368

CHIMIA 2019, 73, No. 5

NCCR RNA & Disease

doi:10.2533/chimia.2019.368 Chimia 73 (2019) 368-373 © Swiss Chemical Society

RNA Chemistry for RNA Biology

Pascal Rothlisberger, Christian Berk, and Jonathan Hall*

Abstract: Advances in the chemical synthesis of RNA have opened new possibilities to address current ques-
tions in RNA biology. Access to site-specifically modified oligoribonucleotides is often a pre-requisite for RNA
chemical-biology projects. Driven by the enormous research efforts for development of oligonucleotide thera-
peutics, a wide range of chemical modifications have been developed to modulate the intrinsic properties of
nucleic acids in order to fit their use as therapeutics or research tools. The RNA synthesis platform, supported
by the NCCR RNA & Disease, aims to provide access to a large variety of chemically modified nucleic acids. In
this review, we describe some of the recent projects that involved work of the platform and highlight how RNA

chemistry supports new discoveries in RNA biology.
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1. Introduction

Oligonucleotide-based therapeutics have created enormous ex-
citement since the first observation that a DNA that was antisense to
a viral RNA could be used to reduce protein expression and replica-
tion of Rous sarcoma virus.['l Fuelled by mechanistic studies on anti-
sense oligonucleotides and the discovery of the RNA interference
pathway, the field is currently witnessing the approval of chemical-
ly- and functionally-diverse oligonucleotide drugs./?! In parallel, ad-
vances in RNA chemistry have provided key tools that have enabled
the stepwise discovery of a highly complex network of regulatory
small and long non-coding RNAs as well as their interplay with a
multitude of RNA binding proteins.[3! Although the field of RNA
biology has come a long way, our understanding of the intrigu-
ing roles RNA plays inside cells is still far from complete. The
Swiss National Science Foundation (SNSF) has combined efforts
of individual research groups with a common focus on RNA under
the umbrella of the National Center of Competence in Research
(NCCR), RNA and Disease (https://nccr-rna-and-disease.ch). The
mission of the RNA Synthesis Platform in this NCCR is to provide
access to unique oligonucleotide tools and analytics that enable new
discoveries in the RNA field. We also conduct research to continu-
ously expand our portfolio of modified nucleic acids to offer unique
solutions, tailored to individual research needs.

2. Modifications of the Phosphodiester Backbone

The RNA scaffold is defined by the sugar-phosphate backbone
which acts as an anchor for the nucleobases. The phosphodiester
backbone also serves as a well-accessible and favourable site for
chemical modification (Fig. 1). Thus, various backbone modifi-
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Fig. 1. Sites of common RNA modifications.

cations have been developed to modulate hybridization affinity,
nuclease resistance and protein binding (reviewed in refs [2b,4])
or for the functionalization with cross-linking groups.!3 The most
prominent backbone modification is the substitution of one of the
non-bridging oxygens of a 5'-3'-phosphodiester linkage with sul-
phur. The incorporation of phosphorothioate (PS) bonds increases
their resistance to nuclease cleavage and in the case of single-strand-
ed oligonucleotides, their binding to serum proteins.[®l To improve
systemic delivery most antisense therapeutics exploit transient
binding to carrier proteins such as serum albumin through a full
PS backbone.!*l Nevertheless, the introduction of asymmetric back-
bone modifications adds an additional layer of complexity to RNA
as each substitution converts a prochiral phosphodiester into a new
stereocenter and leads to the formation of 2" diastereoisomers (n =
number of linkages)!”] unless chiral auxiliary groups are employed
for stereospecifc synthesis.[8! The introduction of such phosphoro-
amidites has permitted stereopure versions of clinically-validated
methoxyethyl (MOE) and locked nucleic acid (LNA) chemistries.
However, the synthesis of stereopure phosphorothioate antisense
and splice switching oligonucleotides (SSO) is a challenge for the
field, particularly at a commercial scale. SSOs are a class of an-
tisense therapeutics that are designed to correct splicing defects
by steric blocking of aberrant splice sites. As part of an NCCR-
funded effort to tackle erythropoietic protoporphyria (EPP), a rare
genetic disease caused by a single nucleotide polymorphism that
leads to missplicing of the ferrochelatase (FECH) transcript, we
have reported the first fully-stereopure 2'-O-(2-methoxyethyl)-
phosphorothioate (PS-MOE) SSO to restore correct splicing.!%2 We
demonstrated that a PS-MOE SSO consisting solely of Rp linkages
had a higher hybridization affinity compared to its all Sp counter-
part and that the higher affinity translated into improved splice cor-
rection of the FECH gene in a mini-gene assay in COS7 cells.8]

2.1 3'-Terminal Phosphates
In addition to the internucleosidic linkages, both termini of
the RNA have been used to introduce functional groups for ana-

Iytical purposes. As an example, 3'-phosphorothioatemonoesters
have served for template-dependent chemical ligations (Fig. 2).
Appropriately-modified controlled-pore glass (CPG) solid sup-
ports offer a convenient means to introduce these groups. As
RNA-based, fully-modified splice-switching- and antimiR-
oligonucleotides advance in the clinicl!l and as the spectrum of
chemical modifications expands, a repertoire of reliable quanti-
fication techniques becomes essential. Stem-loop RT-qPCR for
example, a standard technique in molecular biology to quantify
small RNAs, works well for 2'-OMe/2'-F modified siRNAs! 1 but
is not suitable for 2'-MOE antisense therapeutics,[°°! the mainstay
of single-stranded therapeutics. One possibility to circumvent the
enzymatic conversion of RNA to DNA, an essential step in gPCR
based methods, is to generate the DNA by a template-depend-
ent chemical-ligation between a 3'-PS-terminated- and a 5'-bi-
phenylsulfonyl (BPS)-capped DNA fragment.®®! Following the
protocol of Boos et al.,! we used chemical ligation qPCR (CL-
qPCR) to measure antimiR-122 delivery to cells and uptake into
the microRNA (miRNA)-induced silencing complex (miRISC)
to analyze different patterns of antimiR modifications.®! This
showed that even though lipid-nanoparticle mediated delivery to
the cytosol was comparable between all tested antimiRs, miRISC
uptake was markedly impaired for oligonucleotides with large
2'-substituents opposite to position 6 of the miRNA target. These
findings could be rationalized in view of the crystal structure of
Ago2 bound to a RNA duplex.!'?I The close association of spe-
cific amino acid residues with the 2'-position of the antimiR at
this position suggests that a steric clash prevented efficient RISC
uptake, in line with a reduced activity of these conjugates. We
are currently using CL-qPCR to analyze the cellular delivery of
SSOs in continuation of our NCCR-supported efforts to find novel
treatments for EPP.

In addition to 3'-phosphatemonoesters, 2'3'-cyclic phosphate
terminated RNAs (RNA>p, reviewed in ref. [13]) have a central
role in tRNA splicing,l!'4l snRNA 3'-uridylation[!>! and as inter-
mediates in RNAse cleavage reactions.[!6] Recently we used a
new commercially-available solid support to synthesize A6>p,[17]
which aided in the identification of cyclic oligoadenylates as a
novel class of second messengers in type III CRISPR Cas systems
(Fig. 3).1181 Specifically, head-to-head comparison of synthetical-
ly-prepared A6>p with the natural signaling molecule in enzymat-
ic assays combined with LC/ MS analysis pointed towards cyclic
oligoadenylates as second messengers.

2.2 5'-Terminal Phosphates

Chemical 5'-phosphorylation of synthetic RNAs and their use
in enzymatic ligation reactions has been recognized as a viable
route for obtaining long RNAs with site-specific modifications.
In an attempt to develop a chemical phosphorylation reagent that
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Fig. 2. A) Stereopure 2'-MOE phosphoramidites; B) Schematic representation of CLGPCR workflow; C) Chemical ligation reaction.
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Fig. 3. A) Chemical synthesis of 2'3'-cyclic phosphate-terminated RNA. After base-mediated release of the oligonucleotide chain from the solid sup-
port, the adjacent 2'-hydroxyl group undergoes a nucleophilic attack on the phosphorus and replaces the aminoalkylphosphate moiety produced
from the solid support; B) Representative LC-MS analysis of a purified 2'3'-cyclic phosphate-terminated hexaadenylate.

is compatible with RNA synthesis and purification on RP-HPLC,
which is problematic using currently available chemical phos-
phorylation reagents, we synthesized a dinitrobenzhydryl (DNB)
containing phosphoramidite (Fig. 4A).['%1 Due to its lipophilicity,
a5'-DNB group produces a shift in retention time that is compara-
ble to that of the conventional dimethoxytrityl-group (DMT) and
thus allows separation of full-length synthetic RNA from truncat-
ed failure sequences. In a second step the DNB tag is quantitative-
ly removed under mild UV irradiation and the 5'-phosphate RNA
can be ligated to the 3'-hydroxyl end of a second RNA through T4
RNA ligase. This procedure was used to obtain the bis-labelled
snoRNA ACA45 (Cy3/ CyS5, 132 nt) and U6 RNA (biotin/ triox-
salen, 134 nt). The chemical synthesis of such long bis-labelled
RNAs is of particular relevance for structural studies on highly
complex RNAs.[20

Recently, we also used this chemistry to follow a surface-re-
action by ultrasensitive dynamic hyperpolarization solid-state
NMR.2I A short RNA bearing a single 5'-terminal DNB-tagged
phosphorothioate group was adsorbed to the surface of a sapphire
wafer. Upon UV irradiation the characteristic *'P phosphorothio-
ate signal at 54 ppm was lost and new spectral intensity around
20 ppm was observed. These observations are in line with the
expected cleavage of the DNB group followed by formation of a
terminal disulfide linkage.[?2! Currently, we are using variants of

this chemistry to functionalize SSOs with small molecules and
other carrier groups designed to enhance systemic delivery.

3. Modifications of the Ribose

3.1 2'-Modifications

The furanose sugar can serve as a site of modification to
introduce non-natural functionalities creating tools for RNA
chemical biology.?31 Modified RNA can be prepared by vari-
ous approaches ranging from in vitro transcription to different
methods of solid-phase synthesis.[?*] Site-specific modification
is possible through a variety of chemical approaches and can
be accomplished either pre-25! or post-[2¢ solid-phase synthe-
sis of the RNAs. A widely used method to insert modifications
is the copper-catalyzed 1,3-dipolar azide-alkyne cycloaddition
(CuAAC).1232.2627] The biorthogonality of azides and alkynes to
biological molecules, the amenability to aqueous environments
and fast reaction rates are key advantages of this modification
strategy.[28] Click (alkyne on oligonucleotide) and reverse click
(azide on oligonucleotide) procedures have been reported for
single or multi-homo-labelling of RNAs but were mostly ham-
pered by low yields or limited to short RNAs. Moreover, the
presence of artificially introduced labels often impedes the bio-
logical activity of the RNA.[21 The limited knowledge regard-
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Fig. 4. A) Synthesis of the DNB phosphoramidite; B) Representative LC-MS diagram of a phosphorylated bis-labeled RNA; C) DNB-mediated

5'-terminal phosphorylation on solid support.
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ing the ideal positioning of modified nucleosides for specific
applications is a serious drawback for the development of RNA-
based tools for biological purposes. To address this challenge,
Menzi et al. performed a systematic investigation of a position/
activity relationship for multi-labelled pre-miRNAs.3% The in-
corporation of 2'-O-propargyl adenosine, uridine or cytidine at
specific sites of the pre-miRNA served as a chemical handle for
the post synthetic functionalization with trioxsalen-, cyanine-3-
or black hole quencher-azides. Functional assessment of a set of
modified miRNA precursors in dual luciferase assays provided
information on optimal labelling positions. In general, labels
were well-tolerated in the terminal loop region of pre-miRNA
hairpins as well as in the 3p arm of 5p miRNAs. Labels in the
central region of the 5p strand or in proximity of the DICER
processing site were not well tolerated.[30]

The growing interest and the poor understanding of the func-
tion of structured long non-coding RNAs propelled the devel-
opment of multiple-labelled long RNAs. Hetero bis-labeling of
long oligonucleotides is necessary for RNA-capturing probes
that are used for the targetome-identification of specific non-cod-
ing RNAs.BIl We have developed a method termed miRNA
Crosslinking and Immunoprecipitation (miR-CLIP) which relies
on dual-labelled trioxsalen/biotin miRNA precursors (Fig. 5).321
For this, a 2'-O-propargyl adenosine is reacted with a trioxsalen
azide and incorporated during solid-phase synthesis. Subsequently,
a second 2'-O-propargyl building block can be introduced site-spe-
cifically. After completion of the synthesis, the single-alkyne-mod-
ified RNA can be reacted with biotin azide on the solid support
to give the bis-labelled miR-CLIP probe. Careful positioning of
both functionalities is key for appropriate intracellular processing
of the probe and efficient crosslinking to RNA targets inside RISC.
We are currently using this approach to elucidate the targetomes
of several disease-relevant miRNAs in NCCR-supported projects.

FRET measurements are usually carried out using Cy3/Cy5
groups as donor/acceptor pairs to provide structural information
about the proximity of the two chromophores.33 The introduc-
tion of the Cy5 group is generally more demanding than their
Cy3 analog due to its instability under the basic conditions em-
ployed for RNA deprotection. Therefore, an approach based on
discontinuous solid-phase synthesis of pre-miRNAs was applied
that involves a click reaction of a 2'-O-propargyl modified nucle-
otide within the growing RNA chain prior to the incorporation
of a second alkyne-modified nucleotide.l** The second click re-
action to introduce the Cy5 label is carried out in solution after
the deprotection of the oligonucleotide. This approach prevents
cross-labeling and enables the introduction of Cy5 modifications
in solution to yield bis-modified oligonucleotides up to a length
of 70 nts in moderate to good yields (28-67%).

More recently, we adapted a click/reverse-click procedure
from Astakhova er al.[35] as an elegant methodology for the in-
troduction of multiple modifications in a site-specific fashion.[3¢]
In contrast to the methods described previously, this procedure
does not require an interruption of the RNA solid-phase synthesis
or the incorporation of a pre-labelled phosphoramidite for hetero
bis-labelling. The approach combines the site-specific introduc-
tion of a 2'-O-propargyl nucleoside and a 2'-O-haloalkyl building
block during the regular RNA synthesis. The bis-modified oligo-
nucleotide on the CPG can be subjected to a first click with an
azide during which only the alkyne is selectively functionalized.
Subsequently, the 2'-O-haloalkyl moiety can be converted into
an azide on the solid support, thereby enabling the reverse click
reaction with an alkyne-modified label. Using this approach,
Pradere et al. could demonstrate that the prudent insertion of
Cy3 and Cy5 can be used to follow miRNA maturation.3¢1 In
general, labelling close to the 5'-end or the loop region of the
miRNA was more efficient due to minimal steric hindrance by
the CPG.[30:34.36]

3.3 Furanose Modifications

The use of *C, ?H or '30 isotope labeled furanoses is a facile
and inexpensive approach to study biological functions of RNA
by NMR or mass spectrometry. Isotope-labeled RNAs can be
prepared by enzymatic in vitro transcription using the T7 RNA
polymerase with isotope labeled nucleotidesB”! or by automated
solid-phase synthesis (Fig. 6A).381 The advantages of chemical
synthesis are the precise insertion of the labeled species, its inde-
pendence of specific 5'-promoter sequences and no non-templated
attachment of additional nucleotides at the 3'-end, a problem com-
monly observed with in vitro transcription.3%

Crosslinking of segmentally isotope-labeled RNA and tandem
mass spectrometry (CLIR-MS/MS) is a powerful tool for the pre-
cise identification for sites of protein-RNA interactions.[20<] This
methodology combines a crosslinking of segmentally-labelled
RNA with a tandem mass spectrometric analysis and enables the
identification of RNA—protein interactions at nucleotide resolu-
tion. The isotopic label is essential as the identification of the
interaction site strictly relies on the mass difference of the iso-
tope-labelled and unlabeled fragments (Fig. 6). This technique
identifies direct RNA—protein contacts and provides valuable
insights into the spatial arrangements of RNA—protein complex-
es. Importantly. the methodology is not limited by the size, sol-
ubility or the ability of the RNA—protein complex to crystallize.
Alternatively, methods to segmentally isotope-label RNAs for
NMR studies have been employed to overcome problems related
to signal degeneracy, signal assignment and to obtain high reso-
lution structures of long oligonucleotides. 40!
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Fig. 5. A) CuUAAC of propargyl-modified nucleosides with azides for miRCLIP; B) Schematic representation of the miRCLIP protocol with the required

dual-labelled pre-miRNAs.
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is crosslinked to an RNA binding protein (RBP) followed by RNAse/protease digestion, sample enrichment and LC-MS/ MS analysis. Specific iso-
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4. Modifications of the Nucleobase

4.1 Convertible Nucleoside Approach

Modifications of RNA at the level of the nucleobase have
emerged as a critical means of translational regulation/*!l but also
found use in nucleic acid-based drugs*?l and as versatile tools
in biotechnology.2>431 An attractive route to obtain base-modi-
fied oligonucleotides is the ‘convertible nucleoside’ approach.
Typically, a nucleoside derivative containing a leaving group on
the base is site-specifically incorporated into the RNA by sol-
id-phase synthesis. A subsequent substitution whilst on the solid
support leads to a site-specific functionalization. Since the intro-
duction of this approach, multiple leaving groups specific for the
4-position* of pyrimidines and 6-1442b:43] or 2-position“®! of pu-
rines have been reported. After displacement of the leaving group
by a nucleophile such as alkyl amines, the resulting nucleobase
bears a modification at an exocyclic position, pointing into the
major groove of a subsequently formed duplex. This is particular-
ly interesting since RNA binding proteins generally do not bind
their amino acid side chains in the major groove. We have used a
convertible nucleoside approach based on O*-triazolyluridine, ini-
tially reported by Shah et al.,[*7] to obtain site-specifically cytidine
N*-methylated RNA (Fig. 7).148]

Koch et al.18h] reported an example where the convertible nu-
cleoside approach was employed to identify critical 23S rRNA in-
teractions in macrolide-dependent ribosome stalling. In this study,

4-N,N-dimethylaminocytosine (DMA) served as a non-natural
nucleoside in an atomic mutagenesis approach.*91 The systematic
introduction of DMA shed light on the role of specific nucleosides
of the 23S rRNA as interaction partners of the nascent polypeptide
chain during translation. It was demonstrated that the universally
conserved A2062, A2503 and U2586 in the 23S rRNA are essen-
tial for sensing and transmitting the stalling information within
the ribosome.

5. Conclusions and Prospects

As our knowledge of highly complex RNA-based regulato-
ry networks grows, so chemical tools play increasingly impor-
tant roles in helping to unravel them. At the heart of these efforts
are advances in solid-phase RNA synthesis and analytics, that
are producing ever longer oligoribonucleotides, site-specifically
substituted with an increasingly sophisticated array of reporter/
functional groups. When delivered into biological media including
cells, these chemical tools mimic endogenous RNAs and enable
unique data to be collected, providing new knowledge on the bind-
ing partners and functions of selected RNAs. Such projects require
interdisciplinary expertises and access for biology-oriented groups
to dedicated technologies in multiple areas. Therefore, the SNSF
supports several RNA-focussed technology platforms, including
the NCCR RNA synthesis platform which aims to fill this gap. In
this review we have summarized some of the recent work of the
platform that contributed to new discoveries in the RNA field.
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Fig. 7. A) The convertible nucleoside approach; B) LC-MS analysis of a dimethylamino-modified RNA for an atomic mutagenesis approach.
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