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Series Editors’ Preface

As one of the leading book series in the field, the ambition and tradition of Methods
and Principles in Medicinal Chemistry has been to cover the most innovative,
cutting-edge areas within the field first, and in comprehensive, hands-on format
enabling the reader not only to learn deeply the field but also to practise it
successfully.

The interface between small molecules and ribonucleic acid (RNA) is one of those
areas that has recently gained enormous attention and has lifted medicinal chem-
istry to the level being “en par” with gene therapy or antisense approaches while
maintaining the convenience and safety of oral dosing and its associated transient
and reversible pharmacodynamic effects.

Prompted by the success story of Risdiplam, a pre-mRNA splicing modulator small
molecule drug and a break-through medication for spinal muscular atrophy (SMA),
academic as well as pharmaceutical industry research has lifted off to thoroughly
explore and understand the field and to deliver new, innovative medicines to patients
in difficult to drug areas of disease.

John Schneekloth, Jr., and Martin Pettersson have diligently searched for the
most distinguished experts in the field to assemble the team of authors sharing
their insights, while giving practical advice as well. The book follows the natural
logic of the drug discovery and development path, starting from understanding the
structure of RNAs and its potential interaction sites for small molecules, explaining
strategies for lead generation, the features of chemical matter with increased
chances of binding to RNA, and in the second part tackles the fundamentally
different strategies for small molecules to interact with RNA to elicit the desired
pharmacological effects. Finally, an outlook is given to capture recent trends where
the field will evolve to, as well as estimate and appreciate its future impact and
potential within the modalities a medicinal chemist has to interact with disease
pathology.

This book is a concise, up to date, must read for every medicinal chemist! It will
also give important scientific and strategic insights to all scientists, as well as
managers, working in this field!
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like to express their gratitude to Martin and Jay, as well as the entire author team,
for delivering what we believe will be the new reference standard for Small Molecules
targeting RNA.

Jörg Holenz
Christa Müller
Helmut Buschmann
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Preface

Once thought of as a transient messenger that did little more than carry a sequence
for proteins, RNA is now recognized as a key regulator of biological homeostasis,
gene expression, metabolism, and disease. While the sequencing of the human
genome heralded the modern era of genomics with the promise of a drug for
every gene, in practice this has been much harder to realize than originally thought.
Recognition that the majority of the genome is noncoding and the majority of
the proteome is at best challenging to target with small molecules has led to the
perspective that RNA and RNA regulation are important new frontiers for medicinal
chemistry. A key motivation for considering RNA as a drug target is the potential
to develop novel small-molecule therapeutics for diseases with no treatment. This
could be realized in a variety of ways, for example, by targeting the RNA that
encodes for proteins that are challenging to drug (some ∼85% of the proteome),
targeting noncoding RNA, or pharmacologically controlling RNA-related processes
like pre-mRNA splicing or posttranscriptional modifications. Additionally, broad
classes of diseases, including cancers, neurodegenerative diseases, viral infections,
and bacterial infections, are thought to have potential relevance in this space.

While the potential upside of targeting RNA is considerable, there are fundamen-
tal ways in which RNA differs from other targets. A broad variety of biophysical and
biochemical techniques are both widely available and routinely used for protein tar-
gets, far fewer have been successfully applied to RNA. Thus, new approaches are
needed to accurately identify, develop, characterize, and understand RNA-binding
small molecules, and more work is needed to develop better assays that are compat-
ible with the stringent requirements and rigor needed for drug discovery programs.
Additionally, the question of what makes a good RNA target for small molecules
remains an area of open debate. Still, advances in other areas, including genomics
technologies such as next-generation sequencing, have allowed progress to be made
at a remarkable pace, enabling the characterization and annotation of increasingly
large collections of RNA structures and sequences.

We are pleased to present this exciting collection of chapters from leading experts
in the field. The perspectives included here include a range of topics relevant
to RNA-targeted drug discovery and medicinal chemistry. We hope this superb
collection is both informative and reflective of the state of the art and brings diverse
insights as to how scientists in academia, government, and industry around the
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world think about this important problem. Finally, we would like to extend a
heartfelt thank you to all the authors and contributors for providing their important
perspectives on this book. It has been an honor to work with you all, and it is a
testament to the strong state of the field to have so many talented individuals willing
to work on this project. Finally, we are indebted to the exceptional team at Wiley
for their patience and help in guiding us through the process of editing this book.
We are extremely grateful for your efforts!

John Schneekloth, Jr. (Jay)
USA

Martin Pettersson
South Korea
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1

Introduction
John Schneekloth Jr.1 and Martin Pettersson2

1National Cancer Institute, Chemical Biology Laboratory, Frederick, MD 21702-1201, USA
2Promedigen, Daejeon, 34050, Republic of Korea

The sequencing of the human genome more than 20 years ago revealed that it
encodes just ∼20,000 proteins, comprising only about three percent of its ∼3 billion
bases [1]. However, we now know that more than 80% of the genome is tran-
scribed into RNA at some point [2]. In addition to RNAs that encode polypeptide
sequences and facilitate protein biogenesis, diverse classes of non-coding RNA
such as microRNAs, long non-coding RNAs (lncRNAs), small nucleolar RNAs
(snoRNAs), and others continue to be discovered and characterized [3]. Numerous
genome-wide association studies and other broad genomics efforts have pointed
toward non-coding RNAs as relevant to diverse diseases including neurodegenera-
tive conditions, infectious diseases, and cancer [3]. Furthermore, recent estimates
indicate that only ∼15% of the human proteome has been successfully targeted
with small molecules, which is partly due to the lack of suitable binding pockets
for small molecules on many proteins [4]. Challenges with targeting a large part of
the human proteome, coupled with widespread non-coding functions of RNA in
both humans and pathogenic organisms, point toward RNA and related regulatory
processes as intriguing alternative drug targets for novel therapeutics.

A key promise of developing small molecules that target RNA or regulate RNA
function is that, by doing so, one could potentially pharmacologically control
the function of genes or signaling pathways that are challenging to modulate
at the protein level [5–9]. However, understanding RNA as a small-molecule drug
target comes with a number of challenges. Many RNAs are structurally dynamic,
more closely resembling intrinsically disordered proteins than the ordered pro-
tein domains that are commonly associated with “traditional” drug targets [10].
Limitations in biophysical techniques to characterize RNA–ligand complexes and
structural ensembles at atomic resolution complicate efforts to rationally design
new potential drug molecules. In addition, the majority of RNAs are bound to
and interact with RNA-binding proteins, often in a time- or stimulus-dependent
fashion [11]. The RNA biopolymer consists of just four bases in contrast to the
20 canonical amino acids found in protein sequences. In addition, the chemical

RNA as a Drug Target: The Next Frontier for Medicinal Chemistry, First Edition.
Edited by John Schneekloth and Martin Pettersson.
© 2024 WILEY-VCH GmbH. Published 2024 by WILEY-VCH GmbH.



2 1 Introduction

nature of the anionic phosphodiester backbone of RNA contrasts starkly with
that of the polypeptide backbone of proteins, resulting in considerably different
biophysical properties of the two polymers. Still, fundamental studies aimed at
understanding the targetability of RNA indicate that it is capable of folding into
complex, three-dimensional structures with hydrophobic pockets that are likely
suitable for small-molecule binding [7, 12]. Moreover, naturally occurring aptamers
(as seen in riboswitches) and lab-evolved aptamers provide validation that RNA can
interact with and sense low-molecular-weight species ranging from metal cations
or halide ions to drug-like small molecules and even complex metabolites like
cobalamin (vitamin B12) with exquisite selectivity [13].

Indeed, the history of drug discovery has already demonstrated the potential and
significant impact that RNA-targeting medicines can have. Ribosome-targeting
antibiotics, exemplified by macrolides, aminoglycosides, and tetracyclines, have
been known since at least the 1940s and represent the largest class of clinically used
drugs to treat infections [14]. In general, these compounds make specific contacts
with ribosomal RNA (rRNA) within the large ribonucleoprotein complex of the
ribosome and modulate protein synthesis. The development of these compounds
has had a remarkable impact on human health. However, despite the massive
clinical success of such antibiotics, efforts to develop compounds that target specific
transcripts apart from the ribosome itself have proven challenging. Nevertheless,
the approval of risdiplam in 2020 for the treatment of spinal muscular atrophy
demonstrates that small molecules that target RNA can indeed be developed as
powerful and mechanistically novel therapeutics [15].

One important factor that represents a barrier to developing RNA-targeted
small molecule therapeutics is selectivity. Antisense oligonucleotides and related
sequence-based probes such as peptide nucleic acids (PNAs) and locked nucleic
acids (LNAs) are now routinely used as tools and provide high sequence speci-
ficity [16]. Antisense molecules have also been approved as therapeutics; however,
challenges with delivery, biodistribution, and cell permeability continue to be
barriers impacting the broader application and development of such molecules as
therapeutics. As a complementary modality, small molecules remain highly attrac-
tive as drugs due to their ability to passively diffuse across cell membranes, achieve
high metabolically stability and oral bioavailability, as well as the potential for
penetration into the central nervous system (CNS). From a patient perspective, these
characteristics can translate into significant benefits such as the convenience of
once-a-day oral administration. The widespread recognition that RNA can directly
drive disease, coupled with the potential to modulate it with small-molecule drugs,
has driven significant interest in this emerging field.

This book represents a collection of perspectives from leading experts on the
state of the art in understanding RNA as a target for small molecules. The chapters
included represent a broad overview, covering topics ranging from how to think
about and understand RNA structure, how to identify and understand druglike
small molecules that bind to RNA, various approaches for controlling RNA
function with small molecules, to overviews of RNA–protein interactions and
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post-transcriptional modifications of RNA. Finally, we provide an outlook chapter
that adds perspective to the future of RNA-targeted drug discovery, including
specific challenges that need to be overcome to develop RNA-targeted therapeutics.

In Chapter 2, Incarnato provides a discussion on how to think about RNA
structure at the level of individual base pairs. This chapter covers methods and
applications for utilizing structure probing to characterize individual RNAs (includ-
ing both well-defined structures and conformationally diverse ensembles). In
Chapter 3, Braun et al. report on the history and progress in determining atomic
resolution structures of RNA. This space has historically been highly challenging
due to the flexible nature of the RNA biopolymer. However, advances in cryoelec-
tron microscopy and techniques in X-Ray crystallography have resulted in exciting
progress in recent years. The increasing availability of atomic resolution structures
of RNA ligand complexes is bound to significantly enhance the ability to effectively
design high-quality small molecules that bind RNA selectively.

Chapter 4 provides a discussion on lead generation techniques for identifying
small molecules that bind to RNA. These methods, including both target-based
and phenotypic screens, represent diverse approaches to discover starting points
for identifying lead structures for medicinal chemistry programs. In many cases,
lead generation techniques used for identifying compounds that target proteins
can be adapted for RNA targets, and the authors discuss specific challenges and
considerations when applying these methods to RNA. This chapter also discuss
several RNA-specific approaches for establishing cellular target engagement.
In Chapter 5, Hay et al. discuss the types of chemical matter that binds to RNA,
how to characterize it, and how it differs from (and is similar to) protein binding
small molecules. Here, it is becoming clear that diverse chemotypes can interact
with RNA, both within traditional druglike chemical space and beyond.

The next series of chapters describe examples of different classes of RNA targets.
In Chapter 6, Duca provides an overview of microRNAs and efforts to target them.
These small RNAs are an intriguing class of non-coding RNA targets that have
received considerable interest from both industrial and academic groups as they
play a key role in regulating mRNA levels and as a result, control expression levels
of proteins. In Chapter 7, Barraza et al. describe efforts to modulate pre-mRNA
splicing with small molecules. This important process is the target of clinically
validated therapies for spinal muscular atrophy and holds promise for a variety of
other mechanistically novel therapies for other diseases including Huntington’s
diseases and various cancers. While early work has focused on rare monogenic
diseases, there is considerable promise in the development of splice modulators
as therapeutics for a variety of diseases. Chapter 8, by Mohsen et al. describes
riboswitches, which are naturally occurring, ligand-responsive RNA aptamers.
These intriguing structures have been the subject of considerable study in both
structural/biochemical contexts as well as drug discovery – primarily through
the lens of identifying novel antibiotics. However, they also provide promise in
synthetic biology as well, particularly in the exciting area of gene therapy as a
potential on/off switch for gene expression.



4 1 Introduction

In Chapter 9, Meyer et al. describe examples of small molecules that degrade
RNA. By a mechanism analogous to targeted protein degradation strategies such
as PROTACs, these molecules recruit nucleases to target RNAs for cleavage
and degradation. While some RNA targeting molecules are now FDA approved,
RNA-targeting chimeras (RiboTACs) are still at an earlier stage of development.
However, RiboTACs may offer specific advantages over monofunctional ligands that
target RNA and present opportunities to harness induced proximity pharmacology
in the RNA target space and also function in a sub-stoichiometric matter.

In Chapter 10, VanGraafeiland et al. discuss how modulation of programmed
frameshifting, primarily by targeting sequences in viral genomes, is an intriguing
therapeutic strategy with significant potential. With the development of several
potent molecules, cellular proof of concept has now been established for this unique
mechanism of controlling gene expression with small molecules. In Chapter 11,
Soueid et al. broadly discuss RNA–protein interactions as targets for therapeutics.
RNA-binding proteins represent nearly 10% of the human genome and regulate a
wide range of cellular and disease relevant processes. Here, understanding struc-
ture and patterns of recognition is key to both unraveling biology and developing
therapeutics. This chapter also describes the attributes and limitations of a several
assay formats that have been developed for identifying compounds that modulate
RNA–protein interactions. Chapter 12, by Eggert et al. covers epitranscriptomics. In
this context, epitranscriptomics is defined as chemical modifications of RNA, and
how these modifications alter biological processes. Although a wide variety of RNA
modifications are known, only a few have been studied extensively. Nevertheless,
this is an active area of research where small molecules have already entered clinical
development.

Finally, in Chapter 13, we provide an outlook on the field and discuss some of the
challenges and opportunities facing the development of RNA-targeting molecules
as therapeutics. Continued efforts to develop the fundamentals of medicinal chem-
istry and molecular design principles within this challenging space, coupled with
the importance of target validation, establishing relevant functional assays, and
understanding selectivity are key topics. The latter stands to benefit tremendously
as more and more atomic resolution structures of RNA–small molecules complexes
become availed. While many challenges remain, the potential for RNA-targeting
medicines to make a broader impact on human health stands as a compelling
rationale for continued efforts. Together, we hope that these chapters provide an
exciting perspective on how to think about and prosecute RNA as targets for small
molecules.
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2.1 Introduction

RNA is pivotal for the regulation of most biological processes in the cell. Although
for most of the past century researchers have mainly regarded RNA as a carrier
of genetic information, a simple intermediate between DNA and proteins, recent
advances in the fields of genomics and epigenomics, aided by the development
of high-throughput sequencing methods, have begun shedding new light on the
polyhedric nature of RNA molecules.

Messenger RNAs (mRNAs), which encode for proteins, only represent a small
piece in the highly complex puzzle that is the transcriptome of a cell. The advent of
RNA sequencing (RNA-seq) technologies and the dawn of the ENCODE project [1]
revealed that the vast majority of the nonrepetitive genome in mammalian cells is
transcribed and that most of these transcripts lack the ability to encode for proteins.
The human genome is now estimated to carry over 60,000 genes, generating
approximately 250,000 transcripts, of which nearly two-thirds are noncoding RNAs
(ncRNAs) [2].

While the cellular roles and mechanisms of action of most of these transcripts are
still largely unknown, their ability to fold into stable secondary and tertiary struc-
tures is expected to be paramount to their functions, as reported for many cellular
RNAs [3]. Indeed, being a single-stranded molecule, RNA has the unique ability to
fold back on itself to generate very intricate secondary structures, mediated both by
direct base pairing between complementary nucleobases within the RNA strand and
by base stacking. Secondary structures can then be further compacted into tertiary
structures thanks to the contribution of different factors such as divalent cations,
non-Watson-Crick interactions, and macromolecular crowding, among others [4].
These structures have been proven essential to mediate many of the noncoding
functions of RNA molecules, including macromolecular scaffolding, sensing of the
environment, and even catalysis. The ribosome is a key example of these functions
as proper folding of ribosomal RNAs is crucial to provide the docking platform for
ribosomal proteins and to enable efficient translation of mRNAs [5].

RNA as a Drug Target: The Next Frontier for Medicinal Chemistry, First Edition.
Edited by John Schneekloth and Martin Pettersson.
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Aside from ncRNAs, mRNAs themselves carry untranslated regions (UTRs)
that are populated by a myriad of regulatory RNA structure elements such as
G-quadruplexes (G4), internal ribosome entry sites (IRES), iron response elements
(IRE), and many more, which mediate the post-transcriptional regulation of gene
expression [6].

In light of these considerations, it will become immediately evident to the reader
that a complete understanding of the transcriptome is deeply entangled with our
ability to interrogate and understand RNA structures in the cellular context. This
chapter discusses recent advances in methods for RNA structure determination in
living cells, the challenges, and the future perspectives.

2.1.1 Relevance of RNA Structure in Disease

Besides controlling gene expression in a physiological context, the deregulation
of RNA structure has been widely implicated in pathogenesis. This might either
involve the disruption of physiologically relevant RNA structures or the genesis
of pathogenic RNA structures that are not normally present under physiological
conditions. Disease-associated mutations identified within transcribed noncod-
ing regions from genome-wide association studies (GWAS), for example, have
been shown to disrupt key regulatory RNA structure elements within UTRs [7].
Mutations in the 5′UTR of the ferritin light chain (FTL) gene, associated with
hyperferritinemia cataract syndrome, lead to disruption of an IRE element, hence
impairing binding by an iron response protein (IRP) and, consequently, deregulat-
ing FTL expression. The expansion of CTG repeats in the 3’UTR of the dystrophin
myotonin protein kinase (DMPK) gene, which drives the pathogenesis of myotonic
dystrophy (DM), leads to the generation of an extended stem-loop structure [8, 9]
that is capable of sequestering muscleblind proteins (MBNL) [10, 11], ultimately
deregulating splicing of multiple mRNAs [12].

Aside from pathogenic RNA structures within human transcripts, studies con-
ducted on RNA viruses highlighted how their genomes are replete with regulatory
RNA structure elements that are pivotal in regulating multiple aspects of the viral
life cycle, including replication, translation, and packaging [13]. Translation of the
two partially overlapping ORF1a and ORF1b in coronavirus genomes, for example,
is regulated by the frameshifting element (FSE), which enables pausing and back-
tracking of the ribosome at the end of ORF1a, leading to the synthesis of the ORF1ab
polyprotein, crucial for viral replication [14]. The stem-loop A (SLA) RNA structure
located at the 5′ end of flavivirus genomes acts as a promoter for the replication
of the viral genome by providing the docking site for the viral RNA polymerase
NS5 [15]. The Rev Response Element (RRE) of HIV-1, which interacts with the Rev
protein, can switch between two alternative structures to regulate the nuclear export
of the viral genome [16].

2.1.2 Challenges in Studying RNA Structures

Owing to their extreme flexibility, RNA molecules can adopt a wide variety of dif-
ferent conformations. An n-nucleotides long RNA can theoretically fold into up to
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1.8n distinct secondary structures [17]. This scenario is further complicated when
considering that each nucleotide in the RNA chain has eight degrees of freedom
and that the biologically active structures might not be strongly favored thermody-
namically over competing structures [18]. This dilemma is commonly known in the
field as the RNA folding problem [19].

At present, for most RNAs, it is nearly impossible to accurately predict their
structure solely from their primary sequence. Computational approaches based on
free energy minimization have been developed to predict the minimum free energy
(MFE) structure, that is the thermodynamically most stable structure, using a set
of thermodynamic parameters known as nearest-neighbor model (or Turner rules)
[20]. The accuracy of MFE structure prediction is, however, limited in practice,
with only ∼66% of predicted base pairs found in experimentally validated structures
from crystallographic studies or phylogenetic analyses [21].

One of the issues inherent to MFE-based approaches is that the MFE structure
only represents one of the many conformations a given RNA can adopt. Every RNA
can populate a multitude of structural states, each one having a certain probabil-
ity of occurring, which are collectively referred to as ensemble. The probability that
the MFE structure might occur within the ensemble might be very low, meaning
that the MFE structure might not represent the most likely conformation for a given
RNA. To address this limitation, methods to determine the partition function for
secondary structure formation were developed, which allow predicting the probabil-
ity that each possible base pair in the RNA strand might form within the ensemble.
The accuracy of this type of approach is much higher, with ∼91% of the base pairs
occurring with a probability ≥0.99 in the MFE structure found in phylogenetically
determined structures [21].

More recently, a new class of predictive algorithms based on machine learning
has emerged. These algorithms are trained on sets of experimentally validated
RNA structures [22]. However, extensive benchmarking of these algorithms
suggests that their accuracy is generally biased toward certain classes of RNAs
[23] and that, typically, predicted structures tend to contain more base pairs than
ground truth structures [24], a trend that grows quadratically with increasing RNA
lengths.

2.2 Experimentally Guided RNA Structure Modeling

Irrespective of the chosen approach, the reliability of computational RNA structure
predictions is limited, and it decreases with increasing length of the RNA strand. To
address these limitations, a wide variety of complementary approaches have been
developed to date to experimentally interrogate the structure of RNA molecules.
Data generated by these approaches can be then incorporated as constraints
(or restraints) into thermodynamics-driven structure predictions to increase their
accuracy [25, 26].

This chapter will solely focus on approaches suitable for the analysis of RNA struc-
tures in living cells. Particularly, I will discuss three classes of methods: chemical
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probing-based methods, methods for the direct mapping of RNA–RNA interactions,
and methods to map nucleotide spatial proximity.

2.2.1 Structural Interrogation of RNA Nucleotides via Chemical
Probing

Among the repertoire of available methods for RNA structural interrogation,
chemical probing is perhaps the most popular. Methods based on chemical probing
exploit specific reagents (hereafter referred to as chemical probes) that can react
with specific functional groups in RNA nucleotides on the basis of their structural
context.

Particularly, three broad classes of chemical probes can be identified. The first
class of reagents includes nucleobase-specific chemical probes to measure the
base-pairing status of RNA bases (Figure 2.1). These compounds act by chemically
modifying functional groups involved in base pairing. One of the most popular
probes in this class is dimethyl sulfate (DMS), an alkylating reagent that methylates
the N1 of adenines and the N3 of cytosines when unpaired (Figure 2.1a) [27].
DMS has been widely employed to query the structure of both viral genomes
[28–30] and entire cellular transcriptomes [31–34], owing both to its ability to
readily permeate biological membranes and to its high efficiency, resulting in a very
high signal-to-noise ratio. More recently, it has been suggested that, under mildly
alkaline conditions, DMS might partially react also with unpaired guanines and
uracils, although with much lower efficiency [35]. α-Ketoaldehydes such as glyoxal
and N3-kethoxal have been recently reported to form adducts with the N1 and N2
of unpaired guanines in vivo (Figure 2.1b) [36, 37]. Similarly, carbodiimides such
as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) are capable of forming
adducts with the N1 of guanines and the N3 of uracils, both unpaired or in G:U
wobbled base pairs (Figure 2.1c) [38, 39].

The second class of reagents includes selective 2′-hydroxyl acylation analyzed
by primer extension (SHAPE) probes (Figure 2.1d) [40]. SHAPE reagents are
electrophilic compounds capable of forming adducts with the 2′-hydroxyl (2′-OH)
of the ribose moiety at structurally flexible nucleotides. These nucleotides typically
lie within loops of unpaired bases, or at helix termini. A wide variety of SHAPE
probes, largely differing in their hydrolysis rates in aqueous buffers, have been
reported to date. Among these, acyl imidazoles such as 2-methylnicotinic acid
imidazolide (NAI) and 2-aminopyridine-3-carboxylic acid imidazolide (2A3)
[41, 42] and isatoic anhydrides such as 5-nitroisatoic anhydride (5NIA) [43] are
the better-characterized SHAPE probes for the interrogation of RNA structures in
living cells.

The third class of reagents includes compounds capable of querying the acces-
sibility of RNA bases to the solvent. The recently characterized nicotinoyl azide
(NAz), for example, forms adducts with the C8 of solvent-accessible purines upon
irradiation with long-wavelength UV light (Figure 2.1e) [44]. A popular alternative
to NAz involves the use of hydroxyl radicals to induce RNA strand scission at the
level of solvent-accessible C3 and C4 of the ribose moiety [45]. This approach is
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Figure 2.1 Reaction of
different RNA chemical
probes. (a) Reaction of
dimethyl sulfate (DMS)
with unpaired A and C
bases. (b) Reaction of
α-ketoaldehydes (such as
glyoxal and N3-kethoxal)
with unpaired G bases.
(c) Reaction of carbodiimides
(such as EDC) with unpaired
U bases. (d) Reaction of
SHAPE reagents (such as
5NIA, NAI, and 2A3) with the
2′-OH of structurally flexible
nucleotides. (e) Reaction of
nicotinoyl azide (NAz) with
the C-8 of solvent exposed A
and G bases.
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typically more challenging than NAz probing when it comes to interrogating RNA
structures in living cells as it requires generating intracellular hydroxyl radicals, for
example, using a high-flux synchrotron X-ray beam [46].

Irrespective of the probe choice, sites of modification on the RNA can be read out
by reverse transcription experiments [47]. These experiments typically rely on the
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inability of the reverse transcriptase (RT) to read through probe-induced modifica-
tions, resulting in RT drop-off and premature termination of cDNA synthesis, one
nucleotide downstream of the modification site. Low-throughput chemical prob-
ing experiments historically involved the interrogation of a single RNA at a time
and its reverse transcription using gene-specific primers, followed by resolution of
cDNAs by gel electrophoresis. Thanks to the advent of high-throughput sequenc-
ing technologies, numerous protocols have been devised to extend this procedure to
the study of entire cellular transcriptomes [47]. These protocols typically involve the
fragmentation of cellular RNAs, followed by reverse transcription and direct ligation
of a sequencing adapter to the 3′ end of the cDNAs, allowing the high-throughput
detection of RT drop-off events on a transcriptome-wide scale (Figure 2.2).

More recently, an alternative approach dubbed mutational profiling (MaP) has
been introduced [32, 48, 49]. This involves adjusting the reverse transcription reac-
tion to favor the RT read-through on the site of probe-induced modification. When
reading through the modified residue, the RT incorporates a random nucleotide,
typically resulting in a mutation in the synthesized cDNA. The main difference
between RT drop-off and MaP methods is the ability of MaP to capture multiple
sites of modification within each cDNA product. The advantages of this approach
will be further discussed later on in the chapter (see Section 2.3, “Dealing with RNA
structure heterogeneity”).

Following the sequencing of cDNAs and mapping to the reference transcriptome,
RT drop-off events (or mutations) at each position of every RNA can be counted,
yielding reactivity profiles that can be used to constrain RNA structure prediction.
Highly reactive bases are interpreted as having a high likelihood of being unpaired
(or structurally flexible or accessible to the solvent). Conversely, bases with low
reactivity are interpreted as having a high likelihood of being base paired (or
structurally rigid or inaccessible to the solvent). Reactivity profiles can then be fed
into thermodynamics-driven RNA structure prediction algorithms to adjust the
thermodynamic parameters by rewarding base pairing of lowly reactive positions
and penalizing base pairing of highly reactive positions [25, 26].

2.2.1.1 Limits of RNA Chemical Probing
The biggest limitation of chemical probing-based methods is the fact that lack of
reactivity to the chemical probe is not necessarily correlated to the structural state
of the target nucleotide. For instance, protein binding, or how deeply buried a
nucleotide is within the tertiary structure of the RNA, might significantly affect
the accessibility of the probe to the target nucleotide. Furthermore, systematic
investigation of the structural preferences of SHAPE reagents suggests that small
loops are typically more reactive to SHAPE probing as compared to longer stretches
of unpaired nucleotides [50]. Interestingly, a recent study introduced a number of
novel acyl imidazoles, showing that by altering the reagent scaffold, it is possible
to alter the structural specificity of the SHAPE probe, for example, to reduce
reactivity on loop-closing base pairs [51]. Moreover, the smallest possible scaffold,
acetylimidazole, is cell permeable and capable of probing RNA structures even at
the level of protein-bound regions.


