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SUMMARY

The past decades have witnessed tremendous developments in our understanding of RNA
biology. At the core of these advances have been studies aimed at discerning RNA structure
and at understanding the forces that influence the RNA folding process. It is easy to take the
present state of understanding for granted, but there is much to be learned by considering the
path to our current understanding, which has been tortuous, with the birth and death of models,
the adaptation of experimental tools originally developed for characterization of protein struc-
ture and catalysis, and the development of novel tools for probing RNA. In this review we tour
the stages of RNA folding studies, considering them as “epochs” that can be generalized across
scientific disciplines. These epochs span from the discovery of catalytic RNA, through bio-
physical insights into the putative primordial RNA World, to characterization of structured
RNAs, the building and testing of models, and, finally, to the development of models with
the potential to yield generalizable predictive and quantitative models for RNA conformation-
al, thermodynamic, and kinetic behavior. We hope that this accounting will aid others as they
navigate the many fascinating questions about RNA and its roles in biology, in the past, present,
and future.
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Figure 1. Schematic of progress in a scientific field in terms of “epochs.”

1 INTRODUCTION

The reviews in this RNA World collection highlight new
techniques and open questions in the field of RNA biology
and emphasize how these technologies can generate new
insights and further derive new questions. In this review, we
break from this format as we cover a more mature scientific
area, RNA folding, and we describe general insights drawn
from RNA’s molecular behavior and glean lessons from the
study of the folding process that are broadly applicable to
future studies across RNA biology. Just as geology and evo-
lution can be categorized by epochs, so can the scientific
process (Fig. 1). Enumerating the characteristics of each
scientific epoch and designating such epochs within a par-
ticular scientific field can help inform individuals and com-
munities when there is an opportunity to move toward the
next stage.

This review takes the reader on a journey through the
epochs in RNA folding research, with the goals of familiar-
izing the reader with the arc of this field’s journey, convey-
ing insights about RNA, technologies, and biology that have
been gathered along the way, and laying out important
lessons that will help us meet the current colossal challenge
of understanding cellular RN As, their structure and inter-
actions, and their roles in the control of gene expression. As
these scientific epochs (Fig. 1) are evidently general to the
maturation of any scientific field, be it early astronomy
(Crawford 1917) or enzymology (Copeland 2000), the
case study provided here may be applicable to other aspects
of biology.

Our journey through the epochs begins with observa-
tions of RNA’s physical properties and the subsequent the-
ories of an RNA World, progresses to a rapid discovery
phase of uncovering and characterizing functional RNA
structures, and closes with the field’s recent entry into the
phase in which these observations and principles can be

codified into predictive models for designing functional
RNAs for use in engineering and medicine.

2 THE RNA FOLDING EPOCHS: EARLY
OBSERVATIONS AND THE RNA WORLD

Throughout biology, new traits and new species arise
through evolutionary changes rooted in molecules and their
interactions. Consequently, understanding these evolution-
ary solutions builds from an understanding of the proper-
ties and limitations of these molecules. The routes taken by
evolution, by chance and guided by molecular properties,
have led to—and are thus necessary to fully understand—
modern-day biology. In this section, we focus on initial
observations of the molecular properties of RNA that pro-
vided insights into why an RN A World may have been more
probable than other options for starting life on Earth.

2.1 Why an RNA World?

The idea of an RN A World that predated life with proteins
as the dominant catalysts was popularized by the discovery
of catalytic RNA by Cech and by Altman and Pace (Kruger
et al. 1982; Guerrier-Takada et al. 1983). But the idea arose
more than a decade earlier, when Woese, Crick, and Orgel
independently recognized that the “molecular properties”
of RNA might endow it with the capabilities needed to
support life (Woese 1967; Crick 1968; Orgel 1968). They
noted that the ability of one RNA base to recognize anoth-
er, A with U and G with C, could allow replication with
some degree of specificity; the ability of RNA to form stable
duplexes could allow templated synthesis of new RNA
strands; and the more complex structure of transfer RNA
(tRNA) resembled, to some extent, a folded protein and
opened the possibility of RNAs as catalysts. Subsequently,
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the realization that the ribosome’s catalytic core is made of
RNA led many to consider this RNA core as a vestige from
an RNA World that developed an ability to make proteins
and was subsequently superseded by proteins for most
functions (Cech 2000; Steitz and Moore 2003; Noller
2012).

A consideration of the molecular properties of RNA
provides a foundation for understanding RNA folding
and, moreover, supports the idea of an RNA World and
the subsequent advancement of proteins. RNA secondary
structure is highly stable such that a 6-base-pair helix can be
stable for days, in contrast to an o helix of the same length,
which unfolds on the microsecond timescale (Narlikar and
Herschlag 1997). The ability to form a stable structure with
short oligomeric strands would have facilitated develop-
ment of function under primitive conditions. Consider a
folding free-energy profile for formation of a simple three-
way junction (Fig. 2A). The formation of each helix is en-
ergetically downhill, so that a milieu with short RNA
strands would have a reasonable chance to fold intramolec-
ularly or come together intermolecularly. In contrast, pro-
teins fold more cooperatively and generally require longer
sequences for stable folding. Of course, most structured
molecules do not have function, but RNA can catalyze
strand fusion simply via a templated duplex (Joyce et al.
1984; Adamala and Szostak 2013). At a more sophisticated
level, catalytic RNAs that act via tertiary structures bring
together residues involved in catalysis at junctions like the
one in Figure 2A. As any RNA residue can make hydrogen
bonding and stacking interactions with any other RNA
residue (Tinoco 1993), there is a wealth of possibilities to
create a functional site. Indeed, in vitro evolution experi-
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ments selected three-way junctions analogous to the one in
Figure 2A that catalyze self-cleavage at a remarkably high
probability (Salehi-Ashtiani and Szostak 2001). Selection
experiments have also yielded a multitude of diverse RNA
catalysts, and there has been impressive progress in devel-
oping an RNA-based RNA polymerase (Wilson and Szo-
stak 1999; Horning and Joyce 2016).

RNA'’s stable secondary structure and promiscuous in-
termolecular interactions that are an asset for the develop-
ment of life also present limitations, because RNA’s stability
creates an inherent tendency to also form alternative inter-
actions and to be kinetically trapped in misfolded states
(Fig. 2B, black line). RNA misfolding was first observed in
the 1960s, by Sueoka and Fresco who independently ob-
tained tRNAs that could not be charged by their respective
aminoacyl synthetases until subject to denaturation and
renaturation (Gartland and Sueoka 1966; Lindahl et al.
1966). Since then, those who work with RNA have made
similar observations—observations that Uhlenbeck memo-
rialized in his entertaining piece “Keeping RNA Happy”
(Uhlenbeck 1995).

Because misfolding is an inherent property of RNA,
modern biology too has to face this problem, and we rea-
soned that cells would require “RNA chaperones,” proteins
that facilitate unfolding and refolding of DNA either
through simple binding or through ATP-driven conforma-
tional cycles (Fig. 2B, green line) (Herschlag 1995). Indeed,
RNA chaperones are now known to be common cellular
components, and so-called RNA helicases and dedicated
RNA binding proteins serve to promote or mitigate RNA
structure in every cellular process involving RNA, from pre-
cursor messenger RNA (pre-mRNA) splicing to mRNA
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Figure 2. Propensity of RNA to form base-pair interactions and stable secondary structure. (A) Short RNAs can form
stable structures as a result of high stability of base-pair interactions as shown for the formation of a three-way
junction. (B) The high stability of secondary structure results in formation of stable misfolded states with alternative
secondary structures. Short peptides (green) can act as RNA chaperones and may have aided RNA function in the
RNA World and provided a path from the RNA World to the RNA-protein world (Herschlag 1995).

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a032433


http://cshperspectives.cshlp.org/

m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Downloaded from http://cshperspectives.cshlp.org/ on September 17, 2020 - Published by Cold Spring Harbor Laboratory Press

D. Herschlag et al.

export, localization, translation, and decay (Russell 2008;
Jarmoskaite and Russell 2014).

From the perspective of the RNA World, proteins acting
as RNA chaperones may have endowed RNA with increased
functionality, thereby providing a path out of the RNA
World and first steps toward the protein world. The nucle-
ocapsid protein from HIV was shown to increase the rate
of conformational steps in hammerhead ribozyme catalysis,
despite the fact that these molecules likely never coexist
in the same biological context, and certain short peptides
with positively charged side chains can also provide this
function (Tsuchihashi et al. 1993; Herschlag et al. 1994).
More recent work by Holliger and coworkers showed that
small positively charged peptides enhance the function of
in vitro selected RNA polymerase ribozymes (Tagami et al.
2017). As short peptides would be more readily synthesized
by an early ribosome and as nonspecific interactions are
more likely than the random occurrence of a peptide with
specific recognition and function, it is reasonable that short,
nonspecific peptides functioned as early RNA chaperones
in an RNA World. The selective advantage from peptides
would provide a driving force for evolution to improve the
ribosome’s accuracy and processivity in peptide synthesis,
and with sufficient improvement and time, peptides and
short proteins could have emerged that bound specifically
to stabilize favorable RN A conformations and that provided
one or more side chains that aided molecular recognition or
catalysis (Fig. 2B) (Herschlag 1995).

But what would allow proteins to ultimately take over?
Several ideas are popular and reasonable, including pro-
tein’s favorable folding properties, relative to RNA, and
the larger number of more catalytically effective side chains
of proteins (Narlikar and Herschlag 1997). The diversity of
protein side-chains facilitate folding, and the larger number
of backbone degrees of freedom of RNA and its uniformly
negatively charged backbone are impediments to folding
and forming highly preorganized binding pockets and ac-
tive sites. In addition, from the perspective of the “pathway”
of evolution, it may have been easier to diversify the protein
than RNA side-chain repertoire given RNA’s role in infor-
mation storage and transmission.

A recently recognized property that may have also con-
tributed to the ultimate takeover by proteins is speed. A
survey of association rate constants for ligands binding to
RNA revealed that structured RNAs bind ligands orders of
magnitude slower than the diffusional limit, whereas many
proteins achieve association rates at or near this limit
(Gleitsman et al. 2017). Given that slow association rates
appear to be universal for RNA, the ability of proteins to
more rapidly “grab” and use metabolites may have provided
an additional driving force for the ascendancy of proteins.
One of several physical mechanisms that may underlie

RNA’s slow molecular recognition is its propensity to
make stable local interactions that may be difficult to escape
from, kinetically and thermodynamically. Considering
the roles that RNAs currently carry out in biology, RNA’s
strong local interactions that allow it to effectively bind and
discriminate RNA (and DNA) sequences and its ability to
form multiple quasi-stable states may account for its apti-
tude for and remaining functional roles in processes such
as pre-mRNA splicing, telomere maintenance, and RNA
interference.

Orgel and Crick emphasized the “principle of continu-
ity” in their evolutionary discussions (Crick 1968; Orgel
1968), meaning that one must be able to draw a stepwise
evolutionary path from one biological state to another.
Here, we suggest that RNA’s stability and local structural
promiscuity may have allowed it to be the basis of early
life, and later, with these strengths also manifesting as
limitations, provided an opportunity for proteins to enter
and outgrow RNA’s use due to the chemical diversity,
faster dynamics, and enhanced molecular recognition of
proteins.

3 MIDDLE RNA FOLDING EPOCH:
CHARACTERIZATION, MODEL BUILDING,
AND REVISION USING CATALYTIC RNAs

Once catalytic RNAs were identified, it was clear that they
must contain sophisticated tertiary structures. This realiza-
tion led to intensive efforts to determine their structures
and to dissect their catalytic activities. There existed a syn-
ergy between structural and catalytic studies, as catalysis
indicated that an active structure had been achieved, guid-
ing crystallization trials and empowering folding studies. In
the face of challenges to understand RNA structure and
folding, new approaches and concepts were developed
and adapted from other fields.

We begin by presenting studies at the start of the middle
RNA folding epoch (Fig. 1) that characterized the folding
process and that led to initial folding models. These models
were tested and further refined, as we describe in the second
subsection. These advances, and their limits, clarified the
need for an ability to obtain an integrated kinetic, thermo-
dynamic, and structural framework for folding of a model
RNA. We describe such a framework for a model RNA in
Section 3.3, and how its development helped propel RNA
folding research to the final epoch focused on predictive
quantitative models.

3.1 Characterization of RNA Folding and Early Models
Early structure mapping of the Tetrahymena group I intron

by hydroxyl radicals generated by Fe(II)eEDTA in solution
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identified protected and nonprotected groups and suggest-
ed that this RNA has an inside and outside, akin to a glob-
ular protein (Latham and Cech 1989). In addition, the lore
that RNA is difficult to crystallize was challenged by several
pioneering groups, ultimately leading to critical structural
information from overall architecture down to the atomic
level (Pley et al. 1994; Cate et al. 1996; Ferré-D’Amaré et al.
1998). Crystallographic studies of ribozymes emphasized
active-site crevices and their apparent globular nature,
akin to protein enzymes (Ferré-D’Amaré et al. 1998; Hers-
chlag 1998; Kraut et al. 2003). The exception to this rule was
the hammerhead ribozyme, but its crystal structure was
shown to represent an inactive form that required a large-
scale conformational change or an additional long-range
tertiary interaction to form or stabilize the active confor-
mation (Pley et al. 1994; Wang et al. 1999; Martick and Scott
2006; Nelson and Uhlenbeck 2006).

Returning to the Tetrahymena ribozyme, the develop-
ment of time-resolved hydroxyl radical cleavage led to the
identification of domains that folded at different times, sug-
gesting the existence of multiple stable intermediates (Sclavi
et al. 1998; Brenowitz et al. 2002). Evidence for folding
intermediates also came from a time-resolved assay that
used DNA oligos complementary to stretches of sequence
throughout the ribozyme and RNase H to cleave regions
that were exposed to form the DNA/RNA hybrids required
for cleavage (Zarrinkar and Williamson 1994). Thus, this
large ribozyme (~400 nt) did not show two-state folding
like many small proteins. Other studies led to the discovery
that the P4-P6 region of the ribozyme (Fig. 3A) is an inde-
pendently folding, stable domain, and then to the P4-P6
X-ray structure (Fig. 3B) and its widespread use as a model
in RNA folding studies (see Sec. 3.3).

As studies continued, evidence accumulated supporting
models for kinetic traps in folding. In particular, the fre-
quent observation of faster RNA folding on addition of urea
and slower folding at higher concentrations of Mg** sug-
gested the need to disrupt kinetically trapped species to
rejoin a productive folding pathway (Pan and Sosnick
1997; Treiber and Williamson 1999; Woodson 2000). For
the Tetrahymena ribozyme, a long-range helix—that is, one
formed by strands distal in primary sequence—referred to
as P3 (“paired” region 3; Fig. 3A) could be replaced by a
local helix referred to as “altP3,” and stabilization of altP3
enhanced formation of the kinetically trapped state or states
(Pan and Woodson 1998; Russell et al. 2006). These obser-
vations were consistent with the high stability of RNA sec-
ondary structure leading to kinetically trapped states, as was
emphasized in early tRNA folding studies.

Following the discovery of catalytic RNA, there was
much discussion of the role of Mg>" in RNA folding and
function. One early model emerged from studies of the P4-
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P6 domain of the Tetrahymena ribozyme invoking nucle-
ation of RNA structure around a core of site-specifically
bound Mg** ions, analogous to a hydrophobic core in pro-
tein folding (Cate et al. 1997). This model arose from the
structural observation that Mg®* ions bound to a central
component of P4-P6 that folds first and folds at lower
Mg** than is needed to complete folding of P4-P6 (Ce-
lander and Cech 1991; Cate et al. 1996, 1997; Sclavi et al.
1998).

Emerging single-molecule fluorescence approaches
could readily be applied to RNA, including early studies
monitoring conformational changes of a four-way junc-
tion and monitoring the folding and catalysis by the Tetra-
hymena ribozyme (Zhuang et al. 2000; Tan et al. 2003).
Subsequently, single-molecule fluorescence resonance en-
ergy transfer (smFRET) experiments were performed with
numerous RNAs, including catalytic RNAs, later-discov-
ered riboswitches (Breaker 2011), and RNA/protein com-
plexes (Zhuang 2005). A general finding was that of
“molecular individuality,” meaning that different RNA
molecules within the population displayed different kinetic,
thermodynamic, or catalytic behavior (Zhao and Rueda
2013). Molecular individuality meant that RNA molecules
did not equilibrate with one another—or swap behaviors—
over timescales of minutes or hours. These observations,
the preponderance of trapped folding intermediates, and
the apparent ease of forming new trapped states led to a
dominant model that RNA folding landscapes are “rugged”
(Treiber and Williamson 1999; Ditzler et al. 2008).

3.2 Tests of RNA Folding Models in the Middle Epoch

As researchers gained control of model RNA systems and
techniques matured there was an emphasis on testing
emerging models. Below, we highlight some examples that
helped further our understanding of the RNA folding
process.

To test the model of nucleation of RNA structure
around a Mg>*-core, a mutant Tetrahymena ribozyme lack-
ing the Mg**-binding domain (P5abc domain composed of
helices P5a, P5b, and P5c¢; Fig. 3A) (Engelhardt et al. 2000)
was generated and this truncated ribozyme was incubated in
Mg**. Catalytic activity on addition of P5abc in trans arose
faster than when folding was initiated by the simultaneous
addition of Mg** and P5abc. Thus, the truncated ribozyme
formed a folding intermediate that can bind P5abc and
progress to its active form, faster than would occur if there
were no intermediate or if unfolding of an off-pathway state
were required (Russell and Herschlag 1999). Thus, Mg**
core formation is not an obligate early folding step, and
the ribozyme can fold along multiple pathways, minimally
with P5abc folding early or late.
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The ability to carry out time-resolved small-angle X-ray
scattering (SAXS) allowed monitoring of the overall shape
of an RNA through early steps in the folding process (Rus-
sell et al. 2000). On addition of Mg*", the Tetrahymena
ribozyme compacted rapidly (Russell et al. 2002). Compac-
tion occurred well before time-resolved hydroxyl radical
probing experiments showed evidence for formation of
the first tertiary interactions, and this initial compaction
phase was unaffected by ablation of the five long-range
tertiary contacts of the Tetrahymena ribozyme. Thus, the
initial compaction step was distinct from tertiary structure
formation, whereas a second compaction step was eliminat-
ed for the tertiary-ablated construct (Das et al. 2003). These
results revealed that Mg>" is involved in more than one
folding step.

To better understand the nature of these folding steps,
conformational modeling of SAXS data, in conjunction
with hydroxyl radical probing, was performed with simpler
model systems (Takamoto et al. 2004). Under low-salt con-
ditions, RNAs tend to adopt extended states, attributable to
electrostatic repulsion between the negatively charged
phosphates of the RNA backbone (Fig. 3C). Addition of
any divalent cation causes compaction, not due to attractive
forces but rather from lessening the repulsion that favors
extended states and allowing exploration of the larger num-
ber of nonextended conformers. This process has been re-
ferred to as “electrostatic relaxation” (Das et al. 2003;
Takamoto et al. 2004; Lipfert et al. 2014). Monovalent cat-
ions also promote electrostatic relaxation, but at far higher
concentrations, consistent with expectations from polyelec-
trolyte theory (Draper et al. 2005; Lipfert et al. 2014).

Specificlocal metal-ion binding to RNA is of course also
observed and is critical for many of RNA’s functions. For
the P4-P6 domain, its X-ray structure showed five “bound”
or localized Mg2+ ions (Cate et al. 1996). To determine
which of these were directly coupled to folding, Mg>*-pro-
moted folding studies of P4-P6 were performed in the pres-
ence of a high concentration of background monovalent
cation (Das et al. 2005). The large number of monovalent
cations screened nonspecific electrostatic interactions such
that the smaller number of available Mg would bind only
to specific sites. The number of bound Mg** could be de-
termined by “ion counting,” a technique in which associat-
ed and free ions are distinguished and quantified by atomic
emission spectroscopy or mass spectroscopy. The extent of
folding as a function of Mg>" concentration could be fol-
lowed across the same conditions by hydroxyl radical foot-
printing. Ton counting revealed the binding of two Mg>*
upon folding, and footprinting gave a Hill slope of 2, show-
ing a direct link between the physical association of Mg>*
and the thermodynamics of folding. Subsequent experi-
ments using P4-P6 variants with phosphorothioate substi-
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tutions to site-specifically alter Mg** versus Mn®" affinities
mapped the identity of the Mg** sites and further developed
thermodynamic models for Mg>* binding (Frederiksen
et al. 2012). This approach was borrowed from extensive
ribozyme studies that used thio-substitutions to identify
and dissect roles for metal ions in catalysis (Piccirilli et al.
1993; Weinstein et al. 1997).

The observation of molecular individuality from
smFRET was the subject of much discussion and further
tests. Experiments using the hairpin ribozyme showed that
this behavior persisted whether molecules were tethered to
the surface of a microscope slide or localized in micelles,
suggesting that surface effects were not responsible for the
observed heterogeneity (Okumus et al. 2004). Persistent
molecular behavior over many minutes or even hours and
upon denaturation and renaturation could result from deep
energetic barriers between the differentially behaving
conformations or could result from covalent differences
between the molecules caused by synthesis errors or
damage. Bulk approaches were used to assess whether co-
valent heterogeneity was present in populations of P4-P6
RNA molecules that gave persistent heterogeneous behavior
in smFRET studies (Fig. 3D) (Greenfeld et al. 2011). Ultra-
violet (UV) shadowing used in gel purification and heating
used in RNA renaturation were shown to covalently modify
the RNA and interfere with folding. A protocol to purify and
prepare P4-P6 RNA for smFRET studies without these
treatments greatly reduced heterogeneity observed in sin-
gle-molecule studies close to noise levels (Fig. 3D; compare
left and right scatter plots). Evidence for molecular individ-
uality via conversion between states with distinct kinetics
and thermodynamics has been shown only for the more
complex Tetrahymena group I ribozyme, and even for this
system interconversion was not complete, suggesting that a
portion of the heterogeneous behavior of this molecule may
also arise from covalent differences (Solomatin et al. 2010).

Early results, including those described above, identified
the presence of and properties of multiple folding interme-
diates. The next challenge was to determine the order of
these species. Russell and colleagues brought to bear mul-
tiple approaches to dissect the folding pathways of the Tet-
rahymena ribozyme: smFRET, to provide the time to the
native state (N) and the fraction of molecules folding to N
versus those folding to a long-lived misfolded state (M);
SAXS, to provide information about overall compactness
and shape; chemical probing with dimethyl sulfate (DMS),
to provide local information about initial and final struc-
tural states; and mutations, to stabilize or destabilize known
interactions. Depending on the starting monovalent salt
conditions, ribozyme molecules preferentially folded along
one of three pathways. The pathways are described as “chan-
nels” because once a molecule starts down one of the path-
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ways it does not switch to a different pathway; in other
words, the barriers between pathways are larger than those
along the pathways (Russell et al. 2002). Such channels
were also observed for RNase P folding (Pan et al. 1999).

With this information, conditions could be found to
populate individual states and probe each to better under-
stand the nature of the intermediates. The most mysterious
state was M, as it was shown to have nearly the same overall
shape, form the same set of long-range tertiary interactions,
and have a nearly identical hydroxyl radical protection pat-
tern as N (the active ribozyme form), yet interconversion
between M and N took hours (Russell et al. 2006). Struc-
tural mapping and kinetic studies led to the model that M
represented a topological isomer of N in which the strands
in the core are crossed, relative to N. Subsequent experi-
ments provided strong support for this model and evidence
that the transition from M to N was slow because it required
the peripheral, long-range tertiary interactions to be broken
to allow the strands to disentangle and come together in the
correct order (Russell et al. 2006; Wan et al. 2010; Mitchell
et al. 2013).

3.3 The Value of an Integrated RNA Folding
Framework

The results summarized above for the Tetrahymena ribo-
zyme revealed complexities and details of its folding land-
scape and generalizable lessons. Yet, there is more missing
even for this advanced model RNA than is known—for
example, we do not know the order of formation of the
five long-range tertiary contacts nor the quantitative barrier
steps along the folding pathways, and structural informa-
tion is limited to a few of the many states. In an effort to
integrate structural, kinetic, and thermodynamic informa-
tion, and to provide a more comprehensive and quantitative
description of a folding process, we turned to the simple P4-
P6 domain (Fig. 3).

P4-P6 RNA folds at a junction (J5/5a; purple box in Fig.
3A) that allows two sets of coaxially stacked helices to be
placed side-by-side, as occurs in more complex RNAs, and
this arrangement is stabilized by two tertiary contacts be-
tween these stacks (Fig. 3B). The discrete nature of the two
P4-P6 tertiary contacts allowed each to be effectively ablat-
ed, without secondary effects. One of the tertiary interac-
tions is a canonical tetraloop/tetraloop receptor (TL/TLR)
motif, and the other is a metal core/metal core receptor
(MC/MCR) (Fig. 3B, blue and green, respectively).

Its simplicity and the wealth of prior structural infor-
mation rendered P4-P6 RNA an attractive target for the
determination of an integrated folding framework. The
availability of an X-ray structure of fully folded P4-P6 in
combination with extensive chemical probing data allowed

us to propose a set of structural intermediates on path to the
folded state (Fig. 4). Additional intermediates with the
P5abc subdomain in an alternative conformation was sug-
gested by nuclear magnetic resonance (NMR), chemical
probing, and mutagenesis of an isolated P5abc construct
(Wu and Tinoco 1998; Silverman et al. 1999; Xue et al.
2016). Although the overall folding rate was known (Fig.
4, inset), it was not known which step or steps were respon-
sible for the observed folding rate constants. To quantita-
tively dissect the kinetics and thermodynamics of the
individual steps in P4-P6 folding, a set of P4-P6 mutants
was generated and their folding properties characterized by
smFRET under a variety of solution conditions.

Figure 4 summarizes the folding framework of the P4-
P6 domain (Bisaria et al. 2016). Under the conditions stud-
ied, the native conformation of the P5abc domain domi-
nates over its alternative conformation, the two critical Mg2+
ions bind rapidly and are retained in the thermodynam-
ically favored unfolded state. Following Mg>" binding, the
MC/MCR forms first, followed by very rapid formation of
the TL/TLR. Superficially, the formation of MC/MCR pre-
ceding formation of TL/TLR makes sense as it follows
“contact order”—that is, the MC and MCR tertiary contact
partners are closer to the J5/5a junction (Fig. 3A) compared
with the TL and TLR. However, the scenario is not so
simple. P4-P6 folds with ~90% of the RNA molecules
forming MC/MCR first, and ~10% forming the more re-
mote contact first, so the contact order preference is rather
subtle. Further, a mutation in the MC tertiary partner that
weakens the MC/MCR tertiary contact and does so in
part by slowing the formation of the MC/MCR inverts
the preferred folding pathway, such that the TL/TLR ter-
tiary contact forms first ~90% of the time. Thus, the path-
ways and choice of pathways are influenced by collision
frequencies and also by the properties of the individual
tertiary elements. As we describe in the following section,
a “reconstitution model” that builds from the properties of
RNA structural components can account for, and ultimate-
ly predict, these preferences.

3.4 A Rugged Landscape Model for RNA Folding?

As we close this epoch in RNA folding studies, we are po-
sitioned to reconsider the model of a rugged folding land-
scape, which had provided a useful description of early
observations. We discuss this model as it has become so
prevalent that it has become rare to hear “RNA folding”
without reference to its “rugged landscape” and because we
can draw lessons from it for understanding the transitions
between scientific epochs.

Analogy models, like the rugged landscape, can be be-
guiling, prompting their acceptance even in the absence of
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Figure 4. Kinetic and thermodynamic framework of the P4-P6 domain of the Tetrahymena group I intron (100 mm
KCl, 5 mm MgCl,, pH 8, 23°C). The inset shows the overall folding rate constants observed in several studies of overall
folding (for references, see Bisaria et al. 2016). (From Bisaria et al. 2016, modified, with permission.)

defined predictions and tests. Indeed, it is not clear what the
rugged landscape model predicts. A rugged landscape is
consistent with the observation of kinetic traps. But how
many, and how deep? We have a concept of rugged hills or
mountains, landscape, but this ruggedness is irrelevant to a
bird, and what looks smooth to us seems rugged to a smaller
mammal or to an insect.

Interestingly, recent results suggest that RNA dynamics
may act to smooth the RNA folding landscape. The P5abc
subdomain of P4-P6 undergoes a cooperative transition
involving a change in secondary structure coupled to ter-
tiary structure formation (Wu and Tinoco 1998; Silverman
et al. 1999; Koculi et al. 2012). Previously, it was thought
that this transition is “fully” cooperative, such that one re-
arrangement could not happen without the other. In reality,
there must be a limit to this cooperativity, as energetic
barriers are finite. Indeed, recent NMR chemical shift ex-
change experiments have suggested that P5abc occupies a
series of local and rare states that are favorable for tertiary
structure formation, essentially breaking down a large-scale
conformational process into smaller steps that can occur
independently and with only modest kinetic and thermo-
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dynamic barriers (Xue et al. 2016). This model is supported
by recent work that identified folding modules within
P5abc that each contribute modestly to an overall cooper-
ativity of ~4 kcal/mol (Gracia et al. 2018). Thus, structural
modules within a complex RNA “experiment with” differ-
ent subconformational states, which smooths the energy
landscape and speeds folding transitions.

More broadly, analogies are useful, but only to a point.
They help us organize information and think creatively, but
analogies cannot substitute for molecular understanding
and predictive models.

4 LATE RNA FOLDING EPOCH: TRANSITION
TO PREDICTIVE STRUCTURAL AND
ENERGETIC MODELS

In science teaching, there is an emphasis on experiments
that provide distinct qualitative tests to distinguish between
models, such as the molecular nature of genetic material or
the semiconservative nature of DNA replication. Although
these examples are truly elegant and inspiring, perhaps we
underestimate the value of and need for quantitative models
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and tests. Quantitative predictive models are readily tested,
are needed to describe how biological processes work, allow
strongly discriminating tests of models, and can reveal
missing features or factors in a process.

Although we would like a quantitative model that pre-
dicts RNA three-dimensional structure from sequence, this
would not be enough. RNA molecules exist as dynamic
ensembles, not as single static single conformations, and
their dynamic properties dictate their function in complex
and essential multistep processes. Thus, in addition to
structural models we need quantitative models of RNA dy-
namics and energetics that can be used to predict relative
stabilities of different states and the transition probabilities
between them. It is only through a combination of struc-
tural, dynamic, and thermodynamic models that we will be
able to predict the wealth of complex interactions and pro-
cesses involving structured RNAs inside the cell.

4.1 RNA Structure Prediction and Design

We emphasized above lessons from the older and larger
field of protein folding that were borrowed and used by
the RNA community. For structure prediction, the central
lesson was that the ability to make correct predictions can-
not be determined without blind trials. Before such trials,
solution to the protein folding problem seemed to be right
around the corner as several approaches appeared to pro-
duce accurate “predictions.” However, the limitations of
these approaches became apparent through CASP (critical
assessment of protein structure prediction) in which mod-
elers were given time to make predictions before release of
newly solved structures (Moult et al. 2014). The lesson from
this history is that unknown sources of variation in complex
problems, unconscious biases, and publication bias provide
limitations such that it is insufficient to test models with
“retrodictions”; instead, it is only through true predictions,
as in CASP, that our understanding of a process can be
tested.

Remarkably, structures for many proteins of modest
size can be predicted in blind trials using ROSETTA, which
uses energetic potentials based largely on empirical infor-
mation from the large database of protein crystallographic
structures (Das and Baker 2007; Kaufmann et al. 2010). Das
and colleagues adapted ROSETTA for use in RNA structure
prediction, and further integrated information from chem-
ical structure mapping (Cheng et al. 2015). In the RNA-
Puzzles blind trials, they have been able to predict overall
RNA tertiary structure, in favorable cases to near-atomic
resolution (Miao et al. 2017).

Before successful atomic-scale modeling, the presence
of recurring RNA motifs was recognized and allowed mod-
eling of RNA structures and engineering of new structures
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of modest complexity (Westhof et al. 1996; Jaeger and Leon-
tis 2000). Now, similarly complex structured RNAs can be
designed in an automated fashion from a diverse set of
helix, junction, and tertiary motif elements (Yesselman
et al. 2017).

4.2 Developing a Reconstitution Model
for RNA Folding

An early goal in protein folding research was to obtain an
additive accounting of energetics. Occasional additive con-
tributions to stability were observed, general principles were
established, and the conversion of these rules to approxi-
mate energy terms combined with empirical information
from the protein data bank (PDB) has led to successes in
protein structure prediction (Kaufmann et al. 2010; Huang
et al. 2016). However, the larger goal of predicting protein
folding energetics has proven elusive, apparently because of
the many interacting groups within folded proteins that
lead to a vast number of idiosyncratic energetic terms. In
contrast, RNA’s apparently simpler structural and energetic
properties have allowed the development of a “reconstitu-
tion model” for RNA folding kinetics and thermodynamics
from its component parts (Fig. 5A).

Three simplifying features of folded RNAs are founda-
tional for the “reconstitution model.”

1. RNA folding is hierarchical. RNA secondary structure is
stable in the absence of tertiary contacts, in contrast to
the case with proteins, allowing energy terms for tertiary
interactions to be considered distinct from those for he-
lix formation (Fig. 5B). Even in cases with alternative
secondary structures (e.g., riboswitches), tertiary folding
can be considered in the context of each of the limited
number of secondary structure alternatives.

2. Tertiary contacts are sparsely distributed. Folded RNAs
appear globular, like proteins; however, closer inspection
reveals that most RNA residues interact only with their
primary or secondary structure neighbors. Unlike pro-
teins, very few residues are involved in tertiary interac-
tions. This can be seen in the P4-P6 structure, where the
side-by-side stacked helices come together only at two
tertiary contact interfaces (Fig. 3B).

3. Structured RNAs are built from a limited set of structural
motifs. Phylogenetic analysis and structural compari-
sons revealed the existence of recurring tertiary motifs
in RNA (Costa and Michel 1995; Leontis et al. 2006) and
Figure 5C shows one example. The TL/TLR in P4-P6
RNA described above is found in several other RNAs.
These TL/TLRs, despite being embedded in distinct
RNAs, closely superimpose. This structural modularity
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Figure 5. Hierarchical folding, sparsity of tertiary contacts, and structural modularity of RNA lead to a “reconstitution
model” for RNA folding. (A) Schematic representation of a “reconstitution model” of RNA folding: (1) A complex
RNA can be broken down into helix-junction-helix elements (HJH; cylinders and strings) and tertiary contact motifs
(circles, squares, hexagons), and the energetic and conformational properties of these elements studied in isolation;
(2) the behavior of the isolated elements can be reconstituted to understand their collective behavior in natural
structured RNAs; and (3) novel RNAs can be constructed with structural motifs and can be engineered to have
tunable energetic and conformational properties. (B) Free-energy diagram representing hierarchical folding of RNA.
As an example, the folding of a simple RNA stabilized by a single tertiary contact is shown as a cartoon above the free-
energy diagram. Helices are represented by cylinders, junctions as strings connecting the helices, and the single
tertiary contact as a red square. (C) X-ray structures of the GAAA/11ntR tetraloop/tetraloop-receptor (TL/TLR)
tertiary contact motif extracted from diverse structured RNAs and superimposed P4-P6 (PDB 1G1D; blue), RNase P

(PDB INBS; green), and the Azoarcus group I intron (PDB 1ZZN; yellow and orange).

suggests an “energetic” modularity that could be foun-
dational for a “reconstitution model.”

4.3 The Reconstitution Model

Consider two tertiary contact partners separated by a sec-
ondary structure. Figure 6A shows a simple schematic ex-
ample with two helices connected by a single junction,
referred to as a helix-junction-helix (HJH) element, and
with each helix containing a tertiary contact partner. The
probability of forming the folded structure (F) is a function
of two factors: (1) the probability that the two tertiary con-
tact partners will align for formation of the tertiary contact
(AGalign) and (2) the strength of the tertiary interactions
(AGrer; Fig. 6A).

The unfolded RNA (U) exists as an ensemble of con-
formations and as a narrower ensemble in the folded state
(F), and the probability of folding is a function of these
conformational spaces (Fig. 6B). For example, a more rigid
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junction (e.g., one that prefers stacked states) will be less
likely to bend and thus less likely to form the folded state,
whereas a junction that has internal interactions that favor a
bent state will be more likely to fold, provided that the bent
state overlaps with aligned states that allow the tertiary in-
teraction to form. Experimentally, NMR residual dipolar
coupling (RDC) and X-ray scattering interference can be
used to determine RNA HJH conformational ensembles
(Salmon et al. 2014; Shi et al. 2015).

Junctions play an obvious role in shaping conforma-
tional ensembles, but the conformational properties of he-
lices also matter. For example, changing helix length rotates
and translates the positions of the tertiary contact partners
in relation to each other altering the probability of tertiary
contact formation. Also, the formation of tertiary contacts
between helices connected by floppier junctions will be less
sensitive to changes in the conformational properties (e.g.,
length) of the helices as the flexibility of the junctions can
“accommodate” misalignments more easily compared with
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Figure 6. Schematic of a “reconstitution model” of RNA folding energetics. (A) Folding of a simple RNA involving the
formation of a single tertiary contact (blue triangles) between two helices (cylinders) connected by a junction
(strings). The free energy of folding (AGg.4) is broken down into two terms: (1) the probability that the tertiary
contact partners are found aligned for productive collision (AGyjign) and (2) the free energy associated with the
formation of the tertiary contact (AGrer). (B) Each of the energy terms in A is represented in 3D free-energy
landscapes. AG ajign can be further broken down into an energy term intrinsic to the conformational preferences
of the junction and the helices containing the tertiary contact partners (AGyyy) and an energy term reflecting the
electrostatic interactions between RNA and surrounding ions and between RNA helices (AG,,_). (C) Quantitative
prediction of the “reconstitution model” of RNA. According to this model, the free energy of formation of a tertiary
contact AGr, is separable from the free energies associated with the conformational search of the junction AGre
and the electrostatic interactions with ions AG,,_. Hence, this model predicts that the energetic effect of mutating a
tertiary contact motif is constant across different ionic conditions. (From Bisaria et al. 2017, reprinted, with

permission.)

rigid junctions. These effects have been illustrated using
models with more mobile versus more constrained junc-
tions (Chu et al. 2009).

Of course, the tertiary contact motif also matters for
folding, most obviously because the folded state, F, is highly
unlikely to be populated without stabilization from a tertiary
interaction. In the “reconstitution model,” the contribution
of the tertiary motif to the stabilization of F is represented
explicitly by the AGre, term. Thus, the more tertiary hydro-
gen bonds and stacking interactions between the tertiary
contact partners, the more favorable this energy term will
be; moreover, different tertiary motifs will also have distinct
conformational preferences. Thus, an RNA containing
HJH1 may be more stable with tertiary motif A than tertiary
motif B, whereas an RNA containing a different HJH
(HJH2) may instead be more stable with tertiary motif B
than tertiary motif A, because of better matching of the
conformational preferences of HJH2 and tertiary motif B.

Considering RNA secondary structure, we can predict
duplex stability with reasonable accuracy from a simple

12

“energetically additive” model that accounts for the identity
of each base-pair and its nearest neighbors (Zuker et al.
1999). In contrast, the above considerations indicate that
we do not expect this same simple energetic additivity for
RNA tertiary structure—we cannot assign universal free-
energy values to each structural element and add them to
obtain the overall tertiary folding stability. Instead, we need
to “add,” or convolve, conformational ensembles of the
individual elements—that is, the junctions, helices, and ter-
tiary contact motifs present. The “reconstitution model”
holds that there is “ensemble additivity” such that a convo-
lution of ensembles determined for isolated RNA elements
can describe the conformational ensemble of a complex
RNA (after accounting for steric overlaps), and that this
ensemble, along with a constant free-energy term indicative
of the strength of each particular tertiary contact motif, can
be used to “predict” the folding stability for an arbitrary
RNA. Correspondingly, the “reconstitution model” readily
handles complex scenarios with multiple HJHs and multi-
ple tertiary contacts by combining multiple HJH ensembles
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with each tertiary interaction specified as formed or not to
model each folding step.

4.4 Testing the Reconstitution Model

Free-energy landscapes are added in the “reconstitution
model”; as free energy is directly convertible to probabili-
ties, we can also think of this as combining (multiplying)
probability landscapes (Fig. 6B). According to the “recon-
stitution model,” a perturbation in one of the constituent
energy landscapes should not alter the others. Thus, a mu-
tation that alters the intrinsic stability of a tertiary contact
motif (AGrey) is predicted to have no effect on the energetic
consequences from changing the HJH element (AGyyy) or
from changing the ionic conditions (AG,,_). Note that the
alignment term discussed above (i.e., AG ;) is broken into
two terms (Fig. 6), one representing the conformational
preferences of the particular junction sequence (AGyyy)
and another related to the electrostatic interactions between
RNA elements and surrounding ions (AG,,_).

These properties lead to predictions that were tested
using smFRET (Bisaria et al. 2017). For example, the folding
energetics for the P4-P6 domain with the WT TL/TLR
tertiary contact motif and a mutant TL/TLR were measured
under two different ionic conditions (Fig. 6C). The “recon-
stitution model” predicts that the overall effect of the mu-
tation on folding (AAGgqq) is the same at each ionic
condition, and this predicted result was observed across
several ionic conditions and held for several different mu-
tations (Bisaria et al. 2017). Analogously, these mutations to
the tertiary motif gave the same energetic effect (AAGg1q)
in different HJH contexts—that is, embedded in different
RNAs (Bisaria et al. 2017). These results showed the sepa-
rability of terms foundational to the “reconstitution model.”

We have emphasized thermodynamic applications of
the “reconstitution model,” but it is equally applicable to
folding kinetics, as folding kinetics can similarly be de-
scribed in terms of free-energy landscapes. Indeed, the first
evidence suggestive of this model was obtained from kinetic
folding data (Bisaria et al. 2016). The folding framework
for P4-P6 RNA (Fig. 4) intriguingly revealed the same
unfolding rate constant, within error, for all steps in which
the TL/TLR tertiary contact motif dissociated. Previously,
Nesbitt and colleagues had extensively studied this same
tertiary motif in isolation, by embedding the TL and TLR
into a simple construct in which the TL and the TLR are
connected by a A; tether (Hodak et al. 2005); indeed, this
construct was used by Bisaria and colleagues in the ther-
modynamic tests of the “reconstitution model” described
above. Remarkably, the unfolding of this simple construct
had the same rate constant as those in P4-P6, and this was
confirmed across a range of conditions (Bisaria et al. 2016,

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a032433

The Story of RNA Folding

2017). These observations suggested that the unfolding rate
for a given tertiary motif is an intrinsic property of that
motif. In contrast, folding rate constants vary considerably,
as expected for the “reconstitution model” and described
immediately below.

The kinetic version of the “reconstitution model” can be
described as an RNA diffusion-collision model, a model
borrowed from protein folding but likely more apt for
RNA folding giving the cleaner separation between second-
ary and tertiary structure formation (Bisaria et al. 2016). As
emphasized above, unfolding rate constants are local prop-
erties of the tertiary motif involved and thus are transferable
across RNAs, for a given set of conditions. In contrast, the
rate constants for each folding step are determined by the
probability of the tertiary elements encountering one
another, which is determined by the free-energy landscapes
of the HJH elements and the ionic conditions, and by the
probability that, on collision, the tertiary motif will form—
that is, the probability of a productive collision.

We noted earlier in this review that RNA association
rate constants are considerably slower than diffusion
(Gleitsman et al. 2017). There is considerable evidence for
conformational changes between free and bound RNA ter-
tiary elements, including the canonical 11ntR TL/TLR
highlighted herein (Fig. 7A) (Butcher et al. 1997; Gleitsman
etal. 2017). Bonilla and colleagues used smFRET to dissect
the folding behavior of this tertiary contact motif along with
a set of TL/TLR variants under a wide range of solution
conditions. These results in combination with structural
characterization of the unbound canonical 11ntR (Butcher
et al. 1997) and smFRET studies of the canonical GAAA/
11ntR TL/TLR (Fiore et al. 2012) led to a model for the
order of conformational changes along the folding pathway
and the nature of the transition state for TL/TLR formation
(Fig. 7B) (Bonilla et al. 2017). This study also identified an
additional free-energy term to be incorporated into the
“reconstitution model” (AGrer;/—), as the formation of
some TL/TLR variants involve additional electrostatic and
metal ion effects, an observation consistent with the con-
siderable rearrangements observed on binding. Neverthe-
less, the electrostatic effects specific to a TL/TLR variant
were conserved between different HJH contexts and is
therefore intrinsic to the TL/TLR variant (Bonilla et al.
2017), consistent with the “reconstitution model.”

In summary, there is strong evidence for the basic fea-
tures of the “reconstitution model,” a major step forward
because this model is, in principle, predictive. Nevertheless,
there are complexities, as noted by the specific ionic effects
on certain tertiary contacts and as presented by the large
number of RNA structural elements that require quantita-
tive characterization to broadly apply the “reconstitution
model.” The following section briefly outlines a new
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Figure 7. Conformational rearrangements on tetraloop/tetraloop receptor (TL/TLR) formation. (A) Comparison of
undocked (top) and docked (bottom) structures of the canonical GAAA/11ntR TL/TLR motif indicate that the 11ntR
tetraloop-receptor undergoes a series of conformational changes on binding to the GAAA tetraloop (Cate et al. 1996;
Butcher et al. 1997; Davis et al. 2005). The structure of the GAAA tetraloop does not change significantly on docking
(Heus and Pardi 1991; Fiore and Nesbitt 2013). (B) Single-molecule fluorescence resonance energy transfer (smFRET)
dissection of the folding kinetics and thermodynamics of a set of TL/TLR sequence variants across a range of ionic
conditions led to a model for the order of conformational changes along the folding pathway of the TL/TLR motif
(Bonilla et al. 2017). (From Bonilla et al. 2017, reprinted, with permission, from the American Chemical Society.)

technology that is beginning to provide this needed
information.

4.5 High-Throughput Characterization of RNA
Elements and Their Ensemble Properties

The broad implementation of the “reconstitution model”
rests on the availability of conformational ensembles for
many structural elements. A simplifying feature of this
model is that atomic-level data about junctions and tertiary
contact elements are not required. Instead, what is needed
are the preferred orientations of the helices emanating from
junctions to determine the spatial probabilities of the ter-
tiary contact elements connected to the helices. Addition-
ally, for tertiary contacts, we need intrinsic stabilities and
the orientation of the helices emanating from the formed
tertiary contact, which depend on the conformational pref-
erences of the tertiary contact itself. Current approaches to
determine RNA conformational ensembles, NMR residual
dipolar coupling, and X-ray scattering interference (Salmon
et al. 2014; Shi et al. 2015) are powerful tools for obtaining
the detailed conformational ensembles of structural ele-
ments of interest; however, they are low throughput and
thus not capable of providing information for the wide
array of RNA structural elements.

Recently, the high-throughput RNA-MaP platform de-
veloped by Greenleaf and colleagues (Denny and Greenleaf
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2019) has been applied to this problem, yielding insights
and models for each class of RNA structural element, heli-
ces, junctions, and tertiary contact motifs (Fig. 8) (Denny
et al. 2018; Yesselman et al. 2018; S Bonilla, SK Denny, N
Bisaria, et al., in prep.) The approach uses an engineered
dimer, referred to as “TectoRNA,” that assembles via for-
mation of two distinct TL/TLR tertiary contacts (Fig. 8B)
(Jaeger and Leontis 2000; Davis et al. 2005; Geary et al.
2008). The TectoRNA system was used as a scaffold for
the insertion of a wealth of two-way junctions and compo-
nents that could be systematically and broadly varied: helix
length and content, junction type and sequence, and tertia-
ry motif identity (Fig. 8C). Critically, the assay is direct,
provides thermodynamic measurements, and can be per-
formed rapidly, in parallel, and with high precision for tens
of thousands of constructs.

4.6 Helices

Comparisons of helices in X-ray structures suggest se-
quence-specific differences in the conformational prefer-
ences of base pairs. Indeed, preliminary studies indicated
that changes in the sequence of the TectoRNA helices alter
dimerization by nearly 100-fold. Yesselman constructed a
computational model that predicts the sequence depen-
dence of the helix ensembles, based on the large numbers of
conformations observed for each possible base-pair step in
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Figure 8. RNA-MaP method applied to the study of RNA tertiary elements. (A) The RNA-MaP platform with a
bound expressed RNA (“chip” piece) and a “flow” piece RNA added in trans (Denny et al. 2018). These RNAs
combine to form a tertiary “TectoRNA.” (B) A model for the tertiary structure of the TectoRNA homodimer (PDB:
2ADT; Davis et al. 2005). A heterodimer in which one of the canonical GAAA/11ntR TL/TLRs is replaced by an
orthogonal GGAA/R1 (Geary et al. 2008) was used as a “host” for different helix sequences and lengths, different
junction elements, and different tertiary motif elements. (C) Examples of junction elements used in these studies.
(A,C, Reproduced, with permission, from Denny et al. 2018.)

X-ray structures from the PDB. This model quantitatively pre-
dicted the dimerization affinity for thousands of TectoRNA
sequences, with an R?of 0.71 and a root-mean-square de-
viation (RMSD) of 0.34 kcal/mol (Yesselman et al. 2018).
Thus, helices can vary significantly in their conformational
ensembles and substantially alter tertiary folding energetics,
and an initial quantitative model of the ensemble of helix
conformations is reasonably predictive.

4.7 Junctions

The TectoRNA was used as a scaffold to embed thousands of
junctions. Each junction was embedded in many TectoRNA
contexts (Fig. 8C), in which the junction conformational
properties could stabilize or destabilize TectoRNA associa-
tion. The collection of tectoRNA affinities for each junction
provided a “thermodynamic fingerprint” for that junction
that could be compared with the thermodynamic finger-
prints of other junctions. Importantly, these thermodynam-
ic fingerprints reflect the conformational preferences of the
junctions; hence, two junctions with nearly identical ther-
modynamic fingerprints are suggested to have similar con-
formational ensembles (Denny et al. 2018). Junctions with
the same number of unopposed residues tended to have
similar thermodynamic fingerprints, and thus likely con-
formational behavior, as predicted by Al-Hashimi and col-
leagues (Bailor et al. 2010). Nevertheless, substantial
sequence-dependent variation was observed. Further, al-
though there is insufficient X-ray data for any individual
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junction to build ensembles akin to those developed for
helices, Denny and colleagues could group junctions with
similar thermodynamic fingerprints and known structures
to obtain crude ensemble models for dozens of junctions.
This model also had predictive power when combined with
the helix model described above, whereas incorporating
single X-ray junction structures gave poor predictive power
(Denny et al. 2018; Yesselman et al. 2018).

4.8 Tertiary Contact Motifs

A range of tertiary contact motifs can be incorporated in
TectoRNA constructs, allowing comparison of their ther-
modynamic properties. Investigation of more than 1000
TL/TLR variants has revealed different classes of conforma-
tional behaviors, most simply those that have conforma-
tional preferences similar as that of the canonical GAAA/
11ntR, and those with distinct thermodynamic fingerprints
(S Bonilla, SK Denny, N Bisaria, et al., in prep.). Whereas
the available data suggest a very narrow conformational
ensemble for the canonical GAAA/11ntR, the wide toler-
ance for alignment changes showed by several of the other
TL/TLRs suggests broadened conformational landscapes.
The ability to carry out high-throughput and quantita-
tive measurements provides extensive information about
conformational ensembles and energetic properties of
RNA helices, junctions, and tertiary contact motifs. Al-
though this approach to broadly and deeply interrogate
RNA structural elements is in its infancy, it is clear that
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we have transitioned to the predictive phase in RNA folding
and dynamics. Future work will benefit from additional
host systems, beyond the TectoRNA dimer, to more broadly
explore conformational space and to profile junctions and
tertiary contact motifs with very different conformational
preferences. In addition, although the initial ensemble com-
putational models have impressive predictive power, addi-
tional tests, including orthogonal methods such as NMR
and X-ray scattering interference that give more direct
structural and ensemble information, will allow these mod-
els to be improved.

5 CLOSING PERSPECTIVE

Scientific endeavors often feel like random walks punctuat-
ed by occasional discoveries. Discrete discoveries, such as
the observation of new phenomena or the generation of
structures of biological complexes are readily recognized
as “quantized” steps forward; in contrast, results from char-
acterization and dissection are harder to directly map to
progress. Organization of the scientific process by epoch
helps clarify the necessity of a breadth of studies, a necessity
that is more apparent in retrospect (Fig. 1 and above
discussion).

The field of RNA folding was marked by a continued
characterization of additional structured RNAs at similar
levels of description. The perspective of scientific epochs
helped identify what next steps were needed to reach the
ultimate goal of predictive models. Given this experience,
we encourage those developing and using the powerful ge-
nomic-scale technologies and other cutting-edge approach-
es described in this collection and elsewhere to consider also
how these tools may lead to predictive and testable models,
to go beyond continued characterization of RNA biological
phenomena.

Understanding RNA folding has, in essence by defini-
tion, required an atomic and molecular-based perspective.
But often, biological questions are framed in terms of se-
quences, pathways, processes, and cellular features abstract-
ed from their underlying molecular properties. Given this,
one might ask how generally applicable are the findings and
lessons from RNA folding to areas and questions seemingly
more directly connected to biology and medicine. We offer
the following perspectives.

We are heartened by the biological insights that have
emerged from seemingly specialized and remote studies of
RNA folding, including insights into the probability and
potential properties of an RNA World, possible steps in
the transition to protein-centric life on Earth, the occur-
rence and roles of RNA chaperones, and reasons for the use
of RNA-based machines for several current-day processes
involving nucleic acid recognition and complex controlled
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reaction cycles. More broadly, these molecules carry out
biological functions through physical interactions and
chemical reactions, so we should aim for understanding at
that level; more practically, given the myriad complexity of
biology and biological observations, the ability of molecular
models to constrain and steer models, and the ability to alter
molecules to incisively distinguish between models, argues
for the adaptation of molecular perspectives, especially in
this age of genomics and big data.

We see the need for and power of frameworks, here for
RNA folding, that break a complex process into individual
steps. Cellular processes are even more complex, suggesting
that progress in understanding, and ultimately predicting
cellular control and function, will benefit greatly from—and
likely require—experiments that allow individual steps to be
considered and probed. Finally, we reiterate the power of
quantitative predictions, because of their ability to finely
discriminate between models and the need for quantitation
to model, understand, and predict processes and responses
in biology.
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