Visualizing RNA structure ensembles by single-molecule correlated chemical probing
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Abstract

RNA molecules fold to form complex internal structures. Many of these RNA structures populate
ensembles with rheostat-like properties, with each state having a distinct function. Until recently,
analysis of RNA structures, especially within cells, was limited to modeling either a single
averaged structure or computationally-modeled ensembles. These approaches obscure the
intrinsic heterogeneity of many structured RNAs. Single-molecule correlated chemical probing
(smCCP) strategies are now making it possible to measure and deconvolute RNA structure
ensembles based on efficiently executed chemical probing experiments. Here, we provide an
overview of fundamental single-molecule probing principles, review current ensemble
deconvolution strategies, and discuss recent applications to diverse biological systems. smCCP
is enabling a revolution in understanding how the plasticity of RNA structure is exploited in
biological systems to respond to stimuli and alter gene function. The energetics of RNA
ensembles are often subtle and a subset can likely be targeted to modulate disease-associated

biological processes.

RNA molecules function through heterogenous structure ensembles

RNA molecules ubiquitously fold into complex higher-order structures with diverse biological
functions. Many structured RNAs populate heterogeneous ensembles, and these structures can
interconvert to regulate biological processes. In essence, RNA molecules can be thought of as
functional rheostats in which distinct states in an RNA conformation enable or favor a given
process or interaction to occur, or not. We note, and this review will show, that few RNAs function
as true binary "switches". We prefer the term "rheostat" over switch because native ensembles
rarely populate 100% of a given state. RNA structural dynamics have been implicated in nearly
every facet of RNA biology [1-3]. For protein-coding RNAs, internal structures regulate splicing,
translation initiation, ribosome frameshifting, and mRNA turnover. Among noncoding RNAs,

dynamic structures regulate binding by protein, RNA, and DNA partners, yielding downstream



effects on ribonucleoprotein function and transcriptional regulation. It is likely that RNA structure

ensembles perform numerous additional, yet-to-be-discovered, functions.

Our knowledge of RNA ensembles in their native cellular contexts has been limited by the
difficulty of physically and directly characterizing their underlying states. Chemical probing
provides one of the most direct and reliable high-throughput strategies for measuring nucleotide-
resolution features of RNA structures in cells. Conventional chemical probing experiments
interpret chemical probing data as a population-averaged RNA structure and thus obscure the
underlying heterogeneity of structure ensembles. Single-molecule correlated chemical probing
(smCCP) strategies are now addressing this limitation by enabling detection of multiple per-
nucleotide events in the same RNA strand, offering new views of RNA ensembiles in their native

cellular contexts.

The physical mechanism of smCCP

Chemical probing is an established, straightforward method for probing RNA structure, both of
purified RNA and of RNA in cells. In a chemical probing experiment, a biological sample is treated
with a chemical probe that reacts to form covalent adducts with (conformationally dynamic, often
single-stranded) RNA nucleotides (Figure 1a). After probing, multiple covalent adducts in a given
RNA strand are encoded as mutations during relaxed fidelity reverse transcription, a process
called mutational profiling (or MaP) [4]. These mutations in the resulting cDNA correspond to
individual chemical reactivity events and are quantified by massively parallel sequencing [5,6]. In
principle, each MaP sequencing read reports on the structure of a single RNA molecule.
Conventional chemical probing-MaP experiments combine all sequencing reads of a particular
RNA to generate a per-nucleotide reactivity profile that reflects the population average of RNA
structures in a sample (Figure 1b). For RNAs that form multiple structures, a single reactivity
profile is insufficient for accurate structure modeling. Critically, MaP captures multiple chemical
adducts on a single molecule of RNA. The multiple chemical reactivity events in a single RNA will
show distinct pattens of correlated reactivities as a function of both (i) the different states present
in an ensemble and (ii) specific inter-nucleotide interactions including base pairing and tertiary

interactions (Figure 1c).

The physical experiment required to perform a smCCP analysis is straightforward [4] and not
much more difficult than a conventional RNA structure probing experiment. The key innovation

are the use of MaP and the computational deconvolution of smCCP data in terms of the



underlying ensemble states.

Deconvolution of RNA structural ensembles by smCCP

To model RNA ensembles from experimental smCCP datasets, MaP reactivities must first be
deconvoluted into multiple groups or clusters, each corresponding to an individual RNA state.
Current chemical probing deconvolution strategies use two distinct approaches: strategies that
cluster MaP reads directly prior to structure modeling, and those that model structures based on
single MaP reads and then cluster by structure similarity. In the first approach, sequencing reads
from a chemical probing-MaP experiment are clustered by correlated mutations (Figure 2a).
Clustered reads are then used to compute individual reactivity profiles, which are used to model
an ensemble of up to about five RNA structure states. In this cluster-directly category, DREEM
(Detection of RNA folding ensembles using expectation-maximization) leverages sequencing
reads from dimethyl sulfate mutational profiling (DMS-MaP) experiments, focusing on chemical
adducts at A and C residues, which are deconvoluted using an expectation-maximization
algorithm [7]. DRACO (Deconvolution of RNA alternative conformations) similarly uses two-
nucleotide DMS-MaP data, but employs a spectral clustering algorithm for deconvolution and
includes an integrated sliding window function for deconvoluting long RNAs [8]. DANCE-MaP
(Deconvolution and annotation of ribonucleic conformational ensembles by mutational profiling)
deconvolutes DMS-MaP data using an expectation-maximization clustering approach similar to
DREEM [9]. DANCE-MaP implements additional features, including the abilities to measure
chemical modifications at G and U residues and to directly measure through-space
internucleotide interactions. After clustering, DANCE-MaP identifies pairwise internucleotide
reactivity correlations within each ensemble state that directly measure specific base-pairing and
tertiary interactions within RNA structures [9,10]. These MaP deconvolution methods have unique
features and limitations [11], but all share a common framework and leverage the foundational
DMS-MaP concept [4].

DaVinci (Determination of the variation of the RNA structure conformation through stochastic
context-free grammar) [12] is distinct from the former strategies in that it first generates a
structure model for each individual MaP read and then clusters these models (Figure 2b).
Mutations within each read are used as forced single-stranded constraints in a stochastic context-
free grammar algorithm that seeks to model the best-fit structures of individual RNA molecules,
generating ~10° models. These structure models are subjected to dimensionality reduction and

clustering, yielding a coarse-grained ensemble of up to four states, roughly analogous to direct



MaP deconvolution strategies.

Challenges in assessing the accuracy of ensemble deconvolution

At present, it is difficult to quantify which of the current deconvolution approaches yields RNA
structural ensembles that best reflect biological reality, particularly across multiple biological
contexts. Few ground-truth ensembles have been characterized, and none for an in-cell system.
One informative test-tube model RNA is the adenine riboswitch encoded by the V. vulnificus add
gene. This RNA folds into multiple conformations that re-equilibrate in response to adenine
binding (Figure 3a) [13]. The widely expressed 7SK RNA is emerging as a powerful test system
for comparing strategies for integrated in-cell and cell-free ensemble visualization [9,14—16]. The
highly structured SARS-CoV-2 frameshifting element (FSE) likewise adopts multiple

conformations [8,17-21].

Current deconvolution algorithms have yielded different ensembles when applied to the same
RNA. DREEM, DRACO, and DANCE-MaP (Figure 2a) have each been used to deconvolute the
adenine riboswitch ensemble [7—9]. Each method detected both principal riboswitch structures,
but the relative populations of each state varied depending on the method used. Even when
analyzing a common dataset, based on the SARS-CoV-2 FSE, deconvoluted ensembles showed
significant differences depending on the deconvolution algorithm used [21]. Conformations
proposed for the FSE structure ensembles additionally vary depending on flanking sequences
and whether the RNA is probed in cells or in vitro [8,19,20]. The structure-first strategy used by
DaVinci [12] (Figure 2b) has not yet been subjected to a comparative analysis with other

methods.

Some of these differences between methods likely arise from variations in and quality of probing
conditions, to which RNA ensemble measurements are often sensitive. Ensemble detection can
also be affected by sequencing artifacts including PCR duplication and low read depths. Each
analysis pipeline makes different assumptions during clustering, particularly in determining the
number of states, which can be either user-defined or empirically determined by significance
testing. Ensemble features determined by different approaches will likely become more similar as
the field converges on best practices. Despite these challenges, each of the ensemble
deconvolution strategies have detected alternative RNA structures in important biological
systems. Many of these RNA ensembles have been shown to be functionally significant, yielding

intriguing, suggestive insights about the importance of structure ensembles for RNA function.



RNA structure ensembles in viral genomes

Viral RNA genomes make extensive use of RNA structure to regulate their replication and
interactions with the host cell. Several studies have used smCCP to analyze the structural
heterogeneity of viral RNAs. smCCP, applied to the HIV-1 viral RNA genome expressed in
infected CD4" T cells and analyzed using DREEM, confirmed expectations that structural
heterogeneity is pervasive across the RNA genome [7]. Several local ensembles overlapped
notable regulatory motifs. The Rev response element (RRE) has long been known to fold into
multiple structure states. smCCP experiments demonstrated that the relative populations of RRE
states are maintained in cells, inside purified virions, and for RNA transcribed in vitro, suggesting
that the heterogeneity of the HIV-1 RRE is an intrinsic property of the RNA rather than a
consequence of its environment. smCCP also identified a structure rheostat that either masks (by
base pairing) or exposes the A3 splice acceptor site, which regulates expression of the
transcription regulatory protein Tat (Figure 3b). Point mutations that stabilized the splice site-
masking structure by adding 4-5 base pairs reduced splicing efficiency [7]. This work highlighted
the pervasiveness of RNA structure heterogeneity and emphasized that perturbing alternative

states has significant biological consequences.

Multiple studies applied smCCP to investigate the structural heterogeneity of the SARS-CoV-2
RNA genome. In the first study, DMS-MaP probing of the SARS-CoV-2 genome, extracted from
cells, followed by windowed deconvolution using DRACO, revealed that approximately 15% of the
genome resolved into local structural ensembles [8]. Alternative structures were enriched at open
reading frame and protein boundaries, suggesting that RNA structures in these regions potentially
fulfill functional rheostat-like roles. Two conformations were detected at the FSE, and an
additional two-state ensemble was detected in the 3'-untranslated region. Both 3-UTR structures
are supported by phylogenetic analysis across coronavirus genomes, suggesting a functional role

for these conformations.

In the second study, DMS-MaP probing of the SARS-CoV-2 genome in human Huh7 and Vero
cells followed by windowed deconvolution with DREEM, suggested that half of the SARS-CoV-2
genome adopts multiple local RNA structures in at least one of these cell types [19]. The FSE
was again observed to form a two-state ensemble, although the modeled structures differ from
the DRACO-predicted ensemble. One of the DREEM-deconvoluted FSE structures contained

long-range base pairs to other genomic regions. Extending the FSE sequence to include these



long-distance interactions increased frameshifting two-fold in a luciferase reporter system,
suggesting alternative RNA structures that occur over long regions play regulatory roles in

translation [19].

In a third study, a set of in vitro transcribed SARS-CoV-2 FSE structures with varied flanking
sequences were probed by DMS-MaP, and the data were deconvoluted with DREEM [20]. The
results of this study emphasize that the FSE structure ensemble is affected by surrounding
sequence context (Figure 3c). Changes in the sequences flanking the FSE had significant effects
on the ensemble of FSE structures and associated frameshift efficiencies. Two-nucleotide point
mutations that disrupted the canonical FSE pseudoknot reduced frameshifting efficiency from
26% to 1%, demonstrating that a pseudoknot conformation is essential for frameshifting.
Disruption of the FSE pseudoknot with a targeted antisense oligonucleotide caused a 20%
reduction in frameshifting efficiency in cells and dose-dependent elimination of frameshifting in
vitro, demonstrating that perturbations that alter RNA structure can induce significant biological

effects.

In sum, results from smCCP studies of two long viral RNA genomes, HIV-1 and SARS-CoV-2,
emphasize, first, that RNA genomes form many alternative structures that persist in purified RNA,
in virions, and in cells, strongly suggesting that heterogeneity is a widespread, intrinsic property of
viral RNAs. Second, these conformational ensembles play notable, perturbable (via mutation or
antisense oligonucleotide binding) roles in regulating splicing (in HIV) and ribosomal frameshifting
(in SARS-CoV-2), processes that are critical for viral protein translation. Further smCCP studies

with viral RNAs have the potential to uncover broad roles for RNA structure ensembles.

Dynamic structure rheostats in eukaryotic noncoding RNAs

The functions of long non-coding RNAs (IncRNAs) depend on complex sets of interactions
involving protein, DNA, and other RNA partners that are modulated by the conformational state of
the IncRNA. The 7SK IncRNA is the core of a ribonucleoprotein complex that is a key regulator of
cellular transcriptional state. DMS probing of 7SK in human Jurkat cells, followed by DANCE-MaP
deconvolution, revealed that 7SK populates a multi-state structure ensemble in cells [9]. This
structure ensemble regulates transcription by rearranging to bind or release the transcription
factor P-TEFb (Figure 3d). There is a strong relationship between the 7SK in-cell ensemble and
overall transcription: 7SK shifts toward the transcriptionally inactive state during cell contact-

induced quiescence and toward the transcriptionally active states to compensate for transcription



inhibition by flavopiridol treatment. An antisense oligonucleotide that binds and stabilizes the 7SK
active state causes a two-fold increase in transcription of a 7SK-sensitive gene, demonstrating

that the 7SK structural ensemble can be targeted to modulate transcription.

The human telomerase RNA (hTR) is an essential component of the telomerase complex, which
appends repetitive telomere sequences to the ends of chromosomal DNA. DMS-MaP probing of
hTR and DREEM deconvolution of the data revealed that a fraction of hTR transcripts fold into a
conformation that differs from the canonical structure [22] (Figure 3e). Point mutations that
stabilize this alternative conformation reduce assembly and activity of the telomerase complex.
The observed alternative structure was interpreted as a nonfunctional, misfolded conformation,

emphasizing that some alternative RNA structures disrupt biological function.

COOLAIR is a plant-specific IncRNA that epigenetically represses transcription of its antisense
transcript, FLC, in response to cold exposure [23]. The FLC protein is a floral repressor, so cold-
induced downregulation of FLC by COOLAIR induces flowering. COOLAIR was probed in
Arabidopsis seedlings, and the data were deconvoluted using DaVinci, revealing three structural
states whose populations changed in response to cold exposure [12]. Structural heterogeneity
was observed in a region of COOLAIR complementary to the FLC transcription start site.
Mutating four base-paired nucleotides within this region of the COOLAIR IncRNA resulted in
enhanced association between COOLAIR and FLC chromatin, a two-fold reduction in FLC
transcription, and an early-flowering phenotype (Figure 3f). This study suggests that RNA
conformational states can respond to stimuli to regulate interactions with chromatin, inducing

significant phenotypic changes.

In sum, smCCP studies of three distinct IncRNAs revealed broad principles about RNA
ensembles in eukaryotes (Figure 4). For both 7SK and COOLAIR, observed structure ensembles
were responsive to environmental stimuli including small-molecule perturbation, targeted
antisense oligonucleotide treatment, cellular quiescence, and cold exposure. For all three
IncRNAs, changes in the relative proportion of states in the RNA structure ensemble — induced by
external stimuli or point mutagenesis — had significant functional consequences. Many RNA
structure ensembles thus likely function as molecular rheostats that regulate cellular responses to

stimuli.

Summary and outlook



Current smCCP studies reveal or reinforce four key insights about RNA structural ensembles and

conformational heterogeneity.

First, RNAs have a broad capacity to fold into multiple conformations, both isolated in test tubes
and within cells (Figure 3). This intrinsic heterogeneity suggests that alternative RNA structures
are likely widespread in the transcriptome. Most ensembles examined to date consistently

populate both (or all) of their underlying states, under all conditions measured, and thus perform

roughly as functional rheostats.

Second, RNA structure ensembles are responsive to both environmental stimuli and targeted
perturbations (Figure 4a). Energetic perturbations to RNA structures, such as point mutations or
small molecule binding (equivalent to a few kcal/mol) can induce significant shifts in the
populations of an RNA ensemble. This responsiveness enables RNAs to function as sensitive

rheostat-like regulators of cellular functions.

Third, perturbations of RNA ensembles modulate diverse biological processes, including global or
gene-specific transcription, alternative splicing, protein translation, and ribonucleoprotein
assembly (Figure 4b). Together, these observations suggest that RNA structural ensembles can

be intentionally targeted to affect a wide variety of RNA-centric processes.

Most broadly, given that dynamic RNA structures have now been observed in widely varied
biological systems — from bacterial riboswitches, to viral RNA genomes, to eukaryotic IncRNAs —
it is likely that we have obtained only a small picture of functional RNA ensembles. smCCP is now
poised to fundamentally alter and expand our understanding of RNA structure by revealing
numerous new functions for RNA structural ensembles. Ultimately, a subset of these RNA
ensembles will likely prove targetable (with antisense oligonucleotides and small molecules) to

manipulate biological processes and to create new therapeutic opportunities.
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Figure Legends

Figure 1

lllustration of the smCCP experiment. (a) Chemical probing induces multiple covalent adducts in
individual RNA strands at conformationally flexible nucleotides. These multiple adducts are
recorded as mutations in the cDNAs generated during the reverse transcription step of MaP. (b)
Conventional per-nucleotide analysis of chemical probing data yields a population average of
structures for a given RNA. (¢) In smCCP, correlated mutation events can be analyzed to resolve
multiple RNA structure states and inter-nucleotide interactions including base pairing and tertiary

contacts.

Figure 2

Strategies for detection of RNA structural ensembles by smCCP. (a) In the strategy used by
DREEM, DRACO, and DANCE, MaP reads are clustered by correlated mutations, and these
clustered MaP profiles are then used to model each state of the ensemble. (b) In the strategy
used by DaVinci, a structure model is generated for each individual MaP read, and these are then

clustered by structure similarity.

Figure 3

Biological functions of RNA structural ensembles. (a) The V. vulnificus adenine riboswitch
undergoes a conformational change upon adenine binding, which regulates translation of the add
transcript by masking or exposing the Shine-Dalgarno (SD) sequence [13]. (b) An RNA structure
rheostat masks the HIV-1 A3 splice site, reducing splice site usage and Tat transcript abundance
[7]. (c) Alternative structures at the SARS-CoV-2 frameshift element modulate frameshift
efficiency [19,20]. The ensemble can be altered by binding of an antisense oligonucleotide (ASO).
(d) The human 7SK IncRNA is a transcription regulatory rheostat that responds to cell contact-
induced quiescence, transcriptional stress by flavopiridol treatment, and a structure-targeted
antisense oligonucleotide [9,15]. (e) Human telomerase RNA can misfold into an alternative
structure state, resulting in reduced assembly of the telomerase ribonucleoprotein (RNP) complex
[22]. (f) Arabidopsis COOLAIR IncRNA undergoes a change in preferred structure after cold

exposure that represses FLC transcription and induces flowering [12].

Figure 4

Perturbations to RNA ensembles affect diverse biological processes. (a) RNA ensembles
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respond to numerous influences, ranging from environmental stimuli to targeted perturbations. (b)

Examples of functions influenced by RNA structural dynamics in cells.
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