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Abstract

RNAs fold into intricate and precise secondary structures. These structural patterns regulate
multiple steps of the RNA lifecycle, while also conferring catalytic and scaffolding functions to
certain transcripts. Therefore, a full understanding of RNA posttranscriptional regulation requires
a comprehensive picture of secondary structure. Here, we review several high throughput
sequencing-based methods to globally survey plant RNA secondary structure. These methods are
more accurate than computational prediction, and more scalable than physical techniques such as
crystallography. We note hurdles to reliably measuring secondary structure, including RNA-
binding proteins, RNA base modifications, and intramolecular duplexes. Finally, we survey the
functional knowledge that has been gleaned from each of these methods, and identify some
unanswered questions that remain.
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INTRODUCTION

Both coding and noncoding RNAs fold into intricate secondary structures via intramolecular
base-pairing. These secondary structures, often in conjunction with RNA-binding proteins
(RBPs), form the basis for higher-order tertiary structures that can direct catalysis, form
scaffolds, and regulate RNA posttranscriptionally [1]. Such regulation affects multiple steps
of the RNA lifecycle, including transcription [2], addition of the 5" cap [3], splicing [4-8],
polyadenylation [9,10], nuclear export [11], subcellular localization [12,13], translation [14—
16], and turnover [17]. Notably, specific classes of RNAs, such as microRNAs (miRNAS)
and transfer RNAs (tRNAS) require secondary structure for correct processing and
subsequent functionality [18-20]. Furthermore, structural scaffolds include many long
noncoding RNAs (IncRNAs) [21], ribosomal RNAs (rRNASs) [22], and tRNAs. Thus,
determining the patterns of RNA folding across the transcriptome is crucial to fully
understanding RNA function and regulation.

Moreover, RNA secondary structure may be an important sensor and signal integrator.
Specifically, RNA folding is a dynamic process in which double-and single-stranded RNA
(ds- and ssSRNA, respectively) can alter their conformations in response to fluctuations in
temperature, cellular osmolarity, covalently modified nucleotides, or other signals. For
instance, certain RNA structures inhibit translation [23], but are destabilized at higher
temperatures, thus forming “RNA thermometers” that link translation regulation to
temperature [24,25]. While best characterized in prokaryotes, such RNA thermometers are
appealing candidates for RNA regulation in plants [26], which experience wide temperature
fluctuations due to their sessile nature. The strong effect of osmolarity on RNA secondary
structure [27-29] is likewise of particular interest in plant biology, given the host of osmotic
stresses, such as flooding, drought, soil salinity, or nutrient content, that can translate to
large-scale changes in intracellular osmolite concentrations [30-32]. Additionally, there are
over 150 naturally occurring covalent RNA modifications [33] that modulate RNA
secondary structure, alter RNA-protein interactions, and influence posttranscriptional
processing [34]. Like structure, these modifications are reversible, demonstrating dynamic
patterns during the cell cycle [35,36] and cellular differentiation [37]. Thus, RNA secondary
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structure is uniquely suited to rapidly sense changing environmental stimuli. Nonetheless,
the landscape and functions of plant RNA secondary structure are still largely
uncharacterized, presenting a broad opportunity for future study.

The fundamental importance of RNA secondary structure to biological systems has spurred
the development of numerous methods to map this feature. While the first and highest
fidelity models of secondary structure come from physical methods such as crystallography
and NMR, these techniques are labor intensive, can only be performed on single transcripts,
and have been rarely applied to plant RNAs. In contrast, the more recently developed high
throughput sequencing-based structure probing can be rapidly applied in parallel across the
entire plant transcriptome [38—41]. These techniques fall into two broad categories based on
the reagents used for structural analysis, and either probe with dsRNA and ssRNA-specific
ribonucleases (dsRNases and ssRNases, respectively) or with small chemicals that
preferentially modify unpaired RNA. The resulting data from these approaches can be used
to constrain folding algorithms (e.g. RNAfold [42]), producing more accurate secondary
structure predictions when compared to free energy minimization alone [39-41,43-45]. In
total, these scalable genome-wide approaches are uncovering the patterns and functionality
of RNA secondary structure on a transcriptome-wide scale, transforming our understanding
of this fundamental biological feature.

Here, we review a variety of high-throughput techniques for empirically measuring plant
RNA secondary structure on a global scale. Studies using these techniques observe specific
structural patterns over splice sites, RBP binding sites, miRNA target sites, and translation
start and stop codons, including those in upstream open reading frames (UORFs). Moreover,
there are correlations between structure and ribosome association, RNA cleavage, and
smRNA production that would not be visible without such transcriptome-wide
measurements.

Interrogating RNA secondary structure in plants

Nuclease-based techniques—The first studies to probe RNA folding in plants on a
genome-wide scale were the nuclease-based dsRNA-seq and ssRNA-seq techniques
performed on total RNA from Arabidopsis thaliana (hereafter Arabidopsis) unopened flower
buds [40,41]. These studies first denatured and reannealed the purified RNA prior to
digestion. To construct a dsSRNA-seq library, this /n vitro refolded RNA was then treated
with RNase I, an ssRNase that cleaves any unpaired nucleotide, allowing full digestion of all
ssSRNA. To construct a complementary ssRNA-seq library, aliquots of RNA from the same
sample are treated with RNase V1, a dsRNase that cleaves any paired nucleotide.
Subsequently, high throughput sequencing libraries were made from these digested RNA
samples to map RNA secondary structure in the plant transcriptome [41]. These
complementary libraries reveal that RNA folding is a dynamic process, as few sequences are
present solely in the ds- or sSRNA library. Thus, the ratio of coverage in each library is used
to calculate a structure score representing the degree of pairing or unpairing for each
nucleotide. The transcriptome-wide distribution of structure scores was then used to identify
regions that are significantly structured (hotspots) or unstructured (coldspots). These
structural hotspots and coldspots were found to be significantly more conserved than
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flanking sequences, suggesting that they have some functional relevance within the parent
transcripts [40]. These data were further validated by RT-PCR of structure hotspots using
RNA digested with ss- or dsRNases, demonstrating these regions to be in the predicted
paired confirmation [41].

These datasets were also used to probe for global structural patterns, resulting in several
interesting observations. For instance, a significant structural dip was observed over the start
and stop codons of Arabidopsis mMRNAs [39-41], as was also observed in Saccharomyces
cerevisiae, Drosophila melanogaster, Caenorhabditis elegans, and humans [44-47]. This
structural dip likely makes the start codon more accessible than flanking sequences to the
scanning ribosome. Additionally, these studies demonstrated that the 5 and 3" untranslated
regions (UTRs) are on average both less structured than the coding sequence (CDS) [40,41].
This decreased structure in the 5"UTR and at the start codon is of particular interest as
previous reports have shown that high secondary structure can inhibit translation initiation
[48]. Secondary structure was also probed at known miRNA target sites. These sites were
significantly less structured than flanking sequences, indicating that they are more accessible
to miRNA-incorporated RNA-induced silencing complex (miRISC) binding [40]. Similar
studies in C. elegans [45] yielded the same results.

Furthermore, these nuclease-based studies tested for relationships between transcriptome-
wide structure scores and posttranscriptional regulatory processes. Overall, structure score
was observed to anti-correlate with transcript abundance, consistent with the observations
that euchromatic histone modifications were enriched in genes containing structure
coldspots. Furthermore, high structure scores correlated with the abundance of both
endogenous fragmented transcripts and small RNAs (sSmRNAs), indicating that many highly
structured transcripts are processed into SmMRNAS prior to, or during, their turnover.
Together, these data revealed that highly abundant transcripts are generally more
unstructured [26,40]. Interestingly, highly structured RNAs were also found to be more
heavily ribosome-bound, likely due to ribosome stalling over their numerous structural
elements [40]. In total, these findings suggest that RNA secondary structure regulates
multiple levels of the RNA lifecycle by promoting or inhibiting ribosome and RBP binding.
However, these early studies identified structural features using /n vitro deproteinated RNA,
and measuring native RNA required the development of more sophisticated techniques.

Protein interaction profile sequencing (PIP-seq) is a modified version of ds/ssRNA-seq that
identifies both native, deproteinated RNA secondary structure, as well as all protein-bound
sequences in a single experimental approach [49,50] (Figure 1A). This technique was first
developed and used on two different human cell lines [49,50]. However, it was most recently
used to probe RNA secondary structure and RNA-RBP interaction sites throughout the
Arabidopsis nuclear transcriptome [39]. This powerful approach identified more than 40,000
distinct protein-bound nuclear sequences with an average size of 68 nucleotides.
Furthermore, it obtained a more /n vivo glimpse at the RNA secondary structure landscape
of the Arabidopsisnucleus.

When applied to Arabidopsis nuclear RNA, these PIP-seq data both recapitulated and
expanded upon the findings from in vitro ds/ssRNA-seq studies. For instance, when
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examining structural patterns along the CDS, a structural dip was again observed at the start
codon, as well as at UORF starts, but was not observed at stop codons. Interestingly, this
nuclear-focused study also revealed that both UTRs are more structured than the CDS,
which was the opposite pattern observed when structure for the whole (mostly cytoplasmic)
transcriptome was interrogated (see above) [38—40]. Thus, there are likely distinct structural
patterns of mMRNAs in the nucleus as compared to the cytoplasm, which is a hypothesis that
will require further testing.

Additionally, constitutive and alternative splice sites were examined for differential
structural features, revealing a significant dip in secondary structure at the splice donor site.
This is analogous to the dip at the start codon, which likely also makes this region more
accessible to binding by the U1 small nuclear RNA (snRNA) to initiate splicing [51].
Interestingly, alternatively spliced cassette exons and retained introns also showed distinct
patterns of RNA folding and protein binding when compared to constitutive introns. These
data indicate that the secondary structure of alternative splice sites is fundamentally different
from constitutive splice sites, likely functioning in their regulation. A close and specific
examination of these differential structure patterns and their effects on alternative splicing
will significantly increase our understanding of how this process is regulated in plants.

Chemical-based structure probing—Dimethyl sulphate (DMS) is a tissue-permeable
chemical adduct that specifically modifies single-stranded adenines and cytosines [52,53].
These DMS modifications inhibit reverse transcriptase extension during first strand
complementary DNA (cDNA) synthesis, resulting in a buildup of molecules terminating at
the same nucleotide. This nucleotide is then inferred to be in a single-stranded conformation
[54,55]. Two groups have recently developed high throughput sequencing techniques in
which tissues are treated with DMS prior to RNA fragmentation, reverse transcription, and
high throughput sequencing. The RT stops are then measured in each library and normalized
to stops from an untreated library [38,46], allowing structural information for unpaired bases
to be obtained and used to constrain folding algorithms for a genome-wide RNA folding
analysis.

This approach is termed Structure-seq, and has been performed on the total (mostly
cytoplasmic) transcriptome of Arabidopsis seedlings, and recapitulated many of the findings
from nuclease-based techniques [38]. For instance, Structure-seq also revealed a structural
dip over the start and stop codons and globally increased structure in the CDS as compared
to the UTRs, similar to the /n vitro ds/ssRNA-seq studies of the total transcriptome from
unopened flower buds [39-41]. The authors also observed significantly increased structure at
alternative splice donor sites compared to control sequences with similar nucleotide
composition. This is consistent with results from the nuclear PIP-seq study [39], and indicate
that alternatively spliced exons and introns have inherent structural differences compared to
those that are constitutively spliced.

However, nuclease and chemical probing yielded different observed structural signatures at
alternative polyadenylation sites. In Structure-seq, the authors find a decrease in DMS signal
upstream of these sites and an increase in signal directly downstream [38], while no such
signature was observed in the nuclear PIP-seq study [39]. This discrepancy could be due to
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structural differences between nuclear and mostly cytoplasmic whole transcriptome profiles.
Alternatively, the high level of protein binding found at alternative polyadenylation sites [39]
could hinder DMS modification leading to aberrant structure predictions, as described
below. Regardless, future studies will need to more closely examine the secondary structure
near both constitutive and alternative polyadenylation sites for the nuclear and cytoplasmic
transcriptomes.

Hurdles to measuring RNA secondary structure

Although extremely powerful, there are also specific confounding factors that need to be
addressed when measuring secondary structure through these high throughput sequencing-
based approaches. For instance, the nuclease-based methodologies have limited resolution of
small nucleotide bulges and loops, since RNases used for this approach are somewhat bulky
(Figure 1B). Additionally, the use of formaldehyde as the cross-linking agent in the PIP-seq
version of this approach can induce protein-protein crosslinks as well as protein-RNA bonds,
so small adjacent protein binding events are likely to be represented by one long protein-
bound sequence in data analysis (Figure 1C). Finally, unlike certain chemical probes such as
DMS, nucleases cannot readily diffuse into plant cells. Thus, these RNase-based approaches
must be performed after cell lysis, which may affect the native secondary structures. Despite
these drawbacks, the nuclease-based techniques have reproducibly generated transcriptome-
wide structural and RBP interaction patterns that provide new functional insights into these
features of the plant transcriptome [39,49].

In chemical probing, a significant cause for concern is the presence of naturally occurring
covalent RNA modifications, many of which can induce reverse transcriptase (RT) drop off
(Figure 2A). Those most likely to cause RT inhibition are the modifications affecting the
Watson-Crick base pairing edge of RNA nucleotides [56]. As Structure-seq relies upon RT
stops to determine the location of DMS adduct addition (Figure 2B), RNA bases that are
modified with an RT-interfering chemical addition will likely be misinterpreted as unpaired,
regardless of actual pairing state. Thus, an untreated control library must be used to
differentiate between DMS adduct-induced RT stalling, and natural modifications that can
result in the same molecular phenotype (Figure 2C). However, even with the proper control
libraries the structure at modified nucleotides cannot be reliably measured with DMS
treatment. Given the multitude of modified nucleotides in mMRNAs [57-63], this will require
careful controls be developed and performed when these chemical-dependent structure
probing methodologies are used in future experiments.

An additional concern for chemical probing approaches is that RBP binding will occlude
chemical adduct addition in protein interacting regions, leading to stretches of nucleotides
where data is lacking [64]. The nuclease-based PIP-seq methodology overcomes this
problem by probing both proteinated and deproteinated RNAs [39,49,50], which is how this
approach is able to specifically identify protein interaction sites. In contrast, Structure-seq is
highly sensitive to protein binding [64] as adduct addition will be occluded in these regions.
This is a significant problem given that this approach does not have a direct measurement of
paired bases, and high structure is simply inferred from the absence of chemical labeling in
specific RNA regions. Therefore, RBP-bound sites, which merely lack adduct addition, will
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be called as double-stranded regardless of their actual pairing state, leading to incorrect
structural models (Figure 2D). Thus, these methodologies would be significantly improved
through an additional library preparation that directly assesses paired bases, as is currently
part of the nuclease-based approaches. This shortcoming will need to be addressed for future
methodologies dependent on chemical probing of RNA secondary structure in plants.

Finally, no currently available sequencing-based structure probing method is able to
precisely identify the exact nucleotides that are directly based paired in dsRNA regions.
While constrained folding algorithms can predict specific partners, these methods cannot
directly resolve true intramolecular secondary structure. To do so, will require future
methodologies to adopt a step where intramolecularly paired regions are ligated to each
other followed by high-throughput sequencing library preparation. Similar approaches have
been previously developed [65,66], and can be modified for the purpose outlined here.

Conclusions and future directions

In summary, high throughput sequencing-based approaches for measuring RNA secondary
structure have already provided new functional insights for a wide array of RNAs (especially
mMRNAS) in plants, most of which have not been previously studied using traditional physical
approaches. In fact, these approaches have revealed relationships between mRNA secondary
structure and stability, translation, SmRNA production, transcript cleavage [26,40], and
alternative splicing [38,39] in the model organism Arabidopsis (Figure 3). Future studies
will need to focus on the mechanism by which RNA secondary structure directs
posttranscriptional regulation. This will require improved base pair predictions and
systematic mutation of specific structural elements. Fully understanding this fundamental
transcriptome feature will require use of these structure probing techniques over a broader
range of plant species and specific cell types. In total, transcriptome-wide probing of RNA
secondary structure has and will continue to offer incredible new insights into the
physiologically important regulatory functions of plant RNA secondary structure.
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ssRNase single-stranded ribonuclease

uORF upstream open reading frame
UTR untranslated region
CDs coding sequence

PIP-seq protein interaction profile sequencing
SnRNA small nuclear RNA

SMRNA small RNA

DMS dimethyl-sulfide
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. Both nuclease and chemical-based structure probing methods have
been developed

. Sequencing-based structure probing is more accurate than folding
algorithms alone

. Distinct structural profiles have been observed across numerous mRNA
regions
. There are technical limitations to all experimental RNA structure

probing methods
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Figure 1. Confounding factors in PIP-seq
Diagrammatic representation of PIP-seq limitations in RNA secondary structure and RNA-

protein interaction site probing. (A) A schematic of the ideal case in which a transcript has a
large structural feature and distinct protein binding sites. (B) An example of a small bulge
within a highly structured region, which may be undetectable by PIP-seq. (C) Multiple
adjacent proteins, will likely undergo crosslinking during formaldehyde treatment and
become represented as one large protein interaction site.
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Figure 2. Covalent RNA modifications and limitations to Structure-seq
(A) The stopping power for each covalently modified nucleotide, defined as the percentage

of reads terminating via reverse transcriptase stalling normalized to total read coverage. * p
<0.05, ** p < 1x10710, (B) An example of the ideal case for Structure-seq in which a
transcript is unbound and has no covalently modified nucleotides. Yellow hexagons
represent the DMS adduct in all figures. (C) An example of covalent modifications leading
to increased RT stops, resulting in a predicted sSRNA sequence in a paired region. Green
hexagons represent covalent modifcations to specific nucleotides. (D) A schematic showing
proteins occluding DMS addition, leading to a predicted stretch of dsSRNA in what is
actually a single-stranded region.
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Figure 3. Examples of RNA secondary structure data identified by PIP-seq and Structure-seq
(A) An example of a deproteinated, folded mMRNA molecule. (B-D) Example structure score

and DMS score profiles at (B) the mRNA start codon, (C) splice donor and acceptor sites,
and (D) a miRNA target site.
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