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Abstract

Recent advances in interrogating RNA folding dynamics have shown the classical model of RNA folding to
be incomplete. Here, we pose three prominent questions for the field that are at the forefront of our under-
standing of the importance of RNA folding dynamics for RNA function. The first centers on the most appro-
priate biophysical framework to describe changes to the RNA folding energy landscape that a growing
RNA chain encounters during transcriptional elongation. The second focuses on the potential ubiquity
of strand displacement — a process by which RNA can rapidly change conformations — and how this pro-
cess may be generally present in broad classes of seemingly different RNAs. The third raises questions
about the potential importance and roles of cellular protein factors in RNA conformational switching.
Answers to these questions will greatly improve our fundamental knowledge of RNA folding and function,
drive biotechnological advances that utilize engineered RNAs, and potentially point to new areas of biol-
ogy yet to be discovered.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http:/creativecom-
mons.org/licenses/by/4.0/).
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RNA function has long been known to be deeply
intertwined with RNA structure.' Recently, progress
in high resolution static structural determination
from x-ray crystallography,” NMR,® and cryo-
EM™*® have given us deep insights into the intrica-
cies of RNA structure beyond simple base pairing.
These studies have revealed complex and diverse
RNA folding interactions that give rise to the atomic
architectures of ligand-binding pockets,®” protein
docking sites,®® and catalytic active sites'®"" that
are at the center of RNA functions ranging from

However, a new appreciation for the dynamics of
RNA folding suggests that a static viewpoint of RNA
structures is only the tip of the iceberg.'® Whether
from RNA folding transitions during transcription,®°
or RNA switching conformations once synthe-
sized,”’ new studies of RNA folding dynamics are
proving critical for understanding known RNA func-
tion®** and for drug discovery.?* Well-known
examples of these important features are riboswitch
RNAs that regulate various aspects of gene expres-
sion by changing structural conformations in
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response to ligand binding,?® attenuator RNAs such
as the TRAP system that regulate transcription by
conformationally switching in response to protein
binding,”®?” and many other RNA regulatory mech-
anisms. Beyond explicit regulation there are also
new appreciations for the role of RNA conforma-
tional switching in the activation of the spliceo-
some,”® the assembly of the ribosome,??*° and as
we later speculate for heterogeneous nuclear
RNA proteins, in guiding dynamic RNA folding path-
ways in the cell. Even relatively simple RNA hairpin
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structures, such as the one found in the signal
recognition particle (SRP) RNA, have been shown
to undergo conformational switching durinag
transcription to establish their functional folds®"
(Figure 1). These are but a few of a growing list of
examples revealing that dynamic RNA folding is
important for broad arrays of RNA functions.

While dynamic RNA structure and folding has
long been appreciated, advances in biophysical
techniques are fueling new discoveries through
probing RNA structural dynamics®*° and detect-

R2D2 Structures

R2D2 Structures

'&) )
:‘0 | Y
A ‘ N 4 .
Tri-helix
intermediate
formation
R2D2 Structure
Structures Population
100%

/

0%

Consensus
Structure

COTRANSCRIPTIONAL FOLDING
OF THE SIGNAL RECOGNITION PARTICLE (SRP) RNA



D.Z. Bushhouse, E.K. Choi, L.M. Hertz, et al.

Journal of Molecular Biology xxx (xxxx) xxx

ing conformational changes tied to function. These
studies raise new questions about how to conceptu-
alize RNA folding and how to identify new mecha-
nisms for which RNA dynamics are a core
component.

Here we pose three prominent questions for the
field that we believe are at the forefront of our
knowledge of the importance of RNA folding
dynamics and the role of conformational switching
in RNA function. The first centers on the most
appropriate biophysical framework to describe the
complexities that are introduced when considering
non-equilibrium conformational switching,
especially in the context of a growing RNA chain
during transcriptional elongation. The second is
about the potential ubiquity of strand displacement
— a process by which RNA can rapidly change
conformations — and how this process may be
present in broad classes of seemingly different
RNAs. The third raises questions about the
potential importance and roles of cellular protein
factors in RNA conformational switching. Answers
to these questions will greatly improve our
fundamental knowledge of RNA folding and
function, drive biotechnological advances that
utilize engineered RNAs, and potentially point to
new areas of biology yet to be discovered.

What is the Appropriate Biophysical
Framework to Describe Non-
equilibrium Conformational
Switching?

A biophysical framework for understanding “How
RNA Folds” according to the thermod1ynamics of
base pairing has long been established." In thermo-
dynamic renaturation conditions, RNA is under-
stood to fold hierarchically, with secondary
structures stabilizing first, creating an architecture
to then establish tertiary interactions. Such a folding

<

regime is well described by a free energy land-
scape, a multi-dimensional surface that represents
the free energies of all possible folds of a given
RNA sequence® (Figure 1). While powerful, this
framework does not capture essential details of cel-
lular RNA folding such as transient structures that
can form during cellular RNA synthesis.*®.

RNA folding begins during transcription, where
due to the kinetics of RNA base pairing, nascent
chains fold before the molecule is completely
synthesized.?”*® While these folds may undergo
processing and other cellular interactions, recent
studies suggest that for a large fraction of RNAs,
these initial folds persist throughout the RNA
molecule’s lifetime in the cell.** Moreover, nascent
RNA structures are important for a wide array of cel-
lular processes, such as the regulation of transcrip-
tion, translation, and mRNA degradation in
prokaryotes,*® “> and splicing, polyadenylation,
and 3’ end processing in eukaryotes.”*™® Thus,
understanding how RNAs fold during transcription
is essential for understanding fundamental RNA
biology.

Cellular RNA folding is different than the
prevailing biophysical paradigm in two important
aspects: i) RNAs do not fold all at once from a
denatured full-length  state, making the
renaturation folding model incomplete, and ii) the
sequence of the RNA changes during
transcription, making the concept of a fixed free
energy landscape of an RNA sequence
incomplete. Overall, this raises a deep conceptual
question: What is the appropriate biophysical
framework to describe non-equilibrium nascent
RNA folding?

Progress on this question has come primarily
from computational studies of kinetic RNA folding
processes. Computational modeling has chiefly
considered kinetic RNA folding to be a stochastic
process, where the RNA transitions to different
folding states with different probabilities. These

Figure 1. Transcription elongation leads to shifting free energy landscapes traversed by dynamically
changing RNA structures. Free energy landscapes were estimated from experimentally informed structural
reconstructions of the E. coli SRP cotranscriptional folding pathway using Reconstructing RNA Dynamics from Data
(R2D2).%? R2D2 samples possible nascent RNA structures at each intermediate length and selects structures that are
most consistent with experimental cotranscriptional RNA structure chemical probing data from each length. To model
the possible free energy landscape of folding at each intermediate length, multidimensional scaling (MDS) was
performed on the sampled structures at each length and plotted against predicted free energies. For visual clarity, the
resulting plots were smoothed by calculating the mean free energy of all structures within a 10x10 coordinate area of
the MDS plot. Each unique R2D2-selected structure is marked with a gray circle on the landscapes, where the
shading corresponds to how frequently a structure is selected. These structures are notably far from the minimum
free-energy structure (red circles) suggesting that the cotranscriptional folding process traverses out-of-equilibrium
folding pathways on shifting free energy landscapes as nucleotides are added to the growing RNA chain. The
illustrated secondary structures are consensus structures over 100 folding pathway predictions at each length by
R2D2, with green highlighting and circles demonstrating the degree of change between previous structures. The
addition of each nucleotide during transcription elongation presents an opportunity for significant conformational
switching as the entire energy landscape reshapes.
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probabilities are governed by transition rates that
arise from local energy barriers between nearby
possible RNA structures.*”*® For example, Kinefold
simulates the folding of a growing RNA chain by
computationally searching for nearby possible
structures, and stochastically making or breaking
base pairs based on estimated rates to these
nearby structures.’® The Kinfold algorithm uses a
similar framework, but chooses between the forma-
tion, breaking, or shifting of individual base pairs.*°
However, while these algorithms have great practi-
cal utility to simulate an RNA folding trajectory
quickly and easily, they do not reveal a deeper
understanding of general cotranscriptional RNA
folding landscapes. Specifically, the stochastic
approach samples one possible folding trajectory
at a time out of a myriad of possibilities, making it
intractable to gain a global view of possible folding
trajectories of a given RNA molecule (Figure 1).
Recently, experimental techniques are also
beginning to provide insights into non-equilibrium
nascent RNA folding. Single molecule techniques,
such as single molecule optical force
spectroscopy, are able to measure structural
transitions of a growing RNA chain at millisecond
time  resolution, revealln1g the  switching
mechanisms of riboswitches®' and structural rear-
rangements of the SRP RNA during transcription.®’
New methods utilizing Forster resonance energy
transfer are being used to label nascent RNAs to
understand folding propertles during key moments
in the folding pathway And whole new
approaches are using engineered superhelicases
to simulate transcription elongation and character-
ize kinetically controlled decision landscapes.**>*
Atomic structure determination techniques have
also been applied to study transient structures and
structural transitions.>>* For example, the coupling
of NMR with photo-cage labeling of RNA strands
has allowed researchers to trigger the conforma-
tional switching of an adenine riboswitch by unca-
ging part of the expression platform and using
NMR to watch it invade the aptamer.>* Recently,
single particle cryo-EM has been used to reveal
local conformational dynamics in an exterior helix
of the Tetrahymena ribozyme, and rotational flexi-
bility of the R- Io 5p in the target-bound CRISPR-
Cas9 complex.®*® And high throughput chemical
probing approaches have been developed that
can probe nascent RNA structures in transcription
elongation complexes,®® that when combined with
new modeling algorithms can reconstruct possible
cotranscriptional folding pathways from this experi-
mental data.®” This approach is revealing details of
riboswitch mechanisms, such as strand invasion
pathways that allow expression platform folding in
the absence of Ilgand but are blocked by aptamer-
ligand interactions,*>°®°” and rearrangement path-
ways of the SRP RNA molecule that were corrobo-
rated by single molecule techniques.® Collectively,
these methods have pushed the field forward in

experimentally understanding the physical parame-
ters of cotranscriptional folding pathways and are
permitting researchers to better hypothesize how
RNA undergoes dynamic conformational switches
during transcription.

As an example of how these techniques can
reveal new insights into co-transcriptional RNA
folding, we combined experimental
cotranscriptional structure probing of the SRP
RNA folding pathway*® wnth computational struc-
ture prediction algorithms®® to reconstruct possi-
ble free energy landscapes that the SRP RNA
may traverse during transcription (Figure 1). In
this reconstruction, we observe that the elongat-
ing transcript traverses vastly changing land-
scapes, where every transcribed nucleotide
transforms the conformational ensemble space.
At shorter RNA lengths the SRP landscape is
shallow, with few minima creating many possible
folds with similar free energies. However, as the
RNA chain grows longer, deeper minima emerge
in the free energy landscape, reflecting the reso-
lution of folding possibilities into fewer states. In
between these two regimes the SRP RNA dra-
matically rearranges its fold from a tri-helix inter-
mediate at 109 nt to an elongated helix at 110
nt, though it is not clear from the energy land-
scape reconstructions alone how this may hap-
pen. Here a deeper understanding of the
mechanisms by which RNAs may interconvert
between states may be important for understand-
ing how RNAs can traverse rugged and changing
free energy landscapes.

As a field, we appear poised to significantly
elaborate our biophysical framework of RNA
folding by incorporating the physics of
cotranscriptional RNA folding as it traverses free
energy landscapes. In this view, the RNA fold
does not move along a fixed free energy
landscape, but instead navigates a shifting
landscape that transforms with each transcribed
nucleotide'? (Figure 1). Each new nucleotide could
reveal new peaks and troughs in the landscape,
allowing dynamical switching between conforma-
tions that on a fixed landscape may appear to be
separated by insurmountable free energy barriers.
Deeper research from a range of approaches is
needed to confirm and refine this model. Applying
this framework to a diverse set of RNA sequences
may help us understand general principles of rapid
dynamical conformational switching at the heart of
many RNA functions.

How Widespread is Strand
Displacement as a General Feature of
RNA Conformational Switching?

Large RNA conformational changes can present
significant free energy barriers to structural
rearrangement, requiring milliseconds to hours to



D.Z. Bushhouse, E.K. Choi, L.M. Hertz, et al.

Journal of Molecular Biology xxx (xxxx) xxx

occur — a time window that may limit cellular
functions.'® An intriguing solution to this challenge
is ‘strand displacement’, a process by which RNA
structures can efficiently rearrange through small
nucleotide fluctuations that facilitate base pair
exchange.”® ‘Strand displacement’ or ‘strand
exchange’ refers to a process whereby a double-
stranded region comprising a substrate strand and

o
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incumbent strand is disrupted by a third invader
strand, resulting in the formation of a new invader-
substrate duplex (Figure 2(a)).”® While strand dis-
placement can occur with three separate nucleic
acid strands, in the context of RNA conformational
switching, the incumbent, substrate, and invader
strands may all be regions of the same RNA
molecule.
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Strand displacement was first identified by
LeCuyer and Crothers, who proposed that this
mechanism would allow mutually exclusive helices
with similar free energy to quickly interconvert in a
‘break-one-form-one’ fashion comparable to
branch migration.**° Since then, strand displace-
ment has been observed in two major areas of
RNA function: ig dé/namically during cotranscrip-
tional folding,**“*°**" and ii) within some post-
transcriptional rearrangements and cellular factor
binding events®'? (Figure 2).

Since cotranscriptional folding favors local
structures that can form immediately after
synthesis, there is a potential for kinetic traps that
consist of metastable RNA structures that must be
rearranged into more thermodynamically stable or
functional folds. In cases of conformational
switching during the timescale of transcription,
RNAs appear to utilize strand displacement
mechanisms. This is especially true for
transcriptional riboswitches, cis-acting non-coding
RNAs that regulate transcription elongation
through ligand-mediated conformational
switching.?® Several studies of transcriptional ribos-
witches reveal that, in these cases, the genetic deci-
sion is the result of a competition between two
mutually exclusive structures that exchange via a
strand displacement mechanism (Figure 2(b)).
Ligand binding can then bias the folding pathway
by stabilizing certain structures that prevent strand
displacement by a downstream intrinsic terminator
structure, allowing ligand binding to directly lead to
the enactment of a genetic regulatory decision (Fig-
ure 2(b)).*>*” Furthermore, for some transcriptional
riboswitches, the presence of an additional compet-
ing strand can flip this logic, with strand displace-
ment leading to the retention of a strand that
competes with the terminator structure.”®.

<

Moreover, cotranscriptional strand displacement
can be guided by higher order transcriptional
dynamics. For example, while the E. coli SRP
RNA must form a long hairpin structure for proper
function, it was shown that efficient folding of this
structure utilizes RNA polymerase (RNAP)
pausing to promote the formation of a labile 5
hairpin structure that then rearranges to form the
extended functional fold.®®> Recent studies strongly
suggest that this rearrangement proceeds via a
strand displacement pathway®'*? (Figure 2(a)).

In addition to mediating structural rearrangement
during transcription, strand displacement could play
a role in many post-transcriptional cellular contexts
where RNA conformational switching is functionally
important. For example, structure-probing studies
showed that the NEAT1 IncRNA has two
functionally distinct folds — one with many short
helices that has unknown biological function, and
another with a long-range helix that facilitates
paraspeckle formation to regulate gene
expression.®* Here, strand displacement could be
an advantageous mechanism of conformational
switching. Such a mechanism may offer a much
faster route to rearranging RNA structures that
occur on rugged free energy landscapes (Figure 1),
because rather than having to melt local structures
within two complementary regions prior to re-
folding, strand displacement could allow local struc-
tural interconversions that would each have rela-
tively smaller energy barriers to traverse.®’ In fact,
DNA nanotechnology studies have found that
strand displacement kinetics can occur on the
microseconds timescale,® similar to the timescales
of local nucleotide fluctuations.®® Moreover,
because strand displacement can rely on only a
few nucleating base pairs for initiation (Figure 2
(a)), conformational switching could be tightly regu-
lated by controlling the formation of these base

Figure 2. Strand displacement is a widely observed mechanism of RNA conformational switching.
lllustrations of several well-studied strand displacement processes. (A) Cotranscriptional strand displacement for
structural rearrangement during transcription of the E. coli SRP RNA. After transcription of 110 nucleotides, three
nucleating base pairs (purple) can form between the 3' end and the loop of a 5’ hairpin structure . This interaction
seeds a strand displacement reaction in which an invading strand (red) outcompetes an incumbent strand (orange) for
binding to a substrate strand (blue), causing a global conformational change that remodels the nascent RNA from a
tri-helix structure to a single elongated helix.** (B) Strand displacement in RNA genetic switches. Secondary structure
diagram of the cotranscriptional folding pathway of the Clostridium beijerinckii pfl ZTP/ZMP riboswitch. In the absence
of ligand, a strand displacement event seeds the formation of a strong intrinsic terminator. In the presence of ligand,
numerous tertiary structural interactions, including: (1) ribose zippers, (2) an A-minor triple, and (3) hydrogen bonds
between ligand and the binding pocket stabilize the holo-aptamer structure such that strand displacement is unable to
efficiently proceed. This results in the formation of an alternative anti-terminating structure®”'°' (PDB ID: 4ZNP). (C)
Protein-catalyzed strand displacement. The Mss116p non-processive RNA helicase has been shown to catalyze
strand displacement by capturing the incumbent strand (orange), freeing the substrate strand (blue) to anneal to the
invading strand (red)®®'°? (PDB ID: 3I5X). (D) CRISPR gene editing. Cryo-EM structure model of target-bound Cas9
illustrates the molecular basis of strand displacement in Cas9-gRNA-DNA recognition® (PDB ID: 7S38). The gRNA
(red) forms a heteroduplex with the DNA target sequence substrate (blue) by invading the dsDNA, forcing the
incumbent non-target strand (orange) to dissociate.
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pairs.”® For example, large-scale conformational
changes that proceed via strand displacement can
be catalyzed by nonprocessive RNA helicases like
DEAD-box RNA helicases®”®® (Figure 2(c)). Thus,
strand displacement may underlie the regulation of
some RNAs with post-transcriptional function.

Strand displacement also appears to play a role in
biological mechanisms that utiize RNA for
sequence recognition such as CRISPR-Cas9.
CRISPR-Cas9 is a bipartite system composed of
the Cas9 endonuclease and a guide RNA (gRNA)
which targets the complex to complementary
genomic loci. After the Cas9-gRNA complex binds
tightly to a protospacer-adjacent motif, the single-
stranded seed region of the gRNA is positioned to
invade the target genomic site, opening up the
dsDNA duplex and forming a RNA:DNA
heteroduplex via strand displacement®>%%%° (Fig-
ure 2(d)). In this way, Cas9 facilitates strand dis-
placement, which can typically only disrupt
double-stranded structures if there are transient
fluctuations in base pairing at the ends. Structural
studies of other Cas enzymes have shown similar
dynamics.”® While different from Cas9, argonaute
proteins also pre-organize the 5’ end of their miRNA
(seed region), allowing increased discrimination
between sites with and without a single mismatch
in this region at rates much higher than would be
expected from simple nearest-neighbor thermody-
namic rules.”’ Thus, while strand displacement
was first identified for RNA helical switching, it
appears to have also been inherited in RNA-
protein binding and recognition mechanisms.

Strand displacement allows RNAs to efficiently
traverse large energetic barriers to enact
conformational switching.’’ The process can be
tightly regulated by controlling the spatial proxim-
ity of the three participating strands, and by con-
trolling the formation of nucleating base pairs.
This raises the intriguing question: How broadly-
distributed is strand displacement as a mecha-
nism for RNA conformational switching? An evo-
lutionary study of bacterial P RNA, SRP RNA,
the trp operator leader, hepatitis delta virus ribo-
zyme, Levivirus maturation gene, and a class of
S-adenosylmethionine riboswitches, found evi-
dence that the cotranscriptional folding pathways
of these RNAs likely feature evolutionarily con-
served transient metastable structures that guide
the RNA to adopt its final fold, potentially by help-
ing the RNA avoid kinetic traps.”® Further bioin-
formatic analysis could be used to investigate
other RNA systems that have sequences that
could facilitate strand displacement, with experi-
mental techniques used to corroborate these pos-
sibilities. As techniques develop to understand
how RNA dynamically switches conformations in
different contexts, we predict strand displacement
will be shown to be a general-purpose strategy
for guiding RNA structural transitions throughout
biology.

How do Proteins Mediate
Cotranscriptional RNA Conformational
Switching?

The biophysics of cotranscriptional folding
creates a key challenge for cellular RNAs — the
propensity of nascent RNAs to fold into non-
functional kinetically trapped states at local
minima in a rugged and changing free energy
landscape (Figure 1). However, cellular RNA
folding does not occur within a vacuum, but in a
complex milieu filled with other cellular
components such as proteins that can bind to
RNA, influencing its folding and function.”” For
example, RNA folding chaperones can prevent
RNAs from folding into non-functional states by mit-
igating kinetic folding traps’® (Figure 3(a)). This
raises the fundamental biological question: How
do proteins mediate dynamic RNA folding through
RNA conformational switching?

A confluence of biophysical and biochemical
methods are now revealing the details of how
cellular factors associate with  transient
intermediate structures of nascent RNAs to help
the RNA navigate its complex conformational
landscape towards its functional form.”> Several
aspects of biological processes appear to be partic-
ularly influenced by RNA-protein interactions: the
assembly of ribonucleoprotein complexes (RNPs)
(Figure 3(b), (c)), the feedback between nascent
RNAs and the elongation complex (Figure 3(d)),
eukaryotic RNA processing and gene expression,
and RNA-driven formation of nuclear
compartments.

RNPs can assemble cotranscriptionally from their
molecular components and involve many RNA-
protein interactions, including those that influence
the fold of the RNA molecule as part of the
assembly process’® (Figure 3(c)). Bacterial riboso-
mal biogenesis is among the most well-studied sys-
tems exemplifying the importance of timely
incorporation of cellular factors during RNP assem-
bly. Ribosomal assembly begins during transcrip-
tion, and is intimately coupled with processing and
maturation of the pre-rRNA.”””® The hierarchical
addition of ribosomal proteins (RPs) to ribosomal
subunits can lead to structural changes in the pre-
rRNA, with each newly incorporated RP stabilizing
the folded structure of its immediate RNA binding
site, in turn stimulating structural changes in adja-
cent pre-rRNA residues that help recruit other pro-
teins to the complex.’”*° For example, the
nascent 16S pre-rRNA 3‘ domain initially misfolds,
but the binding of the S7 RP structurally remodels
16S to enable subsequent hierarchical assembly
of the 30S ribosomal subunit’® (Figure 3(b), (c)).
Overall, ribosome biogenesis is illustrative of how
proteins can smooth the RNA folding landscape
by preferentially stabilizing productive folding
intermediates.®°
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Another key area where RNAs and proteins
intimately interact is within the transcription
elongation  complex itself.  Transcriptional
dynamics arising from the two-way interplay
between nascent RNA folding and the
transcription elongation complex have been
shown to play important roles in the temporal
coupling of RNA synthesis and conformational
switching.”*®' Furthermore, RNAP pausing has
been shown to influence RNA folding pathways,
either by giving time for the RNA to rearrange into
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more thermodynamically stable structures or by
selecting for certain metastable structures that pre-
vent downstream sequence from interfering with
labile folds.®® Elongation factors that affect the rate
of transcription or bind to nascent RNA structures
themselves can also play roles in guiding nascent
RNA through its free energy landscape. For exam-
ple, the elongation factor NusA forms transient con-
tacts with the elongating RNA chain, allowing this
protein to modulate transcriptional dynamics in
response to the formation of certain RNA structures
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and vice versa.®®® ® This points to broader roles
for elongation factors such as NusA, NusG and
others in facilitating cotranscriptional RNA folding
(Figure 3(d)).

Principles from RNP assembly and protein-
mediated modulation of transcriptional dynamics
can both be seen in the intricate trp operator
leader system, which employs RNAP pauses and
binding of the 11-mer trp RNA-binding attenuation
protein (TRAP, Figure 3(e)) to nascent RNA for
the regulation of gene expression.?®®” During tran-
scription of the trp leader, NusA- and NusG-
stimulated RNAP pauses allow enough time for
holo-TRAP to bind the elongating transcript at
repeating tryptophan codons, conformationally
switching the RNA to form a terminator hairpin that
attenuates transcription of the downstream trypto-
phan biosynthetic operons®® #° (Figure 3(d), (e)).
These examples reveal the importance of a tight
interplay between protein binding and dynamic
RNA folding, as the timely addition of proteins can
aid other segments of RNA to fold into place, carv-
ing a direct pathway towards functionality through
an otherwise incredibly rugged energy landscape.

Eukaryotes have evolved additional mechanisms
that leverage RNA-protein interactions to influence
RNA folding. In eukaryotes, nascent transcripts
bind a diverse set of proteins throughout their
lifetimes in the nucleus, forming heterogeneous
ribonucleoprotein complexes (hnRNPs).?*?' Due
to their ability to both recognize DNA and RNA
structures and recruit necessary protein compo-
nents for particular processes, hnRNPs play crucial
roles in almost every aspect of RNA biogenesis,
from transcription and splicing to nuclear export
and translation.®? °° In addition, there is now evi-
dence that nascent RNA structures themselves
may play an equally valuable role by driving the for-
mation of macromolecular assemblies within the
nucleus, for example acting as seeds to drive spa-
tial localization of otherwise diffusive non-coding
RNA and protein molecules.”® Ultimately, much

<

work remains to elucidate the precise mechanisms
by which hnRNPs promote, suppress, and guide
nascent RNA folding dynamics, as well as the role
of RNA structure and conformational switching in
these processes.

Regardless of the environment, the propensity of
RNA to fold into local kinetically trapped states that
prevent proper folding and function creates a need
for mechanisms to resolve misfolding. While
conformational switching mechanisms like strand
displacement are nucleic acid-centric, the
mechanisms described above demonstrate how
proteins have evolved to also address nucleic acid
folding challenges. Utilizing proteins as dynamic
RNA  folding chaperones could  allow
advantageous modularity, allowing the RNA
sequence to develop into highly specialized final
structural states that ultimately influence cellular
events. And while this question is limited in scope
to proteins, as techniques develop, the same
questions could be taken further to understand
how chemical modifications,®” temperature,® small
molecules,? and even other RNAs” influence RNA
conformational dynamics. Ultimately, more work
investigating a connection between proteins and
the dynamic folding free energy landscape of RNAs
could reveal an exciting new area of RNA biology to
explore.

Discussion

Innovative computational and experimental
techniques are shedding new light on the
complexities of the cellular RNA folding problem.
An increased appreciation for the predominance of
kinetically-driven processes necessitated by RNA
biogenesis is causing a re-thinking of classic RNA
folding paradigms.

Previous conceptualizations of the RNA folding
problem posited that the minimum free energy
structure was likely the final folded state of most
RNAs.' However, later developments have estab-

Figure 3. Protein-RNA interactions guide cotranscriptional folding, influence transcription dynamics, and
determine gene expression outcomes. (A) Cartoon representation of how a protein can alter an RNA folding free
energy landscape, allowing alternate folding pathways to, for example, avoid kinetic traps. (B) Three-dimensional
structure of the E. coli ribosomal protein S7 binding to 16S rRNA’® (PDB ID: 4V9P). Hydrogen bonding interactions
with the rRNA are shown in the insets. (C) Cartoon of ribosomal protein S7 binding to nascent 16S rRNA during
transcription as a portion of ribosome biogenesis leading to a fully functional ribosome. The ribosome can then
perform its function of protein translation. In some cases, such as for S7 depicted, the translated protein can bind to
nascent RNA during transcription, participating in hierarchical ribosome assembly pathways. (D) Cartoon example of
transcription attenuation through the 11-mer trp RNA-binding attenuation protein (TRAP) mechanism. As the 5’ UTR
of the trp attenuator is transcribed, RNA polymerase reaches a NusA-NusG mediated pause site. In excess
tryptophan conditions, tryptophan cooperatively binds between adjacent subunits of the 11-mer TRAP complex,
which can bind the 5' UTR allowing an intrinsic terminator to form. In limiting tryptophan conditions, TRAP does not
form nor bind the 5 UTR. Instead, an anti-terminating stem forms, allowing the RNA polymerase to continue
transcribing the downstream operon.®”*® (E) Three-dimensional structure of the Geobacillus stearothermophilus trp
RNA-Binding Attenuation Protein bound to single-stranded RNA (PDB ID: 1C9S).
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lished that RNAs are more accurately described as
adopting an ensemble of structures occupying mul-
tiple local minima of a rugged energy landscape.
Detailed studies of specific RNA systems are
revealing how the process of transcription guides
structural ensembles through ever-shifting energy
landscapes, prompting us to revisit our conceptual
framework for understanding the principles of
RNA folding, and how these principles manifest in
RNA function. Interestingly, cotranslational protein
folding may serve as a guide for a deeper under-
standing of cotranscriptional RNA folding. For
example, cotranslational folding is commonly
described as a nested energy landscape, where
the volume of conformational space is proportional
to the length of the nascent polypeptide.'“° How a
similar conceptualization of cotranscriptional folding
can be woven in with the inherent ruggedness of
RNA folding landscapes will be interesting to
develop further.

Ultimately, the dynamic aspects of cellular RNA
folding provide nature with an expanded
complexity of RNA folds beyond those attainable
in equilibrium. It is our hope that the three central
questions posed above will inspire the next wave
of research that probes a deeper understanding of
this RNA folding regime and how it facilitates
myriad cellular functions. We anticipate answers
to these questions will drive fundamental
understanding and accelerate developments in
RNA-based biotechnologies.
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