The Medicinal Chemistry of Artificial Nucleic Acids
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Nucleic acids play a central role in human biology, making them suitable and attractive tools for therapeutic applications.
While conventional drugs generally target proteins and induce transient therapeutic effects, nucleic acid medicines can
achieve long-lasting or curative effects by targeting the genetic bases of diseases.
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| 1. Artificial Nucleic Acids

The therapeutic use of natural nucleic acids is hampered by their sensitivity to nucleases and their poor pharmacological
properties due to their polyanionic nature. These dificulties can be overcome by proper chemical modifications to either
the nucleobase, the ribofuranose unit or the internucleotide linkage . Nuclease stability can be enhanced by modifying
the phosphodiester backbone and sugar units. Backbone modifications also modulate pharmacokinetic properties
including cellular uptake. Sugar modifications may enhance hybridization efficiency, which can be quantitatified by Tm
value, i.e., the temperature at which the two strands of duplex are separated. Hybridization selectivity (Tm
decrease/mismatch) can be improved by altering the nucleobases or the backbone.

Before discussing the chemical structure and biological properties of XNAs, researchers briefly describe the process of
oligonucleotide synthesis. During biosynthesis, enzymes build up nucleic acids from the 5-end monomer to the 3'-end.
The chemical synthesis of oligonucleotides and artificial nucleic acids—which is generally performed by automated solid
phase oligonucleotide synthesis (SPOS)—proceeds in the opposite direction. In this case, the first nucleoside is attached
to the solid phase, which is usually a controlled pore glass (CPG), through its 3'-OH group, while the 5'-hydroxyl is
protected in form of a 4,4'-dimethoxytrityl (DMTr) ether. Then, the synthesis cycle consisting of four reactions is started.
First, DMTr group is cleaved with trichloroacetic acid (TCA) to release the 5-OH group. In the next step, 3-O-(N,N-
diisopropyl)phosphoramidite derivative of 5-O-DMTr-nucleoside is added together with the activating agent which is an
acidic azole catalyst, e.g., 1H-tetrazole or 4,5-dicyanoimidazole. In this coupling step a phosphite triester internucleotide
linkage is formed. Subsequently, due to the incompleteness of the coupling, a capping is necessary, which means the
protection of the remaining 5'-hydroxyl groups by acetylation with Ac,0 in order to exclude the unreacted monomers from
further synthetic cycles. In the last step of the cycle, the phosphite derivative obtained is oxidized into a phosphate with
iodine. The above steps must be repeated n-2 times to obtain an oligomer of n nucleoside in length. Finally, the protecting
groups are removed and the complete oligomer is cleaved from the solid phase. Benzoyl group is used to protect the
amino groups of the nucleobases in cytidine and adenosine, and i-butyryl is used to protect the amino group of guanosine.
In RNA synthesis, the 2'-OH group is protected with tert-butyldimethylsilyl ether (TBDMS) (Scheme 1) [IBI4IE! |n addition
to the above typical protocol, there are other methods for SPOS. The synthesis of modified nucleic acids may involve
other steps or modifications.
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Scheme 1. Solid-phase synthesis of oligonucleotides by phosphoramidite chemistry. The iterative steps of synthetic cycle
are highlighted in red. DMTr: 4,4'-dimethoxytrityl, TBDMS: t-butyldimethylsilyl, TCA: trichloroacetic acid, Ac,O: acetic
anhydride, CPG: controlled pore glass.

| 2. Base Modified Nucleic Acids

Instead of canonical bases such as thymine/uracil, adenine, cytosine and guanine, other bases can be incorporated into
nucleic acids that can can be involved in hibridization (Figure 1). G-clamps (9-(2-aminoethoxy)-phenoxazine derivatives)
are tricyclic nucleobase analogues named after the G-shaped device of the same name. They are functionally cytosine
analogues, because they can bind to guanine, however G-clamp can form four hydrogen bonds with guanine, instead of
the 3 H-bond in the G-C pair. This greatly increases the binding strength of the G-clamp-containing oligonucleotides and
may increase the efficacy of hybridization EIIEl pPseudoisocytosine may be part of a Hoogsteen base pair without
protonation, therefore pseudoisocytosine-containing oligonucleotides have good triplex-forming potential, for example with

DNA during anti-gene gene silencing, therefore, pseudoisocytosine is favourably used in peptide-nucleic acids (vide infra)
(91110],
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Figure 1. Modified bases in XNAs.



2-Aminoadenine and 2-thiothymine bind weakly to each other, but can bind strongly to the natural nucleobases 122, The
5 position of pyrimidine nucleobases is not involved in hybridization and is therefore often chosen to incorporate halogens
(23] or small alkyl, alkenyl or alkinyl groups 241,

| 3. Sugar-Modified Nucleic Acids

Selected examples for sugar-modified nucleosides are shown in Figure 2. The -D-ribofuranose unit of natural NAs can
be replaced by a or L stereoisomers or other sugars. L-nucleotides are enantiomers of D-forms, therefore their oligomers
are called “spiegelmers” (spiegel is mirror in German). Spiegelmers are resistant to nucleases and are not immunogenic
(15, They are not used in gene silencing, but have great potential as aptamers L8,
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Figure 2. The structure of DNA and XNAs with other sugars than B-D-ribofuranose.

Nucleic acids may be composed of a-nucleotides, and these derivatives may have strong antisense activity L4128 The a
and L nucleotides can be combined with other modifications, such as “locking” (see below) (12,

In pyranosyl RNAs (p-RNA), the ribofuranose ring is replaced by pento- or hexopyranoses. These derivatives have been
synthesized primarily not for therapeutic purposes but as tools to study the relationships between the structure and
biological functions of nucleic acids and thus to better understand the structural criteria of natural nucleic acids [22[211(22]
(23 HomoDNA is an NA analogue that contains 2',3"-dideoxyglucopyranose instead of ribose (altro-, and allopyranose also
have been investigated). Base pairs between homoDNAs do not closely follow the Watson—Crick rules, A-A and G-G base
pairs can also be formed according to antiparallel reverse Hoogsteen pairing 241,

Pentopyranosyl oligonucleotides (p-RNAs) contain a pentopyranose ring (B-D-ribose, B-D-xylose, a-L-lyxose or a-L-
arabinose) as the sugar component, as the name implies. Base-pairing of these derivatives is not only stronger but even
more selective than in DNA or RNA. p-RNAs are able to hybridize with each other [22l1261127128] TNAs (threofuranosyl
nucleic acids) contain o-L-threofuranose instead of [3-D-ribofuranose. Unlike [B-pyranose nucleic acids, TNAs can
hybridize to DNA and RNA. The hybridization strength of TNA duplexes is similar to that of the corresponding DNA or RNA
suplexes 29, HomoDNAs are connected through a 6' - 4’ linkage, whereas 4'- 2’ and 4' - 3' derivatives were formed in p-
RNA. In TNA the phosphodiester bonds are in the 3'—2' position. In arabinonucleic acids (ANA), the configuration of the
C-2' position is changed. These derivatives can form duplexes with RNA and DNA and activate RNAse H. Interestingly,
the conformation of the sugar ring (“pucker”) in these molecules is closer to DNA than to RNA B, Their 2'-deoxy-2'-fluoro
analogues are FANAs, which form more stable duplexes with RNA and especially with DNA 211,

Cyclohexanyl nucleic acids (CNA) contain cyclohexane ring (Figure 3). Both D and L isomers were synthesized and
investigated. The Tm of D-CNA/D-CNA and L-CNA/L-CNA duplexes is higher than that of the L-CNA/D-CNA duplexes.
Only D-CNA can hybridize to RNA and DNA B2, Their 5-6' unsaturated analogues are the cyclohexenyl nucleic acids
(CeNA). Incorporating cyclohexenyl monomers into DNA oligonucleotides, slightly decreases the Tm value of the duplex



formed with complementary DNA but increases the Tm of the duplex, formed with complementary RNA B3l The CeNA-
RNA duplexes can activate RNAse H B4, Hexitol nucleic acids (HNAs) contain 1,5-anhydrohexitol. All four isomers (B-D,
a-D, B-L, a-L) were synthesized, however B-D-HNA was the first and most studied B2, They can hybridize to natural
nucleic acids, especially RNA B8 and can be used for gene silencing in antisense strategy B2 or RNA interference 8. a-
D and a-L-HNA can also form duplexes with RNA, while B-L-HNA is unable to do this 2!,
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Figure 3. Structure of CNAs, CeNA, HNAs and PMO. PMOs contain both sugar and backbone modifications.

Phosphorodiamidate morpholino oligomers (PMOs) contain modifications to both the sugar unit and the backbone. The
furanose units are replaced with morpholine rings attached to each other through phosphorodiamidate linkages. The
morpholine motif is obtained by oxidizing the corresponding ribonucleoside derivative into a 2',3'-secodialdehyde with
104~ and then forming the nitrogen-containing ring by a reductive amination-cyclization reaction. PMOs have several
advantages, such as good water solubility, inexpensive synthesis, high stability in biological systems due to their
resistance to many hydrolytic enzymes, good hybridization properties and high specificity B2, Due to its neutral backbone
PMO is less prone to bind to proteins than native NAs, which decreases non-specific, undesirable interactions.
Importantly, PMO/RNA duplexes cannot activate RNase H. In gene silencing, this may be a disadvantage because the
level of the targeted mRNA is not decreased by enzymatic degradation. However, this property can be exploited. Since
the formed duplexes are not cleaved, non-targeted but non-specifically binding nucleic acids do not degrade, which
means a higher selectivity. In addition, due to the lack of the degradation, PMOs can be used to modulate the splicing of
pre-mRNA, to gain alternatively spliced mRNAs, which can be therapeutically used. Their low cellular uptake can be
improved by conjugating them to cell penetrating peptides (CPPs) or guanidin containing moieties 4241l PMOs can be
used as gene silencing tools against viruses #9. PMO mediated gene silencing has been experimented in, among other
things, zebrafish 42, xenopus “3! and sea urchin 4. There are a few approved PMO-based drugs on the market today
(see more below).

Some sugar-modified nucleoside derivatives contain bi- or tricyclic groups instead of the monocyclic ribofuranose (Figure
4). In general, these compounds show higher conformational rigidity than the mono- or acyclic NA analogues. In bicyclo-
DNA, a cyclopentane ring is condensed to a tetrahydrofuran, which is connected to the nucleobase in 1'-position, while
the OH groups involved in the internucleotide phosphate-ester bond are in positions 3' and 5. The poly-T bicyclo-DNA
binds to poly-A DNA weaker than a complementary non-modified DNA oligomer. However, poly-A bicyclo-DNA hybridize to
the complementary poly-T DNA stronger, than the natural poly-A DNA. The Tm of poly-A/poly-T bicyclo-DNA is higher than
that of the DNA/DNA duplex with the same sequence. Bicyclo-DNA prefers the Hoogsteen and reverse Hoogsteen base
pairing over the Watson—Crick 42461,
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Figure 4. Bi- and tricyclic XNAs.

Tricyclo-DNAs (tc-DNA) are similar to the bicyclo analogues, but in this case a third cyclopropane ring is condensed to the
cyclopentane. Tricyclo DNA can form stronger duplexes with complementary DNA and RNA than the non-modified
DNA/DNA or DNA/RNA duplexes, and complementary tricyclo-DNAs form very stable duplexes with each other 24, They
are very effective antisense agents. They have high serum stability and are unable to activate RNAse H 481149, Except for
the poly-A and poly-T sequences, tricyclo-DNA prefers Watson-Crick pairing BY.

In “locked” nucleic acids (LNASs) the 2'-O is attached to the 4'-C via a methylene group. These dervatives are also known
as 2',4'-bridged nucleic acids (BNA).The methylene bridge fixes the furanose ring in the 3-endo conformation that is
highly advantageous for base pairing. LNA forms very stable duplexes with RNA and DNA according to the Watson—Crick
rule with excellent selectivity. The incorporation of LNA monomers into DNA oligomer increases the strength of
hybridization B, There are modified LNAs with different configurations or that contain nitrogen or sulphur in the 2'-position
instead of oxygen, but the “parent” B-D-LNA possesses the most advantageous properties 52,

Besides mono-, and multicyclic analogues, there are acyclic XNAs, which have a more flexible backbone (Figure 5). The
general advantage of these derivatives is their relatively simple and cost-effective synthesis. In the unlocked nucleic acid
(UNA) the covalent bond between the 2' and 3' carbons is removed. They can be obtained from ribonucleosides by
oxidation to 2',3'-secodialdehydes with metaperiodate followed by reduction of the formyl groups obtained into OH-s. The
incorporation of UNA monomers into DNA or RNA destabilizes the duplexes. A more interesting phenomenon is where
hybridization selectivity can be influenced by incorporation of UNA monomers at the appropriate points of the oligomer. If
the mismatch is located distally to the position of the UNA unit, mismatch discrimination is increased. While in case of a
proximal mismatch, the discrimination is decreased especially if the mismatch can be found directly opposite to the UNA
unit. This effect can be used to adjust the selectivity of the hybridization of an oligomer 23], Even the duplex destabilizing

property can be exploited, since this way the undesirable binding of the XNA oligomer to nontargeted NAs can be reduced
ls4]
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Figure 5. Acyclic NA analogues.

Flexible nucleic acid (FNA) does not contain the 2'-CH,OH group. FNA may weakly hybridize to DNA but, interestingely,
FNA monomer triphosphates can be the substrates for DNA polymerase B2I56] Theories suggest that the first information
storing molecules of life could be similar molecules to FNA B2,

Both isomers of glycol nucleic acid (GNA) can form very stable homoduplexes, and (S)-GNA can hybridize to RNA,
however, the latter depends highly on the sequence, high G/C ratio destabilize the GNA/RNA hybride 28153,

There are also amino-acid-based XNAs. Acyclic threoninol nucleic acid contains D- or L-threoninol instead of ribose (D-
aTNA and L-aTNA). D-aTNA can form very stable homoduplexes, but cannot hybridize to DNA or RNA. While L-aTNA can
bind to DNA and RNA and form homoduplexes with similar stability to the D-isomer BUELE2 serinol nucleic acids (SNA)
can form duplexes with DNA and RNA 263 |nterestingly, the chirality of the SNA oligomer, depends only on the
sequence. The enantiomer of an SNA oligomer is the reverse sequenced oligomer, therefore SNAs with a symmetric
sequence are meso compounds.

Minor modifications can also be made on nucleosides (Figure 6). For example, the 2'-OH of ribose can be substituted
with methyl, allyl, propyl, aminopropyl and other ether groups or can be replaced by a fluorine atom (2'-F RNA) B4l Of
these modifications, the 2'-O-methoxyethyl (MOE) substitution is the most important because the MOE nucleic acids have
the most advantageous properties and this modification is common in second generation antisense oligonucleotide (ASO)
drugs. The MOE modified nucleic acids have high binding strength and nuclease resistance [©3lE8IE7]  However,
importantly, fully 2'-modified ASOs cannot activate RNase H.
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Figure 6. 2'-Substituted nucleic acid analogues.

| 4. Nucleotides with Modified Backbones

In phosphorothioate (PS) oligonucleotides, one of the non-bridging oxygen of the phosphate-ester group is changed to
sulphur (Figure 7). This modification retains the negative charge of the backbone. They have highly increased nuclease
resistance relative to the natural nucleic acids, and RNA/PS oligonucleotide duplexes can activate RNAse H (€8, Besides
the above, PSs have the advantage, that they can be easily synthesized with conventional oligonucleotide synthesis
methods with a minor modification of the protocol (exchanging the oxidation step for sulfur incorporation). However, during
this method, a diastereoisomeric mixture is obtained (due to the chiral nature of the PS bond, there are two isomeric
forms, the Rp or endo and the Sp or exo stereoisomers) 89, Their disadvantages include that they form slightly less stable
duplexes than unmodified NAs. In addition, due to their anionic backbone, they can non-specifically bind to proteins,
which can cause unwanted biological effects 9. For example, they can activate platelets by binding to platelet-specific
receptor glycoprotein VI (GPVI) . PS oligonucleotides have a complex immunostimulatory effect e.g., they induce
interferone synthesis and may increase the lipopolysaccharide-caused TNF-a synthesis, probably by mimicking the
structure of the polyanionic glycosaminoglycans in the ECM 2. There are also sequence-dependent effects, e.g., the
CpG motif (especially the purine-purine-CG-pyrimidine-pyrimidine sequence) can stimulate B cells /3 as the CG
sequence is rare and even methylated in vertebrates, while common in prokaryotes 4. Therefore, the Toll-like receptor 9
(TLR9) of the human immune system recognizes this sequence as a bacterial pattern 3. PS oligonucleotides strongly
bind to plasma proteins and after systemic absorption, the liver and the kidney are the main sites of accumulation. In case
of intravitreal administration, no significant systemic absorption was observed. Their metabolism is not primarly mediated
by the CYP-450 enzyme family (which enzymes play important role in the metabolism of most xenobiotics), but by
nucleases, mainly 3'-exonucleases, which cleave nucleotides from the 3'-end of oligomers. The cellular uptake of PS
oligos can also be explained by their interactions with cell membrane proteins 78, The PS modification is part of the
first and second generation ASOs. In N3'—- P5' phosphoramidate oligodeoxynucleotides, the 3'-oxygen of nucleotides is
replaced by a nitrogen. This modification increases the stability of duplexes formed with DNA and RNA. In addition, these
derivatives with homopyrimidine sequences are able to form triplexes with DNA or RNA A8l |ncorporation of an
electronegative group (fluorine) in the 2' position of N3'—~P5' phosphoramidate oligos increases 9, while an electron
donating group (OMe) in the same position decreases the stability of duplexes Y, presumably by modifying the
conformation of the furanose ring. The N-methyl derivatives (3'NMe - P5' phosphoramidate) cannot hybridize to RNA or
DNA 1],



| | |
0=P-0 NB 0=P-0 NB 0=P-0 NB
0O | :O: | @O . :O: @O O
o) HN o O
| |
©0-p=s ©0-p=0 HyB—P=0
O NB o NB O NB
9 H o 0
©0-p=s ©0-p=0 HgB—P=0
9 9 9
PS IN-5'P boronophosphate

phosphoramidate

Figure 7. XNAs with negatively charged backbone.

In boronophosphate oligonucleotides, one of the non-bridging oxygen of the phosphate ester is replaced by a BH3 group.
Because of their anionic backbone, they show good water solubility, but are more lipophilic than DNA. They can be
synthesized similarly to oligonucleotide synthesis, but the oxidation with iodine has been replaced by boronation of the
protected H-phosphonate derivative with a borane-amine complex [Z8l82[83]

It is very useful to change the polyanionic phosphate ester backbone to an uncharged one because in this case the
electrostatic repulsion that occurs during hybridization between the two strands is eliminated, which can cause stronger
binding. In addition, due to the lack of the electric repulsion between the backbone and the negatively charged cell
membrane surface, the cellular uptake can also be improved this way. The above mentioned PMOs (see Figure 3) with
their phosphorodiamidate internucleotide linkages are also electrostatically neutral.

In the alkylphosphonate oligonucleotides, one of the non-bridging oxygen of the phosphate group is replaced by an alkyl
group. Among these, the methylphosphonates (MPO) are the most important (Figure 8). Their synthesis is simple by
using methylphosphonoamidites in conventional oligonucleotide synthesis [B4[83 The MPOs are very resistant against
nucleases. However, their affinity to natural nucleic acids is low, and they cannot activate RNAse H 8. The incorporation
of methylphosphonothioate units (MPS) into oligonucleotides slightly decreases the stability of duplexes, while
significantly increasing the half-life of the oligomer [BSIE7IBEIEANLO  phosphotriester (PT) oligos such as
methylphosphotriester (MPT) derivatives have better cellular uptake due to their neutral backbone. Inside the cell, PTs are
enzymatically transformed into native oligonucleotides, so they can be used as prodrugs of siRNAs 21192,
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Figure 8. XNAs with neutral backbone.

Carbamate (CA) oligos are stable under acidic and alkaline conditions and are resistant to some enzymes B833] There

are also morpholinos with carbamate linkages 4. Dialkylsilyl oligonucleotides are acid sensitive and have very low water
solubility (21961,

Peptide nucleic acids (PNAs) are very unige representatives of XNAs. PNA was developed in 1991 by Nielsen et al. 4. |n
the original PNA, the sugar-phosphate backbone of the oligonucleotides is replaced by a poly-aminoethylglycine (Aeg), to
which the nucleobases are attached through a methylenecarbonyl linker (Figure 9). This structure has several
advantages, it is acyclic, achiral, electrostatically neutral, fully resistant to nucleases and highly resistant to peptidases.
PNA are not sensitive to acidic or alkaline conditions. They bind excellently to DNA and RNA with high affinity and
selectivity, and are also able to form triplexes with double-stranded DNA. The latter property enables PNA to anti-gene
gene silencing. PNAs can be synthesized by simple peptide synthesis strategies. Their disadvantages are their limited
water solubility, poor cellular uptake, and self-aggregation. The solubility decreases by increasing the length or the
purine/pyrimidine ratio, but can be increased by incorporating ionic groups, and the cellular uptake can be improved by
formulation or by using PNA/DNA chimeras 28, In addition to the classic AegPNA, many other PNA derivatives have
developed with a modified backbone, linker, or side chain [281199],
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Figure 9. XNAs with peptide type backbones.

Besides peptide nucleic acids, there are other XNAs with peptide bonds which also contain the ribose component. The
simplest examples include the peptide deoxyribonucleic acid (PDNA) derivatives, developed by Freier et al. (109
Integration of these derivatives into oligonucleotides increased the metabolic stability, but decreased the binding affinity. In
y-peptide ribonucleic acid (y-PRNA) the 5-amino-5'deoxynucleosides are linked to the y-peptide chain through an amide
bond. These derivatives are more soluble in water than PNA and due to their free 2',3'-OH groups, their hybridization can
be controlled by borax, which can form borate with vicinal diols 21102 Cysteinyl nucleic acids (CysNA) contain an
oligocysteine backbone, to which the nucleosides are attached through a thioether bond. These can be constructed from
the monomers via conventional solid phase peptide synthesis (SPPS). The monomers can be synthesized by nucleophilic
substitution of the 5'-activated nucleoside and cysteine, or by thiol-ene coupling reaction between cysteine and the
unsaturated nucleoside derivative (193],

Besides the anionic and neutral NAs, nucleic acid analogues with positively charged backbones have also been
developed. Their general advantages over anionic derivatives are their better cellular uptake, resistance to nucleases and
higher binding affinity. Their theoretical common disadvantage may be their non-specific binding to proteins or to the
polyanionic backbone of nucleic acids. However, in practice this is not a major problem, their sequence specificity is not
decreased significantly and the XNA—protein interactions are a more serious problem for the anionic PS oligos [204[105],
The deoxyribonucleic guanidine oligomer (DNG) contains a guanidine bridge between the two nucleosides (Figure 10).
DNG can form stable duplexes with complementary DNA, and poly-A or poly-T DNG can also form triplexes with the
complementary DNA [1041105]1106] Re|atives of DNG are the deoxyribonucleic methylthiourea (DNmt) oligonucleotides that
contain an S-methylthiourea linker. The properties of DNmt are basically similar to the DNG. While in the case of anionic
XNAs, higher ionic strength can stabilize duplexes by coating the negative charges of the backbone with cations, the
stability of DNmt/DNA duplexes decreases at higher ionic concentrations 041[105][107]



Nucleosyl amino acids (NAA) are similar to the amide derivatives mentioned above, but the backbone is susbtituted by
primary amino groups, which impart a cationic character to the molecule. NAA has good hybridization strength, especially
the (S)-isomer, however, it has low mismatch discrimination character [£05I[108] By incorporation of NAA units into DNA,

/
®
HN NB HN NB HN o
0 0
HaN NB
HN HN  CH, °® o
NH =S
>: 2 >7@
HN HN
A e
DNG DNmt NAA

HN O._NB oM L 4 B
~°r o
N N VS
>:NH2 HyN N—P=0 |
WS (NN o
GMO PMOplus™ T™O

Figure 10. XNAs with positively charged backbone.

zwitterionic oligonucleotides were obtained 192,

There are various positively charged morpholino oligomers. Guanidine-linked morpholinos (GMOs) have better cellular
uptake than electroneutral ones 119, |n PMOplus™, the nitrogen of the phosphorodiamidate group is part of a piperazine
ring BALL pMOplus™ has been tested against various viruses, e.g., influenza virus 222, |n tightly linked morpholino
oligomers (TMO), the 7'-C is directly connected to the nitrogen atom of the morpholino ring, creating a tertiary amino
group, which is protonated in aqueous solution. These derivatives are synthesized by the double reductive amination-

cyclocondensation reaction of nucleoside-derived secodialdehydes and 5'-amino-5'-deoxy nucleosides 131,
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