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Abstract

RNA transcripts fold into secondary structures via intricate patterns of base pairing. These
secondary structures impart catalytic, ligand binding, and scaffolding functions to a wide array of
RNAs, forming a critical node of biological regulation. Among their many functions, RNA
structural elements modulate epigenetic marks, alter mRNA stability and translation, regulate
alternative splicing, transduce signals, and scaffold large macromolecular complexes. Thus, the
study of RNA secondary structure is critical to understanding the function and regulation of RNA
transcripts.

Here, we review the origins, form, and function of RNA secondary structure, focusing on plants.
We then provide an overview of methods for probing secondary structure, from physical methods
such as X-ray crystallography and nuclear magnetic resonance imaging (NMR) to chemical and
nuclease probing methods. Marriage with high-throughput sequencing has enabled these latter
methods to scale across whole transcriptomes, yielding tremendous new insights into the form and
function of RNA secondary structure.

INTRODUCTION

What is RNA secondary structure?

All RNASs have the capacity to base pair via Watson-Crick, Hoogsteen, or sugar-edge
patterns of hydrogen bonds (100, 153). Intermolecular RNA base pairing underlies the
coding and replicative abilities of RNA, and enables RNA to serve as a specificity factor in
guiding the activity of processes like RNA-directed DNA methylation (RADM) and
microRNA-mediated gene silencing. Intramolecular RNA base pairing is the basis of RNA
secondary structure, and is a critical determinant of overall macromolecular folding. In
conjunction with cofactors and RNA binding proteins (RBPs), secondary structure forms
higher order tertiary structures and confers catalytic, regulatory, and scaffolding functions to
RNA. In turn, disrupting the secondary structure of both coding and noncoding RNAs can
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cause widespread physiological perturbations. For instance, improper transfer RNA (tRNA)
folding disrupts its intricate set of interactions with tRNA synthetases, cofactors, and the
ribosome that are required for translation, thus impeding a process fundamental to life (7,
26). Secondary structure is known to be equally necessary to the functions of ribosomal
RNASs (rRNAs) (128, 144, 164, 192), small nuclear RNAs (SnRNAs) (39, 114), small
nucleolar RNAs (snoRNAS) (44, 81, 82, 101, 127), and microRNAs (miRNAS) (19, 23, 92,
134, 145). Additionally, recent studies are beginning to demonstrate the importance of
structure in long noncoding RNAs (IncRNAs) (129, 141, 174, 180) and messenger RNAs
(mRNAS) (29, 49, 103, 149). Thus, a complete understanding of the regulation and
functionality of RNAs will require methods to probe and manipulate RNA secondary
structure. Here, we review these methods in the context of the form, origins, and function of
RNA secondary structure.

How is RNA secondary structure formed?

As with protein folding, the formation of RNA secondary structure is not a simple matter of
maximizing the number of stable chemical bonds to minimize free energy. Instead, RNA
secondary structure is constrained by transcription, steric crowding, RBPs, and interacting
ions. For instance, RNA folding is co-transcriptional, leading to “sequential folding” that can
vary with the speed of RNA polymerase (RNAP) elongation (153). Moreover, RNA folding
is guided by proteins and ribozymes with RNA chaperone activity during its initial
formation to avoid “kinetic folding traps” (local free energy minima) and improper
conformations (71, 109, 123, 153, 172). Thus, the correct /in vivo structure of RNA may
differ substantially from structures that spontaneously form /n vitro or the minimum free
energy (MFE) structures predicted in silico.

Chaperones are a diverse group of proteins functionally defined through their ability to
facilitate RNA or protein refolding. RNA refolding is sometimes facilitated by ATP-
dependent DEAD-box helicase domains (109, 123), but can also occur in the absence of
external energy. Since chaperones are characterized by their abundance of disordered amino
acids, a passive “entropy transfer” model has been proposed in which chaperones adopt the
disordered conformation of actively folding RNAs, thus stabilizing RNA folding
intermediates and enabling a more complete “conformational search” (71, 153, 172).
Regardless of their mechanism, chaperones generally lack sequence specificity and possess a
wide array of potential targets (71, 153, 172). As a result, loss of chaperone activity usually
causes widespread misfolding and pleiotropic phenotypes (153).

In plants, the best characterized of these phenotypes involve osmotic stress (20, 45, 93) and
cold shock (21, 66, 77, 78, 125, 139), both of which can over-stabilize RNA secondary
structure. For instance, Arabidopsis thaliana (Arabidopsis) cold shock domain protein 3
(AtCSP3) shows in vitro RNA chaperone activity and promotes freezing tolerance (78).
Similar CSPs have been characterized in rice (21, 77) and wheat (125). RNA chaperones can
likewise confer tolerance to salt stress (20, 93), though it has yet to be determined whether
this phenotype is directly related to their RNA chaperone activity. Intriguingly, bacterial
CSPs can complement plant CSP mutants in promoting stress tolerance (20), and vice versa
(76), suggesting broadly conserved chaperone functions. The functions of plant RNA
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chaperones in stress response have been recently reviewed in depth (71, 151), and suggest
that correct RNA folding is crucial for plant physiology.

RNA binding proteins and their interaction with RNA secondary structure

Chaperones are only a small subset of the numerous RBPs that constrain and actively
remodel RNA secondary structures throughout the RNA lifecycle. For instance, many RBPs
contain RNA binding domains (RBDs) that preferentially bind to specific structural
conformations of RNA (113). For instance, the RNA recognition motif (RRM) (28, 133) and
K-homology (KH) domain (4, 14) specifically recognize single-stranded RNA (ssRNA),
while the double-stranded RNA binding domain (dsRBD) preferentially binds double-
stranded RNA (dsRNA) (150). RBPs can also target specific structural patterns, as illustrated
by the sterile alpha motif (SAM) domain that only targets stem-loops in a “shape-specific”
manner (130). Tandem arrays of RBDs can likewise yield preference for more complex
higher-order sequence and structural elements. Notably, both RNA binding elements and
RBPs undergo structural rearrangements in response to binding, in a type of induced fit
(189). In this manner, RBPs can stabilize certain patterns of secondary structure,
constraining the set of possible structural conformations that a RNA molecule can adopt.

It is equally important to note that even sequence-specific RBP target recognition depends
on structure. For instance, non-Watson-Crick RNA base pairing can facilitate enlargement of
the major groove of RNA helices, making it easier for ligands to bind dsRNA (153).
Furthermore, other sequences are only accessible when exposed at the bulged loop of a
stem-loop structure, such as the elements recognized by the zinc fingers of TFIHA (111).
Conversely, excess structure can sterically hinder binding of RBPs (72). Thus, definition of
both sequence and structural motifs (48) will be an important part in understanding how
RBPs recognize their target transcripts and ultimately form post-transcriptional regulatory
networks (170).

Beyond constraining structure, there are also classes of RBPs that actively remodel RNA
base pairing. For instance, ATP-dependent RNA helicases (most notably the ribosome)
actively unwind RNA, consistent with the observation that RNA secondary structure /n vivo
is less than observed /in vitroin a partially ATP-dependent manner (149). Conversely, RNA
annealers such as Hfg and dsRBD-containing proteins speed the process of folding (124,
142). RNA secondary structure can likewise be remodeled by nonprotein ligands, such as
metabolite-triggered riboswitches (11) and inorganic ions (32). As a result, methods that
measure RNA secondary structure outside its native context may in fact yield incorrect
predictions. In particular, algorithms that utilize free energy minimization such as RNAFold
(61) often yield very different predictions of secondary structure than empirical structure
mapping techniques (116, 176). Likewise, probing deproteinated RNA could yield different
results than probing RNA in the context of its native RBPs. Thus, when studying RNA
secondary structure it is critical to understand the limitations of each technique, since RNA
folding occurs among a network of chaperones, RBPs, and cofactors.
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CLASSES OF KNOWN STRUCTURED RNA MOLECULES

Riboswitches

RNA secondary structure is dynamic, and thus provides a mechanism to rapidly regulate
RNAs. Perhaps the most striking example of dynamic regulation of RNA structure is based
upon bistable riboswitches, an ancient class of structural elements that rapidly change
conformations in response to binding of a ligand. Riboswitches are comprised of a
structured RNA aptamer which binds a ligand, and an expression platform that interacts with
other RBPs involved in transcript expression (148). Additionally, they contain conserved
single-stranded portions that suggest the importance of tertiary structure (177). Ligand
binding is coupled to structural rearrangements of the expression platform, resulting in
altered transcript translation and/or stability (148). Currently, there are numerous known
examples of riboswitches in prokaryotes, but only the thiamine pyrophosphate (TPP)
riboswitch is known to be present in eukaryotes (120). In plants, thiamine is the ligand for
the TPP riboswitch, which resides in the 3’ untranslated region (UTR) of the thiamine
biosynthesis gene 7H/C and contains an alternative splice site. Thus, thiamine binding
effects changes in splicing, polyadenylation, and ultimately transcript stability (11). The TPP
riboswitch is highly conserved from algae to vascular plants (10, 11), and is also present in
animals, fungi, and eubacteria, suggesting it is a fundamental component of pyrimidine
metabolism. Discovery of additional riboswitches remains an open area of investigation in
plants as well as eukaryotes as a whole.

Structure as an osmolarity and temperature sensor

Ribozymes

RNA secondary structure is highly sensitive to temperature and ion osmolarity (32, 33, 75,
94), which is demonstrated by the importance of RNA chaperones to abiotic stress response
(20, 21, 66, 77, 78, 93, 125, 139). However, this sensitivity could also provide sessile plants
with a unique opportunity to rapidly sense changes in temperature and salinity. As with
riboswitches, these sensory RNA structures are best characterized in prokaryotes, which are
known to possess “RNA thermometers” that transduce RNA melting into regulatory changes
(68, 85, 126). One example is bacterial heat shock transcripts, which contain structured
elements that inhibit translation, but “melt” in higher temperatures (126). Since it remains
unclear how plants directly sense temperature (117), systematic elucidation of plant RNA
structural elements could provide insights into potential RNA thermometers and osmolarity
Sensors.

RNA has the unique property of combining both catalytic and coding potential, perhaps
owing to its role as a prototypical macromolecule in life on earth (47). These catalytic RNAs
are known as ribozymes. One broad function of these RNAs is to direct RNA cleavage,
either in c¢is (self-cleavage) or in trans (cleavage of other transcripts). For instance, the
ribonucleoprotein (RNP) RNase P can direct cleavage of tRNAs with only its RNA core (53,
74). Cis-acting ribozymes include small repetitive self-cleaving RNAs, such as hammerhead
and hairpin satellite sequences (18, 43). Self-splicing introns are also prominent examples of
cis-acting ribozymes, and are common across bacteria and endosymbionts such as
chloroplasts (178). Self-splicing introns were discovered over 30 years ago (88) and have
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been reviewed in depth (15, 56, 155). Interestingly, self-splicing introns were likely evolved
to form catalytic components of the spliceosome, as evidenced by extensive homology
between the U2:U6 complex of small nuclear RNAs (snRNAs) and group 11 self-splicing
introns (39, 114). Additionally, the bacterial glucosamine-6-phosphate (GICN6P) riboswitch
has been shown to also function as a ribozyme, which cleaves an mRNA involved in GICN6P
metabolism (190). Thus, there is overlap between ribozymes and RNAs that were originally
thought to function simply as structural scaffolds or sensors, hinting that many more
ribozymes remain to be discovered.

tRNASs, rRNAs, and the translational machinery

snoRNAs

The translation machinery is composed of an intricate array of RNPs, whose RNA
components must properly fold over both time and space to function. For instance, folding
of rRNA:s is critical not only to form scaffolds and maintain the integrity of the ribosome, it
may also play a role in the catalytic reactions of translation (144, 192). More specifically,
structural studies have revealed that the peptidyl transferase center of the ribosome is
composed of RNA, and is most likely a ribozyme (128, 164). Consistent with this
hypothesis, certain drugs that inhibit translation directly target rRNAs (121, 122, 144).
tRNASs must likewise adopt specific L-shaped tertiary structures, which are based upon
“cloverleaf” secondary structures, in order to become aminoacylated and facilitate codon-
anticodon interactions (7, 80, 147). tRNA structure is also modified by post-transcriptional
covalent chemical modifications, which are guided by another class of highly structured
RNAs called small nucleolar RNAs (snoRNAS).

snoRNAs are relatively short (~150 nucleotides (nt)), highly structured noncoding RNAs
that generally direct pseudouridylation and methylation of target tRNAs, rRNAs, and
snRNAs (40, 75, 76, 117). Additionally, snoRNAs may play a role as RNA chaperones in
aiding the folding of these same targets (101). In addition to forming secondary structures,
snoRNAs pair with their target RNAs to form intermolecular (duplex) structures. RNA
modifying proteins associate with the secondary structure of a snoRNA to form a snoRNP,
and use these structural features as guideposts in directing highly stereotyped RNA
modifications (44, 81, 82, 127).

mMiRNAs and siRNAs

microRNAs (miRNAs) and small interfering RNAs (siRNAs) are both components of the
eukaryotic RNA silencing machinery, which ultimately uses these small RNAs (SmRNAS) to
direct transcript silencing and translational repression. In plants, these SmMRNAs likewise
modulate epigenetic marks via RNA-directed DNA methylation (RADM) (95). miRNAs and
siRNAs diverge in their functional roles, but both share the requirement for precursors with
paired secondary structures. The Arabidopsis miRNA processing protein DICER-LIKE1
(DCL1), for instance, targets imperfect stem-loops present in dedicated primary miRNA
transcripts, forming pre-miRNAs that are cleaved once more into mature 21 nt miRNAs (92,
134, 145). The siRNA machinery targets a wide array of perfectly complementary RNAs
produced from viruses, transposons, antisense transcripts, and transcripts made double
stranded by RNA-dependent RNA polymerases (19, 23). Given the strict requirement for
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secondary structure, it is interesting to note that mRNAs with a high degree of secondary
structure tend to be processed into sSmRNAs (103), suggesting structure may be a more
general signal for DCL processing of other RNAs.

Long noncoding RNAs (IncRNAS) are a class of transcripts that neither code for proteins nor
bear resemblance to other known classes of noncoding RNAs (e.g. rRNAS, tRNAS).
Compared to mRNAs, they show little conservation at the primary sequence. However, some
IncRNAs show striking conservation at the level of synteny and function (129, 174),
suggesting that selection may act upon structure rather than sequence. Accordingly, one of
the “archetypal” functions of IncRNAs is to bind proteins via structural aptamers, and recruit
their activity to modify DNA (141, 180). One of the first characterized examples of this
functionality was the polycomb-recruiting IncRNA HOTAIR (146), and in plants similar
mechanisms have been uncovered for the IncRNAs COLDAIR and COOLAIR, which
recruit the polycomb repressive complex to the Arabidopsis FLOWERING LOCUS C (FLC)
during vernalization (60, 168). IncRNAs can also function as molecular “scaffolds” that
maintain the integrity of large complexes. One such example is TERC, an RNA component
of the telomerase complex with no apparent catalytic activity (24, 193).

Coding mRNAs

A growing body of evidence is indicating that secondary structure regulates nearly every
step of the mRNA lifecycle, including transcription (182), 5’ capping (31), splicing (17, 67,
105, 143, 184), polyadenylation (83, 131), nuclear export (52), localization (16, 165),
translation (87, 167, 186), and turnover (48).The best characterized structural elements in
mMRNAs include internal ribosome entry sites (IRES) to recruit the ribosome (138), histone
stem loops to recruit stabilizing factors to non-polyadenylated histone mMRNAs (188), and
iron response elements (IRE) to recruit RBPs in an iron-dependent manner (59). mRNA can
likewise contain riboswitches (120), and even produce miRNAs from their introns and less
often exons. Thus, secondary structure confers even further layers of complexity to the
“molecular palimpsest” of mRNA. In this review, we will focus significant attention on the
new insights into mMRNA secondary structure gleaned from recent, transcriptome-wide
structure mapping.

ORIGINS OF RNA SECONDARY STRUCTURE

The need for RNA molecules to perform a variety of coding, catalytic, and structural
functions is best framed though an understanding of its origins. According to the generally
accepted RNA world hypothesis, the first biological systems predated proteins and DNA,
and were centrally dependent on RNA molecules (47, 70, 98). Eventually DNA would
become the primary coding molecule, and protein the primary catalytic molecule, as life
evolved into more familiar and complex systems. However, the earliest RNA molecules had
the burden of storing genetic information and transmitting that code into a functional form
without the benefit of other cellular machinery. To this end, RNAs adopted complex patterns
of folding to expand their functions beyond the coding potential of their primary sequence
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(6). In turn, folding enabled RNAs to function as catalysts (ribozymes), scaffolds, and
Sensors.

However, the need for this dual functionality led to conflicting selective pressures, in what is
referred to as Eigen’s Paradox. Specifically, these early RNA molecules had to be relatively
short (less than 100 nt) in order to maintain genetic fidelity when undergoing replication in
the absence of any proofreading machinery (35). However, there are only a handful of
functional structural conformations that a RNA molecule of this size can adopt (90).
Complex structures would require longer primary sequences, at the expense of genetic
fidelity. One model that addresses this paradox posits some mutational flexibility that allow
for numerous nucleotide changes while still preserving functional structure(89, 90), for
instance through sequence covariation.

Another pitfall of this dual functionality is that structure and coding can be mutually
inhibitory. For example, templating efficiency is correlated with a lack of structure (97, 166),
while catalytic activity is known to require structural complexity (171). A potential model
addressing this problem is to adopt a strategy of sub-molecular specialization, whereby
complementary RNA molecules provide distinct and compatible functions (65). In this
scenario, the complimentary strands of a heteroduplex dsSRNA molecule, which possess
similar degrees of Watson-Crick base pairing, could diverge in their secondary structure
through G:U wobble base pairing, which form via Hoogsteen patterns of hydrogen bonding.
While wobble base pairing stabilizes a folding structure in the catalytic strand, the reverse
compliment A:C is not a stable base pair. In this manner, one strand could adopt more base
pairing interactions to function as a catalyst (e.g. replication enzyme), while the other
maintains less structure to preserve genetic information(65). Thus, non Watson-Crick base
pairs can decouple stabilizing secondary structure across complimentary strands.

There are several lines of evidence that support the hypothesis of sub-molecular
specialization. First, the computational models developed to study this theory of early
biological systems support this idea by showing strong selection for division of labor when
assuming moderate to strong tradeoff between templating and enzymatic activity, (13) and
an increase in RNA molecule fitness when wobble base pairing is permitted (65). Finally, the
sub-molecular specialization model is observed in “living fossil” species such as primitive
viroids, which have physically asymmetric genomes (40). However, as with much of the
work aimed at proving the existence of an initial RNA world, verification in the form of
biochemical validation is lacking, in large part due to a dearth in understanding the exact
biochemical and physical properties of the environment found in such a primordial world.

METHODS FOR PROBING RNA SECONDARY STRUCTURE

Physical methods

The earliest studies of RNA folding were designed to characterize the three dimensional
shape of both prokaryotic (79) and eukaryotic (80, 147) tRNAs via X-ray crystallography.
The high degree of structure and short length of tRNAs allows them to form crystallized
structures more easily than other classes of RNA (62). Although it was a powerful technique
in the early studies of RNA secondary structure, X-ray crystallography is limited to
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transcripts that readily form crystals (Table 1). Outside of small, highly structured RNAs like
tRNAs, there are few classes of RNA that can be readily studied using this approach.
Additionally, this technique utilizes /n vitro folded transcripts, providing only a snapshot of
the most energetically stable structure that forms in the buffer tested.

Conversely, the dynamics of RNA folding can be characterized using solution-state nuclear
magnetic resonance (NMR). As opposed to crystallography, NMR can examine the
dynamics of RNA folding. Early studies have focused on identifying dynamic secondary
structure rearrangement in the lead-dependent ribozyme during autolytic cleavage (63), and
in the U6 snRNA (9). More recent techniques have allowed greater resolution, allowing
characterization of conformational changes on the picosecond time scale (12, 195). To date,
both NMR and X-ray crystallography are still considered the gold standard in RNA
secondary structure probing, revealing the three-dimensional shape of the transcript.
However, they are very time and labor-intensive techniques, requiring exhaustive tests in
numerous buffer conditions. These limitations prevent such physical methods from being
utilized on a large scale.

In silico algorithms

Most algorithms to computationally predict RNA folding patterns are based on minimizing
free energy (51, 115, 197). Though widely used, many of these algorithms do not account
for protein interactions, evolutionary sequence conservation, or RNA dynamics (Table 1).
Additionally, the fidelity of /n silico techniques is known to decrease as a function of
increasing RNA sequence length, often failing to reproduce known rRNA structures (197).
As opposed to earlier algorithms, the Rfam algorithm offers some improvement by
prioritizing the structure of evolutionarily conserved nucleotides, leading to higher fidelity
(50). However, Rfam is still limited by sequence length, and its database of secondary
structure does not include models for any full MRNA molecules. Therefore, experimentally
probing structure is necessary to produce reliable models for mRNA folding.

Nuclease-based methods

Early studies of ribonucleases (RNases) revealed that many of these enzymes specifically
cleave ssRNA. This discovery led to nuclease-based footprinting experiments to describe
secondary structure of tRNAs (22). In these experiments, the tRNAs were treated with very
low concentrations of a single-stranded RNase (ssRNase) in order to induce a single
cleavage event within each transcript. This resulted in a population of partially digested
transcripts, with each one terminating on a single-stranded nucleotide.

These fragments were then analyzed via end labeling, primer extension, and Sanger
sequencing. During an end labeling experiment, the 5’ phosphate group is removed from the
tRNA via phosphatase treatment, followed by addition of a radiolabeled phosphate through a
polynucleotide kinase (PNK) reaction utilizing 32P--ATP. This allows the 5’ end of each
tRNA fragment to be visualized on film after separation via polyacrylamide gel
electrophoresis (PAGE). Alternatively, the 3’ end of a fragment can be visualized via primer
extension. In this technique, a radiolabeled primer is used in a reverse transcriptase (RT)
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reaction. The resulting DNA is then labeled near its 3’ end, and can be visualized via PAGE.
These fragments can then be extracted from the gel and undergo Sanger sequencing (34).

In addition to secondary structure biases, RNases can have nucleotide biases, preferentially
cleaving after one or more nucleotides. ssRNases with such a bias include RNase A, T1, and
U2. RNase T1 preferentially hydrolyzes after guanosines (110), while RNase A and U2
cleave after purines and pyrimidines, respectively (Table 1) (173, 179). In contrast, nuclease
P1, nuclease S1, and RNase | are ssRNases which cleave after each single-stranded
nucleotide with equal efficiency (Table 1) (27, 84). These latter enzymes are therefore the
preferred ssRNases for footprinting assays.

Although there are numerous ssRNases that can be used in footprinting assays, to date only
one double-stranded RNase (dsRNase) has been identified and used in such experiments.
Isolated from the venom of the NMaja oxiana (Caspian cobra), RNase V1 preferentially
cleaves dsRNA without nucleotide bias (Table 1) (38, 108). The enzyme has been shown to
bind double helical RNA before cleavage, so it can also induce cleavage at single-stranded
nucleotides within highly structured regions, such as loops within an RNA hairpin. Overall,
when used in conjunction with ssRNases this enzyme has helped to produce a higher
resolution image of secondary structure in several tRNAs and rRNAs (1, 38, 108).

Chemical-based methods

A third method of experimentally probing RNA secondary structure uses chemical adducts
to modify single-stranded nucleotides. One of the first adducts used was dimethyl sulfate
(DMS), which modifies unpaired adenines and cytosines. DMS was initially used in
conjunction with diethyl pyrocarbonate and hydrazine, which modify adenosine and uridine
respectively (Table 1), to label sSRNA in the yeast 55 rRNA and tRNAPe (135, 136).
Aniline was then used to induce strand breakage at the modified bases, allowing mapping
via 5’ end labeling and PAGE. Subsequent studies revealed that RT cannot process these
modified nucleotides, leading to complimentary DNA (cDNA) products terminating at the
previous nucleotide, and allowing mapping via primer extension (64, 99). Although these
early studies were performed /n vitro, DMS has been shown to easily enter living cells (96),
labeling adduct-accessible nucleotides /in vivo (2, 3, 55, 185, 194).

In addition to occluding chemical adduct addition to the nucleoside, basepairing limits
accessibility of the 2’ hydroxyl group on the ribose sugar (119). This limited accessibility is
utilized in the selective 2’-hydroxyl acylation analyzed by primer extension sequencing
(SHAPE), in which 2-methyInicotinic acid imidazolide (NAI) covalently modifies the 2’
hydroxyl of the ribose on unpaired nucleotides (Table 1) (119, 187). Unlike DMS and other
nucleoside labeling based techniques, SHAPE labels the ribose sugar, and therefore has no
nucleotide bias. Using a single reagent to label each accessible single-stranded nucleotide
allows a higher resolution picture of the secondary structure of a transcript than DMS,
diethyl pyrocarbonate, or hydrazine alone. However, dsRNA labeling chemical adducts are
currently not available. While ssRNA can be directly identified by these approaches, paired
bases are simply inferred by the lack of data from unlabeled nucleotides
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High-throughput structure probing techniques

High-throughput sequencing techniques have revolutionized the study of RNA secondary
structure. Several methods have been developed to investigate the structural landscape of
eukaryotic transcriptomes. These methods utilize structure-specific nucleases or chemical
adducts to identify single- or double-stranded nucleotides (Figure 1).

Nuclease-based methods—Structure-specific RNases have been applied in a
transcriptome-wide manner to reveal the global landscape of RNA secondary structure. One
of the earlier genome-wide structure probing techniques was FragSeq (175), which utilized
nuclease P1 to cleave sSRNA in mouse cells. This cleavage leaves a 5° phosphate group (91),
enabling their selective cloning and sequencing (Figure 1A). The 5’ most nucleotide in these
reads therefore corresponds to an unpaired nucleotide, revealing sSRNA across the
transcriptome with single nucleotide resolution (175). While powerful, this technique only
identifies single-stranded regions, inferring dsRNA from a lack of reads. Other nuclease-
based techniques have improved upon this method, identifying both single- and double-
stranded regions.

A second nuclease-based approach is the parallel analysis of RNA structure (PARS)
technique, which used both ss- and dsRNases to probe structure in yeast (73) and human
tissue culture cells (183) (Figure 1A). To do this, the authors extracted polyadenylated RNA,
which was subsequently denatured and allowed to reanneal /in vitro. The renatured RNA was
then treated with a dsRNase (RNase V1) or ssRNase (nuclease S1) with single-hit
stoichiometry, and the resulting fragments underwent high-throughput sequencing to reveal
sites of cleavage. Structure is defined as the ratio of coverage in dsSRNA and ssRNA
libraries, an estimate of the likelihood for a region to be single- or double-stranded. Unlike
FragSeq, this technique provides a single nucleotide resolution view of both single- and
double-stranded nucleotides.

The first high-throughput secondary structure analyses in plants were both nuclease-based.
These studies utilized the combination of dSRNA-seq and ssRNA-seq, in which RNA is
treated with either RNase | (an ssRNase) or RNase V1 (a dsRNase), respectively (Figure
1B). Unlike PARS, this technique fully digests ss- or dsSRNA in a sample to allow every
nucleotide of each sequencing read to be informative, offering greater sequencing depth at
the expense of some resolution. In contrast, PARS and FragSeq only interrogates the
structure of a single nucleotide per read. Like PARS, structure is defined by the ratio of
dsRNA-seq to sSRNA-seq coverage. Although informative, each of these initial techniques
required the denaturing and reannealing of RNA /n vitro, thereby interrogating the folded
RNA in a protein free environment. Protein interaction profile sequencing (PIP-seq) is a
recently developed technique that identifies RNA secondary structure in its native state (41,
49, 158) (Figure 1B). This technique takes tissue or cells in which RNA-protein interactions
have undergone crosslinking via formaldehyde or UV light, followed by ssSRNA- and
dsRNA-seq in both the presence and absence of proteins, allowing for simultaneous
genome-wide identification of both RNA secondary structure and RNA-protein interactions.
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Chemical adducts—The desire to better understand RNA secondary structure /n vivo
lead to the development of chemical adduct-based high-throughput approaches. These
adducts can be added to tissue culture cells as well as eukaryotic organisms and modify
ssSRNA /n vivo, revealing single-stranded protein unbound nucleotides. The first techniques
were DMS-seq and Structure-seq, both of which utilized DMS to inhibit RT progression by
adducting to mostly unpaired adenines and cytosines (29, 149) (Figure 1C). Like FragSeq,
these data have single nucleotide resolution, with the added advantage of being /n vivo
assays. Although DMS only modifies single-stranded nucleotides, it is worth noting that
RBP binding inhibits DMS addition (169), therefore this technique cannot differentiate
between dsRNA and protein bound ssRNA sequences.

A more recently developed technique is the /n7 vivo click selective 2’-hydroxyl acylation and
profiling experiment (icSHAPE) (162). This method involves treatment of cells or tissues
with 2-methylnicotinic acid imidazolide azide (NAI-N3) a cell permeable adduct that
uniformly modifies the 2’-hydroxyl group of any ssRNA nucleotide (Figure 1D). The azide
can then be biotinylated, allowing isolation of modified RNA with greatly reduced
background, enabling SHAPE to be coupled with high-throughput sequencing. While this
technique has single nucleotide resolution, it only modifies sSRNA and is subject to the same
pitfalls as DMS-seq and Structure-seq.

SECONDARY STRUCTURE AND ITS FUNCTION

The advent of structure mapping, both of individual RNAs and in high-throughput, has
significantly deepened our understanding of how RNA folding contributes to function. In
particular, recent high-throughput methods have yielded insights into previously
uncharacterized secondary structures in mRNAs and IncRNAs. Scaffolding and calatytic
RNAs such as tRNAs and rRNAs have already been well-studied with physical methods and
have been reviewed in depth (26, 46, 128, 164). Thus, we focus on the growing body of
knowledge regarding structural elements in mRNA and IncRNAs.

Secondary structure and translation

One central role of MRNA structure is likely to regulate protein synthesis. In support of this
hypothesis, high-throughput structure mapping of mRNAs consistently revealed a sharp
decline in base pairing around the start and stop codons (49, 73) (Figure 2), and suggested
that these regions of decreased structure are important for efficient translation (86, 87, 137).
More specifically, it is thought that the single-stranded mRNA in these areas facilitates the
interaction with the actively translating ribosome. Intriguingly, similar dips in secondary
structure have been observed at actively translated upstream ORFs (UORFs) (181),
indicating that both structure and sequence define start codons (Figure 2). Overall, stop
codons also consist of an area of low structure that is highly conserved across organisms,
with less well studied implications.

Beyond its importance in marking start and stop codons, RNA secondary structure also
appears to have a functional role in defining the mRNA coding sequence (CDS). More
specifically, it was recently noticed that plant CDSs but not UTRs display a three-nucleotide
periodicity of secondary structure, in which every third nucleotide of each codon manifests
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an increased likelihood of being paired. This structural periodicity may provide a
differentiating feature to allow the translational machinery to identify the protein coding
from the non-coding regions of mMRNAs (29). Furthermore, computational modeling has
suggested that this three nucleotide periodicity is also useful for maintaining a helical
structure in the mRNA CDS, potentially for the purpose of enhancing RNA stability (156).
Thus, there are numerous mRNA structural features that likely have regulatory effects on
translation.

Processing and stability

All canonical SmRNAs (e.g. miRNAs, siRNAs) are processed from double-stranded
precursors, suggesting that elements of high secondary structure in mRNAs might be
similarly processed. In support of this hypothesis, nuclease-based structure mapping in
Arabidopsis has revealed a positive correlation between secondary structure and SmRNA
processing (103). Furthermore, highly structured transcripts are in general less abundant and
transcribed from more heterochromatic regions, suggesting that SmRNA derived from highly
structured transcripts could initiate RdDM (103). In mammals, secondary structural
elements are also known to recruit RBPs that can either stabilize or destabilize mRNAs (48),
so differential recruitment of RBPs might also explain the tendency of highly structured
Arabidopsis RNAs to be less abundant. In support of this hypothesis, a recent study found
that most regions of the Arabidopsis transcriptome that are bound by RBPs are less
structured (49).

Alternative splicing

One ubiquitous form of eukaryotic post-transcriptional regulation is alternative splicing,
which results in multiple mature RNA transcripts through mechanisms such as skipping of
cassette exons and intron retention. RNA secondary structure has been shown to regulate
alternative splicing, with highly structured regions being necessary for the production of
certain splicing isoforms (160). One well-characterized example involves the human growth
hormone hGH-N. This gene contains two splice acceptor sites, one located within a hairpin
(acceptor site B) and a second one downstream of the hairpin. In one study, two point
mutations that inhibited hairpin formation were introduced, which resulted in all transcripts
using acceptor site B, while none used the downstream acceptor site. Introducing a
complimentary mutations allowed the hairpin structure to refold, reducing usage of acceptor
site B (37) and demonstrating this was a structure-specific phenomenon. Although there are
numerous such single gene studies examining the link between splicing and RNA secondary
structure (30, 36, 37, 159), global analyses have only recently been performed.

Recent global structure analyses revealed increased secondary structure at alternative splice
sites. The DMS-based Structure-seq performed in whole Arabidopsis seedlings showed
increased secondary structure upstream of alternative splice sites when compared to
sequences of similar nucleotide composition (29). This finding was expanded upon in a PIP-
seq study performed on nuclei from Arabidopsis seedlings, revealing distinct patterns of
RNA secondary structure and RNA-protein interactions between alternative and constitutive
splice sites (49). Specifically, retained introns were more highly structured across the
upstream (donor) exon than constitutive introns, with similar structure at the downstream
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(acceptor) exon. Conversely, the structure at constitutive exons up- and downstream of
annotated cassette exons exhibited a very different structural profile. While the upstream
exon was similarly structured to constitutive introns donor splice sites, the downstream exon
was significantly less structured (49) (Figure 2). These data indicated that RNA secondary
structure is a global indicator of alternative splicing, and not just a feature of several specific
transcripts.

microRNA targeting

Another method of post-transcriptional regulation is through mRNA stability via miRNA
binding. In Arabidopsis, miRNAs are first transcribed as primary transcripts (pri-miRNAS)
and are subsequently processed by DCL proteins and incorporated into an ARGONAUTE
(AGO)-containing RNA induced silencing complex (RISC). These miRNAs then target
mMRNAs containing complementary sequences and induce RNA cleavage or inhibit
translation, both of which ultimately lead to target transcript turnover (92, 134, 145). As this
regulation requires formation of RNA duplexes, the miRNA target site must be accessible. In
support of this hypothesis, dSSRNA/ssRNA-seq analysis of unopened Arabidopsis flower
buds revealed that miRNA target sites are significantly less structured than flanking regions
(Figure 2), indicating that they are accessible to the miRNA bound RISC complex (103).
Additionally, these results were replicated in Drosophila melanogasterand Caenorhabditis
elegans via dsSRNA/ssRNA-seq (102), indicating that this is a highly conserved phenomenon.

CONSERVATION OF STRUCTURE

The evolutionary conservation of secondary structure further supports its functional
relevance. Perhaps the best example involves rRNAs, a fundamental component of all known
organisms. Traditionally, when trying to trace evolutionary paths of organisms, it has been a
common practice to tease out lineages and speciation events based on the similarities and
divergences of rRNA sequences(8, 112). rRNA tends to accumulate substantial amounts of
sequential changes while maintaining its structure. This covariation is due to selective
pressures constraining the structure of rRNAs for their physical interactions with a multitude
of protein components and biochemical activities(163).

In fact, rRNA was shown to be highly conserved in these regions of protein interaction and
biochemical function, while quite variable and rapidly evolving in others (25, 132, 152).
These properties made it a useful candidate for phylogenetic analysis (18), especially in
bacteria that evolve rapidly and undergo horizontal gene transfer. Thus, using rRNA for
phylogenetic studies has now been used in a multitude of different taxonomic groups and
distinguishes taxa that would ordinarily be difficult to otherwise resolve. In fact, rRNA
analyses have been used to aid our understanding in plants in a multitude of studies
including bacterial symbiotes of plants (191), plant pathogens (104), and the origin of plant
features themselves (154).

IncRNA conservation

IncRNAs are a class of noncoding RNAs where function is often more dependent on
secondary structure than primary sequence (69, 118, 161). It is an interesting and important
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observation that INcRNAs display more sequence conservation than introns or random
intergenic regions, but significantly less conservation than protein coding regions of MRNASs
(exons) (54, 140). IncRNAs are poorly understood compared to many other RNAs, and in
plants INcCRNA research is particularly sparse (5). However, it is becoming clearer that plant
IncRNASs often have important regulatory functions (107).

Intriguingly, despite the lack of sequence conservation in INCRNAs, there is a substantial
amount of inter-species syntenic similarity, indicating a conservation of function not
mediated by sequence. Even species as evolutionarily divergent as humans and zebrafish
with virtually no sequence conservation at all maintaining a striking amount of synteny in
their IncRNAs (174), which led to the hypothesis of conserved function. To test this idea,
zebrafish embryos with a deficiency in the IncRNA cyrano were injected with the human or
mouse orthologs, which only contained very small areas (~60 nt) of highly conserved
primary nucleotide sequence. Remarkably, the orthologous IncRNAs were able to rescue the
developmental phenotypes of the zebrafish lacking the cyrano ~60% of the time (174). This
effect was not due to the conserved sequences , since introducing this 60 nt region into
heterologous RNA failed to rescue the developmental defects (174). The combination of
functional and syntenic conservation is highly indicative of the critical roles that structured
IncRNASs play in certain cellular processes. Understanding how selective pressures affect
structural maintenance of this class of RNAs needs to be a key focus moving forward.

FUTURE DIRECTIONS

Assigning Pairing Partners

Both chemical- and nuclease-based probing techniques can assign base pairing status to
single nucleotides, but unlike physical methods are unable to determine the partner base of
paired nucleotides. One method to overcome this problem is to leverage chemical and
nuclease probing results as constraints for /n sifico algorithms (103, 116), for instance by
assigning high-confidence paired and unpaired nucleotides (103). In fact, this approach has
been shown to more accurately recapitulate known crystal structures (116). Nonetheless,
constrained /n silico folding is at best an educated guess, and cannot directly resolve
secondary structure. Future approaches could apply new methods for mapping RNA-RNA
interactions (57, 58) to map RNA secondary structural interactions at base pair resolution.

Chemical probing of double-stranded RNA

Chemical probing methods have the advantage of being directly applicable in vivo, but all
have the same basic pitfall of being unable to directly probe paired regions of RNA
molecules. All variants of chemical probing preferentially target relaxed RNAs, and thus
provide only direct evidence from areas that lack structure. However, base pairing is inferred
based on lack of evidence, which in certain cases can lead to spurious results. For instance,
RBP binding will occlude chemical adduct addition, leading to the appearance of high
structure regardless of actual pairing state (169). Chemical probing of dsRNA could
circumvent this problem by defining base pairing based on positive rather than negative
evidence. Additionally, certain methods of chemical probing rely upon RT stalling to infer
adduct addition. Covalent chemical modifications likewise give rise to stalling (42), giving
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the appearance of low structure regardless of actual state. However, dsSRNA-specific
chemical probes should be equally sensitive to modification-induced stalling, and therefore
bases with excessive stalls in both sSRNA- and dsRNA-probed libraries could be used to rule
out covalent modifications.

Dynamic changes in secondary structure

While structural studies have examined global patterns of RNA folding in a single sample,
RNA secondary structure is dynamic (195). Individual transcripts can be refolded by RBPs,
or can have post-transcriptional covalent modifications resulting in drastic changes in
secondary structure between samples (106). Although steady state conditions are ideal for
developing novel techniques, the true biological questions need to address the dynamic
nature of secondary structure, such as the effects of stress response and development on the
global landscape of RNA folding. These studies can reveal additional riboswitches and other
environmentally responsive structural elements within plants, allowing the identification of
the complete collections of transcripts that adjust their structure in response to various
stimuli. These studies of structure regulation will undoubtedly reveal new functions for RNA
folding in plant biology.

Nuclear and cytoplasmic secondary structure

As of this writing, only a single study has examined RNA secondary structure in nuclei (49),
with all previous studies having examined whole cell (mostly cytoplasmic) RNA folding (29,
73, 102, 103, 149, 162, 175, 196). While whole cell studies have consistently shown in every
organism examined that the CDS of an mRNA is less structured than its UTRs, nuclear PIP-
seq has revealed the opposite trend. There are many possible explanations for this trend,
such as the secondary structure being rearranged by distinct cohorts of RBPs, or post-
transcriptional covalent modifications leading to altered secondary structure in these two
cellular locales. However, a close examination of RNA folding in both nuclear and
cytoplasmic fractions must be performed to better understand these observed differences and
parse apart their functional relevance.

Diversifying cell types and organisms

To date, the study of RNA secondary structure has been limited to only a few plant tissues in
the Columbia (Col-0) ecotype of Arabidopsis (29, 41, 49). As RNA structure is such a
dynamic moiety, it is necessary to expand these studies. This is because there is likely a
substantial amount of structural variation between tissues and between individuals with
MRNA polymorphisms (157). Furthermore, it is clear that RNA structure can be used as an
extremely specific and subtle mechanism for fine-tuning a variety of cellular processes (29,
30, 49). However, we have yet to characterize the role of RNA secondary structure in
distinguishing specific tissues and cell types.

Furthermore, there is a dearth of knowledge in our understanding of how RNA folding
functions across different species of plants. Although RNA secondary structure has been
investigated in a variety of animal systems, Arabidopsis is the only plant studied to date.
Expanding such studies to other plants, especially those that are agriculturally important,
will advance our understanding of the form and function of RNA structure in plants. This is
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likely to result in new insights and hypothesis generation for improvement of crop species in
the future, which is an important consideration in this time of expanding world populations
and global climate change.

CONCLUDING REMARKS

The advent of high-throughput structure mapping techniques has only begun to deepen our
understanding of plant RNA secondary structure. Across both coding and noncoding RNAs,
structure has proven to be a remarkably versatile element that enables RNAs to catalyze
reactions, scaffold large macromolecular complexes, sense and transduce signals, and serve
as hubs for post-transcriptional regulation. In particular, these new methods have highlighted
the presence of secondary structure in mMRNAs, adding an additional level of regulation to
these information-dense molecules. While many challenges exist to directly measure native
secondary structure across the transcriptome, the systematic study of secondary structure has
already provided tremendous new insights into the form and function of RNAs, heralding a
new age of structure.
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Figure 1. Methods for probing RNA secondary structure
A schematic representation of the nuclease- and chemical-based probing techniques for

empirically determining secondary structure. RNA can either be probed in a native state
bound by RNA binding proteins (orange ovals) or deproteinated through extraction protocols
or proteinase K treatement. (A) PARS assigns structure by the sites of transcript cleavage
(green triangles), whereas (B) dsRNase/ssRNase-seq and PIP-seq both work by complete
digestion. (C-D) Chemical probing works through reagents that preferentially adduct to
nucleotides in a single-stranded confirmation, forming covalent modifications in either a (C)
nucleotide-biased (green hexagons) or (D) unbiased (blue hexagons) manner. While multiple
cleavage sites and covalent modifications are represented in this schematic, it is worth noting
that PARS and the chemical probing techniques work with single-hit stoichiometry, with one
cut/modification site interrogated per sequencing read.
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Figure 2. Structural patternsin mRNAs
This is an example of a folded Arabidopsis thaliana mRNA. The displayed secondary

structure profiles are representative of metagene patterns at start codons (dark red) miRNA
target sites (orange), stop codons (red), constitutive intron (purple), retained intron (green),
and cassette exon (blue) splice donor sites.
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