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RNA is a versatile molecule that plays
essential roles in living organisms,
ranging from information transfer to
sensing, enzymatic, structural functions,
and regulation (1). High-throughput
sequencing methods continue to identify
new noncoding RNA transcripts in cells,
and their function (or lack of) remains an
active topic of research. Designed RNAs
also play an increasingly important
role in the fields of nucleic acid nano-
technology and synthetic biology,
in which they are engineered for diag-
nostic as well as therapeutic applications
(2,3). Potential new therapies for
COVID-19 involve targeting structural
motifs in the folded RNA genome of
SARS-CoV-2 to impede its function
(4), highlighting the need for modeling
the structure of large RNA sequences.
Recently, the RNA-Puzzles compu-
tational resource evaluation has been
introduced (5) to assess different algo-
rithms for blind de novo RNA structure
prediction, an RNA equivalent of the
long-running CASP-blind prediction
experiment for protein folding soft-
ware. It is an exciting time for RNA
structure modeling, with new experi-
mental data sets and new methods for
RNA modeling being introduced. The
increase in data has inspired novel
modeling approaches and combina-
tions of existing techniques. In partic-
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ular, multiscale modeling combines
multiple approaches by studying the
same system at different levels of reso-
lution (e.g., atomistic and residue-
level) and integrating the results.
Such approaches have been success-
fully used in modeling variety of sys-
tems such as actin and chromatin
(6,7). The new work from Shi-Jie
Chen’s group, “Modeling loop compo-
sition and ion concentration effects in
RNA hairpin folding stability” (8),
published in the current issue of the
Biophysical Journal, shows a prom-
ising method to use multiscale models
for studying the conformational
folding landscape of RNA molecules.

RNA function is closely related to
its structure. RNA sequence adopts a
secondary structure, defined by a list
of canonical basepairs (Fig. 1). To pre-
dict secondary structure, dynamic pro-
gramming-based algorithms (9,10)
compute the structure with the lowest
free energy based on the nearest-
neighbor model developed by Turner
and collaborators (11). RNA structures
also contain tertiary structure interac-
tions in which additional contacts
give rise to a three-dimensional (3D)
structure. Modeling these contacts has
proven difficult because reliable ther-
modynamic data to estimate their sta-
bility are scarce, and missing these
interactions often results in incorrect
predictions.

At the same time, 3D molecular sim-
ulations have played an increasingly
important role for molecular structure
research, with fully atomistic models
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being the most popular. However,
because of limitations of timescales
and system sizes amenable to study at
such resolution, as well as the chal-
lenges involved in parametrizing the
atomistic force fields to capture all
relevant properties, alternatives to fully
atomistic simulations for folding simu-
lations or RNA structure predictions
are also an active area of research.
One promising approach is to model
RNA using coarse-grained models, in
which groups of atoms are replaced
by a single bead. Effective interactions
between these beads are then parame-
terized to reproduce particular features
of the molecule in question, such
as known structural motifs or stem
formation thermodynamics. Numerous
coarse-grained RNA models have
been proposed over the last few years
(12-16), using various degrees of
coarse graining. Another class of
coarse-grained models uses graph-the-
ory abstractions of motifs encountered
in RNA structures (17-19). One of the
most difficult problems in RNA
modeling is the handling of ion effects.
Although the thermodynamic data
used to parametrize the Turner model
were obtained at 1M sodium concen-
tration, which screens long-range elec-
trostatic effects, natural RNAs fold in
physiological salt conditions that allow
such electrostatic effects and include
multivalent ions, particularly magne-
sium, that stabilize specific tertiary
contacts. Ultimately every model is a
trade-off between accurately capturing
a certain set of RNA properties and
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FIGURE 1

An RNA hairpin represented as a secondary structure with canonical base pairs shown in

green (a) and a schematic 3D representation (). In simulations and experiments, it is possible to mea-
sure fraction of the closed (b) and open (c) states. To see this figure in color, go online.

efficiency. The most likely path for-
ward requires multiscale integration
of various approaches, as showcased
by Chen et al. (8).

For many years, Shi-Jie Chen’s lab
has been making progress on multiple
aspects of RNA modeling, including
secondary structure models (Vfold2D)
as well as 3D coarse-grained models
(16,20) and applying them, among
other tools, successfully in the RNA-
Puzzles challenge. In their latest
work, published in the current issue,
they introduce a new multiscale
approach to study the folding of RNA
loops in different ionic concentrations.
They provide a general method that
combines possible secondary struc-
tures, predicted by Vfold2D, with 3D
molecular dynamics simulations using
their coarse-grained model, ISRNA
(16). They show that they can accu-
rately reproduce yields observed in
experimental studies of hairpin folding
with long loop sequences and varying
ionic conditions.

Their work tackles some of the chal-
lenges that one faces when modeling
RNA experiments, such as inaccurate
description of possible states when
considering secondary structure alone
and difficulty with the correct treat-
ment of ion effects. Chen et al. use
Vfold2D to generate possible second-
ary structures that are then converted
into 3D representations using their
Vfold3D model (20). These distinct

structures are then the starting points
of ISRNA simulations that sample
(within few hours) various configura-
tions that the RNA can adopt. The
authors then use a genetic algorithm
to parametrize a weighted combination
of effective coarse-grained interaction
terms to obtain a free-energy differ-
ence between the open and closed
states of the hairpin. Thus, the model
can accurately extrapolate yields in
experimental conditions with different
salt concentrations. The authors use
their previously developed method,
Monte Carlo Tightly Bound Ion
Model, which allows for representa-
tion of ion electrostatic effects at
physiological salt concentrations or
lower. In such conditions, the Debye-
Hiickel approximation, a popular
choice among coarse-graining commu-
nity, is no longer valid. Their approach
can be straightforwardly extended to
divalent ions too, opening a pathway
for more accurate modeling of RNA
behavior in different ionic conditions.

Even though their article currently
only deals with hairpins, the researchers
illustrate a promising way forward
for the coarse-grained modeling field
of RNA. We will likely see more
multiscale approaches in the future,
combining two-dimensional and 3D
structure prediction tools and potential
functions fitted to experiments to inform
the coarse-grained simulations of RNA
folding. Additionally, the article shows

New and Notable

how experimental data can be incorpo-
rated into model parametrization: the
field of RNA modeling currently lacks
reliable free-energy estimates outside
the data sets that were used to parame-
trize Turner model. Even if we resolve
a structure of an RNA molecule with
tertiary contacts, there can be other tran-
sient folds or populations of alternative
structures, which make parametrization
of a tertiary contact’s free-energy
stabilization difficult. Combinations of
structure prediction and modeling,
such as the one demonstrated in the
new study, are required to identify these
structures.

Given the overall efficiency of the
methods presented in this new study
(8), the approach can likely be
extended to larger RNAs, paving new
ways of integrative modeling across
more scales to study large RNA struc-
tures in complex monovalent and diva-
lent ionic environments. Given the
growing interest in artificial intelli-
gence methods, one might be tempted
to think that with more RNA structures
available, the folding-problem solution
will be based on data-driven machine-
learning approaches such as neural net-
works. However, a true advance toward
accurate long-running simulations will
almost certainly require careful combi-
nation of experiments and multiscale
models of two-dimensional and 3D
structures that integrate knowledge-
based potential with physics-based
interaction terms. The work by Chen
and collaborators highlights how such
an approach might be developed, war-
ranting their selection for a New and
Notable article.
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