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Despite RNA’s diverse secondary and tertiary structures and its com-
plex conformational changes, nature utilizes a limited set of structural
“motifs”—helices, junctions, and tertiary contact modules—to build
diverse functional RNAs. Thus, in-depth descriptions of a relatively
small universe of RNA motifs may lead to predictive models of RNA
tertiary conformational landscapes. Motifs may have different prop-
erties depending on sequence and secondary structure, giving rise to
subclasses that expand the universe of RNA building blocks. Yet we
know very little about motif subclasses, given the challenges in map-
ping conformational properties in high throughput. Previously, we
used “RNA on a massively parallel array” (RNA-MaP), a quantitative,
high-throughput technique, to study thousands of helices and two-
way junctions. Here, we adapt RNA-MaP to study the thermodynamic
and conformational properties of tetraloop/tetraloop receptor (TL/
TLR) tertiary contact motifs, analyzing 1,493 TLR sequences from dif-
ferent classes. Clustering analyses revealed variability in TL specificity,
stability, and conformational behavior. Nevertheless, natural GAAA/
11ntR TL/TLRs, while varying in tertiary stability by ∼2.5 kcal/mol,
exhibited conserved TL specificity and conformational properties.
Thus, RNAs may tune stability without altering the overall structure
of these TL/TLRs. Furthermore, their stability correlated with natural
frequency, suggesting thermodynamics as the dominant selection
pressure. In contrast, other TL/TLRs displayed heterogenous confor-
mational behavior and appear to not be under strong thermodynamic
selection. Our results build toward a generalizable model of RNA-
folding thermodynamics based on the properties of isolated motifs,
and our characterized TL/TLR library can be used to engineer RNAs
with predictable thermodynamic and conformational behavior.

RNA structure | RNA folding | high-throughput biochemistry | tertiary
motifs | RNA nanotechnology

RNAs fold into compact tertiary structures and undergo dy-
namic conformational changes to function in essential pro-

cesses, including translation, premessenger RNA splicing, and
genome maintenance (1–4). To accomplish these functions, RNAs
typically fold by a hierarchical process that starts with the for-
mation of stable helices (i.e., secondary structure) followed by
compaction and formation of long-range tertiary contacts between
prefolded helices (5–7). Because of the importance of structure
for function, decades of study have been dedicated to dissecting
the forces that dictate folding, determining steps and intermedi-
ates in the folding process, and characterizing the final folded
functional structures (5).
We now have a reasonably predictive understanding of sec-

ondary structure formation from sequence covariation and ther-
modynamic “nearest neighbors” parameters for base pairing (8, 9).
However, our understanding of RNA tertiary structure and fold-
ing is far less developed. In part, this is because, in comparison to
secondary structure, tertiary structure formation is a less local
problem, with more degrees of freedom and more interdependent
interacting groups and thus requires more terms to describe its

energetics (10). Further complicating predictive models, RNAs
exist as conformational ensembles dictated by thermodynamic
Boltzmann-weighted distributions, rather than as single static
structures, and do so in both their unfolded and folded states so
that static structural descriptions are inadequate (11, 12). Despite
these complexities, simplifications arising from RNA’s modular
architecture facilitate the analysis of RNA structure and may ul-
timately lead to the development of a predictive understanding of
RNA-folding energetics (5, 13).
Diverse RNAs are built using a common set of tertiary structural

building blocks or motifs (14, 15). These include A-form helices
formed by base pairing, junctions that connect and orient helices in
a three-dimensional (3D) space, and tertiary contacts that form
long-range interactions between distal regions. Some of these
motifs appear highly modular, largely conserving their 3D confor-
mational ensemble across different RNA contexts (14, 16–19). For
example, crystal structures of the canonical tetraloop/tetraloop
receptor (TL/TLR) tertiary contact motif (also referred to as the
GAAA/11ntR motif) are superimposable (Fig. 1A) (5, 20, 21).
Similarly, certain junction motifs hold their emanating helices in
their native orientations, even when isolated outside of their nat-
ural context (19, 22–24). These observations suggest that RNA
structure is largely dictated by the intrinsic conformational prop-
erties of its constituent motifs and that a generalizable model based
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on RNA’s architectural modularity may emerge from an under-
standing of these motifs.
In particular, RNA’s modular architecture and prior energetic

analyses support a reconstitution model of RNA folding (5, 13,
25). In this model, an RNA is considered as a collection of motifs
connected in space, with the conformational ensemble of each
motif specified by properties intrinsic to the motif (Fig. 1B). Two
major components dictate the free energy for the formation of a
folded RNA (ΔGfold): 1) the probability that the collection of
structural motifs will align the tertiary contact interfaces (ΔGalign)
and 2) the free energy associated with the formation of stabilizing

tertiary interactions (ΔGtert; Fig. 1B). ΔGalign is dictated by the
intrinsic conformational ensembles of each of the helices, junc-
tions, and tertiary contacts comprising the RNA and the order in
which these elements are connected to each other; ΔGtert is de-
termined by the hydrogen bonds, base stacking, and other inter-
actions that form and break upon the formation of the tertiary
contacts. Evidence supporting the reconstitution model includes
the ability to quantitatively predict the effect of specific mutations
on the folding of the Tetrahymena group I intron P4-P6 domain
from the effects of the same mutations in the context of a sim-
plified construct that isolates the tertiary contact elements (13).
As the reconstitution model and other models based on RNA

structural modularity rely on an in-depth quantitative under-
standing of the intrinsic properties of helices, junctions, and tertiary
contact motifs that recur in folded RNA structures, a major goal
toward understanding RNA conformational ensembles must be to
characterize the conformational and thermodynamic properties of
the many recurring motifs and sequences.
We recently developed a high-throughput methodology to study

the conformational and thermodynamic properties of RNA
structural motifs across sequence space (26). Our method relies on
the tertiary assembly of an RNA heterodimer engineered by
Jaeger and coworkers (27, 28), referred to as “tectoRNA,” that is
stabilized by the formation of two orthogonal TL/TLR modules:
GAAA/11ntRwt and GGAA/R1 (Fig. 2A). The stability of the
dimer (ΔGbind) depends on the probability that the structural
motifs comprising the tectoRNA correctly and simultaneously
align both TLs to their cognate TLRs (Fig. 2B) (26). The align-
ment process and probability can be conceptualized in terms of an
internal conformational search that is analogous to that under-
gone during intramolecular RNA folding (ΔGalign; Fig. 1B), and it
depends on the intrinsic conformational properties of the struc-
tural motifs comprising the tectoRNA construct (Fig. 2B). The
value of ΔGbind is also determined by the strength of the tertiary
interactions within the TL/TLR modules (ΔGtert), in the same way
the formation of tertiary contacts in RNA intramolecular folding
determines folding stability (Fig. 1B).
In our previous studies, we used “RNA on a massively parallel

array” (RNA-MaP) to insert thousands of helix and junction motif
sequences into the tectoRNA construct and measure the effect of
these insertions on ΔGbind (Fig. 2C) (10, 26). Each motif insertion
was made across multiple, structural versions of the tectoRNA,
varying in length, sequence, and/or secondary structure to produce a
series of ΔGbind values for each motif sequence; each of these
ΔGbind series was referred to as a “thermodynamic fingerprint.”
Thermodynamic fingerprints reported on the conformational
properties of each helix and junction sequence in the library as
follows: Helices and junctions with similar conformational proper-
ties produced similar thermodynamic fingerprints, as their insertion
similarly affected the TL/TLR alignment probabilities, whereas
those with different conformational properties can yield distinct
fingerprints. In our present study, we employed this approach to
dissect the thermodynamic and conformational properties of TL/
TLR tertiary contacts, a ubiquitous and important class of RNA
structural motifs (Fig. 2D).
TL/TLRs stabilize the compact structure of diverse RNAs, in-

cluding ribosomal RNAs, group I and II introns, RNase P RNAs,
and riboswitches, and have been used in RNA nanotechnology (27,
29–31). TL/TLRs vary in sequence and architecture, and three
major types are commonly found in nature (Fig. 2D) (21, 31). The
simplest class of TL/TLR consists of GNRA TLs (where N is any
nucleotide [nt] and R is a purine) making hydrogen bond networks
with the minor groove of base-paired helices. These TL/TLRs are
often referred to as GNRA/minor groove interactions. The second
class consist of GAAA TLs making hydrogen bonds and stacking
interactions with an 11-nt semiconserved TLR (11ntR) (GAAA/
11ntR; Fig. 2D). The third class consists of GAAA TLs interacting
with a 12-nt TLR that shares some secondary structural features

ΔGalign ΔGtert

TLR

Unfolded Aligned Folded

TLR

TL
TLR

TL

TLR TLTLRTLR TLTL

A

B

ΔGfold = ΔGalign+  ΔGtert

TL

ΔG+/-+  ΔGHJH

}

Fig. 1. Modular RNA structure and energetics. (A) Tertiary structure of the
canonical GAAA/11ntR TL/TLR. Crystal structures of GAAA/11ntR from RNase
P RNA (Top Left; Protein Data Bank [PDB] 1NBS), P4-P6 domain (Top Right;
PDB 1GID), and Azoarcus group I intron (Bottom; PDB 1ZZN), superimposed
using the PyMOL molecular graphics system (version 2.0 Schrödinger, LLC).
(B) Reconstitution Model of RNA folding (13). Folding free energy (ΔGfold) is
decomposed into an internal conformational search (ΔGalign) and the for-
mation of stabilizing tertiary interactions (ΔGtert). ΔGalign can be further
decomposed into a contribution from electrostatics and ion interactions
(ΔG+/-) and a contribution from the conformational properties of helices,
junctions, and tertiary contact motifs comprising the RNA (ΔGHJH; HJH stands
for helix-junction-helix). Thus, in this model, the conformational ensemble of
the motifs is dictated by properties intrinsic to the motif such as sequence
and topology, while environmental factors such as ions affect the relative
stabilities of the conformations within the ensemble.
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Fig. 2. High-throughput studies of RNA structural motifs. (A) Tertiary structure of tectoRNA dimer. Structure shown is that of homodimer with two identical
GAAA/11ntRwt TL/TLRs (49). One of the GAAA/11ntRwt is replaced by an orthogonal GGAA/R1 TL/TLR in our studies to ensure heterodimer formation (28). (B)
Pathways for the formation of bound tectoRNA dimer. After the formation of one of the tertiary contacts, an internal conformational search aligns the
second TL to its cognate TLR. (C) High-throughput RNA-MaP platform used to characterize RNA structural motifs. Tens of thousands of “chip” piece sequences
are transcribed from sequenced DNA on an Illumina chip (37). Stars represent fluorescent probes. Junctions and/or short helical elements are inserted into the
helical domain of the chip piece (26). (D) Sequence, secondary, and tertiary structure of representative TL/TLRs belonging to different types. Tertiary structures
are from GCGA TL docking into CUG-CAG (Protein Data Bank [PDB] 3IGI), GGAA/11ntRwt (PDB 1GID), and GAAA/Vc2wt (PDB 3IRW). The GAAA/C7.2wt structure
was modeled computationally (50). (E) Sequence of IC3wt TLR motif. (F) Schematic for characterization of the TL/TLR library via RNA-MaP. Varying TLR se-
quences were inserted in place of the 11ntRwt sequence in the chip piece. Scaffold variants for the insertion of each TLR sequence were generated by altering
the length, sequence, and/or secondary structure of the helical domain of the chip piece. (G) Examples of scaffolds of different lengths. The length of the chip
piece is defined as the number of bp between the GGAA TL and the TLR, including canonical and noncanonical (i.e., mismatches) bp. Residues without
opposing residues in complementary strand (e.g., bulges) do not contribute to the reported length. (H–J) Distribution of TLR sequences in the library. Natural
11ntR and 12ntR TLR variants were obtained from databases and published sequence alignments of functional RNAs (39–42).
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with 11ntRs (GAAA/12ntR; Fig. 2D). In addition to natural TL/
TLRs, in vitro selection studies have generated stable TL/TLR
variants not observed in nature (28, 30). Although diverse in se-
quence, secondary structure, and complexity, there are several
commonalities between the three different types of natural TL/
TLRs described above. They all involve the interactions of GNRA
TLs that dock into the minor groove of the TLR helix by formation
of so-called A-minor interactions (30, 31). In the present study, we
investigate the properties of a wide range of natural and mutant
11ntR (n = 756) and 12ntR (n = 696) TLRs, a smaller subset of
variants of an in vitro selected TLR (n = 41), and a representative
minor groove TLR.
The structures, relative stabilities, and/or specificities of sev-

eral representative TL/TLR sequences have been characterized
previously (20, 28, 30–33). These include the canonical GAAA/
11ntRwt of the P4-P6 domain of the Tetrahymena group I intron
(Fig. 2D, blue), a GAAA/12ntR variant found in Vibrio cholera
cyclic-di-GMP riboswitches, referred to as GAAA/Vc2wt (Fig. 2D,
red), a GAAA/12ntR commonly found in subtype IC3 group I in-
trons, referred to as GAAA/IC3wt (Fig. 2E) (34), and the in vitro–
selected GAAA/C7.2wt (Fig. 2D, orange). The thermodynamic
properties of additional, artificial TL/TLRs generated by in vitro
selection or by rational design have also been characterized (28, 30,
35). However, compared to the great number of potential TL/TLR
sequences, only a small fraction of the thermodynamic and con-
formational space of TL/TLRs has been explored. To determine the
diversity of the thermodynamic and conformational landscape of
TL/TLRs and obtain insights into how nature selects among this
diversity to build functional RNAs with different, functional, dy-
namic, and conformational properties, we used the RNA-MaP high-
throughput platform to measure the relative stability, specificity,
and conformational properties of a library of natural and designed
TL/TLR sequences (Fig. 2F). From these results, we were able to
classify and compare the conformational and thermodynamic be-
havior of TLRs, results that help build toward a general ability to
describe RNA-folding thermodynamics, from the properties of its
constituents, that provide biological insights and that can be of
immediate use in RNA engineering.

Results and Discussion
RNA-MaP Enables High-Throughput Studies of TL/TLRs in tectoRNA
Scaffolds. In our previous RNA-MaP studies of helix and junc-
tion motifs, we kept the sequence of the TL/TLRs constant to
probe helices and junctions (Fig. 2C) (10, 26). In the present
study, we systematically altered the sequence of the TLR in the
tectoRNA chip piece and the sequence of the TL in the flow
piece, with the GGAA/R1 TL/TLR kept constant to focus on a
single TL/TLR (Fig. 2F). We inserted a library of 1,493 TLR se-
quences into chip pieces, and we synthesized two flow pieces, one
with a GAAA TL and another with a GUAA TL. The flow pieces
with the different TL sequences allowed us to probe the specificity
of each TLR in the library. In addition, each TLR was inserted into
multiple chip pieces differing in length, sequence, and/or secondary
structure. These structural variations of the chip piece are referred
to as “scaffolds” (Fig. 2F). The length of the scaffolds spanned 8 to
11 bp, with examples shown in Fig. 2G. The scaffold sequences were
chosen to span a wide range of tectoRNA stabilities and thus
conformational preferences, based on our previous studies (10, 26);
those studies showed large effects on stability from changes in
scaffold length and more moderate effects from changes in se-
quence and/or secondary structure. The library was designed with
each of the 1,493 TLR sequences inserted into five scaffolds and a
subset (n = 277) inserted into 50 scaffolds for deeper character-
ization. As explained in detail in Thermodynamic Fingerprints Report
on TL/TLR Conformational Properties and following our prior
studies (26), ΔGbind measurements across multiple scaffolds pro-
duced thermodynamic fingerprints that report on the 3D confor-
mational properties of the TL/TLRs in the library.

Clusters of DNA encoding the chip pieces were expressed and
sequenced on an Illumina chip (36, 37). The chip was then installed
into a custom-built, fluorescence microscope, and the locations and
sequences of the DNA clusters were mapped using a previously
described method (36, 38). For statistical rigor, variants that were
expressed in fewer than five clusters were not analyzed (26). RNA
clusters were generated in situ by transcribing the sequenced DNA
clusters and stalling the RNA polymerase using a streptavidin
“roadblock” and were visualized by annealing a fluorescent oligo to
a common flanking sequence. A fluorescently labeled flow piece
was introduced at a series of concentrations (0.91 nM to 2.0 μM),
and dissociation constants were generated by measuring the change
in the fluorescence of each cluster as a function of flow piece
concentration after equilibration. Based on prior control experi-
ments, we set an upper limit of –7.1 kcal/mol for the reliable
measurement of ΔGbind (26). Values greater than this threshold
nevertheless showed expected trends and are shown in figures for
completeness but were not used in quantitative analyses.

A TL/TLR Library to Probe Diversity of Natural and Mutant TL/TLRs. To
investigate and compare the thermodynamic and conformational
properties of TL/TLRs belonging to different structural types and
gain insights into how the sequence of the motif may determine
these properties, we designed a library of 1,493 TLR sequences and
systematically introduced them into the tectoRNA chip piece. The
1,493 TLRs included natural and mutant 11ntR (n = 756) and
12ntR (n = 696) TLRs and variants of in vitro–selected C7.2wt (n =
41) (Fig. 2 H–J). Natural TLR sequences were found in databases
and publications containing sequence alignments of group I and II
introns, RNase P RNA, and cyclic di-GMP riboswitches (SI Ap-
pendix, Tables S1 and S2) (39–42). We refer to 11ntR and 12ntR
sequences using 11ntRwt and IC3wt as references, respectively
(Fig. 2 D and E). Mutations are noted using subscripts with the
position and identity of the mutation. For example, a mutant of
11ntRwt in which position 4 is mutated to G is referred to as
11ntR4G, and a mutant of IC3wt in which position 1 is mutated to C
is referred to as IC31C. Multiple mutations are noted sequentially
(e.g., 11ntR4G/7C). The IC3U3/A4/U9/A10 receptor is referred to as
Vc2wt to be consistent with previous literature (31). Mutants of
C7.2wt are described using the same nomenclature. The library
contained TLRs with up to six mutations, relative to the reference
sequences, with the large majority being double mutants of 11ntRwt
and IC3wt (Fig. 2 H–J).

Thermodynamic Fingerprints Report on TL/TLR Conformational Properties.
As noted in RNA-MaP Enables High-Throughput Studies of TL/
TLRs in tectoRNA Scaffolds, each TLR was inserted into multiple
chip piece scaffolds varying in length, sequence, and/or secondary
structure (Fig. 2F). The value of ΔGbind depends on the ability of
the structural elements comprising tectoRNA to correctly align
the two TL/TLRs (Fig. 2B). Therefore, scaffolds with the same
TL/TLRs but different conformational properties produce differ-
ent ΔGbind values, and these differences, in turn, depend on the
alignment preferences of the TL/TLRs. As these concepts are
central to our studies, we elaborate them below.
ΔGbind depends on the structural properties of the scaffold. Consider the
folding pathway in which GGAA/R1 forms first and is followed
by the formation of GAAA/11ntRwt (top pathway; Fig. 2B). As
the final bound state always has both TL/TLRs formed and
ΔGbind is a state function dependent only on the initial and final
states, the choice of pathway does not affect our analysis (26, 28).
Also, intermediates with a single TL/TLR formed are too un-
stable to be detectable, so we observe the initial and final states
experimentally (26, 28).
After the docking of GGAA/R1, the tectoRNA undergoes an

internal conformational search to align the second TL/TLR
(Fig. 3A), analogous to that undergone in intramolecular RNA
folding (Fig. 1B). The structural properties of the scaffold (e.g.,
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its length and any internal junctions) determine the space sam-
pled during this internal conformational search and, therefore,
the probability of aligning the TL/TLRs to form the bound tec-
toRNA complex (Fig. 3A). As the thermodynamic stability of
a complex is given by the probability of forming the complex
over the probability of breaking it, tectoRNA scaffolds that
differ conformationally produce different ΔGbind values. Binding
measurements across a series of scaffolds produce a series of
ΔGbind values that we refer to as a thermodynamic fingerprint
(Fig. 3B). The shape of a thermodynamic fingerprint depends on
the structural properties of the scaffolds and on the particular

TL/TLR (i.e., on the alignment preferences of the TL/TLRs, as
explained next).
Thermodynamic fingerprints report on the 3D conformational properties of
the TL/TLRs. Changing the TL/TLR in tectoRNA can have two
effects on ΔGbind. It can 1) change the strength of the tertiary
interactions formed and 2) change the alignment required for
TL/TLR formation. To illustrate these points, consider the three
hypothetical TL/TLRs embedded in identical scaffolds shown in
Fig. 3C. The behaviors of these hypothetical TL/TLRs are used
to illustrate expected trends and interpret the experimental
thermodynamic fingerprints presented in the following sections.
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Fig. 3. Thermodynamic fingerprints report on TL/TLR 3D conformational properties. (A) Structural changes to the scaffold affect ΔGbind by altering the
internal conformational search to align the TL/TLRs. The figure shows the schematic comparing the internal conformational search undergone by a short
scaffold (9 bp, Top) and a long scaffold (11 bp, Bottom). The large gray circle represents the conformational space explored by a particular scaffold during the
internal conformational search, and the smaller darker gray area represents the part of this space where the TL and TLR are “correctly” aligned for the
formation of the TL/TLR. In this simplified schematic (with equal probabilities throughout the 2D gray space), the fraction of conformational space, leading to
productive formation of the TL/TLR, is greater for the 9 bp than for the 11-bp scaffold. Thus, the 9-bp scaffold has a greater probability of aligning the TL/TLR,
resulting in higher affinity compared to the 11-bp scaffold. In actual cases, the relative occupancy across the available conformations also affects the
probability of binding with each scaffold. (B) Measurements of ΔGbind across distinct scaffolds produce thermodynamic fingerprints that report on the
alignment properties of the TL/TLRs. Each datapoint corresponds to a distinct scaffold varying in length, secondary structure, and/or sequence. Depending on
its conformational properties, each scaffold has a distinct probability of aligning the TL/TLRs, resulting in the distinct ΔGbind values. (C) Differences between
TL/TLR variants can affect ΔGbind by affecting the strength of the tertiary interactions and/or the alignment preferences. Cartoons represent three distinct TL/
TLR sequences embedded within the same scaffold. TL/TLR1 and TL/TLR2 have the same alignment preferences but differ in the strength of their tertiary
interactions. In this case, the difference in stability between the TL/TLRs is independent of the structural context in which the comparison is made. TL/TLR3 has
different alignment preferences compared to the other two TL/TLRs. In this case, the difference in stability between TL/TL3 and the other TL/TLRs depends on
the structural context in which the comparison is made. (D) TL/TLRs with the same alignment preferences produce thermodynamic fingerprints with the same
shape. The strength differences between TL/TLR1 and TL/TLR2 are expressed by a constant offset in their stability (ΔΔGbind). (E) TL/TLRs that differ in
alignment preferences produce thermodynamic fingerprints with different shapes, such that ΔΔGbind depends on the scaffold identity.
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Hypothetical motifs TL/TLR1 and TL/TLR2 differ in the
strength of their tertiary interactions but have the same alignment
preferences (Fig. 3C, blue versus green). TL/TLR3 has different
alignment preferences (Fig. 3C, cyan). The differences in strength
between TL/TLR1 and TL/TLR2 will produce different ΔGbind
values but, because the final alignments are the same, this dif-
ference, ΔΔGbind, is independent of the structural context in
which TL/TLR1 and TL/TLR2 are embedded. Thus, ΔΔGbind is
constant across scaffolds and the thermodynamic fingerprints of
these TL/TLRs have the same shape, with a constant offset given
by ΔΔGbind (Fig. 3D).
In contrast, because TL/TLR3 has a different preferred align-

ment, ΔΔGbind between TL/TLR1 and TL/TLR3 is dependent on
the structural context (Fig. 3C) and, because of this, the shape of
their thermodynamic fingerprints differs (Fig. 3E). Thus, com-
paring the shapes of the thermodynamic fingerprints for two dif-
ferent TL/TLR sequences provides information on the similarity
of their 3D conformational properties.
To clarify, the fingerprints provide information on the “global”

conformation of the TL/TLRs (i.e., the alignment and orientation
of the TL with respect to the TLR) and not on the internal con-
figuration of the TL/TLRs. Thus, in principle, two TL/TLRs can
have a different set of interactions (e.g., base pairs [bp] and base
stacking within the TLR tertiary hydrogen bonds) but the same
alignment preferences and, therefore, similar thermodynamic
fingerprints. Additionally, for simplicity, we have been referring to
the final aligned TL/TLR as a single state, but TL/TLRs also exist
as conformational ensembles in their folded state. Thus, the
shapes of the thermodynamic fingerprints report on differences
and similarities in the global conformational ensembles of the
bound TL/TLRs. Each TL/TLR conformational ensemble can
consist of multiple states (some more probable than others) that
connect the TL to its TLR. In the simplest case, if more states are
available for the bound TL/TLR (i.e., a broad conformational
ensemble), many scaffolds would have similar probabilities to
align the TL/TLRs so that changing one scaffold for another
would not yield a major energetic penalty and a flatter thermo-
dynamic fingerprint would be expected. In contrast, a TL/TLR
with a highly specific (or restrictive) conformation (i.e., a narrow
TL/TLR conformational ensemble) is expected to be more sen-
sitive to changes to the geometry of the scaffold.

Different Thermodynamic and Conformational Behavior of TL/TLRs
that Represent Distinct Structural Classes. We began our analysis
by comparing the thermodynamic fingerprints of a representative
subset of TL/TLR variants across 50 possible common scaffolds
and across three conditions: 30 mMMgCl2 (Fig. 4A), 5 mMMgCl2/
150 mM KCl, and 5 mM MgCl2 (SI Appendix, Fig. S1). This set of
TLRs included wild-type (wt) TLR sequences 11ntRwt, IC3wt,
Vc2wt, and C7.2wt. We also included a second representative
11ntR, the triple mutant 11ntR1G/9G/11C, which is found in several
group I intron and RNase P RNA variants (SI Appendix, Table S1).
In addition, to compare the TL/TLRs studied here to the simpler
GNRA/minor groove TL/TLR interactions, we performed ther-
modynamic measurements with chip constructs in which the TLR
is replaced by tandem bps 5′-CU/AG-3′ (“bp helix”).
Thermodynamic fingerprints for each representative TLR

binding to GAAA were generated by plotting ΔGbind across
scaffolds, with the scaffolds ordered according to length (Fig. 4A
and SI Appendix, Fig. S1). To compare the TL/TLR fingerprints,
we calculated Pearson’s correlation coefficients (r) and rmsd
(Fig. 4A and SI Appendix, Fig. S1). In addition to reporting on
similarities and differences in the shapes of the fingerprints, the
value of r also depends on the stability of the fingerprints being
compared, because low-stability fingerprints have greater mea-
surement error (SI Appendix, Fig. S2) and contain fewer values
within the threshold (–7.1 kcal/mol). As a result, TLRs with the
same intrinsic correlation display lower correlations in practice

when they are less stable. To account for this effect, we simulated
theoretically identical fingerprints across a range of average sta-
bilities and used the correlation values obtained from these sim-
ulations to guide the interpretation of our data (SI Appendix, Fig.
S3). As an additional way to visualize and compare the TL/TLRs,
we calculated ΔΔGbind with respect to GAAA/11ntRwt (Fig. 4B).
As explained in Thermodynamic Fingerprints Report on TL/TLR
Conformational Properties, ΔΔGbind is constant across scaffolds for
TL/TLRs with the same conformational properties and varies
across scaffolds for TL/TLRs with different conformational
properties (Fig. 3 D and E).
Remarkably, the shapes of the thermodynamic fingerprints for

GAAA/11ntRwt and GAAA/11ntR1G/9G/11C are nearly identical
(rmsd = 0.28 kcal/mol; r = 0.95; Fig. 4A), despite a stability dif-
ference of over 2 kcal/mol (ΔΔGbind,avg = 2.35 ± 0.28 kcal/mol;
Fig. 4B). The similarity of these fingerprints was maintained under
lower salt conditions (SI Appendix, Fig. S1), although with a weaker
correlation coefficient due to lower stability of the GAAA/
11ntR1G/9G/11C TL/TLR (SI Appendix, Fig. S3). The parallel fin-
gerprints of these TL/TLRs indicate that GAAA/11ntR1G/9G/11C
and GAAA/11ntRwt have indistinguishable alignment preferences
and 3D conformational properties, even though they differ in se-
quence at three positions and in tertiary interaction strength by
2.4 kcal/mol.
GAAA/C7.2wt also displayed a thermodynamic fingerprint

shape nearly identical to GAAA/11ntRwt (rmsd = 0.23 kcal/mol;
r = 0.97; Fig. 4A) and, therefore, a constant ΔΔGbind across
scaffolds (Fig. 4B) with near-identical stabilities, despite the
differences in length and sequence of this TLR (Fig. 2D).
The value of ΔΔGbind for GAAA/11ntR1G/9G/11C (i.e., the dif-

ference in stability between GAAA/11ntR1G/9G/11C and GAAA/
11ntRwt) was independent of ionic conditions (SI Appendix, Fig.
S4). In contrast, the magnitude of ΔΔGbind for GAAA/C7.2wt
depended on whether K+ was present. Specifically, ΔΔGbind was
nearly the same with 30 mM MgCl2 (–0.28 ± 0.24 kcal/mol) and
5 mM MgCl2 (–0.44 ± 0.23 kcal/mol) but differed with 5 mM
MgCl2/150 mM KCl (ΔΔGbind = 1.42 ± 0.31 kcal/mol; SI Ap-
pendix, Fig. S4). This effect arises from a relative stabilization of
GAAA/11ntRwt upon the addition of KCl. Specifically, in the
presence of 5 mM MgCl2, the added KCl stabilized GAAA/
11ntRwt by 0.5 kcal/mol but destabilized GAAA/C7.2wt by 1.3 kcal/
mol (SI Appendix, Fig. S5). The destabilization of GAAA/C7.2wt
by KCl presumably arises from partial replacement of Mg2+ by K+

in the RNA ion atmosphere, diminishing the net preferential
Mg2+ stabilization of the compact folded state (43); the prefer-
ential K+ stabilization for the 11ntRwt presumably arises from
additional energy provided by the specific K+ binding site seen in
GAAA/11ntRwt crystal structures (44, 45).
Despite the effect of K+ on the magnitude of ΔΔGbind for

GAAA/C7.2wt, the shape of its thermodynamic fingerprint is
independent of ionic conditions (Fig. 4A and SI Appendix, Fig.
S1). Indeed, the shapes of the thermodynamic fingerprints are
largely independent of ionic conditions across the TLR library
(SI Appendix, Fig. S6), even though the GAAA/11ntRwt TL/TLR
and likely other TL/TLRs bind K+. Thus, the presence or ab-
sence of a K+ binding site does not alter the global conformation
of a TL/TLR and its interactions with connecting RNA elements,
even though there are likely local changes around the K+ binding
site. As noted in Thermodynamic Fingerprints Report on TL/TLR
Conformational Properties, our experiments across scaffolds re-
port on global conformational ensembles determined by the sets
of orientations of helices emanating from the TL/TLR; this
property defines how the TL/TLR structurally and energetically
interacts with the RNA within which is it embedded and is thus
of particular interest in predicting and engineering RNA tertiary
structure. Furthermore, the independence of the shape of the
thermodynamic fingerprints from ionic conditions supports the
reconstitution model of RNA folding (Fig. 1B). In this model,
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the energetics associated with electrostatics and ion binding
(ΔG+/-; Fig. 1B) are separable from the conformational prop-
erties of the RNA elements (ΔGHJH; Fig. 1B) and the tertiary
interactions (ΔGtert; Fig. 1B), greatly simplifying the challenge of
predicting folding energies (13).
Returning to our representative TL/TLRs, in contrast to the

very similar fingerprints for GAAA/11ntRwt, GAAA/11ntR1G/9G/

11C, and GAAA/C7.2wt, the GAAA/Vc2wt fingerprint differed
considerably (Fig. 4A; rmsd = 0.81 kcal/mol; r = 0.47; see also SI
Appendix, Fig. S2). Accordingly, ΔΔGbind for GAAA/Vc2wt was
not constant, varying from 0.9 to 3.7 kcal/mol across scaffolds
(Fig. 4B). In particular, scaffold length differentially affected the
probability of aligning GAAA/Vc2wt versus GAAA/11ntRwt

(Fig. 4B), strongly suggesting differences in the alignment pref-
erences of these TL/TLRs with respect to the bend, rotational
angles, and/or number of binding modes of the two TL/TLRs.
The fingerprint of GAAA/IC3wt also differed from that of
GAAA/11ntRwt (Fig. 4A; rmsd = 0.51 kcal/mol; r = 0.81; see also
SI Appendix, Fig. S2); although the differences were more subtle
than for GAAA/Vc2wt, a clear trend in ΔΔGbind with scaffold
length was observed (Fig. 4B).

In summary, our comparison of the fingerprints of representa-
tive TL/TLRs suggest that GAAA/11ntRwt, GAAA/11ntR1G/9G/

11C, and GAAA/C7.2wt have very similar alignment properties,
whereas those of GAAA/Vc2wt and GAAA/IC3wt differ markedly
(Fig. 4 A and B). Nevertheless, close examination of the GAAA/
11ntRwt and GAAA/C7.2wt fingerprints revealed, despite the fin-
gerprints overlay with 8- and 9-bp scaffolds, a small but consistent
difference with 10- and 11-bp scaffolds (Fig. 4B). These subtle
distinctions highlight the power of multiple, quantitative thermo-
dynamic comparisons via high-throughput RNA-MaP experiments
to reveal even subtle differences in conformational properties.
This ability is further highlighted by analyses of ΔGbind averaged
across scaffold lengths (SI Appendix, Fig. S7).

TL Specificity across TLR Variants. Natural and artificial TL/TLRs
have been selected to bind various GNRA TLs (where N is any nt
and R is a purine) (21, 28, 30, 35). In particular, 11ntRwt has been
shown to have high specificity toward the GAAA TL, while IC3wt
binds with similar stability to various GNRA TLs (34, 46). Because
our library is mostly comprised of 11ntRwt and IC3wt mutants, we
expected to see variation in TL specificity. The high-throughput
capabilities of RNA-MaP allowed us to further investigate TL
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Fig. 4. Thermodynamic and conformational properties of representative TL/TLRs across scaffolds. (A) ΔGbind for TLRs binding to GAAA TL across scaffolds.
Dashed gray line indicates the threshold of –7.1 kcal/mol. Open symbols are ΔGbind above this threshold. Dashed colored lines serve as guides for the
thermodynamic fingerprints. To compare the fingerprints, they were superimposed to that of GAAA/11ntRwt by shifting them by a constant ΔGbind while
minimizing rmsd. This minimal rmsd is shown as is the correlation constant, r. Values above threshold were not used to calculate the correlation coefficient (r).
ΔGavg is the median. Values of r for TLRs with ΔGavg > –7.1 kcal/mol are not reliable and therefore were not considered. Solution conditions: 89 mM Tris-
Borate, pH 8.0, 30 mM MgCl2, 0.01 mg/mL yeast tRNA, and 0.01% Tween 20. Measurements at different ionic conditions are provided in SI Appendix, Fig. S3.
(B) ΔΔGbind relative to GAAA/11ntRwt, calculated as the differences in ΔGbind showed in A. Open symbols correspond values below stability threshold and are
lower limits. (C) ΔGbind for GAAA versus GUAA TLs for each representative TLR across its scaffolds. Dashed gray lines indicate a threshold of –7.1 kcal/mol, as
above. ΔΔGavg is the average difference in stability between binding to GUAA and GAAA in units of kcal/mol (e.g., on average, constructs with GAAA/11ntRwt

are 3.55 kcal/mol more stable than constructs with GUAA/11ntRwt).
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sequence specificity across different structural contexts, potentially
revealing effects on the conformational preferences of the TL/
TLRs caused by differences in the sequence of the TL. To do this,
we compared ΔGbind values obtained with GAAA and GUAA for
the different TLRs across the 50 scaffolds (Fig. 4C).
11ntRwt, 11ntR1G/9G/11C, and C7.2wt TLRs displayed much

weaker binding for the GUAA TL than for the GAAA TL
(Fig. 4C). For example, tectoRNA constructs are on average 3.55
kcal/mol more stable with GAAA/11ntRwt than with GUAA/
11ntRwt (Fig. 4C). In the crystal structures of GAAA/11ntRwt, the
second A of the GAAA TLmakes two sequence-specific hydrogen
bonds with A8, which is part of the core of the TLR, as well as
stacking interactions with the A5 of the AA platform (SI Appendix,
Fig. S8); thus, the large thermodynamic effect of mutating the TL
can be rationalized in terms of disruption to these interactions.
In agreement with the literature, IC3wt and Vc2wt had no sig-

nificant preference for GUAA or GAAA TL (Fig. 4C). The sim-
plest model to account for these results is an absence of sequence-
specific interactions between the second residue of the TL and the
TLR. Examination of the crystal structure of GAAA/Vc2wt suggests
the formation of a single hydrogen bond between the second A of
the GAAA TL and A5 of Vc2wt TLR, as well as base stacking in-
teractions with A5 (SI Appendix, Fig. S8). However, in comparison
with GAAA/11ntRwt, these interactions appear much less sequence
specific, and any nt may be able to be rearranged to form similar
interactions. Alternatively, the single hydrogen bond formed be-
tween the TL and the TLR may not have a significant net contri-
bution to the stability of the folded TL/TLR and therefore not
provide sequence specificity.
Interestingly, the TLRs also differed in the shapes of their ther-

modynamic fingerprints when the TL sequence was changed. For
IC3wt, ΔGbind for GAAA and GUAA are highly correlated across
scaffolds (r = 0.93; Fig. 4C). This observation and the similar sta-
bilities for GAAA and GUAA suggest that the conformational
ensemble of TL/IC3wt is the same with GAAA and GUAA and that
GAAA/ IC3wt and GUAA/ IC3wt can be considered essentially
identical motifs with respect to their thermodynamic and confor-
mational properties. For Vc2wt, the correlation is weaker (r = 0.64;
Fig. 4C), suggesting that the conformational ensemble of the TL/
TLR is moderately affected by the mutation to the TL, although
without causing major disruption as the stabilities are similar for
GAAA and GUAA.
For 11ntRwt, 11ntR1G/9G/11C, and C7.2wt, mutation of the TL

appears to have a greater effect on the TL/TLR conformational
ensembles. In particular, the range of affinities with GUAA was
much narrower than that with GAAA (Fig. 4C). These results
suggest that the A to U substitution broadens the TL/TLR con-
formational ensemble so that scaffolds with different conforma-
tional properties now have similar probabilities of aligning the
GUAA to the TLR. The complex network of interactions in the
GAAA/11ntRwt motif likely narrows the conformational ensemble,
such that the orientation of the TL with respect to the TLR is
highly specified to meet the geometrical constraints required to
make these interactions. In contrast, the GUAA TL makes fewer
interactions with the TLR, and the TL can assume a broader range
of orientations with respect to the TLR and still be able to form
interactions with similar energies. In other words, having fewer
tertiary interactions lowers the sequence specificity and appears to
make it more likely to have similar energies across a broader range
of conformational states.
This comparative, thermodynamic information and additional

information about mutational effects may be valuable in structural
modeling and in relating structural models to energetics. Most
practically, these data can be used to design RNAs with different
tertiary stability and specificity. With these future applications in
mind, we provide a list of the 1,493 TLR sequences in our library
with binding affinities for GAAA and GUAA TLs and correlation
coefficients relative to GAAA/11ntRwt (Supplementary Dataset).

Base-Paired Helices Acting as TLRs. GNRA TLs docking into the
minor groove of base-paired helices—so called GNRA/minor
groove interactions—are common in nature (21), yet tectoRNA
constructs containing a base-paired helix as a TLR (Fig. 4A, bp
helix, green) bound weakly across all scaffolds, with most ΔGbind
values above the –7.1 kcal/mol threshold regardless of whether the
TL was GAAA or GUAA (Fig. 4D, green). This type of TL/TLRs
is commonly observed in large RNA–protein complexes such as
the ribosome, while more stable TL/TLRs such as the GAAA/
11ntRwt are not observed there (21). Perhaps stable TL/TLRs
such as the GAAA/11ntRwt are selected for smaller structured
RNAs that have only sparsely distributed tertiary interactions in
which more stability is needed from a more limited set of inter-
actions, whereas GNRA/minor groove interactions are sufficiently
stable in structural contexts with additional stability provided by
nearby tertiary contacts and binding proteins. In addition, GNRA/
minor groove interactions are more probable to evolve compared
to more complex TL/TLRs, as any helical minor groove can serve
as potential TLR (47). Another possible advantage of GNRA/
minor groove interactions may arise from their ability to readily
form and break and/or conformationally rearrange to allow the
formation of a series of functional states.

Classification of TL/TLR Thermodynamic and Conformational Diversity.
To investigate the thermodynamic and conformational properties of
all 1,493 TLR variants in the library more broadly and in an unbi-
ased fashion, we clustered their thermodynamic fingerprints across
the five common scaffolds and two TL sequences. These five scaf-
folds had a common length (10 bp) but varied in their secondary
structure and sequence (Fig. 5A). Three were fully base paired
(“bp;” Fig. 5A), while the other two had unpaired residues (“bulge;”
Fig. 5A). Based on our previous studies of helices and junctions
(26), these scaffolds were expected to probe different conforma-
tional spaces and therefore reveal differences and similarities in the
conformational ensembles of the TL/TLRs, as discussed in Ther-
modynamic Fingerprints Report on TL/TLR Conformational
Properties.
We first calculated average stability in order to separate TLRs

that were too weak for this analysis (Fig. 5B). TLR sequences that
on average destabilized tectoRNA binding below the threshold
(Fig. 5B; nweak = 387 of 1,493 total) were not included in the
clustering analysis, as their thermodynamic fingerprints do not
contain enough information to be reliably compared. To cluster the
rest of the TLRs based on the shape of their fingerprints rather
than on their average stability, each fingerprint was shifted by
subtracting its mean value to produce ΔΔGrel values. This is ap-
proximately equivalent to putting fingerprints on the same scale so
that differences in their shape guide the clustering algorithm. To
reduce redundancy in the information content of the dataset, the
ΔΔGrel values were then used in a principal component analysis
(PCA). The first two principal components (PCs), represent-
ing >80% of the variance, were grouped by hierarchical clustering
using Euclidean distances and Ward’s method (Fig. 5 C and D).
The clustering revealed two major TLR classes (A and B; Fig. 5D)
that we further classified into five subgroups (1 to 5; Fig. 5 D–F)
based on the variance ratio criterion, which takes into account the
between-clusters dispersion and intercluster dispersion (SI Appen-
dix, Fig. S9). TLR sequences grouped according to the clustering
results are provided in SI Appendix, Table S3.
Fig. 5E shows the thermodynamic fingerprints grouped according

to the clustering analysis. As expected, TLRs with similar finger-
prints clustered near one another. TLRs derived from common
parents tended to also cluster nearby (Fig. 5F). The observation that
the naturally observed 11ntR variants clustered closely (Fig. 5F)
supports that biologically relevant differences and similarities in
thermodynamic and conformational behavior have been captured
through the clustering. One natural 11ntR with an unusual GC
sequence replacing the canonical AA platform was an outlier and
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Fig. 5. Overview of TLR thermodynamic behavior. (A) Secondary structure and sequence of five scaffolds common to the entire TLR library. (B) Distribution of
ΔGavg for TLR sequences across five common scaffolds in A and two TL sequences. TLRs with ΔGavg > –7.1 kcal/mol (nweak = 387) were not included in the
clustering analysis. (C) Fraction of the variance represented by each of the PCs. (D) Hierarchical clustering of the first two PCs using Ward’s method imple-
mented in Python. (E) Hierarchical clustering of TLRs across five common scaffolds and TL sequences GAAA and GUAA. Prior to clustering, ΔGbind values for
each of the TLRs was scaled by ΔGmean to produce ΔΔGrel values. The ΔΔGrel values were used in a PCA (C above), and the first two PCs were hierarchically
clustered to generate the clustergrams shown. (F) Distribution of TLR mutants according to type (i.e., 11ntR, IC3, and C7.2) across clusters. (G and H) Sequence
motifs representing variability among 11ntR (G) and IC3 (H) variants in the individual subgroups revealed by hierarchical clustering. Sequence motifs were
generated using Weblogo (51). Subgroups 1 and 2 were mostly composed of 11ntR variants and subgroup 5 mostly of IC3 variants. (I) PCA loading plot
showing the influence of the sequence of the binding TL and the secondary structure of the scaffold on the first two PCs. (J) Pseudofingerprints showing the
average behavior of the TLR subgroups across TL sequence and scaffold secondary structure.
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grouped in Class B; it is discussed in the following section. As
expected, C7.2wt grouped with 11ntRwt (Fig. 5F), consistent with the
nearly identical thermodynamic fingerprints of these TLRs across
50 scaffolds (Fig. 4A).
To describe commonalities and differences in the sequences of

the TLRs in the classes and subgroups, we generated “sequence
motifs” for 11ntR and IC3 variants in different subgroups (Fig. 5 G
andH). Class A, containing subgroups 1 (n1 = 82) and 2 (n2 = 195),
was composed mostly of 11ntR variants (86%) with only a small
fraction of IC3 (5%) and C7.2 (9%) variants. The 11ntR variants in
this class have the highly conserved core (composed of bp C2-G10
and U3-A8) but varied at other locations (Fig. 5G). Whether an
11ntR variant clustered in subgroup 1 or 2 depended strongly on the
identity of residue 4—which is part of the AA platform in the ca-
nonical 11ntRwt—with subgroup 1 variants tending to maintain the
conserved A at that location and variants in subgroup 2 having more
variability (Fig. 5G).
Subgroups 3 (n3 = 186) and 4 (n4 = 295) were the most diverse

and contained near-equal numbers of 11ntR (53%) and IC3
(44%) mutants (Fig. 5F). 11ntR variants in these subgroups had
more variations in the core relative to those in Class A (Fig. 5G).
For example, 11ntR variants in subgroup 3 have significantly
more variability at core position 8 and subgroup 4 at positions 3
and 8 (Fig. 5G). Variations at these positions would be expected
to greatly perturb the network of tertiary interactions with the
GAAA TL observed in crystal structures (SI Appendix, Fig. S8).
Interestingly, although IC3 and 11ntR variants in subgroups 3
and 4 have some commonalities (Fig. 5 G and H), such as two
CG bp at the “top” of the TLR (C1-G11 and C2-G10 in 11ntR and
C1-G12 and C2-G11 in IC3), there are no other obvious sequence
similarities, suggesting that the behavior of these subgroups may
be less specific and attainable with a larger variety of sequences
or sequence types. Subgroup 5 (n5 = 348) was composed mostly
of IC3 variants (92%; Fig. 5F). In comparison to IC3 variants in
subgroups 3 and 4, variants in this subgroup tended to retain the
C3-G10 bp (Fig. 5H).
Visual inspection of Fig. 5E strongly suggested that the se-

quence of the binding TL (GAAA versus GUAA) was a major
determinant of the clustering of the TLRs—with class A showing
strong preference for GAAA versus GUAA and class B showing
weaker TL sequence specificity. Differences in scaffold prefer-
ences among the subgroups were more subtle. To further examine
the physical features that determined the observed clustering, we
analyzed how the identity of the scaffold and the sequence of the
TL influenced the first two PCs (>80% of variance) using a
loading plot of the PCA (Fig. 5I). Inspection of this plot reveals

that PC 0 (describing 73% of the variance across the TLRs) is
largely determined by the sequence of the TL (GAAA versus
GUAA) and that PC 1 (describing 11% of the variance) is largely
dictated by the overall secondary structure of the scaffold (bp
scaffolds 1 to 3 versus bulge scaffolds 4 to 5; Fig. 5A) (Fig. 5I).
Given these observations, we averaged the ΔΔGrel over these

four categories (GAAA versus GUAA TLs and bp versus bulge
scaffolds) to create simpler pseudofingerprints for our clusters
(Fig. 5J). As expected from the clustering results (Fig. 5D),
classes A (Fig. 5J, Top) and B (Fig. 5J, Bottom) differ substan-
tially in TL sequence specificity, with TLRs in Class A tending to
bind much stronger to GAAA than to GUAA, whereas those in
Class B had no strong preference for the sequence of the TL. In
the case of 11ntR variants, this change in specificity is likely
related to the sequence of residues 3 and 8, as 11ntR variants in
Class A (GAAA specific) have a conserved U3-A8, while those in
Class B (non-TL sequence specific) have more sequence vari-
ability at those positions (Fig. 5G).
Class A splits into subgroups 1 and 2 based on the magnitude of

their TL sequence specificity (Fig. 5J, Top). This difference is likely
determined by the sequence of the dinucleotide platform, as the
major difference in sequence between 11ntR in subgroups 1 and 2 is
localized to residue 4 (Fig. 5G). In terms of scaffold preferences,
subgroups 1 and 2 have similar preferences for bp versus bulge
scaffolds, suggesting similar GAAA/TLR conformational ensembles
throughout these subgroups.
Subgroups within Class B (Fig. 5J, Bottom) displayed small dif-

ferences in their scaffold preferences, suggesting variability in the
alignment properties of the TLRs. For example, subgroup 3 TLRs
exhibited a slight preference for GAAA TLs and bp scaffolds;
subgroup 4 TLRs, a preference for GUAA TLs and bulge scaf-
folds; and subgroup 5 TLRs, a preference for bp scaffolds over
bulge regardless of the sequence of the TL. From a practical
perspective, in the design of structured RNAs, one can use the
sequence motifs (Fig. 5 G and H) and the groupings provided in SI
Appendix, Table S2 to choose TLR sequences with similar or dis-
tinct thermodynamic and/or conformational properties (e.g., to dial
stability up or down without changing conformational properties)
and similar or different TL specificities.

GAAA/11ntR Variants in Nature. A central question at the intersec-
tion of biology and molecular physics is what molecular properties
are selected via evolution. Extensive thermodynamic and confor-
mational data for many related TL/TLRs can provide insights into
this question.
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The natural 11ntR variants (nnatural = 70) grouped together in
Class A, suggesting conserved thermodynamic and conforma-
tional properties. The exception was 11ntR4G/5C/9C, which has a
GC substituting the AA platform and grouped in Class B
(Fig. 5E). This substitution is likely to affect the conformation of
the TLR and, consistent with this, the outlier is the least stable
natural variant (Fig. 6A, orange arrow) and is found in only a
single natural RNA sequence (SI Appendix, Table S1).
To look deeper into similarities and differences among natural

variants of the GAAA/11ntRwt, we compared their thermody-
namic fingerprints (Fig. 6A), analyzing 61 of them across 50
scaffolds (Fig. 6A, larger symbols) and nine of them across five
scaffolds (Fig. 6A, smaller symbols). The individual fingerprints are
shown in SI Appendix, Fig. S10. The 11ntR variants differ in average
stability over a range of >2.5 kcal/mol (Fig. 6A, ΔΔGavg range), but
the shapes of their thermodynamic fingerprints were highly similar
(SI Appendix, Fig. S10), exhibiting high correlations, as predicted,
for identical fingerprints for all variants except for one outlier
(Fig. 6A). The outlier (11ntR1U/9A; Fig. 6A) has an A replacing the
canonical U bulge at position 9 that may interfere with the neigh-
boring U3-A8 core bp, resulting in altered conformational proper-
ties. With the exception of this single outlier, the high correlation of
the fingerprints and the clustering analysis suggests that the natural
GAAA/11ntR variants have a conserved conformational ensemble,
even though they differ substantially in their overall tertiary stability.
We observed that the GAAA/11ntR variants that were more

stable also tended to be more prevalent. Indeed, the relative sta-
bility of the GAAA/11ntR variant strongly correlated with their fre-
quency in natural RNA sequences (r = –0.5; ΔΔGavg versus
log10[Frequency]; Fig. 6B and SI Appendix, Table S1), and this cor-
relation became even stronger in the presence of K+, which binds to
this TL/TLR and is the monovalent cation present intracellularly (r =
–0.7; ΔΔGavg versus log10[Frequency]; Fig. 6C). As the conforma-
tional properties of naturally occurring GAAA/11ntR TL/TLRs are
conserved and their frequency corresponds to their stability, it ap-
pears that they are selected to maintain a particular conformational
preference and to stabilize 3D structures with that conformational
preference. It will be interesting to determine whether the outlier is
selected or accommodated by other changes in its parent context.
In contrast, the GAAA/IC3wt motif is highly conserved in the

IC3 subtype of group I introns, despite being substantially less
stable than GAAA/11ntRwt (Fig. 4B). This different behavior may
arise from a selective pressure other than thermodynamic stability
or from high-evolutionary relatedness of the available sequences
(SI Appendix, Table S2). Future bioinformatic studies are needed
to provide a larger library of TL/TLR sequences and further in-
sights into interconnections between conformation, stability, and
natural occurrence. Finally, the frequent and widespread occur-
rence of GNRA/minor-groove interactions in ribosomal and other
RNAs may arise, despite these interactions being weak and likely
of lower specificity than other TL/TLRs, as these interactions will
be more probable to evolve and/or may arise because of a selective
pressure for more transient and more flexible interactions.

Conclusions and Implications
As diverse RNAs are built from recurring motifs, understanding
motif behavior in terms of their energy landscapes or conformational
ensembles can lead to predictive models of RNA-folding thermo-
dynamics and kinetics, as laid out in the RNA reconstitution model
(Fig. 1B) (13). RNA-MaP has proven to be a powerful tool to
provide ensemble-level information about helices and junctions (10,
26), and here, we have extended this approach to address prevalent
tertiary motifs, TL/TLRs (Figs. 1A and 2D and E). Our dissection of

these motifs entailed 69,528 thermodynamic measurements over
1,493 different TLR sequences and has allowed us to classify them
by differences and similarities in their stabilities and their confor-
mational properties (Figs. 4 and 5). In particular, the “thermody-
namic fingerprints” of the TL/TLRs report on the ensemble of
conformational states of the helices emanating from the TL/TLR
tertiary motif that in turn defines the ability (or probability) of
groups on those helices to make additional interactions.
Clustering of the thermodynamic fingerprints revealed simi-

larities within and differences between the TL/TLR classes
(Fig. 5B). The natural GAAA/11ntR variants clustered together,
exhibiting highly similar conformational properties but varied
substantially in their stabilities (Figs. 5B and 6A). The strong
correlation between the stability and the natural frequency of
this class of TL/TLRs implicates stability as the dominant selection
pressure. Intriguingly, other TL/TLR sequences appear to be se-
lected based on properties other than stability. More generally,
RNA sequences with similar and dissimilar stability and confor-
mation can be identified via RNA-MaP and inserted into complex
RNAs in vitro and in vivo to carry out systematic structure–
function studies and to extend these studies into the realm of
conformational ensembles and their functional roles.
Our RNA-MaP data indicate similar conformational behavior

of GAAA/11nt and GAAA/IC3 TL/TLRs but different behaviors
with the GUAA TL present (Fig. 4). These and analogous, high-
throughput quantitative data may provide constraints useful for
modeling the GAAA/IC3 and other TL/TLRs for which we lack
atomic structures.
In addition to building toward a generalizable model of RNA-

folding thermodynamics based on the properties of isolated
motifs and separable electrostatic contributions to folding (13),
our library of characterized TL/TLR sequences can be used to
engineer RNAs with predictable, thermodynamic, and conforma-
tional behavior and with predictable switching behavior, for exam-
ple, upon the addition or removal of K+ ions. For these purposes,
we provide binding affinities and TL sequence specificities for the
1,493 TLR sequences in our library (Supplementary Dataset).

Materials and Methods
The preparation of the DNA library, in situ transcription of tectoRNA chip
pieces, binding measurements, and data analysis were performed following
published protocols (10, 26, 36, 38, 48) and are described in detail in SI Ap-
pendix. Briefly, a pool of DNA oligonucleotides coding for tectoRNA library
was synthesized and PCR amplified. Then, the DNA was sequenced on an
Illumina high-throughput sequencing chip. The sequencing chip was installed
on a repurposed Ilumina GAIIx sequencer equipped with custom optics for
fluorescence excitation and imaging and a fluidics system for the delivery of
reagents to the chip surface. RNA was transcribed from the clusters of se-
quenced DNA on the chip by flowing a series of chemical and enzymatic re-
agents. The RNA remained associated to the DNA clusters by stalling the RNA
polymerase using a streptavidin roadblock. DNA clusters and/or the RNA as-
sociated with each DNA cluster were visualized by hybridizing fluorescent
oligos to sequences common to the entire library. The tectoRNA binding assays
were performed by introducing the desired, fluorescently labeled flow piece at
a series of concentrations and allowing it to equilibrate. Changes in the
fluorescence of the clusters, caused by the binding of the fluorescent flow
piece, were normalized and fit to binding curves (SI Appendix).

Data Availability. All study data are included in the article and/or supporting
information.
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