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In vivo single-molecule analysis reveals COOLAIR RNA structural diversity
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Solving in vivo RNA structure conformation at the single molecule level.

The structure is an intrinsic property of an RNA molecule that serves to provide important
functional information beyond its nucleotide sequence. Since 2010, a variety of high-
throughput (mostly illumina-based short-read sequencing) RNA structure profiling methods
have transformed the scope of RNA structure studies, enabling genome-wide RNA structure

analyses'. However, there are still three main challenges to decipher the RNA structure in vivo.

The isoform heterogeneity is a major challenge to accurately assign RNA structural
information to individual gene-linked isoforms. 90% of human genes? and 60% Arabidopsis
genes’ produce alternatively spliced transcripts. The RNA structural information within the
shared regions between isoforms cannot be distinguished by short read sequencing platforms
(e.g., [llumina). Our smStructure-seq addresses this challenge by using the PacBio sequencing
method. The sequencing principle of the PacBio platform allows the accurate assignment of

6

different transcript isoforms®=°, since there is no assembly step.
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The second challenge is to determine the RNA structural information for single molecules.
RNA structures adopt multiple conformations. The single-molecule structural information can
not only discriminate RNAs with very similar sequence (e.g, isoform or RNA sub-genome in
viruses), but facilitate the identification of RNA structural diversity (the third challenge of
RNA structure analysis). Recently, a Nanopore-based method, PORE-cupine’ was developed
to address these challenges. The long-read Nanopore sequencing captures structures along the
whole length of each isoform’. However, the macromolecules in the Nanopore channel can be
occupied by multiple bases at one time, increasing uncertainty in signal assignment of the
nucleotides’®. Besides, Nanopore has an averaged error rate of 14% for both direct RNA and
cDNA sequencing’®, which cannot achieve the single-molecule accuracy. In contrast, PacBio
platform used by smStructure-seq can achieve 99.9% accuracy at the nucleotide level?,
facilitating the accurate derivation of RNA structure for each single RNA molecule. The
accurate single-molecule read is the foundation to decipher the conformation diversity at the

single-molecule level.

The RNA structure can dynamically change in vivo by adopting different conformations.
Directly dissecting the diversity of different RNA structural conformations remains
challenging. Two new computational approaches, DREEM!? and DRACO'! were developed
trying to solve this problem. DREEM!? used an expectation-maximization regime to detect the
RNA structure conformation while DRACO'! used an alternative method based on a new
clustering regime. These two computational methods were developed to estimate structural
conformations based on the Illumina-based platform. Due to the limitation of short read
sequencing, the direct dissection of RNA structural conformations has so far only been

achieved for short RNA fragments (200-300nt)'?, although in theory these methods could be
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improved for long transcripts. These two computational approaches deduce the RNA structure
conformation by clustering the chemical reactivity profiles. The chemical reactivity-based
clustering methods tend to generate two mutation profiles with one extreme high chemical
modification (more single-stranded RNA structure) and one extreme low chemical
modification (more double-stranded RNA structure). These clusters directly reflect the
similarity of chemical modification efficiencies rather than directly represent the similarity of

RNA structure per se.

smStructure-seq can solve these challenges by taking advantage of highly-accurate single-
molecule sequencing, together with our new analysis method that directly clusters the in vivo
RNA structures derived from the mutation profile of each single RNA molecule. This method
named Determination of the Variation of RNA structure conformation (DaVinci), incorporates
the individual mutation profiles and derives the most-likely RNA structure conformation via a
stochastic context-free grammar (SCFG) algorithm independent of thermodynamic parameters.
Then the whole conformation space is identified and visualized via dimensionality reduction
analysis, e.g., PCA or MDS (Extended Data Fig. 2a and Methods). Thus, using the DaVinci

method we can accurately deduce structural conformation of each single RNA molecule.

To demonstrate the power of DaVinci, we performed our method on the HIV-1 Rev response
element (RRE) that has been reported to be able to adopt alternative conformations promoting
different rates of virus replication'>. DREEM used chemical reactivity-based clustering
methods and identified two extreme conformations (conformation 1 and conformation 2 in
Extended Data Fig. 2d)!°. However, DaVinci could identify at least three conformations
(conformation 1, 2 and 3 in Extended Data Fig. 2b, d) including an extra cryptic conformation'?

1.e., conformation 3 that cannot be identified by chemical reactivity-based clustering methods,
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e.g., DREEM!'?. Conformation 3 was first reported in mutant RRE6'3 and has the ability to
confer RevM 10 resistance'®. However, this RNA structure is not exclusive to mutant RRE61
but present in wild-type RRE as well. We generate in silico RNA structure ensembles on wild-
type RRE and mutation RRE61 by Boltzmann sampling (10,000 times) using RNAfold'.
Three structural clusters (Extended Data Fig. 2b) were found with conformation 3 being the
least abundant (1%) in RRE. With the mutant RRE61'3, conformation 3 increased to 95.6%
(Extended Data Fig. 2c). Thus, the wild-type RRE sequence has the potential to fold into the

rare conformation 3 with the mutation converting it to the dominant conformation.

To experimentally confirm the conformational change caused by the mutations in RRE61, we
folded the RRE61 RNA in vitro and probed the structure'®. We then performed our DaVinci
analysis and found that conformation 3 increased to 81% (Extended Data Fig. 2¢) from 2% in
RRE!® (Extended Data Fig. 2d). DaVinci directly measures the percentage of clusters by
counting each single RNA structure derived from the probing data and this contrasts with in
silico RNA structure ensemble analysis, where Boltzmann sampling measures the percentage
using a function of free energy. Thus, DaVinci analysis can estimate accurate proportions and
distributions of each conformation cluster. Our analysis also confirms that mutations or single
nucleotide polymorphisms (SNP) can alter the RNA structural ensemble and change the

proportion of different conformations' 17,

A second example comes from the analysis of TPP riboswitch, a typical RNA molecule which
can fold into alternative structures depending on the presence of the TPP ligand!'®2°. We
performed the RNA structure probing experiments on in vitro folded TPP riboswitch RNAs
(TenA gene in B. subtilis) in the absence or presence of TPP ligand. After the treatment of the

SHAPE chemicals (NAI), we merged the NAI-modified RNA samples (TPP-treated and non
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TPP-treated RNAs) with a ratio of 20:80 (vol/vol) or 50:50 (vol/vol) and conducted the library
constructions, respectively. We then performed our DaVinci analysis on the obtained
sequencing data and found that DaVinci closely reflects the different ratio of the two alternative
conformations (Conformation 1 is related to the TPP-treated conformation and Conformation
2 is related to the non TPP-treated one) with the ratios of 29:71 or 40:60 (Extended Data Fig.
2t-h). Overall, DaVinci accurately detects RNA structural conformations. The slight difference
between the expected ratios and the DaVinci-derived ratios is likely to reflect the equilibrium

of the conformations during the RNA structure probing in the solutions.

To further test DaVinci, we exploited a published dataset on RNA structure probing of
Escherichia coli cspA 5° untranslated region (UTR). This UTR functions as an RNA
thermometer since it can switch states between translationally repressed conformations
(conformation 3 and 4) at 37 °C and translationally competent conformations (conformation 1
and 2) at 10 °C?'?2, DaVinci results showed that the translationally competent conformations
(conformation 1 and 2) increased from 23% to 67% upon transfer from 37 °C to 10 °C. These
two conformations have been previously detected after the cold treatments??. DaVinci also
identified an extra conformation 3, which is very similar to the major conformation 422 at 37 °C.
Compared with the conformation 4, conformation 3 loses a short stem loop, further indicating

that DaVinci is sensitive to detect less abundant RNA structural conformations.

These results showed that DaVinci can identify the dynamic nature of in vivo RNA structure
conformations, facilitating the investigation of the RNA structural conformation functionality

in vivo.
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Therefore, our smStructure-seq allied with DaVinci analysis pipeline can address the

challenges of both heterogeneities of isoforms and structural conformations simultaneously

and thus is capable of generating single-molecule RNA structure conformations for each RNA

transcript (e.g., isoform).
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Extended Data Fig.8a

Marker Marker

Class Liifi Class ILiifi

UBC control

Marker



Extended Data Fig. 9
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