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In Brief

Hawkes et al. chemically probed the
Arabidopsis thaliana long non-coding
RNA, COOLAIR, to reveal its complex
secondary structure. The evolutionary
conservation of this secondary structure
across Brassicaceae species, despite
low sequence similarity, indicates a
functional role. This is supported by
variation in secondary structure in a
phenotypically significant COOLAIR
splicing isoform.
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SUMMARY

There is considerable debate about the functionality
of long non-coding RNAs (IncRNAs). Lack of
sequence conservation has been used to argue
against functional relevance. We investigated anti-
sense IncRNAs, called COOLAIR, at the A. thaliana
FLC locus and experimentally determined their sec-
ondary structure. The major COOLAIR variants are
highly structured, organized by exon. The distally pol-
yadenylated transcript has a complex multi-domain
structure, altered by a single non-coding SNP
defining a functionally distinct A. thaliana FLC haplo-
type. The A. thaliana COOLAIR secondary structure
was used to predict COOLAIR exons in evolutionarily
divergent Brassicaceae species. These predictions
were validated through chemical probing and clon-
ing. Despite the relatively low nucleotide sequence
identity, the structures, including multi-helix junc-
tions, show remarkable evolutionary conservation.
In a number of places, the structure is conserved
through covariation of a non-contiguous DNA
sequence. This structural conservation supports a
functional role for COOLAIR transcripts rather than,
or in addition to, antisense transcription.

INTRODUCTION

Long non-coding RNAs (IncRNAs) have emerged as potentially
important players in the epigenetic regulation of development
and disease in many organisms. These RNAs are typically
1-10 kb in length, polyadenylated, capped, and alternatively
spliced (Guttman and Rinn, 2012; Ulitsky and Bartel, 2013).
They can be cis- or trans-acting and have been associated
with gene regulation in mechanisms including chromatin scaf-
folding, Polycomb complex (PRC2) recruitment to chromatin,
mRNA decay, and decoys for proteins and microRNAs
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(miRNAs). Specific functional studies have shown IncRNAs
to be essential for Xist regulation, paraspeckle formation, lineage
commitment, stem cell development, cancer-associated ef-
fects, coactivation of hormone response, and brain development
(Klattenhoff et al., 2013; Novikova et al., 2012; Sauvageau et al.,
2013).

While the functional importance of IncRNAs such as Xist is well
accepted, more general roles are still controversial, especially in
light of low primary sequence conservation through evolution
(Graur et al., 2013; Nitsche et al., 2015). A conserved RNA sec-
ondary structure can occur despite weak conservation of the pri-
mary sequence. For example, riboswitches (regulatory RNAs
with exquisite control over metabolism in bacteria) typically
have nucleic acid sequence identities of only 50%-65% but sec-
ondary structures conserved across thousands of sequences
(Mandal and Breaker, 2004; Nawrocki et al., 2015; Roth and
Breaker, 2009). Likewise, the U2 and U4 spliceosomal RNAs,
58 rRNA, and group | introns have low sequence identities but
highly conserved structures (Nawrocki et al., 2015). In such
cases of low sequence identity, sequence-based search algo-
rithms (e.g., BLAST) are not generally productive; however, a
strategy that aligns syntenic sequences according to chemically
probed structures has proved successful for identifying ribos-
witch RNAs (Cheah et al., 2007; Weinberg et al., 2009). While
few in vivo chemical probing studies on riboswitches have
been performed, nearly every in vitro chemical probing-derived
riboswitch structure has been validated with high-resolution
crystallographic structures (Roth and Breaker, 2009). Nature
often evolves structural RNAs with changes in helical length
or with addition or subtraction of entire helices, presenting
formidable challenges for computation. We therefore adopt an
integrative approach, proven to be accurate for riboswitches
and ribosomes, of time-consuming iteration among chemical
probing, secondary structure refinement, sequence alignment
refinement, and functional studies.

Over the past few years, researchers have been laying the
groundwork for IncRNA structure-function studies. Genome-
wide studies suggest IncRNAs are more structured than mRNAs
but less structured than rRNAs (Ding et al., 2014; Quinn et al.,
2016; Wan et al., 2012). Studies of MALAT1 and related RNAs

Cell Reports 16, 3087-3096, September 20, 2016 3087

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

OPEN

ACCESS
CellPress



http://www.twitter.com/@karissascience
mailto:kys@lanl.gov
http://dx.doi.org/10.1016/j.celrep.2016.08.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2016.08.045&domain=pdf
http://creativecommons.org/licenses/by/4.0/

OPEN

ACCESS
CellPress

show the 3’ end forms a triple helix protecting it from RNase
degradation (Brown et al., 2014). Other pioneering studies
have examined stem-loop-related structures (Quinn et al.,
2016) and IncRNA-protein interactions (Davidovich et al.,
2013). However, few have attempted to determine the second-
ary structure of complete, intact, single INcRNA systems. Those
studies that have done so revealed hierarchically structured
RNAs with sub-domains containing modular RNA secondary
structure motifs (llik et al., 2013; Novikova et al., 2012; Somarow-
thu et al., 2015).

We chose to investigate Arabidopsis thaliana antisense
IncRNAs, named COOLAIR, which are important in the regula-
tion of a major plant developmental gene FLOWERING LOCUS
C (FLC). These initiate just downstream of the protein-coding
sense transcript poly(A) site and are alternatively spliced and pol-
yadenylated, either at a proximal site to give ~400 nt class | tran-
scripts or at a distal site within the FLC promoter region to give
~750 nt class Il transcripts (Figure 1A). These transcripts act in
a feedback mechanism linking COOLAIR processing to FLC
gene body histone demethylation, reduced FLC transcription,
and earlier flowering (Liu et al., 2010). COOLAIR is upregulated
during prolonged cold, contributing to a Polycomb-mediated
epigenetic switch between opposing chromatin states (Csorba
et al., 2014). While the COOLAIR promoter region is evolution-
arily conserved, sequence conservation is low in regions corre-
sponding to FLC 5" and 3’ untranslated and intronic sequences
(Castaings et al., 2014; Li et al., 2016). Whether it is COOLAIR
transcription, COOLAIR transcripts, or both that are functionally
important is not yet known.

Here, we apply the riboswitch strategy supplemented with
the shotgun secondary structure (3S) determination method to
determine the secondary structure of the COOLAIR transcripts
(Novikova et al., 2013; Weinberg et al., 2007). We find the distal
COOLAIR transcript is highly structured in A. thaliana, with
numerous secondary structure motifs, an intricate multi-way
junction, and two unusual asymmetric 5’ internal loops (right-
hand turn [r-turn] motifs). Part of this structure is altered by a sin-
gle non-coding SNP that has been shown to confer functional
cis-regulatory variation to a naturally occurring FLC haplotype.
The secondary structure was used to predict COOLAIR exonic
sequences in a range of evolutionarily distinct Brassicaceae spe-
cies, including Arabidopsis lyrata, Capsella rubella, and Brassica
rapa, which were then validated in vivo.

RESULTS

3S Chemical Probing of A. thaliana COOLAIR Transcripts

COOLAIR transcripts were probed in vitro using selective
2'-OH acylation analyzed by primer extension (SHAPE) (Merino
et al.,, 2005). In addition, to isolate modularly folded regions
within COOLAIR, fragments of the full-length distal transcript
were probed using 3S (Novikova et al., 2013). We divided the
distal class Il.i isoform into three segments of ~200-250 nt (po-
sitions 1-235, 211-433, and 403-658). In the first fragment, the
SHAPE reactivity profile of the 5’ region had significant overlap
with the SHAPE reactivity profile of the full RNA (positions
~1-125), suggesting this region possesses an autonomous,
modular fold in the context of the full COOLAIR with a well-

3088 Cell Reports 76, 3087-3096, September 20, 2016

defined three-way junction (Figure 1). While the relative ratio
in reactivity differed slightly, the positions of base-paired nucle-
otides remained the same. The reactivity profile of the 3’ half of
fragment 1 (positions ~125-235) differed significantly, suggest-
ing that this region forms interactions outside of fragment 1 po-
sitions. The reactivity profile of most of fragment 2 agreed with
the full COOLAIR profile, suggesting a modular fold with two
well-defined helices joined by a large internal loop. Combining
3S fold information from fragments 1 and 2 with SHAPE prob-
ing data from the full-length transcript allowed us to produce
the secondary structure for the distal COOLAIR Il.i transcript
(Figure S1), confirmed by CMCT (1-cyclohexyl-3-(2-morpholi-
noethyl)carbodiimide metho-p-toluene sulfonate) probing data
(Figure 2A).

The Distal COOLAIR Transcript Has a Complex
Structural Architecture Organized into Three Distinct
Domains

The distal COOLAIR IncRNA structure is arranged into 12 heli-
ces, seven stem loops, a three-way junction, a five-way junction,
and two rare r-turns (Figure 2A). Nucleotides that exhibit high
SHAPE reactivities are mainly located in the terminal loops, inter-
nal loops, and junction regions, e.g., the terminal loops of helix 3
(H3) and H12, the internal loop separating H7 and H8, and
the multi-way junction connecting H5, H6, H7, H10, and H11.
Many of these single-stranded regions are purine rich. This is
consistent with the secondary structures of rRNAs, riboswitch
RNAs, the steroid receptor RNA activator (SRAT), and Brave-
heart, each of which shows a similar propensity for purine-rich
single-stranded locations. Nucleotides restrained by base-pair-
ing interactions generally show a much lower tendency toward
modification. There are a few select instances in which nucleo-
tides involved in base pairing, located close to the single-
stranded regions or bulges, can also be reactive toward the
SHAPE reagent, such as in H8 and H9. This was observed
from SHAPE probing of the 16S rRNA, whose secondary struc-
ture is well known (Noller and Woese, 1981). Minor instances
of SHAPE-reactive nucleotides positioned in the central part of
helices have been previously observed in rRNA (Deigan et al.,
2009).

COOLAIR appears to be organized into three major domains:
the 5’ domain in exon 1, characterized by a three-way junction;
the 3’ major domain (3’ M or central domain) in exon 2, contain-
ing the long H4, r-turn, and five-way junction; and the 3’ minor
domain (3 m or stalk) also in exon 2 and containing the two
long helices H8 and H9 connected by the second r-turn. Most
distal COOLAIR structural features do not correspond to FLC
protein exonic regions apart from the stalk domain, which is
formed from sequences within exon 1 of the sense transcript.
The extensive distal H4 corresponds to sense intronic regions.
The sequence underlying the first exon (H1-H3) of both the
proximal and the distal transcripts also corresponds with the
non-coding sequence.

The r-Turn Motif

The secondary structure motifs of COOLAIR are found in many
instances of rRNAs and RNase P RNAs (Table S3), with the
exception of the two r-turn motifs. These are internal loop
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Figure 1. 3S Determination via SHAPE Probing of the Distal A. thaliana COOLAIR IncRNA

(A) Schematic representation of FLC and COOLAIR transcripts at the FLC locus, with 3S fragment positions mapped.

(B) SHAPE reactivities for the full-length A. thaliana distal COOLAIR (class Il.i) transcript are compared with shorter fragments 1-3 for 3S determination.
(C) Modular secondary structure corresponding to reactivity data of the boxed regions in (B).

structures consisting of a large single-stranded region (19 and 13
nt) on the 5’ side and a very short single-stranded region (2 and 3
nt) on the 3’ side, corresponding to type 1 and type 2 r-turns,
respectively. Internally, this motif contains two adjacent pairs
consisting of potential non-canonical GA or of canonical Wat-
son-Crick (WC) or GU base pairs. We have followed the definition

of “motif” used by Moore and coworkers (Klein et al., 2001).
Because the r-turn is well defined and recurrent, it may play a
role in function either directly, through binding protein or ligand,
or indirectly, through positioning helices or engaging in tertiary
contacts (Yesselman and Das, 2015). Two crystallographic
studies revealed similar motifs (Figure S1) in the U6 small nuclear
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ribonucleoprotein and pistol ribozyme (Montemayor et al., 2014;
Ren et al., 2016). For U6, the r-turn is a receptor for a protein
forming an extensive interface with multiple RNA recognition
motif (RRM) regions of the Prp24 protein. In pistol, the r-turn is
a receptor for a pseudo-knot interaction. The r-turn occurs in
two other INcRNA systems: SRA71 and in the Braveheart asym-
metric G-rich internal loop (AGIL) (Novikova et al., 2012; Xue
et al., 2016).

The Proximal Isoform Shares the Distal 5 Domain
Structure

We also performed SHAPE probing on the proximally polyadeny-
lated COOLAIR l.i transcript (Figure 2B). This transcript was
substantially disordered (high reactivity), with three localized re-
gions of secondary structure. The secondary structure of the 5’
domain for the proximal transcript was identical to that of the
distal transcript (H1-H3 in both), because they share a common
first exon. The 3’ domain of the proximal transcript consists of
three helical structures (H4-H6), each capped by a stem loop,
with H4 underlying exon 7 of the protein-coding sense transcript.
H4 contains three internal loops and an eight-member stem
loop. The potential for a pseudo-knot interaction, consistent
with the probing data, exists between a stretch of sequence
(5’-GGUGGCU-3') spanning the exon 1/exon 2 splice junction
and the first internal loop (5'-AGUCACC-3') of H4.

Functionally Important Natural cis Polymorphism
Influences COOLAIR Secondary Structure

To investigate the functional significance of the COOLAIR
secondary structure, we took advantage of natural variation at
FLC. In the preceding experiments, we probed COOLAIR RNA
from the widely used Columbia (Col) accession. Other function-
ally distinct FLC haplotypes exist in A. thaliana accessions from
different parts of the world. Haplotype 11, characterized in the
Var2-6 accession from northern Sweden, contains a SNP that
changes the splicing pattern of COOLAIR, causing a shift to a
downstream distal splice acceptor site and inclusion of an inter-
nal exon (Li et al., 2015). This distal isoform (class Il.iv) (Figure 1A)
cotranscriptionally increases transcription of the FLC nascent
transcript, thus delaying flowering. We compared the secondary
structure of the functionally distinct Var2-6 distal transcript with
the Col transcript using SHAPE analysis (cf. Figures 2A and 2C).
The structure was nearly identical, including the 5’ domain, the
first r-turn and multi-way junction, and the stalk. However, there
were several significant differences. In the Var2-6 isoform, the 3’
end of the additional exon forms half of H4; thus, a shorter H4 is
maintained in a similar position but composed of an entirely
different sequence. This supports the need for H4 to be main-
tained; without it, the first r-turn would not form. In addition to

its shorter length (17 versus 37 bp), H4 contains a large highly
reactive internal loop (14 bases), making it likely to be less stable.
The 5’ end of the additional exon is apparently unstructured, with
many highly reactive bases creating a longer distance between
H1 and H4. The 3’ end is more structured, with H12 bifurcated
and an additional H13. While four additional polymorphisms
found within the Var2-6 haplotype group have been highlighted
in Figure 2C, the most significant alteration to the structure is
caused by the splice site shift. The U-A SNP in H3 disrupts
base pairing and promotes one large terminal loop, in contrast
to the internal and smaller terminal loop in Col. Although structur-
ally interesting, this SNP is found in a large number of accessions
and is not responsible for the Var2-6 phenotype. The changed
functionality of the Var2-6 COOLAIR transcript is therefore
most likely to be due to the structural changes associated
with H4.

Use of the Secondary Structure to Identify COOLAIR in
Other Plant Species

Although distal and/or proximal isoforms of COOLAIR have
been identified in A. lyrata, A. alpina, and B. rapa, low sequence
conservation complicated the identification of all isoforms (Cas-
taings et al., 2014; Li et al., 2016). We derived COOLAIR second-
ary structures for five Brassicaceae species, A. lyrata, A. alpina,
C. rubella, E. salsugineum, and B. rapa, representing ca. 13
million to 43 million years divergence from A. thaliana (Beilstein
et al., 2010; Koch and Kiefer, 2005). Following the strategy
of Weinberg et al. (2007), we scanned syntenic regions for
stretches of sequence identity and then improved the alignment
with the chemically determined A. thaliana structure, using
covariant base pairs to help validate helices.

COOLAIR H8-H9 are antisense to a highly conserved coding
region of FLC (containing the MADS box motif) and therefore
were used to align homologous sequences across the five
species. Next, stretches of sequence flanking H8-H9 were
shifted to improve alignment with helices in A. thaliana. This
was repeated and iterated outward toward the 5’ and 3’ ends.
The resulting secondary structures show a high degree of simi-
larity with A. thaliana, maintaining most structural elements (Fig-
ure 3). We find the 5’ domain, the two r-turns, the stalk, and the
terminal region of H4 to be conserved across all six species.
Each contains covariant base pair flips in the helices and greater
variation in the single-stranded regions, supporting the conser-
vation of the secondary structure.

Looking at the consensus structure in Figure 3F, five species
contain a five-way junction, while one species (B. rapa, SHAPE
probed to produce Figure 3C) contains a four-way junction in
the central domain due to lack of H6. H7, H8, and H10 are
conserved across six species but exhibit length variation. H11

Figure 2. Secondary Structure of the Distal and Proximal A. thaliana COOLAIR IncRNAs

(A) Secondary structure of the distal class I.i IncRNA from the A. thaliana Col accession, based on SHAPE and CMCT probing experiments. Normalized SHAPE
reactivity is represented as colored circles, and normalized CMCT reactivity is represented as colored diamonds. A short segment of the sequence was replaced
with the B. rapa sequence to improve reactivity data read and to confirm the predicted fold in Figure S1. For the rarity of the structural motifs, see Figure S1 and

Table S3.

(B) Secondary structure of the proximal class I.i IncRNA from the A. thaliana Col accession, based on SHAPE probing experiments. The potential pseudo-knot

may be conserved across species (Figure S4).

(C) Secondary structure of the distal class Il.iv INcRNA from the A. thaliana Var2-6 accession, based on SHAPE probing experiments.
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Figure 3. Predicted COOLAIR Distal IncRNA Secondary Structures for Five Brassicaceae Species

(A-E) Predicted secondary structure of the distal class Il.i transcript of COOLAIR for (A) A. lyrata (FLC1), (B) C. rubella, (C) B. rapa (FLC3), (D) A. alpina, and (E)
E. salsugineum. (C) is annotated with SHAPE and CMCT data, and a variant structure for a different accession is given in Figure S3. Polymorphisms are mapped
from pairwise alignment with the A. thaliana COOLAIR distal class Il.i transcript, and sequence divergence is represented in more detail in Figure S2.

(F) Consensus diagram combining structural information from the five species plus A. thaliana shows conservation of the secondary structure, where colored
boxes represent the percentage of conservation across species, i.e., pink box = 83% = 5/6 species conserve that structural element. Dots in a looping region
signify that the length of the loop is conserved, but the sequence varies. Dots paired to dots in helices signify that a base pair is always present but the sequence

varies (i.e., a covariant base pair).

exists in all six species. Covariant base pairs were found in all
helices apart from H3, H8, H9 and H11. The terminal four base
pairs of H3 are conserved across all six species. Although this
helix does not exhibit covariant base pairing from species to
species, the helix length and loop length vary, supporting
the existence of the helix. As H8 and H9 overlap with a coding
region in the sense transcript, they exhibit minimal sequence
variation and therefore have almost no opportunity for base
pair covariance. While H11 does not exhibit covariant base
pairing, C. rubella H11 has an extended length, with three extra
bases on either side of the loop, forming three additional base
pairs.

Conservation of key structural features, despite low sequence
similarity in non-protein-coding regions (Figure S2), strongly
supports a functional role. In effect, nature has maintained these
structural features even from the sequence of largely, or (in the
case of Var2-6 H4) completely, different composition. Although
a role for the distal COOLAIR transcript in the cold-induced
epigenetic silencing of FLC is perhaps less likely because the
two perennial species (A. alpina and A. lyrata) do not exhibit

3092 Cell Reports 76, 3087-3096, September 20, 2016

distinct structural features, the Var2-6 data are supportive of a
role in setting initial levels of FLC expression in the warm.

Validation of COOLAIR Spliced Transcripts in
Evolutionarily Diverse Species

Primers designed from the predicted secondary structures in
Figure 3 confirmed the in vivo presence of the proximal and distal
COOLAIRisoformsin A. lyrata, C. rubella, and B. rapa (Figure 4A).
Three major splice variants were identified and classified ac-
cording to their similarity to A. thaliana: the proximal class l.i
and the distal Il.i and ILii transcripts (Figure 1A). Splice sites
are largely conserved, with the exception of the proximal 3’
acceptor splice site in B. rapa and the distal class ILii terminal
exon 3’ acceptor site in C. rubella (Figure 4B).

Whereas the same proximal isoform is conserved in all four
species, two distal isoforms were identified. Differential distal
splicing in A. thaliana accessions (Var2-6 versus Col) resulted
in changes in FLC expression and thus may be equally important
across species. Comparison of the loci is complicated by ancient
polyploidization and tandem duplication events creating multiple
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copies of FLC in B. rapa and A. lyrata. We analyzed one of four
B. rapa copies (FLC3) and one of two A. lyrata copies (FLCT).
As loci diverge independently over time, it may be that each ex-
presses unique splicing isoforms. A distal COOLAIR isoform with
an alternate 3’ acceptor site was identified at the FLC2 locus in
B. rapa (Li et al., 2016).

Detection of COOLAIR isoforms with similar architecture to
A. thaliana supported the predicted conservation of the second-
ary structure. To validate this, we performed SHAPE and CMCT
analysis on the more diverged B. rapa distal COOLAIR (Fig-
ure 3C). This class Il.i transcript is spliced in the same way as
the A. thaliana Col isoform but contains multiple polymorphisms.
We know from Var2-6 that a single SNP can significantly alter
the secondary structure, but covariance analysis predicted
the B. rapa structure would be maintained. We found that the
5 domain, including the three-way junction, and stalk were
conserved, with covariant base pair flips in the helices
and greater variation in the single-stranded regions. Strong
sequence conservation of the protein-coding exon (H8 and H9)
retains the second r-turn. Similar to the A. thaliana Var2-6 iso-
form and the A. alpina and E. salsugineum transcripts, H4 was
significantly shorter, partially due to an 11 bp deletion disrupting
its 5’ side. The 17 bp stem of H4 in Var2-6 could be respon-
sible for its altered behavior and late-flowering phenotype; the
B. rapa distal COOLAIR, with its even shorter stem, may there-
fore behave more similarly to Var2-6 than Col. B. rapa genotypes
exhibit a range of morphological and flowering phenotypes; this
could be partly a consequence of sequence polymorphism be-
tween COOLAIR transcripts. We have identified a SNP within
H4 between two B. rapa FLC3 alleles that correlates with differ-
ences in FLC sense expression and flowering time (Figure S3).
Maintenance of even a short H4 preserves the first r-turn, con-
necting H4 and H5. The multi-way junction is present but con-
tains one less helix (H6) relative to the other species. In addition,
H1 and H7 are less stable than they are for other species, and
some helices have shifted or changed length. H3 has a large
terminal loop and no internal loop, reminiscent of the Var2-6

A. thaliana . SEEET R A

Figure 4. Experimental Validation of
COOLAIR Transcripts in A. lyrata, C. rubella,
and B. rapa

(A) RT-PCR experiments probing for the proximal
(left) and distal (right) forms of COOLAIR from non-
vernalized A. lyrata and C. rubella, and 2-week-
vernalized B. rapa leaf tissue. Initial RT-PCR (green
line) was followed by two rounds of nested PCR
(purple and blue lines) to amplify a specific band,
where the + column is the cDNA sample and
the —RT column is the DNA contamination control.
Different splice variants have been labeled ac-
cording to A. thaliana classes in Figure 1A.

(B) Sequencing the RT-PCR products revealed
the major COOLAIR splicing isoforms, with gray
boxes in the schematic representing exon positions
and triangles representing primer positions. Se-
quences were aligned with A. thaliana to compare
splice sites, highlighted in blue.

<& Distal ILii
< Distal lli

<& Distal ILii

< Distal ILi

structure. Potential base pairing between the loop of the multi-
way junction (which contains 13 nt with low SHAPE reactivities)
and the nucleotides forming the 3’ side of H12 could affect ter-
tiary folding.

We have confirmed that covariation of physically separated
regions of the primary COOLAIR sequence has maintained
COOLAIR secondary structures over evolutionary time. The
conserved H8/H9 structure, flanked by a robust and compli-
cated secondary structure unit that shows covariance (first
r-turn plus multi-way junction) suggests an important functional
role, reinforced by the finding that this region associates with
FLC chromatin in chromatin isolation by RNA purification (ChIRP)
experiments (Csorba et al., 2014).

DISCUSSION

COOLAIR is a set of antisense RNAs expressed from the
A. thaliana FLC locus, different components of which have
been shown to regulate expression of FLC. To further investigate
COOLAIR function, we determined the secondary structure of
the COOLAIR transcripts using chemical probing experiments.
The transcripts were found to be highly modular and organized
by exon, suggesting a mix-and-match strategy for IncRNA
structure that was also observed in the SRA and HOTAIR IncRNA
structures conserved throughout mammals (Novikova et al.,
2012; Somarowthu et al., 2015). The first exon of both the
proximal and the distal transcripts of COOLAIR is shared, while
their distinct second exons display a conserved structural core
with variations in certain structural elements.

Overall, we find intricate secondary structures (e.g., multi-way
junctions, as opposed to single stem loops) to be conserved
despite low sequence conservation. Similar phenomena occur
in domain IV of SRAT across vertebrates (Sanbonmatsu, 2016).
Although commonplace in other RNA systems, this may have im-
plications for IncRNAs, a large number of which have been dis-
missed as non-conserved. The Bartel lab identified IncRNAs of
more than 2 kb (megamind and cyrano) that were functionally
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conserved from zebrafish to human, despite only a 26 nt
conserved stretch of sequence (Ulitsky et al., 2011). Likewise,
human and mouse local repeats within the mammalian functional
intergenic repeating RNA element (FIRRE) IncRNA have only
68% nucleic acid sequence identity and yet share protein-bind-
ing functions (Hacisuleyman et al., 2016), while orthologs of the
Drosophila melanogaster RNA-on-the-X (roX) system have low
sequence homology but conserved structure and function
(Quinn et al., 2016). We have shown that the 3S method finds
conserved secondary structures when faced with IncRNAs con-
taining short patches of conserved sequence surrounded by re-
gions with much lower sequence conservation. In light of the
large number of such low sequence identity syntenic IncRNAs
recently identified, this approach might be useful for other sys-
tems (Hezroni et al., 2015).

COOLAIR exons largely correspond to non-coding sequences
from the sense strand and are relatively poorly conserved by
sequence in evolutionarily distant plant relatives. We character-
ized COOLAIR from a range of species within the family Brassi-
caceae, using the Weinberg et al. (2007) strategy of experimen-
tally probing an RNA of one species to determine its secondary
structure and then using this to find COOLAIR in other species.
We then validated the RNAs through cloning and chemical struc-
ture probing of the most evolutionarily distant species analyzed.
In vivo chemical probing will be an essential tool to complement
methods used in the present study (Ding et al., 2014). However,
in vivo, it is difficult to assign protected bases to RNA helices,
because protein binding can give similar protection. While in vivo
chemical probing will help to validate these in vitro structures, we
emphasize that many in vitro-determined structures have been
proved in vivo and in crystallographic studies (Noller and Woese,
1981; Roth and Breaker, 2009). The in vitro secondary structure
is also a critical step for cryo electron microscopy (cryo-EM) and
crystal structure determination. Modular domains of the in vitro-
determined secondary structure of human SRA7T were validated
via binding studies (Arieti et al., 2014; Huet et al., 2014). NMR
studies demonstrate that helices H12 and H13 of SRAT (also
known as structure 7) produce a shift in the '°N transverse relax-
ation-optimized spectroscopy (TROSY) spectrum of SHARP
RRM domain 1, supporting specific interactions between
H12-H13 on the RNA and the ribonucleoprotein (RNP)1 and
RNP2 motifs on the B sheet surface of the protein (Bilinovich
et al.,, 2014). In addition, the in vitro secondary structure of
the well-characterized mammalian HOTAIR IncRNA was deter-
mined to gain insight into how it functions on a molecular level
(Somarowthu et al., 2015).

The conservation of COOLAIR structural features, from
A. thaliana to B. rapa, suggests they may be involved in FLC
regulation. The proximal transcripts are functional in the
autonomous pathway mechanism that results in restraint of
FLC expression. In addition, an R loop formed over the COOLAIR
promoter represses COOLAIR and FLC expression (Sun et al.,
2013). H1-H3, combined with proximal H4-H6, could be
involved in these mechanisms. From our functional (Li et al.,
2015) and structural analysis, distal H4 appears to be an impor-
tant component of the regulation of FLC transcription in the
warm. lts length and stability are significantly altered by the
SNP responsible for the Var2-6 late-flowering phenotype. This
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helix is also shorter in A. alpina, E. salsugineum, and B. rapa,
the more distant species in our study. We propose that the
changed functionality of the Var2-6 COOLAIR transcript there-
fore results from the structural changes associated with H4.
Identification of the COOLAIR interacting protein complex or
complexes will help us to determine whether this is correct.
H4, plus other structures in the distal COOLAIR transcript,
including the multi-way junction, may also play a role during
vernalization, the process in which prolonged cold epigeneti-
cally silences FLC. Distal COOLAIR associates with the FLC
locus near the nucleation region, where chromatin modifications
switch from an active H3K36me3 state to an inactive H3K27me3
state (Csorba et al., 2014). By analogy, one of the only large RNA
crystal structures solved to date (the ribosome) possesses a
highly conserved core, along with separate variable structures
that allow for adaptation. Further COOLAIR studies, including
motif deletion and compensatory mutations, will aid in interro-
gating structure-function relationships, including roles in tem-
perature perception. Identifying COOLAIR in more species
will allow more iterations of consensus secondary structure
refinement.

In summary, the central domain and stalk of COOLAIR have
withstood evolutionary selection, while the variation in H4 length,
linked to trait variation, has varied, potentially allowing adapta-
tion to a changing environment. By solving the in vitro secondary
structure of COOLAIR, we move a step closer to understanding
its role in establishing expression levels of the floral repressor
FLC. Clarifying the role of COOLAIR in monitoring long-term
exposure to fluctuating temperatures experienced by plants dur-
ing winter, and how this function has evolved during adaptation,
will provide an important paradigm for IncRNA studies.

EXPERIMENTAL PROCEDURES

RNA Synthesis, Chemical Probing, and Capillary Electrophoresis
Analysis

RNA was synthesized using the Standard RNA IVT kit (CELLSCRIPT) for runoff
transcription. For SHAPE probing, folded RNA was probed using 1M7. Parallel
RNA samples were treated with DMSO as a blank. For CMCT, 1-cyclohexyl-(2-
morpholinoethyl) carbodiimide metho-p-toluene sulfonate (Sigma-Aldrich)
was added to 50 mM. Both were reacted for 5 min at 22°C and precipitated.
The modified sites of RNA were analyzed by reverse transcription using site-
specific 5'-fluorophore-labeled primers and SuperScript Ill reverse transcrip-
tase (Life Technologies). The samples, supplemented with the dideoxy termi-
nate sequencing products of Cy3-labeled primer extension, were denatured
and loaded on an ABI PRISM 3100-Avant genetic analyzer. Capillary electro-
phoresis traces will be deposited online in the repository of RNA structure
probing (RNA Mapping Database, http://rmdb.stanford.edu) (Cordero et al.,
2012).

3S Determination Analysis

In combination with full-length INcRNA analysis, three overlapping fragments
covering the COOLAIR distal RNA were probed as in Novikova et al. (2013).
Modular regions were determined by comparison to the full-length RNA;
non-modular regions were searched for long-range interactions.

Conservation and Covariance of the Secondary Structure across
Species

A. lyrata MN47, C. rubella Monte Gargano, and E. salsugineum Pall. FLC
sequences were obtained from Phytozome, A. alpina FJ543377.1 (GenBank:
FJ543377.1), and B. rapa R018 was obtained from in-house sequencing. Mul-
tiple sequence alignments for a conserved ~250 nt region of the sense coding


http://rmdb.stanford.edu

region of FLC were used as an initial alignment and improved manually using
3S of A. thaliana COOLAIR, according to Weinberg et al. (2007) and Griffiths-
Jones (2005). For the consensus structure (Figure 3F), a conservative
approach was used. Only WC base pairs and GU wobble base pairs are re-
ported as pairs. They are not defined as base pairs in the consensus structure
if any mutation in any of the six species causes a pair to break (i.e., no bar be-
tween bases). Covariant base pairs were reported in which at least one base
pair flip occurs (WC to WC or GU to UG; we do not count GU-AU, UG-UA,
CG-UG, and GC-GU transitions). Only one covariant pair included a GU to
UG flip; all others were WC to WC.

RT-PCR Analysis of COOLAIR in Three Species

Total RNA was extracted from non-vernalized A. lyrata MN47 and C. rubella
Cr22.5 and from vernalized (for 2 weeks at 4°C) B. rapa R018 leaf tissue
as in Box et al. (2011). DNA was removed with the TURBO DNA-free kit
(Ambion), and RNA was reverse transcribed with SuperScript Ill (Invitrogen)
and gene-specific primers. cDNA was amplified by touchdown PCR using
GoTag DNA Polymerase (Promega), followed by two nested PCRs (Tables
S1 and S2). RT-PCR products were gel purified, cloned, and sequenced.
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