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Abstract

Conformational dynamics are essential to macromolecular function. This is certainly true of RNA, whose
ability to undergo programmed conformational dynamics is essential to create and regulate complex bio-
logical processes. However, methods to easily and simultaneously interrogate both the structure and con-
formational dynamics of fully functional RNAs in isolation and in complex with proteins have not historically
been available. Due to its ability to image and classify single particles, cryogenic electron microscopy
(cryo-EM) has the potential to address this gap and may be particularly amenable to exploring structural
dynamics within the three-dimensional folds of biologically active RNAs. We discuss the possibilities and
current limitations of applying cryo-EM to simultaneously study RNA structure and conformational dynam-
ics, and present one example that illustrates this (as of yet) not fully realized potential.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Introduction

RNAs form intricate, conformationally dynamic
secondary and tertiary (3�) structures that are
essential for regulating diverse biological
processes, thus a critical goal for biomedical
research is to solve these structures and
understand how they determine biological
function.1–3 However, the study of RNA structure–
function relationships is challenged by the dynamic
nature of RNA structure. Although cryogenic elec-
tron microscopy (cryo-EM) is rapidly emerging as
a premier structural biology tool, its use to infer func-
tional conformational dynamics of structured RNAs,
both free and/or bound to protein partners, has not
been fully exploited. Here, we will discuss the
dynamic nature of RNA structure and the associ-
ated experimental challenges, present examples
of how cryo-EM can help address some of these
rs. Published by Elsevier Ltd.This is an open ac
challenges, and discuss the promise and limitations
of themethod as a tool to study RNA conformational
dynamics.
RNA structures comprise dynamic
conformational ensembles

In solution, every macromolecule fluctuates
between a large number of conformational states,
collectively referred to as its ‘conformational
ensemble’ (Figure 1).4–5 Dependent on intrinsic
molecular properties and environmental conditions,
some states of the ensemble are more prevalent
(i.e., more stable) than others, but even rare states
can be important for function. Although all macro-
molecules are conformationally dynamic, in practice
a distinction is made between ‘rigid’ and ‘flexible’
molecules. These qualitative terms can have differ-
ent contextual meanings, but typically a molecule is
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Figure 1. Schematics comparing the energy landscape of macromolecules with “flexible” and “rigid”
conformational ensembles. Helices are represented as cylinders and junctions as connecting strings. (A) Energy
landscape shows multiple conformational states (i.e., energy wells) with similar thermodynamic stabilities. Because
the states have similar stabilities and there are relatively low energy barriers between them, they are approximately
equally occupied at any time (i.e., they have equal probabilities). The ensemble illustrated in the left box shows
superposition of possible conformational states, each of them equally represented in the ensemble, illustrated using
transparency levels. Molecules displaying this type of conformational behavior are typically referred to as “flexible”.
(B) Energy landscape shows one conformation that is much more stable than the rest of the conformations in the
ensemble. In this hypothetical case, additional stability is contributed by the formation of long-range contacts between
3� interfaces (red triangles). The conformation with high stability is much more probable and occupied than the rest of
the conformations. The ensemble on the left box illustrates this point by making the stable conformation opaquer than
the rarer (transparent) conformations. Molecules displaying this type of conformational behavior are typically referred
to as “rigid”.
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referred to as ‘flexible’ when, under the experimen-
tal conditions, it fluctuates between a relatively large
number of similarly stable conformational states
(Figure 1(A)). In contrast, ‘rigid’ molecules populate
one or a limited number of well-defined states, while
other states of the ensemble are much less stable
and therefore rarely populated (Figure 1(B)). Using
these terms for convenience, folded RNAs tend to
be significantly more flexible than folded proteins,
due to intrinsic differences in the architectures of
these macromolecules. Many complex RNA 3�
structures are collections of short, modular helices
connected by relatively flexible junctions serving
as “hinges” that orient helices in different directions
relative to each other.1 The helices are stabilized
2

locally by base stacking and base pairing and may
interact with distant helices only at limited 3� contact
interfaces. Thus, in contrast to the densely packed
structures of proteins that are stabilized by exten-
sive networks of long-range contacts and the
hydrophobic effect, many RNAs are more loosely
packed and stabilized by a relatively small set of
sparsely distributed 3� contacts, resulting in a
greater degree of local structural fluctuations and
inter-domain movements.1,6 Additionally, due to
the promiscuity of base–base interactions, a single
RNA sequence can specify very different but simi-
larly stable secondary and 3� structures, further
increasing the potential structural complexity of
the ensemble.1 As described below, flexible and/
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or conformationally heterogenous molecules tend
to be very challenging targets for structural biology
and, therefore, there is a plethora of functional
RNAs with unknown three-dimensional (3D) struc-
tures. Solving the major conformations adopted by
these RNAs and dissecting their structural dynam-
ics are essential steps towards a mechanistic
understanding of RNA function. Additionally,
because distinct RNA 3� structures typically consist
of sets of recurring motifs – i.e., RNA structure is
modular – lessons learned from dissecting the con-
formational ensembles of specific RNAs can often
inform on principles applicable across diverse
RNA sequences.7–11

The importance of conformational dynamics to
RNA function

To function, RNAs interact with many different
proteins, ions, small molecules, and/or other
RNAs, and conformational dynamics frequently
play a role in these interactions.4,12–13 Often, the
interaction partners recognize one or more specific
states within the conformational ensemble of the
RNA, but not all states. This ‘conformational selec-
tion’ mechanism, in which the RNA samples the
bound conformation prior to ligand binding,
depends on the dynamic sampling of multiple
states, and evidence suggests that it is a major
mode of RNA molecular recognition.4 For example,
riboswitches are structured elements, mostly found
in the 50 untranslated regions (UTRs) of bacterial
mRNAs, that turn gene expression ‘on’ or ‘off’
(i.e., a two-state switch) in a ligand-dependent man-
ner by adopting mutually exclusive ligand-free and
ligand-bound conformational states.14 Nuclear
magnetic resonance (NMR) and fluorescence
microscopy studies showed that, in the absence of
ligand, the S-adenosylmethionine type II (SAM-II)
riboswitch explores multiple conformational states
and transiently adopts a conformation that resem-
bles the ligand-bound state, which is “captured”
and stabilized by ligand binding.15 Other ribos-
witches use similar conformationally dynamic
mechanisms.13 The ensemble nature of RNA can
also be important during the assembly of large
RNA-protein complexes. For example, during ribo-
some assembly, the binding of proteins can select
specific rRNA conformational states, steering the
assembly pathway to reach the correct final struc-
ture.16 In addition to conformational selection,
another mode of RNA molecular recognition is
induced fit, in which conformational changes occur
after binding of the ligand; the ligand dissociation
rate is slower than formation of the induced confor-
mation.17 In practice it can be difficult to distinguish
between conformational selection and induced fit,
but both are important mechanisms that involve
RNA conformational dynamics. For more examples
of canonical RNA dynamics-function relationships
see ref.4 Recently, it has become clear that gen-
omes are extensively transcribed and produce
3

thousands of long non-coding RNAs (lncRNAs).18–
19 Although the functions of most lncRNAs are
unknown (and debated), many of them likely
depend on molecular recognition and therefore on
structure and conformational dynamics.

The challenge of studying conformationally
dynamic RNA structures

Despite the central role of structural dynamics in
creating and regulating function, experimentally
visualizing the full conformational ensemble of an
RNA is impossible because all techniques have
limited spatial and temporal resolutions. However,
in many cases structural characterization of a
small subset of states can provide a useful
approximation of the ensemble and/or can be
combined with computational modelling to infer
conformations that are not accessible
experimentally.10,20–22 Multiple states may be
detected simultaneously, i.e., in a single experi-
ment, or be captured biochemically, pharmacologi-
cally, or genetically and examined individually. In
some cases, structural dynamics can be inferred
from experimental uncertainty or “fuzziness”, analo-
gous to a blurry photograph of a moving object.
Therefore, although these methods do not provide
a comprehensive picture of the ensemble, they
can generate testable hypotheses, guide biophysi-
cal studies, and eventually lead to a mechanistic
understanding of structure-dynamics-function
relationships.
X-ray crystallography has greatly contributed to

our understanding of RNA structure. Although this
technique does not directly report on structural
dynamics, in some cases a single crystal can
contain multiple conformations, ‘snapshots’ of
different states can be captured and crystallized
individually, and/or relatively disordered parts of
the molecule in the crystallized state can suggest
local flexibility.23–24 However, the crystallization
requirement tends to favor overall rigid molecules
and/or bias the sample into adopting particular con-
formational states.25–26

NMR can query the molecules in solution and can
access conformational dynamics within a wide
range of timescales.21,27 With the help of computa-
tional modelling, NMR yields experimentally sup-
ported conformational ensembles of small RNAs
and can reveal conformational rearrangements
within larger functional RNAs.22 However, this tech-
nique is mostly reserved for relatively small RNAs
(<100 nts) or smaller regions or interactions within
larger RNAs, and is limited by the time-consuming
and labor-intensive challenge of assigning the
resonances.28

Other powerful methods for probing RNA
structural dynamics include single-molecule
Forster resonance energy transfer (smFRET), X-
ray scattering, chemical probing, and high-
throughput binding measurements.9–11,29–33 In par-
ticular, although a low-resolution technique, small
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angle X-ray scattering (SAXS) has been an invalu-
able tool for probing RNA folding and conforma-
tional changes in solution.30,34–38 Each of these
methods have specific strengths and limitations in
the type, number, timescale, and stability of the con-
formations that can be detected, and often a combi-
nation of techniques needs to be applied for a
mechanistic understanding of RNA structure-
dynamics-function relationships. Ultimately, how
many conformations within the full ensemble need
to be probed and the best methods to probe those
conformations depend on the RNA and the biologi-
cal question of interest.
Advances in the determination of protein-free
RNA structures by cryo-EM

Recent advances in instrumentation and data
processing tools have led to a “resolution
revolution” in single particle cryo-EM39–41 Typical
targets of cryo-EM are large assemblies of proteins
and nucleic acids (e.g., the ribosome) but the
advances that caused the resolution revolution
have also had the effect that smaller and more flex-
ible structures can be solved.42 These advances
have mostly benefited the protein structure field
and the study of large RNA-protein complexes like
the ribosome, but recent studies have demon-
strated their applicability to protein-free functional
RNAs.26 To date, cryo-EM has been used to solve
RNAs as small as a 40 KDa riboswitch to 3.7�A res-
olution and provided three structures with <3.5 �A
resolution.43–45 The technique has also been
applied to challenging RNA targets, such as confor-
mationally dynamic viral RNAs and kinetically
trapped RNA folding intermediates.46–48 These
advances in RNA-only cryo-EM have been made
possible not only by advances in microscopes and
detectors, but also by the development of computa-
tional tools for fitting atomicmodels of RNA into low-
to moderate-resolution maps and by the engineer-
ing of RNA constructs with modular structural mod-
ifications, such as localized helical extensions, that
provide modelling constraints.45–46,49 As a recently
published review article describes advances in the
use of single-particle cryo-EM for structural determi-
nation of protein-free RNAs,26 we focus the rest of
our discussion on the use of cryo-EM and computa-
tional tools for inferring RNA structural dynamics.
Opportunities and challenges of cryo-EM for
the study of RNA structural dynamics

One of the main advantages of cryo-EM over X-
ray crystallography is that the sample does not
require crystallization and therefore does not bias
the particles into a particular conformational state.
Instead, the sample is prepared by rapidly cooling
the particles to cryogenic temperatures,
preserving structural heterogeneity present in
solution.50–55 Thus, in principle, the full conforma-
tional ensemble is represented in the frozen parti-
4

cles, making it possible to get information about
structural dynamics from cryo-EM data. However,
while this is true in principle, reality is more complex
as there are multiple factors that may bias the
ensemble that is present in the cryo-EM grid. These
include the time that it takes for the sample to freeze
relative to the timescale of the structural dynamics
and potential interactions between the sample, the
grid substrate, and/or the water–air interface.50,56

Fortunately, protein-free RNAs may have a lower
tendency for adsorption to the water–air interface
than proteins do, as RNAs solved by cryo-EM so
far do not appear to adopt preferred orienta-
tions,43–44,46,49 which is diagnostic for adsorption.
This may be because of the relatively small size of
the RNAs, their overall charge, and their solubility,
but it remains to be determined whether these
observations are generalizable. In addition, one fea-
ture of RNA that makes it amenable to cryo-EM is its
high contrast (relative to solvent ice) in cryo-EM
micrographs, which may be caused by the high
electrostatic potential of its backbone. This high
contrast makes it relatively easier to see even small
RNA molecules during particle picking.26,46

When studying RNAs that populate multiple well-
defined conformations (discrete conformational
heterogeneity) and/or flexible conformational
states (continuous conformational heterogeneity),
an advantage of cryo-EM is that data are collected
for individual particles and therefore co-existing
conformational states can in theory be separated
and solved independently. This is one of the major
advances responsible for the resolution revolution,
as greater conformational homogeneity typically
leads to higher-resolution structures. An
interesting consequence of the single-particle
nature of cryo-EM is that, in principle, cryo-EM
datasets contain information about structure,
conformational heterogeneity, and the relative
stabilities of the different conformations.50,54–55

The latter is contained in the number of particles
in each conformational state, which inform on the
relative probabilities and therefore, the Gibbs free
energies, of each conformation. Thus, in theory, if
one could thoroughly and unambiguously pick parti-
cles and assign each to a specific conformational
state, thermodynamic information about the confor-
mational ensemble would be available. In practice,
however, there are multiple challenges that cur-
rently limit the ability to obtain quantitative thermo-
dynamic information from cryo-EM data. First,
there may be very low signal-to-noise ratio of indi-
vidual particles, which means it may be difficult to
assign a given particle to a conformational state;
this problem is exacerbated with small RNA mole-
cules. Also, particle picking is imperfect and thus
molecules in some statesmay be present in the grid
but due to their shape and orientation are not
detected and picked, or particles in different states
may appear identical from some orientations and
therefore may be difficult to classify. This will lead
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to under- and over-representation of some states in
the data. In addition, challenges associated with
selection of correct 2D and 3D class averages could
again lead to certain conformational states being
underrepresented or ‘missed’ in the data. Other
experimental and computational limitations also
apply.
Despite the limitations mentioned above, the field

has recognized the opportunity to visualize
structural dynamics from cryo-EM data, and
several computational tools recently have been
developed for this purpose, including 3D variability
analysis in cryoSPARC, multi-body refinement in
Relion, and the neural network-based cryoDRGN,
among others.51–53 These tools can help in the
detection of both discrete and continuous confor-
mational heterogeneity, and in combination with
well-established classification algorithms have
revealed structural dynamics in proteins and
protein-nucleic acid complexes. Below, we summa-
rize an example showing how cryo-EM can give
insights into the conformational dynamics of RNA-
only structures and how this affects specific molec-
ular recognition events, in this case interaction with
protein.
Conformational rearrangements of a viral RNA
structure upon binding to host protein

We recently investigated a �55 kDa RNA
structure at the 30 end of the brome mosaic virus
(BMV) genome that is aminoacylated by the host’s
Figure 2. Cryo-EM map of viral tRNA-like structure
Schematic of the secondary structures of tRNA (top) and t
Helices in BMV TLS are labeled (A, B1, B2, B3, C, D, and E)
(EMD-24952, top) and structure (PDB 7SAM, below) of the
4.3 �A and was refined with 128,266 particles. Resolution
Correlation (FSC) of 0.143. Grey box indicates region of the
the map. Helices in the structure are colored as in (A). (C) Cr
according to local resolution. Grey box indicates low-resol
dynamic. From S. L. Bonilla, et al., A viral RNA hijacks hos
tRNA-like structure. Science 374, 955–960 (2021). Reprinte
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tyrosyl-tRNA synthetase (TyrRS) enzyme and
performs multiple functions in the viral life cycle.46

Based on its ability to be aminoacylated, the viral
RNAwas expected to prefold into a tRNA-like struc-
ture (TLS), but its experimentally determined sec-
ondary structure greatly differed from that of tRNA
(Figure 2(A)). Despite evidence that this RNA was
stably folded, it precluded crystallization for dec-
ades and it remained a mystery how the BMV TLS
structure mimics tRNA.57 Using cryo-EM, we
obtained a 4.3 �A resolution map that revealed the
topology of the viral RNA and allowed us to build
a 3D model of the TLS and identify the location of
the anticodon and acceptor arms (Figure 2(B)). Sur-
prisingly, although the relative positions of the
acceptor and anticodon arms roughly resemble
those of tRNA, the 3D structure of the free TLS
RNA does not fit the tRNA binding sites on the
TyrRS homodimer and therefore is inconsistent with
aminoacylation.46 This suggested that the free RNA
is not structurally preorganized to be recognized by
TyrRS and that conformational dynamicsmight play
a role.
Further analysis of the cryo-EM data revealed a

region of the map with lower resolution,
suggesting local flexibility within the structure
(Figure 2(C)). To get more insights, we made use
of the 3D Variability Analysis (3DVA) module
within the cryoSPARC program.53 This analysis
uses a type of principal component analysis applied
to the aligned particles to generate a set of 3D vol-
umes that show the conformational variability con-
reveals local flexibility of anticodon domain. (A)
he brome mosaic virus tRNA-like structure (BMV TLS).
following naming in the literature (59). (B) Cryo-EM map
free BMV TLS RNA. The overall resolution of the map is
s were calculated using a gold standard Fourier Shell
map that displayed lower resolution relative to the rest of
yo-EM map of free BMV-TLS RNA (EMD-24952) colored
ution region as in (B), suggesting it is conformationally
t machinery using dynamic conformational changes of a
d with permission of AAAS.
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tained in the dataset. To illustrate how this analysis
can inform on RNA conformational dynamics, we
repeat it here using a subset of the BMV TLS data
deposited in the Electron Microscopy Public Image
Archive (EMPIAR; Figure 3). As the goal in this case
was to explore conformational variability within the
dataset instead of obtaining the highest resolution
possible, we performed only a limited number of
2D and 3D classifications. This served to remove
junk (e.g., ice, unfolded particles, aggregates), but
minimized removal of legitimate folded BMV TLS
single particles. When seeking the highest resolu-
tion possible, particle classification is much more
extensive to obtain the most conformationally
homogenous subset possible, which can result in
the disposal of some legitimate particles. In prac-
tice, it can be difficult to unambiguously distinguish
junk from particles, especially when the particles
are small, so it is recommended to repeat the clas-
sifications using different parameters (e.g., number
of classes) to verify that the results are robust. A
6

6.3�A resolution map was produced after refinement
with 112,406 particles and this map was used as
input for the 3DVA analysis (Figure 3). The volumes
generated from this analysis can be visualized as a
movie to observe putative molecular motions.
In the case of the BMV TLS, the greatest

variability was localized to the anticodon arm
(Figure 3), and this suggested that TyrRS
recognition could involve conformational
rearrangements of this domain, a testable
hypothesis. This qualitative result was robust and
did not change when the 3DVA parameters and/or
the number of input particles changed.46 Thus, even
in the absence of a high-resolution map and without
direct visualization of the conformational changes,
cryo-EM provided strong initial evidence for local
conformational dynamics with potential functional
implications. This observation also provided a plau-
sible explanation for the many years of futile crystal-
lization attempts: flexibility in the RNA prevented the
formation of high-quality crystals. One limitation of
this analysis on the BMV TLS dataset is that the nat-
ure of the conformational changes undergone by
the anticodon arm is not observable because of
the overall low resolution of the map and the anti-
codon arm is too small for local refinements in
cryoSPARC or multi-body refinement in RELION.
To test the hypothesis that the anticodon arm of

the viral TLS undergoes conformational
rearrangement for TyrRS recognition, we used
cryo-EM to solve the structure of the TLS-TyrRS
complex (Figure 4(A)).46 Supporting the proposed
hypothesis, the position of the anticodon arm in
Figure 3. Variability analysis of cryo-EM data sug-
gests programmed structural dynamics important
for binding to a host protein. (A) Diagram summariz-
ing data processing and 3D variability analysis (3DVA)
performed in cryoSPARC showing heterogeneity local-
ized to the anticodon arm of the TLS. Analysis was
performed using a subset of 4,463 motion-corrected
micrographs available in public repository (dataset 1,
EMPIAR-10993). Results qualitatively reproduced anal-
ysis of full dataset in original publication (46). 3DVA was
performed with a map refined to 6.3 �A with 112,406
particles. Three variability components were generated
(components 0, 1, and 2). Multiple “frames” along the
first principal component (component 0) are shown with
the number of particles used to generate each “frame”
written under the volumes. Note that not all of the
112,406 particles are represented in the frames. The
other two variability components (components 1 and 2;
not shown) displayed relatively minor movements of
other domains in BMV TLS and to a greater extent
movement of domain C (Figure 2(A)). All three variability
components suggest relative flexibility of the anticodon
arm. For a more detailed description of the analysis on
the BMV TLS dataset see ref. (46) and for a general
description of cryoSPARC’s variability analysis see ref.
(53).
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Figure 4. Cryo-EM structure of viral RNA bound to host protein confirms local conformational changes of
flexible anticodon arm (A) Structures of the BMV TLS RNA bound to tyrosyl-tRNA synthetase (TyrRS) from
Phaseolus vulgaris in two different bound states (PDB 7SC6 and 7SCQ) solved by cryo-EM. (B) BMV TLS RNA in
bound and unbound conformations. Grey box indicates helices that undergo largest conformational rearrangements
upon binding to TyrRS.
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the bound viral RNA is very different to its position in
the unbound state (Figure 4(B)), consistent with
large conformational rearrangements upon TyrRS
recognition. This contrasts with tRNA binding, as
tRNA appears to be structurally preorganized for
TyrRS recognition with the anticodon and acceptor
arms stably connected by 3� contacts to form the
canonical L-shape in the unbound state.58 In con-
trast, the anticodon arm of the TLS is loosely con-
nected to the rest of the structure by a single
strand and is relatively dynamic, as revealed by
the lower local resolution of this region and the vari-
ability analysis (Figure 3).
Surprisingly, the structure of the complex also

revealed that the TLS binds TyrRS with a
geometry that greatly differs from tRNA, with its
acceptor and anticodon arms in a near parallel
orientation (Figure 4(B)) rather than forming the
classic L-shape of tRNA. Further, 3D classification
of the particles revealed two distinct bound states
(Figure 4(A)), suggesting that the TLS-TyrRS
complex is also conformationally dynamic.
Put together, this example shows how cryo-EM

can be applied to RNA structures in free and
protein-bound forms to simultaneously solve
structures, detect inherent conformational
dynamics, and characterize the extent and
magnitude of these dynamics. It is difficult to
imagine this being possible with any other readily
available structural biology technique.
Conformational dynamics in both the free RNA
and the RNA-protein complex were detected and
thus preliminary insight into these ensembles was
obtained with no prior knowledge that these
dynamics existed. These analyses, while not
7

rigorously quantitative, give insights into the
molecule’s conformational ensemble. Once this
information is available, new hypotheses that
include structural dynamics can be generated, and
new experiments can be designed to test these
dynamics-based mechanistic models.
Conclusions

Although much of the attention of the last few
years has been focused on the ability of cryo-EM
to produce high-resolution structures, the so-
called “resolution revolution”, some of the most
exciting developments will be in the use of cryo-
EM to get insights into structural dynamics in a
way not previously possible. The ability to
separate distinct conformations within a sample is
one of the greatest advantages of cryo-EM over
other tools and in the next few years we imagine
more and more complex motions being analyzed
by increasingly sensitive and sophisticated
software tools. As we described above, RNA
structures are more conformationally dynamic
than proteins and therefore RNA structural biology
will greatly benefit from these advances in cryo-
EM. As illustrated by the BMV TLS-TyrRS
complex, RNAs often work in concert with proteins
and advances in cryo-EM that enhance our
understanding of RNA structure and
conformational dynamics will also benefit our
understanding of the mechanism by which RNA-
protein complexes form and function. Also,
carefully considering how sample preparation,
data collection, and data analyses could be made
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more quantitative could yield great dividends by
potentially allowing measurement of the relative
populations in each of the observed
conformational states. Cryo-EM has already
shown great potential for solving the structures of
small conformationally dynamic RNAs in their free
and protein-bound forms. In the next few years,
we expect an explosion in the number of RNA
structures solved by cryo-EM and in our
understanding of RNA structural dynamics and
their relation to biological function. In many ways,
the revolution is just beginning.
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