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Abstract

RNA molecules can fold into complex two- and three-dimensional shapes that are critical for
their function. Chemical probes have long been utilized to interrogate RNA structure and are now
considered invaluable resources in the goal of relating structure to function. Recently, the power
of deep sequencing and careful chemical probe design have merged, permitting researchers to
obtain a holistic understanding of how RNA structure can be utilized to control RNA biology
transcriptome-wide. Within this review, we outline the recent advancements in chemical probe
design for interrogating RNA structures inside cells and discuss the recent advances in our
understanding of RNA biology through the lens of chemical probing.
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Introduction

RNA molecules perform a diverse array of functions in cells. Functional RNAs have been
linked to controlling chromatin state and gene regulation,[12] the localization of diverse
biomolecules,[3] and the regulation of cellular state and structure.l4l Further, many of the
most pressing diseases, including neurodegenerative disorders(®l and many cancers, 68l
have been intimately linked to misregulation of normal RNA functions. As the diverse array
of critical functions performed by RNAs continues to expand, so does the need to understand
the mechanistic basis of their function at the molecular level.

The functional role of RNA molecules is tightly linked to their structure.[®] Functional
RNA structure elements serve as landing pads for proteins, trans-acting RNAs, and even
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small molecules.[20] Characterizing these structures and understanding how changes to the
cellular environment manipulate them has been a long-standing goal in RNA molecular
biology. Such challenges have been met through the development of highly specific
chemical reagents to measure aspects of RNA structure through their chemical reactivity
with functional groups in folded RNA molecules. 8]

A current challenge in the field is to extend the principles learned from studying individual
RNA:s in isolation to the transcriptome-wide level.[*1] These endeavors are critically
important as they potentially offer understanding of how different large groups of RNA
populations take advantage of their structure to regulate their biology in concert, resulting
in a specific cellular phenotype through large-scale gene regulation. These efforts have
made significant headway in two ways. First, they have resulted in new insights into
chemical design through sophisticated development of novel reagents to measure RNA
structure and make such measurements amenable to large-scale analysis. Second, the
intersection of structure measurements with other transcriptome-wide measurements allows
investigation into global regulation of RNA structure state and gene regulation. The parallel
expansion of these efforts has together given the field novel insight into how chemistry

and transcriptomics can be merged to understand RNA-based regulation in the cellular
environment.

Herein, we review the progress of the field in expanding the chemical scope of RNA
structure probing reagents. We also detail how these efforts have been merged with RNA
sequencing. These efforts have ushered in a new era in our understanding of RNA structure
and its role in regulating many pathways of cellular function.

Chemical Reagents To Measure RNA Structure

Several types of RNA structure reagents have been developed, with the goal of controlled
and selective chemical reactions with specific functional groups. Chemical reactivity is
related to the conformational structure of a specific functional group of RNA in solution.
That is, the local environment of the reactive group in an RNA controls its reactivity with
structure probes, as discussed below. We first highlight the types of chemical probes with
focus on the RNA region where reactivity occurs.

Probably the most widely used structure probes are those that react with the Watson-
Crick (W-C) faces of different nucleobases (Figure 1). Dimethylsulfate (DMS; Figure 1a),
first used in the 1980s, is ubiquitously used to identify sites that are not in base pairs.
[12-14] These alkylation reactions are used to identify single-stranded sites of an RNA
structure. Kethoxal (and other 1,2-dicarbonyl compounds; Figure 1b) is also used to mark
single-stranded guanosine residues. Notable differences have been observed with glyoxal
derivatives in cells, where methyl and phenylglyoxal derivatives work robustly in cells,
while the parent molecule, kethoxal, is much less reactive in cells.[*®] The capability

of probes designed to mark unpaired residues has been extended through the use of
carbodiimide reagents, such as CMC and EDC (Figure 1c). Reactivity with carbodiimides
is notable, because the reagent itself can actas a base to deprotonate the N—H group on
uridine and guanosine, activating the nucleobase as a nucleophile to react with a protonated
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carbodiimide. Such reactions have selectivity for single-stranded uridine nucleobases (and
EDC has been observed to react with guanosine, although at a much slower ratel161),[16.17]
These reagents enable researchers to understand and identify specific structure states of
nucleobases themselves, as they are highly biased in their reactivity for single-stranded
positions.

Chemical methods that extend beyond the nucleobases have also been recently expanded.
The chemicals mentioned above have biases for their reactivity, depending on the nucleobase
they react with. More generalized methods would be ideal, as they could be used in less
selective experiments to understand the structured state of each position in a RNA in

fewer experiments. Selective hydroxyl acylation analyzed by primer extension (SHAPE;
Figure 1d) is now widely used to probe RNA structure.[18-20] SHAPE electrophiles work

by selectively reacting with 2’-hydroxyl residues that reside in flexible regions on an RNA
sequence. Internucleotide flexibility is viewed as a proxy for single-strandedness, and as
such SHAPE is incredibly powerful for analyzing and identifying RNA-RNA interactions,
RNA-protein interactions, and RNA-ligand interactions that can alter the flexibility.

Another generalizable aspect of RNA structure is solvent accessibility. Reagents designed
to measure solvent accessibility give insight into important RNA structures that extend
beyond W-C pairing or internucleotide flexibility. Traditionally, solvent accessibility has
been measured through the use of Fenton reagent-generated hydroxyl radicals.[?1] OH
radicals are high-energy intermediates that can perform hydrogen abstraction from the C3’-
or C4’-position on the ribose ring, resulting in strand cleavage. The fast rate of OH radical
hydrogen abstraction enables this technology to be employed to interrogate RNA structure
folding and more dynamic aspects of RNA-protein interactions.

Another more recent development has been the utility of light-activated aroyl azide reagents
to interrogate nucleobase solvent accessibility. In contrast to the electrophilic reagents
discussed above, which interrogate W-C base pairing, light-activated aroyl azides, such

as nicotinoyl azide (NAz; Figure 1e) react with the C-8 position of electron-rich purines.
[22] Once activated by long-wavelength UV light, NAz transitions to a highly reactive

and hard electrophilic nitrenium ion. Nitrenium ions can react with heteroaromatic arenes
through electrophilic aromatic substitution to form amidated products, in this case, C-8
amidation of adenosine and guanosine. This newer methodology, termed light activated
structural examination of RNA, or LASER, can be robustly employed in living cells to
examine solvent accessible regions of RNA and investigate RNA-protein interactions in
their native cellular environment. These reagents and their utility to measure RNA structure,
as mentioned above, have been extremely valuable to the RNA community. Combining
different methods and reagents can enable a holistic understanding of a given RNA and its
structured interactions through intramolecular folding or binding events with trans RNAs or
proteins.
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Biochemical Methods To Identify Chemical Reactivity Positions within an

RNA Sequence

In parallel with the development of these novel chemical methods has been the expansion of
biochemical methods to identify the sites of RNA-chemical reactions. All chemical methods
mentioned above work through forming covalent adducts with RNA, which mark the site of
chemical reactivity. The next key step is to identify the sites of adduct formation.

The traditional method for identifying sites of RNA-adducts is to utilize reverse transcription
(RT). When reverse transcriptase enzymes encounter a site of adduct formation (Figure

2a), they stall and dissociate from the RNA-cDNA hybrid. The length and sequence of the
truncated and full-length cDNA can be analyzed by denaturing gel electrophoresis, whereby
a radio- (or fluorescent-) labeled cDNA primer is resolved on the gel and mapped back to
the primary sequence.[23.24]

The concept of cDNA mapping to RNA sequence has been extended to a full-transcriptome
analysis. In this case, the extended cDNAs can be mapped to a reference transcriptome to
obtain the reactivity profiles at each position. Full transcriptome-wide analysis has been
performed in this way with DMS and SHAPE probing (discussed more below).[25-29]

In addition to RT-stop mapping, mutational profiling (MaP; Figure 2b and c) is an emergent
methodology that takes advantage of mutations introduced during RT and is beginning to
be employed to identify sites of chemical reactivity.[30-321 RT enzymes can have very high
processivity, and under certain reaction conditions can process over a chemical adduct.
When this takes place, the chemical modification can induce a mismatch between the
modified RNA site and the nascent cDNA. Mutation rates are correlated with the number of
adducts at a given position in the RNA. The key advantage of this approach is that on the
same read, the mutation frequency can be normalized to the surrounding residues that are
not mutated; as such, there is a built-in normalization to these experiments.

Data analysis of RT-stops can be more challenging and requires control RNA sequencing
libraries (no reagent controls) to be used as input for normalization.[33] RT-stop frequency

is compared against the reference input RNA sequencing libraries to calculate the rate of
RT-stop and thus adduct formation. Lastly, the ability to identify multiple cDNA mutations
in a single read (multiple reagent adduct positions) can be employed for correlative structure
probing between two sites and the identification of reagent adduct sites on a single RNA
molecule.[3435] As such, MaP methods have dramatically increased the flexibility and data
richness of structure probing methods, and their interpretation helps better understand RNA
structure.

MaP approaches have found utility when used with many types of chemical reagents.

A recent survey performed by us and others suggests that chemical modifications to

the nucleobases themselves are more prone to induce mutations versus SHAPE probing,
which reacts with the 2’OH position.[321 DMS probing can result in ~ 1.5% mutational
frequency, SHAPE adducts are ~ 1%, and LASER adducts result in ~ 2% mutational
frequency.[3236.37] |t is worth mentioning that different SHAPE electrophiles have similar

Chembiochem. Author manuscript; available in PMC 2022 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

England et al.

Page 5

mutational patterns, but smaller electrophiles, such as NAI and FAI, have higher mutational
frequencies in comparison to 1 M7, which may be due to 1 M7’s larger RNA adduct.[38] The
increased mutational frequency with nucleobase-modifying probes is likely due to the fact
that chemical modifications on the nucleobases force the RT enzyme to form an incorrect
pair when the W-C pairing is imperfect due to bulky adducts. In contrast, the 2’-OH
modifications are farther away from the base pairing sites and will not result in a mutation
(Figure 2b and c). Overall, these data suggest that MaP approaches are extremely powerful
for identifying sites of probing adduct formation and data analysis. Using such approaches
may be more straightforward for analyses of RNA structure.

Over time, more traditional cornerstone methods for chemical probing of RNA have been
extended to transcriptome-wide analyses. Below, we outline some of the more exciting
aspects of RNA structure probing that have been employed to gain insight into RNA
regulation.

Chemical Approaches for Enriching Sites of Adduct Formation with

Probing Reagents

Extending RNA structure probing methodologies from single RNA measurements to a full
transcriptome introduces practical challenges that chemistry can help address. One major
obstacle is the lack of chemical modification along transcripts. Single-hit modification
rates of reagents onto probed RNAs are proposed to result in one modification per 300
nucleotides. Approximately 10-15% of all RNAs in a complex pool are actually modified
(Figure 3). As most protocols rely on RT and identification of modification sites either by
RT-stop or mutational analysis, such low hit rate would result in many of the RT-stop sites
as being diluted from spurious RT-stops due to RT fall off. One way this has been overcome
is through gel selection of truncated RT-stops in comparison to full-length RT extensions

in negative control samples.[29] However, this approach still can suffer from signal to noise
issues. As a result, recent efforts have focused on developing bifunctional reagents to probe
RNA structure and enrich their sites of adduct formation.

The first approach in this area was through the development of a bi-functional SHAPE
reagent, NAI-N3 (Figure 3b and c).[28] This approach was dubbed in vivo click SHAPE
(icSHAPE), as NAI-N3 was designed with an acyl imidazole reactive site, a pyridine

ring to increase electrophilicity and preserve the electrophilic center at the carbonyl,

and an alkyl azide for subsequent enrichment. For enrichment, strain-promoted azide-
alkyne cycloaddition (SPAAC) reactions were employed. SPAAC is preferred over more
commonly used copper(l)-catalyzed azide—alkyne cycloaddition (CUAAC), as CUAAC is
known to produce radicals, which can result in RNA degradation. Following SPAAC,
NAI-N3 enriched sites were also demonstrated to correspond to un-"clicked” NAI-N3 sites,
further suggesting bi-functional modified RNA can be enriched and reverse transcribed for
cDNA molecules, which can be sequenced for hydroxyl acylation analysis. Following the
successful implementation of icSHAPE, two additional probes have been developed that
work through similar post-probing protocols. These two probes measure purine nucleobase
solvent accessibility and guanosine W-C base pairing.
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Extension of LASER probing (C-8 purine solvent accessibility) has been

accomplished using a new reagent, NAz-N3 (https://www.biorxiv.org/content/
10.1101/2020.03.24.006866v2.full). In similar fashion to the NAI-N3 parent molecule,
despite having two azido groups, NAz-N3 can be selectively activated by long wavelength
UV light, while preserving the function of the alkyl azide for SPAAC biotinylation and
subsequent enrichment (Figure 3d and e). This is due to the known differences in stability
of azides. Aroyl azides can be activated by long wavelength UV light to reach an excited
state. In contrast, alkyl azides are much more stable and require short wavelength UV light
for activation. Tuning the light wavelength enables specific azide activation. Application of
NAz-N3 through in vivo click LASER (icLASER) was demonstrated to probe RNA-protein
interactions and polyadenylation.

Lastly, kethoxal probing has been employed using bi-functional reagents. Azido-kethoxal
(N3-kethoxal) was observed to react specifically with the N1 and N2 positions at the W-C
interface of guanines in single-stranded RNA.[39 This approach is now known as keth-seq
(Figure 3f and g). The key chemical advancement to enable keth-seq was the synthesis of
azido-kethoxal. Kethoxal and their derivatives are well-known to be incredibly challenging
and proceed through oxidation reactions to obtain intermediates. The development of azido-
kethoxal proceeded through mild oxidation of diazoketone and removal of chromatography
steps that can be extremely limiting, as glyoxal and its analogues are sensitive to air.

The development of keth-seq demonstrates the power of challenging chemical syntheses to
arrive at a highly useful probe for RNA structure. Keth-seq has been employed to measure
single-stranded RNA and also profile G-quadruplex RNA structures transcriptome-wide.

Biological Insight Garnered from Transcriptome-Wide Measurements of
RNA Structure

Transcriptome-wide measurements of RNA structure have given unique biological insights
into the transcriptome and how RNA structure contributes to its regulation. Several
manuscripts have been published that take advantage of chemical probing to provide new
or additional insight into the role of RNA structure in important biological problems.

For example, there is growing interest in RNA molecules’ role in cellular complex phase
transition.[40-421 RNA structure and changes in RNA structure due to such transitions have
recently been explored with SHAPE, in which it was observed that structure-based RNA-
RNA interactions promote assembly of distinct droplets and protein-driven, conformational
dynamics of the RNA maintain this identity.[43] In-cell RNA structure probing of HIV-1
RNA genome with DMS-MaP-Seq probing has also shed light on the complexity of

viral RNA processing and the ability of RNA structures to adopt alternative confirmations.
[34] Through the development of novel computational methods to analyze RNA structure
data and model alternative conformations, it was observed that heterogeneity in RNA
conformation regulates splice-site use and viral gene expression. Finally, extending SHAPE-
MaP analysis to the £. colitranscriptome also revealed how complex comparatively simple
transcriptomes can be in terms of biological regulation.[44] SHAPE data revealed that
MRNA structure remains similar between in-cell and cell-free environments and that RNA
structure elements are highly conserved, indicating that RNA structure is responsible for
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regulating every gene in a complex transcript pool. These results establish the exciting utility
of highly focused RNA structure probing and the incredibly important biological value such
explorations add. In the following parts of this section, we will highlight additional new
insights gathered from analyses of complex whole transcriptomes, and how unique aspects
of RNA regulation have come to light due to structure methods.

Cleavage and polyadenylation of Pol Il transcripts are critical for transcription termination,
cytoplasmic localization, RNA stability, and translation. Selection of 3’-ends depends on the
position of the polyadenylation sequence (PAS), which is typically AAUAAA or AUUAAA,
and a downstream U/G-rich or U-rich motif. It is often thought that efficient processing
requires a narrow range of 10-30 nt between the PAS and the cleavage-and-polyadenylation
site (poly(A) site), often CA. However, analysis of mMRNA sequences has demonstrated

that some human mRNAS appear to use a PAS that falls > 30 nt upstream of the poly(A)
site. A prevailing hypothesis from these analyses was that folded RNA structures brought
the longer primary sequences of RNA into close proximity by folding into intricate
three-dimensional RNA structures. To test this, Wu et al. utilized DMS structure probing
followed by mutational analysis, or DMS-MaP (Figure 4a).[4%] By priming the cDNA from
the poly(A) tail, the authors were able to obtain high-quality analysis of RNA structures
near the very 3’-end of the RNAs. DMS-MaP probing demonstrated that extended 3’-end
lengths within the PAS region resulted in more-folded structure elements that condense

the distance between the PAS site and poly(A) tail priming position (Figure 4b). This key
insight, brought about by RNA structure probing, provided excellent evidence that mMRNAs
contain complex structure elements which contribute to RNA processing and the selection of
poly(A) sites and cleavage.

The control over gene expression, from RNA to protein, and the relationship between

RNA structure and protein folding and/or translation rates have been topics of research for
decades.[46:47] Transcriptome-wide measurements of RNA structure probing are starting to
provide more insight into this relationship and have offered a prevailing model for how RNA
structure controls protein synthesis: RNA structure is inversely related to protein structure.
For example, the full transcriptome structure of HIVV RNA viral genome revealed high
levels of RNA structure and sequences that encode inter-domain loops in HIV proteins.
This correlation suggests that RNA structure modulates ribosome elongation to promote
native protein folding.[48] Extending these findings to a full transcriptome resulted in a

very similar observation. Transcriptome-wide DMS structure probing (Figure 4c) was used
to derive a relationship between mRNA structure and protein structure.[2X] Regions of
individual mRNAs that code for protein domains generally have higher reactivity to DMS
(single-stranded) than regions that encode protein domain junctions. This relationship is
prominent for proteins annotated for catalytic activity and reversed in proteins annotated

for binding and transcription regulatory activity. From these results, it was postulated that
decreased DMS reactivity of RNA regions that encode protein domain junctions may reflect
increased RNA structure that may slow translation, allowing time for the nascent protein
domain or ordered region of the protein to fold, thereby reducing protein misfolding (Figure
4d). This example highlights the use of structure probing to derive relationships between
mRNAs and their encoded proteins may have evolved to allow efficient and accurate protein
folding.
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mRNA molecules traverse through many parts of the cell, from their birth in the nucleus to
their processing and translation in the cytoplasm. During these processes they can interact
with different proteins and fold into different RNA structure states. Conventional methods to
probe RNA structure are done on a whole-cell level and cannot distinguish between different
RNA structures in unique cellular compartments. Using icSHAPE, Sun et al.[49] (Figure

4e) probed the RNA structures in three cellular compartments: chromatin, nucleoplasm, and
cytoplasm. The cytotropic structures substantially expand RNA structural information and
enable detailed investigation of the central role of RNA structure in linking transcription,
translation, and RNA decay — aspects of an RNA lifetime that are unique to an RNA’s
position in a cell (Figure 4f). In addition, this approach identified unique RNA binding
proteins that are responsible for regulating mé6 A RNA modification depending on an RNA’s
position in the cell. This example highlights the use of transcriptome-wide SHAPE probing
to understand dynamic RNA structures and its functional importance in gene regulation
(Figure 4q).

Conclusion

Chemical methods to measure RNA structure have been maturing since the mid-1980s.
Recent efforts have been focused on extending the chemical reactions which can be utilized
to probe RNA structure, with the goal of ultimately transitioning those approaches to

the natural environment of the cell. In parallel, extending one-RNA-at-a-time approaches
to whole-transcriptome analyses is being pursued, with changing methods to identify
RNA-chemical adducts and ways to process and analyze adducts in the context of

RNA folding. Exciting insights into RNA structure and its role in controlling RNA

biology have been made, but there is still much work to be done. For example,

intersecting RNA structure measurements with whole-transcriptome CLIP (protein-RNA
crosslinking)[®01 data would be invaluable for predicting the RNA-protein interface for
many RNAs in parallel. In addition, integrating RNA structure probing experiments of
many types could complement experiments investigating aspects of RNA processing, such
as transcription, polyadenylation, and translation initiation, providing structural context for
these measurements. The continuing advancement of chemical methods merged with more
accurate and comprehensive transcriptome-wide RNA structure probing measurements is
sure to extend our understanding of RNA structure and function in normal cells and disease.
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Strategies to identify sites of probing reagent adduct formation. Schematics of identifying

probe adducts through reverse transcription and a) cDNA truncations or b) cDNA mutations.
¢) Chemical structures of adducts and how they are hypothesized to disrupt reverse
transcription to result in cDNA mutations
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Figure 3.

Chemical approaches to enrich modified sites in a complex RNA pool. a) Schematic of
chemical probing of RNA structure and enrichment through the use of bi-functional probing
reagents. b) Chemical structure of NAI-Ng, a bi-functional reagent used for icSHAPE
probing. ¢) Chemical structure of biotinylation reaction with NAI-N3 and DBCO-biotin for
biotinylation of icSHAPE adduct sites. d) Chemical structure of NAz-N3, a bi-functional
reagent used for icLASER probing. €) Chemical structure of biotinylation reaction with
NAz-N3 and with DBCO-biotin for biotinylation of icLASER adduct sites. f) Chemical
structure of kethoxal-N3, a bi-functional reagent used for icLASER probing. g) Chemical
structure of biotinylation reaction with kethoxal-N3 and DBCO-biotin for biotinylation of
keth-seq adduct sites.

Chembiochem. Author manuscript; available in PMC 2022 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

England et al.

Page 15

a DMS Map-Seq (o] DMS Structure-Seq
DMS _cDNA DMS
X Mutation
N RT N
— —ﬂ/CDNA ~ . QR O _cona
JTTTT Random
AAAAA o
Priming
b ORF Poly(A)Pizquence Clegnge d Slowed Domain
o— N/ AAA——CA Pace of Translation Folding
—_

15-18nt
Optimal distance

o— I/ UAAA CA— Structured
—_—

Too Long HRNA
Distance > 27nt (Unfolded Structure)
RAPID Degradation Linker Region
_— % Folded RNA Structure Domain ¢ Somain 2
o //UAAA (CA—
(e
Closer
Distance > 27nt (Structured) Mat;retF.olded
Effecient Cleavage and Polyadenylation foen
e Enriched g icSHAPE Structure
SHAPE Sites &
NAI'N3 J Unmodified CLIP datasets
i _go® Lot Sites for RBPs
S RT o Protein bindi
/g. : ﬁ.tga A —
anaom Sit
Priming Structural e

Difference
f Chromatin Nucleoplasm \r

Bound RNA
Identification of m6Adenosine readers

RNA
DNA
_ﬁ _g Identification of Adenosine readers

Histones Cytoplasm
RNA

Nucleus Cytoplasm

Figure4.
Biological insights gathered from transcriptome-wide analysis of RNA structure. a) DMS

MaP-seq schematic. b) DMS MaP-seq reveals that folded RNA structures are responsible
for bringing cleavage site (CA) and poly(A) sequences (PAS) into close proximity for
efficient cleavage and polyadenylation. c) Schematic of DMS structure-seq. d) DMS
structure-seq reveals that mMRNA sequences associated with inter-domain regions in proteins
have high structural complexity and integrity, which is hypothesized to slow down the

rate of translation. This slow down enables the domains to fold correctly. ) Schematic

of icSHAPE probing. f) icSHAPE was used to probe RNA structure in different parts of
the cell. g) icSHAPE was used in combination with iCLIP datasets. iCLIP datasets profile
transcriptome-wide protein occupancy. When used in combination at mé A sites, icSHAPE
was able to identify m6 A readers and adenosine readers specifically, based solely on the
structure profile in combination with the CLIP data.
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