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In the past few years, several drugs derived from nucleic acids have been approved for
commercialization and many more are in clinical trials. The sensitivity of these molecules to nuclease
digestion in vivo implies the need to exploit resistant non-natural nucleotides. Among all the possible
modifications, the one concerning the internucleoside linkage is of particular interest. Indeed minor
changes to the natural phosphodiester may result in major modifications of the physico-chemical
properties of nucleic acids. As this linkage is a key element of nucleic acids’ chemical structures, its
alteration can strongly modulate the plasma stability, binding properties, solubility, cell penetration and
ultimately biological activity of nucleic acids. Over the past few decades, many research groups have
provided knowledge about non-natural internucleoside linkage properties and participated in building
biologically active nucleic acid derivatives. The recent renewing interest in nucleic acids as drugs,
demonstrated by the emergence of new antisense, siRNA, aptamer and cyclic dinucleotide molecules,
justifies the review of all these studies in order to provide new perspectives in this field. Thus, in this
review we aim at providing the reader insights into modified internucleoside linkages that have been
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described over the years whose impact on annealing properties and resistance to nucleases have been
evaluated in order to assess their potential for biological applications. The syntheses of modified
nucleotides as well as the protocols developed for their incorporation within oligonucleotides are
described. Given the intended biological applications, the modifications described in the literature that
have not been tested for their resistance to nucleases are not reported.
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observable therapeutic effects in the presence of a plethora of
nucleases in serum and cells.>*”*® In order to improve their
resistance to nuclease digestion, numerous chemical modifica-
tions have been developed over the years.”®>® Each component

1. Introduction

Since the discovery of their structures and their roles as carriers
of genetic information, the biological understanding of deoxy-

ribonucleic acid (DNA) and ribonucleic acid (RNA) has evolved
to versatile bioscaffolds with applications in many areas related
to biology. Important discoveries include their therapeutic use
as antisense (AS) agents,"” small interfering RNAs (siRNAs),>*
CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) associated protein 9 (CRISPR-Cas9),™® antigen
(triplex-forming oligonucleotide)”® molecules, aptamers,”™"
and primers for gene amplification through polymerase chain
reaction (PCR)'>™® or gene sequencing,"*™” and many other
applications related to biotechnology such as the elaboration
of DNA microarrays,'®"? site-specific mutagenesis,® Southern
blotting and Northern blotting.>*

In the specific field of DNA-based in vivo gene regulation
therapies, nuclease resistance is a prerequisite for oligodeoxy-
nucleotides (ODN) to allow them to reach their target and have
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of the DNA structure has been envisioned to be modified and
can be categorized by modification of (1) the internucleoside
linkage, (2) the deoxyribose/ribose, (3) the nucleobase, and
(4) the derivatization or bioconjugation of the ODN.>*7°
However, it is essential that the nuclease resistance of any
newly synthesised backbone-, ribose-, or base-modification has
to be evaluated before considering therapeutic or biotechno-
logical applications.®”*°

The discovery that an ODN is able to inhibit in cellulo viral
replication dates back to 1978.*" After 20 years of research the
first antisense oligonucleotide (ODN-AS) was commercialized
in 1998 against cytomegalovirus retinitis (Fomivirsen, commer-
cialized as Vitravene™).** Since then several ODN based drugs
carrying different modifications at the internucleoside linkage
as will be illustrated herein have been approved by the Food
and Drug Administration (FDA). In 2019 Waylivra® was the
eighth antisense drug to gain approval for commercialization*?
and dozens are currently in clinical trials. This demonstrates

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that after several decades of efforts the pharmaceutical industry
has managed to exploit the exceptional therapeutic properties
of modified ODN, allowing considering their applications in
numerous pathologies in the future. Besides, in 2019 the first
patient-customized ODN-AS therapy was reported.* Indeed four-
teen months after the diagnosis of Batten disease in a 6-year-old
child, the patient was treated with a custom-designed ODN-AS
(named Milasen after the patient, Mila Makovec) after identifying
the genetic mutation responsible for her pathology. It should be
further mentioned that in 2018 the first siRNA was approved by the
FDA: Patisiran (Onpattro®™).** The double stranded ORN possesses
a natural phosphodiester (PO) backbone and a few 2’-OMe mod-
ified ribose units but it is formulated and protected from digestion
by nucleases in the form of lipid nanoparticles, which enables it to
reach its biological target. Moreover, in 2019 the second siRNA was
approved by the FDA: Givosiran (Givlaari™).*® This siRNA is
administered for adults with acute hepatic porphyria. The double
stranded siRNA is covalently linked to a ligand containing three
N-acetylgalactosamine residues to enable delivery of the siRNA to
the targeted hepatocytes.

Aptamers are nucleic acid molecules that can be compared to
antibodies. Indeed they are able to fold into complex 3D struc-
tures that bind to specific targets. Although a few aptamers exist
naturally as the ligand-binding elements of riboswitches,*” apta-
mers are generally obtained by in vitro selection for a specific
target (systematic evolution of ligands by exponential enrich-
ment, SELEX).*® More recently, SELEX technology was developed
in cellulo.*® Aptamers can be used for therapeutics, sensing,
environmental screening, drug delivery, allosteric modulation
and natural product synthesis applications.'® Pegaptanib
sodium (Macugen™), a 28-mer RNA covalently linked to two
branched 20 kDa polyethylene glycol (PEG) chains, was the first
aptamer drug approved for the treatment of wet AMD (age-
related macular degeneration) but numerous other aptamers
are currently in clinical trials.>®

In addition to these sequences of nucleic acid derivatives,
cyclic dinucleotides (CDN) are also emerging through the
targeting of STING (stimulator of interferon genes) as new
nucleic acid based therapeutics. STING is a key element in
the functioning of the innate immune response by stimulating
the production of type I interferons that limit the infection of
neighboring cells. Several recent studies have recently pointed
out the interest of STING stimulation by synthetic CDN for
the treatment of autoinflammatory disease and cancer.>'™>
However, CDN carrying natural PO linkages suffer from the
same drawback as ODN-AS concerning their degradation by
nucleases. The synthesis of CDN modified with non-natural
nuclease resistant internucleoside linkages could expand their
use as therapeutic agents.

At this point it is important to note that the backbone
modification of therapeutic oligonucleotides is absolutely
essential and more important than ribose and nucleobase
modifications. Indeed although the latter are also of great
importance for many physico-chemical parameters, the inter-
nucleoside linkage is the recognition site for nucleases.
Consequentially, the choice of the backbone used is of prime

© 2021 The Author(s). Published by the Royal Society of Chemistry
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importance. Moreover, the negative charges carried by the
natural linkage limit the cellular penetration of ODN. Conse-
quentially, the site-specific replacements of natural PO with
alternative structural motifs can enhance the ODN cellular
penetration. For instance, neutral or even positively charged
alternative linkages have been envisaged. At physiological pH,
chimeric PO/positively charged moiety-ODN may result in
zwitterionic or cationic backbone structures.’*° Different
research groups have developed isoelectronic structures to
replace the PO linkage assuming that the annealing properties
would be conserved or even enhanced while achieving signifi-
cant resistance to nucleases. Many publications concern the
total replacement of the PO linkage in order to introduce a non-
phosphorus derived internucleoside linkage. As will be illu-
strated, it generally achieves a high or total resistance to
nuclease digestion.

In this review, we aim to focus on non-natural internucleoside
linkages whose nuclease resistance has been evaluated. Our
efforts aim to provide to the community of scientists working
on the biological applications of nucleic acids a powerful toolbox
allowing them to either quickly compare their work to the
literature or choose wisely a modified backbone for specific
uses. Thus, we have exhaustively identified the modified inter-
nucleoside linkages whose resistances to nucleases have been
evaluated with at least one commercially available nuclease or
serum containing nucleases. We have largely focused on the
aspects concerning the chemical synthesis of the modified
linkages. Thus, the first synthesis of dimers has been described,
as well as the progress made thereafter to incorporate these
modifications within ODN by supported synthesis for biological
studies. Although this review does not discuss ribose alteration,
a few examples of the double modification of both the inter-
nucleoside linkage and the ribose moiety are reported. It is
important to note that publications describing modifications
of the internucleoside linkage without any nuclease resistance
evaluation are not reviewed. Moreover, peptide nucleic acids
(PNA), which were first described by Nielsen et al. in 1991°° and
are an important class of nucleic acid analogues, are outside the
scope of this review. Indeed, the entire backbone has been
replaced with neutral N-(2-aminoethyl)glycine units. Consequen-
tially, PNA are chemically stable and totally resistant to the
hydrolytic activity of nucleases. PNA are able to recognise specific
sequences of DNA and RNA and the resulting duplexes exhibit
high thermal stability. Therefore, PNA found major applications
in the diagnostic and therapeutic fields which have been

previously reviewed.®* "¢

2. Nucleases

Nucleases are part of the hydrolase family that act on nucleic
acids (DNA and RNA) and their derivatives.®”®® Specifically, they
are phosphodiesterases (usually referred to as cyclic nucleotide
phosphodiesterases (PDE)) that hydrolyse one of the two brid-
ging P-O bonds, 3’ or 5’ in a nucleic acid derivative.®® Their
mechanism of action involves the 3’-phosphate hydrolysis of an
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Scheme 1 General representation of the hydrolysis of an ODN by a
5’-PDE.

intracellular messenger from an active (cyclic AMP or cyclic
GMP) to an inactive form. Endonucleases are composed of
DNases and RNases whose substrates are deoxyribonucleic and
ribonucleic acids respectively. Endonucleases can be nonspecific
and are able to hydrolyse all nucleic acid sequences, or can be
very specific and are only capable of hydrolysing precise inter-
nucleoside linkages from a specific recognition sequence
(restriction enzymes). Exonucleases are capable of hydrolysing
a nucleotide from the 3’ or 5’ ends of a nucleic acid. While
intracellular PDE are involved in a broad range of important
cellular functions by regulating the concentrations of cyclic
nucleotides,”® extracellular PDE exist in snake venoms®””* and
act as exonucleases by removing mononucleotide monopho-
sphate units from polynucleotide chains in a stepwise fashion
(Scheme 1).

PDE are classified into 11 families (PDE 1 to PDE 11)
according to their affinities for AMPc or GMPc, their localiza-
tions and their biological functions.”® It should be noted that
all natural ODN are systematically degraded in vivo by PDE
within minutes and that DNA can have a half-life of up to
several hours for 1-2 kbp. As mentioned above, PDE that
hydrolyse phosphodiester bonds of polynucleotide chains are
categorized depending on their abilities to cleave phosphodie-
ster bonds at either the 3’ or the 5’ end (exonucleases) or at
the center (endonucleases) of DNA or RNA sequences. Finally,

Table 1 Names and activities of the main known phosphodiesterases
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PDE have different substrate specificities: DNA and/or RNA; 3’
to 5" or 5’ to 3’ exonuclease activity; single strand (ss) and/or
double strand (ds) and terminal OH or terminal phosphate
processing (Table 1). Among all these nucleases, RNase-H is of
particular importance for the antisense strategy in order to
silence a specific gene via the catalytic destruction of its mRNA
through the formation of an ODN/mRNA duplex.”? Accordingly,
the targeted protein biosynthesis will be limited or even extin-
guished. Unfortunately, only a few modifications induce RNase-
H activity. When designing an ODN-AS, it is essential to choose
a structure that allows the induction of RNase-H to degrade its
complementary RNA target, while providing for itself high
resistance to other nucleases.

3. Modified internucleoside linkages
3.1 Phosphorus derived internucleoside linkages

Many modifications of the internucleoside linkage have involved
the substitution of one or two oxygen atoms of the phosphodie-
ster moiety. The objective is to improve the properties of the
resulting ODN strand (i.e. annealing properties, nuclease resis-
tance, chemical stability. . .). Thus, all the modifications that will
be described in this section imply the replacement of at least one
of the oxygen atoms of the phosphodiester linkage with another
atom. This substitution can be carried out not only at the bridging
oxygen atoms (3’ and 5’), but also on one or two of the non-
bridging oxygen atoms (Fig. 1). In the interest of not overloading
the structure of the section, the separation of the modified ODN
with bridging or non-bridging modifications will not be made.

When available or introduced by the authors, we tried to use
original abbreviations. Otherwise, we choose to designate the ¢
bonded modification (X) before the phosphorous atom and the
IT bonded modification (Y) after such as XPY (Fig. 1).

It is important to mention that upon replacement of a
single non-bridging oxygen atom the dinucleotide analogues

Phosphodiesterase

Hydrolytic activities

Exonuclease activity

Phosphodiesterase I from snake venom phospho
diesterase (SVPDE)

Calf spleen phosphodiesterase (CSPDE)
Phosphodiesterase II from bovine spleen

(spleen phosphodiesterase)

Exonuclease IIT

Calf intestinal alkaline phosphatase (CIAP)

5’ exonuclease targeting ss or ds DNA or RNA. 3’ — 5’ activity

3’ exonuclease targeting 5-OH ss or ds DNA or RNA. 3’ — 5’ activity
3’ exonuclease targeting 5-OH ss or ds DNA or RNA. 5 — 3’ activity

5" exonuclease targeting ds DNA/DNA or DNA/RNA. 3’ — 5’ activity
Catalyses non-specific dephosphorylation at the 3’ and 5’ ends

of a DNA/RNA strand

T4 polymerase digestion

5’ exonuclease targeting ds DNA. 3’ — 5’ activity

Endonuclease activity

DNase I

Hydrolyses ss or ds DNA producing 3’-OH and 5'-P

(preferably takes place at a position adjacent to a pyrimidine)

Nuclease P1
Nuclease S1
RNase-H
RNase-A

3’ — 5’ activity targeting ss DNA or RNA

Hydrolyses ss or ds DNA or RNA

Hydrolyses the RNA strand of a hybrid DNA/RNA duplex
Hydrolyses ss RNA

Digestion activity

EcoRi 1
Endonuclease Nsil
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Specifically recognizes the palindromic G/AATTC sequence of a DNA duplex
Specifically recognizes the palindromic ATGCA/T sequence of a DNA duplex

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0CB00136H

Open Access Article. Published on 08 December 2020. Downloaded on 7/8/2024 7:24:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Bridging modification Non-bridging modification XPY modification

Fig. 1 Bridging and non-bridging modifications of the internucleoside
phosphodiester linkage. Nomenclature used for the replacements of
non-bridging oxygen atoms in modified internucleoside linkages.
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Scheme 2 Eckstein synthesis of 5'-phosphorothioate thymidine (2)”* and
dithymidine phosphorothioate (3).”*

described in this section are synthetized as a mixture of two
diastereoisomers.

3.1.1 Phosphorothioate (PS) and thiophosphate (SP) lin-
kages. Phosphorothioate ODN (PS-ODN) belong to the first gen-
eration of antisense agents in which one of the non-bridging
phosphate oxygen atoms is replaced with a sulphur atom.

In 1966, Eckstein developed the first synthesis of thymidine
5'-phosphorothioate, 2 (Scheme 2).”* The synthesis begins with
3/-O-acetyl-thymidine, 1, which reacts with an excess of
triimidazolyl-1-phosphine sulfide to phosphorylate the 5'-
hydroxyl group. The resulting product is then treated with hot
acetic acid and aqueous ammonia to lead to the desired
compound 2.

Eckstein then progressed to the synthesis of a dinucleotide
phosphorothioate (Scheme 2).”* This compound was obtained
in 18% overall yield in 4 steps. Compared to the natural
dinucleotide, the phosphorothioate 3 was found to be totally
resistant to SVPDE and spleen phosphodiesterase.

After this work, several syntheses of PS-dinucleotides were
performed.”>”® However, it was only in 1984 that the group of
Stec published the first automated synthesis of PS-ODN using
elemental sulphur (Sg) in the P(m) oxidation step of classical
phosphoramidite chemistry.”” Numerous research groups have
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exploited this procedure for years but an interesting alternative
to the sulfurizing agent Sg was published in 1989 by the group
of Beaucage - 3H-1,2-benzodithiole-3-one 1,1-dioxide (also
known as Beaucage reagent).”® The authors demonstrated the
superior efficiency of the Beaucage reagent as a sulfurization
agent (30 s versus 7.5 min for elemental sulphur) thanks to its
good solubility in common organic solvents.

In 1983 Eckstein published an important review concerning
the PS analogues of nucleotides as tools for the study of
biochemical processes. He notably referenced all the enzymes
tested at the time on PS analogues (~40) and pointed out their
eventual P stereoselectivity. All these results prompted many
research groups to synthesize and exploit the phosphorothioate
modification for biomedical applications. Given the plethoric
number of publications demonstrating the therapeutic
potential of PS-ODN in numerous applications,’® only a few
representative examples will be reviewed herein with a focus on
nuclease resistance.

The group of Agarwal published in 1993 an article concern-
ing the exploitation of ‘self-stabilized” ODN having a hairpin
loop structure at their 3’-end to increase their 3’-exonuclease
resistance.”® They studied both PO and PS versions of the
different ODN. The aim of this work was to improve the RNase
cleavage of the gag sequence of HIV-1 to inhibit its replication
via an antisense strategy. Numerous ODN have been studied
but only representative examples are detailed (Table 2). Ther-
mal denaturation studies were performed with the 39-mer gag
RNA sequence of HIV-1. Results indicate that the presence of
the hairpin induces only a slight destabilization of the duplexes
in both the PO and PS series. The PS-ODN duplexes are
significantly less stable than their PO counterparts, although
this does not interfere with their ability to activate RNase-H.
Nuclease digestion experiments against SVPDE clearly show the
potential of the hairpin structure at the 3’-end of the ODN in
preventing 3’-exonuclease activity (¢,, > 1000 s for hairpin-
ODN compared to 88 s). The effect of the PS linkage was
evaluated against the Pol I enzyme (polymerase having exonu-
clease activity). Results indicate that PS-ODN are more resistant
than their PO counterparts and that the hairpin also contri-
butes to the slowdown of the Pol I activity. Similar results were
obtained when the different ODN were incubated in FCS.
Finally, RNase-H cleavage experiments were performed
in vitro along with in cellulo and in vivo studies. The authors
were able to demonstrate that the hairpin loop structure does

Table 2 Thermal denaturation studies (T, values) of PS-ODN with complementary RNA and their half-life evaluations against SVPDE, Pol | and fetal calf

serum (FCS)”®

b
Tp, With fue RNase-H
ODN (5" — 3/)* RNA (°C) SVPDE (s) Pol I (min) FCS (h) activation
[d(CTCTCGCACCCATCTCTCTCCTTCT)]-all-PO 73.1 88 30 — I
Hairpin-all-PO® 72 >1000 >120 — I
[d(CTCTCGCACCCATCTCTCTCCTTCT)]-all-PS 65 — 120 »>16 v
Hairpin-all-PS* 63 — >240 ~4 e

“ PS and PO refer to the phosphorothioate and phosphodiester internucleoside linkages respectively. b ODN not tested. ° Hairpin loop structure of

the ODN studied.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Half-life evaluations of PS-ODN against Bal31 endonuclease and
antisense activity evaluation in cultured T24 cells®°

ti, AS activityb
ODN (5' — 3/)° (min) (%)
d(CCACACCGACGGCGCCC) 5 0
d(CPSCPSAPSCPSAPSCPSC_GACGPSGPSCPSGPSCPSCPSC) 8 35
d (CPSCPSAPSCPSAPSCPSCPS_GACPSGPSGPSCPSGPSCPSCPSC) 50 78
[d(CCACACC-GACGGCGCCC)]-all-PS >50 82

“ PS refers to the phosphorothioate internucleoside linkage. ? Percen-
tage of inhibition of Ha-ras mRNA expression by activation of RNase-H
within the cells by the ODN tested at 0.1 pM.

not interfere with RNase-H activity while achieving a signi-
ficant increase in activity thanks to their better stability in cellulo
and in vivo. Indeed, they observed that 80% of the linear
all-PO-ODN was degraded in the liver after 24 h of in vivo
experiments, but less than 20% of the all-PS hairpin loop
structure was degraded. The comparative studies reported in
this publication demonstrate the increase in resistance induced
by the hairpin loop structure and the PS linkage, opening the
way to an improvement of their potential as pharmaceutical
agents.

In 1996 Monia et al. published an important study concern-
ing a 17-mer ODN sequence targeting the human Ha-ras.®® This
gene is involved in regulating cell division in response to
growth factor stimulation. Its deregulation is involved in many
types of cancer growth. First, they studied the effect of replacing
an increasing number of PO linkages with PS linkages, from the
points of view of both nuclease resistance and antisense activity

View Article Online
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in cellulo. A few representative examples of the ODN studied are
listed in Table 3.

The sensitivity of the ODN to the increased presence of
PO-linkages is clearly demonstrated against Bal31 endo-
nuclease. While the all-PS-ODN is totally stable during the
course of the experiment, the higher the number of PO
linkages, the lower the half-life of the ODN. The consequences
of this nuclease sensitivity are observed during the in cellulo
tests to inhibit Ha-ras mRNA expression. The loss in activity is
directly correlated with the AS-ODN degradation.

Thereafter, the authors studied the influence of 2’-alkoxy
and 2'-fluoro ribose modifications on ODN sequences. These
modifications were analyzed for both resistance to nuclease
digestion (SVPDE) and AS activity against Ha-ras in intact cells.
These modifications were reported to be unable to activate
RNase-H in vitro although this limitation was overcome
through the use of chimeric ODN bearing the modified nucleo-
tides only at the extremities of the strands.® Consequentially,
the authors synthetized chimeric ODN gapmers flanked with
2’ modified riboses containing sufficient unmodified nucleo-
tides at the center of the strands to ensure the activation of
RNase-H. This modification does not directly concern the topic
of this review; thus the results will not be detailed. However,
such gapmers have then been studied by many research groups
and pharmaceutical companies, leading years after to approved
drugs (Table 4). These modifications achieved increased resis-
tance to SVPDE (2'-pentoxy > propoxy > methoxy > fluoro =
deoxy) and consequentially afforded very good results as anti-
sense molecules in cellulo. These results among others have

Table 4 Examples of PS or chimeric antisense oligonucleotides approved or in clinical trials

Chemical Status
Compound structure” Disease (clinical phase) Company
Fomivirsen (Vitravene®, PS CMV retinitis Approved Ionis Pharmaceuticals
1S15-2922) .
Mipomersen, (Kynamro®, 2'-OMOE chimera Homozygous familial hypercholesterolemia Approved Ionis Pharmaceuticals
1S1S-301012)"° (HoFH)
Nusinersen (Spinraza®™)'®  2/-OMOoE chimera Spinal muscular atrophy (SMA) Approved Biogen/Ionis Pharmaceuticals
Inotersen (Tegsedi®™)'"! 2/-OMOE chimera Hereditary transthyretin amyloidosis Approved Akcea Therapeutics/Ionis

(hATTR) Pharmaceuticals

Milasen . PS Batten disease Approved Boston Hospital (crowdfunding)
Volanesorsen (Waylivra®)'%* 2’-OMoE chimera Hypertriglycidemia, familial Approved Ionis Pharmaceuticals

chylomicronemia syndrome and familial

partial lipodystrophy
Oblimersen (Genasense, PS
Augmerosen, G-3139)'%?

Chronic lymphocytic leukemia, malignant  III
melanoma, multiple myeloma, non-small

Genta Inc. & Aventis Pharma

cell lung cancer, acute myeloid leukemia

Trabedersen (AP-12009)'**  PS Oncology-glioblastoma 11 Antisense Pharma

Aganirsen (GS-101)'* PS Corneal neovascularization I Gene Signal

Affinitak (ISIS-3521, PS Non-small cell lung cancer 111 Ionis Pharmaceuticals & Eli Lilly
LY-900003, aprinocarsen)'®°

Custirsen (OGX-011, 2'-OMOE chimera Non-small cell lung cancer, prostate I OncoGeneX 42

ISIS-112989, TV-1011)*° and breast cancer

Drisapersen (PRO-051, 2/-OMOE chimera Duchenne muscular dystrophy I Prosensa Therapeutics
GSK-2402968) & GlaxoSmithKline
ProMune46 (CPG-7909, PS Non-small cell lung cancer 111 Pfizer

PF-3512676)'"

1018-185'%® PS Ragweed allergy, hepatitis B, 111 Dynavax Technologies

non-Hodgkin’s lymphoma and colorectal

neoplasms

“ PS and OMOE refer to the phosphorothioate internucleoside linkage and 2’-O-(2-methoxyethyl) modification of the deoxyribose respectively.
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Scheme 3 Sequence and chemical structure of Mipomersen.

paved the way for the use of chimeric ODN with different types
of modifications to increase their resistance to nucleases and
hence their effectiveness in therapeutic applications depending
on their specific target. Since then, many firms or research
groups have developed therapeutic ODN.

The first PS-ODN to be placed on the market was Fomivirsen
(Vitravene™) marketed by the company Ionis Pharmaceuticals in
1998.% This 21-mer PS-ODN was used in the treatment of
cytomegalovirus (CMV) retinitis in immunocompromised
patients, especially those with acquired immunodeficiency syn-
drome (AIDS). Another PS-ODN was approved by the FDA in 2013:
Mipomersen (Kynamro®, Scheme 3) developed by Ionis Pharma-
ceuticals and Genzyme.** This gapmer ODN can inhibit the
translation of the messenger coding for apolipoprotein B and
consequently decrease the quantity of LDL-cholesterol in patients
with homozygous familial hypercholesterolemia. As Monia et al.
described previously,® it is a chimeric 2'-O-(2-methoxyethyl) and
2/-deoxyribonucleotide with phosphorothioate linkages (2’-OMoE-
PS-ODN) composed of all-5-Me cytosine residues (Scheme 3).

This modification is generally used as it was demonstrated
that 5-Me cytosine enhances the thermal stability of duplexes by
~+0.5 °C per modification.*® Many PS-ODN (or chimeric gap-
mers) are undergoing clinical trials. This topic has already been
extensively reviewed."***> Thus we have reported in Table 4 only
a few significant examples of PS or chimeric ODN which are
approved or advanced in clinical trials.

PS-ODN have P chiral centers (Rp/Sp,, Scheme 4), and despite
considerable research efforts, conventional solid-phase synthesis
of PS oligonucleotides produces a mixture of diastereoisomers.

Several studies performed by the group of Stec were devoted
to the effect of the P-chirality of PS-ODN on their resistance to

o B 0 B
0 0
o:|‘:‘uo B 0=P=0 B
& :o: 5 :o:
Q 0
~“ T
Sp linkage Rp linkage
Scheme 4 Chemical structures of S, and R, phosphorothioate chiral
linkages.
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Table 5 Percentages of ORN degradation catalyzed by RNase-H®®

ORN component  Incubation ~ODN component”

(ORN:ODN molar temperature

ratio)® (°C) All-PO Mix-PS All-R,PS All-S,-PS
ORN-all-PO (1:1) 37 87 53 89 52
ORN-all-PO (1:3) 37 96 83 96 75
ORN-all-PO (1:3) 28 80 65 86 35

“PS and PO refer to the phosphorothioate and phosphodiester
internucleoside linkages respectively. © ODN sequence d(AGATGTT
GAGCTCT).

nucleases compared to natural ODN.®**®® This has been possible

thanks to the use of diastereomerically pure 5-O-DMTr-3'-O-(2-
thio-1,3,2-oxathiaphospholane)-nucleosides.®® Since then, many
methods for the stereocontrolled synthesis of PS-ODN have been
developed.’®*®

In 1995 the group of Stec described the difference in activity of
RNase-H during the hydrolysis of a hybridized 15-mer oligoribo-
nucleotide (ORN) to its complementary PO, mix-PS, all-R,-PS or
all-S,-PS-ODN.** The experiments were conducted with either
1 or 3 equivalents of the ODN compared to the ORN at 28 or
37 °C for 45 min before analysis (Table 5). The results showed
that the enzyme is more efficient in degrading the ORN
involved in a heteroduplex with the all-R,-PS-ODN than with
the all-S,-PS-ODN. Logically, the diastereoisomeric mixture is
hydrolysed in an intermediate period of time. Interestingly, the
introduction of a large excess of ODN relative to the ORN (1:3
ratio) limits the stereodependence of the efficiency of RNase-H. The
stereodependence is recovered by working at a lower temperature.
Years later, the same group published results concerning
the resistance of their diastereoisomeric pure PS-ODN against
3'-exonucleases present in human plasma.®® The half-lives of the
different PS-ODN studied were determined during an experiment
consisting of incubating them for 8 h at 37 °C in a 50% human
plasma solution. The results showed (in comparable sequence) that
the all-R;-PS-ODN had an increased resistance to 3'-exonucleases.

At the same time, the all-S,-PS-ODN analogues were perfectly
stable during the course of the experiment. This demonstrates
that the 3’-exonucleases are only able to recognize R, configu-
ration linkages while being less efficient due to the substitution
of the oxygen atom with a sulfur atom. In addition, working with
a diastereoisomeric mixture of PS-ODN appears to slow down
the overall enzymatic activity of the 3’-exonucleases. Finally,
the authors also demonstrated that total resistance to 3’-exo-
nucleases could be obtained thanks to the presence of a single
internucleoside linkage of the S, configuration at the 3’ end.
Noteworthily, the most resistant isomer to exonucleases is the
least able to allow activation of RNase-H and vice versa.

More recently Wan et al.°® developed original bicyclic oxaza-
phospholidine (OAP) monomers 4a-d and 5a-d (Scheme 5) in
order to prepare a series of ASSODN gapmers modified with chiral
phosphorothioate linkages. The objective was to study how the
P-chirality influences the biophysical and biological properties of
these PS-ODN (T, enzymatic resistance, in vitro and in vivo
activities, RNase-H activation...). Their results demonstrated
unambiguously how the P-chirality modulates the therapeutic
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properties of the isomers, their role in terms of interaction with
the target, their activity and their metabolization. The results
confirm those obtained by Stec’s group concerning the resistance
of all-S,-PS-ODN compared to all-R,-PS-ODN but the reverse
capacity of these stereoisomers PS-ODN to activate RNase-H,
leading to catalytic RNA hydrolysis, was reversed. As a conclusion,
the best in vivo result was obtained with a PS-ODN comprising a
mixture of R, and S, in order to achieve the best compromise
between activity and nuclease resistance. The work of Wada’s
group has recently been exploited to synthesize PS-ODN gapmers
of controlled chirality.'®® The objective was to determine the effect
of controlling the PS chirality in the gap region in order to
enhance the potency and therapeutic profile of the ODN. The
authors determined that the sequences and the chemical struc-
tures are the main factors that determine the pharmacological
and toxicological properties of PS-ODN gapmers. The conclusion
of this study was that stereorandom PS internucleoside linkages
offer the best compromise between activity and stability. However,
this result did not prevent the scientific community from con-
tinuing to be interested in the stereospecific synthesis of PS-ODN.

In 2015 Hall’s group published very interesting results
concerning the use of 5-benzylthio-1-H-tetrazole as an activator
instead of classic 1H-tetrazole."'® Specific interactions during
the coupling step allowed the enhancement of the R, configu-
ration after sulfurization.

Wada’s group also largely contributed to the development of
stereocontrolled PS-ODN and PS-ORN synthesis. They used the
bicyclic OAP developed by Wan®® along with [N-(cyanomethyl)-
pyrrolidinium triflate (6) (CMPT) as an acidic activator for the
solid phase synthesis of PS-ODN (Scheme 5).%

NC
0 HOTE
N

Ry-oxazaphospholidine (5)

T

: 3y
OD WQ
Q9

DCA

DMTrO.

o. 1. N,N-dimethylthiuram
o disulfide

2. N-trifluoroacetylimidazole,
2,6-lutidine

all-(S;)-PS-0DN
DMTrO. B
:o:
aB=T
o P b:B =A%
1

c:B=C®
d:B=G™

S;-oxazaphospholidine (S,-OAP, 4) Ry-oxazaphospholidine (R;-OAP, 5)

Scheme 5 Automated
Chemical structures of S,

synthesis cycle for stereoregular PS-ODN.
(4a—d) and R, (5a—d) OAP monomers.
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The method is efficient with excellent yields and diastereo-
selectivities (96-99% yields, d.r. > 99:1).

At the same time they developed stereodefined PS-ORN based
on the same strategy using 2’-O-TBDMS protected nucleosides
A*, T, C*, G°®P2€ and U.%* The ORN synthetized were subjected
to thermal denaturation experiments. It was observed that
all-S,,-PS-ORN (as well as stereorandom PS) induced a destabiliz-
ing effect on a PS-ORN/ORN duplex, whereas a backbone con-
sisting of all-R,-PS-ORN slightly stabilized the duplex. The solid
phase synthesis protocol was improved a few years later by the
use of 2/-0-2-cyanoethoxymethyl protective groups.®®

As we have seen in this section, the stereochemistry of
phosphorus is of great importance from the point of view of
the biological properties of PS-ODN, in particular because of the
variable sensitivity to enzymatic digestion by nucleases. Thus,
the future of PS-ODN will likely pass through the easy to
implement synthesis of stereocontrolled PS-ODN at every phos-
phorus atom. This would allow chemists to modulate the
physico-chemical properties of the ODN according to the
intended application. This need is real as shown by the work
published on this topic over the past few years.””*%!*

Recently, the group of Baran successfully developed an origi-
nal stereocontrolled synthesis of PS-ODN using a fundamentally
different approach through P(v) chemistry."** First, they devel-
oped what they called  reagents 7 and 8 based on the inexpen-
sive chiral backbone of (+/—)-limonene oxide (Scheme 6). R, and
S,-PS-ODN can be easily synthesised using, respectively, (+)-y
7 or (—)-y 8 in good to excellent yield (76-96%) and with total
stereocontrol in MeCN with DBU as an activator. The next nucleo-
side is readily coupled using the same conditions (70-91% yield).
An all-Sp-PS-ODN 5-mer was synthesised using a simple procedure
on a solid support as a single diastereoisomer in 23% overall yield
with an unoptimized procedure. The advantage of using nonsensi-
tive P(v) intermediates allowed the authors to perform the synthesis
without rigorous exclusion of air and water (Scheme 6).

The method has proven to be efficient, inexpensive and
easy to implement. More than 50 years after the discovery of

1. (R)}-¥~dT, DBU
2. Ac;0, 2,6-lutidine,
N-methylimidazole

%
b

S ,o

Entry cycle 1

J f Cycle n+1

b

S ,o

b

S, ,o

b

83 ,0
EXIT 83, ,o

Sy ,o

DCA i j

DMTrO.

NH‘OH

o“ﬁ

(Y7 [Oa 2]

Scheme 6 Synthesis cycle of stereoregular all-Sp-PS-ODN using
reagent. Structures of (+/—)-\y reagents 7 and 8.
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phosphorothioates, significant efforts are still devoted to
their synthesis. This illustrates all the potential they still
present today.

Replacing one of the bridging oxygen atoms with a sulphur
atom leading to thiophosphates (SP) as phosphorothioate iso-
mers has also been studied.'***?** Their main advantage is to
avoid the generation of diastereoisomers. However, only a few
studies evaluated the resistance to nucleases to determine the
potential of the thiophosphate linkage for biological applica-
tions. The synthesis strategy is very different from the conven-
tional synthesis strategy for PS obtained by sulfurization of the
P(m) to P(v) during the oxidation step of phosphoramidite
chemistry. An example using templated chemical ligation will
be detailed in the following. Nucleic acid templated chemical
ligation reactions are based on the hybridization of comple-
mentary nucleic acid strands, which force the spatial proximity
of reactive groups of modified ODN in order to dramatically
accelerate a given reaction. Since the pioneering work of
Gilham and Orgel,"**'?¢ who used a complementary strand to
form a phosphodiester linkage under carbodiimide activation
of a phosphate group, numerous methods have been described
in order to covalently link ODN in aqueous media. Exploiting
templated chemical ligation, the group of Letsinger'®” devel-
oped a synthetic method using 5’-phosphorothioate ODN'?®
and another ODN having a bromoacetyl moiety at its 3’ end
introduced by reaction of the free alcohol on N-succinimidyl
bromoacetate'*® (Scheme 7). The conjugation reaction sponta-
neously takes place in aqueous media in the presence of the
complementary strand. A few years later, Kool'*° devised a
simple method to obtain this modified linkage by employing
also two modified half-strands: the first one is modified at the
3’-end with a phosphorothioate obtained during the oxidation
step with Beaucage reagent, whereas the second half-strand
carries an iodine atom at its 5’ extremity, introduced by treat-
ment of the 5'-free hydroxyl with Moffatt’s reagent.”*' The
presence of a template complementary to both half-sequences
brings the two functions in close proximity, allowing sponta-
neous conjugation through the nucleophilic substitution of the
halogenated carbon with the sulphur atom, leading to a thio-
phosphate linkage (Scheme 7).

This ligation took place between positions 8 and 9 of a
20-mer ODN. The increase in resistance achieved by the SP
linkage was evaluated against the T4 DNA polymerase and the
SVPDE and CSPDE exonucleases.'*® With T4 DNA polymerase,

Letsinger et .

HS,

\P

i s o Aq. PBS buffer pH = 7.05

//\
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Kool et al.

HS,

\F

o

9
$-P=0
Aq. Tris-Borate buffer pH = 7 % 5

Scheme 7 Letsinger*® and Kool™*° templated formation of thiopho-
sphate internucleoside linkages.
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the SP connection was five to ten times more resistant than that
for the unmodified ODN. By contrast, no resistance was
observed against SVPDE, highlighting the high efficiency of
this particular nuclease. The modified ODN was then evaluated
in the presence of CSPDE. In this case, the kinetics of the
degradation of the modified sequence was slower than that of
the natural sequence, with a significant “pause” that occurred.
Indeed the 3’ hydrolysis took place until the enzyme reached
the SP linkage whose hydrolysis was slowed down. The authors
hypothesized that the replacement of the oxygen atom with a
sulphur atom (which also implies a modification of the binding
lengths of about 0.4 A) deeply modifies the electrostatic inter-
actions within the active site of the enzyme. This interaction
reduces significantly the enzymatic kinetics. Indeed, after
prolonged incubation time the ODN was completely degraded.
Finally, to probe the endonuclease resistance of the SP linkage
a modified cyclic ODN was synthesised by double templated
self-ligation (Scheme 8).

Both modifications were placed within the 6 bp palindromic
sequence ATGCAT, a substrate of the restriction enzyme Nsil.
While the natural sequence was totally degraded by the Nsil
enzyme after 1.5 hours, the thiophosphate cyclic ODN
remained intact. This synthetic strategy was later used to
develop a series of ODN bearing a thiophosphate linkage which
were inhibitors of the human hepatitis C virus (HCV)."**"?*

Obika’s group was interested in the 5’-SP linkage and carried
out a complete study of this modification in 2016."** The
authors investigated its hybridization properties, its stability
against phosphodiesterase I, and the activation of RNase-H and
performed an in vivo study. The synthesis of SP-ODN relied on
the functionalization of 5’-S-DMTr-thymidine'** for the imple-
mentation of phosphoramidite chemistry. The influence of the
5'-SP linkage on annealing properties was evaluated by hybri-
dization with complementary DNA or RNA strands (Table 6).

The incorporation of the 5’-SP linkage at different positions
of the ODN showed acceptable differences in binding with

All phosphodiester duplex:
sil
TTGTACGCTGGATgCATCCAGCGTAC TT

TTCATGCGACA(fj:'ACGTAGGTCGCATG 17
/S

Digestion

TCCAGCGTACTTTTGTACGCTGGATGCA

5'-S-thiophosphate duplex:

TTGTACGCTGGA TGCAgpTCCAGCGTAC Tt
T CATGCGACCTspACGT AGGTCGCATGTT

Totally stable

7TGTACGCTGGA TGCAgspTCCAGCGTACTT
T CATGCGACCTsACGT AGGTCGCATGTT

Scheme 8 Enzymatic resistance of the 5'-SP Nsil

endonuclease.

linkage to
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Table 6 Thermal denaturation studies (T, values) of different ODN with
complementary DNA or RNA and their half-life evaluations against phos-
phodiesterase >4

View Article Online
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Table 7 Thermal denaturation studies (T,, values) of different ODN with

complementary DNA or RNA and their half-life evaluations against
SVPDE'*®

Ty With T With T With T With
ODN (5 — 3/)* DNA® (°C) RNA? (°C)  t,, (min) ODN (5’ — 3')° DNA? (°C) RNA’ (°C) ¢y, (min)
d(GCGTTTTTTGCT) 50 45 — d(GCGTTTTTTGCT) 50 45 —
d(GCGTTTs/spTTTGCT) 48 45 — d(GCGTTTy/gpT"TTGCT) 52 53 —
d(GCGTTs/spTs/spTs/spTTGCT) 44 42 — d(GCGTTs/spT"s/spT"5/spT"TGCT) 43 50 —
d(TTTTTTTTTT) — — 2 d(GCGTs/spT Ts/gpT T5spT"GCT) 53 60 —
d(TTTTTTTTTpsT) — — >40 d(TTTTTTTT Ty spT") — — >40
d( [y/spT) - - 8 d(TTTTTTTT Ts/sp°C ) — — >40
d(TTTTTTTTTYC) — — 7 d(TTTTTTTTTT) — — 8
d(TTTTTTTT Ty gp" C) — — 35 d(TTTTTTTTTV*C) — — >40
d(TTTTTTTTTpsT) — — >40

% PS and 5'SP refer to the phosphorothioate and 5’-SP internucleoside
linkages respectively. ” ODN not tested.

complementary DNA and RNA strands (AT,, ~ —2 °C per
modification with complementary DNA and —1 °C with comple-
mentary RNA). Thereafter, the authors studied the resistance to
nucleases using phosphodiesterase I. Under the conditions used,
the ODN containing 5'-S-5-methycytidine was more stable than
the ODN containing 5'-S-thymidine. As expected, the 5’-SP mod-
ified ODN exhibited higher nuclease resistance compared to the
unmodified one. However, the PS-ODN tested had better stability
than the 5-SP analogue, demonstrating the lower protection
achieved by a thiophosphate linkage compared to a PS one.
Finally, different AS-ODN gapmers targeting mouse Pten mRNA
were synthetized (sequence: 5'TCATGGCTGCAGCT3'). The latter
consist of two locked nucleic acid (LNA) nucleosides at each
extremity and PS or 5'-SP linkages at the center. In vitro studies
demonstrated the ability of the 5’-SP linkage to activate RNase-H.
Indeed, similar activity was observed for AS-ODN comprising
either PS or 5'-PS linkages. However, in vivo studies surprisingly
gave very different results. Whereas the PS-gapmer induced high
activity, the 5’-SP analogue was not active.

Two years later, the same group published a similar study
concerning the synthesis of 5’-S-thiophosphate-LNA nucleoside
analogues of thymidine and 5-methylcytosine.'*® The aim of this
work was to exploit both the enhanced stability in serum and the
better binding affinity of LNA nucleoside analogues. The authors
studied the annealing properties of the 5’-SP-LNA-ODN having
the same sequence as the one previously studied."** The stabiliz-
ing effect induced by the LNA modification was observed.
Indeed, only the 5’-SP-LNA-ODN bearing three consecutive mod-
ifications exhibited the formation of less stable duplexes with its
complementary DNA strand (Table 7). Nuclease stability experi-
ments were conducted against SVPDE (Table 7). The half-life
of the natural homothymidylate is about 8 min, whereas all the
3’ modified ODN exhibited high stability with half-lives superior
to 40 min. The data showed that the 5’-SP-"°C-LNA modification
provided the best protection against SVPDE hydrolysis but all the
ODN tested exhibited stabilities of the same order of magnitude.
Further experiments are required to determine the potential of
this modification for biological applications.

Recently Duschmalé et al. published the chemical synthesis of
two series of ODN bearing either a bridging 3’ or a 5’ sulphur
atom (Scheme 9)."*” The authors designed several synthetic

102 | RSC Chem. Biol., 2021, 2, 94—150

% PS and 5'SP refer to the phosphorothioate and 5'-SP internucleoside
linkages respectively. L refers to LNA residues. © ODN not tested.

3'S thiophosphate §'S thiophosphate

Scheme 9 Chemical structures of 3’-SP and 5’-SP linkages.

pathways to obtain 3'-S and 5’-S-thiophosphate phosphoramidite
building blocks of the four nucleosides in the deoxyribonucleo-
side series. The synthesis of 3’-S nucleoside analogues exploits
either the formation of anhydro-pyrimidines (T and C) or the
Mitsunobu reaction for purines (A and G).

The 5’-S-thiophosphate was obtained from thymidine. After
mesylation at the 5’ position, the sulphur atom was introduced
upon treatment with DMTrSAc in the presence of NaOMe.
Thereafter, 3'-SP and 5'-SP linkages were incorporated within
LNA-ODN gapmers at different positions using standard phos-
phoramidite solid phase oligonucleotide synthesis. The stabi-
lity of the duplexes formed with their complementary RNA
strand was evaluated (Table 8).

A destabilization of 0.5-2.5 °C was observed for the 3'-SP
linkage depending on its position. Single 5'-SP modifications
turned out to have either no destabilizing effect for some designs
or a destabilizing effect of up to —3 °C against the complemen-
tary RNA strand. The nuclease resistances of the ODN were
evaluated by incubation in diluted mouse liver homogenates
for 48 h. The half-lives were not precisely determined; only the
relative amount of intact ODN remaining was given (Table 8).
Within the 3'-SP linkage series, the best resistance was observed
when the modification was placed at the ends of the gap region.
Lower resistance was observed when the modification was
placed at the center of the gap. Similarly, 5’-SP linkage modifica-
tions at the 5’ end of the gap resulted in the best relative stability
compared to any of the other 5’-SP modifications. The sequence
studied was designed to target Malatl (metastasis associated
lung adenocarcinoma transcript 1),"*®* which is a target for
antigen therapies against human lung carcinoma cells. Thus,
the authors studied the influence of the thiophosphate linkage

© 2021 The Author(s). Published by the Royal Society of Chemistry
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on the activity of the RNase-H. In vitro studies demonstrated that
all the modified 3’-SP and 5’-SP-gapmers were able to success-
fully and efficiently recruit RNase-H although the non-modified
gapmer exhibited the best activity (Table 8). Encouraged by this
interesting result, the authors performed in cellulo experiments
using lung carcinoma cells and determined the IC5, values of the
different gapmers. Compared to the in vitro experiment, the
lower activity of the gapmers bearing a SP linkage is surprisingly
more pronounced. Finally, in vivo experiments demonstrated
that the thiophosphate gapmers exhibited only little activity in
the kidneys and no activity in the liver, the target organ of this
specific sequence. This result may be due to their very different
pharmacokinetic properties that could explain the differences
between the in vitro and in vivo experiments. Note that these
results confirm the observations made previously by the group of
Obika."*

As we have seen in this section, the SP linkage exhibits some
interesting properties but in vivo experiments have not been
conclusive so far. In contrast, the PS linkage represents the
most exploited modification, including several therapeutic
molecules on the market. The easy access to this modification,
simply by modifying the oxidation step during the supported
synthesis, reinforces the interest of the scientific community.
Although the description of this modification dates back to the
1960s, many groups have continued their research efforts, in
particular because it tolerates RNase-H activity in vivo, an
essential property for therapeutic AS applications, while provid-
ing increased resistance to nucleases.

The recent use of this modification for the synthesis of a
nuclease resistant CDN analogue of GMPc, which has shown
very interesting antitumor activity in many models, further
highlights the importance of the PS linkage. Indeed, this
molecule is today in clinical trial.***"*°

Finally, it should be mentioned that the discovery of phos-
phorothioate modifications in bacterial DNA has challenged
the current understanding of the phosphodiester backbone of
cellular DNA."71#

Table 8 Thermal denaturation studies (T,, values) of different ODN with

complementary RNA and their degradation against mouse liver
homogenates™’
Mouse RNase-

T with  liver H ICs¢
ODN (5" — 3')* RNA (°C) homogenates” activity” (nM)
d(G"™°C"ATTGGTATT™°C'AY)  59.4 — 5.8 93
d(G™°C"Ay/spTTGGTATT™CC"A") 60.0 68 17.3 8833
d(G"™°C"A5 spTTGGTATT"™™CC"A") 58.5 56 9.9 410
d(G™°C"ATy spTGGTATT™CC"A") 62.5 34 13.6 936
d(G"™°C AT spTGGTATT"™eC"A") 57.4 56 11.4 340
d(G™°C"ATTGG5 gpTATT"™MC"A") 62.5 1.2 10.0 1345
d(G"™M°C"ATTGGy s TATT™C"A") 58.5 41 113
d(G™°C"ATTGGTAy sy TT™eC"A") 61.9 1.5 9.8 1129
d(G"™°C*ATTGGTA s TT™M°C AL 59.0 31 56.9  —

% 3’SP and 5'SP refer to the 3’-SP and the 5’-SP linkages respectively.
L refers to LNA residues. ? % intact gapmer at the end of the experiment.
© 9% full length target RNA after 48 h of incubation. ¥ Gapmer ODN not
tested.
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3.1.2 Phosphoroselenoate (PSe) and selenophosphate
(SeP) linkages. By analogy with PS linkages, phosphoroseleno-
ate (PSe) derivatives have also been reported in the literature.
Although short dimers or trimers have been described
earlier,”””'*® the first PSe-ODN was synthesised in 1989 by the
group of Stein."*” They used H-phosphonate chemistry with a
modified oxidation step to convert the P(m) into P(v) using
potassium selenocyanate as an oxidizing reagent. They were
able to study the physico-chemical properties of several PSe-
homothymidylates. However, the exchange of selenium by
oxygen atoms from PSe-ODN was quantified with a half-life of
30 days in aqueous solutions. This observation greatly reduced
their potential for biological applications.

Regarding the selenophosphate (SeP) isomer in which a
bridging oxygen atom is replaced with a selenium atom (3’ or
5), only a few studies are available in the literature. The group
of Stec described in 1994 the synthesis of P-achiral dithymidine
selenophosphate 9, O-methyl-phosphoroselenoate 10 and
methanephosphonoselenoate 11 (Fig. 2)."

Only the dithymidine selenophosphate (9) was subjected to
nuclease resistance experiments because the dithymidines 10
and 11 decomposed in solution at pH 7.5 within days. The
synthesis used as a key step direct oxidation of P(m) with
elemental selenium. The selenophosphate dithymidine (9)
was incubated with a large excess of SVPDE or nuclease P1
compared to standard protocols in order to achieve digestion.
The hydrolysis was performed qualitatively and the authors
described a significant increase in resistance compared to the
PS dithymidine analogue. During the experiment, the for-
mation of diselenide thymidine (SedT), was observed as a
highly hydrophobic compound. This modification has not been
further studied for years with the exception of the use of 3’-SeP-
ODN by Kool and co-workers for templated-directed chemical
ligation'*® and a new method developed by Vyle for the synth-
esis of nucleoside selenophosphates via the efficient Michaelis-
Arbuzov reaction of selenocyanates.'*® The authors were able to
synthetize a selenophosphate dimer with high efficiency.

Recently Conlon et al. described the first solid-phase synth-
esis of phosphoroselenoate-ODN.'>' They exploited the work of
Vyle to synthetize dinucleoside phosphoroselenoate triesters and
upon subsequent phosphitylation introduced them into ODN.
First, 5'-tosylthymidine 12 was converted into the corresponding
5’-selenocyanate 13 within 90 min under microwave irradiation.
3’-H-Phosphonate derivatives 14 were prepared from the corres-
ponding phosphoramidites using previously described
conditions,"* and then coupled with the 5’-selenocyanate 13
in MeCN in the presence of 2,6-lutidine. Finally, dimers 15a-d

Fig. 2 Chemical structures of the first dinucleotide analogues bearing a
selenium atom.**8
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Scheme 10 Synthesis of phosphoroselenoate building blocks 16a—d.*>

were converted into the corresponding phosphoramidite build-
ing blocks 16a-d (Scheme 10).

The phosphoramidite dimers 16a-d obtained allowed the
use of classical supported synthesis protocols. The authors
synthetized various ODN designed to adopt an A-form confor-
mation, comprising a single SeP linkage at their 5’ end.
Thermal denaturation studies were performed and showed a
sequence-dependent destabilization of the duplexes formed
with their complementary DNA strand (AT, from —0.7 to
—6.2 °C per modification). The decreases in melting tempera-
tures were all the more significant as the native ODN were
stable (presence of a CsepG 0r GgpC base pair at the 5’ extremity
with ATy, of —6.2 °C or —4.9 °C respectively). By contrast, a
minor effect was observed for a 5’ terminal Ag.pT base pair
(AT, —0.7 °C) although the effect was more important for a
TsepA base pair (AT, —4 °C). Qualitative enzymatic digestion
was performed with SVPDE on the ODN d(Ts.pTCCCGGGAA)
and the formation of diselenide thymidine (SedT), was
observed as the group of Stec did.**® The authors assumed that
the low nuclease activity was due to the distortion in the
phosphoryl moiety of the SeP linkage that limits nuclease
recognition. The increased resistance observed for SeP-ODN
offers potential for in vivo applications. Concerning AS therapy,
RNase-H activation study remains to be done.

3.1.3 Phosphoramidate (NP) linkage. A phosphoramidate
(NP) linkage is synthesized by replacing an oxygen atom with a
nitrogen atom. It was described for the first time by Jastorff
et al. in 1969."> The authors performed the synthesis of
dinucleotides having a bridging nitrogen atom at the 5’ posi-
tion. They observed that the linkage was sensitive to acidic pH
which causes rapid hydrolysis.

Thereafter, Letsinger et al.">* relied on this work and went
further by synthesizing di- and trinucleotides (Fig. 3) in order to
evaluate the resistance to nucleases of the NP linkage. The
authors tested SVPDE and CSPDE on 17 and 18 at first. Both
nuclease activities were reduced on phosphoramidate sub-
strates compared to natural ones. This decrease in activity
has not been precisely quantified, but is about 10-20% based
on the raw data. However, in the case of CSPDE dimer 17 was
converted to thymidine and 5’-phosphoramidate thymidine.
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Fig. 3 Chemical structures of phosphoramidates 17, 18 and 19 and NP
modified diadenosines 20 and 21 studied by Letsinger et al.*>**>°

In the case of 18, a large amount of dinucleotide 19 was
obtained, suggesting that the presence of the 5-NH, group
significantly inhibits the CSPDE activity. In order to confirm
this assumption, compound 19 was synthesised. The enzymatic
tests performed on dimer 19 confirmed the hypothesis that the
CSPDE, unlike the SVPDE, is particularly sensitive to this
modification.

Letsinger et al. also studied the behavior of non-bridging
phosphoramidates.'> They synthesised two dinucleotides
d(AxpA) 20 and 21 (Fig. 3) and evaluated their resistance to
SVPDE and CSPDE.

The half-lives of the dinucleotides were not determined.
However, nuclease resistance studies were performed by incu-
bation in the presence of SVPDE or CSPDE for 16 h. While the
natural dinucleotide is fully hydrolysed, amino-NP dinucleotide
20 is hydrolysed only up to 14% by SVPDE and 8% by CSPDE.
Aminoethyl-NP dinucleotide 21 is completely stable during the
experiment.

In 1994 Gryaznov et al. published a method to synthesize on
a solid support N3’ — P5’ NP-ODN using a standard controlled
pore glass (CPG) support and modified H-phosphonate chem-
istry (Scheme 11).'%¢

After removal of the DMTr protective group, the solid support is
treated with 2-cyanoethyl N,N-diisopropylchlorophosphoramidite fol-
lowed by 1H-tetrazole and water to generate a 5’-H-phosphonate

Entry cycle 1

5-DMTr-3-amino
1. (Pr);NP(CI)(OCNE), DIEA nucleoside, TEA

2. 1H-etrazole

iy
O:I‘F*O Boy
OCNE | —©-
Q

Scheme 11 Synthesis cycle of N3’ — P5’ PN-ODN.
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function. An Atherton-Todd type reaction is then performed with a
3’-amino nucleoside to obtain the corresponding N3’ — P5’
phosphoramidate. This cycle can be repeated for NP-ODN
elongation with an average yield of 94-96% per cycle. The
synthesis ends with a classical aqueous ammonia final depro-
tection. The authors then described the hybridization proper-
ties of their NP-ODN. The conclusions obtained are that the
NP-ODN/ODN duplexes are more stable than their natural
counterparts. In addition, NP-ODN are capable of forming very
stable triplexes with complementary ORN. This is probably due
to the substitution of the 3’ oxygen with a nitrogen atom, which
changes the conformation of the ORN 2’-hydroxyl and may
favour inter-base hydrogen binding. Additional stabilization is
obtained because the phosphoramidate is relatively more rigid
than the phosphodiester linkage.

The RNase-H activation of N3’ — P5’ induced by phosphor-
amidate ODN was assessed by the groups of Gryaznov'>’ and
Nerenberg'®® in order to evaluate their potential for antisense
applications. The latter were tested to target the mRNA coding
for the Tax protein, a major transcription factor of leukemia type
I virus targeting human T cells. All experiments were performed
with four ODN 15-mers with the same sequence (as well as
several control ODN) with PO, NP, chimeric PO/NP and PS
linkages. The first step was to evaluate the resistance of NP-
ODN to nucleases to validate the use of NP-ODN for antisense
applications. Thus, they were exposed to extracts of cell nuclei.
Results showed a total degradation of the PO-ODN within 5 min.
In contrast, NP-ODN remained stable after 1 hour of incubation
and chimeric PA/PO-ODN were still present, although partially
degraded. Finally, the PS-ODN still underwent partial degrada-
tion, probably due to 3’-exonuclease activity. These experiments
confirmed the high resistance of PS-ODN, which has been
demonstrated several times in the literature, but also high-
lighted the potential of NP-ODN for the antisense strategy thanks
to their significant resistance to nucleases.

The authors then performed in cellulo experiments to inhibit
the translation of Tax protein. Unexpected results were obtained
with sequence-dependent inhibition by a different mechanism
than activation of RNase-H. Indeed, under similar conditions,
whereas no significant inhibition was observed with the PO-
ODN, PS-ODN or PN/PO-ODN, 70% reduction of the amount of
Tax protein was observed with PN-ODN. A surprising reduction
was also obtained with PN-ODN comprising a mismatch. This
seems to indicate a mechanism of inhibition by disruption with
the RNA at the level of its production or its transport or during its
translation by steric blocking. Steric blocking ODN block access
of cellular machinery to mRNA, preventing the translation
process from occurring, without degrading the RNA. Indeed, it
has previously been shown that the T, values of NP-ODN
increased by about 1.2 °C per residue compared to PO-ODN."*

Shaw et al. published a study concerning the determination
of the deoxyribonuclease profile for FCS and human serum."®
For this purpose they used different *?P-labelled 21-mer ODN
for analytical monitoring. The structures studied are PO-ODN,
PS-ODN and two chimeric NP/PO-ODN possessing at either the
3’- or 5’-end one or two phosphoramidate linkages having a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Oligonucleotides studied by Shaw et al.**° and chemical structure
of the P-NH,-NP linkage.*6?

non-bridging methoxyethylamino (MEA). Finally, two ODN
having a PO or NP 3’-3’ terminal linkage were also studied
(Fig. 4).

The half-lives of the different ODN were determined both in
FCS and in human serum (Table 9).

Clearly, the nuclease digestion was faster in FCS than in
human serum. This difference was constant for all the ODN
studied. The PO-ODN and 5-NP-ODN were both rapidly
degraded, indicating a similar pattern of degradation over time.
Unlike 5’-NP-ODN, the 3’-NP-ODN had a much better resistance.
When the 3’ terminal linkage was reversed, resulting in a 3'-3'-
dinucleotide (whether a PO or an NP bond), the stabilization
obtained in the two sera was similar to the one obtained with the
3’-NP. The conclusion was that the predominant nuclease activ-
ity in the two sera tested was 3’-exonuclease.

In an effort to understand the role played by N-alkyl chains
in phosphoramidates, our group synthesised P-NH, derivatives
(Fig. 4) using either H-phosphonate or phosphoramidite
chemistry.'®" Both mixed and uniformly modified phosphor-
amidate/phosphodiester dodecamers were synthesised on solid
supports using a procedure previously described to oxidize the
phosphorus atom of an H-phosphonate diester linkage with an
amine using a saturated solution of ammonia in a mixture of
dioxane and CCl,."®* Various homothymidylate ODN differing
by the number and the positioning of the modifications were
produced. Two particular sequences were evaluated against
degradation with nuclease S1, CSPDE and SVPDE by compar-
ison with the PO-ODN (Table 10).

The presence of phosphoramidate linkages drastically
increased the resistance of the ODN to the three nucleases
tested. The only exception was the rapid hydrolysis of the ODN
consisting of five PO units flanked with three NP units. Indeed
nuclease S1 is an endonuclease and the five natural nucleotides
present at the center of the sequence allow its activation. In
addition, these ODN were also tested for their ability to activate
RNase-H for antisense applications. Only the chimeric ODN with
a central phosphodiester section was able to activate RNase-H
hydrolysis (Table 10) in agreement with previous work concern-
ing chimeric methylphosphonate (MP)/PO-ODN (MP modifica-
tion will be reviewed in the next Section 2.1.4.1)."%*'* It should
be noted that these non-bridging NP bonds form less stable
duplexes with DNA targets (AT,, ~ —1.2 °C per modification)
than the corresponding phosphodiesters.
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Table 9 Half-life evaluations of different ODN in FCS and human serum?*°
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Lz
ODN (5" — 3/)* FCS Human serum
d(TCCAGTGATTTTTTTCTCCAT) <5 min ~3h
d(TpsCpsCrsApsGpsTpsGpsAps Trs Tos Trs Tes Tps Tps TpsCrs TpsCrsCpsApsT) ~4h >74d
d(TCCAGTGATTTTTTTCTCCypAnpT) ~4h >7d
d(TypCrpCAGTGATTTTTTTCTCCAT) <5 min ~3h
d(TCCAGTGATTTTTTTCTCCA/3/po T ~4h >7d
d(TCCAGTGATTTTTTTCTCCA;3/npT ~4 h >7d

% PS and NP refer to the phosphorothioate and MEA phosphoramidate internucleoside linkages respectively.

Table 10 Half-life evaluations of NP-ODN against nuclease S1, CSPDE
and SVPDE'®*

t

12 RNase-H
ODN (5" — 3/)* Nuclease S1  CSPDE  SVPDE  activation
d[(T),1T] 7 min 22 min 14 min ¥
d[Txp(T)sTrpT] 20.7 h 26 h 9h X
d[(Trp)s(T)s-(Tnp)sT] 7 min 12d 8.5h -

“ NP refers to the P-NH, phosphoramidate internucleoside linkage.

o 0
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W

2.4-BNA
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2'4-BNA-NP

?
k_vc‘? J
o |0

LNA LMP N5'-»- P3' phosphoramidate

Fig. 5 Chemical structures of modified ODN: LNA, LMP, N5’ — P3’ PN,
2/,4’-BNA and 2/,4’-BNA-NP.

In 2001, Imanishi and co-workers exploited the physico-
chemical properties of LNA modified carbohydrates'®® in the
context of the NP internucleoside linkage. They developed the
synthesis of N5’ — P3’ 5’-amino-2’-0,4’-C-methylene bridged
nucleic acid (2/,4’-BNA-NP, Fig. 5).'°%1%”

The synthesis of the 5’-DMTr-amino-2’-0,4’-C-methylene
bridged phosphoramidite building block derived from thymi-
dine was carried out with 60% overall yield in 9 steps. The
hybridization studies of 2’,4’-BNA and 2’,4’-BNA-NP modified
ODN showed a significant increase in stability. Indeed, duplexes
formed with their complementary ODN or ORN strand showed
stabilizations between +3 and +7 °C per modification. Concern-
ing the formation of triplexes with double stranded ODN, the
stabilization is increased up to 10 °C per modification. There-
after, the resistance of 3’ modified ODN was evaluated against
the SVPDE. The degradation was followed by HPLC analysis.
The natural PO-ODN was fully hydrolysed within 5 min. The
resistance to SVPDE of 2/,4’-BNA and 2’,4’-BNA-NP modified

HO.

B,
0.
k j , condensing agent
(DCC, TPS-Cl or MST)
2

ODN is greatly improved with respective ¢;, of 15 and 40
respectively.

In the context of double modification, our group developed
in 1990 the synthesis of a-anomeric-ODN.'®® We demonstrated
that an o-r(Us) was totally resistant to CSPDE, nuclease S1 and
ribonuclease A. Moreover, a significantly enhanced resistance
was observed to SVPDE. Years later, we demonstrated that
o-PN-ODN hybridized to their complementary RNA strand were
unable to activate RNase-H."®’

Noteworthily, the study of the NP linkage also opened the way
to the elaboration of useful doubly modified linkages that are
reviewed in another section of this review (see Section 2.1.8).

3.1.4 Carbophosphonate linkage

3.1.4.1 Methyl (MP) and phenyl phosphonate (PhP) functiona-
lization. In 1977 Miller et al. presented for the first time at a
meeting the synthesis of several methyl phosphonate (MP)
modified dinucleotides in moderate yields (16-38%)."”° The
corresponding publication was available two years later.'”*
Although the synthesis of 3’-methylphosphonate cyanoethyl is
satisfactory using dicyclohexylcarbodiimide (DCC) as an acti-
vating agent, the condensation leading to the dimers required
the use of mesitylenesulfonyl tetrazole (MST) to achieve better
results than DCC or triisopropylbenzenesulfonyl chloride
(TPS-Cl, Scheme 12). Note that the synthesis of these dimers
led to the formation of diastereoisomeric mixtures 25a-f.

In 1979, Agarwal et al. improved the condensation step yield
to 60-70% through the use of benzenesulfonyl tetrazole as a
condensing agent."”*'”* The authors studied the nuclease resis-
tance of dithymidine methyl- and phenyl-phosphonate (PhP) to
spleen phosphodiesterase and SVPDE (Table 11). MP and PhP
linkages were totally resistant to spleen phosphodiesterase.

The MP linkage is very resistant compared to the natural one
(t12 = 24 h versus 10 min). The PhP bond is even stronger,
probably due to its larger steric hindrance. It was observed that
only 50% of the starting modified dimer was hydrolysed, even
after further addition of the enzyme. This indicates that the

B,
=)
a:By=T,B,=T,R; = MMTr, R, = Ac

b:By=T,B,=T,Ry = MMTr, R, =
MewP=0 c:By = AP, By = DMTr, R, = Ac
o d: B, = APz, 4 = DM, R, = P(O)(CH3)(OCNE)

P(0)(CH3)(OCNE)

1.DCC, CHyP(O)(OH), RO
feyanoethanol ¥ o B OR,
R/0. B, 2 NaOH 24
e
_ -
9 16-55%
OH Me—P=0 from 22

22 23

Scheme 12 General route for the synthesis of MP-dinucleotides 25a—f.
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Table 11 Half-life evaluations of MP- and PhP-ODN against SVPDEY"2

ODN (5 — 3/)* tin
d(TT) 10 min
d(TypT) 24 h
d(TPhPT) >24 h
d(TTpppTT) 10 min
d(TpnpTT) 24 h

“ MP and PhP refer to the methyl- and phenyl-phosphonate internucleo-
side linkages respectively.

nuclease can only hydrolyse one of the two diastereoisomers
present. Interestingly, the hydrolysis of the PO dimer was
slowed down by the presence of the MP analogue, probably
due to the slow dissociation of the latter from the active site of
the enzyme due to its neutral charge. Finally, it was shown that
the hydrolysis of the first nucleotide of the tetramer d(TTypTT)
is very fast, while for the second (the MP linkage) the rate of
hydrolysis is drastically reduced. These data indicate that the
SVPDE is not affected by the presence of a MP linkage next to its
PO target.

In 1987 Agrawal et al. developed a solid supported synthesis
of MP-ODN using nucleoside dithymidine methylphosphona-
midite as starting materials.'"”* The latter were obtained
by reacting 5’-O-DMTr-thymidine with methylchloro-N,N-diiso-
propylaminophosphine. Note that this strategy was also applied
to obtain protected adenosine, cytidine and guanosine deriva-
tives. Different modified MP-ODN 7-mers were then synthe-
sised using classical solid supported ODN chemistry and
incubated with SVPDE.

The results obtained showed that the d(TTTTypTTT) ODN
gave a Ty;pT fragment as the product. This result indicates that
the SVPDE is able to “jump” over a single MP linkage to
continue its activity. It is important to emphasize that this
ability is rare among the nucleases. This illustrates that the
SVPDE is one of the most effective nucleases and explains why
it is often used to evaluate the resistance of modified inter-
nucleoside linkages. Thus, an increase of the number of con-
secutive MP linkages induced a 200 fold resistance increase
compared to the unmodified ODN. Similar results have been
obtained with CSPDE. Thus, a good protection against both
enzymes is obtained by introducing at the extremities of the
ODN two consecutive MP linkages.

The nuclease resistance of MP-ODN was also evaluated by the
group of Wetmur,'”® which confirmed the high resistance of the
MP linkage to both SVPDE and CSPDE exonucleases. In addition,
the MP-ODN studied were also found to be resistant to DNase I
and DNase I endonucleases (Table 12). Resistance to CSPDE and
SVPDE of MP-ODN is very important with half-lives multiplied by
factors of 200 and 500, respectively, by comparison with the
control ODN. Concerning endonucleases, the half-lives of the
control ODN are very different (10 min and 10 h for DNases I and
11, respectively). The observed increase in resistance to digestion
logically depends on the presence of a PO span within the ODN
sequence. The first ODN has indeed a continuity of five
PO linkages, whereas the second has alternating PO and MP

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Half-life evaluations of MP-ODN against CSPDE and SVPDE
exonucleases, and DNase | and DNase Il endonucleases'’®

bz
CSPDE SVPDE DNase I DNase II (h)

ODN (5" — 3/)°

d(TGACTTAGCTGCAT) 30min 12 min 10 min 10
d(TGACMpTTAGCypTGCppAT) >100h >100 h 60 min 20
d(TGpnpACMpTTypA- >100h >100 h >100h >50
GumpCTampGChripAT)

“ MP refers to a methylphosphonate internucleoside linkage.

linkages. Thus, the increase in resistance of the second ODN is
more important. RNase-H activation tests were also performed to
evaluate these MP-ODN in an antisense strategy. Too many MP
linkages prevent recognition of the duplexes by RNase-H.
In order to have an effective hydrolytic activity, it is necessary
to incorporate at the center of the ODN at least 3 consecutive PO
linkages. However, even without activation of RNase-H, MP-ODN
are able to block the ribosomal machinery thanks to the
formation of stable duplexes with the target.

In 2003, Wengel decided to study doubly-modified ODN
comprising a LNA modification'®® at the deoxyribose ring and
a MP linkage to create LMP-ODN (Fig. 5)."”® The objective was
to obtain an additive effect and increase both the binding and
the nuclease resistance of the resulting LMP-ODN. Phosphor-
amidite building blocks were synthesised by phosphitylation of
LNA nucleosides using bis(diisopropylamino)methyl phos-
phine in the presence of 1H-tetrazole. Three different ODN
were synthesised and subjected to SVPDE hydrolysis (PO-ODN,
LNA- and LMP-modified ODN, Table 13). The unmodified
oligonucleotide was rapidly and fully degraded with a half-life
of less than 2 min. Only mononucleotides were observed after
10 min. The same experiment reproduced on a LNA-ODN
having only one LNA modification showed a moderate increase
in resistance as soon as the enzyme reached the modified
nucleoside (5 min compared to a few seconds). However,
complete hydrolysis was achieved rapidly within 10 min. In
the case of LMP-ODN, SVPDE was unable to hydrolyse the
modified nucleoside and a total resistance was observed when
the enzyme reached the modified linkage. An additional experi-
ment was performed with 25 times more SVPDE, and after
120 min, no further degradation was observed, demonstrating
the total resistance of LMP against SVPDE.

Table 13 Thermal denaturation studies (T, values) of chimeric ODN with
combination of LNA and MP linkages with complementary DNA or RNA
and their half-lives towards induced SVPDE hydrolysis (once the modified
nucleoside was reached)"””

Ty With Ty with
ODN (5" — 3/)* DNA (°C) RNA (°C) t12 (min)
d(GTGATATGC) 29 27 <2
d(GT"GAT"AT"GC) 44 53 <5
d(GTGppATAMpTGC) 27 22 30
d(GT"GypAT Ay pT"GC) 39 47 >60

“ L and MP refer to LNA residues and methylphosphonate internucleo-
side linkages respectively.
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Wengel et al. continued their work with the synthesis of
heteropolymeric sequences comprising mixed MP and PO lin-
kages as well as the use of LNA nucleosides."”” The objective was
to study the potential of such modified ODN for antisense
applications. The thermal denaturation studies of the duplexes
formed with their complementary strand (DNA or RNA) showed a
destabilization of the duplexes due to the MP linkages. However,
modified LNA nucleosides significantly increased the affinity of
the ODN studied. Regarding the chimeric MP/PO/LNA-ODN, the
deleterious effect of the MP bond on hybridization was largely
compensated for by LNA residues (Table 13). Then, the resistance
of these ODN against SVPDE activity was studied. Surprisingly, in
this specific work the LNA-ODN were rapidly degraded although
the resistance of LNA-ODN to the 3’-exonucleases was reported in
the literature.'”®'”® The MP linkage provides a significant increase
in resistance to SVPDE compared to the natural PO with a half-life
of 30 min. The chimeric MP/PO/LNA-ODN demonstrated remark-
able stability with a ¢;, of more than 60 min, demonstrating the
potential of these ODN for antisense applications (Table 13).

No studies concerning the use of these modified ODN as
therapeutic tools have been performed so far.

In 1989 Tidd et al. published results concerning the protection of
antisense ODN against degradation using terminal MP linkages.'*’
They worked on numerous sequences targeting the human onco-
gene N-ras sequence. The resistance of these ODN to SVPDE, CIAP
and FCS was assessed using HPLC analysis monitoring (Table 14).

Modified ODN with 3’-MP internucleoside linkages were
found to be stable against SVPDE and CIAP during the course
of the experiment. Experiments with FCS showed that MP-ODN
have a higher resistance to hydrolysis than PO-ODN. Interest-
ingly, the ODN with MP linkages at its 5'- and 3’-ends is less
resistant than the corresponding 3’-MP analogue. The authors
mentioned the possibility for the two chimeric ODN to adopt
different conformations in solution, slowing down the activity
of nucleases in the case of the 3’ modified ODN. As PS-ODN,
MP-ODN have an asymmetric phosphorus atom. Several synth-
esis methods of MP-ODN with controlled stereochemistry have
been published and reviewed.'®" Different strategies have been
implemented, such as the separation of the diastereoisomers
formed*®>'®* or the stereocontrolled synthesis of the internu-
cleoside linkage (Fig. 6)."®"'® Thermal denaturation studies
have shown that systematically the R, stereochemistry of MP
internucleoside linkages allows the formation of much more
stable duplexes than their Sp counterparts.

Concerning the resistance to nucleases, Reynolds et al. stu-
died the behaviour of the 15-mer (CT);A having different

Table 14 Half-life evaluations of MP-ODN against SVPDE*&°

L

SVPDE + CIAP
ODN (5 — 3/)* (min) FCS
d(CAGTTTGT-ACTCAGTC) <5 30 min
d(CAGTTTGT-ACTCAGTCyrpAyspT) >180 12 h
d(ApMpCrpCAGTTTGT-ACTCAGTCpppApspT) >180 4h

% MP refers to a methylphosphonate internucleoside linkage.
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Fig. 6 Chemical structures of S, and R, methylphosphonate chiral
linkages.

Q I ? OCH,
o=p0 B o=p0 B 0=P-110. 8
3 ; §don
o=p-o0 B o=p-0 8 o=p—0 B
Q o (o] OCH;

Roup/MP backbone Rowp/PO backbone 2-0-Me-Rpyp/PO backbone

Fig. 7 Chemical structures of backbone-modified oligonucleotides con-
taining chiral Romp linkages: Romp/MP, Romp/PO and 2'-O-methyl-Romp/PO
backbones.

modified structures: alternating Ryyp/MP, Royp/PO and 2'-O-
methyl-R,\p/PO backbones (Fig. 7). They observed that the
presence of the 2’-O-Me group also increases the stability of
the duplexes formed with their complementary RNA. Thus, four
of the ODN studied were tested against five different biological
media containing nucleases (Table 15)."%

The half-lives of the natural PO-ODN were about ten minutes
in all sera. The introduction of the 2’-O-Me group significantly
increased the resistance of ODN, with their half-lives ranging
from one to several hours. In addition, the skeleton constituted
by alternating MP and PO linkages presents half-lives of several
tens of hours. Finally, the combinations of these two modifica-
tions have led to ODN totally stable against nucleases for days.
These results demonstrate the potential of this particular
modification for biological use due to the high nuclease
resistance and low destabilization of the duplexes formed with
their complementary strands.

Table 15 Half-life evaluations of (CT);A ODN or [(CU);A)l-all-2'-O-Me
ORN against five different media®®

tia
2'-Deoxy 2'-0-Me
PO* 2/-0-Me alternating  alternating
Medium (min) RNA? (min) MP-PO” (h) MP-PO? (h)
10% FBS 12 40 5 >5
COS-7 cell lysate, <10 300 25 >24
pH 6.0
COS-7 cell lysate, <5 300 20 >24
pH 7.4
E. coli cell lysate 13 72 65 >24
S. aureus cell 15 1200 75 >24
lysate

¢ MP and PO refer to methylphosphonate and phosphodiester inter-
nucleoside linkages respectively. 2’-O-Me refers to the 2’-O-methyl
modification of the deoxyribose.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Recently, the group of Holliger published a very interesting
study exploiting methyl and ethyl functionalization."® They
described the DNA-templated synthesis of methyl and ethyl
phosphonodiester polymers using engineered polymerases able
to assemble P-alkyl-dNTP. However, due to their hydrophobicity,
MP-ODN have low water solubility and are likely to be trapped
within an endosomal/lysosomal compartment and consequently
unavailable for biological activity in the cytoplasm as mentioned
by Shoji et al.*®®

3.1.4.2 Pyridylphosphonate (PyrP) functionalization. In 2003,
Zmudzka et al. published the synthesis of 2-pyridyl-, 3-pyridyl- and
4-pyridylphosphonate (PyrP) linkages using H-phosphonate
chemistry.'® Dimers 27a-c¢ ware synthesised conventionally in
solution with an intermediate internucleoside H-phosphonate
linkage. The mixture of the two diastereoisomers generated can
be separated by chromatography on silica gel and then functiona-
lized to give the phosphoramidites 28a—c (Scheme 13).

The stabilities of the duplexes formed between the modified
ODN and their complementary DNA or RNA strands were
evaluated. The first observation made by the authors was that
the replacement of the native phosphodiester with the P-chiral
2-, 3- or A4-pyridylphosphonodiester linkage within ODN
sequences did not induce pronounced geometric alterations
of the resulting duplexes in the case of the R;, isomer. However,
Sp-pyridylphosphonate significantly destabilized double-helical
structures (up to —4.9 °C per modification). In order to evaluate
the resistance that a pyridylphosphonate linkage provides com-
pared to the natural one, a 2-Ry-pyridylphosphonate ODN mod-
ified between residues 10 and 11 was incubated in human
plasma or in aqueous buffer in the presence of SVPDE or CSPDE.
Since the modification was located at the center of the modified
ODN, the enzymatic hydrolysis initially progressed for PyrP-ODN
in a similar manner to that for PO-ODN. However, total resis-
tance of the 2-Rp-pyridylphosphonate linkage was observed
regardless of the tested exonuclease over 8 h. Although the

oy

Sp linkage

o-T-0

N
kﬁ
Rp linkage

2-pyridyl derivatives: N-methoxypyridinium tosylate, DBU
3-pyridyl derivatives: Pd(PPh),, TEA, 3-bromopyridine
4-pyridyl derivatives: Tr-Cl, DBU

o. 62-87% 2
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Scheme 13 Chemical structures of S, and R, PyrP chiral linkages. Synth-
esis of PyrP phosphoramidite building blocks 28a—c.
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properties of pyridylphosphonate internucleoside linkage
appeared to be interesting for antisense applications, their
ability to elicit RNase H activity has still to be evaluated.

3.1.4.3 Aminomethyl (AMP) and aminoethyl phosphonate (AEP)
functionalization. In 1993, the group of Cook published results
concerning the synthesis and the characterization of cationic
modified (2-aminomethyl)phosphonate ODN  (2-AMP-ODN).
One of the objectives was to develop positively charged ODN
in order to increase their ability to penetrate cells. 2-AMP-ODN
exhibited interesting properties such as nuclease resistance or
the ability to form stable duplexes with their complementary
strand (for the R, isomer). The main drawback of these modified
ODN was their spontaneous hydrolysis in aqueous media, pre-
venting their use for biological applications."”® A year later, the
same group published further results concerning stable
(2-aminoethyl)phosphonates ODN (2-AEP-ODN)."*! The dimers were
synthesised in solution with 2-(3,4,5,6-tetrabromophthalimido)
or 2-3,4,5,6-tetrachlorophthalimido)ethylphosphonate internucleo-
side linkages as mixtures of two diastereoisomers, 29, which were
separated by chromatography on silica gel and then functionalized
to obtain phosphoramidites 30 (Scheme 14).

Modified ODN were then synthesised using classical phos-
phoramidite chemistry with the exception of an additional
treatment of the solid supported ODN with ethylene diamine
at 55 °C for 30 min in order to remove the phthaloyl group.
Then, modified chimeric homothymidylate 13-mers having 6
alternate stereochemically pure (aminoethyl)phosphonate lin-
kages were evaluated for their thermal stabilities in the
presence of complementary DNA or RNA strands. Thereafter,
their nuclease resistances were quantified against nuclease S1
(Table 16).

The thermal stability of chimeric all-R,-AEP/PO-ODN with
complementary DNA was higher than that of its natural coun-
terpart, whereas the all-S,-AEP/PO-ODN did not form a stable
duplex under physiological conditions. The results obtained
with the complementary RNA followed the same destabilization
as that observed with a DNA strand. The duplex with the
all-S,-AEP/PO-ODN could not be observed and the one with

bb

0=pP-1~ O NH,"
Q L
- °

s, linkage

0—11—0

R, linkage

1. Thymidine, TPS-Cl, 1H-tetrazole
2. [(iPr);NL,P(OCNE), [}
1H-tetrazole, DIEA

P,
(Pr);N”" “OCNE
R=Clor Br

29 30
Scheme 14 Chemical structures of S, and R, 2-AEP chiral linkages.
Synthesis of the protected 2-(3,4,5,6-tetrabromophthalimido) or
2-(3,4,5,6-tetrachlorophthalimido) phosphoramidite building block 30.
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Table 16 Thermal denaturation studies (T, values) of the chimeric R, and S,-AEP/PO-ODN used with complementary single-stranded DNA or RNA and

their half-life evaluations against nuclease $1

ODN (5’ — 3/)° T, with DNA (°C)

Lz

T With RNA (°C) Nuclease S1 RNase-H activation

d(Ty3) 34
[A(TaEpTTAEPTTaEP TTAEPTTaARP TTarp TT)]-all-R,, 51
[A(TaepTTAEPTTAEPTTAEPTTAEpTTAppTT) -all-S), 12

“ AEP refers to a (2-aminomethyl)phosphonate internucleoside linkage.

the all-R,-AEP/PO-ODN was less stable. Both AEP/PO-ODN are
resistant to nuclease S1. While the natural ODN has a ¢;,, of 4
min, the all-S,-AEP/PO-ODN is totally stable and the all-R,-AEP/
PO-ODN shows only 6% degradation after 24 h of incubation.
Despite their interesting hybridization properties and S1 nucle-
ase resistance results, the antisense therapeutic potential of
AEP-ODN is limited due to the inability of the AEP modification
to activate RNase-H.

3.1.4.4 Methylene functionalization [deoxy-3'-C-(hydroxy-
methyl)thymidine (DHMT) and base-phosphorus-carbon-base
(BpcB)]. Several groups have reported the replacement of the
phosphodiester linkage with a methylene phosphonate.'?*9¢
However, only a few publications concerned resistance tests
against nucleases. In 1997, the group of Pedersen described the
synthesis of modified thymidine having an additional bridging
methylene at the 3’ or 5’ extremities, which implies an elonga-
tion of the internucleoside linkage (Fig. 8).*

The synthesis of the phosphoramidite 31 was performed in
10 steps with 10% overall yield from thymidine using a 3’-cyano
nucleoside'®” reduced to a hydroxymethyl substituent as a key
step. Considering a bridging methylene at the 5’ end of the
building block 32, 7 steps are required from thymidine. The
introduction of the methylene was done by oxidation of
the 5’ alcohol under Swern conditions'®® followed by the
homologation of the aldehyde under standard Wittig reaction
conditions with methyltriphenylphosphonium bromide.'*® An
hydroboration/oxidation sequence led to the desired intermedi-
ate. These two building blocks (31 and 32, Fig. 8) were then
used to synthesize different modified ODN using the phosphor-
amidite methodology. Thermal denaturation studies showed
that the presence of 3-DHMT or 5'-DHMT induces significant
decreases in stability of the duplexes formed with their com-
plementary DNA strand. Thereafter, the authors decided to
study the resistance of these ODN against Exo III nuclease.
The experiments performed demonstrated that the 3’-DHMT
linkage allowed a complete inhibition of Exo III. However, the

DMTrO—CH,

T ~ian T
o o. S o.
ODN synthesis o:[:a—o—cHz T ODNsynthesis

_— -
Gty CHa & o 0
o [ P

It o=b (Pr;N"" ~OCNE
(iP;N” “OCNE

DMTrO.

32
31

3-DHMT 5-DHMT

Fig. 8 Chemical structures of 3’- and 5'-DHMT linkages obtained from
3/-DHMT 31 and 5'-DHMT 32 phosphoramidite building blocks.***
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30 4 min [’
35 >24 h X
— >24 h X

5-DHMT linkage achieves no resistance to the nuclease
activity.

In 2011, Pav et al. reported results working on RNA analo-
gues by inserting the carbon atom into the P-O instead of
the C-O bond, leading to 3’-phosphonate (Bpc-B) and 5'-
phosphonate (B-pcB) linkages (Fig. 9)."*°

They described the synthesis of phosphonate synthons 33
and 34 in order to incorporate the modified nucleosides using
the phosphotriester methodology (Fig. 9). The key step was the
nucleoside functionalization with diisopropyl tosyloxymethyl-
phosphonate in the presence of sodium hydride. Various ORN
were synthesised containing either Bpc-B or B-pcB linkages. In
all cases, the presence of these modifications destabilizes the
duplexes formed with a complementary ORN. The decrease of
the T, values is more pronounced with the Bpc-B to the point
that a 9-mer ORN possessing only Bpc-B linkages cannot
hybridize with its complementary strand under physiological
conditions. The authors then studied the resistance of their
modified ORN to RNase-A and PDE I and II. RNase-A is unable
to cleave the modified Bpc-B or B-pcB linkages, although
hydrolysis of the ORN occurs with normal kinetics until a
modified linkage is reached. Regarding PDE, it was observed
that they were able to ignore a modified link and “jump” to the
next internucleoside linkage in order to cleave it. At the end of
the 2 h experiment, dimers possessing a modified linkage are
observed. It would have been interesting to examine if two or
three successive modified internucleoside linkages could lead
to the inhibition of the PDE but these experiments were not
conducted. The possibility for Bpc-B or B-pcB modified ODN to
activate RNase-H for antisense applications was evaluated by

DMTrO. s o} s aB=T
o ORN synthesis ° b= AB
2 c:B=C%
P__O  OB; O OH . B=GBY
HO™ 1 z o d:B=G
OmoP
Bpc-B building block (33) 3-phosphonate (Bpc-B)
g
o=p-0
i i
P.__O. 0.
HO™ 1 N~ o B ORN synthesis.
OMoP

DMTIO  OBOMOM O OH

B-pcB building block (34) 5-phosphonate (B-pcB)

Fig. 9 Chemical structures of regioisomeric 3'-phosphonate (Bpc-B) and
5’-phosphonate (B-pcB) linkages obtained from Bpc-B 33a—d and B-pcB
34a—d building blocks.
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Rejman et al.>*® They demonstrated that these modifications
achieved total resistance to nucleases of L1210 cell free extracts
and prevented the activation of RNase-H. A study concerning
the use of methylene functionalization for ODN capping may be
of interest to inhibit exonucleases. However, the strong desta-
bilization of the duplexes induced by this modification limits
its potential for biological applications.

3.1.4.5 5'-Alkylphosphonate linkages: ethyl (EtP), vinyl (VP) and
ethynyl phosphonate (EP) functionalization. In 1993, Caruthers and
co-workers described the synthesis of ethylphosphonate (EtP)
linked thymidine dinucleotides along with their incorporation
within ODN via a phosphoramidite derivative.”*" The authors did
not perform annealing or nuclease resistance experiments but this
work paved the way for 5’-alkylphosphonate modification of the
internucleoside linkage.

Years later, the group of Stawinski synthetized several homo-
thymidylates from 5 to 20-mers bearing only the EtP linkage.””
They used a different approach. Indeed they exploited the
4-methoxy-1-oxido-2-picolyl as a phosphonate protecting group,
able to enhance the rate of the esterification of the C-phos-
phonate function (Fig. 10).

Indeed, a neighbouring group participation was observed
during the coupling with 2,4,6-triisopropylbenzenesulfonyl
chloride (TPS-Cl) as a condensing reagent. ODN elongation
via solid supported synthesis was manually performed by
successive coupling of 35 (5' — 3’ elongation) using TPS-Cl
as a condensing agent and deprotection of the DMTr protecting
group. Finally, cleavage of the phosphonate protecting group
was done using thiophenol-triethylamine and the ODN was
released from the solid support by aqueous ammonia treat-
ment. Nuclease stability experiments were performed against
SVPDE (which cleaves P-O-C3’ linkages) and BSPDE (which
cleaves P-O-C5’ linkages). As expected, the EtP linkages were
totally stable against BSPDE but showed no resistance increase
to SVPDE.

Duplex stability experiments were performed later by Hutter
et al. that described the synthesis of ODN containing EtP
linkages through the use of phosphoramidite dimers.>®® The
Tm values were determined with the complementary DNA
strand of fifteen ODN of different lengths comprising one or
two modifications at different positions. The general result
obtained was a destabilization of about —3 °C per modification.
This significant decrease in stability along with the sensitivity
of the EtP internucleoside linkage to SVPDE prevented further
biological application of this modification.

Fig. 10 Chemical structures of the 5’-ethylphosphonate linkage obtained
from C-phosphonate building block 35.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Homothymidylate ODN having 5’-vinylphosphonate (VP)
internucleoside linkages were synthesised in 1996 by the group
of Caruthers.?** The synthetic strategy envisaged was to develop
a 3’-thymidine phosphoramidate dimer, 39, protected with a
5’-0-DMTr group in order to use it in supported synthesis. The
latter was synthesised from 5’-O-DMTr-3'-O-TBDMS-thymidine
(36) which was functionalized with a 5’ masked aldehyde in
3 steps: deprotection of DMTr, oxidation of alcohol using
Pfitzner-Moffatt oxidation conditions*® and finally in situ pro-
tection of the aldehyde as an imidazolidine, 37. In addition, a
Wittig ylide reagent was prepared and then treated with the
freshly released aldehyde, leading to the thymidine precursor
having a 5’ vinylphosphonate linkage, 38. Conventional cou-
pling/protection/functionalization reactions lead to the phos-
phoramidite dimer 39 (Scheme 15).

Several 14-mer homothymidylates were then synthesised,
comprising 0, 1 or 6 VP internucleoside linkages. Thermal
stability experiments (T, evaluations) with complementary
ODN were conducted along with resistance evaluation against
SVPDE. The presence of VP linkages destabilized the duplexes
formed with the complementary (d(A;4)) by —3 °C per modifica-
tion (comparable to the EtP linkage®®). Nuclease digestion
experiments showed that the VP linkage, as the EtP one,**? is
totally resistant to SVPDE over 20 min. The ODN comprising a
single modified linkage only exhibits slightly increased stabi-
lity. These first studies demonstrated that the VP linkage offers
excellent nuclease resistance. However, the strong destabiliza-
tion of the duplexes formed limits its potential for antisense
applications. Activation tests for RNase-H have not been
reported so far.

Recently, the group of Obika published the synthesis of thymi-
dine dimers having an ethynylphosphonate (EP) linkage.>°® The
goal of this work was to incorporate a 5’ alkylphosphonate linkage
within ODN able to hybridize stably with their complementary
strand and study their biological properties. Indeed previous
studies concerning 5’ alkylphosphonate modification have shown
its weak duplex forming ability. The repulsion between the nucleo-
base and the hydrogen atom(s) at the C6’-position induces deleter-
ious effects on the duplex formation as demonstrated on EtP and
VP internucleoside linkages.”***** The authors synthetized EP
linked thymidine dinucleotides having either two natural riboses
or one LNA modified nucleoside (Fig. 11).

The synthesis of dimer 40 started with the protection of the
base of 42 with a 2-(trimethylsilyl)ethoxymethyl (SEM)
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Scheme 15 Synthesis of VP-dithymidine phosphoramidite 39.
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Fig. 11 Chemical structures of EP-linked phosphoramidite thymidine
dimers 40 and 41.

protecting group, followed by the removal of the DMTr one by
acidic treatment, leading to derivative 43. The free 5’ hydroxyl
was oxidized using Dess-Martin periodinane and the resulting
aldehyde was converted into 1,1-dibromoalkene by the Corey-
Fuchs reaction. The SEM and TBDPS groups were cleaved with
tin(wv) tetrachloride and TBAF, respectively, to give nucleoside
44. The latter was coupled to the H-phosphonate derived from
5’-0-DMTt-thymidine 45 using Pd(OAc), under microwave irra-
diation. Dimer 46 obtained was finally subjected to a classical
phosphitylation, leading to the desired building block 40
(Scheme 16). Dimer 41 was prepared using a similar strategy.
The building blocks 40 and 41 were incorporated within
ODN using classical phosphoramidite chemistry with pro-
longed coupling time. However, despite several attempts to
optimize them, low yields were obtained during ODN synthesis
(0.2-2.2%). Melting experiments were then performed with
different ODN comprising the EP internucleoside linkage with
the complementary DNA or RNA strand. The main results are
that a single EP linkage implied a strong destabilization with
the complementary DNA (AT,, ~ —5 °C per modification) or
RNA (AT, ~ —4 °C per modification) strand, which are of the
same order as EtP or VP internucleoside linkages.>*®*% Thus,
the authors decided to study the effect of the dimer whose one
of the nucleosides was replaced with a LNA, known to allow
better stability of the duplexes. As expected, the presence of the
LNA bearing the EP linkage at its 3’ position showed a lower
destabilization with the complementary DNA strand and no
destabilization with the RNA one. Thereafter, the resistances of
several ODN bearing the EP internucleoside linkage at either

1. Dess-Martin
periodinane
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Scheme 16 Synthesis of the phosphoramidite thymidine dimer 40.
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Table 17 Resistance evaluations of PS- and EP-ODN against SVPDE and
BSPDE2¢

Remaining intact ODN after 80 min of
incubation” (%)

ODN (5’ — 3/)° SVPDE BSPDE
d(TTTTTTTTTT) 0 —
d(TTTTTTTTTpsT) 83 —
d(TTTTTTTTTg,T) 7 —
d(TTTACGCAGTTT) — 0
d(TpsTTACGCAGTTT) — 79
d(TgpTTACGCAGTTT) — 88

“ EP refers to the ethynylphosphonate linkage. > ODN not tested.

their 3’ or 5’ extremities were evaluated against the SVPDE or
BSPDE (Table 17).

The percentage of intact ODN was quantified after 80 min of
incubation. Concerning the SVPDE, while the natural ODN was
completely digested and 83% of its analogue bearing a PS
internucleoside linkage at its 3’ extremity was intact, the EP
analogue was still detectable (7%), demonstrating a slight
resistance increase compared to the natural linkage. To the
BSPDE, the EP internucleoside linkage provided a superior
resistance to the PS one. Thus, the authors highlighted a
difference concerning the resistance achieved by the EP inter-
nucleoside linkage towards the SVPDE 3’-exonuclease (moder-
ate) and the BSPDE 5’-exonuclease (significant). Finally, the
RNase-H recruiting ability of EP modified ODN was evaluated.
Several 14-mer gapmer ODN comprising a single EP linkage at
different positions in the gap region were synthetized. The
latter were flanked with three 2’-OMe modified nucleosides.
The natural and PS-modified ODN induced the recruitment of
RNase-H as expected. Interestingly, the ODN bearing an EP
linkage drastically changed the cleavage site of the enzyme
(demonstrated by gel electrophoresis). Indeed RNase-H is able
to recognize several residues on a sequence and the inclusion
of one EP internucleoside linkage into the RNase-H recognition
region implied a decrease of the enzyme activity at the
main cleavage site. Thus, the cleavage site can be controlled
by the use of the EP linkage.

The 5’-alkylphosphonate linkage described in this section
induced a strong destabilization of the duplexes formed with
both the complementary DNA and RNA strands. The use of the
LNA modified nucleoside by the group of Obika counterba-
lanced this negative effect. Significant nuclease resistance was
observed in the case of enzymes that hydrolyse P-O-C5’ lin-
kages. Finally, an interesting application was described using
the EP modification in order to control the cleavage site of the
RNase-H which can allow allele selective gene regulation®”” and
enhance therapeutic applications.**®

3.1.4.6 Phosphonoacetate (AcPO) and thiophosphonoacetate
(AcPS) functionalization. In 2003, the group of Caruthers
described the solid phase synthesis of phosphonoacetate
(AcPO) and thiophosphonoacetate (AcPS) ODN.*° A major
preliminary study allowed them to obtain a suitable phosphi-
nylacetic ester derivative via the Reformatsky reaction. This

© 2021 The Author(s). Published by the Royal Society of Chemistry
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