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Abstract

Unpaired regions in RNA molecules – loops – are centrally
involved in defining the characteristic three-dimensional
(3D) architecture of RNAs and are of high interest in RNA
engineering and design. Loops adopt diverse, but specific
conformations stabilised by complex tertiary structural inter-
actions that provide structural flexibility to RNA structures
that would otherwise not be possible if they only consisted
of the rigid A-helical shapes usually formed by canonical
base pairing. By participating in sequence-non-local con-
tacts, they furthermore contribute to stabilising the overall
fold of RNA molecules. Interactions between RNAs and
other nucleic acids, proteins, or small molecules are also
generally mediated by RNA loop structures. Therefore, the
function of an RNA molecule is generally dependent on its
loops. Examples include intermolecular interactions between
RNAs as part of the microRNA processing pathways, ribo-
zymatic activity, or riboswitch-ligand interactions. Bioinfor-
matics approaches have been successfully applied to the
identification of novel RNA structural motifs including
loops, local and global RNA 3D structure prediction, and
structural and conformational analysis of RNAs and have
contributed to a better understanding of the sequence-struc-
ture-function relationships in RNA loops.

Keywords: RNA bioinformatics; RNA function; RNA
interactions; RNA loops; RNA structure.

Introduction

Almost three decades have passed since the discovery of
catalytically active RNA molecules in the late 1970s/early
1980s (1, 2). No longer was RNA function known to be
limited to information-storage (mRNA, viral RNA), amino
acid transport (tRNA), and ‘structural’ component of the
ribosome (rRNA). These ‘new’ RNAs – the ribozymes –
RNA molecules capable of enzymatic activity, the domain of
proteins, heralded a biological paradigm shift resulting in a
revision of the central dogma of molecular biology. They

also posed supporting evidence to the theory of an ancient
RNA world (3). Since then, a large number of RNA 3D
structures have been experimentally determined w1884 RNA-
containing entries in the NDB (4) as of January 2011x, main-
ly by X-ray and NMR technologies, shedding light on the
mechanism of RNA function. A usually single-stranded mol-
ecule, RNA is capable of folding into complex hierarchical
3D structures. By forming Watson-Crick base pairs between
purine and pyrimidine bases, the molecule adopts its sec-
ondary structure, resulting in alternating regions of paired
and unpaired bases. The subsequent formation of a complex
network of base pairs within and between unpaired regions,
the tertiary structure, gives rise to the three-dimensional con-
formation of the RNA molecule. While the majority of bases
in an RNA belong to the paired regions (stems), it is the
unpaired regions, or loops, that harbour the functionality of
most RNAs or serve as important structural features. This
review aims to be an overview over the field of RNA loops,
taking into account different loop types, characteristic struc-
tural motifs, and the roles of RNA loops in RNA function
and structure, e.g., in current RNA research areas such as
riboswitches, synthetic aptamers, and micro RNAs. Addi-
tionally, we provide a short excursion to the field of (RNA)
bioinformatics, since RNA loops are a central part of motif
detection, e.g., in the search for regulatory elements in
genomic sequences. Furthermore, understanding loop struc-
tures is essential for RNA 3D structure prediction and
modeling.

Loops in RNA architecture

The 3D structure of RNA molecules is based on a three-
tiered (primary, secondary, and tertiary structure) hierarchical
architecture we.g., (5)x. The Watson-Crick paired regions of
the secondary structure usually form A-form helical struc-
tures, resulting in thermodynamically stable and rigid regions
in the RNA molecule. In contrast, loop regions play a role
in the spatial arrangement or ‘packing’ of paired regions (6)
by introducing both flexibility and additional stability
(through the formation of tertiary structure base pairs) into
the RNA architecture, thus exerting control on the molecule’s
global fold (Figure 1). Intrinsically being parts of the 3D
structure, the different types of loops (loop motifs) can nev-
ertheless be distinguished, albeit in a coarse-grained fashion,
at the secondary structure level. At this level, RNA architec-
ture follows a simple stem-loop rule, i.e., each base-paired
region (stem) ultimately has to be connected to an unpaired
region of one of the three types hairpin loop, internal loop/
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Figure 1 Loops in RNA structure.
(A) Interactions and structural elements in a TPP-riboswitch aptamer domain (98). A-helical base-paired regions are given as rectangles,
loops as curve drawings. (B) Ribbon-visualisation of the 3D sugar-phosphate backbone trace (turquoise) of the TPP-riboswitch aptamer
domain. Bases involved in ligand binding are depicted in dark blue, the TPP-ligand is coloured by atom type. Molecular graphics were
generated with Chimera (143).

bulge, and multiloop. The tertiary structure level provides
enough information (i.e., base pair pattern, base stacking pat-
tern) to obtain a fine-grained loop classification and even to
infer 3D structure. While in fact certain sequence motifs
(e.g., GNRA hairpin loops) describing individual loop types
exist, the small nucleotide alphabet size implies high
sequence ambiguity (in contrast to proteins) and thus makes
it difficult to infer specific RNA loops from the primary
structure of a single RNA alone.

Hairpin loops

Hairpin loops arise as a consequence of the RNA strand fold-
ing back unto itself, therefore ‘terminating’ or ‘capping’
base-paired regions. They promote both intra- and extra-
molecular interactions and thus are essential elements for
RNA structure and function. Interactions with other hairpin
loops (so-called ‘kissing hairpins’) constrain 3D conforma-
tional space for an RNA molecule and often give rise to
characteristic molecular shapes, e.g., the L-fold of tRNA or
the group II intron ‘wishbone’. Furthermore, hairpin loops
are important in RNA recognition we.g., the tRNA anticodon
(deca-) loopx and RNA-protein interactions (5, 7, 8). The
most prominent examples of hairpin loops are tetraloops
w)50% of all hairpins (9, 10)x, which are frequently found
and well-conserved especially in ribosomal RNAs (11, 12).
Nevertheless, they are also present across a large variety of
different RNAs such as the hammerhead ribozyme (13, 14)
and the P4-P6 domain of group I self-splicing introns (15).
Tetraloops have been extensively studied, both structurally
and thermodynamically and characteristic thermodynamic
parameters have been established we.g., (16)x.

Most ribosomal tetraloops confer to well-known sequence
patterns such as GNRA, UNCG, and rarely CUUG with
generally conserved but not completely invariant structural
patterns. These tetraloops are known to be extraordinarily
thermodynamically stable we.g., (7)x.

While GNRA tetraloops commonly contain U-Turn motifs
w(13), s. belowx, other conformations with different stacking
patterns or bulged out single bases are known (17). CUUG
tetraloops are especially interesting, since their bases C1 and
G4 can form a Watson-Crick base pair (18, 19), resulting in
the formation of a di-loop structure violating the usual hair-
pin loop minimum size rule of three nucleotides. Interesting-
ly, also five-membered hairpin loops (pentaloops) can
conform to the architecture of GNRA or UNCG tetraloops.
In such cases, the extra base (often at position 4) is bulged
out of the loop, while the remaining 4 bases adopt e.g., a
GNRA-like fold (20, 21). Additionally, GNRA-like folds can
occur in internal loop environments (22).

Two similar structural motifs, U-turn and T-loop, are com-
monly found in hairpin loops involved in RNA-RNA (both
intra- and extra-molecular) or RNA-protein interactions.
Either of these motifs induce a conformational change in the
sugar-phosphate backbone, leading a number of bases in the
loop to ‘bulge out’ and make them accessible for long-range
interactions.

The U-turn The U-turn (or Uridine Turn) motif was first
discovered in the TCC loop of tRNAphe (23). U-turns are
also present in tRNA anticodon loops (24) and additionally
occur in other RNA species, e.g., in the hammerhead ribo-
zyme (13), 23S rRNA (25–27), U2 snRNA (28), and HIV
RNA (29). The presence of a U-turn induces a sharp direc-
tional change of the RNA backbone, mediated by a local
base pairing interaction network involving a Uridine, Pseu-
douridine, or Guanosine (30) residue. U-turns are important
structural elements for both intra- and intermolecular inter-
actions. In the case of the anticodon loop, the U-turn-medi-
ated change in backbone direction forces the three anticodon
bases to bulge out and therefore makes them accessible for
interaction with the codon triplet and the ribosomal P-Site
(31, 32). Gutell and coworkers used comparative sequence
analysis to predict occurrences of U-turns in 16S and 23S
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ribosomal RNA, identified a U-turn consensus structure, and
established 10 distinct U-turn families according to their
sequence/structural context (33).

The T-loop Like the U-turn, the T-loop motif was first
observed in the TCC loop of tRNAphe (23). It has since then
found in tmRNA (34), in the TYMV genome (35), and in
bacterial ribosomal subunits of Thermus thermophilus (30S)
and Haloarcula marismortui (50S) (36). Two types of T-loop
are known, both following a consensus structure based on a
trans WC/H U-A base pair (37) stacked on a canonical WC
base pair. T-loop motifs allow for the formation of loop-loop
interactions such as the D-loop/T-loop interaction in tRNA.
T-loop-mediated loop-loop interactions are also frequently
observed in rRNA, including T-loop-T-loop interactions
involving different T-loop types. Furthermore, interactions
between T-loop motifs in rRNA hairpin loops and ribosomal
proteins L4, L15, L23, L24, S14, S19, and S20 have been
observed (36).

Internal loops

Internal loops are unpaired regions connecting exactly two
stems. An internal loop is ‘symmetric’ if both of its strands
are of equal length and ‘asymmetric’ if they are not. Bulges
are special asymmetric internal loops with only one unpaired
strand. Bases in bulged regions are either stacked between
the two flanking stems or extrude from the stem. In the for-
mer case, a kink is introduced into the structure between the
two subsequent stems. In the latter case, the stems can form
a virtually uninterrupted A-form helix we.g., (38)x. Further-
more, extruding bases can be packed into one of the helix
grooves or function as a ‘flap’ closing ligand binding sites
(39).

The A-minor motif In ribosomal RNAs, Adenosine res-
idues were found to be overrepresented in bulged regions
and at the same time being only minimally exposed to sol-
vent. The bulged A’s were observed to participate in inter-
actions with the minor groove of base paired regions, i.e., in
loop-stem interactions (40). Facing the minor groove of the
target base pair with the Hoogsteen-edge (37) of its base, the
Adenosine contacts the Sugar-edges of both paired bases
(type I) or with the ribose-O29 atom of the nearer of the bases
(type II). Additionally, there is one variant where the Aden-
osine pairs with a ribose-O29 atom via its Watson-Crick edge
(type III) and another – rare – variant with the Adenosine
placing its ribose into the minor groove (type 0). A com-
posite motif, the A-patch, is formed by multiple stacking
Adenosines participating in A-minor motifs and takes part in
RNA-protein interactions.

The A-minor (Adenine – minor groove) motif has been
found across different RNA species and is now seen as an,
if not one of the most, essential structural building block(s)
for RNA 3D structure formation. The A-minor motif has also
been found playing a role in intermolecular interactions, for
instance in the translational decoding recognition process
(41).

Kink-turns Kink- or K-turns (42) are asymmetric internal
loops first observed in the 50S rRNA of Haloarcula maris-
mortui. One has recently been discovered in the Bacillus sub-
tilis yitJ SAM-I Riboswitch (43). The motif induces a kink
in the sugar-phosphate backbone, bending the axis between
two flanking helical regions by approximately 1208 and thus
bringing the two minor grooves into proximity. Kink-turns
have been observed interacting with various ribosomal pro-
teins of the large (L4, L7Ae, L10, L15e, L19e, L24, L29,
and L37Ae) and small (S11 and S17) subunits as well as
promoting RNA tertiary structure interactions. Furthermore,
they are believed to play a role in the transport of RNA in
neuronal and glial cells (44). One of the two flanking helical
regions, the C-Stem (‘canonical stem’), consists of canonical
base pairs. The second flanking helical region, the NC-Stem
(‘non-canonical stem’) starts with two non-canonical wusu-
ally G-A sheared (37)x base pairs. These G-A/A-G base pairs
appear to be essential for the kink-turn formation and struc-
tures with exchanged base pairs will not adopt the kinked
conformation. An exception to that rule is Kt-23 in the Ther-
mus thermophilus 30S ribosomal subunit which has an A-U
pair replacing the bulge-distal A-G pair and is still capable
of forming a kink-turn structure in vitro (45).

A reverse kink-turn (46) is an internal loop motif first
discovered in an Azoarcus group I intron (47). It contains a
similar sharp bend as observed in kink-turns, albeit with a
curvature of approximately 908 and into the opposite direc-
tion, leading to a juxtaposition of the major grooves. The
high sequence similarity between the kink-turn consensus
and the J9/9.0 reverse kink-turn connecting helices J9 and
J9.0 in the Azoarcus group I intron poses the question as to
why the two motifs bend differently. A possible explanation
partially supported by fluorescence studies is that internal
loops following the kink-turn consensus exist in a dynamic
3-state equilibrium (unbent state, kinked, reverse-kinked)
(48). In fact, it is known that at least the kinked state exists
in such a dynamic equilibrium between tightly and loosely
kinked. The different known conformational states of kink-
turns make them interesting targets for molecular dynamics
studies we.g., (49)x. The tightly kinked state is generally
dependent on the presence of divalent metal ions (48).
Another possibility would be the dependence on the presence
of external factors, such as interactions with proteins or
through RNA tertiary structure elements was confirmed by
mutation studies (50)x. In such a case, kink-turns would not
qualify as primary building blocks of RNA structure (48).

C-loops C-loops (21) are asymmetric internal loops
involved in RNA-protein interactions. They have been
observed in 16S and 23S rRNAs and in threonyl-tRNA-syn-
thetase (thrRS) mRNA (51). In the latter case the C-loop
facilitates the interaction between the mRNA and thrRS and
therefore allows thrRS to repress the translation of its own
mRNA. The base pair patterns of C-loops have been thor-
oughly analysed (52).

Sarcin/ricin loops The motif of the sarcin/ricin asym-
metric internal loop is universally conserved in the 5S, 16S,
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and 23S rRNA of Archaea, bacteria, and eukaryotes, as well
as the hairpin ribozyme loop B and the PSTV conserved
central domain (53, 54). Sarcin/ricin loops are platforms for
intra- (e.g., interdomain packing), as well as intermolecular
interactions with other RNAs, proteins (e.g., ribosomal
protein L15E), and small compounds.

UA_handles The UA_handle (55) is a bulge motif gen-
erally following the consensus sequence (59XU/ANnX39). An
n-nucleotide-long bulge is flanked by a U-A Watson-Crick/
Hoogsteen (37) and a canonical Watson-Crick base pair (X-
X), with the flanking pairs stacking on each other. Often a
directional backbone change is observed at the Adenosine
residue of the U-A pair. Two major types of the motif can
be distinguished. Instances of type I have a bulge of one,
three, or more nucleotides and the Watson-Crick pair is usu-
ally C-G, while instances of type II have a bulge of length
2 with a G-C Watson-Crick base pair. UA_handles appear to
be present in a wide range of structures and are involved in
the formation of tertiary structure, serving as a ‘handle’ for
long-range contacts.

Multiloops

Multi (-branched) loops (or junctions), i.e., unpaired regions
connect three or more stems. They play a central role in RNA
architecture (56). The structural complexity of an RNA mol-
ecule increases with the presence of multiloops. The simplest
possible RNA secondary structure is a stem with terminating
hairpin loop. Adding extra stems, interspersed by internal
loops and/or bulges keeps the original stem-loop helical 3D
structure generally intact, possibly slightly bent via one or
more of the internal loops. In contrast, the base pair inter-
actions within multiloops may exert direct influence on the
global conformation of an RNA molecule. They either cause
the individual stems to branch into different directions or to
adopt a structure where multiple stems are stacked coaxially,
therefore appearing as one long uninterrupted stem. Addi-
tionally, the number of hairpins in an RNA secondary struc-
ture is directly related to the number of multiloops. Each
multiloop gives rise to a number of stems and according to
the stem-loop structure each stem has to be terminated by a
loop. Ultimately, each stem ends in one or more hairpin
loops, allowing for more loop-loop interactions to be formed
and thus additionally increasing structural complexity. The
topologies and conformations of the most common types of
multiloops wthree-branched (57) and four-branched (58) junc-
tionsx have been studied and tertiary structure motifs have
been found in higher-order junctions (59).

Intramolecular interactions

In an RNA molecule, tertiary interactions can form between
any two loops. Prominent examples are interactions between
the D-Loop and T-Loop in tRNA (23) and tmRNA (34,
60–63). The function of riboswitches, i.e., the conformation-
al change (‘switch’, s. below) depends on the formation of
long-range tertiary structure contacts we.g., (64)x. Another

example is the D5 bulge A376-C377 in the Oceanobacillus
ihyensis group-IIC intron (65, 66), which takes part in ter-
tiary structural interactions important for the catalytical
function of the intron while forming an unusual backbone
conformation with geometrical similarities to peptide a-hel-
ices. A376 is involved in the orientation of the 59-terminus
via a stacking interaction and its backbone moieties coordi-
nate a divalent metal ion implicated in catalysis. C377 serves
as the terminal stack of the catalytic triplex between domain
D5 and the J2/3 linker via a base triple interaction with C360
and G383 (66). Intramolecular interactions in RNAs have
been reviewed e.g., in (67) and the complex tertiary structure
interaction networks that can arise in RNAs have been exam-
ined e.g., in (68).

RNA loop functionality

RNA loops guide cleavage processes

Loops in RNA molecules play essential roles in regulatory
processes, such as RNA cleavage mediated by ribonucleases
of the RNAse III family (69). While the exact molecular
mechanisms have not yet been solved in 3D, bioanalytic
approaches have found evidence for the importance of RNA
loop regions for these processes. Generally spoken, RNA
loops appear to serve some kind of landmark-function for
enzymatic RNA cleavage with ribonuclease-binding and –
activity being dependent on the presence of certain structural
and sequence features. The substrates of RNAse III enzymes
usually are short stem-hairpin structures, which are selec-
tively recognised. In a T7 R1.1 substrate of Escherichia coli
RNase III, a single cleavage event occurs within an internal
loop region (70). Single cleavage sites in the 5-strand of an
asymmetric internal loop have been observed in other RNase
III substrates as well (71). An interesting example is RNA
cleavage mediated by the yeast RNase III Rnt1p. Targets of
Rnt1p generally contain an AGNN-tetraloop hairpin with
cleavage occurring 13–16 base pairs away from the terminal
loop. The hairpin is believed to be essential for substrate
recognition (72, 73). It was observed that in addition to the
hairpin sequence, the sequences of the first two base-pairs
adjacent to the loop exert strong influence on Rnt1p-binding
and – activity (74). NMR-structures for two different Rnt1p
targets (9 base pairs capped by an AGUC or AGAA tetra-
loop) showed a common fold of the loop regions, with the
Guanine and Adenine stacking, and the 59-Adenine forming
a non-canonical base pair with the 39-Adenine respectively
Cytosine. In both loops, the Guanine is in syn conformation
mediated by base-phosphate contacts. The contact with
Rnt1p is likely to be made via the Hoogsteen edges (37) of
the 59-A and G, as well as the Watson-Crick edge of the 59-
A. The similar folds suggest a shape-specific recognition
event independent of sequence for Rnt1p targets (75).

Loop structures in miRNA processing pathways

The cleavage of microRNA transcripts (pri-miRNAs) and
microRNA precursors (pre-miRNAs) by the Drosha, or
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respectively, Dicer enzymes has been found to depend on the
terminal loop region (a stem-internal-loop-stem-hairpin
structure), which is believed to be structurally flexible (76).
Dicer-like 1 (DCL1) cleavage often occurs at a distance of
about 15 nucleotides away from an unpaired region (77, 78).
Deletion of the terminal loop completely abrogates the accu-
mulation of Arabidopsis thaliana miR172a (79). In vitro,
larger hairpin loops facilitate both Drosha and Dicer cleavage
of human microRNAs miR-16, miR-30, and miR-31 (while
structures with more base pairs result in decreased cleavage
activity), suggesting that the accessibility of bases plays a
role in this otherwise unknown structural mechanism (76).
A bit further down the miRNA-mediated silencing pathway,
loading of miRNAs into the RNA-induced silencing complex
(RISC) is influenced by the presence or absence of bulges
within the miRNA duplex (80). Furthermore, ‘quaternary
structure’ bulges in the central region of imperfect animal
miRNA-mRNA hybrids have been found to inhibit transla-
tion or promote mRNA decay (81).

RNA loops drive RNA-ligand interactions

Interactions with target molecules, such as small molecular
compounds as well as larger biomolecules, are an important
aspect of RNA function. The ‘binding platforms’ for these
interaction events are usually located in internal loop we.g.,
the Tat and Rev regulatory proteins involved in HIV repli-
cation (82) or aminoglycoside antibiotics such as paromo-
mycin (83)x or multiloop environments we.g., purine
riboswitches (84, 85)x. The potential of RNA as a drug target
has been extensively studied and was reviewed e.g., in (86).
About two decades ago, the so-called selection techniques of
‘In vitro selection’ (87) and ‘systematic evolution of ligands
by exponential enrichment’ (SELEX) (88) were first pre-
sented. They made it possible to synthesise nucleic acid
sequences (‘aptamers’) that could bind to a target molecule
(organic dyes in the former case, bacteriophage T4 DNA
Polymerase in the latter) with very high specificity. Aptamers
have been extensively studied in order to assess their thera-
peutic and diagnostic potential we.g., (89–91)x. NMR struc-
tures of aptamers in complex with different ligands (such as
cofactors, drugs, amino acids, and aminoglycid antibiotics)
were reviewed e.g., in (92). A current example of in vitro
selected RNA is a flexizyme that, due to containing a phen-
ylalanine-binding site, is capable of specific tRNAphe ami-
noacylation (93).

Later, actual natural examples of these high-specificity
binding-platforms as part of highly sophisticated molecular
switches (‘riboswitches’) controlling gene expression by
direct and specific sensing of metabolite levels were discov-
ered in bacterial mRNA molecules (94–97). A riboswitch is
generally a two-platform system, containing an aptamer plat-
form for binding a respective metabolite and an effector or
expression platform which, via conformational change after
ligand binding to the aptamer platform, promotes or repress-
es the expression of the gene encoded by respective mRNA
on the transcriptional, post-transcriptional, or translational
level. The bases of the aptamer domain must be accessible
(generally by being part of a loop) for metabolite-binding in

order for the switch-mechanism to work, rendering gene
expression control via riboswitches loop-dependent. Crystal
structures are available for a number of riboswitch-ligand
complexes wreviewed e.g., in (64)x, allowing the mode and
location of ligand-binding to be assessed. The G- and A-
bacterial purine riboswitches (84, 85) bind their target in a
buried and therefore solvent-inaccessible multiloop environ-
ment. The binding pocket of the eukaryotic and bacterial
thiamine pyrophosphate (TPP)-sensing riboswitches (98, 99)
is formed by two internal loops. One of these loops (the
pyrimidine-sensor) adopts a T-loop like fold and is respon-
sible to bind the pyrimidine residue of TPP while the other
one (the phosphate-sensor) coordinates the negatively
charged pyrophosphate-residue via two divalent metal ions.
S-Adenosylmethionine (SAM) is partially bound via an inter-
nal loop and buried between two stems of the SAM-I ribos-
witch (100–103) and the glmS ribozyme-riboswitch (104,
105) has a glucosamine-6-phosphate (GlcN6P) binding pock-
et located in the linker-environment between two stems.

RNA-protein interactions wreviewed e.g., in (106, 107)x are
a driving force of cellular mechanisms. In addition to the
above mentioned C-loop interaction site, anticodon-like hair-
pin loops play a role in RNA-protein interaction in auto-
translational control by threonyl-tRNA synthetase (51).

Loop bioinformatics

Bioinformatics approaches dealing with RNA loops or struc-
tural motifs in general usually aim at deriving sequence con-
straints of known motifs from 3D data and finding new motif
instances within RNA sequence data. While methods such
as comparative sequence analysis and ab initio predictions
based on thermodynamics and statistical mechanics are core
areas in RNA motif bioinformatics, this review focuses on
methods that are based on experimentally determined three-
dimensional structure information (and therefore can use
actual tertiary structural information) and are applied in order
to detect and analyse RNA loop structural motifs.

A recent study, determining the distribution of 3-, 4-, and
5-mer 3D motifs in 23S rRNA of the Haloarcula marismortui
large ribosomal subunit was able to predict most of the 43
previously known tetraloop hairpins (108). Another recent
approach based on dynamic programming using base pair
patterns derived from 3D structure, RNAMotifScan, identi-
fied a high number of instances of five known loop motifs
(from ribosomal RNA) in a set of 1445 RNA structures from
the PDB. Interestingly, the numbers of discovered instances
were significantly higher than the currently known motifs,
despite ‘rather stringent’ cutoffs. Comparisons between new-
ly discovered instances and the previously known motifs
yielded sequence identities as low as 66%, somewhat ques-
tioning the applicability of purely sequence-based approach-
es. Furthermore, the motifs were found in non-ribosomal
RNAs, supporting previous assumptions of universal RNA
building blocks (109). Investigations of tertiary structure net-
works using graph-grammars, resulted in sequence con-
straints for sarcin/ricin loops (110). Detection of novel
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structural motifs in RNA is performed by searching common
structural patterns in the 3D data of different RNA mole-
cules. Software tools such as FR3D w‘Find RNA 3D’ (111)x,
MC-Annotate (112), RNAVIEW (113), and 3DNA (114)
apply geometrical wor network-theoretical (MC-Annotate)x
procedures to detect base pairs and thus allow to find loop
regions both on the secondary and tertiary structure level in
RNA 3D structures. Another approach is the COMPADRES
algorithm, using a reduced RNA backbone representation
(the h/u pseudotorsions). This approach has been success-
fully applied in the identification of new motifs, such as the
p-turn, the V-turn, and the a-loop (115).

Three major bioinformatics-based studies on RNA loop
structures have been published in the recent years. UPGMA
cluster analysis was applied on the pairwise structural dis-
tances of RNA tetraloops and found major clusters corre-
sponding to the GNRA and UNCG tetraloops, as well
relationships between other sequence motifs and structural
conformations (116). Sequence-structure relationships were
discovered analyzing the tertiary structure networks of tri-
loop hairpins (117) and methods from both studies were
combined, discovering further sequence-structure relation-
ships within hairpin loops and unpaired regions in general
(118).

Databases

A number of public databases have been established to pro-
vide access to RNA structural motif data. The at the time
available databases are SCOR w‘Structural Classification of
RNA’ (119)x, storing a fully hand-curated motif annotation
of RNA structures in the PDB (last updated in 2004), RNA-
Junction (120), a database holding information about multi-
loops (‘junctions’), internal loops, and kissing hairpin motifs
(last updated in 2008), RLooM w‘RNA Loop Modeling’ (118,
121)x storing 3D data for all kinds of secondary structure
loop motifs (last updated in 2009), and FRABASE (frequent
update schedule) (122) storing motif annotations for all
structures in the PDB. The most recent addition to RNA
structural databases is a database specifically dedicated to
kink-turn-related data (123).

Structure prediction

Approaches on ab initio structure prediction of RNA loops
date back at least into the early 1990s but appear to have
become less popular nowadays. Using the constraint-satis-
faction-based approach MC-SYM, tRNA hairpin loop mod-
els were modeled within 2–3 Å all-atom RMSD to the
experimentally verified structures (124, 125). Loop modeling
based on a genetic algorithm for the conformational search
of tRNA hairpin loop structures, achieved models within
1.8 Å RMSD, albeit not among the energetically fittest struc-
ture models (126). The adaptation of a method from protein
loop structure prediction using bond scaling and relaxation
was applied for the prediction not only of tRNA and sarcin/

ricin hairpin loops but also of different tRNA variable loops
(a substructure of the central three-branched tRNA multi-
loop), thus expanding RNA loop structure prediction
attempts beyond the rather constrained hairpin loops (127).

Traditional secondary structure prediction approaches
based on stacking energies and partition functions we.g.,
(128)x can be used in order to distinguish between stem and
loop regions in RNA structures and have been applied for
the prediction of coaxial stacking of stems connected by the
same multiloop (129). Nowadays, RNA structure prediction
approaches focus on modeling global structure, rather than
local structural motifs. Nevertheless, all current methods
should in theory be capable of predicting loop structures,
since the underlying folding mechanisms are the same. In
addition to the aforementioned constraint-satisfaction-based
software tool MC-SYM wwhich in combination with the soft-
ware MC-Fold has been applied to reproduce a series of
experimentally determined RNA three-dimensional struc-
tures from sequence (130)x, there are several other RNA
structure prediction tools available. FARNA (131) is an ab
initio/knowledge-based hybrid using potentials derived from
ribosome structures. Its recent extension FARFAR (132) was
successfully applied to the modeling of RNA structural
motifs, yielding structural models between 1 and 2 Å RMSD.
iFoldRNA (133, 134) is an ab initio approach based on a 3-
bead-string model utilising discrete molecular dynamics sim-
ulations. NAST/C2S (135, 136) is a pipeline for the
geometrical modeling of RNA backbone structures allowing
for the incorporation of structural constraints (e.g., secondary
structure, tertiary structure, small angle X-ray scattering data,
etc.) in order to augment the prediction (NAST) and subse-
quential addition of atomic details (C2S). MANIP (137), S2S
(138), and ASSEMBLE (139) are tools for homology mod-
eling of RNA structures, available under the PARADISE web
service (http://paradise-ibmc.u-strasbg.fr/). The most recent
tool, ModeRNA (140) is an easy-to-use software package,
designed for RNA homology modeling and modification of
RNA structures, including RNA loops. The only current
purely loop-focused approach is RLooM (118, 121). RLooM
is based on a loop template database derived from experi-
mentally verified structures from the NDB and uses a
sequence/structure search in combination with geometrical
fitting of loop structures into specified potential loop sites of
RNA structures. As of now, homology-/geometry-based
approaches seem to be the gold standard for RNA loop mod-
eling, albeit being somewhat limited in their performance by
the number of available experimentally verified template
structures.

Expert opinion

Loops in RNA molecules are essential structural and func-
tional building blocks and as such key to understanding
both RNA folding mechanisms and structure-function
relationships.

Finding exact sequence and base pair patterns in order to
describe the different types of RNA loops and their associ-
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ated structural elements are of high importance for solving
the RNA 3D structure prediction problem and are a good
starting point for identifying yet unknown RNA structural
motifs.

In order to facilitate cooperation between different
research groups in the field and avoid misunderstandings
resulting from using different terminology wIs a ‘hairpin’ the
whole construct of stem and loop or only the loop? What
about a ‘hairpin loop’? Are bulges simply special cases of
internal (interior?) loops or does the term also describe the
individual unpaired ‘linker’ regions of multi-(branched)
loops (junctions?)? A ‘helix’ is a set of consecutive canonical
cis Watson-Crick base pairs, but does it or does it not include
internal loop regions mimicking the A-helical conforma-
tion?x, an unambiguous description of RNA structural motifs
is essential. Initiatives to integrate general RNA-related data
as aimed for by the RNA Ontology (RNAO) Consortium
wROC (141)x will help the field greatly. The identification
and analysis of novel motifs as building blocks has contrib-
uted greatly and will continue to contribute to the under-
standing of global RNA folding mechanisms as well as how
RNA molecules function. We now know that microRNA pre-
cursor processing is loop-dependent, as are metabolite-bind-
ing by natural and synthetic aptamer structures, or certain
RNA-(protein/RNA) recognition events. The RNA world is
(and highly likely has been) a world of loops that, as inter-
action platforms to other molecules, drive important regulatory
processes within the cell.

Outlook

The understanding of RNA loop structures is tightly linked
to advances in global RNA structure prediction. With stead-
ily increasing numbers and variability of available experi-
mentally solved RNA 3D structures, we may also see an
increase of novel RNA loop types with direct consequences
for RNA 3D structure prediction and structure design. More
structural data will lead to better knowledge-based potentials
and force field calculations. However, it is also possible that
we already know all (or most) there is. The facts that dif-
ferent structural motifs have been observed across RNA spe-
cies and that the conformational space of the RNA backbone
is limited, supports the notion that the fold space of RNA
molecules and their loops might indeed be restricted to a
small number of ‘folds’ or motifs. Thus, it seems rather
unlikely that there are many more folds and loop types yet
to be found. Nevertheless, understanding the role of RNA
loops e.g., in aptamers may play an essential role for the
biomedical field in general, especially in the research and
design of novel RNA-based drugs.

Emerging algorithmic approaches together with recent
advances in RNA structure probing we.g., (142)x will allow
accurate RNA structure predictions, possibly allowing the
identification of certain loop motifs purely from sequence
and probing data.

Highlights

• RNA loops are structural elements essential for the
formation of RNA 3D structure.

• RNA loops adopt specific conformations (motifs) with
different structural and functional attributes.

• RNA loops drive interactions with other biopolymers.
• A wide range of RNA function is loop-dependent, such

as metabolite binding.
• RNA loops are important structural features in microRNA

pathways.
• Bioinformatics approaches are successful in identifying

novel loop motifs and understanding their sequence-
structure-function relationships.
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