2’ position is a
potent strategy to increase the biological stability of therapeutic
oligonucleotides. Currently, all FDA-approved or in late stage
clinical trials oligonucleotide drugs are fully modified at the
C2/-position.>”**”> In addition to improved biological stability,
appendage of electron withdrawing substituents at the 2’-position
will favor a C3’-endo (North type) conformation while a C2’-endo
(South type) sugar pucker is favored in DNA or constrained systems
such as locked nucleic acids (vide infra). Lastly, depending on the
nature of the C2/-substituent, the binding affinity to target RNA
can also be improved by this simple modification pattern.

Amongst the C2’-substituents, 2'-fluorine is one of the most
popular and effective modifications (3 in Fig. 2). The 2’-fluorine
substituent induces a strong gauche effect which is reflected by
a marked preference for a C3’-endo sugar pucker. RNA oligo-
nucleotides equipped with 2'-fluoro riboses display enhanced
thermal duplex stabilities when paired with complementary
RNA sequences (AT, of +2 to 3 °C per modification).”* This

This journal is © The Royal Society of Chemistry 2025
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enhancement in thermal stability is presumably caused by an
enthalpic gain generated by favorable stacking interactions and
base-pairing due the presence of the electronegative substituent.®>°
Expectedly, the presence of 2'-fluoro modifications also offers a
strong resistance to nucleases both in vitro and in vivo.”®"’
Nonetheless, the multiple advantageous assets of 2’-fluoro-
modified RNAs are impinged by unfavorable pharmacokinetic
properties.®®%°

Replacement of the 2’-hydroxy moieties with 2’-OMe is another
potent strategy to increase nuclease resistance and binding affi-
nity, and also to reduce the immune response to therapeutic
nucleic acids (2 in Fig. 2)."°>'"" As for the 2/-F substituent, the
presence of a methoxy moiety at the C2' raises duplex stability
(AT, of +1 °C per modification) and locks the sugar pucker in a
C3’-endo conformation. The increase of stabilization is caused by
favorable hydrophobic interactions of the methoxy moiety in the
duplex minor groove and by reduced entropic penalty upon duplex
formation due to partial pre-organization of the sugar
pucker.’®*°*1% Given the favorable properties of the 2'-OMe
modification strategy, most FDA-approved oligonucleotide thera-
peutics contain such nucleotide analogues.*

The 2’-OMe represents the smallest of all 2’-0-alkyl modifi-
cations reported to date. With the exception of 2’-MOE (4 in
Fig. 2), it is also the most efficient in terms of improvement of
RNA biological and therapeutic properties. Indeed, when the size
of the alkyl moiety was varied from 2’-OMe to larger units such as
2/-O-ethyl, 2'-O-propyl, 2’-O-butyl, 2’-O-pentyl, and 2’-O-nonyl (28
in Fig. 8), a clear correlation was observed for the stability of
DNA-RNA duplexes with the smaller substituents stabilizing and
larger substituents destabilizing the duplex, respectively.'®>%
Nuclease resistance increases with the size of the 2’-O-alkyl chain,
suggesting that fine-tuning of the bulkiness and length of the 2’-
O-modification can produce an adequate mix of thermal stability
and nuclease resistance.'® However, these observations are also
sequence-dependent since the presence of a 3’-terminal 2'-O-[2-
(benzyloxy)ethyl] substituent (31 in Fig. 8) is rapidly degraded by
exonucleases despite its rather important size.'®

Over the past decades, the effect of a vast number of other
substituents at the C2’-position has been explored (structures

o o Base o) o Base o fo) Base
7O\P,0 o ﬁHs -0 © 7O\p’o ©
O:(I) ﬁnzz 356 OZZ (\/\Oj::‘g o:(l) n=2348
. X .
26 27 28
i “r et Base
I} o. Base e} o. Base (¢} o
-0 70 0 o ©
L0 © L .0 © By 3
o=k l 0=g \L O'O'.’ B
% g # R #
29 30 31

R = NH,, N=CH, NMe;
N(Me)'Pr, CH,Ph,
N(Me)CH,CH,NH,

R = Allyl, propargyl, CH,CF3,
CH,CH,F,CH,CH;SMe,
CH,CH,0Bn, CONHCH3

R = NH,, NHMe, NMe;
N(H)CH,CH,NMe;

Fig. 8 Chemical structures of modification patterns at the level of the
2'-O-position of ribose.
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26-31 in Fig. 8)'” including 2’-O-alkyl, 2/-O-alkyl ether,"**'°
2’-0-amino alkyls,***"* 2’-O-ethylene glycol or 2’-O-glycerol,**>
2'-O-carbamate,'"? 2’-O-(N-methylcarbamate),'** 2/-0-allyl/alke-
nyl,*°® 2/-0-aminohexyl,'** and 2/-O-(2-(methylthio)ethyl).'*®

Amongst all the modifications that have been explored, the
2/-MOE substitution pattern displays the best balance between
nuclease resistance and induced thermal stability (ATy, of +1 to
2 °C per modification)."*>""” While less pronounced than in the
case of 2/-fluoro, these properties arise in part due to an
additional conformational pre-organization imparted by the
gauche effect due to the impaired rotation around the ethylene
carbon-carbon bond.**®* Hence, 2’-MOE substitution has
advanced as a popular, second generation modification found
in many therapeutic oligonucleotides.*

In terms of synthesis, C2’-modified nucleotides can be intro-
duced by SPOS using activated phosphoramidite building blocks
but also by enzymatic, polymerase-mediated synthesis. Indeed,
some wild-type polymerases such as the T7 RNA polymerase or
RNA polymerases with terminal transferase activity do have
a propensity for accepting ribonucleotides equipped with
C2’-susbtituents."**™'** Nonetheless, this capability remains lim-
ited and engineered polymerases are required to tolerate bulkier
modifications such as 2/-MOE and achieve efficient synthesis."**™"*
In order to alleviate these synthetic limitations, alternative che-
moenzymatic methods involving for instance ligases are currently in
development,'%%128130

Modifications at positions C2' and C4' of the ribose. The
simultaneous introduction of substituents at the C2’ and C4’
positions was also explored even though not as extensively as
single 2’-O-modifications.

Nuclease resistance of oligonucleotides can also be improved
by introducing chemical modifications at C4’. This is because
modifications at this position can insert between the 3’,5'-
phosphodiesters and thus hinder cleavage activity mediated by
nucleases."®" C4’-substitution also changes the sugar puckering
and shifts towards a North-East conformation are often
observed."?

Recently, several C4’-modified ribonucleotides were incor-
porated into RNA sequences and their effect on biostability and
thermal stability was assessed. Prominent examples include
4'-C-methyl-2'-deoxy-2'-fluoro (32 in Fig. 9),"** 4’-C-methoxy-2’-
deoxy-2/-fluoro (33),"*” 4’-C-aminomethyl-2’-O-methyl (34 with
n = 1),"** 4’-C-aminoalkyl-2’-O-methyl (34),"*" 4’-C-aminoalkyl-
2'-O-fluoro (34 with n = 1-3),"*® 4/-C-guanidinomethyl-2-0-
methyl (35),"*” 4’-C-guanidinocarbohydrazidomethyl-5-methyl
(36),"*® and (S)-5'-C-aminopropyl-2’-O-methyl*® (37). Collec-
tively, these modifications induced a strong protection against
nuclease-mediated degradation and were well-tolerated within
RNA duplexes. Importantly, this modification pattern does not
interfere with siRNA-mediated gene silencing activity and inter-
acts favorably with human Argonaute 2 (Ago-2)."** These studies
suggest that C2'/C4’-dual modification patterns represent alter-
native scaffolds that can be implemented in oligonucleotide
therapeutics. Such nucleotide analogues also display potent
antiviral activity as showcased by a nucleoside triphosphate
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Fig. 9 Modifications at the 2’- and 4’-C-positions of the ribose.

equipped with fluorine substituents at the C2'’- and
C4’-positions which efficiently inhibited RNA synthesis by act-
ing as a chain terminator.'*°

Instead of modifying the ribose moiety by appending addi-
tional functional groups at position C4’, the O4’ oxygen atom can
be substituted by other heteroelements (Fig. 10). In this context,
Matsuda et al first reported the synthesis of 4’-thio-2'-
deoxyribonucleosides (38) and 4’-thioribonucleosides (39)."*"*>
After conversion to phosphoramidite building blocks and incor-
poration into oligonucleotides by SPOS, 4’-thio-modified DNA
and RNA were shown to increase nuclease resistance and thermal
stability of duplexes with complementary sequences.'**"%

Later, the same group synthesized and characterized the
properties of 2’-modified-4’-thio-RNAs.'*® In a comprehensive
study, the authors demonstrated that 2'-fluoro-4’-thio-RNA (40)
showed an impressive increase in thermal stability (AT, of
+16 °C) with complementary RNA compared to an unmodified
RNA duplex. In addition, 2'-fluoro-4’-thio-RNA (40) and 2'-OMe-
4'-thio-RNA (41) sequences preferred binding to complementary
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Fig. 10 Modifications at the 2’-C and 4’-O-positions.
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RNA rather than DNA. Lastly, 2’-OMe-4’-thio-RNA (41) displayed
improved resistance against endo- and exonuclease-mediated
degradation when compared to oligonucleotides decorated with
other modifications (i.e. 2’-fluoro, 2'-fluoro-4'-thio, 2’-OMe-4’-
thio, and 4'-thio) or natural DNA and RNA.'*

Besides SPOS, 4'-thio-modifed ribo- and deoxyribonucleo-
tides are well-tolerated by polymerases and can thus be incor-
porated enzymatically into oligonucleotides.***™*° Interestingly,
the corresponding nucleoside triphosphate, 4’-seleno-TTP, was
prepared and could be incorporated into DNA using various
polymerases, albeit with reduced efficiency compared to the
corresponding 4'-thio nucleotide or unmodified dTTP."°

Carbocyclic nucleosides have increased chemical and meta-
bolic stability compared to natural nucleosides. They are unaf-
fected by phosphorylases and hydrolases due to the absence of
glycosidic bonds. This important feature has been exploited for
the construction of numerous nucleoside antiviral agents,”®
some of which (e.g. 2’-deoxyaristeromycin,'** 42 in Fig. 10) have
been incorporated into oligonucleotides by SPOS. In addition,
carbocyclic analogues can also be used to improve the proper-
ties of therapeutic oligonucleotides. Indeed, the inclusion of
such analogues into DNA sequences mostly results in duplexes
with improved thermal stability.">*"** The additional degree of
stabilization provided by a C2’-carbocyclic nucleotide contain-
ing oligonucleotides mainly results from a preferred North-type
conformation of the cyclopentane moieties which imposes an
A-like conformation on the duplexes.'>*

The nuclease resistance of carbocyclic-modified oligonucleo-
tides can be further fine-tuned by the addition of substituents at
position C6’ of the carbacyclic unit and/or at position C2'.**> To
prove this hypothesis, Altmann et al. prepared a series of DNA
oligonucleotides equipped with 2'- or 6’-alkoxy substituted car-
bocyclic nucleotide units (43) and evaluated their binding affinity
to complementary RNA as well as their resistance to nucleases.'>®
The presence of both types of substitution patterns led to
decreased thermal stability of the resulting duplexes, but as
expected, the presence of an additional 6'-substituent massively
increased biostability.

The last realistic heteroelement exchange possible on a five-
membered ring system is swapping oxygen with a nitrogen
atom. Many iminoribitol containing nucleoside and nucleotide
analogues such as immucilin A (44 in Fig. 10) are good
inhibitors of various enzymes because they are good transition
state mimics. Yet, they have barely been incorporated into
nucleic acids by SPOS.">*"*° Related to iminoribitol are the
pyrrolidine C-nucleoside analogues developed by the Leumann
group (45 in Fig. 10). Such analogues were conceived to
enhance the properties of triplex forming oligonucleotides (in
the context of the antigene strategy'®®), particularly their capa-
city at recognizing duplexes via salt bridge formation,'¢*"%*

Combination of 2'-O- and 5'-C/O-ribose modifications. As men-
tioned previously, an important prerequisite for the develop-
ment of efficient RNA/DNA therapeutics is biological stability. In
particular, this implies that the nucleotidic scaffold needs to be
chemically altered to resist against the hydrolytic degradation
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mediated predominantly by 3’-exonucleases.
the presence of a high density of negative charges carried by the
phosphate linkages denies oligonucleotides from penetrating
cellular membranes. In order to alleviate these shortcomings, a
number of modifications were introduced at the level of the
phosphodiester moiety. An important example is 5’-methyl-DNA
(5’-Me-DNA) where an additional methyl moiety was introduced
at position 5’ (46 and 47 in Fig. 11)."®® The presence of such a
substituent reduces recognition by nucleases and does not alter
the propensity of base pairing with complementary sequences
(AT, of —1 to —3 °C per modification). Interestingly, unlike
phosphorothioates or methylphosphates, the chiral center in 5'-
Me-DNA is not located on the phosphorous atom but on the
vicinal carbon atom of the sugar moiety, whose stereochemistry
can be controlled."®® A similar strategy was applied to locked
nucleic acids (LNA) where the effect of a 5’-(S)-methyl group (48)
was shown to be beneficial for the recognition of complemen-
tary sequences, while the exact opposite was observed in
sequences containing (R)-substituents (49)."®”

Obviously, the nature of the 5'-substituent is not restricted
to a short methyl moiety. In a recent work by Prakash and
colleagues various 5’-C-modification patterns were introduced in
a stereoselective manner and the resulting ribonucleosides were
introduced into siRNA sequences by SPOS (50 in Fig. 11). This bulk
of work demonstrated that a single stranded siRNA (ss-siRNA)
sequence equipped with a single (R)-methyl group located on the
first nucleotide (i.e. at the 5’-end of the sequence) displayed a more
potent gene silencing activity than the corresponding sequence
modified with an (S)-methyl group. This differential activity is
presumably caused by the conformational preference around the
torsion angle y which is in a favorable ap range in the (R)-isomer.
Interestingly, various substituents of larger steric bulk than a short
methyl group were well-tolerated and did not negatively affect the
gene silencing activity of both modified ss-siRNAs and siRNAs. On
the other hand, introducing side-chains with anionic or cationic
characteristics was detrimental for the activity of ss-siRNAs but not
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Fig. 11 Modification at the 2'-O, 5'-C position of ribose and internucleo-
tidic modification patterns.
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for that of siRNAs. This negative impact was deemed to originate
either from negative charge repulsion or salt bridge formation with
critical amino acid residues in the binding pocket of Ago-2."%®

Numerous synthetic campaigns have been directed at mod-
ifying the internucleosidic linkage.'® For instance, a simple 5'-
O to 5'-CH, transposition results in the installation of a
phosphonate backbone (51). The introduction of such a phos-
phodiester isostere improved the biostability of oligonucleo-
tides but led to a destabilization of duplexes (AT, ~—3 °C per
modification)."”® Increasing the length of the internucleosidic
backbone either at the 3’- (52) or the 5’-termini (51) results in
similar duplex destabilization."”* On the other hand, when the
negatively charged phosphate is substituted with neutral
mimics such as triazole (54),"”>'7® sulfamate (55),"”*"7® or
amide (56),"”” or with positively charged alternatives such as
amines (57),"”® both biostability and affinity for complementary
sequences can be enhanced.

2.3.2 Arabinonucleic acid. Arabinose is the 2’-epimer of
ribose where the 2’-OH is oriented cis rather than trans with
respect to the nucleobase (9 in Fig. 3). Interest in arabinose
analogues of nucleic acids (ANA) stems from early studies on
cytosine arabinoside (araC) and the corresponding nucleoside
triphosphate araCTP which are potent competitive inhibitors of
DNA but not RNA polymerases."”>'#° ANA oligonucleotides were
synthesized for the first time by Damha et al. with the aim of
understanding why Nature opted for ribose (as in RNA) rather
than arabinose (as in ANA) as genetic biopolymers.'®"*? These
studies revealed that ANA oligonucleotides form duplexes with
complementary RNA but induce a marked destabilization (AT,
values ranging from —1.0 to —1.5 °C per modification in mixmer
sequences).'®" Moreover, ANA sequences barely bind to com-
plementary DNA. The change in stereochemistry at position 2’
confers a DNA-like conformation to ANA (ANAs tend to adopt a
C2’-endo pucker) while the presence of the bulkier hydroxyl
moiety is believed to negatively impact base stacking and
Watson-Crick base pairing efficiency which in turn explains
the only moderate to low affinity of ANA for DNA. Overall, the
binding affinity for complementary RNA sequences decreases in
the order RNA > DNA > phosphorothioate-DNA > ANA.
Despite low affinity for complementary DNA/RNA, ANAs have
attracted attention as candidates in the antisense therapeutic
approach because inversion of the stereochemistry at C2’ was
found to increase the resistance against degradation mediated
by 3’-exonucleases. What is more, ANA-containing oligonucleo-
tides are capable of recruiting RNase H to hydrolyze comple-
mentary RNA sequences which is an important prerequisite to
be considered for the development of potential gene silencing
agents.'®'83 This property arises through a combination of the
adequate DNA-like conformation of ANA/RNA duplexes with the
positioning of the 2’-OH moieties in the major groove where it
does not interfere with RNase H binding. Lastly, despite a poor
capacity at interacting with ssSDNA, ANAs can bind to duplex
DNA and form relatively stable triple helices. In contrast, they
do not bind to dsRNA or RNA/DNA duplexes.'®*

ANA-modified oligonucleotides are mainly produced by
SPOS since the corresponding arabinonucleoside triphosphates
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are only poor substrates for naturally occurring archaeal DNA
polymerases.’® On the hand, various polymerases have been
engineered to better tolerate arabinonucleotides and permit
molecular evolution experiments to generate ANA-containing
aptamers and enzymes.®”87188

2.3.3 Deoxyfluoro-arabinonucleic acid. In order to improve
the pairing properties of ANA, the 2’-OH substituent was replaced
by a smaller fluorine atom giving rise to 2’-deoxy-2’-fluoro-
arabinonucleic acid (FANA; 58 in Fig. 12)."%"> This subtle
substitution confers FANA remarkable properties. For instance,
FANA modified oligonucleotides form very stable duplexes with
complementary RNA sequences (AT,, = +0.2 to +0.8 °C per
modification compared to unmodified DNA/RNA duplexes)
which is in stark contrast with ANA.'®> Remarkably, the stability
of duplexes formed with complementary RNA decreases in the
order FANA > RNA > DNA > phosphorothioate-DNA >
ANA.">' In addition, FANAs form more stable duplexes with
complementary DNA than the corresponding 2’-F-RNAs where
the fluorine atom is of opposite stereochemistry. The structural
consequences from replacing a 2’-OH with a corresponding 2'-
fluorine on the arabinose are a shift from a C2'-endo pucker
(ANA) to an 04'-endo conformation (FANA).'#"'9*1% In addition,
the gauche effect caused by the interaction between the highly
electronegative fluorine atom and the O4’ of the sugar confers
rigidity to the scaffold and hence locks FANA in the O4'-endo
(East) conformation. This altered conformation allows FANA to
be compatible both with RNA and DNA which is not the case
for ANA. Interestingly, even though FANA cannot adopt
Southern (C2’-endo) or South-Eastern (C1’-exo0) sugar conforma-
tions which are observed in crystal structures of RNase H in
complex with RNA/DNA duplexes, FANAs are even better at
recruiting this enzyme than ANAs.'®® Overall, these favorable
properties have led to the development of ASOs,'*>"”
siRNAs,"*®'%® and enzymes and gene editing tools based on
the FANA scaffold.>**>>

FANA-containing oligonucleotides can be obtained by the
sequential assembly of phosphoramidite building blocks using
SPOS but also enzymatically by the polymerase-mediated incor-
poration of the corresponding nucleoside triphosphates. Indeed,
2/-deoxy-2'fluoro-arabinonucleoside triphosphates are tolerated
as substrates by a number of Family B DNA polymerases such as
9°N and Vent (exo~).”%*>°®> However, while these polymerases can
be used for the construction of oligonucleotides containing FANA
modifications, engineered polymerases need to be used to
synthesize fully-modified FANA sequences.®”'® The possibility
of enzymatic synthesis combined with the properties of this type
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Fig. 12 Chemical structures of RNA, 2’-fluoro-RNA (3) and FANA (58).
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of chemical modification have led to the identification of apta-
mers and XNAzymes by application of SELEX,®”185186,206,207

2.3.4 o-i-Threofuranosyl nucleic acid. The constituting
sugar element of o-i-threofuranosyl nucleic acids (TNAs),
a-i-threofuranose, contains only four carbon atoms and is the
second simplest of all studied nucleic acid analogues (8 in
Fig. 3).°%%°° TNAs contain trans vicinal (3’ — 2’) phosphodi-
ester bridges that can form stable antiparallel homo-duplexes.
These TNA homo-duplexes have thermal stabilities which are
comparable to those of canonical RNA and DNA duplexes. In
addition, despite displaying a shorter backbone repeating unit,
TNAs form also stable duplexes with complementary RNA and
DNA sequences — with a preference for RNA.>**'" Overall, tetrose-
based oligonucleotides strictly require an antiparallel orientation
to form stable homo- and hetero-duplexes and while hairpin-like
structures can form they are not as stable as those found in
RNA.”%?'? The preference for RNA is yet poorly understood but
X-ray structure analysis of o-1-threofuranosyl nucleotides and TNA-
DNA/RNA duplexes sheds light on how the shorter backbone
accommodates into DNA and RNA oligonucleotides.?*"****!4 n
both 1-threofuranosyl nucleotides and oligonucleotides, the con-
formation is C,’-exo and the substituents at the 2’ and 3’ positions
adopt a quasi-diaxial orientation with torsion angles comprised
between 158° and 169°. Binding to complementary DNA is possible
because the latter adjusts to the structural requirements imposed
by the rigid backbone of TNA by reducing the interphosphate
distance.”"* TNA homo-duplexes and TNA-DNA hetero-duplexes
adopt an A-DNA conformation which might explain the preference
for RNA over DNA.*"

Due to their capacity at recognizing complementary DNA
and RNA sequences, a-L-threofuranosyl nucleoside triphosphates
are well incorporated into TNA or DNA primers by modified and
specifically engineered polymerases.'®*"*"*'® The possibility of
reverse transcribing DNA into TNA and then converting TNA into
DNA using polymerases permits molecular evolution experiments
to raise potent affinity reagents (aptamers) as well as TNA-based
enzymes.>'*?** The combination of chemical dissimilarity from
the backbone of canonical nucleic acids with the propensity at
adopting A-DNA conformations makes TNA an attractive analogue
for the development of therapeutic oligonucleotides. What is more,
TNAs are highly stable in human serum and acidic media, even
more than RNA structural mimics such as 2’-F-RNA and FANA (see
Section 2.3.3), which is an important prerequisite for therapeutic
applications.”®>**® Given these favorable assets, stability and high
efficiency, siRNAs®*’ as well as antisense oligonucleotides®***2%229
have been constructed using TNA building blocks.

2.3.5 Xylonucleic acid. Xylose nucleic acids are based on
the pentofuranosyl sugar p-xylose rather than ribose (Fig. 13).>*°
Both monosaccharides are distinguished by a seemingly simple
inversion of configuration at position C3’ and are thus epimers.
In the early 1990s, Seela and colleagues first reported xylo-DNA
(59 in Fig. 13 with R = H).>** 2/-Deoxy-xylo nucleic acid homo-
duplexes display Ty, similar to that of parent DNA. However,
they showed an inverted CD spectrum and possess higher
stability towards endonuclease.”*> Otherwise, pairing with com-
plementary DNA or inclusion of single xylose residues in DNA
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Fig. 13 Chemical structures of five-membered xylose and pentulose
phosphate derived nucleic acids.

sequences significantly destabilizes duplexes.****** Interest-
ingly, even though xylose nucleic acids have a poor affinity for
complementary DNA or RNA, they display a propensity for
forming stable triple helices.******> Furthermore, Wengel and
colleagues have synthesized several xylose-configured mono-
mers and incorporated them in oligonucleotides.>****® They
observed that a single ribose replacement from a DNA/RNA with
2'-deoxyxylose or 2’-mono-substituted (59) or 2’,4’-disubstituted
(60, including LNA-like) xylose monomers or locked xylose
monomers results in decreases in duplex stability.>*> The poor
cross-talk of xylose-containing sequences with canonical DNA
and RNA is obviously detrimental to the development of ther-
apeutics. However, they could potentially lead to the construc-
tion of alternative, orthogonal genetic systems provided efficient
enzymes could be engineered to support their replication and
Synthesis‘230,237,238

2.3.6 Xylulo- and ribulonucleic acids. Other sugars such as
t-ribulose and r-xylulose have also been investigated as alter-
natives to canonical (deoxy)ribose scaffolds. While (1’ — 3')-
connected o-L-ribulonucleic acids are synthetically highly
demanding, building blocks of (1’ — 3')-B--ribulo (61), (4’ —
3')-, and (1’ — 3')-o--xylulo (62 and 63 in Fig. 13, respectively)
could be prepared and assembled into oligonucleotides by SPOS,
mainly to address questions related to the etiology of the
structure of nucleic acids.?** However, these sets of oligonucleo-
tides were devoid of any self-pairing and cross-pairing capabil-
ities with RNA.>*° It has been observed that one or two insertions
of xylulo nucleotides into RNA dramatically decrease the duplex
formation capabilities of the modified RNA sequences.**'
Nucleic acid analogues based on the last representative of the
pentose family, -lyxose, have not yet been reported.

2.4 Six membered ring containing nucleic acids

As for xylulo- and ribulo-nucleic acids, expanding the ring size
from five-carbon sugars (pentoses and pentuloses) to larger and
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conformationally more rigid hexoses (mainly pyranoses) stems
from efforts in understanding the chemical etiology of nucleic
acids.”>'®** In addition to these prebiotic considerations,
sugar units with expanded size have attracted attention for
the construction of alternative genetic polymers capable of
storage of information due to their orthogonal base pairing
capacities.®” Also, the additional atom in the ring offers the
possibility of introducing more substituents and hence gives rise
to a larger number of isomers and analogues thereof. These
monomers display different structural conformations which can-
not be accessed by regular pentoses.'® Lastly, an important and
interesting serendipitous finding stemming from the introduc-
tion of six-membered ring systems in nucleic acids is the concept
of conformational restriction which allowed the potency of
therapeutic oligonucleotides to be significantly improved."”

2.4.1 Hexopyranosyl nucleic acid. A fundamental question
in nucleic acid etiology is why Nature chose pentoses rather
than hexoses as key elements in the construction of nucleic
acids.>**? Clearly, pentoses and hexoses had at least equal
chances to occur in a prebiotic world mainly via the formose
reaction.?*® Hence, the choice for one versus the other had to
relate to functional, reactivity, and structural relevance rather
than chemical synthesis.>*> In order to shed light onto this
fundamental question, the group of Albert Eschenmoser
initiated a vast program to synthesize nucleic acid analogues
with six-membered sugar units."’

(4" — 6')-2,3-Dideoxy-p-glucopyranosyl nucleic acid (homo-
DNA). The first system that was explored consisted of a single
addition of a methylene unit on the pentose which resulted in
oligonucleotides containing 4’ — 6’ connected 2’,3’-dideoxy-p-
p-glucopyranosyl nucleotides, the so-called f-homo-DNA (64 in
Fig. 14).244,245

B-Homo-DNA is not capable of recognizing single-stranded,
complementary DNA or RNA sequences but forms antiparallel
self-duplexes that are yet more stable than the corresponding
canonical duplexes.>*® This increase in thermal stability origi-
nates from a favorable entropic contribution itself stemming
from the higher rigidity of six-membered hexoses. Interestingly,
the preferences observed in canonical duplexes where G-C
pairs are more stable than A-T pairs are not strictly obeyed in
B-homo-DNA where base pairing follows the order: G-C >
A-A &~ G-G > A-T.**® Resolution of the crystal structure of a
B-homo-DNA oligomer has revealed a ladder-like pairing con-
formation and a large backbone-base inclination along with a
chair conformation of the sugar moiety.>*’

DNA B-homo-DNA, 64

Fig. 14 Chemical structures of DNA and B-homo-DNA 64.
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Fig. 15 Chemical structures of the most common hexitol-based nucleic
acid analogues.

Subsequently, several hexopyranosyl-containing oligonu-
cleotides, featuring (6’ — 4')-allopyranosyl-, (6’ — 4')-altro-
pyranosyl-, (6' — 4')mannopyranosyl- and (6’ — 4')-glucopyranosyl-
containing units were explored.”*® Most analogues performed
poorly at recognizing complementary sequences and the steric
hindrance was especially severe in the (6' — 4’)-glucopyranosyl
system. In this system, the 2’- and 3’-OH moieties clash with the
backbone as well as the edges of the bases which might explain
why Nature’s most abundant carbohydrate, p-glucose, is not
preferred over p-ribose in genetic systems.>°

Collectively, these results tend to suggest that Nature opted
for a more flexible pentose rather than the rigid nature of six-
membered sugars which imposes structural constraints. These
in turn explain why oligonucleotides with six-membered sugar
units cannot cross-talk with canonical DNA and RNA and
display altered base pairing properties. Interestingly, by a
simple change of the nucleobase from a - to an a-orientation
(64 in Fig. 15), partial communication to complementary RNA
(but not DNA) could be restored.>*®

(6' — 4')-1',5'-Anhydro-p-arabino-hexitol nucleic acid (HNA).
In the course of developing novel nucleoside antiviral agents,
the group of Piet Herdewijn observed a good structural correla-
tion between 2’-deoxynucleosides and 1,5-anhydrohexitol nucleo-
sides which stem from a formal insertion of a methylene moiety
between the carbon connecting the nucleobase to the sugar and
the ring oxygen (66 in Fig. 15).>*° Based on these considerations,
the same laboratory expanded on these observations and incor-
porated 1’,5’-anhydro-p-arabino-hexitol nucleosides into oligo-
mers via 6’ — 4’ connections. The resulting HNA sequences
form stable complexes with complementary DNA and RNA.**°
Importantly, HNA displayed an important affinity for RNA (AT,
of ~ +3 °C per modification) due to the preferred conformation
which is highly reminiscent of the C3’-endo sugar ring pucker
found in canonical RNA.>**?>? Substitution of single natural
2'-deoxynucleotides with the corresponding anhydrohexitol
nucleotides led to duplexes with similar T, values (AT, of ~
+0.2 to —0.8 °C per modification) except for the dT to hT
substitution which leads to a substantial decrease in melting

This journal is © The Royal Society of Chemistry 2025
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temperature (AT, of ~—2 °C). Interestingly, introducing a
hydroxyl group at the 3’-position of the sugar (p-mannitol nucleic
acids) decreases the stability of duplexes with complementary
RNA and abrogates DNA recognition. This is due to the formation
of strong hydrogen bonding interactions between the 3’-OH and
6’-oxygen of the phosphate backbone which causes a large
deviation from the A-RNA like structure adopted by unmodified
HNA.>>*?°* HNA has also been shown to display a propensity at
forming duplexes with p-homo-DNA (64), suggesting that
sequences containing different six-membered sugar units could
cross-talk.”%?*>

HNAs represent interesting scaffolds to improve the effi-
ciency and properties of oligonucleotide therapeutics including
antisense oligonucleotides,?*® aptamers,®”**” and nucleic acid
catalysts'®® but also to consolidate the architecture of nano-
technology objects.>*® It is noteworthy mentioning that func-
tional nucleic acids (i.e. binders and catalysts) obtained with
HNA chemistry in the SELEX process require engineered poly-
merases that tolerate such an altered backbone.®”

p-Altritol nucleic acid (p-AINA). The strong preference of HNA
for complementary RNA over DNA is caused by a differential
minor groove solvation.>*® In order to improve the hydration
of HNA/DNA duplexes, Herdewijn and colleagues prepared
p-altritol nucleic acids (here we have used the abbreviation
p-AINA to avoid confusion with ANA 9 in Fig. 3 even though
both structures often bear the same abbreviation) which is
similar to HNA but bears an additional hydroxy moiety at
position 3’ of the sugar unit (11 in Fig. 3 and 15).>®° While the
introduction of such an additional hydroxyl moiety resulted in yet
more stable complexes with RNA and DNA compared to those
formed by HNA (66), the preference for DNA could not be
increased. Interestingly, fully modified p-AINA sequences form
extremely stable homo-duplexes (AT, of +10 °C per modification
when compared to dsDNA). Unlike B-homo-DNA (64) which
adopts near linear structures, both HNA (66) and p-AINA (11)
adopt A-form helical structures which explains not only their
capacity at interacting with canonical nucleic acids but also their
strong preference for RNA.”**?%! As stated for HNA, p-AlNA is also
a promising scaffold to improve the properties of oligonucleotide
therapeutics®®® as well as functional nucleic acids.””

p-Mannitol nucleic acid (0-MNA). A simple change in the
stereochemistry of the carbon atom at position 3’ from the
(S)- in p-AINA (11) to the (R)-configuration leads to p-mannitol
nucleic acids (p-MNA, 67 in Fig. 15).>* This seemingly minute
alteration has a profound impact on the molecular recognition
capacity of the resulting oligonucleotides. Indeed, p-MNA oli-
gonucleotides lose the capacity to interact with complementary
RNA which is the exact opposite of its epimer p-AINA (11). This
differential behaviour was ascribed to unfavorable hydrogen
bonding interactions and/or steric hinderance.

Cyclohexene nucleic acid (CeNA). Removal of the ring oxygen
of the hexopyranosyl sugar of 3-homo-DNA (64) not only results
in a carbocyclic analogue but also in a chiral scaffold. The
resulting cyclohexanyl nucleic acids (CNA) are capable of
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strongly pairing to complementary RNA (AT, of +1 °C per
modification) and to a certain extent to DNA but only when
in the p-isomer and not in the r-isomer configuration.*®
However, CNA forms more stable self-complementary (i.e.
CNA-CNA) than hetero-duplexes and thus displays a behavior
that is intermediate between B-homo-DNA (64) and canonical
nucleic acids, presumably due to the possibility of a chair flip of
the cyclohexane moiety. The introduction of a double bond
yields a cyclohexene sugar mimic which is yet more flexible
than the cyclohexane in CNA and approaches the conforma-
tional flexibility of (deoxy)ribose. Cyclohexene nucleic acids
(CeNA, 68 in Fig. 15) are better tolerated segments than CNAs
within DNA than RNA sequences and lead to stabilization of
duplexes formed with complementary RNA (AT, of around
+2 °C per modification).>** Importantly, unlike most hexopyr-
anosyl nucleic acid analogues, DNA sequences containing
CeNA (68) building blocks are capable of efficiently recruiting
RNase H, which is an important feature for the development of
antisense oligonucleotide therapeutics (besides the enhanced
resistance against nucleases induced by the modified sugar
backbone).?®® Given the success of CeNAs, several cyclohexene
nucleotide analogues containing fluorine or hydroxyl substitu-
ents have been prepared.”*®>°®

In terms of synthetic access, CNA and CeNA (68) containing
oligonucleotides are mainly produced by SPOS even though an
engineered polymerase supports enzymatic CeNA synthesis.®”

(6' - 4')- and (6’ — 3')-Glucosamine nucleic acids (GANA).
p-Glucosamine is one of the most abundant monosaccharides.
In contrast, examples of p-glucosamine-containing nucleic
acids are scarce. Recently, Kitabe et al. reported the synthesis of
(6/ = 4')-and (6’ — 3’)-linked p-glucosamine nucleic acids that
contain thymine in the anomeric position of the pyranose
residue (69 and 70 in Fig. 16, respectively).”®® Despite promis-
ing assets, the incorporation of zwitterionic glucosamine
nucleotides at the 5'/3’-terminal positions or in the middle of
a 15-mer DNA sequence led to the destabilization of DNA-DNA
and DNA/RNA duplexes.”®®

2.4.2 Pentopyranosyl nucleic acid (p-RNA). Following the
characterization of B-homo-DNA and related hexopyranosyl-
containing systems, the Eschenmoser group investigated the
possibility of converting RNA into the corresponding pyranosyl
isomers. The first and most known analogue is (2’ — 4')-
connected B-p-ribopyranosyl-oligonucleotides, commonly known
as p-RNA (10 in Fig. 3 and 17).>”°"* As predicted by conforma-
tional analysis,>’® Watson—Crick base pairing in p-RNA is

- \
5 ° L
e 2 o)
50% Base I(?IO Base  HOQg 0 Base
NH3 “ﬂ’“

s
B-homo-DNA (4'—6")-GANA (3'—>6')-GANA

64 69 70

Fig. 16 Structures of glucosaminonucleic acids (GANAs) and comparison
with B-homo-DNA (64).
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Fig. 17 Chemical structures of p-RNA (10) and other representative
members of the pentopyranosyl nucleic acid family (colour coding
indicates differences in stereochemistry).

stronger (AT, of +2 to +4 °C per modification'’) and more
selective than in canonical DNA or RNA duplexes.””" Unlike
hexopyranosyl nucleic acids, p-RNA strictly obeys antiparallel
Watson-Crick base pairing rules and no alternative binding
mode (e.g. Hoogsteen or self-pairing) has been observed. Struc-
tural and biochemical investigations have revealed that both B-
homo-DNA (64) and p-RNA (10) adopt ladder-like, near linear
conformations with large backbone inclinations but of opposite
signs.””>?”* Interestingly, short p-RNA oligomers can be
assembled by template-independent ligation.>”"”>

The Eschenmoser lab has also investigated other members
of the (2’ — 4)-connected pyranosyl nucleic acids (71) and all
maintain strong base pairing capacities but none of these analo-
gues can interact with canonical RNA. The strongest base pairing
capacity, not only in this family but in general for all types of
nucleic acids, has been observed in the a-arabinopyranosyl
system.””®

(3" = 4')-a-1-Lyxopyranosyl nucleic acid. The aforementioned
(2’ — 4')-connected pyranosyl nucleic acid (71) displays the
same number of bonds per backbone unit as canonical DNA and
RNA. Changing the connectivity from 2’ — 4’ to 3’ — 4’ will
reduce the number of bonds from six to five and hence affect
recognition of complementary sequences. In this context, the
Eschenmoser laboratory reported o-L-lyxopyranosyl-(3’ — 4)
nucleic acid (72).>”” Interestingly, this pyranosyl nucleic acid
analogue with a shorter backbone unit displayed a propensity to
form weak interactions with canonical DNA. In addition,
o-L-lyxopyranosyl-(3’ — 4') nucleic acids (72) formed weakly stable
homo-duplexes and exhibited a capacity to form triplex structures.
This is in stark contrast with other 3’ — 4’ connected ribopyr-
anosyl oligonucleotide analogues such as -p-ribopyranosyl nucleic
acid (10), which do not form any stable complexes.

2.4.3 Phosphorodiamidate morpholino oligonucleotides.
The replacement of the five-membered furanose with a six-
membered morpholine ring leads to the formation of phosphor-
odiamidate morpholino oligonucleotides (PMO, 5 in Fig. 2).>”®
Due to their charge-neutral nature, PMOs form highly stable
duplexes with complementary RNA sequences’”” as well as
triplexes.”***®" In addition to thermal stabilization of duplexes
and triplexes, PMOs also massively enhance the stability of
oligonucleotides in biological media,”®* but do not elicit RNase
H.”®® Given these highly favorable assets, PMOs are popular
modification patterns in therapeutic oligonucleotides which is
underscored by the FDA approval of several (i.e. four) ASOs for the
treatment of Duchenne muscular dystrophy based on this

2960 | Chem. Soc. Rev., 2025, 54, 2948-2983

View Article Online

Review Article

modification.?®*

Morpholino oligomers are mainly assembled
by solid-phase synthesis and this access has recently been
improved by the development of a streamlined protocol.®®
Interestingly, PMOs are administered as racemic mixtures
(due to the introduction of a chiral center on phosphorous)
and no method has been devised yet, unlike PS linkages,**° to
yield stereopure oligomers. Similarly, even though PMOs are
major players in the field of therapeutic oligonucleotides and
were developed decades ago, structural data on duplexes are
scarce.”®” Recently, thiomorpholino oligonucleotides (TMOs)
have been proposed as alternatives to PMOs.”*®* TMOs contain
a PS linkage instead of the N,N-dimethylamino moiety of PMOs.
ASOs containing TMO units display increased exon skipping
capacity and require lower doses than PMOs and oligonucleo-
tides equipped with other modifications.>*°

2.5 Conformationally restricted nucleic acids

An important observation made with f-homo-DNA (64) is that
the increased thermal stabilization of duplexes is of entropic rather
than enthalpic origin. This decrease in entropy in turn stems from
the decrease in flexibility of six-membered ring systems compared
to the canonical fiveemembered (deoxy)ribose.”****® In other
words, the ring system in single stranded -homo-DNA is already
pre-organized in the conformation it adopts in duplexes which
alleviates the entropic penalty associated with a change in struc-
ture upon binding. Conceptually, this feature can be hijacked to
improve the efficiency of therapeutics, particularly of antisense
oligonucleotides. Indeed, pre-organizing nucleic acid analogues in
a conformation similar to that observed in duplex DNA, DNA-RNA,
or RNA will yield thermodynamically more stable complexes.
Efficient analogues obeying this strategy include bicyclo- (73)
and tricyclo-DNA (74), LNA (75), CeNA (68) and HNA (66).

2.5.1 Bicyclo and tricyclo nucleic acids. The concept of
reducing the torsional flexibility of the sugar phosphate back-
bone of nucleoside/nucleotide analogues was first reported by the
group of Leumann with the so-called bicyclo-DNA (73 in
Fig. 18).>%?%2% 1In bicyclo-DNA, the 5’ and 3’ centres are
connected together with an ethylene bridge which concomitantly
restricts the rotational freedom of the torsion angles § and v and
locks the nucleoside in a conformation similar to that it adopts in
duplex DNA (C1’-ex0/C2'-endo).**° Fully modified bicyclo-DNA
sequences with mixed base compositions form duplexes with
complementary DNA and RNA of similar stabilities compared to
that of natural systems.>*” These sequences can also form stable
antiparallel homo-duplexes albeit of lower stability than DNA and
RNA duplexes. Interestingly, Hoogsteen and reverse-Hoogsteen
binding modes are preferred over Watson-Crick base pairing in
homopurine bicyclo-DNA systems.**"*** This allows bicylo-DNAs
to form triplex structures.***

The introduction of bicyclo-DNA nucleotides (73) into oligo-
nucleotide sequences generates a loss in enthalpy which is
compensated by a decrease in entropy. In addition to favourable
base pairing properties and enhanced nuclease resistance, the
additional ethylene bridge allows for the introduction of sub-
stituents such as an amine**® or a fluorine atom.>®” An inter-
esting substitution pattern on bicyclo-DNA (73) is a cyclopropyl

This journal is © The Royal Society of Chemistry 2025
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Fig. 18 Chemical structures of bicyclo-DNA (73), tricyclo-DNA (74), and
LNA (75) as well as their preferred conformations (adapted from ref. 17, 292
and 295).

ring between C5’ and C6'. The resulting system, coined tricyclo-
DNA (74 in Fig. 18), was conceived to further restrict the overall
conformation of the nucleoside and correct the unfavourable
geometry of torsion angle y observed in bicyclo-DNA (C2'-exo
sugar pucker).>**°° Fully modified tricyclo-DNA (74) sequences
display remarkable binding properties since they form very
stable duplexes with complementary DNA (AT, of +1.2 °C per
modification) and even more so with complementary RNA (AT,
of +2.4 °C per modification).’®" As a result, tricyclo-DNA (74) has
been used extensively to improve the properties of therapeutics,
particularly of exon-skipping antisense oligonucleotides which
resulted successful in mouse testing.’*>*%® Various substituted
versions of the tricyclo-DNA have then been reported to improve
properties such as cellular delivery*** and recruiting of RNase H.>%°
Given the chemical nature of bicyclo- and tricyclo-DNA,
polymerases do not readily incorporate the corresponding
nucleotides into DNA and hence synthesis of sequences con-
taining such modifications proceeds only via SPOS.****%”
2.5.2 Locked nucleic acid (LNA). Another prominent mem-
ber of the family of conformationally restricted nucleic acids
are LNAs.>® LNAs are 2’-4-bicyclic nucleic acids that were
simultaneously co-developed by T. Imanishi et al®* and
J. Wengel et al.*'® (75 in Fig. 18). The nature of these fused
rings constrains the flexibility of the nucleotidic scaffold,
stabilising the sugar into a 3’-endo conformation. Locked
nucleotides incorporated into oligonucleotides strongly
improve the stability of duplexes with complementary DNA
sequences (ATy, of +2 to +5 °C per modification).>*>*'" Since
these nucleotides are locked in a 3’-endo conformation the
affinity for RNA targets is yet more important than for com-
plementary DNA (AT, of +4 to +10 °C per modification).’?®*!*
Impressively, LNA-LNA duplexes as short as 9-mers display
staggering thermal stabilities with T;, values exceeding 90 °C
(i.e. ATy > +60 °C compared to similar DNA-DNA duplexes).**>
Given these impressive properties, LNAs (75) have advanced as
important elements in numerous applications. For instance,
LNA can improve the properties of therapeutic oligonucleotides
such as gapmers'’*?'*?'* and siRNAs.*™>?*'® More recently,
LNAs have been applied to CRISPR RNAs, where it was found
that they were able to enhance Cas9 endonuclease specificity,
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compared to unmodified RNA controls.>” Locked nucleotides
are also compatible with enzymatic synthesis,*'®*>* particularly
with engineered polymerases, which enables their use in SELEX
to identify aptamers®” or for biotechnological applications.?*?

Although the increased binding provided by the inclusion of
locked nucleotides is usually highly advantageous, if duplex hybri-
disation becomes too high, it can cause non-specific binding
effects. As a result, LNAs (75) must be designed specifically to
balance thermodynamic properties allowing for selective targeting
while preventing toxic off-target effects.>**?>>

2.6 Seven membered ring containing nucleic acids

Increasing the size of the sugar from five to six (Section 2.4)
abrogated the capacity of nucleic acids to interact with cano-
nical nucleic acids due to the decreased flexibility of pyranose
compared to furanose. Expanding the sugar moiety to seven
membered rings was expected to restore flexibility and hence
cross-talk with canonical nucleic acids.**® Indeed, molecular
modeling of oxepane nucleic acids (ONAs, Fig. 19) revealed that
these analogues would adopt a more compact and slightly
twisted chair conformation that would be compatible with
complementary DNA and even more with RNA.**°

However, once incorporated into homopurine and homo-
pyrimidine sequences, (5’ — 7’)-connected ONAs (12) did not
show any capacity at interacting with complementary DNA and
only weakly with RNA.**® In order to improve the molecular
recognition capacity of seven membered ring analogues for
complementary DNA/RNA, additional hydroxyl groups were
included in the scaffold and the connectivity was altered.”**>” The
resulting oxepane derivatives were incorporated into DNA and RNA
strands by SPOS.>® Biophysical studies revealed that oxepane-
modified RNA and DNA sequences (76) could cross-pair with
complementary DNA and RNA. Nonetheless, single incorporation
of OxNAs into RNA sequences massively reduced their affinity for
complementary DNA and RNA (AT, > —10 °C per modification).
On the other hand, when introduced into DNA sequences, only
moderate (AT, of ~—4 °C per modification) or no destabilization
was observed for (4" — 7'} (77) and (3’ — 7')- (78) OXNA with
complementary DNA and RNA, respectively. (5 — 7')-OxNA (76) was
strongly destabilizing also in a DNA sequence context. The con-
formation analysis of these seven membered nucleoside analogues
showed that the heptose unit adopts a chair conformation with the
pyrimidine base in the equatorial position. While there are some
structural differences between oxepane nucleic acids and (deoxy)-
ribose oligonucleotides, molecular modelling and dynamics studies
revealed that base-base stacking and sugar-phosphate H-bond

‘ ! Ao o
“0- 0 0 0
o Base o Base bBase bBase
N 40 N\ HO' N HO Nt
; 5 % O HO O
a0 HO  OH 30  OH .0

5'-7'-ONA 5'-7'-OxNA 4'-7'-OxNA 3'-7"-OxNA
12 76 77 78

Fig. 19 Chemical structures of seven membered ring derived nucleic
acids.
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interactions are responsible for the tolerance of OxXNA in DNA-RNA
duplexes.

3. Nucleic acids containing
glycosylated nucleobases

In addition to the canonical nucleobases that make up genomic
DNA and RNA, naturally occurring variations of these canonical
nucleobases affect the biophysical, biological, and chemical
properties of nucleic acids. Until now, it has not been demon-
strated that natural (epigenetic) modifications can change the
specificity of Watson-Crick base pairing or reverse to another
binding mode. In contrast, they were shown to affect gene
expression, regulate a broad range of different biological path-
ways, and permit the interaction with cellular and viral encoded
proteins.'*?® Advances in analytical tools and methodologies
have enabled the genome-wide mapping of these modified
bases and led to the discovery that naturally occurring carbohy-
drates were covalently attached to the pyrimidine or purine
bases, particularly in the genome of phages.>****° Glycosylation
of proteins and lipids is ubiquitous. It plays fundamental roles
in most cellular functions and is involved in various diseases.**"
Until recently, only DNA of bacteriophages was believed to be
part of the glycome, mainly to elude protective mechanisms of
hosts.*>** Nonetheless, the constant identification of additional
and more complex post-transcriptional chemical modifications
in RNA combined with the recent discovery of glycosylated
RNA*® suggest that this initial assumption might be inaccurate.
Indeed, more than 140 RNA modifications have been discovered
and these structural motifs are present at a variety of positions
on all four canonical nucleobases.®*? It is assumed that all RNA
species in cells of all living organisms contain modified RNA
nucleosides and the largest fraction of them are present in
tRNAs. The chemical diversity displayed by epigenetic modifica-
tions ranges from small alterations such as methylation pat-
terns to complete remodeling of the nucleobases (Fig. 20). One
of the most common and ubiquitous modifications is pseu-
douridine (79, W) which is present in all forms of RNAs and is
often considered the fifth RNA base.*** More complex modifica-
tions are found on the so-called hyper-modified nucleobases.
Two interesting representatives of the above are queuosine
(81, Q***° and wybutosine (80, yw).>3¢733%

The basic structure of the Q base features the central
N7-deazaguanosine heterocycle bearing a carbon atom instead
of a nitrogen in position 7 and a cyclopentenediol moiety
attached via a methylamine moiety to the C7-position. Queuo-
sine (81) is mainly found in tRNAs of bacteria and eukaryotes
where it helps regulate translation and decode fidelity.*****° In
addition to these roles, the cyclopentenediol moiety of the Q
base can be glycosylated in higher vertebrates with sugars such
as p-galactose (Gal) and p-mannose (Man) to form the corres-
ponding p-galactosyl-Q (82, galQ) and p-mannosyl-Q (83, manQ)
hypermodified bases. The exact structures of manQ and galQ
bases have recently been elucidated by the Carell group and
revealed that the sugar is attached via B-glycosidic and

2962 | Chem. Soc. Rev., 2025, 54, 2948-2983

View Article Online

Review Article

R O 50 OH 50 O

Pseudouridine Wybutosine (yW)
80

NH
NH
OH o 5
NH
e a b i NH
0 o NTONTTNH, "o o NTONT TN
50 OH 50 oM
galQ manQ
82 83

Fig. 20 Chemical structures of hypermodified nucleotides, including
examples of glycosylation on the nucleobase.
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a-glycosidic linkages in galQ (82) and manQ (83), respectively.
Recently, the reaction mechanism of Q glycosylation was identified.
It appears to involve RNA glycosylases and activated nucleotide
diphosphate sugar precursors.>’ Despite extensive research
over the last few years, the exact biological function of the Q
base, and even more so of the corresponding glycosylated
nucleobases galQ (82) and manQ (83), is still not fully known.
It is believed though that Q may be important to preventing stop
codon readthrough from occurring.?*342

Besides galQ and manQ, no other hypermodified glycosy-
lated nucleobases have yet been identified in RNA.**

However, the group of Bertozzi has reported in a ground-
breaking study that RNA can be glycosylated with a variety of
glycans.”® This study found that small (<200 nt) noncoding
RNAs contain covalently linked sialylated glycans which were
dubbed as ‘glycoRNAs’. Besides, sialic acid, fucose was identi-
fied to a certain extent. The exact chemical nature of these
glycans as well as the structure of the linker and modified base
have not yet been elucidated but the biosynthesis of glycoRNAs
is unlikely to involve a direct glycosylation of RNA. Nonetheless,
the sensitivity of glycoRNAs to treatment with amidase PNGase
F which strips N-linked oligosaccharides off from glycoproteins
suggests the presence of an amide bond between glycans and
RNA. In this context, a recent study by Flynn and colleagues
suggested that the modified RNA nucleobase 3-(3-amino-
3-carboxypropyl)uridine (acp3U) acts as a connector between
RNA and N-glycans via a carboxamide bond that would be
generated on acp3U prior to conjugation to glycans (Fig. 21).>**

Interestingly, most glycoRNAs are located at the cell surface,
which raises important questions on their function, the
mechanisms that permit trafficking of these glycoconjugates
to this cellular location, and on how glycoRNAs are inserted
into membranes. While these questions remain unanswered, a
recent study revealed that in a mice model, cell surface glyco-
RNAs are involved in neutrophil recruitment to accelerate the
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Fig. 21 Representation of glycoRNAs and connection to acp3U.

response to a tissue injury.>*> More generally, glycans appear to
assume multiple roles including protection of RNA against
degradation and mediating binding to the lectin Selp which
is important for neutrophil-endothelial interactions.

Ultimately, the expression of glycoRNAs on the cell surface
indicates their significant biological importance, and further
research will continue to uncover the many unknowns sur-
rounding their function and structure.

3.1 O-Glycosylated nucleobases in DNA: hypermodified
deoxycytidine

The chemical diversity of epigenetic modifications is much larger
for RNA (>160) than in DNA (17, vide supra), which is possibly
due to their highly complex and diverse functions. Despite this
discrepancy, several glycosylated nucleobases have been identified
in DNA. The most common epigenetic DNA modifications (Fig. 22)
are the deoxycytidine analogues 5-methyl-dC (5mC, 84), 5-
hydroxymethyl-dC (5hmC, 85), 5-formylcytosine (5fC, 86), and 5-
carboxylcytosine (5caC, 87) along with the deoxyuridine derivative
5-hydroxymethyluracil (5hmU). Unsurprisingly, glycosylation of
DNA often involves a sugar-attachment to one of the side chains
of these common modification patterns. In this context, glycerol is
the simplest carbohydrate that was found attached to a nucleobase.
Indeed, 5-glyceryl-methylcytosine (5gmC, 88) was detected in the
genome of the green algae of Chlamydomonas reinhardii.**® This
modification is believed to act as a transcription repressor. It
emanates from the addition of a glycerol unit to the exocyclic
methyl group of 5mC (84) catalyzed by an analogue of the TET
enzyme with vitamin C as a co-factor. Similarly, several hypermodi-
fied analogues of 5hmC (85) have been identified mainly in the
genome of phages (89-91 in Fig. 22).**” The attached sugars consist
mainly of p-glucose,***?**>° but arabinosylation of 5hmC has also
been reported.>®' Going beyond monosaccharide modifications, a
small fraction of the 5ShmC sites of the DNA of coliphages T2 and T6
has been found to be further modified with disaccharides, mainly
B-linked diglucose units (gentiobiosyl, 91).>*%>*

3.2 O-Glycosylated nucleobases in DNA: hypermodified
deoxyuracil

B-p-Glucopyranosyloxymethyluracil (base J, 92 in Fig. 22) was
the first discovered hypermethylated DNA nucleobase. It was
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uracil; B-p-glc-5hmuU (92): B-p-glucosyl-5-(hydroxymethyl)uracil.

detected in telomeres of trypanosomatids.®>*73>® Since its first
discovery, base J has been identified in many other parasites
where it acts as a terminator of transcription by regulating RNA
polymerase 11.>%77>%°

More complex hypermodification patterns have been identi-
fied in rare occasions. For instance, the DNA of bacteriophage
SP-15 has been shown to contain deoxyuridine nucleotides
modified with a 4,5-dihydroxypentyl moiety attached at position
C5 of the nucleobase (5dhpU, 93). What is more, each of the
hydroxyl groups of this linker were further modified with a
glucuronolactone connected through a phosphodiester bond
and a glucose residue (93 in Fig. 22). The exact connectivity of
both hydroxyl units to each of these modifications has not yet
been elucidated.*****" Hocek et al. recently reported the enzy-
matic synthesis of DNA containing glucosylated uridine and
cytidine nucleotides. The presence of the modified residues
protects DNA against the activity of type II restriction endonu-
cleases (Res). Their capacity at serving as templates in transcrip-
tion by the RNA polymerase of E. coli depends on the nature of
the nucleobase to which they are connected.*®> Indeed, glucosy-
lated 5hmU units completely inhibited transcription while simi-
larly modified 5hmC did not block RNA synthesis. Recently, this
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approach was extended to nucleotides equipped with other
carbohydrates.***

3.3 Glycosylated bacterial nucleosides

An interesting family of compounds are the septacidins (94 in
Fig. 22). These natural products consist of r-heptosamine
moieties which are decorated with a nucleobase, an amino
acid residue, and a lipid, thus combining elements of all
naturally existing biopolymers.>®*¢ While such nucleoside
analogues have not yet been incorporated into nucleic acids,
they display potent antibiotic and anticancer activities.

4. Carbohydrate—nucleic acid
conjugates for efficient cellular
delivery

Since the discovery of RNA interference (RNAi) by Fire and
Mello,*®” followed by a seminal clinical trial that demonstrated
that siRNAs could specifically target human genes,**® there has
been an exponential increase in interest in the synthesis of
efficient and biostable siRNAs.?”*° These short RNA duplexes
display several advantages compared to traditional drugs such
as monoclonal antibodies or small molecules. Indeed, siRNAs
recognize their mRNA target via Watson—-Crick base pairing and
do not need to specifically identify target proteins by binding to
intricate three-dimensional folds. Also, SiRNAs can be adminis-
tered only a few times a year at most and are easier to prepare
and store than antibodies for instance.***”*

Even though the clinical success of siRNA-based therapeu-
tics has been less than satisfactory, 22 different nucleic acid
therapeutics have been approved by the FDA. Included are 6
siRNAs and 11 ASOs, while many more are in different stages of
clinical trials.>”> Nucleic acid drugs and RNAs particularly have
several limitations that are in part connected to their rather
high molecular weight and the high density of negative charge
on the phosphate backbone which massively restrict efficient
cellular uptake of naked oligonucleotides. In addition, as
mentioned previously, all nucleic acids are rather unstable in
the presence of nucleases and can display undesired off target
effects and in vivo toxicity. The low cellular uptake is caused by
a repulsion of the phosphodiester backbone of oligonucleo-
tides and the negatively charged lipids and (glyco)proteins on
cell membranes.?”> To overcome the challenges of delivering
oligonucleotides to their intended cellular targets, various
chemical strategies have been designed. A very popular strategy
consists in attaching small peptides (<40 amino acids), coined
cell-penetrating peptides (CPPs), to the termini of oligonucleo-
tides. These CPPs are capable of penetrating cellular mem-
branes, mainly by endocytosis, and hence will help attached
oligonucleotides crossing these biological barriers.>”* Similarly,
lipophilic modifications such as fatty acids or cholesterol, are
capable of interacting with the phospholipid bilayers of cellular
membranes and when attached to oligonucleotides promote
their internalization.>”**”> Attachment of such modifications
can be covalent and permanent or bioreversible.*’® In this
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context, carbohydrate-oligonucleotide conjugates have also
been shown to improve cell-specific delivery through receptor-
mediated endocytosis. Indeed, the benefit brought by the
appendage of carbohydrates, often designed in the form of
clusters, is reflected by the FDA-approved siRNA drug inclisiran
used for the treatment of hypercholesterolemia.***”” Equipped
with an essential trivalent N-acetyl-p-galactosamine ligand
(0-GalNAc, vide infra) that is preferentially recognized by the
asialoglycoprotein receptor (ASGPR), inclisiran is specifically
and efficiently delivered to hepatic cells without the need for
any other vector or agent. Altogether, important research
activity has been dedicated to producing and identifying
(non-)natural carbohydrates conjugated with therapeutic oligo-
nucleotides to help cellular delivery via carbohydrate-cell sur-
face protein interactions. While factors such as the nature and
valence of the selected carbohydrate clusters, and that of the
connecting linker attached to the oligonucleotide are crucial for
improved cellular delivery, we only discuss the general proper-
ties of carbohydrate-oligonucleotide bioconjugates. We defer
the interested reader to recent review articles dealing with more
specific therapeutic or design-oriented aspects of such hybrid
constructs.*”% 7380

4.1 Monosaccharide nucleic acid conjugates

Conjugation of nucleic acids with carbohydrates can be quite
challenging. To overcome synthetic hurdles, several approaches
have been developed.?***®" Most existing methods to facilitate
the crafting of nucleic acid-carbohydrate conjugates rely on the
use of modified phosphoramidite building blocks in SPOS. For
this, monosaccharides (such as glucose, galactose, fucose) or
disaccharides (such as lactose, cellobiose) can either be directly
converted to an phosphoramidite or first connected to a linker
moiety. Alternatively, carbohydrates can also be conjugated to
oligonucleotides in solution using suitably modified precursors and
well-established attachment reactions such as Sy2, oxime bond
formation, and CuAAC (copper catalyzed azide alkyne cyclo-
addition).*®*®'3%% On the other hand, while biocatalytic
approaches are currently explored for the production of (modified)
oligonucleotides, " ****** biocatalysts have been underexplored for
the synthesis of nucleic acid-carbohydrate conjugates (vide infia).
Interesting enzymatic bioconjugation methods that could be
explored in this context could encompass using glycogen phosphor-
ylases and phosphorylated glycans,**° glycosyltransferases,**'*** or
polymerase-based approaches with carbohydrate triphosphates.®*?
In this section, we describe illustrative examples of oligonucleotides
equipped with mono- or multi-valent saccharides consisting of a
single type of carbohydrate.

Berzal-Herranz et al. reported the conjugation of a single
glucose moiety at the 5-end of the fully phosphorothioate-
modified antisense oligonucleotide GEM 91 (registered as Trecov-
irsen) which targets the translation initiation site of the HIV gag
mRNA.*** The presence of a single glucose moiety further pro-
tected the antisense oligonucleotide against nuclease-mediated
degradation. Importantly, this modification improved the thera-
peutic index of the antisense drug since, in addition to avoiding
degradation, a significant reduction of the innate immune
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response and potent anti-HIV-1 activity were both observed.**® Yet,
the attachment of a glucose unit did not increase the cellular
delivery of GEM 91, but this is presumably due to the presence
of a short connecting linker arm. Indeed, similar siRNA-carbo-
hydrate conjugates albeit featuring longer connectors (15-
18 atoms) displayed enhanced cell penetration capacities.*®>
Interestingly, a similar trend was observed when the glucose
appendage was per-methylated, even though the cellular pene-
tration capacity was reduced compared to unmodified
glucose.>”® The same authors then investigated the influence
of the nature of the sugar moiety and the number of attached
carbohydrates on the cellular uptake and capacity of siRNAs at
regulating the expression of a target gene (Fig. 23).

Indeed, Eritja et al. synthesized siRNAs designed to inhibit
the expression of the tumor necrosis factor (TNF-o) and modified
with one to four glucose and galactose residues covalently linked
to the 5”-end of the passenger strand.*®** siRNAs equipped with
galactose instead of glucose produced better gene silencing
activities. p-Glucose-modified oligonucleotides did not display
any significant capacity at penetrating the membrane of HeLa
cells. siRNAs decorated with galactose units could enter HuH-7
cells, albeit with moderate efficiency, most likely via interaction
with ASGPRs. The number of ligands appended to the siRNAs did
not appear to influence the outcome of all these experiments.

Macrophages represent one of the major producers of the
cytokine TNF-o. and hence perform numerous and essential
immune reactions under various pathophysiological condi-
tions. Due to their biological relevance and involvement in
several pathologies, macrophages have advanced as alluring
therapeutic targets. Particularly, macrophages can be coerced
to produce TNF-o by stimulating some Toll-like receptors (TLR)
such as TLR-9. In this context, oligonucleotides that contain
CpG motifs (CpG ODN) are good TLR-9 ligands and upon
binding can elicit the production of significant amounts of
cytokines like TNF-o, IL-6, and IFN-y. In order to improve
cellular delivery, CpG ODNs can be directly conjugated with
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p-mannosyl residues which can interact with the p-mannose
receptor CD 206 mainly found on macrophages.*®” Such a
simple construct improved the cellular delivery two-fold com-
pared to the unmodified counterparts. Moreover, the presence
of p-mannose did not interfere with TNF-o release. A similar
strategy was employed for the targeted delivery of siRNAs and
silencing of the hypoxanthine phosphoribosyl transferase 1 and
beta-2 microglobulin genes.**® The cellular uptake of the
siRNA-carbohydrate conjugates was strongly improved by
using tetra- instead of monovalent p-mannose ligands due to
strong (Kp value of 2.9 nM) and specific binding to the CD 206
receptor. The presence of four rather than one p-mannose
moieties also improved gene silencing activity due to prefer-
ential internalization mediated by the former. The number of
p-mannoses that are strictly required for efficient cellular
delivery is still a matter of debate. Notably, a trivalent cluster
was found to be sufficient for efficient cellular delivery and
gene silencing activity both in vitro and in vivo.**° On the other
hand, while increasing the valency to six p-mannose units
further improved receptor binding and internalization effi-
ciency, the presence of octavalent p-mannose complexes
appeared to be slightly detrimental.*®°

Collectively, these observations clearly showcase the complex
interplay between each constituting element of oligonucleotide-
carbohydrate conjugates. The length of the linker arms as well
as the number of and the nature of the sugar moieties can all
have a profound impact on the biological properties and func-
tions of such conjugates. These studies also demonstrate the
possibility of site-specific delivery of therapeutic oligonucleo-
tides by using sugar-receptor interactions. This concept was
further developed and resulted in one of the major discoveries
in the field of therapeutic oligonucleotide delivery in the last
decades: triantennary N-acetyl-p-galactosamine (p-GalNAc) con-
jugation at the 3’-terminus of a preferred nucleic acid segment
(Fig. 24).>°

Liver cells (hepatocytes) assume multiple essential functions
including converting metabolites such as carbohydrates into
energy, metabolizing toxic agents, or removing aging proteins
and cells from the blood stream.?”® They use multiple glycan-
specific surface receptors to distinguish glycoproteins that need
to be degraded from those which should be left intact. One of
the most expressed receptors on the surface of hepatocytes

Ho _OH
o H H
HO. o N _~_N
it \/\/\W \[(\ oH
Ho _OH ° o o o ° S
g;o H H N _
Ho. O\/\/\n/N\/\/N\[(\/O u O\
NHAG 4 g o o-F=0
o H H
HO. O\/\/\[(N\/\/N
NHAC i i
HO _OH Ho _OH HO _OH HO _OH

Q E § E g H E g H H
Hoévvo% HO. Q X~ HO. O N\nﬂf HO. ° N\[rN
AcHN NHAc NHAC NHAC
o o
metabolically stable linkage o
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(100000 to 500000 per cell*®") is ASGPR.**> The C-type lectin
ASGPR is specific for the terminal galactose of glycoproteins and
recognizes preferentially p-GalNAc (K, value of 2.5 nM) over b-
Gal or p-Gal-like moieties such as p-fucose or p-lactose.*%"#93~40>
Early studies have also demonstrated that monovalent sugars
display low binding affinity for ASGPR and multivalent ligands
are necessary for potent recognition.’**** Based on these
considerations, Manoharan and colleagues equipped the 3'-
termini of the sense strand of siRNAs with bi- and tri-
antennary p-GalNAc ligands.*® Trivalent p-GalNAc systems were
much more efficient at cellular delivery of siRNAs®® and
antisense*’® oligonucleotides than the corresponding biantenn-
ary ligands. In addition, since binding of a p-GalNAc to ASGPR is
pH-dependent (due to release of the required Ca®* cofactor
which ensures binding to the glycan),>"**°® the p-GalNAc-siRNA
conjugate dissociates from ASGPR in the endosome.’” Upon
internalization into hepatic cells, the p-GalNAc-oligonucleotide
conjugates are further metabolized, mainly by glycosidases, at
various sites including the glycosidic and amide bonds of the
p-GalNAc cluster as well as the connecting phosphodiester
linkage.*°® This enzymatic degradation eventually liberates the
therapeutic oligonucleotide. Interestingly, when the glycosidic
bonds of p-GalNAc ligands were stabilized by replacing the
anomeric C-O linkages with C-S, C-N, or C-C bonds (Fig. 24),
the metabolic stability of the resulting carbohydrates clusters
was improved without affecting ASGPR-binding.**® Besides
increasing the biostability of the triantennary p-GalNAc ligand,
this study also revealed that the stereochemistry and the nature
of the glycosidic bonds are not crucial for specific and strong
interaction with ASGPR. On the other hand, increasing the
metabolic stability of the p-GalNAc delivery system did not
correlate with improved duration of gene silencing activity
suggesting that this is governed by the intrinsic stability of
siRNAs rather than by that of the ligand. Building on decades of
research, Alnylam pharmaceuticals conjugated a trimer of
p-GalNAc to several siRNAs that were driven through clinical
trials. Subsequently, several of these p-GalNAc-conjugated siR-
NAs, including givosiran, lumasiran, inclisiran, and vutrisiran,
have been approved for clinical use by the FDA.**

Besides siRNAs, p-GalNAc conjugation has been employed
for the successful delivery to hepatocytes of antisense
agents,**®*'° miRNAs,""" anti-miRNAs,"'*> and p-GalNAc-lipid
nanoparticles for CRISPR base editing therapy.*"

4.2 Disaccharide/oligosaccharide-nucleic acid conjugates

Besides monosaccharides or polysaccharides consisting of
repeats of the same carbohydrate unit, more complex oligosac-
charide systems begin to be investigated as potential delivery
systems for therapeutic oligonucleotides.

An interesting example stems from the glycopeptide-derived
antibiotic bleomycin (BLM) which is used for cancer treatment.
The therapeutic activity of BLM stems from its capacity at
inducing damage to both ssDNA and dsDNA when in the
presence of defined cofactors (i.e. Fe*" and O,). BLM consists
of several key elements, notably a six amino acid peptide
chelator of Fe** (for the DNA cleavage activity), a bithiazole tail

2966 | Chem. Soc. Rev, 2025, 54, 2948-2983

View Article Online

Review Article

which is involved in DNA intercalation, and a disaccharide
moiety which is responsible for tumor cell selectivity. e
2-O-(3-carbamoyl-a-p-mannopyranosyl)-i-gulose  disaccharide
motif of BLM can thus represent a potential tool for the specific
delivery of therapeutic oligonucleotides to cancer cells. In this
context, trimers of the BLM disaccharide were conjugated with
splice-switching antisense oligonucleotides (Fig. 25). These gly-
coconjugates were then assembled together on spherical nucleic
acids (SNAs) by Watson-Crick base-pairing with a complemen-
tary sequence present on the SNA surface. The resulting
carbohydrate-decorated spherical nucleic acids were taken up
by the prostate cancer cell line PC3 more efficiently than the
corresponding carbohydrate-oligonucleotide conjugates.*'”

Sialic acid-carrying ligands represent another interesting
example of oligosaccharide-based systems used to enhance
the pharmacokinetics of therapeutic oligonucleotides. Indeed,
the CD22 receptor (Siglec 2) which is highly expressed on B-cells
and B cell lymphomas, modulates B-cell signalling. The inhi-
bitory activity of CD22 is regulated by an extracellular ligand-
binding domain which exclusively recognizes sialylated carbo-
hydrates, mainly the sequence Neu5Aco2-6GalB1-4GlcNAc.*'®
The appendage of trimers of this trisaccharide to the 3’-end of
the sense strand of an siRNA targeting hypoxanthine phosphor-
ibosyl transferase 1, resulted in strong binding of the conju-
gates to CD22 receptors (Kp values in the low nM range). After
binding to CD22, the glycosylated siRNAs were efficiently
internalized into cells via endocytosis and the modifications
did not preclude gene knockdown of Hprt-1.*'° Even though
further optimization of the ligand structure and valency will be
necessary to improve the knockdown activity, this study clearly
highlights the potential of using sialylated-nucleic acids to
promote cellular delivery via binding to CD22. It is noteworthy
mentioning that the chemical integrity of the oligosaccharide is
of high importance since small changes in composition can be
deleterious to cellular internalization.*
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Fig. 25 Chemical structures of representative examples of disaccharide/
oligosaccharide—nucleic acid conjugates.
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Besides delivery systems, the binding affinity of oligosac-
charides such as oligomannose (Many) glycans can be raised
from low (Kp of pM to mM range) to high (Kp in the low nM
range) by combining grafting on oligonucleotides and in vitro
evolution methods.**"**?

5. Future perspectives and
applications

Chemical modifications of nucleic acids have been used to
elucidate, manipulate, and stabilize non-canonical structures
and ultimately have permitted the intrusion of oligonucleotides
into a plethora of applications. Importantly, the introduction of
modified nucleoside analogues has also been crucial for the
development of potent oligonucleotide therapeutics, including
antisense, RNAi, and aptamer-based candidates, without which
the field would not have gained such important momentum.
Carbohydrate-based modifications slowly infiltrate the field of
nucleic acids. At first, modifications were targeted at the
constituting sugar moiety of the (deoxy)ribose scaffold. With
the advent of glycoRNAs and p-GalNAc-based delivery agents,
more complex carbohydrate modifications introduced at multi-
ple locations of the scaffold are being considered such as
oligomannose or bleomycin-based systems. This trend will
undoubtedly continue and in this section, we summarize other
existing applications of carbohydrates in the field of nucleic
acids and highlight possible future directions in production
and development of such constructs.

5.1 Stabilization of structural motifs

5.1.1 Stabilization of G-quadruplexes. G-quadruplexes are
structures that consist of stacked guanine tetrads stabilized by
Hoogsteen base pairs and central monovalent cations (Na* or
K"). The number of strands and the topology of a G-quadruplex
can vary depending on several factors, such as loop length and
composition, the nature of the stabilizing cation, and nucleo-
tide orientation.*>****

Modified nucleosides, particularly guanosine analogues, can
be strategically placed to stabilize and modulate the folding
topology of G-quadruplexes. Small sugar-modified guanosine
analogues such as FANA (2'-F-araG, 58) and LNA (LNA-G, 75)
have been introduced in G-quadruplex structures.**>**® Generally
speaking, when introduced in anti positions, such modified
nucleotides stabilize G-quadruplexes while substitution in syn
positions is often detrimental.*?” The use of 2/-F-araG has also
proven beneficial in studying telomerase activity by inducing an
exclusive and stable parallel topology in the otherwise poly-
morphic telomeric G-quadruplex, as demonstrated by single-
molecule FRET studies.”*® Interestingly, TNA (8) can also adopt
G-quadruplex structures of similar stability and structure to those
formed by canonical DNA and RNA, except that both Na* or K*
are equally well tolerated.**® While more complex sugar modified
residues such as those involved in f-homo-DNA (64) or 5'-7"-ONA
(12) have not been introduced in G-quadruplexes yet, the recent
identification and characterization of an HNA (66) aptamer
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suggests that this functional nucleic acid adopts stable G-
quadruplex-like structures.*** In the near future, other more
complex, mainly XNA analogues, will undoubtedly be explored
for their capacity to form and/or stabilize such structures.

Finally, carbohydrates have been found to interact with and
stabilize G-quadruplexes mainly via stacking, hydrogen bonding,
and hydrophobic contacts.*** These observations open up the
possibility of using carbohydrate-G-quadruplex interactions to
develop novel drugs,**>** identify specific ligands,*** or mod-
ulate their structures. Ultimately, oligosaccharides such as
p-GalNAc ligands could also be employed to facilitate the cellular
delivery of functional nucleic acids adopting G-quadruplex
structures.*>*3

5.1.2 Stabilization of intercalated-motifs. The intercalated
motif (i-motif) is another non-B-DNA like structure reminiscent
of G-quadruplexes.®*” In an i-motif, hemi-protonated C-C* base
pairs stabilize an architecture consisting of four cytosine-rich
DNA sequences that fold into antiparallel duplex ladders. Such
i-motifs have recently been identified in human cells under
physiological conditions.**® Still, their stability under pH 7
appears to be strongly dependent on their methylation
pattern.”*® Unmethylated or hypomethylated DNA do not form
stable i-motif structures beyond acidic pH and this represents a
challenge for their use in in vitro applications under physiolo-
gical conditions. Various nucleoside modifications have been
used to investigate the factors leading to poor stability of
i-motifs at neutral pH**° and ways to stabilize such structural
motifs beyond pH 5.5.**>**" In this context, some nucleobase-
modified cytidine analogues have been shown to enhance the
stability of i-motifs either via increased stacking interactions**>
or by introducing additional hydrogen bonding partners.**?

Alternatively, this structural motif can also be stabilized by
introducing sugar-modified cytidine analogues. However, this
is not an easy undertaking since the nucleotides should be
preorganized in a C3’-endo conformation which is favored for
i-motif formation without including electronegative substitu-
ents at position 2’ of the ribose since these are detrimental for
this structural motif.>”*** Nonetheless, some stabilization of
i-motifs could be achieved when ara-C (9), 2/-F-araC (58), and
LNA-C (75) were introduced at specific locations.”” Indeed,
2'-fluoro-ribonucleotides moderately stabilize i-motifs by redu-
cing the solvation effect.**>**® LNA-C substitutions can have
varying effects on i-motif stability depending on the number
and their localization within the sequences.*****” In particular,
LNA-C nucleotides stabilize i-motifs at specific locations due to
a favorable C3’-endo conformation and the formation of addi-
tional C-H---O interactions that compensate for unfavorable
van der Waals contacts.*****” In contrast, araC and 2’-F-araC
adopt both C2'-endo (South) conformations but still induce a
degree of stabilization because their 2'-substituent points towards
the major groove which thus avoids steric clashes.**>**® Of all
nucleosides featuring a substituted sugar analogue, 2'-F-araC
revealed to be the most effective at stabilizing i-motifs at neutral
pH. Notably, an impressive ATy, of over 17 °C was observed for an
i-motif containing four 2/-F-araC analogues instead of dC units.**’
Interestingly, even though HNAs (66) display a favorable C3’-endo
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conformation they do not seem to be capable of forming stable
i-motifs.**

As mentioned in the section on G-quadruplexes, more stable
i-motifs will undoubtedly be identified in the future by screen-
ing other (more complex) sugar modifications especially those
stabilizing C3’-endo sugar puckers such as variants of HNA (66),
CeNA (68), and bicyclo- (73) or tricyclo- (74) DNA. Furthermore,
the addition of carbohydrates on nucleobases or at terminal
locations of sequences might also contribute to the overall
stability of i-motifs.

5.2 Carbohydrate modifications in therapeutic
oligonucleotides

Therapeutic nucleic acids have tremendously benefited from
the introduction of modified sugar moieties and the appendage
of oligosaccharide-based ligands to increase their therapeutic
index. Indeed, many (deoxy)ribose modifications such as
2/-OMe (2), 2-F (3), 2’-MOE (4), LNA (75), and FANA (58) are
routine chemical alterations of oligonucleotides and drastically
improve oligonucleotide nuclease stability and binding affinity
to complementary RNA. Conjugation with carbohydrate ligands
such as triantennary p-GalNAc, p-Man, or sialic acid-containing
moieties permits efficient and specific cellular delivery of
therapeutic nucleic acids without negatively impacting their
biological function.

So far, mainly siRNAs and ASOs have benefited from such
modification patterns, but lessons learned from these treatment
modalities will certainly be applied to other purposes in the future.
In this context, the first examples of modified CRISPR RNA
(crRNA) sequences for CRISPR/Cas9 and Cas12 applications*>****
and RNA segments for endogenous adenosine deaminases acting
on RNA (ADAR)-mediated RNA editing have already been
reported.*>> Appendage of carbohydrates at the 5’-termini of triplex
forming oligonucleotides could enhance the stability of triplexes
under physiological pH via stacking and van der Waals interac-
tions which would be of importance for more efficient antigene
therapy.'°>*> Finally, mRNA vaccines are relatively new players in
the field of FDA-approved therapeutic nucleic acids and display a
huge potential for vaccination and therapy.*>* These agents will
certainly benefit from sugar modifications and/or conjugation to
carbohydrates. Specifically, mRNA vaccines could be encapsulated
in polysaccharides rather than lipid nanoparticles or equipped
with p-GalNAc ligands to facilitate their delivery and more impor-
tantly convey target specificity.

Lastly, all (therapeutic) oligonucleotides will benefit from
the identification of additional and optimized receptor-ligand
pairs to favor specific cellular delivery. These additional ligand
systems would remediate one of the long-standing challenges
in the field of therapeutic oligonucleotides: specific and effi-
cient cellular delivery.

5.3 Alternative XNA-based functional nucleic acids

XNA building blocks have been included in SELEX experiments
and related combinatorial methods of in vitro selection for the
identification of aptamers and catalysts to improve their bio-
logical stability but also their functions.*>26:207:222:435 nitially,
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nucleoside triphosphates equipped with small sugar alterations
such as 2’-OMe (2), 2-F (3), and 2’-NH, were used to construct
naive libraries for SELEX. Progress in protein engineering and
directed evolution has led to the discovery of polymerases and
reverse transcriptases capable of synthesizing XNA sequences from
DNA templates and complementary DNA from XNAs.'*”*%%7 [n
turn, these more tolerant mutant enzymes have permitted the
introduction of more complex sugar modifications such as TNA
(8), HNA (66), or charge-neutral sugar backbones into SELEX
protocols.>**?*»*% This trend is expected to continue or even
increase to include other alternative sugar modification patterns
in functional nucleic acids. An interesting example consists of
L-stereoisomer oligonucleotides or mirror-image DNA/RNA also
coined Spiegelmers.**® These mirror image nucleic acids do not
cross-talk with canonical p-oligonucleotides (but form Watson-
Crick base pairs with complementary r-sequences) and are not
recognized by natural enzymes including nucleases. r-aptamers
and r-oligonucleotides thus display a remarkable biostability.**°
However, since these analogues are not recognized by natural, r-
amino acid containing enzymes, they cannot be copied or tran-
scribed by existing polymerases or reverse transcriptases. Recently,
a mirror-image version of the T7 RNA polymerase was produced
and shown to be capable of in vitro transcription of short .-RNA
sequences, thus opening up the possibility of direct in vitro selec-
tion of Spiegelmers.*®"

5.4 Biocatalytic methods to produce carbohydrate-nucleic
acid conjugates and sugar-modified sequences

Most sugar-modified oligonucleotides as well as all carbohy-
drate conjugates are mainly produced by SPOS. While this is a
robust and versatile method that is clearly suitable for an
immense diversity of modified phosphoramidites, the identifi-
cation of more potent sugar modifications, ligands, or longer
sequences would benefit from alternative synthetic protocols.
For instance, an efficient version of SPOS but with suitable
carbohydrate building blocks would certainly facilitate the
production of oligosaccharides.’®>*®® In addition, alternative
biocatalytic approaches would aid in the production of longer
oligonucleotides containing modified sugar and/or nucleo-
bases decorated with carbohydrates. Such approaches could
involve polymerase-based methods,3#6:389:457:464 Jjgageg 1297465
or nucleic acid enzymes.*®® Lastly, glycosyltransferases and
related enzymes could be used for the production of glycoRNAs
to help understand their structures and biological functions.

6. Conclusions

Besides being an integral and central element of the structure
of DNA and RNA, carbohydrates can be modified or added to
the scaffold of nucleic acids to alter their physicochemical
properties and biological functions. In the first part of this
review article, we have described the most common (deoxy)
ribose modifications of nucleotides that were introduced into
oligonucleotides. Such synthetic campaigns were mainly under-
taken to understand the etiology of nucleic acids, improve the

This journal is © The Royal Society of Chemistry 2025
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Enhanced duplex stability (AT, of +1 °C per modification)
opposite RNA (i.e. increased target recognition), enhanced
nuclease resistance and chemical resistance to base,
increased in vivo half-lives and stability in plasma, no
recruitment of RNase H and no enhanced delivery

Enhanced duplex stability (ATy, of +2-3 °C per modification)
opposite RNA (i.e. increased target recognition), enhanced
nuclease resistance and chemical resistance to base,
increased in vivo half-lives and stability in plasma, no
recruitment of RNase H and no enhanced delivery

Enhanced duplex stability (ATy, of +1-2 °C per modification)
opposite RNA (i.e. increased target recognition), enhanced
nuclease resistance and chemical resistance to base,
increased in vivo half-lives and stability in plasma, no
recruitment of RNase H and no enhanced delivery

Charge neutral, enhanced cellular delivery and nuclease
resistance, stabilization of duplexes and triplexes, do not
elicit RNase H, common backbone modification in ASOs and
siRNAs, four ASOs based on PMOs have been approved by the
FDA, no structural information

Stems from questions on the chemical etiology of nucleic
acids. Capable of cross-pairing with DNA and RNA, but
destabilize duplexes. Enhanced nuclease resistance, used in
siRNAs, aptamers, and the design of XNAs

Reduced duplex stability (AT, of —1 to —1.5 °C per
modification) opposite RNA, form triplexes, enhanced
nuclease resistance and chemical resistance to base,
increased in vivo half-lives and stability in plasma,
capacity of recruiting RNase H

Enhanced duplex stability (AT, of ~1 °C per modification)
opposite RNA (i.e. increased target recognition), enhanced
nuclease resistance and chemical resistance to base,
increased in vivo half-lives and stability in plasma, capacity of
recruiting RNase H; part of XNAs and used in aptamers and
DNAzyme selections
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39, 95, 101 and 104

39 and 94-96

39,112,117 and 118

287 and 467

209, 210, 224, 227
and 468

181, 183 and 184

67, 186, 193, 196,
198 and 199
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Table 1 (continued)
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Selected references
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HNA, 66
4q
(0)

s C1’-exo/C2'-endo
0
%
bicyclo-DNA, 73
<0

&) O
< Base
> C2'-exo

3{0

Enhanced duplex stability (AT, of ~3 °C per modification)
opposite RNA (i.e. increased target recognition), enhanced
nuclease resistance and chemical resistance to base,
increased in vivo half-lives and stability in plasma, no capacity
to recruit RNase H; part of XNAs and used in aptamers and
DNAzyme selections

Conformationally restricted nucleotide, slight stabilization of
duplexes with complementary DNA and RNA, triplex for-
mation, enhanced nuclease resistance and chemical resis-
tance to base, increased in vivo half-lives and stability in
plasma, has been introduced in exon skipping ASOs, some
chemical variants of 73 can recruit RNase H**’

Conformationally restricted nucleotide, enhanced duplex
stability (AT, of ~2 °C per modification) opposite RNA (i.e.
increased target recognition), enhanced nuclease resistance
and chemical resistance to base, increased in vivo half-lives
and stability in plasma, has been introduced in exon skipping

67, 186, 250, 252
and 430

292-294

298, 299, 301 and
302

ASOs, some chemical variants of 74 can recruit RNase H

tricyclo-DNA, 74

\O Base

Conformationally restricted nucleotide, enhanced duplex

o stability (AT, of ~4-10 °C per modification) opposite RNA

(i.e. increased target recognition) and DNA (AT, of ~2-5 °C
per modification), enhanced nuclease resistance and
chemical resistance to base, increased in vivo half-lives and

C3'-endo
200

67, 186, 309, 310,
312, 313 and 315

stability in plasma, capacity to recruit RNase H, used in

LNA, 75

properties of therapeutics, and develop synthetic and orthogo-
nal genetic polymers. In the second part of this review article,
we have described the most common carbohydrate-nucleic acid
conjugates either naturally occurring or chemically designed on
purpose. These hybrids are mainly employed in therapeutic applica-
tions to improve cellular delivery both in terms of specificity and
efficiency. Lastly, we have provided insights into future potential
developments of such modified nucleic acids and alternative meth-
ods for their production. This field has profited from interesting
and vast chemistry programs aimed at developing nucleoside and
nucleotide antiviral agents in the 1970s and 1980s and has now
emerged as an increasingly important area of research. It is expected
that the development of alternative sugar modifications, ligand-
receptor systems based on carbohydrates, and synthetic protocols
will yield potent FDA-approved drugs, robust binders and catalysts,
and might shed more light into the origin of life.

7. Summary
7.1 Sugar modifications

Numerous synthetic campaigns were launched to identify sugar
modifications that could help oligonucleotides resist against
nuclease-mediated hydrolysis and thus increase their therapeu-
tic usefulness. In addition, these synthetic efforts were guided
by early research dedicated to identifying potent nucleoside

2970 | Chem. Soc. Rev., 2025, 54, 2948-2983

gapmers and siRNAs, and in XNA aptamers and catalysts

antiviral agents. This combination led to the development of
three generations of chemical modifications commonly
employed in oligonucleotides undergoing clinical trials and
in the >20 FDA-approved nucleic acid therapeutics.*® The most
common sugar modifications are summarized in Table 1, along
with their most striking properties.

Other sugar modification patterns stem from questions
related to chemical etiology of nucleic acids and the origin of
life. For instance, structures such as f-homo-DNA (64) and p-
RNA (10) have shed light onto Nature’s choice for five rather
than six-membered rings. Though not initially planned, studies
towards the understanding of chemical etiology have also
spawned interesting scaffolds for therapeutic applications via
conformational restriction of nucleotides (highlighted in
Table 1). In addition, given the inherent incapacity of certain
surrogates to cross-talk with natural nucleic acids, these ques-
tions have also led to the development of XNAs. XNAs are sugar
modified nucleic acids orthogonal to DNA/RNA that are capable
of heredity and evolution. The most common XNA scaffolds are
also highlighted in Table 1.

7.2 Glycosylated nucleobases

Glycosylated DNA nucleobases are found in the genome of bacter-
iophages and parasites and help elude immune defense responses
during infection.””® The recent advent of glycosylated-RNA further
underscores that nucleic acids are an integral part of the glycome on

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of most common carbohydrate-based nucleobase modifications

Chemical structure Main properties Selected references
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Table 2 (continued)
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Chemical structure
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Selected references

NH

N/r N
74
OH \
N O /onN
Oj/ HO
Hﬂ\/\k)\
(e} 12

Septacidin
94

par with proteins and lipids. The identification of novel glycosyla-
tion patterns and the understanding of the structure and biological
function of glycan-bearing DNA and RNA are of high relevance and
gaining increased attention. The most relevant glycosylated nucleo-
base patterns are summarized in Table 2.

7.3 Carbohydrate conjugates

In addition to modifying the nature of the deoxyribose/ribose of
natural nucleic acids and adding glycans on the nucleobases,
carbohydrates can be conjugated to the 5/3'-termini of oligo-
nucleotides. These appended carbohydrates guide therapeutic
oligonucleotides to their target and favor their cellular delivery
after receptor binding. Moreover, the addition of multiple
rather than single carbohydrate units often enhances receptor
recognition and specificity of oligonucleotides by the principle
of multivalency. Carbohydrate-oligonucleotide conjugates are
essential to improve the therapeutic index of nucleic acids. The
most prominent member of this type of modification undoubt-
edly is the triantennary GalNAc ligand.
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1-Heptosamine containing a nucleobase, an amino
acid residue, and a lipid; potent antiviral and
anticancer activities.
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