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ABSTRACT

We have developed a computational approach for the comparison and classification of RNA loop structures. Hairpin or interior
loops identified in atomic resolution RNA structures were intercompared by conformational matching. The root-mean-square
deviation (RMSD) values between all pairs of RNA fragments of interest, even if from different molecules, are calculated.
Subsequently, cluster analysis is performed on the resulting matrix of RMSD distances using the unweighted pair group method
with arithmetic mean (UPGMA). The cluster analysis objectively reveals groups of folds that resemble one another. To dem-
onstrate the utility of the approach, a comprehensive analysis of all the terminal hairpin tetraloops that have been observed in
15 RNA structures that have been determined by X-ray crystallography was undertaken. The method found major clusters
corresponding to the well-known GNRA and UNCG types. In addition, two tetraloops with the unusual primary sequence
UMAC (M is A or C) were successfully assigned to the GNRA cluster. Larger loop structures were also examined and the
clustering results confirmed the occurrence of variations of the GNRA and UNCG tetraloops in these loops and provided a
systematic means for locating them. Nineteen examples of larger loops that closely resemble either the GNRA or UNCG
tetraloop were found in the large ribosomal RNAs. When the clustering approach was extended to include all structures in the
SCOR database, novel relationships were detected including one between the ANYA motif and a less common folding of the
GAAA tetraloop sequence.
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INTRODUCTION

Large RNAs are constructed in part from a variety of re-
current motifs such as the U-turn (Quigley and Rich 1976),
the E-loop (Varani et al. 1989; Wimberly et al. 1993), the
GNRA tetraloop (Jucker and Pardi 1995), the A-minor mo-
tif (Nissen et al. 2001), the kink-turn (Klein et al. 2001), the
SRP motif (Gundelfinger et al. 1984; Keenan et al. 2001),
and the T-loop/lone pair triloop motif (Nagaswamy and
Fox 2002; Lee et al. 2003). Some of these motifs were origi-
nally observed in three-dimensional structures and when-
ever possible subsequently defined in terms of primary
sequence and secondary structure rules, which facilitate
detection of additional examples without detailed examina-
tion of three-dimensional structures (Gutell et al. 1994,
2000; Brown et al. 1996). This is advantageous when mo-

lecular structures are not available. However, when struc-
tures are available, regions that correspond to a particular
motif can be overlooked if they do not satisfy the standard
rules.

A more general approach is to define motifs in terms of
their three-dimensional structure. The SCOR database
(Klosterman et al. 2002, 2004) has sought to do exactly this
by a manual comparison of all known loop structures. Like
any classification scheme, depending on what facets of a
structure one considers to be of primary or secondary im-
portance this approach produces alternative classifications.
An automated analysis such as that described here can be
used to rapidly examine very large numbers of structures
according to objective rules to identify regions with similar
structure. Detailed examination can then be used to under-
stand the nature of the similarity and whether it can usefully
be considered to represent a folding motif. In instances
where the similarity correlates with an already recognized
motif, the comparisons clarify how much variation exists
between examples and whether the motif is really distinct.

As pointed out by Reijmers et al. (2001), there are at least
four different representations that can be used to describe
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and compare RNA molecular structures. These include Car-
tesian coordinates, torsion angles (Hershkovitz et al. 2003),
pseudotorsion angles (Duarte and Pyle 1998; Duarte et al.
2003), and representations based on lists of backbone atom
distances (Reijmers et al. 2001). Another simplified vecto-
rial representation of the nucleic acid bases via graph theo-
retic method was utilized by Harrison et al. (2003) to search
for the substructural patterns in nucleic acid structural co-
ordinate databases. Reijmers et al. argue that the Cartesian
coordinate representation is the gold standard, since all
other representations can be derived from it. Indeed, con-
formational comparisons with three-dimensional Cartesian
coordinates have been widely and successfully applied to
both proteins (Irving et al. 2001; Oldfield 2002; Qian and
Goldstein 2002; Yang 2002; Jewett et al. 2003) and RNAs
(Gendron et al. 2001; Reijmers et al. 2001; Yang et al. 2003).

Gendron et al. (2001) previously defined a “distance met-
ric” between two nucleotide conformations in terms of the
root-mean-square distance (RMSD) between the backbone
heavy atoms of the two nucleotides after an optimal super-
imposition of their local referentials in three-dimensional
space. This allowed them to develop automated tools to
annotate local structural details such as sugar pucker, base
orientation, presence of base stacking and base pairing.
Their approach does not directly detect the presence of
larger scale similarities that might represent motifs. Rei-
jmers et al. (2001) has advocated the use of clustering tech-
niques to find hidden relationships in RNA data sets. Using
RNA trinucleotides as a model system they focused their
studies on the effect of the type of structural representation
used on the results of a cluster analysis. It was concluded
that distance based representations were best when exam-
ining global features such as those of interest here. Their
distance representation was obtained by the summation of
all the distances between six backbone atoms (i.e., P, O5,
C5, C4, C3, and O3) of the RNA nucleotides after alignment
of two structures by means of Procrustes analysis (Gower
1975; ten Berge 1977).

The objective of the work described here is to ultimately
extend these ideas to the detection and classification of the
larger scale features of an RNA that are generally referred to
as motifs. To this end, we have developed software tools
that allow rapid comparisons of regions of atomic resolu-
tion RNA structures by RMSD values. In our simple and
straightforward method, the three-dimensional coordinates
of 15 atoms per RNA residue (including all of the backbone
and sugar atoms) are utilized to calculate the RMSD dis-
tance between two RNA fragments of the same length after
they are superimposed with Kabsch’s (1976, 1978) method.
Even if the RNA fragments have different nucleotide se-
quences, their conformations can be compared by the
methodology described here as long as they have the same
nucleotide lengths. For instance, all known examples of
RNA segments that might belong to a particular motif are
interchangeably used as initial probes to find all the other

candidate examples with RMSD resemblance. Then the re-
calculated RMSD values of pairwise comparisons among all
the candidate motifs with fixed length are tabulated and
analyzed by cluster analysis using the unweighted pair
group method with arithmetic mean (UPGMA).

This approach allows the exhaustive identification of se-
quence segments that resemble one another in their three-
dimensional structure in the RNA structure database. It can
also locate (or verify) previously undetected sequences that
resemble those associated with a previously defined motif.
To illustrate the approach, we present herein a comprehen-
sive analysis of the terminal hairpin tetraloops found in 15
RNA molecules whose structure was determined by X-ray
crystallography. In doing this, we also consider the closing
base pair due to its important role in loop definition. In
addition, the inclusion of the closing pair facilitates com-
parison by providing a solid match to begin the compari-
son. This analysis reveals two major clusters of similar
structure corresponding to the well-known GNRA and
UNCG tetraloop motifs. If additional characteristic tetra-
loop structures exist, they are not sufficiently represented in
the set of structures used to be detected. Finally, larger loops
were examined to determine the extent to which the GNRA
or the UNCG tetraloop motifs were incorporated into those
structures.

RESULTS

A computational approach that can rapidly and quantita-
tively classify local RNA folds in known RNA structures was
developed. Depending on the nature of the shared struc-
tural similarity seen in the resulting clusters, the results
may, if the cluster has not been previously recognized, lead
to the definition of new structural motifs. In principle, the
methodology can also find novel or overlooked examples of
known motifs, e.g., such as the UMAC loop, which has a
typical GNRA fold (Leontis and Westhof 2002; Klosterman
et al. 2004; Tamura et al. 2004). To validate the approach
and demonstrate its utility, we examined all the terminal
hairpin loops of each size class in 15 RNA X-ray structures,
which includes the high resolution (1.41 Å) tetraloop mu-
tant from Escherichia coli 23S rRNA (Protein Data Bank
[PDB] code 1MSY). All loops of size 5–13 found in these
molecules were initially included in the analysis. The results
for 68 four base terminal hairpin loops are represented as a
dendrogram (Fig. 1), and these loops will be discussed in
detail herein. The results for additional loops of length 5–13
are provided as Supplementary Material (http://prion.bchs.
uh.edu/∼jhuang/tetraloop.html).

Analysis of tetraloops in X-ray structures

In Figure 1, each tetraloop is denoted by its primary se-
quence (including closing pair) followed by the PDB ID of
the structure in which they appear, chain ID, and the po-
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sition numbers in the sequence of the underlying molecule.
Thus, loop 1076–1081 of 16S rRNA is represented as
CGUGAG:1j5e:a:1076–1081. The dendrogram in Figure 1
has a large well-defined cluster of 40 hairpin loops emanat-
ing from branch point A, i.e., from loop 1j5e:a:1076–1081 at
the top to loop 1jj2:0:2876–2881. Within this cluster, pairs
of loops as similar as 0.253 Å RMSD (i.e., 1hq1:b:153–158
vs. 483d:a:2658–2663 with a branch point distance value, b,
on the tree of 0.1265 Å) are observed. With the exception of
two loops to be discussed in detail below, all of the loops

in this cluster have the canonical GNRA loop sequence.
Five additional loops, 1nkw:9.88–93 to 1nkw:0:1235–1240,
would fall within the GNRA cluster, if the defining branch
point is moved back to point B in Figure 1. A second well-
defined cluster, 1nkw:0:1708–1713 to 1jj2:0:1769–1774, is
found at branch point C in Figure 1. This cluster contains
all the tetraloops of the UNCG type. The remaining loops,
including five with the GNRA primary sequence, are in
straggler clusters. There are occasional pairs with different
loop sequences that closely resemble one another, but there
are at present not enough examples in the 15 X-ray struc-
ture data set to propose a novel loop fold.

Effect of data quality on results

Many RNA structures are solved at modest resolution with
the result that there may be substantial levels of coordinate
noise. To determine whether the inherent noise in the data
affects the clusters obtained, we weighted the importance
given to various structures in accordance with either the
B-factor or the atomic mass of the atoms included as de-
scribed in the Materials and Methods section. The B-factor
was used to put the atom’s thermal fluctuation into the
weighting and atomic mass was used to put each atom’s
signal response to X-ray into weighting.

The resulting B-factor weighted dendrogram (Supplemen-
tary Material, http://prion.bchs.uh.edu/∼jhuang/tetraloop.
html) was effectively identical to the original tree with only
four minor changes within the GNRA major cluster. In
particular, the precise locations of 1jj2:0:576–581, 1j5e:a:1030–
1031, 1j5e:a:1165–1171, and 1j5e:a:1012–1017 were changed
with essentially no effect on the various subclusters within
the GNRA group. The atomic-mass weighted tree (Supple-
mentary Material, http://prion.bchs.uh.edu/∼jhuang/tetraloop.
html) likewise had only four minor variations in the GNRA
cluster, two of which were the same as seen in the B-factor
weighted tree. Except for these minor differences, all other
loops are clustered exactly the same way as in the original
tree. In summary, all the differences between the un-
weighted and weighted trees are within subclusters of the
major GNRA cluster defined by A in Figure 1. Although
concerns regarding variable atom flexibility as measured by
the B-factor or the unnormalized coordinate resolutions
among the analyzed structures can be compensated for dur-
ing the calculations, it is clear there is no compelling need
to do so.

Analysis of tetraloop families listed in the SCOR
database using cluster analysis

In view of the favorable results obtained with the X-ray
structures, the approach was subsequently extended to in-
clude all the tetraloops (NMR and crystal structures) listed
in the SCOR database (Klosterman et al. 2002; Tamura et al.
2004). The analysis again found clusters corresponding to

FIGURE 1. UPGMA cluster analysis of the tetraloops (four base loop
plus closing pair) found in 15 RNA molecules whose structure has
been determined by X-ray crystallography. Individual loops are des-
ignated as described in the Materials and Methods. Three key branch
points in the tree, which are discussed in the text, are labeled as A, B,
and C. The distance scale at the bottom of the tree is in angstroms.
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all the major tetraloop families, including the GNRA,
UNCG, and CUUG tetraloops. In the many instances where
redundant structures exist due to studies of ligand binding,
etc., the multiple versions all were placed in the same sub-
cluster with b values below 0.75 Å. In addition to the major
clusters, a modest cluster, with a b value of 1.5 Å, contain-
ing multiple loops was found. This new cluster is repre-
sented by point A in Figure 2A. It includes the RNYA te-
traloops often observed in phage coat protein binding RNAs
(Witherell et al. 1991; Convery et al. 1998) and several loops
with the generalized sequence GRAD (D is A or G or U). In
this extended cluster, there is a subcluster at point B that
includes the two known examples of the ANYA tetraloops
(Convery et al. 1998; Klosterman et al. 2004) represented by
point C and a rare GAAA structure represented by point D
(e.g., 1nwx:0:122–125 or 1nkw:0:122–125). Upon close ex-
amination of their folding, it is evident that these two sets of
structure have a very similar backbone fold. The major dif-
ference is the orientation of the third loop base, which is

stacked in the ANYA loop and destacked in the GAAA loop,
where it is pointing in the minor groove (Fig. 2B). In light
of the similarity between this rare GAAA structure and the
ANYA tetraloop, it should likely be recognized as a variant
of the ANYA tetraloop. To determine the reasonableness of
this notion, a sequence alignment of 930 23S rRNA se-
quences from the CRW Web site (Cannone et al. 2002)
where the GAAA tetraloop occurs was examined. Although
the primary sequence is generally conserved, it does occa-
sionally exchange with ANYW tetraloops and AAU triloops
in the sequence space, which is consistent with the cluster-
ing of these two loops seen here.

The effect of the number of atoms used to represent
the base

To examine the reliability of the three-atom representation
of the base, all the RRRR tetraloops in SCOR were analyzed
with two approaches (Supplementary Material, http://prion.

FIGURE 2. (A) Dendrogram showing the similarity between GAAA and ANHA loops (H is A or C or U). Multiple examples of the same loop
determined under slightly different experimental conditions (i.e., redundant loops) are included in this particular figure to illustrate how the
methodology handles them. (B) Superimposition of a GAAA loop versus an AUUA loop. Black color for AUUA:1zdi:r:9–12 and gray color for
GAAA:1nwx:0:122–125; closing base pairs are also shown.
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bchs.uh.edu/∼jhuang/tetraloop.html). The initial calcula-
tion used three atoms in the base ring (see Materials and
Methods) and a subsequent analysis utilized all the atoms in
the base ring (except the side atoms connected to the ring)
for the RMSD measurement. An all-atom calculation on the
ring is possible for the RRRR tetraloops because both pu-
rines have the same total number of atoms on the base ring.
Comparison of these two sets of calculations showed that
little deviation occurred when the RMSD calculations were
based on only three atoms. The major cluster relationships
in these two analyses are very similar although some mi-
nor distinct differences were seen (Supplementary Materi-
al, http://prion.bchs.uh.edu/∼jhuang/tetraloop.html). Other
secondary clusterings were also conducted with similar re-
sults. For example, once the large cluster of GNRA te-
traloops (emanating from branch point A in Fig. 1) is es-
tablished, its largely shared GNRA sequence allows inclu-
sion of most of the purine base atoms in the calculation.
The results of this and several other secondary clusterings
are provided as Supplementary Material, http://prion.bchs.
uh.edu/∼jhuang/tetraloop.html.

Tetraloop-like folds in larger hairpin loops

It has previously been observed that pentaloops in several
nonribosomal RNAs closely resemble tetraloops of the
GNRA or UNCG type (Legault et al. 1998; Huppler et al.
2002; Leontis and Westhof 2002; Theimer et al. 2003). In
addition, at least one example has been recognized in Halo-
arcula marismortui 23S rRNA (Leontis and Westhof 2002).
We therefore sought to examine larger loop structures in
some detail. Initially, the approach described herein was
used to intercompare all the terminal hairpin loops in the
15 RNAs included in the primary data set in each length
class. Clusters of loops with similar three-dimensional fold-
ing were again found in the UPGMA trees generated from
the RMSD distance matrix (Supplementary Material, http://
prion.bchs.uh.edu/∼jhuang/tetraloop.html).

This initial analysis was followed up by a specific effort to
identify larger loops in the 15 RNA structures that bear
significant resemblance to the GNRA or UNCG loops.
Hairpin loops of varying lengths were examined by ignoring
properly selected residues in order to create equal length
segments (see Materials and Methods). Figure 3 shows the
results of a cluster analysis that included the typical GNRA
and UNCG tetraloops, the larger tetraloop-like loops ob-
served in the 15 structures included in this study, and the
three previously identified examples of larger loops that
resemble them. Including the previously identified 1jj2:0:
492–500 loop (Leontis and Westhof 2002), 19 additional
large loops were found in the ribosomal RNA structures
that closely resemble the GNRA or UNCG canonical te-
traloops.

Figure 3 illustrates the relationship between these 19
loops and the various tetraloops. The cluster defined by A

contains the canonical GNRA loops in subcluster C and the
larger loops that most resemble them. Typical GNRA te-
traloops are highlighted in blue. The cluster defined by B
contains the canonical UNCG type hairpin loops in sub-
cluster D and similar larger loops. Also present in cluster B
is an ANYA-like subcluster shaded in pink. The portion of
this subcluster defined by E includes the canonical ANYA
tetraloops. Interestingly, the canonical ANYA cluster also
contains an AUAA tetraloop (1he6:r:8–13) and hence the
third position in this tetraloop category might more appro-
priately be referred to as H (A/C/U). The larger loops are
distributed in the two primary clusters A and B in Figure 3
as follows. Within cluster A, five GNRA-like pentaloops are
highlighted in yellow and five GNRA-like hexaloops are
highlighted in gray. Within cluster B, five UNCG-like pen-
taloops are highlighted in dark green. The three previously
recognized pentaloops occurring in nonribosomal RNAs
are highlighted in purple to distinguish them from the new
rRNA examples. These three pentaloops cluster very well
with the rRNA examples in the respective category of the
cluster analysis. In addition, there are four heptaloops,
highlighted in orange, that resemble the tetraloops. Only
one of these (1jj2:0:871–879) is in the UNCG category.
These results clearly demonstrate that the addition of extra
bases to a tetraloop resulting in a larger loop sequence can
result in minimal distortion in the overall folding.

DISCUSSION

The immediate lesson of the dendrograms of Figure 1 is that
there are clear clusters corresponding to the usual GNRA
and the UNCG tetraloop motifs. However, as is often the
case with cluster analysis, it is frequently subjective as to
where to define the boundary of a cluster. Thus, in the case
of the GNRA tetraloop motif (Fig. 1), two reasonable alter-
natives exist. Should the GNRA cluster be restricted to en-
compassing the loops included at point A or should the
definition be relaxed to include the larger number obtained
if the cluster boundary is at point B. One should not make
this distinction from the cluster analysis alone. Rather, the
decision should be made in the context of what makes sense
in terms of defining the GNRA tetraloop motif and is con-
sistent with the structure of the clusters. The original te-
traloop examined (Jucker and Pardi 1995) had specific sta-
bilizing interactions: a GA pair between the first and the last
loop base (i.e., between 0 and +3 base as described by Gutell
et al. 2000), a hydrogen bond between the imino hydrogen
of G1 (base 0) and phosphate oxygen of R3 (base +2), a
hydrogen bond between 2�-OH of G1 and N7 of R3 and the
3� stacking of loop bases excepting G1. Additionally, the
overall backbone fold is that of a U-turn and bases n + 2
and n + 3 are frequently seen to be part of three-way inter-
actions via their shallow groove edge mediating tetraloop-
receptor interactions. Table 1 examines the extent to which
the various GNRA loops included in the GNRA cluster
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