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Abstract

Biological functions of RNA molecules are dependent upon sustained spe-
cific three-dimensional (3D) structures of RNA, with or without the help
of proteins. Understanding of RINA structure is frequently based on 2D
structures, which describe only the Watson—Crick (WC) base pairs. Here,
we hierarchically review the structural elements of RNA and how they con-
tribute to RNA 3D structure. We focus our analysis on the non-WC base
pairs and on RNA modules. Several computer programs have now been de-
signed to predict RNA modules. We describe the RNA-Puzzles initiative,
which is a community-wide, blind assessment of RNA 3D structure pre-
diction programs to determine the capabilities and bottlenecks of current
predictions. The assessment metrics used in RNA-Puzzles are briefly de-
scribed. The detection of RNA 3D modules from sequence data and their
automatic implementation belong to the current challenges in RNA 3D
structure prediction.
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Watson-Crick (WC)
base pairs: the base
pairs between A-U and
C=Gn the ¢is
orientation formed by
H-bonds between the
WC edges

Base pair: a unit
consisting of two
nucleobases bound to
each other by
hydrogen bonds

RNA tertiary
structure:

the three-dimensional
structure of RNA,
typically described by

atomic coordinates
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INTRODUCTION

RNA is central to numerous and various biological functions in coding, decoding, regulation,
and gene expression (1, 6). RNAs must sustain stable and specific structures to perform their
biological functions. Riboswitches and ribozymes often self-assemble to carry out biological func-
tions, whereas most noncoding RNAs (ncRNAs), such as ribosomes, small nuclear ribonucleopro-
teins (snRNPs), small nucleolar ribonucleoproteins (snoRNPs), telomerase, microRNAs, and long
ncRNAs, form RNA-protein complexes to operate (7). Essential understanding of the RNA
molecules and their functions requires knowledge about their structures (103).

RNA secondary (2D) structure, which is a representation of the Watson—Crick (WC) base
pairs present in the RNA structure, has long been used to describe RNA architectures. And much
of RNA structure prediction work focuses on the 2D structure level. Detailed analyses of these
structure prediction methods can be found in a number of reviews (19, 61, 89, 118).

Chemical probing of RNA structures dates back to the last century (24, 105, 115). Many
different chemicals have been used to modify specific bases at certain sites to show their availability
for specific modification type. RNA structure probing is now undergoing several trends: (#) the
probing of RNA structures inside living cells (40, 85, 93) to illustrate the native state and flexibility
of RNA structures; (b)) the advent of high-throughput (53, 97) and genome-wide (23) probing
of RNA structures; and (¢) computational prediction (23, 52) to enhance the interpretation of
experimental results.

Over the years, the probing of RNA structure has been extended to three-dimensional 3D)
structure probing (11, 105). As 2D structure describes only the WC base pairs in RNA structure,
knowledge of 3D structure is necessary for demonstrating molecular details and more insightful
for interpreting molecular functions. Some new experiments have been developed to capture
both WC and non-WC base-pair interactions (35, 89). With our accumulated knowledge on its
structure, from RNA sequences to RNA tertiary structures, computational prediction of RNA 3D
structure both with and without the aid of experimental data has been developed and improved over
the years. Strategies range from physics-based (110) to experiment-aided (11, 16) to evolutionary
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clue—derived models (18). Details of RNA 3D structure prediction methods are reviewed in the
article “Theory and Modeling of RNA Structure” in this volume (95).

Due to the importance of RNA modules formed by non-WC base pairs (43, 48), computer
programs have been designed to predict these RNA modules according to sequence information
or sequence alignment. One such program has already proved useful for RNA 2D structure
prediction on a genome-wide scale (99), suggesting the potential for further improvements in
RNA 3D structure prediction.

A community effort of RNA 3D structure prediction, named RNA-Puzzles, was initiated in
2011 (14, 63). Asablind test of RNA 3D structure prediction, RNA-Puzzles employs various assess-
mentmetrics to describe differentaspects of prediction accuracies. The challenges in RNA-Puzzles
show a good diversity of RNA structures: double-stranded structures, riboswitches, ribozymes,
RNA-RNA complexes, and RNA-protein complexes. According to the prediction results from
many groups around the world, RNA-Puzzles have led to an improvement in prediction over the
years. The value of the assessment for improving the computational methods depends critically
on the validity and relevance of the criteria used during the evaluation.

An ultimate aim of RNA structure prediction is to help improve our understanding of the
biological functions of the molecule and the interpretation of molecular data and processes. New
RNA-Puzzles challenges have started to include RNA structures with ligand binding and ligand
binding—induced conformational change. It is comforting that some predictions are topologically
similar to their native structures and that remote homologs have been used to predict the ligand
binding position. The right prediction of non-WC base pairs in RNA 3D modules as well as
the production of optimized and stereochemically correct structures constitute two points of
improvement.

RNA STRUCTURAL ELEMENTS

A general understanding of RNA structure is similar in approach to that of protein structure,
from sequence (1D) to secondary structure (2D) to tertiary structure (3D), with a hierarchical and
modular integration of the various levels. However, the outstanding nature of pairwise interactions
between RINA bases makes RNA structural elements different from the structural elements in
proteins. The WC and non-WC base pairs occur through interactions between one of the three
edges of each RNA base, leading to 12 pairing families (Figure 1). The cis WC/WC interaction is
the basic element of RNA helical regions, whereas the other 11 non-WC interactions contribute
to RNA structural modules and RNA 3D structural elements. Thus, RNA 3D structure is mainly
a combination of helical regions (2D) and specific RNA 3D structural modules or elements.

RNA Bases and Base Pairings

Hydrogen bonds between the bases form the basis of RNA recognition. Three interacting edges
can be defined for both purine and pyrimidine bases: the WC edge (used in WC base pairs),
Hoogsteen edge, and sugar edge (with the sugar ring linked) (Figure 1). All three edges may act
as an interacting edge, and a given edge of a base can potentially form a base pair with a second
base with any one of the three edges.

Considering the orientation of the glycosidic bonds, a base-pair interaction can be either cis
or trans. Combining both the edge interaction types and the orientation, there are 12 different
base-pairing types between any two bases, whereas the standard WC base pair is the cis WC/WC
interaction. To facilitate the 2D representation of RNA 3D structure, visually accessible and
informative 2D symbols have been designed: The circle, square, and triangle stand for WC edge,
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RNA module:

a set of ordered non-
Watson—Crick (WC)
base pairs embedded
between WC pairs,
which are recurrently
observed in RNA
families throughout
the phylogeny
RNA-Puzzles:

a community-wide,
blind experiment in
RNA 3D structure
prediction

485



RNA secondary
structure:

an essentially
two-dimensional
representation of RNA
in terms of its
intramolecular, nested
base-pairing
interactions that form
stems and loops
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Figure 1
The three edges around the four nucleic acid bases and from which H-bonded pairs can form (adapted from
Reference 47).

Hoogsteen edge, and sugar edge, respectively, whereas black-filled shapes are cis conformations
and unfilled shapes are #7ans conformations (44, 47). Symbolic representations of the 12 interaction
types are shown in Figure 2, in which real structures solved in recent years are mapped.

2D Structure and 3D Structural Modules

RNA secondary structures refer to the base-pairing interactions within a single molecule and are
determined by the standard WC base pairs (cis WC/WC) of A-U and C = G base-base interactions
(with possible G - U wobble pairs). The 2D structure is a good simplification of the important WC
base pairings, which can be used to describe some of the structural elements, such as the double
helix, hairpin loop, internal loop, and junction.

As the 11 cases of non-WC base-base interactions are not part of the secondary structure, a
2D structure generally displays internal loops. As in protein loops, most of the RNA loops are
more structured than random conformation and can significantly contribute to their molecular
functions (48). For example, an internal loop structure can actually be a kink-turn (37) structure

Miao o Westhof



Antiparallel Parallel Antiparallel Antiparallel Parallel Antiparallel

—o— o—u [ = g —— ) —p—
&

5 u

%
cis & e 4 o

6 s ) 5 suio 6 sw |

W-C ] SUG|
2 s &

I

Parallel Antiparallel Parallel Parallel Antiparallel Parallel

—0— oo o> -0 o> -

®\

= %

>
(-] SUG. (] SUG.

%

gt

Figure 2

The twelve base-pair families that can form via two H-bonds between the three base edges. The circle, square, and triangle stand for
the Watson—Crick, Hoogsteen, and sugar edges, respectively. Both cis (black-filled) and trans ( gray, unfilled) conformations are
illustrated (47). The relative orientations of the two nucleic acid strands at the base pairs can be either antiparallel (as in standard
nucleic acid helices) or parallel, assuming that the conformation of the base with respect to the sugar is #n#i and the sugar-phosphate
backbone is in the standard helical conformation (double gauche-minus for the phosphate bonds and zrans for the C4'-C5” bond) (47).
The name of the base pair gives immediately the types of H-bonds between the two bases. Other less precise names exist; for example, a
sheared base pair between A and G is equivalent to a rrans Hoogsteen/sugar edge between A and G.
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The K-turn (37) as an example of an RNA module. (#) Superimposition of K-turns from Hozmzo sapiens
(green), Haloarcula marismortui (cyan), and Archaeoglobus fulgidus (magenta). (b) U4 K-turn interacting with the
15.5-kD protein (102). (¢) Two-dimensional annotated diagram of a classic K-turn module (48).

and function as an L7Ae-like protein binding region; structural and schematic contacts are shown
in Figure 3. Therefore, non-WC base pairs are crucial to RNA structure and may determine the
RNA 3D topologies in hinge regions. This also explains why RNA 3D structures are difficult to
build based solely on 2D structure. RNA 3D modules are recurring 3D building blocks, mainly
constituted by non-WC base pairs, of similar structure and function occurring in various functional
RNA molecules. As RNA secondary structure is insufficient to describe the unique structure of
an RNA molecule, RNA 3D modules can greatly complement the deficiency of 2D structure in
depicting molecular details. Here, we briefly review some crucial RNA structural modules.

Example of an RNA Module: The G-Bulge

The sarcin/ricin module was first observed in the 5S ribosomal RNA (rRNA) of eukaryotes (12,
13, 45, 46, 96). The sarcin/ricin loop (SRL) includes a G-bulge module, in which a guanosine is
extrahelical bulged and forms a non-WC interaction with its neighboring uridine. Nine bases and
five non-WC base pairs that are surrounded by WC base pairs form the center of the sarcin/ricin
module. As a recurrent structural module, the SRL has been found in different rRNAs, namely,
5S rRNA and 23S rRNA. The SRL is functionally essential as it is targeted by cytotoxins such as
a-sarcin and ricin that completely abolish translation. A recent study points out that SRL is critical
for anchoring elongation factor G (EF-G) on the ribosome during the process of mRNA-tRNA
translocation (91).

The bacterial loop E is another type of module, which is found in bacterial 5S rRNAs. The loop
E region specifically binds ribosomal protein L25 in the conserved region. The loop E module
is a symmetrical loop. According to the crystal structure of Escherichia coli 5S rRNA, the loop E
module includes seven non-WC base pairs forming a severely distorted double helix. The structural
consensus of this module is constituted by three key base pairs: zrans Hoogsteen/sugar edge, trans
WC/Hoogsteen edge or trans sugar/Hoogsteen edge, and cis bifurcated or #rans sugar/Hoogsteen
edge. In such local structures, the base edges face the grooves in different orientations than in
standard WC pairs and thus form novel interaction interfaces with protein side chains.

Pseudoknots

A pseudoknot (94, 107) is a structure that contains at least a hairpin loop and a single-stranded
complementary sequence outside the loop that forms WC base pairs with the hairpin. A stricter
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definition is, For two paired nucleotide positions (7, k), there exists another base pair (72, z) that
fulfills i < m < k, n < i, or n > k (28). Pseudoknots, therefore, belong fundamentally to the
3D structure of RNA and are beyond typical 2D structure prediction. Pseudoknots play crucial
roles in various types of biological processes. First recognized in the turnip yellow mosaic virus
in 1982 (81), pseudoknots have been found in all classes of RNA. The H-type (hairpin loop, or
classic) pseudoknot is the simplest type of pseudoknot. Either the leading or the leaving strand
to the stem of a hairpin structure forms base pairs with the loop region of the hairpin to form
the H-type pseudoknot. Among all known structures of pseudoknots, H-type pseudoknots are the
most abundant and have been best characterized.

Due to the nonnested nature of the base pairs, it is difficult to computationally detect pseudo-
knot structures according to sequence information. The prediction of lowest free energy structures
considering pseudoknots has proved to be NP complete (56, 57). In addition, metal ion binding
also stabilizes RNA pseudoknots (109). In the scheme of popular RNA secondary structure predic-
tion programs such as Mfold (118) and Pfold (38), pseudoknot structures cannot be predicted, but
the most stable structure of the two pseudoknotted stems can be predicted. Using dynamic pro-
gramming (82), it is now possible to identify a limited though not exhaustive class of pseudoknots,
but the prediction is also sequence length dependent (20).

Loop-Loop Interactions

In general, loop-loop interactions are formed by base pairing between the loop regions of two
hairpin structures or between an internal loop (or single-stranded region) and a hairpin loop.
Formally, they are pseudoknotted structures when they occur within a single RNA strand (i.e.,
intramolecularly). However, intermolecular loop—loop interactions constitute a frequent dimer-
ization contact between two RNA molecules (26). The pairs are not necessarily all of the cis WC
type. The overall topology of two interacting kissing hairpin loops is that of a coaxial stack of
the three helices. Only a few intermolecular WC base pairs can be strong enough to stabilize the
complex structure (9).

Various types of kissing loop complex structures have now been identified: the dimerization
initiation site of human immunodeficiency virus type 1 (HIV-1) (41, 67, 71, 92), the Moloney
murine leukemia virus H3 stem-loop (34), and the complex between RNA T and RNA II stem-
loops of the ColE1 plasmid of E. co/i (59), between yeast phenylalanine tRNA and RNA aptamers
(88), between HIV trans-activating responsive (TAR) hairpin loop and its complement (8), between
TAR and RNA hairpin aptamers (42), and between TAR and DNA aptamers (10). The number
of residues in the linker fragments between two stems and the number of residues in the central
duplex contribute to the main differences among these complexes. Such loop-loop interactions
are of special importance in RNA structures because they are functionally critical or essential for

RNA folding.

Ion and Ligand Binding

Metal ions are necessary for efficient and biologically relevant RNA folding (2, 21, 22), stability,
and various biological functions. Specifically, the positive charge of metal cations can be used to
compensate for the negative charge of the RNA phosphate backbone. However, the functions
of metal ions are not limited to the neutralization of charges, as metal ions also bind to very
specific locations on RNA 3D structures. Further, metal ions have been found to directly mediate
catalysis in some ribozymes (86). It is therefore essential to include hydrated ions, such as sodium,
potassium, and magnesium, in any consideration of RNA 3D structure.

www.annualreviews.org ¢ RNA Structure
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Aside from ions, many RNA molecules require ligands to function, especially the riboswitches
and some ribozymes. Ligand binding may change the conformations of riboswitches and result in
functional changes, that is, to regulate gene expression. Examples include the well-known Purine
riboswitch (27), TPP riboswitch (100), SAM riboswitch (65), FMN riboswitch (31, 90), and glmS
ribozyme (36). Riboswitches solved in recent years include the glutamine riboswitch (80), ZTP
riboswitch (101), guanine riboswitch (30), and ydzO riboswitch (78).

RECENTLY SOLVED RNA STRUCTURES

Our overall knowledge of RNA structure strongly depends on the number of solved RNA struc-
tures. Currently, >110,000 protein structures have been deposited in the Protein Data Bank (83).
But only approximately 1,100 RNA structures and approximately 2,000 RNA-related complex
structures are available. According to the latest release of the Rfam database (68), version 12.1,
2,474 RNA families have been reported but only 75 of them include 3D structural information.
This ratio points to our limited knowledge of the RNA 3D structure sequence space. Still, of the
1,100 known RNA structures, >330 of them were solved after 2011. Some recently solved RNA
structures have shed new light on RNA 3D structures.

The fluoride riboswitch structure (79), also known as the c7cB RNA motif, and its encapsulation
of fluoride ion with Mg?* ions significantly contributed to our comprehension of RNA architec-
ture, folding, and recognition. The twister ribozyme RNA (51) adopts a novel compact fold based
on a double-pseudoknot structure forming an active site atits center. One WC and three non-WC
base pairs stabilize the core of the ribozyme. This underscores the importance of non-WC base
pairs and pseudoknot structures, as well as their functional importance. The guanine riboswitch
(3, 30) shows a structural change during ligand binding. The yybP-ykoY orphan riboswitch (75)
demonstrates a Mn**-sensing function with tertiary RNA-RNA interaction. The SRP Alu do-
main (33) includes a minor-saddle motif and an extended loop-loop pseudoknot. And the core of
the Spinach RNA aptamer (104) is a three-tetrad quadruplex composed of two G-quartets stacked
above a mixed-sequence tetrad and stabilized by two K* ions.

MODULE PREDICTION PROGRAMS

Computational efforts (15, 77, 98, 99, 114, 116) have been targeted at the prediction of 3D
structural modules based on sequence or sequence alignment information. As discussed above,
the prediction of RNA modules is beneficial for RNA secondary structure prediction (99) and,
especially, tertiary structure prediction (5, 77).

RMDetect (15) was a pioneer program in RNA 3D module prediction and correctly identifies
known 3D structural modules in single and multiple RNA sequences in the absence of any other
information. RMDetect encodes a Bayesian probabilistic network for each structural module,
integrating non-WC interaction network information derived from 3D structure and sequence
alignmentinformation. Then, it evaluates the probability of a new sequence or sequence alignment
including the same module by threading the sequence into the Bayesian network using a slide-
window approach. For example, RMDetect correctly identifies standard RNA modules like G-
bulge, K-turn, C-loop, and tandem GA.

RMDetect offers the freedom to define the non-WC interaction network of an RNA module.
Itis possible to integrate prior experience to enforce certain important interactions. With a default
interaction network derived from RNA 3D structures, RMDetect can be applied to large-scale
tests. Recently, the metaRNAmodule (98) pipeline combined the RNA 3D Motif Atlas (74), a
structure database of RNA modules generated by the FR3D (87) program; Rfam (68), an RNA
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sequence alignment database; and RMDetect. The metaRNAmodule pipeline automatically builds
an interaction network using the structural information from the RNA 3D Motif Atlas and maps
to Rfam alignment information to derive Bayesian network models for several RNA modules.
Based on large-scale tests, RMDetect identified 977 internal loops and 17 hairpin modules with
clear discriminatory power in 35 unique locations in 11 different RNA families, demonstrating a
successful result for RNA 3D module prediction.

JAR3D (116) is another automation of RNA module prediction that derives RNA modules from
the RNA 3D Motif Atlas and Rfam, but JAR3D encodes RNA modules into a hybrid stochastic
context-free grammar and Markov random field (SCFG/MRF) model for prediction. Considering
the base-pairing nature of RNA structure, JAR3D represents RNA structure using SCFG. And
MREF is used to model base triples and nonnested base pairs.

The prediction of RNA 2D structure typically considers these RNA modules as internal loops,
because non-WC base pairs in RNA modules are not as a rule considered in 2D structure. There-
fore, the identification of RNA modules can help determine the correct internal loops in 2D struc-
ture and thus improve 2D structure prediction. JAR3D and the metaRNAmodule were applied to
genome-wide data (99), and the false discovery rate of RNA 2D structure prediction was signif-
icantly improved with the integration of RNA 3D module prediction information. RNA-MoIP
(77) employed a similar idea in improving 2D structure prediction but extended the improvements
to optimal 2D structure identification and RNA 3D structure prediction.

ASSESSMENT OF RNA 3D STRUCTURE PREDICTION

With the efforts of computational biologists, we are now seeing a wealth of 3D RNA structure
modeling approaches. Examples include FARNA (16), SImRNA (5, 58), ModeRNA (84), RNA-
Composer (4, 76), MC-Fold/MC-Sym (73), MMB (25), NAST (32), DMD (19), Vfold (110),
iFoldRNA (39), DCA (18), and EC_RNA (106), which are discussed in detail in the article “The-
ory and Modeling of RNA Structure” in this volume (95). The evaluation of predicted models in
the context of crystal structures as references to assess prediction methods is a nontrivial task in
understanding how well a 3D prediction method can perform.

Evaluation Metrics

As 3D RNA structure prediction is inspired by protein structure prediction, some routine structural
comparison metrics for protein structures have been adopted. The root-mean-square deviation
(RMSD) measures the distance deviation of each atom pair after rigid body superimposition. The
CAD-score (69, 70) measures the structural similarity in a contact-area difference-based function,
whereas the template modeling score (T'M-score) (113) uses the Levitt—Gerstein (50) function to
estimate similarity by superimposition based on maximum local similar fragment. And the global
distance test (GDT) (111) adopted from the CASP (Critical Assessment of Methods of Protein
Structure Prediction) (66) experiment calculates the largest set of amino acid residue a-carbon
atoms in the model structure that fall within a defined distance cut-off of their position in the
experimental structure. Nevertheless, these rigid body scores ignore the fact that RNA structure
is determined more by base stacking and base pairing than by backbone paths. The mean of circular
quantities (MCQ) (117) is an attempt to overcome this issue by estimating structural similarity
based on a torsion angle space representation of 3D structure.

But the essential base-pairing nature of RNA structures is still not considered by the above
metrics. Therefore, the interaction network fidelity (INF) and deformation index (DI) were in-
vented to assess the central characteristics of RNA architecture: the network of intramolecular
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contacts, of WC and non-WC hydrogen bonds, and of stacking. The INF (72) is the Matthews
correlation coefficient of interaction prediction, which can be formulated as

TP TP
INF =
\/TP+FP “ TP+ FN’

where TP is the number of true positives, or correctly predicted contacts, and FP and FN are false
positives and false negatives, respectively. The INF can either measure different interaction types
(WC base pairing, non-WC base pairing, and base stacking) separately or combine all of the types,
resulting in four metrics: INFwe, INFnwe, INFstacking, and INFall. The DI is the ratio between
RMSD and INF. The deformation profile (DP) (72) measures pairwise local structure similarity at
the nucleotide scale using a matrix rather than a single score for the whole structure. The DP can
be presented as a 2D heat map, mapping to the RNA sequence, that illustrates which parts of the
structure are more similar to the native structure or which long-distance interaction is incorrect
(Figure 4). Finally, MolProbity (17) is a standard protocol to check atomic distances in the RNA
structure to avoid unreasonable atomic clashes. The P-value (29) estimates the probability that a
predicted model is better than that expected in prediction. A brief summary of these metrics is
given in Table 1.

As these evaluation metrics compare different structural aspects, there is no single metric that
can be used to make an overall judgment. For example, the TM-score uses one-atom coordinates
to represent a residue and cannot describe whether the direction of the base is correct, whereas
RMSD stands for an all-atom similarity, and the INF best represents the interaction network
prediction. Consequently, it is better to evaluate a structure with several of these metrics to show
different aspects. Additionally, RMSD is still a widely used metric to assess the general similarity
between a predicted model and the native state. In RNA-Puzzles (14, 63), the RMSD, INF, DI,
MCQ, MolProbity, and P-value are used and models are ranked by RMSD. In comparison with
protein structures that involve only two flexible dihedral angles in the backbone, RNA has six
dihedral angles, resulting in much larger degrees of freedom. Therefore, the RMSD of RNA
structure is generally larger than that of protein models. For protein structures, an RMSD >15 A
would not be so meaningful, but for RNA structures, an RMSD <20 A can still be meaningful
in evaluation. Most of the abovementioned metrics have been separately implemented. RINAlyzer
(54) and RINAssess (55) are a program and a website, respectively, that in a practical way have
implemented many of these metrics, simultaneously providing useful demonstrations and plots of
the results.

RNA-Puzzles

Although the prediction of RNA structure dates back to the last century (49, 60, 64, 108), the
problem is far from being completely solved. The development of novel prediction approaches
is typically based on publicly available RNA structure data sets, and the results are sometimes
presented in an optimistic but uncritical style. Without a blind data test, a prediction is likely
to be postdiction. RNA-Puzzles (14, 63) is a community-wide series of blind trials in 3D RNA

Figure 4

Deformation profile (72) plotted together with B factors (from Reference 112). Blue and pink squares inside the matrix correspond to
intra- and interdomain similarity relationships, respectively. Color scale goes from 0 A (white) to (but not including) 20 A (dark green) in
ten equal steps and from 20 A (yellow) to 80 A (red) in five equal steps. Below the matrix, the average values of rows ( green), columns
(blue), and main diagonal (red) of the matrix are plotted.
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Table 1

Summary of the available evaluation metrics for RNA structures

Metrics Structure Summary Annotation
RMSD All atoms Atom-wise deviation based on rigid General metric
superimposition
CADscore All atoms Assessment of the accuracy of interdomain or Adopted from protein
intersubunit interfaces
TMscore Representative atom for | Deviation based on largest superimposed
each residue (P) fragment
GDTscore Largest set of Cx fall within a cut-off referred to
as experimental structure
MCQscore Dihedrals Dihedral angle deviations RNA-oriented
INF (INFwec, Residue interactions Matthews correlation coefficient to measure
INFnwec, INFstacking) accuracy in the prediction of key interaction
networks
DI, DP All atoms Average distance deviations based on residue pair
superimpositions
MolProbity All atoms Geometrical reasonableness of bonds, angles, and | General metric
contact distances
P-value All atoms Prediction quality based on structure length and RNA-oriented

RMSD

Abbreviations: DI, deformation index; DP, deformation profile; GDT, global distance test; INF, interaction network fidelity; MCQ, mean of circular

quantities; nwe, non-Watson—Crick; RMSD, root-mean-square deviation; TM, template modeling; we, Watson—Crick.
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structure prediction employing a method similar to that of CASP (66). Experimentally determined
RNA structures, especially crystal structures, are collected prior to the publication of the structure
coordinates. Predictors around the world make predictions within a constrained time period based
on the given sequence information. The predicted structures are compared with experimental
structures after the publication of the RNA structures.

RNA-Puzzles aims to (#) determine the capabilities, limitations, and recent progress of current
RNA 3D structure predictions; (b) identify the bottlenecks that hold back the field and how to solve
them; (¢) promote the application of RNA structure prediction in solving real-world biological
problems; and (4) encourage the development and improvement of automated prediction tools.

Since 2011, 14 groups around the world have tackled 17 Puzzles. With the emergence of new
prediction methods in recent years, more and more new groups are joining this effort. Further,
additional groups developing assessment tools actively participate in the evaluation efforts. The
targets in RNA-Puzzles are biologically significant, including riboswitches, ribozymes, and RNA
complexes. According to the results, the lengths of the RNA sequences are <200 nt, whereas
the best prediction RMSD ranges from 2.3 to 20 A. Considering the assessment results, the
majority of the best-predicted models are already quite similar to native structures. In general,
approximately 90% of the WC interactions in native structures are predicted correctly in the
best prediction models, and stacking prediction has also achieved a good level of success. But the
non-WC interaction predictions vary greatly among the puzzles.

Comparing the sequence length with the best RMSD values (Figure 5), we find a good cor-
relation (Pearson correlation coefficient, ~0.74), an observation that illustrates that longer RNA
structures are still more difficult to predict. On the one hand, longer RNA structure can occupy
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Figure 5

Distribution between sequence length and the best-predicted root-mean-square deviation (RMSD) for cases
computed in RNA-Puzzles (14, 63).

a much larger volume and small variations close to the center of mass can have huge effects at the
periphery. On the other hand, rigid comparison between native structure and predictions using
RMSD introduces overlap errors in correct regions (because of the averaging over the whole
molecule) and does not include consideration of structural flexibility.

Beyond the size of the RNA structure, prediction quality is most affected by our prior knowl-
edge about the RNA structure. Human insight into some of the important base-pair interactions or
ligand binding may greatly facilitate prediction. Various types of prior knowledge can be derived
(for example, by sequence alignments or secondary structure homologies, or additional experi-
mental data). Thus, when a homologous structure is already known, the prediction accuracy can be
greatly improved by homology modeling. Chemical probing data and sequence alignment—derived
evolutionary clues are also critical to directing the predictions. To assess the effectiveness of fast-
track experiments and the capability of automated RNA 3D structure prediction web servers,
RNA-Puzzles started three categories of predictions after Puzzle 14: (#) automated web servers
that predict RNA structure without any human intervention (with a 48-hour time limit for web
servers); (#) human expert prediction without experimental data, or pre-experiment predictions;
and (¢) human expert modeling with experimental data, or post-experiment predictions. In this
way, RNA-Puzzles attempts to quantify the efficacy of human manipulation and of experimental
data.

An interesting case is Puzzle 14 for which the free state modeling was provided by the Ding
group (62) as a post-experiment prediction (Figure 6): The model has an INFwc score of 1.0,
which means that all the WC interactions were predicted correctly. But an INFnwc score cannot
be calculated as no non-WC interaction was predicted. This model is the best reflection of RNA
2D structure. It has a RMSD of 10 A, and there are 15 other models that were better predictions
than this one in terms of RMSD. This offers us a concrete example of how well RNA 2D structure
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Figure 6

Predicted structure of a 100% correct two-dimensional structure (b/ue) compared with a native
three-dimensional structure (green) for Puzzle 14 on the L-glutamine riboswitch (80).

can represent real RNA 3D structure and how important the contribution of non-W<C interactions
is to the final RNA 3D structure. Non-WC interactions are essential in determining RNA 3D
structure, whereas RNA 2D structure, although forming inescapable building blocks of the final
architecture, represent only isolated or disconnected helical regions when not many non-WC
interactions or RNA modules exist in the structure.

According to Table 2, the clash scores of the best RMSD models range from 0 to 23, with
many models having values greater than 10. This points out that atomic clashes are still very often
observed in prediction models. Still, we also find atomic clashes in native structures; for instance,
the crystal structure of Puzzle 5 has a clash score of 5.86. This indicates the necessity to update the
refinement and prediction dictionaries of distances and angles for RNA structure toward common
and accepted values.

To summarize, progress in RNA 3D structure prediction has been achieved during recent
years. The prediction of WC base-pair interactions has already achieved nice accuracies with the
help of sequence alignment and experimental probing. However, our knowledge of RNA structure
is still limited by the number of known RNA structures compared with the number of known RNA
sequences. The current bottlenecks in RNA 3D structure prediction lie at two points: the accurate
recognition of non-WC interactions and RNA modules, and the optimization of atomic clashes
within the constraints of the topology and compactness of RNA structures.

CHALLENGES AND PERSPECTIVES

Prior to the prediction of any RINA structure, we need to evaluate the number of known structured
RNAs. According to the Rfam database, only a very small number of RNA families have been solved
for structure. Therefore, our knowledge of RNA structure in general is limited by what we know
about the 3D structure of RNA.
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Table 2 A list of released RNA-Puzzles and the best predictions. Results for Puzzles 1, 2, 3 are from (14); results for

Puzzles 5, 6, 10 are from (63); results for Puzzles 4, 8, 12, 13, 14 are from (62)

Length | BestRMSD INF INF INF INF Clash
Puzzle Name (nt) @A) DI all all wce nwc stacking Score
1 thymidylate synthase 23 3.4 3.657 0.934 0.953 - 0.924 0
mRNA
2 Self-assembling RNA 15410 23 2.846 0.808 0.875 0 0.798 11.76
square
Glycine Riboswitch 84 7.241 9.819 0.737 0.857 0 0.731 0
4 SAM-I riboswitch 126 3.257 3.472 0.938 0.989 0.667 0.935 2.22
aptamer
group I intron 188 9.152 12.019 0.761 0.906 0.334 0.751 6.79
6 adenosylcobalamin 168 11.699 16.151 0.724 0.885 0.316 0.702 23.48
riboswitch
7 Varkud satellite 185 20.370 27.245 0.748 0.895 0.105 0.726 10.68
ribozyme
8 SAM-I/IV riboswitch 96 4.801 5.651 0.850 0.985 0.577 0.816 13.8
10 T-box complex 96+75 6.803 8.365 0.813 0.946 0.700 0.786 11.09
T-box 96 6.021 7.478 0.805 0.906 0.624 0.804 10.73
tRNA 75 2.505 2.767 0.905 0.972 0.913 0.883 1.45
12 ydaO riboswitch 108 10.061 14.453 0.696 0.861 0.000 0.663 12.61
13 ZMP riboswitch 60 5.410 7.032 0.769 0.905 0.258 0.755 10.85
14 L-glutamine 61 6.513 8.276 0.787 0.884 0.354 0.805 10.66
riboswitch (Free
state)
L-glutamine 61 5.879 7.926 0.742 0.918 0.577 0.701 11.18
riboswitch (Bound
state)
Abbreviations: see Table 1.
The structure space of RNA is much more intricate than the structure space limited to double-
stranded helices, and more and more new RNA cases have been explored, including multiple ligand
binding, ligand binding—induced conformational change, and ion-stabilized catalytic core. Many
of the specific 3D structures of RNA are composed of non-WC base pairs. As a very important
type of RNA structural element, non-WC base pairs greatly contribute to RNA modules; they are
stable and recurrent in RNA structures. Figure 6 highlights the fact that secondary structure is far
from sufficient to describe real RNA structures without noting non-WC base pairs. Overlooking
non-WC base pairs is a primary hindrance in current RNA structure prediction.
With the emergence of RNA module prediction programs, RNA secondary and 3D structure
prediction have been promoted to an extent. However, there is still a gap between the prediction of
RNA modules and their insertion within an overall RNA architecture, especially in the framework
of automatic software prediction programs. Researchers have started to capture some of base-pair
interactions with evolutionary coupling (106), but most of these are WC base pairs; non-WC base
pairs are still rarely predicted. Nevertheless, direct coupling analysis is an attempt to capture some
functional relevance from aligned homologous RNA sequences, for example, in RNA-protein or
RNA-ligand interactions. Although protein sequences tend to be conserved at the RNA binding
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interface, these protein binding residues, together with the interacting RNA nucleotides, form an
interaction network to maintain functionality and demonstrate certain signals. A good example
is the interaction between ribosomal 5S RNA and the ribosomal protein L25. The L25 protein
is relatively conserved on its RNA binding interface, binding strictly to the loop E module of
the rRNA. The loop E module of RNA can vary in sequence but sustains the same structure in
binding.

Chemical probing of RNA structure has already been shown to improve RNA secondary struc-
ture determination. And, according to the results from RINA-Puzzles, these fast-track experiments
continuously provide insightful information on RNA 3D structure prediction, thus promoting our
understanding of RNA structure as a whole. In particular, some important 3D RNA-RNA inter-
actions and non-WC base pairs, which are important to RNA 3D topology, may be determined
through such experimental data.

Considering the structural differences between RNA and protein as well as the flexibility,
degrees of freedom, and base pairing between side chains, it is a critical issue to compare RNA
structures, and in particular, the non-WC base pairs. A number of assessment metrics that compare
differentaspects of RNA structure has been summarized herein. RNA-Puzzles has provided a good
community-wide platform for RNA 3D structure prediction. The current results of RNA-Puzzles
have highlighted some crucial facts and bottlenecks in RNA 3D structure prediction:

B Without non-WC base pairs, RNA 2D structure does not provide enough information for
assembling 3D architecture.

®  Non-WC base pairs and RNA loop-loop interaction constitute main bottlenecks of current
predictions.

B The ranking of the set of predicted structures is not systematically in congruence with the
metrics used, even the RMSDs.

B To consider ligand or ion binding in RNA structure prediction is a necessity in RINA struc-
ture prediction in order to understand its functions.

®  Conformational changes in riboswitches and ribozymes constitute a future task for RNA
3D structure prediction.

B The prediction of stereochemically correct structures with reasonable atomic distances and
angles is necessary for RNA structure optimization.

Several of the present-day deficiencies revealed by RNA-Puzzles in the RNA prediction pro-
grams (like more accurate ranking of the solutions or better clash scores) would require novel
approaches and software implementations because they are at the crossroads between local and
global methodologies and concepts. The same conflict between local and global similarities un-
dermine the development of new criteria or metrics for assessing the comparisons between the
predicted and experimental structures. A single overall assessment metric is still not available. Fi-
nally, even with an approximate 3D structure, we are still very far away from deducing the function
of an RNA molecule, except by sequence alignments and homology deductions. The fundamental
characteristics of RNA, the very same ones that make RNA an extraordinary vector and engine of
selection and biological evolution, such as the great diversity of weak interactions, their frequent
interchangeability or neutrality, and the ease of molecular adaptations and adjustments exacerbate
the difficulties in predicting the foldings and molecular functions of RNA molecules. Systematic
and detailed comparisons between sequences and homologous structures reveal empirical rules,
albeit extremely complex to formalize—hence, the importance of continuing to develop and im-
prove prediction programs because they are intended to integrate all of our knowledge on this
fascinating RNA molecule.
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