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The chemical synthesis of modified oligoribonucleotides represents a powerful approach to study the structure,
stability, and biological activity of RNAs. Selected RNA modifications have been proven to enhance the drug-like
properties of RNA oligomers providing the oligonucleotide-based therapeutic agents in the antisense and siRNA
technologies. The important sites of RNA modification/functionalization are the nucleobase residues. Standard
phosphoramidite RNA chemistry allows the site-specific incorporation of a large number of functional groups to the
nucleobase structure if the building blocks are synthetically obtainable and stable under the conditions of
oligonucleotide chemistry and work-up. Otherwise, the chemically modified RNAs are produced by post-synthetic
oligoribonucleotide functionalization. This review highlights the post-synthetic RNA modification approach as a
convenient and valuable method to introduce a wide variety of nucleobase modifications, including recently
discovered native hypermodified functional groups, fluorescent dyes, photoreactive groups, disulfide crosslinks,

and nitroxide spin labels.

| 1. Introduction

Recently, a significant interest has been observed in the use of modified oligoribonucleotides in the fields of
molecular biology, biochemistry, and medicine 28l The representative sites of RNA modifications are the 5'- and
3'-ends of oligoribonucleotides, and the 2'-positions of the ribose, phosphodiester residues, and nucleobase
moieties. Notably, among 150 modified nucleosides identified in cellular RNA sequences, more than 95% of
functional groups are installed in the nucleobase heterocycles (Figure 1) BIE. Improved mass spectrometry
approaches and highly sensitive chemical screens in cellular RNA isolation are still extending this list with new
base-modifying units, e.g., cyclic N8-threonylcarbamoyladenosines (ct®A, ms2ctbA) Bl 2-methylthiomethylenethio-
Nb-isopentenyl adenosine (msmsZ2i®A) [ uniquely lipophilic 5-substituted 2-geranylthiouridines (mnm®ges2U,
cmnm®ges?U) @ and 2-methylthiocytidine (ms2C) 9. RNA modifications affect the structure, stability, and
biological activity of RNA biomolecules, particularly the translation process Ll Experiments of the site-specific

incorporation of nucleic base modifications have proved to be a particularly useful method for precisely assessing
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the role of various functional groups in the structure, function, and biosynthesis of RNA molecules [12/[13][14][15][16]
a7,

(=) I " r 7
—0 =2 NH, NH, == <\J O
@ﬁr@ =1 ‘*l*:: - ‘,“ ’Ti:: {N ir-m:
A N™ 0= N~ ~0&— NH, =
| | | N
Rb Rb Rb
Uridine Cytidine Adenosine Guanosine q

Figure 1. Modified positions distributed in naturally existing RNA nucleobases; Rb: ribose.

Valuable data on RNA structure and cellular activity can be also extracted from biochemical, biophysical, and
structural studies involving unnatural base-modified RNA constructs. The insertion of artificial purine/pyrimidine in
the place of naturally existing nucleosides may change the local hydrogen bonding system, stacking interactions,
or puckering of ribose residues, giving answers as to which modifications or interactions are essential for the
functional RNA structure (81191201 mportant details on RNA structure, conformational dynamics, and RNA's homo-
and heterotropic interactions can be provided by oligoribonucleotides site-specifically labeled with fluorescent dyes,
nitroxide radicals, disulfide crosslinks, or photolabile groups [2111221[23]124][25][26][27][28]

For years, chemically modified oligonucleotides have been extensively studied for the development of new
antisense and siRNA therapeutics (222981l Seyeral nucleobase modifications were found to improve the drug-like
properties of oligonucleotides such as cellular uptake, stability in the cell, target specificity, and binding affinity 211
(32133 and reduce undesirable protein binding and immune stimulation 241351, Gratifyingly, the incorporation of the
first-generation internucleotide linkage modifications and second-generation sugar modifications resulted in the

current approval of two RNAi-based therapeutics, Onpattro (patisiran) and Givlaari (givosiran) 11,

Growing interest in the modified RNA oligomers creates the need to develop chemistry that permits the site-specific
introduction of functionalizable groups into RNA. The most general way to address the issue of site selectivity is
through the use of solid-phase synthesis phosphoramidite chemistry, which involves two strategies: (1) classical
modified monomer approach via the preparation of a modified phosphoramidite building block and its subsequent
incorporation into the RNA chain; and (2) a post-synthetic RNA modification approach based on selective chemical

reaction(s) of precursor unit(s) in the full-length oligonucleotide prepared by the classical method.

This review for the first time summarizes the methods of site-specific incorporation of nucleobase-modified units
into RNA oligomers via the post-synthetic strategy. We focused on the nucleobase functionalization due to the high
abundance of nucleobase modifications in the nature and the high convenience of the post-synthetic strategy to
construct the nucleobase-labeled chemical or biophysical probes. The scope of post-synthetically reactive

precursor oligonucleotides has been limited to RNA oligomers prepared by the phosphoramidite chemistry. To
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facilitate the selection of post-synthetic methods best suited to the assumed chemical-biological objectives, a large

number of experimental details have been included.

2. Solid-Phase Synthesis of Modified RNA Oligomers via
Phosphoramidite Chemistry

The most current method for the incorporation of a modified nucleoside into a site-specific position of
oligoribonucleotides is the phosphoramidite chemistry, which was introduced by Caruthers in 1981 B8IE7 The
preparation of RNA oligomers by this strategy involves a four-step reaction cycle including 5'-deblocking, coupling,
capping, and oxidation steps (Scheme 1). The synthesis takes the 3'-5' direction and starts from the 5'-
deprotection of fully protected ribonucleoside attached to a solid support (in standard, controlled-pore glass, or
polystyrene resins) via the 3'-hydroxyl group. In the second step, activation and coupling, the nucleoside deprived
of the 5'-protecting group reacts with a suitably protected phosphoramidite building block activated by the 5-
substituted 1H-tetrazole or imidazole derivatives, yielding an unstable phosphite triester linkage. Since a small
number of unreacted 5'-hydroxyl sites remain active after coupling, in the third step, capping, the acylating reagent
is introduced to prevent them from reacting with the next monomeric unit and elongating the missense strands. In
the oxidation step, the support-linked dinucleoside phosphite triester P(lll) is converted to the more stable

phosphate triester P(V) with an oxidation agent, typically iodine or tert-butylhydroperoxide solutions.
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Scheme 1. General scheme of RNA solid-phase synthetic cycle. R; Ry, R4: protecting groups for 5'-OH, 2'-OH,

and phosphate residue, respectively; B(R3): protected nucleobase; Rs: capping group.

The removal of the 5'-protecting group initiates the next chain extension cycle. Repeating the synthetic cycle
provides a full-length oligonucleotide (prepared in the trityl-on or trityl-off mode), which can be released from the

solid support and deprotected.

For successful solid-phase RNA synthesis, the phosporamidite monomeric units must be protected with a
combination of orthogonal R; transient and R,, R3, R4 permanent protecting groups. Several synthetic protocols,
systems of protecting groups, and deprotection strategies have been demonstrated so far B8l In practice, the
building blocks are protected by employing one of the five most common strategies: (1) 5-O-DMTr-2’-O-TBDMS
[39][40141]: (2) 5-O-DMTr-2’-O-TOM 2 (3) 5'-O-DMTr-2’-O-Fpmp 43: (4) 5-O-DMTr-2’-O-TC 44l and (5) 5'-O-
DOD(BzH)-2'-O-ACE 431148 (Figure 2).
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Figure 2. The most common ribonucleoside phosphoramidite building blocks for solid-phase RNA synthesis; (a) 5'-
O-DMTr-2"-O-TBDMS-3'-O-(2-cyanoethyl-N,N-diisopropylphosphoramidite); (b) 5-O-DMTr-2'-O-TOM-3'-O-(2-
cyanoethyl-N,N-diisopropylphosphoramidite); (c) 5-O-DMTr-2'-O-Fpmp-3'-O-(2-cyanoethyl-N, N-
diisopropylphosphoramidite); (d) 5-O-DMTr-2'-O-TC-3'-O-(2-cyano ethyl-N,N-diisopropylphosphoramidite); (e) 5'-
O-DOD-2'-O-ACE-3'-O-(methyl-N,N-diisopropyl) phosphoramidite; (f) 3'-O-DMTr-2'-O-TBDMS-5'-O-(2-cyanoethyl-
N,N-diisopropylphosphor- amidite) - reverse RNA phosphoramidite; (g) commonly used nucleobase protecting

groups.

Most of the synthetic approaches involve 3'-O-B-cyanoethyldiisopropylphosphoramidites containing the transient,
acid-labile 5'-O-dimethoxytrityl group (DMTr) and permanent 2'-protection such as silyl blockage (TBDMS or TOM,
Figure 2a,b), the acetal masking group (Fpmp, Figure 2c) or carbothioate (TC, Figure 2d). The deprotection of
trityl-off RNA oligomers prepared via TBDMS/TOM and Fpmp chemistry starts from the removal of base-labile
protecting groups from the phosphotriester backbone and exoamino functions of nucleobases (usually acyl or
aminomethylene blockage (Figure 2g). Typically, ammonolytic conditions are used such as aqueous (ag.) ammonia
or aq. ammonia—methylamine solution (AMA). This alkaline step of deprotection runs simultaneously with the
support cleavage. Optionally, the removal of 8-cyanoethyl phosphate groups can be performed separately before
the alkaline deprotection step using a weak base in an organic solvent (e.g., TEA/acetonitrile, 1:1 v/v or 10%
diethylamine in acetonitrile). Separation of the released acrylonitrile by-product prevents the formation of 2-
cyanoethyl-containing oligomer adducts observed when the strong basic conditions of RNA deprotection are used.
Removal of the 2'-protecting groups is performed as a final step of oligomer deprotection in the presence of fluoride
agent (TBAF or TEAx3HF) for 2'-silyl groups or under acidic conditions (AcOH) when 2'-Fpmp acetal blockage is
used. The deprotection of the TC-blocked support-bound oligonucleotide is carried out on a synthesizer column in
one step by filling the column with neat ethylenediamine. After TC removal, the “free” oligomer is washed from the

column using a small volume of water.
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An alternative approach for the orthogonal protection of the 5- and 2'-hydroxyl groups of monomeric units
(prepared as methyl diisopropylphosphoramidites) is based on fluoro-labile 5'-O-silyl protecting groups (DOD or
BzH) and acid-labile 2'-O-bis(2-acetoxyethoxy)methyl ortoester protection (ACE, Figure 2e) [45,46]. The exocyclic
amino functions of nucleobases are masked with base-labile acyl protecting groups. After 5'-O-DOD/BzH removal
(HF/TEA), the oligomer is subjected to a three-step deprotection protocol involving the release of phosphate
groups by disodium-2-carbamoyl-2-cyanoethylene-1,1-dithiolate (S,Na,), the removal of base-labile protecting
groups, including acetyl groups from 2'-O-ACE blockage using methylamine solution with simultaneous resin
cleavage, and finally, the removal of acid-labile 2'-O-bis(2-hydroxyethoxy)methyl orthoesters with ACOH/TEMED.

In addition to the classical phosphoramidite approach proceeding in a 3'—5' direction, interest has also been
focused on the RNA synthesis in the reverse direction (5' - 3') 47481 This approach utilizes 5'-O-phosphoramidites
(Figure 2f) with a suitable N-protecting group (Bz for adenine, cytosine, Ac for cytosine, and iBu for guanine) and a
3'-O-DMTr-2'-O-TBDMS blockage of sugar residue. Activated 5'-O-phosphoramidite is coupled with a nucleoside
bearing a 5' succinate of ribonucleoside attached to a solid support leading (after oxidation) to the dimer formation
with phophodiester linkage and a 3'-O-DMTr-protecting group. The removal of DMTr opens the next synthetic
cycle. Oligonucleotide deprotection is performed using the same standard TBDMS chemistry currently utilized in
the conventional 3'-5' synthesis. Although the reverse RNA synthesis is used to a lesser extent than the
conventional strategy, it offers a facile route to the assembly of 3'-conjugated RNA constructs of long and medium
lengths. Importantly, it was demonstrated that the use of 3'-O-DMTr-5-phosphoramidites enhances the coupling
efficiency, which surpassed 99% per step leading to high-purity RNA products 28, These distinct advantages of

5'- 3" direction synthesis made the reverse 3'-O-DMTr-5"-phosphoramidites commercially available.

After deprotection, synthetic oligomers (obtained in both conventional and reverse strategies) are purified using
polyacrylamide gel electrophoresis (PAGE) or high-performance liquid chromatography (RP HPLC, IE HPLC) and
identified by electrospray ionization mass spectrometry (ESI), matrix-assisted laser desorption/ionization-time of

flight mass spectrometry (MALDI-ToF), and enzymatic digestion analysis.

The solid-phase phosphoramidite method is limited to synthesizing RNA oligomers with lengths of 50-100
nucleotides (longer RNAs molecules can be synthesized by the enzymatic ligation of chemically modified RNA
fragment(s) using T4 DNA or T4 RNA ligases “4BYBL or DNA-zymes [B2). In response to the clinical and
commercial success of the therapeutic oligonucleotides, the classical phosphoramidite protocols were translated
for use in the large-scale synthesis B3, Using automated computer-controlled synthesizers, the incorporation of
several modifications (phosphorothioate internucleotide linkage, 2'-O-methoxyethyl, 2'-O-Me, 2'-F, locked-,
morpholino- and Spiegelmer building blocks) was scaled up from gram- to kilogram-scale production under Current

Good Manufacturing Practice (cGMP).

| 3. Post-Synthetic Strategy for Nucleobase RNA Modifications

First protocols for the post-synthetic functionalization of nucleobases were elaborated for DNA oligomers about
three decades ago RABESIBOIEABSIEI The general concept of post-synthetic RNA modification approach relies on
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the preparation of an easily convertible/reactive precursor oligonucleotide by the chemical method, e.g.,
phosphoramidite chemistry, and its subsequent derivatization through chemical reaction(s) involving the reactive
center(s) of precursor nucleoside(s). The representative sites of post-synthetic modifications are 5'- and 3'-ends of
RNA oligomers, the 2'-position of sugar, phosphate linkage, and nucleobase moieties (Figure 3). The derivatization
of nucleobases attends the C-4, C-5, and N-3 positions of uracil, the C-5 position of cytosine, the C-2 position of
adenine, and the C-8 and N-7 sites of guanosine (Figure 3). Some of the functional groups have also been
attached to the exocyclic amino functions of C, A, and G as well as the thiocarbonyl group of thiouridines (Figure
3).
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Figure 3. Representative sites of post-synthetic modifications present in sugar—phosphate backbone and

nucleobase residues with the highlighting of uridine and thiouridine (a); cytidine (b); adenosine (c); and guanosine

(d).

Post-synthetic conversions of RNA oligomers can be performed in the solid or liquid phase (Scheme 2). The “in
solid-phase” approach involves a fully protected, support-attached oligoribonucleotide as a substrate for the post-
synthetic reaction (Scheme 2A). After conversion, the oligomer is released from the resin and deprotected. Notably,
the use of basic conditions for the transformation process can promote the simultaneous removal of exoamino and
phosphate-protecting groups as well as the support cleavage. In these cases, the post-synthetic reaction is carried
out in a one-step conversion—deprotection process. Occasionally, the separate deprotection of the phosphate
groups is performed prior to post-synthetic conversion to avoid any side reactions of the oligomer with acrylonitrile
released during removal of the 3-cyanoethyl groups.
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Scheme 2. Schematic representation of the most commonly used post-synthetic protocols of RNA modification: (A)

“In solid-phase” approach; (B) “In-solution” approach.

Alternatively, the post-synthetic RNA modification can be carried out in the liquid phase (Scheme 2B). This “in-
solution” approach involves a fully deprotected and released precursor oligoribonucleotide. After purification, the
“free” oligomer is converted to the target product and repurified to remove the excess of reagents. It is imperative
that the presence of free 2'-hydroxyl groups excludes the use of highly alkaline conversion conditions that could

promote the strand cleavage or phosphate migration.

Correct incorporation of the final modified unit should be verified by careful analysis of the isolated product by
MALDI-ToF, ESI-MS, and/or enzymatic digestion.

The post-synthetic strategy of RNA modification has several important advantages in comparison to the classical
modified monomer approach. Firstly, one single modified precursor oligoribonucleotide can provide several
sequentially homologous, variously modified RNA fragments BA6162] sych a strategy significantly reduces the
cost of synthesis compared to preparing each modified monomeric unit separately. Secondly, hypermodified
monomeric units containing highly reactive groups e.g., —-COOH, -SO3H, -CHO can be replaced by structurally
convenient, easy convertible precursor phosphoramidites deprived of problematic functional groups [62]. Finally,
the post-synthetic strategy permits introducing nucleosides/labels that are sensitive to the conditions of solid-phase
synthesis and/or oligomer deprotection 8363l |n some cases, the use of post-synthetic protocol proved to be the
method of choicel83164],

The key to an effective post-synthetic RNA modification strategy is the reactivity of the precursor nucleoside, which
should ensure almost quantitative conversion without any perturbation of RNA structure. In addition, the precursor
nucleoside should offer an easy approach to afford the phosphoramidite building block and its effective
incorporation into the RNA chain. Therefore, the choice of precursor compounds is limited to nucleosides that are

fully compatible with the protocols of RNA synthesis and deprotection.
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The limited stability and hydrophilic character of oligoribonucleotides significantly reduce the number of organic
reactions that can be used in post-synthetic transformations of precursor RNA oligomers. In practice, the conditions
of post-synthetic reactions are restricted to polar solvents, moderate temperatures (less than 60 °C), and reaction
times shorter than 24 h. Despite the above-mentioned restrictions, the conversions attending the heterocyclic
bases represent the highest chemical diversity demonstrated by several types of reactions, including nucleophilic
aromatic substitution, allylic substitution, carbon—carbon bond-forming reaction via Sonogashira and Stille
couplings, cycloaddition reactions, the derivatization of aliphatic amino groups by the formation of amide bonds,
and finally, the functionalization of thiouridines via desulfuration, the formation of thioether bonds, and disulfide

bridges. All of the above-mentioned post-synthetic conversions are discussed in the following chapters.
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