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ABSTRACT

One of the current methods for predicting RNA ter-
tiary structure is fragment-based homology, which
predicts tertiary structure from secondary structure.
For a successful prediction, this method requires
a library of the tertiary structures of small motifs
clipped from previously solved RNA 3D structures.
Because of the limited number of available tertiary
structures, it is not practical to find structures for
all sequences of all motifs. Identifying sequence
families for motifs can fill the gaps because all se-
quences within a family are expected to have simi-
lar structural features. Currently, a collection of well-
characterized sequence families has been identified
for tetraloops. Because of their prevalence and bio-
logical functions, pentaloop structures should also
be well-characterized. In this study, 10 pentaloop se-
quence families are identified. For each family, the
common and distinguishing structural features are
highlighted. These sequence families can be used to
predict the tertiary structure of pentaloop sequences
for which a solved structure is not available.

INTRODUCTION

In addition to transcription and translation, functionali-
ties of RNA range from regulating gene expression (1–3)
and catalysis (4,5) to acting as a potential therapeutic tar-
get (1,6,7). It is the tertiary folding which is responsible
for the diverse functionalities of RNA (8–12). Therefore,
to better understand RNA biology, a better understanding
of RNA tertiary structure is required. However, current ex-
perimental methods, such as X-ray crystallography (13,14),
cryogenic electron microscopy (cryo-EM) (15), and nuclear
magnetic resonance (NMR) (16,17), are time consuming,
expensive, and require extensive technical skill in order to
solve RNA tertiary structure. Therefore, improving meth-
ods to predict tertiary structure from sequence will pave
the way toward improved understanding of the structure-
function relationships of RNA.

One of the current methods for predicting tertiary struc-
ture is fragment-based homology. In this method, the sec-
ondary structure of the whole molecule is fragmented into
smaller motifs; these motifs are then searched for within a
library of fragments extracted from previously solved ter-
tiary structures of RNA (18–28). Finally, all the 3D frag-
ments for each motif are assembled to predict the struc-
ture of the whole molecule. Examples of software pro-
grams that utilize fragment-based methods are RNACom-
poser (19,23,28), 3dRNA (24), Vfold3D (25), FARNA
(26) and MC-Fold/MC-Sym (27). The accuracy of the pre-
diction of tertiary structure using fragment-based meth-
ods can be improved by identifying and characterizing se-
quence families that all adopt the same structural features
for all the secondary structural motifs. These sequence
families can provide 3D templates for secondary struc-
ture components when no structure is available for a given
sequence.

Currently, GNRA (N = any nucleotide and R = G or
A) (29–31), UNCG (32–34) and RNYA (Y = C or U) (35)
are the common tetraloop sequence families described ex-
tensively in the literature. The Znosko lab has used a proto-
col similar to the one used in this study to identify a few
additional tetraloop sequence families, including YGAR,
UGGU and RMSA (M = A or C; R = A or G; S = G
or C and Y = C or U) (22).

Although pentaloops are not as common as tetraloops,
they are abundant and serve important biological roles. For
example, in Escherichia coli, 13% and 24% of the total hair-
pins in 16S rRNA (31) and large subunit rRNA (36), re-
spectively, are pentaloops. Pentaloops serve a variety of
roles, including acting as nucleation sites for higher order
folding (37,38) and recognition sites for other biomolecules
(39–43). Despite their abundance and roles, a comprehen-
sive analysis of pentaloop structures is lacking. The only
proposed sequence family for pentaloops is GNRNA (43–
45). GNRNA pentaloops adopt a structure similar to that
of GNRA tetraloops. In both GNRA tetraloops and GN-
RNA pentaloops, the N, R and A nucleotides stack (29–
31,43–45), and the first G and last A form a sheared G·A
pair (29–31,43–45). To allow this three base stack and G·A
sheared pair, the second N of GNRNA pentaloops is ex-
truded from the hairpin (43–45).
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Figure 1. Secondary structure of a pentaloop with nucleotides numbered.

Here, we complete a comprehensive structural analysis of
previously solved pentaloops. We identify 10 pentaloop se-
quence families and list their structural features as well as
their distinguishing features. These sequence families can
provide more insight into RNA 3D structure and sequence-
structure relationships.

MATERIALS AND METHODS

Data preparation

The RNA Characterization of Secondary Structure Motifs
(RNA CoSSMos) database (46,47) was used to locate all
RNA three-dimensional structures solved by X-ray crys-
tallography which contain pentaloops. RNA CoSSMos re-
quires all secondary structure motifs to have at least two
canonical closing base pairs. Python scripts (22) were used
to download all the PDB structures containing pentaloops
from the Research Collaboratory for Structural Bioinfor-
matics (RCSB) Protein Data Bank (PDB) (48). Pentaloops
were then clipped from the structures, and residues were
renumbered starting with the 5′ closing nucleotide and end-
ing with the 3′ closing nucleotide (Figure 1). Because coor-
dinates for hydrogen atoms were missing from some struc-
tures, all hydrogen atom coordinates were removed from
all the structures. The clipped structures were then checked
for missing atoms, multiple coordinates for the same atom,
or empty structural files. The residue renumbering, removal
of hydrogen atom coordinates, and quality check were per-
formed according to the protocol developed previously (22).

Identifying sequence representative structures

Sequence representative structures were identified for se-
quences with multiple solved structures (Table 1). The rea-
son for using sequence representative structures is two-fold.
First, when identifying structural features for a sequence
family, finding sequence representative structures helped
to prevent bias towards the sequences with more available
structures. Second, using sequence representative structures
allows for the prediction of the mostly likely structural con-
formation from sequence, which could aid in 3D struc-
ture prediction from sequence. It has been noted previously
(22,32,49) that a given sequence does not always correspond
to one 3D structure. While the approach of using a se-
quence representative structure has its advantages, we ac-
knowledge that we may be missing out on some structural
idiosyncrasies displayed by some instances of a particular
pentaloop sequence.

To identify the sequence representative structures, first,
all structures with the same sequence were grouped to-

gether. Information (such as PDB ID, RNA type, length,
chain ID, and residue index) was collected from the RCSB
PDB (48) for each structure. If structures appear to be the
same motif repeated in multiple PDB files, these structures
were condensed to one structure before the sequence rep-
resentative structure was determined. As a simple exam-
ple, let us consider an imaginary pentaloop sequence that
has 10 structures. Of these 10, four start at residue 60 of
tRNAPhe, five start at residue 1500 in E. coli 16s rRNA,
and one is from a signal recognition particle. The four loops
in tRNAPhe are the same loop in multiple PDB structures,
so these were collapsed to one structure. Similarly, the five
loops in 16S rRNA are the same loop in multiple PDB struc-
tures, so these were also collapsed to one structure. Ulti-
mately, the sequence representative structure for this pen-
taloop was determined from just three structures, the one
tRNAPhe loop, the one 16S rRNA loop and the one loop
from the signal recognition particle. One average structure
of these three structures would be calculated, and the struc-
ture closest to the average would serve as the sequence rep-
resentative structure.

Comparing and clustering sequence representative structures

Sequence representative structures for all the unique se-
quences were compared using the sugar atoms, phosphate
atoms, and three atoms from the nitrogenous base (C4,
C8 and N9 for purines and C2, C6 and N1 for pyrimidines),
and all-against-all root mean square deviation (RMSD) val-
ues were calculated. Using the RMSD values, a distance
matrix was calculated. Biopython’s unweighted pair group
method with arithmetic mean (UPGMA) (50) modified pre-
viously (22) was used to generate a distance tree. As was
done previously (22), branches within 1.0 Å RMSD cut-off
were clustered together. The decision to use a 1.0 Å cut-off
for clustering was based on previous work with tetraloops
(22). During that project, tetraloops were clustered using
0.2 Å intervals with a range of 0.8–2.2 Å. Because the
GNRA and UNCG sequence families were already well-
characterized, the clustering results were analyzed with a
focus on these two families. Based on that analysis, a 1.0 Å
cut-off was used for tetraloops. A similar analysis was done
for pentaloops; however, well-established pentaloop fami-
lies are not available for comparison. Ultimately, a 1.0 Å
cut-off was also used for pentaloops.

Each cluster (Table 1) was assigned a degenerate consen-
sus sequence based on the Cavener rules (51). In short, for
each position of the consensus sequence, a nucleotide iden-
tity was assigned if the frequency of that nucleotide is >50%
and greater than twice the frequency of the next most fre-
quent nucleotide. Multiple nucleotides were coassigned to
a position if the sum of their frequency was >75% and if
neither of these nucleotides met the requirement for assign-
ing a single nucleotide. If none of the two rules mentioned
above can be applied to assign a nucleotide set to a position,
then ‘N’ was assigned.

For better visualization of the clusters and their struc-
tural features (see below), representative structures for each
cluster were identified. To identify the cluster representative
structure, an average structure was calculated from all the
sequence representative structures within a cluster. Then,
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Table 1. Clustered unique sequences with representative structures

Clustersa,b Unique sequencea Total number of structures Sequence representative structurec

CGYAYAG CGUAUAG 4 2XLK CGUAUAG D 11*
CGCACAG 2 5O7H CGCACAG A 33

KGARYAV GGAGUAC 1 1XJR GGAGUAC A 22
UGAAUAG 4 4WF9 UGAAUAG X 687
UGAACAA 1 6VMY UGAACAA A 224*

CGCAAYG CGCAAUG 39 1KC8 CGCAAUG A 196
CGCAACG 27 3CME CGCAACG 0 196*

CSGCGAG CCGCGAG 66 1YHQ CCGCGAG 0 218*
CGGCGAG 49 4WF9 CGGCGAG X 250

GMYKGRC GACUGGC 28 5FJC GACUGGC A 24
GCUGGAC 2 6MWN GCUGGAC B 651*

GSUSRUC GCUGAUC 66 1YHQ GCUGAUC 0 1431
GGUCGUC 43 2ZJP GGUCGUC X 1338
GCUCGUC 7 4WFB GCUCGUC X 1362*

GUAAMKC GUAAAUC 1 3P49 GUAAAUC A 42*
GUAACGC 4 3Q1Q GUAACGC B 78

UUSMMRA UUGCAAA 8 1U0B UUGCAAA A 33*
UUGAAGA 1 4JYA UUGAAGA Y 33
UUCACAA 1 5T83 UUCACAA A 58

WGAAADK UGAAAGG 66 2QEX UGAAAGG 0 873*
UGAAAAG 33 2ZJP UGAAAAG X 793
AGAAAUU 7 4WFA AGAAAUU X 825

YUGUUCG UUGUUCG 24 1K73 UUGUUCG A 2587
CUGUUCG 51 4WFB CUGUUCG X 2579*

aThe direction of sequences is 5′-3′, and hairpin residues are underlined.
bD = A, G or U; K = G or U; M = A or C; R = A or G; S = G or C; V = A, C or G, W = A or U, and Y = C or U.
cThe name of each structure includes the PDB ID, sequence, chain ID, and residue index of the first residue (nucleotide 2 in Figure 1) separated by an
underscore ‘ ’. The asterisk identifies the cluster representative structure.

the structure that most closely resembled the average struc-
ture (the structure that had lowest RMSD to the average
structure) was identified as the representative structure for
that cluster.

Characterization of clusters

Using Dissecting the Spatial Structures of RNA (DSSR)
(52), all sequence representative structures within each clus-
ter were characterized to identify structural features of that
cluster. Three Python scripts (22) were used to annotate and
tally five structural features: stacking interactions, base con-
formation, sugar pucker, hydrogen bonds (not part of any
base pair), and base pairs (non-canonical) between loop
nucleotides. All structural features are defined by DSSR
(52). While characterizing structures, tertiary interactions
between the pentaloop and any residue outside of the pen-
taloop were not considered. In addition to the sequence
representative structures (also referred to as dataset 1), two
additional datasets of structures were compiled: all struc-
tures in the cluster (not just the sequence representative
structures) and all other representative structures not in the
cluster (also referred to as datasets 2 and 3, respectively).
Dataset 2 was used because the number of unique sequences
(n) that make up dataset 1 was very small. In a small dataset,
one structure having/missing a feature drastically alters the
percentage of structures with that feature. Dataset 2 (all
structures in the cluster) contained a significantly larger n,
resulting in percentages that were not as sensitive to indi-
vidual structures with or missing a certain feature. Identity
and frequency of the structural features within the first two
datasets were compared with the identity and frequency of
the same structural features within the third dataset. Any

structural feature present in ≥75% of structures in datasets
1 or 2 was included in the cluster analysis tables. If the per-
centage of occurrence of a structural feature is ≥75% for the
first and/or second dataset, but <75% in the third dataset
and at least 20% below what is found in the first and/or
second dataset, that structural feature was considered a dis-
tinguishing feature of that cluster.

Comparison to NMR structures

Although NMR structures were not included in the main
analysis, a comparison was made between pentaloops found
in NMR structures and the pentaloops found in X-ray crys-
tal structures. PDB entries determined by NMR that con-
tain a pentaloop were identified. For each ensemble of struc-
tures, one representative structure was identified by averag-
ing all structures in the ensemble and finding the ensemble
structure that was closest to the average. NMR pentaloops
were clustered separately and together with crystal struc-
tures. The resulting clusters were compared to the clusters
determined from crystal structures only.

RESULTS AND DISCUSSION

Sequence representative structures

As of June 2021, 1486 pentaloop structures were identi-
fied in RNA three-dimensional structures solved by X-ray
crystallography. Nine structures did not pass the quality
check (Supplementary Table S1). From the 1477 clipped
pentaloop structures (Supplementary Table S2), 86 unique
sequences (Supplementary Table S3) were identified. Dis-
proportionate redundancy of solved tertiary structures for
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unique sequences was observed within the dataset of pen-
taloop structures. For example, the 5′-CAAAAUG-3′ pen-
taloop sequence was found only twice in the dataset,
whereas the 5′-GCUCAAC-3′ pentaloop sequence was
found 105 times in the dataset. Therefore, to avoid bias to-
ward structures with overrepresented sequences, a represen-
tative structure was calculated for each sequence with mul-
tiple structures (Supplementary Table S3).

Cluster identification and degenerate consensus sequence as-
signment

Twenty-four sequence representative structures were clus-
tered into 10 sequence families (Table 1 and Figure 2). The
remaining 62 sequence representative structures were un-
clustered (Figure 2). Degenerate consensus sequences were
assigned to represent the sequences within each cluster. De-
tails of the analysis of clustered sequences while assigning a
degenerate consensus sequence and distances between clus-
ters can be found in Supplementary Tables S4 and S5, re-
spectively. Four clusters, GSUSRUC (S = G or C and R = A
or G), KGARYAV (K = G or U; Y = C or U and V = A,
C, or U), UUSMMRA (M = A or C), and WGAAADK
(W = A or U and D = A, G or U), each contained three
unique sequences, and the rest of the six clusters contained
two unique sequences.

Comparison to NMR structures

While NMR structures contain a wealth of information,
only crystal structures were used in the subsequent analy-
sis. The decision to exclude NMR structures was three-fold.
First, and most importantly, studies have shown that NMR-
derived structures exhibit more steric clashes and confor-
mational ambiguities than their crystallographic counter-
parts (53). Second, the inclusion of only X-ray structures
for this pentaloop analysis mirrors what was done previ-
ously for hairpin structure analyses by the Major lab for
triloops (54) and the Znosko lab for tetraloops (22). Third,
the submission of an ensemble of structures for NMR-
derived RNA structures significantly complicates analysis
for NMR structures.

A preliminary analysis was completed to show that in-
cluding NMR structures would have little effect on the re-
ported clusters. Sixty-two PDB entries determined by NMR
that contain a pentaloop were identified. These 62 PDB en-
tries consist of 791 total structures due to multiple struc-
tures submitted for each ensemble. In order to identify one
representative structure from each ensemble, all structures
in an ensemble were averaged, and the ensemble structure
closest to the average was taken forward in the analysis.
When clustering the NMR structures only, only two unique
sequences were placed into a cluster; all other sequences
were unclustered. When using all of the pentaloop struc-
tures in the PDB (those solved by NMR and crystallogra-
phy), the NMR structures only represent ∼4% of the total
structures. When this combined set of structures was clus-
tered, again, only two NMR unique sequences were clus-
tered, with all other NMR structures being unclustered.
These results suggest that there is likely a better proto-
col to analyze NMR ensembles. Due to the steric clashes

and conformational ambiguities raised in the literature, his-
torical precedence, the small percentage of NMR-derived
pentaloop structures in comparison to X-ray-derived struc-
tures, and only two clustered NMR unique sequences if they
were included in the analysis, only X-ray structures were in-
cluded in the following analysis.

Structural analysis for sequence families

Two clusters, CGYAYAG (Y = C or U; Figure 3A; and
Table 2 and Supplementary Table S6) and KGARYAV
(K = G or U; R = A or G; Y = C or U; V = A, C or
G; Figure 3B; and Table 2 and Supplementary Table S7),
were identified with sequences that fall within the previ-
ously identified GNRNA sequence family. For CGYAYAG,
there were two unique sequences, 5′-CGUAUAG-3′ and 5′-
CGCACAG-3′, representing four and two total structures,
respectively. The sequence representative structure for 5′-
CGUAUAG-3′ was identified as the cluster representative
structure for CGYAYAG. The cluster representative struc-
ture was clipped from the stem-loop repeat of clustered
regularly interspaced short palindromic repeats (CRISPR)-
derived RNAs bound to endoribonuclease (55). No residues
in the cluster representative structure were involved in ter-
tiary interactions. Four stacking interactions were identified
between nucleotides (nts) 1 and 2, 3 and 4, 4 and 6, and 6
and 7. For all residues in CGYAYAG, base conformation
and sugar pucker were identified as anti and C3′-endo, re-
spectively. In addition to the closing base pair between nts 1
and 7, a base pair between nts 2 and 6 was identified. Three
additional hydrogen bonds, between O2′ (hydroxyl) of nt 2
and N6 (amino) of nt 4, N2 (amino) of nt 2 and OP1 of nt 5,
and O2′ (hydroxyl) of nt 2 and N7 of nt 4, were identified.
These three hydrogen bonds, along with the four stacking
interactions, sugar pucker for nts 2–6, and the base pair be-
tween nts 2 and 6 were identified as the distinguishing struc-
tural features of CGYAYAG (Table 2).

For KGARYAV, three unique sequences, 5′-
GGAGUAC-3′, 5′-UGAAUAG-3′ and 5′-UGAACAA-3′,
were clustered, where only the second sequence has mul-
tiple structures (four structures). For KGARYAV, the
sequence representative structure for 5′-UGAACAA-3′
was identified as the cluster representative structure.
The cluster representative structure was clipped from a
cobalamin riboswitch of Bacillus subtillis (56). No tertiary
interactions were identified between the loop residues and
other residues of the riboswitch. Four stacking interactions
were identified between nts 1 and 2, 3 and 4, 4 and 6, and
6 and 7. The base conformation for all residues was found
to be anti. Except for nts 4 and 5, the sugar pucker for
the rest of the nucleotides was C3′-endo. No base pair
between loop nucleotides was identified. One hydrogen
bond between O2′ (hydroxyl) of nt 2 and N7 of nt 4 was
identified. Along with this hydrogen bond, all four stacking
interactions and the sugar pucker for nts 2, 3 and 6 were
identified as KGARYAV cluster distinguishing structural
features (Table 2).

According to the literature, in GNRNA pentaloops, there
are four stacking interactions between nts 1 and 2, 3 and
4, 4 and 6, and 6 and 7, while nt 5 stays outward (43–
45). There is also a sheared base pair between nts 2 and
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Figure 2. Distance tree (generated by Archaeopteryx 0.9901 beta (65)) created from an all-against-all sequence representative structure analysis. Each
branch on the right is indicating a sequence representative structure (cluster representative structures are asterisked) where the structures within a cluster
are magnified and color-coded according to the legend.

6 (43–45). For CGYAYAG and KGARYAV, all the stack-
ing interactions identified in the literature were also identi-
fied in this study. However, the sheared base pair between
nts 2 and 6 was only identified in CGYAYAG. In addition
to the presence/absence of this base pair, additional differ-
ences were also identified. For example, the sugar pucker for
all residues in CGYAYAG is C3′-endo, whereas the sugar
pucker for nts 4 and 5 in KGARYAV were not C3′-endo. In
addition, CGYAYAG had two additional hydrogen bonds
that were not found in KGARYAV. The structural data col-
lected here suggests that these two sequence families adopt
different structural features and should be considered dif-
ferent families (and not grouped together under one GN-
RNA pentaloop family).

To our knowledge, the following eight clusters are all
newly identified sequence families for pentaloops. The first
newly identified cluster in this study was CGCAAYG
(Y = C or U; Figure 3C; and Table 2 and Supplemen-
tary Table S8). The total number of hits for the two
unique sequences in this cluster, 5′-CGCAAUG-3′ and 5′-
CGCAACG-3′, were 39 and 27, respectively. The cluster
representative structure for this family was identified from
the sequence representative structure of 5′-CGCAACG-3′.
The cluster representative structure was clipped from the
large ribosomal subunit of Haloarcula marismortui bound
with a peptidyl-tRNA analog (57). The G of the hairpin
loop has tertiary interactions with an internal loop and a
hairpin loop. Three stacking interactions between nts 1 and
2, 2 and 4, and 5 and 7 were identified in all sequence repre-
sentative structures. All bases are in the anti conformation.
The sugar puckers for nts 1, 3, 5, and 7 were C3′-endo, and

the sugar puckers for nts 2, 4 and 6 were C2′-endo. In ad-
dition to the closing base pair between nt 1 and 7, a base
pair between nt 2 and 5 was identified in all structures and
representative structures of the cluster. Two additional hy-
drogen bonds, between O2′ (hydroxyl) of nt 2 and N7 of nt
7 and between O2′ (hydroxyl) of nt 5 and O4′ of nt 7, were
identified. These two hydrogen bonds, along with the three
stacking interactions, sugar puckers for nts 2–6, and base
pair between nts 2 and 5 were identified as distinguishing
structural features of this cluster (Table 2).

The second new cluster identified was CSGCGAG
(S = G or C; Figure 3D; and Table 2 and Supplementary
Table S9). For the two unique sequences in this cluster,
5′-CCGCGAG-3′ and 5′-CGGCGAG-3′, the total number
of structures were 66 and 49, respectively. The sequence
representative structure for 5′-CCGCGAG-3′ was identi-
fied as the cluster representative structure. This pentaloop
structure was clipped from the Haloarcula marismortui large
(50S) ribosomal subunit bound with azithromycin (58). The
cluster representative structure did not have any tertiary
interactions. Five stacking interactions were identified be-
tween nts 1 and 2, 2 and 4, 3 and 5, 5 and 6, and 6 and 7.
The base conformation for all residues is anti. Except for nt
4 (C2′-endo), the sugar pucker for all other residues is C3′-
endo. A base pair was identified between nts 2 and 6. Two
additional hydrogen bonds between O2′ (hydroxyl) of nt 2
and N7 of nt 5 and O2′ (hydroxyl) of nt 2 and O6 (carbonyl)
of nt 5 were identified in all sequence representative struc-
tures. All the stacking interactions, hydrogen bonds, base
pair, and sugar pucker for nts 2- 6 were identified as the dis-
tinguishable structural features for this cluster (Table 2).
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Figure 3. Cluster representative structure for each of the 10 clusters (A–J). 3D structures were created by DSSR-Jmol (66). If determined to be a feature
of the cluster, stacking interactions (black arrows), glycosidic conformation, sugar pucker and base pairing (dashed lines) are shown for each cluster.
Additional hydrogen bonds are not shown for clarity. Degenerate sequence (underlined section of the sequence represents the hairpin residues) and name
of the representative structure for each cluster are shown below each cluster representative structure.

The next new cluster of pentaloops is GMYKGRC
(M = A or C, Y = C or U, K = G or U and R = A or G;
Figure 3E; and Table 2 and Supplementary Table S10). This
cluster contains two unique sequences, 5′-GACUGGC-3′
and 5′-GCUGGAC-3′, where the total number of struc-
tures was 28 and 2, respectively. The sequence representative
structure for 5′-GCUGGAC-3′ was identified as the clus-
ter representative structure. This pentaloop was found in
the hepatitis A virus internal ribosome entry sites (IRES)
domain V (dV) complexed with a crystallization chaperone
(59). The cluster representative structure did not have any
tertiary interactions. Four stacking interactions were iden-

tified between nts 2 and 3, 4 and 5, 5 and 6, and 6 and 7.
The base conformation and sugar pucker for all nts were
identified as anti and C3′-endo, respectively. No additional
base pairs or hydrogen bonds within the motif residues were
identified. All stacking interactions and the sugar pucker for
nts 2–6 were identified as the distinguishable structural fea-
tures for the cluster (Table 2).

For the new cluster GSUSRUC (S = G or C and R = A or
G; Figure 3F; and Table 2 and Supplementary Table S11),
there were three unique sequences, 5′-GCUGAUC-3′, 5′-
GGUCGUC-3′ and 5′-GCUCGUC-3′, with a total number
of structures of 66, 43 and 7, respectively. The sequence rep-
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Table 2. Summary of structural features of clustersa

Interaction

Cluster name
Stacking interaction

between
Base
conformation Sugar pucker

Base pair within the
loop residues Additional hydrogen bonds

CGYAYAG nt 1 and nt 2 All anti All C3′-endo Between nt 2 and nt 6 O2′ (hydroxyl) of nt 2 and N7
of nt 4

nt 3 and nt 4 O2′ (hydroxyl) of nt 2 and N6
(amino) of nt 4

nt 4 and nt 6
nt 6 and nt 7 N2 (amino) of nt 2 and OP1

of nt 5
KGARYAV nt 1 and nt 2 All anti nts 1–3 and 6–7 are

C3′-endo
- O2′ (hydroxyl) of nt 2 and N7

of nt 4
nt 3 and nt 4
nt 4 and nt 6
nt 6 and nt 7

CGCAAYG nt 1 and nt 2 All anti nts 1, 3, 5 and 7 are
C3′-endo nts 2, 4, and
6 are C2′-endo

Between nt 2 and nt 5 O2′ (hydroxyl) of nt 2 and N7
of nt 7

nt 2 and nt 4
nt 5 and nt 7 O2′ (hydroxyl) of nt 5 and

O4′ of nt 7
CSGCGAG nt 1 and nt 2 All anti nts 1–3 and 5–7 are

C3′-endo nt 4 is
C2′-endo

Between nt 2 and nt 6 O2′ (hydroxyl) of nt 2 and N7
of nt 5

nt 2 and nt 4
nt 3 and nt 5 O2′ (hydroxyl) of nt 2 and O6

(carbonyl) of nt 5
nt 5 and nt 6
nt 6 and nt 7

GMYKGRC nt 2 and nt 3 All anti All C3′-endo - -
nt 4 and nt 5
nt 5 and nt 6
nt 6 and nt 7

GSUSRUC nt 1 and nt 5 All anti nts 3–5, and 7 are
C3′-endo

- OP2 of nt 6 and N4 (amino)
of nt 7

nt 4 and nt 5
nt 5 and nt 7

GUAAMKC nt 1 and nt 2 All anti nts 1–2 and 4–5 are
C3′-endo nt 6 is
C2′-endo nt 7 is
C2′-exo

Between nt 2 and nt 5 O2′ (hydroxyl) of nt 2 and N7
of nt 4

nt 4 and nt 5
nt 5 and nt 7

UUSMMRA nt 1 and nt 2 All anti nts 1–4 and 6–7 are
C3′-endo

Between nt 2 and nt 5 -

nt 3 and nt 4
nt 4 and nt 5
nt 5 and nt 6
nt 6 and nt 7

WGAAADK nt 1 and nt 2 nts 1–4 and
6–7 are anti

nts 1–3 and 5–7 are
C3′-endo

Between nt 2 and nt 5 O2′ (hydroxyl) of nt 2 and
OP1 of nt 4

nt 2 and nt 4
nt 5 and nt 7 O2′ (hydroxyl) of nt 5 and

OP1 of nt 7
YUGUUCG nt 1 and nt 2 All anti All C3′-endo Between nt 2 and nt 6 -

nt 3 and nt 4
nt 4 and nt 5
nt 5 and nt 6
nt 6 and nt 7

aSee Supplementary Tables S6-S15 for a more detailed analysis of each cluster, including statistics, the identification of distinguishing features, and a
comparison between each cluster and all other pentaloops.
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resentative structure for 5′-GCUCGUC-3′ was identified as
the cluster representative structure. This pentaloop struc-
ture was located in the Staphylococcus aureus large riboso-
mal subunit complexed with a pleuromutilin derivative (60).
One tertiary interaction was identified between the first C
residue in the hairpin loop and another hairpin of the ribo-
somal subunit. Three stacking interactions were identified
between nts 1 and 5, 4 and 5, and 5 and 7. For all residues,
the base conformation was anti. For nts 3–5 and 7, the sugar
pucker is C3′-endo. Only one hydrogen bond was identified,
between OP2 of nt 6 and N4 (amino) of nt 7. All stack-
ing interactions, sugar puckers for nts 3–5, and hydrogen
bond between nts 6 and 7 are the distinguishing features for
GSUSRUC (Table 2).

Another new cluster, GUAAMKC (M = A or C and
K = G or U; Figure 3G; and Table 2 and Supplementary
Table S12), contains two unique sequences, 5′-GUAAAUC-
3′ and 5′-GUAACGC-3′, where the first sequence has only
one available structure, and the second has four available
structures. The sequence representative structure for 5′-
GUAAAUC-3′ was identified as the cluster representative
structure. This pentaloop structure was clipped from the
glycine riboswitch of Fusobacterium nucleatum (61). The
last U residue of the hairpin loop has tertiary interactions
with an internal loop within the riboswitch. Three stacking
interactions were identified between nts 1 and 2, 4 and 5,
and 5 and 7. All bases are in the anti-conformation. The
sugar pucker for nts 1, 2, 4, and 5 were identified as C3′-
endo. For nts 6 and 7 in the sequence representative struc-
tures, the sugar puckers were found to be C2′-endo and C2′-
exo, respectively. One base pair was identified between nts
2 and 5. One additional hydrogen bond was identified be-
tween O2′ (hydroxyl) of nt 2 and N7 of nt 4. Along with this
base pair and hydrogen bond, all three stacking interactions
and sugar conformations for nts 2 and 4–7 were found to be
distinguishable features for GUAAMKC (Table 2).

The new cluster UUSMMRA (S = G or C, M = A or
C and R = A or G; Figure 3H; and Table 2 and Supple-
mentary Table S13) contains three unique sequences: 5′-
UUGCAAA-3′, 5′-UUGAAGA-3′, and 5′-UUCACAA-3′,
where the first sequence has eight available structures, and
each of the next two sequences has only one structure. 5′-
UUGCAAA-3′ is the sequence of the cluster representa-
tive structure. This pentaloop was found in Escherichia coli
tRNA (Cys) complexed with cysteinyl-tRNA synthetase
(62). The cluster representative structure did not have any
tertiary interactions. Five stacking interactions were identi-
fied between nts 1 and 2, 3 and 4, 4 and 5, 5 and 6, and 6 and
7. Bases of all nucleotides were in the anti-conformation.
Except for nt 5, all sugar puckers are C3′-endo. In addition
to the closing base pair between nts 1 and 7, a base pair be-
tween nts 2 and 5 was identified. No additional hydrogen
bonds within the loop residues were identified. In addition
to the stacking interactions, the sugar pucker for nts 2–6,
and the base pair between nts 2 and 5 were identified as dis-
tinguishing structural features for UUSMMRA (Table 2).

Three unique sequences were clustered into the new clus-
ter WGAAADK (W = A or U; D = A, G or U; K = G or
U; Figure 3I; and Table 2 and Supplementary Table S14), 5′-
UGAAAGG-3′, 5′-UGAAAAG-3′, and 5′-AGAAAUU-
3′, with the number of available structures being 66, 33 and

7, respectively. The representative structure for the sequence
5′-UGAAAGG-3′ was identified as the cluster represen-
tative structure. The pentaloop structure representing this
cluster was clipped from Haloarcula marismortui 23S ribo-
somal RNA complexed with negamycin (63). The cluster
representative structure did not have any tertiary interac-
tions. Three stacking interactions between nts 1 and 2, 2
and 4, and 5 and 7 were identified. All residues except nt
5 were identified to form anti glycosidic angles. Except for
nt 4, all other residues had a C3′-endo sugar pucker. A base
pair between nts 2 and 5 was identified along with the clos-
ing base pair between nts 1 and 7. Two additional hydrogen
bonds were identified between the O2′ (hydroxyl) of nt 2 and
OP1 of nt 4 and the O2′ (hydroxyl) of nt 5 and OP1 of nt 7.
Along with these two hydrogen bonds, all three stacking in-
teractions, sugar puckers for nts 2, 3, 5 and 6, and the base
pair between nts 2 and 5 were found to be distinguishable
structural features for this cluster (Table 2).

The last new cluster identified for pentaloops was
YUGUUCG (Y = C or U; Figure 3J; and Table 2 and
Supplementary Table S15) with two unique sequences,
5′-UUGUUCG-3′ and 5′-CUGUUCG-3′, representing 24
and 51 structures, respectively. The sequence for the cluster
representative structure was 5′-CUGUUCG-’3. The cluster
representative structure was found in the Staphylococcus au-
reus large ribosomal subunit complexed with a pleuromu-
tilin derivative (60). The C residue of the hairpin loop has a
tertiary interaction with another hairpin within the riboso-
mal subunit. Five stacking interactions were found between
nts 1 and 2, 3 and 4, 4 and 5, 5 and 6, and 6 and 7. The base
conformation for all residues was anti. The sugar pucker for
all residues was C3′-endo. A base pair between nts 2 and 6
was identified in addition to the closing base pair between
nts 1 and 7. No hydrogen bonds between hairpin residues
were identified. All five stacking interactions, sugar pucker
for nts 2–6, and base pair between nts 2 and 6 were identified
as the distinguishable structural features for YUGUUCG
(Table 2).

Within all clusters, stacking interactions were found to be
more prevalent than hydrogen bond interactions. All clus-
ters have at least three stacking interactions whereas three
clusters (GMYKGRC, UUSMMRA and YUGUUCG)
did not exhibit any hydrogen bonding between the motif
residues. Except for nt 1 in GMYKGRC, all residues form-
ing closing base pairs have stacking interactions. However,
GMYKGRC has a stacking interaction between nts 2 and
3, which is not present in any other cluster. Seven out of 10
clusters were found to have at least one base pair between
the hairpin nucleotides.

Comparison to previously identified clusters

The Zirbel and Leontis labs have developed a valuable on-
line RNA database, the RNA 3D Motif Atlas (64). In this
database, they collect internal loops and hairpins extracted
from RNA 3D structures and cluster the loops into mo-
tif groups. There are several major differences between the
RNA 3D Motif Atlas and the analysis reported here. One
major difference is how ‘pentaloop’ is defined. Here, a pen-
taloop is strictly limited to hairpin loops closed by at least
two adjacent canonical base pairs. Also, the first mismatch
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of the hairpin cannot be a canonical pair. Lastly, a hairpin
cannot contain two adjacent canonical pairs within the loop
residues. A second major difference is that this work only
considers pentaloops, not hairpins of other sizes. The RNA
3D Motif Atlas compares all hairpin sizes to each other in
order to generate their motif groups. A third major differ-
ence is that different clustering protocols were used in the
two projects. Due to these differences, it is not surprising
that none of the clusters identified here match any of the
motif groups identified by the RNA 3D Motif Atlas.

Although the two projects are ultimately different, com-
parisons can be made. For example, the GACUGGC pen-
taloop from PDB ID 5FJC and the GCUGGAC pentaloop
from PDB ID 6MWN were clustered into the GMYKGRC
cluster here. In the RNA 3D Motif Atlas, the same pen-
taloops can be found as HL 32512.8 in cluster KNBBVNS.
The GMYKGRC cluster is more limited in sequence space
and does fall within the KNBBVNS sequence. Also, the
CGGCGAG pentaloop from PDB ID 4WF9 was clustered
into the CSGCGAG cluster here. In the RNA 3D Mo-
tif Atlas, the same pentaloop can be found as HL 67216.5
in cluster YMKCRAG. As seen in the example above, the
YMKCRAG cluster is more limited in sequence space and
does fall within the YMKCRAG sequence.

In summary, 10 sequence families, their representative
structural features, and their distinguishing features were
identified from a dataset of 1477 structures solved by X-
ray crystallography. In 3D structure prediction using a
fragment-based homology method, these sequence fami-
lies can provide 3D templates for a pentaloop sequence
when no structure is available. For example, to date there
is no solved structure available for the pentaloop sequence
5′-CGUACAG-3′. However, this sequence is a member of
the CGYAYAG sequence family identified in this study.
Therefore, the structural features such as four stacking in-
teractions, base and sugar conformation, base pair within
the pentaloop nucleotides, and additional hydrogen bonds
in CGYAYAG can be assigned as structural features for
5′-CGUACAG-3′. In addition to contributing to tertiary
structure prediction from sequence, these sequence families
along with tertiary interaction information can provide in-
sights into RNA-ligand binding interactions.
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