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ABSTRACT

RNA has been found to play an ever-increasing role
in a variety of biological processes. The function
of most non-coding RNA molecules depends on
their structure. Comparing and classifying macro-
molecular 3D structures is of crucial importance for
structure-based function inference and it is used
in the characterization of functional motifs and in
structure prediction by comparative modeling. How-
ever, compared to the numerous methods for pro-
tein structure superposition, there are few tools
dedicated to the superimposing of RNA 3D struc-
tures. Here, we present SupeRNAlign (v1.3.1), a
new method for flexible superposition of RNA 3D
structures, and SupeRNAlign-Coffee––a workflow
that combines SupeRNAlign with T-Coffee for in-
ferring structure-based sequence alignments. The
methods have been benchmarked with eight other
methods for RNA structural superposition and align-
ment. The benchmark included 151 structures from
32 RNA families (with a total of 1734 pairwise su-
perpositions). The accuracy of superpositions was
assessed by comparing structure-based sequence
alignments to the reference alignments from the
Rfam database. SupeRNAlign and SupeRNAlign-
Coffee achieved significantly higher scores than
most of the benchmarked methods: SupeRNAlign
generated the most accurate sequence alignments
among the structure superposition methods, and
SupeRNAlign-Coffee performed best among the se-
quence alignment methods.

INTRODUCTION

Comparison is the most fundamental research technique in
biology. Knowledge of similarity between biomolecules en-
ables clustering them, grouping them into families, inferring
their evolutionary history, detecting functional motifs and
thus predicting the mechanism of their action (1). Compari-
son of protein structures has led to the development of com-
monly used databases and hierarchical structural classifica-
tions, such as SCOP (2) and CATH (3). To assess the simi-
larities between two three-dimensional structures, they typi-
cally need to be superimposed in space––that is, one of them
positioned over the other, so that the best fit is obtained.
Superposition of homologous (evolutionarily related) struc-
tures reveals correspondence between evolutionarily con-
served residues and motifs that may be indicative of com-
mon biological functions. Frequent tasks that benefit from a
global superposition of macromolecular structures include
homology modeling, structural classification, and function
prediction. In the case of protein structures, a large number
of algorithms have been proposed to address this task (4,5)
with different levels of success (6). In general, the most dif-
ficult problem to solve in this context is the accurate super-
position of structures that exhibit conformational changes
and cannot be aligned without introducing flexibility (7,8).

The continuous growth of experimentally solved RNA
tertiary structures has led to the emergence of computa-
tional methods for measuring the similarity between them.
However, compared with protein structure superposition
tools, there are still relatively few programs that allow for
superimposing entire RNA molecules. This is because RNA
and protein molecules are folded differently, and superpo-
sition methods developed for protein structures do not take
into account key features of RNA structures. In particular,
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secondary structure in RNA depends on long-range inter-
actions and base-pairs involve residues that are often very
remote in sequence. Besides, RNA molecules have more
modular 3D structure than proteins, and they present lo-
cal 3D motifs (often composed of multiple fragments of
the RNA chain), which behave as semi-independent rigid
bodies that move with respect to each other during con-
formational changes. Frequently, the aim of superimposing
RNA structures is the detection of common local structural
features. In such cases, algorithms specifically intended for
solving this problem are not useful for global superposi-
tions, because even in closely related structures, minor shifts
at the base of a domain may significantly alter the available
conformations leading to a divergent result.

Superposition tools employ various methods and algo-
rithms. They include two major types. Programs of one type
reduce 3D structures to 1D sequence alignments, represent-
ing nucleotides by some local structural features. The result-
ing representation allows the utilization of existing sequence
alignment algorithms. Methods of the second type operate
on 3D coordinates. They find a local structural superpo-
sition and extend it to obtain a larger alignment. Impor-
tantly, programs for RNA structure superposition are typ-
ically based on rigid body structural alignment; therefore,
they do not take into account hinges, internal rearrange-
ments, or the potential flexibilities of secondary structure
elements.

Among the methods of the first type (alignment ap-
proaches), PRIMOS (9) represents nucleotides as backbone
torsion angles and may be considered the first RNA struc-
tural alignment tool. In like manner, DIAL encodes di-
hedral angles, nucleotide type and nucleotide base-pairing
(10). SARA employs a unit-vector approach, where a
vector-based simplified representation of selected atoms
within nucleotides are used to find equivalent structural ele-
ments by means of dynamic programming. The similarity of
the vectors is assessed with a unit-vector root mean square
(URMS) approach (11). The required secondary structure
information is provided by an external program, 3DNA
(12). SARA-Coffee is the enhancement of SARA, combin-
ing its algorithm with R-Coffee (13) to produce multiple-
sequence alignments using both sequence and structural
data (14). LaJolla uses an n-gram model to generate hash
tables for analyzing similar derived sequence (15). A sim-
ilar discretized structural alphabet underlies an algorithm
used in iPARTS (16). It is worth mentioning that programs
of this category do not optimize the global superposition
in terms of distances between corresponding atoms; i.e., to
minimize root-mean-square deviation (RMSD).

Among the methods of the second type (structural super-
position), ARTS aligns two structures based on structurally
similar tuples of phosphate atoms of consecutive base pairs
(called quadrats) (17). It also requires the secondary struc-
ture to be inferred by 3DNA from coordinates of the struc-
tures to be superimposed. R3D Align finds the maximum
clique of the local alignment graph, which leads to finding
the optimal alignment of the structures. The local alignment
graph is based on distinguishing 4-nt neighborhood clus-
ters that are similar in both structures (18). Another tool
has been developed by the authors of R3D Align that em-
ploys R3D Align to detect local conformational differences

between homologous RNA molecules (19). The algorithm
used in SETTER divides the structures into generalized
secondary structure units (GSSU) and calculates the opti-
mal transformations between all of them (20). A novel ap-
proach is to apply elastic shape analysis (ESA), which treats
the RNA backbones as three-dimensional curves (21). This
method was used in RASS, which compares two structures
by calculating the distance between their representations
in an infinite-dimensional topological space of curves (22).
Rclick is based on the CLICK algorithm (23), adapted to
processing RNA structures. It matches cliques of points
(representative atoms of the residues), finding structurally
similar residues, and performs a 3D least-squares fit using
these equivalences (24).

In this study, we address the problem of the accuracy
of the tools for global superposition of RNA structures.
We developed a benchmark for assessing the performance
of the structural superpositions and the resulting sequence
alignments by way of various measures. We evaluated
the performance of ten available programs, based on ex-
perimentally determined structures of homologous RNA
molecules. In addition to structural measures (RMSD and
derivatives), we used sequence-based scores (e.g., SPS) as
measures of the accuracy of structural alignments. These
measures assess the similarity of the superposition-derived
sequence alignments returned by the benchmarked pro-
grams and reference alignments generated from manually-
curated covariance models from the Rfam database. More-
over, we look into the structural characteristics that account
for the differences in accuracy and identify the features that
may be important for the interpretation of a superposition
obtained with the benchmarked tools.

MATERIALS AND METHODS

A new method of superposition

We developed a new method, called SupeRNAlign, for flex-
ible pairwise superposition of RNA 3D structures. SupeR-
NAlign iteratively superimposes the RNA structures and
splits them into fragments to maximize the local fit. In this
work, we define a fragment of RNA 3D structure as a set of
at least four ribonucleotide residues, physically connected
with each other (covalently or non-covalently), which is
used as an independent unit of structural superposition. A
detailed illustration of SupeRNAlign workflow is presented
in Figure 1.

As an input, SupeRNAlign takes two RNA structures in
the PDB format (further called the ‘reference structure’ and
‘aligned structure’, respectively). The first superposition is
performed on the entire structure. SupeRNAlign may split
the aligned structure into fragments, using a special proce-
dure implemented in a software tool ClaRNet developed
in our laboratory (see the following section). Alternatively,
it can omit ClaRNet and use only the general procedure
described below, which is also used in all subsequent iter-
ations. According to our preliminary tests, SupeRNAlign
used with ClaRNet performed slightly better (Supplemen-
tary Table S5) and ultimately the benchmark presented in
this work provides results obtained for the variant, in which
the first division of the aligned structure into fragments is
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Figure 1. SupeRNAlign workflow. Optional steps are indicated with
dashed lines.

performed with ClaRNet, followed by the general proce-
dure (based on detection of close fits) in further iterations.
For difficult cases of superposition, we recommend testing
the use of SupeRNAlign with and without ClaRNet and
inspecting the outcome with respect to the biological rele-
vance of the structural correspondence as well as sequence
alignment. However, expert inspection of output is beyond
the scope of this work, which focuses on automated super-
position and alignment.

Rigid body superpositions are carried out by different
tools, depending on the size of fragments analyzed. The
original structures, as well as their fragments longer than
eight residues, are superimposed by an external tool: thus
far we developed interfaces for ARTS, SETTER, LaJolla,
R3D Align and SARA. Based on tests described in this
work we have ultimately selected R3D Align, because it
proved to score best among the tools for rigid-body super-

position tested in our benchmark. However, we included re-
sults for all these aligners coupled with SupeRNAlign in the
Supplementary Materials (Supplementary Figure S8). Su-
perposition of fragments shorter than nine residues (con-
tinuous or non-continuous) is done by a specialized tool
Smatch developed in our laboratory. A detailed description
of this tool is presented in our earlier work (25), Supple-
mentary Materials (Section 4). Briefly, Smatch iteratively in-
spects all possible rigid body transformations to structures
to find the one that results in a minimal RMSD value cal-
culated for P, C1’ and C4’ atoms. Since this task is com-
putationally very expensive, the search is optimized using
two improvements: guiding the search using alignments of
3-atom pivots and usage of k-dimensional trees data struc-
ture to obtain efficient geometric queries.

Based on the rigid-body superposition(s) obtained in a
given iteration, which takes into account the whole aligned
structure or all its substructures, a sequence alignment (re-
lation between residues from the two structures) is inferred
by pdb3aln––a tool described in the Scoring section, to-
gether with a sequence of distances (in Å) between the
aligned residues. Then, the distances are smoothed by a
moving average (window of five residues). Segments that
contain at least four residues superimposed below a given
threshold (median distance for the superposition or 5.5 Å,
whichever is lower), are ‘frozen’ and––since they are al-
ready well-aligned––excluded from further superpositions.
The remaining part of the aligned structure is split into ‘free’
fragments, separated in sequence by the ‘frozen’ regions. To
preserve the secondary structure, ‘free’ fragments (i.e., those
that remain to be superimposed) that share Watson–Crick-
paired residues are combined with each other. The sequence
alignment inferred from the superposition is used to deter-
mine the correspondence between fragments in the aligned
structure and the reference structure.

Each of the fragments that remain ‘free’ after an itera-
tion of structure superposition, splitting and freezing, are
selected for processing in a new iteration, namely each frag-
ment is superimposed on its counterpart from the refer-
ence structure, and potentially subjected to another round
of splitting and freezing. Successfully superimposed frag-
ments (or sub-fragments) of the aligned structure are frozen
and merged with fragments frozen in the earlier iteration(s).
When all the fragments have been processed, the global
alignment and the list of pairwise distances for all residues
are updated. After each iteration, the exit condition is
tested: if all residues have been frozen or the arrangement
of fragments has not changed since the last iteration, the
processing ends and structural superpositions and sequence
alignments are returned. A user can obtain the final solution
as well as all intermediate superpositions and correspond-
ing alignments––though this is not a default option.

To further improve the quality of sequence alignments
yielded by SupeRNAlign, we enabled its coupling with
T-Coffee (26), which uses structural alignment data pro-
duced by our program to generate a T-Coffee library
file––similarly to SARA-Coffee (13). The advantage of this
approach is that the two input structures are flexibly fitted
to each other, which improves the likelihood of identifying
the correct correspondence between homologous residues.
Using the T-Coffee requires generating a biologically rea-
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sonable sequence alignment, without relying solely on the
geometry of superposition, hence the combination of Su-
peRNAlign with T-Coffee is expected to generate better
sequence alignments than SupeRNAlign alone. We bench-
marked this method, called SupeRNAlign-Coffee or shortly
SA-Coffee, using T-Coffee with the R-Coffee mode.

Improved fragmentation of the input structure with ClaRNet

Optionally, just in the first iteration, SupeRNAlign may
use a dedicated procedure for splitting the aligned struc-
ture into fragments, which utilizes ClaRNet. The purpose
of this tool is to divide the 3D RNA structure into sub-
structures that are highly interconnected and relatively well
packed. Such structures are likely to be rather rigid even
if the entire structure undergoes conformational rearrange-
ments, such as movements of independently folded domains
with respect to each other. ClaRNet takes as an input a PDB
file and processes it using ModeRNA (27) to standardize
the names and numbering of residues; in particular mod-
ified residues are substituted with their unmodified coun-
terparts. Subsequently, it uses ClaRNA (28) to identify and
classify pairwise contacts between residues comprising the
structure. The interactions recognized by ClaRNA include
canonical and non-canonical base pairing, stacking, base-
phosphate and base-ribose interactions. The detected con-
tacts are then evaluated and those with a ClaRNA score
above a threshold of 0.6 are considered further. ClaRNA
also takes into account all covalent bonds between residues
adjacent in sequence. The RNA molecule at this point can
be represented as a graph, with residues as nodes and in-
teractions as edges (Supplementary Figure S1). Since the
purpose of the program is to break selected covalent bonds
between regions that are well connected, due to canoni-
cal base pairs and other interactions, the procedure assigns
variable weights to different types of edges: 0.5 for covalent
bonds, 2 for canonical base pairs and 1 for all other inter-
actions. The key step in the procedure is the identification
of the most densely connected clusters of residues using the
Markov Cluster Algorithm (29) with the inflation parame-
ter set to 1.3, which has been established by a trial and error
method. The final result is the division of the input struc-
ture into substructures; in the context of this work, these
substructures are passed to SupeRNAlign for further pro-
cessing, and can be subdivided further, based on the algo-
rithm described earlier. A full list of ClaRNet parameters is
provided in Supplementary Material (Supplementary Table
S6).

An example of superposition of two tRNA structures
by SupeRNAlign is presented in Figure 2. A more com-
plex example––a pair of 16S rRNA molecules (PDB codes:
1FJG and 2AW7) – is presented in Supplementary Figure
S5 (graph for 2AW7) and Supplementary Figure S6 (Su-
peRNAlign workflow). Initially, a global superposition of
the reference structure and aligned structure is performed.
At this stage, the aligned structure may optionally be di-
vided by ClaRNet into substructures (indicated by differ-
ent colors in Figure 2, panel A). Each of these fragments
is superimposed on its corresponding segment in the refer-
ence structure, with the correspondence defined by the ini-
tial alignment resulting from the first superposition. The se-

Figure 2. Graphical illustration of the SupeRNAlign workflow, using as
an example a pair of two tRNA(Asn) molecules (PDB code: 3KFU, ref-
erence structure shown in dark grey; and PDB code: 4WJ4, aligned struc-
ture shown in other colors). (A) First round: result of superposition of two
RNA structures treated as rigid bodies; the aligned structure is then an-
alyzed by ClaRNet and two substructures identified are colored blue and
orange. (B) Second round: result of independent superposition of two frag-
ments of the aligned structure identified by ClaRNet onto the correspond-
ing fragments of the reference structure; a fragment identified as ‘well su-
perimposed’ and frozen for further iterations is indicated in cyan, while
the remaining fragments will continue being subjected to superposition.
(C) Third round: result of superposition of fragments that remained ‘free’
after the previous iteration, an additional region in the CCA stem is found
to be ‘well superimposed’ and is colored in cyan, regions that remain above
the threshold of ‘good superposition’ remains shown in blue and orange
colors. (D) The final superposition, in which the single-stranded CCA ter-
minus (in the bottom left corner) is superimposed well and colored in cyan,
while the superposition of other ‘free’ fragments (now shown in gray) does
not improve according to SupeRNAlign; this superposition is used to gen-
erate the final sequence alignment.

ries of distances between corresponding residues (accord-
ing to the current alignment) in the reference and aligned
structures is smoothed to avoid excessive fragmentation of
the structure. Each of the distances is then compared to
the threshold value and the given pair of residues is clas-
sified as well-superimposed or poorly-superimposed. Well-
superimposed regions (indicated in cyan in Figure 2) are
‘frozen’ and excluded from further processing. The remain-
ing ‘free’ fragments are then subject to separate superpo-
sitions and the result is incorporated into a global super-
position. This procedure is repeated iteratively until either
all fragments are considered ‘well-superimposed’ or no im-
provement is observed.

Based on testing, ClaRNet yields statistically significant
improvement in alignments (Wilcoxon test results can be
found in Supplementary Table S5). As stated above, it con-
tributes to the alignment quality by detecting compact ele-
ments that may constitute potential structurally and evolu-
tionarily conserved domains. However, the deterioration of
mutual position of structural segments can be sometimes
observed for molecules, which exhibit different secondary
structures or in which the chain is interrupted. Therefore, we
advise to run the program in both modes, with and without
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Table 1. Programs analyzed in this work

Name Ref. URL (http://) Application type Language
SSU
rRNA5

LSU
rRNA6 Output data Algorithm

ARTS (17) bioinfo3d.cs.tau.ac.il/ARTS/
index.html

Standalone &
server

Compiled + + Two pdb files2 Structurally similar tuples
of P atoms

SARA (11) structure.uib.es/sara/ Standalone &
server

Python – – Single pdb file3 Unit-vector structural
representation

LaJolla (15) lajolla.sourceforge.net Standalone Java – – List of pdb files4 n-gram query-target
matching

R3D Align (18) rna.bgsu.edu/r3dalign/ Standalone &
server

MATLAB1 + + Single pdb file3 ‘Maximum-clique’

SETTER (20) setter.projekty.ms.mff.cuni.
cz

Standalone &
server

Compiled + + Rotation/
translation data

Generalized secondary
structure units

iPARTS (16) genome.cs.nthu.edu.tw/
iPARTS/

Server N/A – – Single .pdb file3 Discretized structural
alphabet

SARA-Coffee (14) tcoffee.crg.cat/apps/tcoffee/
do:saracoffee

Standalone &
server

Compiled – – Sequence alignment SARA + R-Coffee

Rclick (24) mspc.bii.a-star.edu.sg/
minhn/rclick.html

Server N/A + – Two .pdb files2 Clique matching, based on
CLICK

Supe RNAlign this work genesilico.pl/supernalign/ Standalone &
server

Python + + Single .pdb file3 Iterative superpositions of
structural fragments

Supe
RNAlign-Coffee

this work genesilico.pl/supernalign/ Standalone Python + + Sequence alignment SupeRNAlign + R-Coffee

1Can be executed under GNU Octave.
2Each output file contains one structure.
3The output file contains both superimposed structures.
4Each output file contains one structure; multiple superposition models are produced.
5Program did (‘+’) or did not align (‘–’) SSU rRNA structures in the specified time (12 h).
6Program did (‘+’) or did not align (‘–’) LSU rRNA structures in the specified time (12 h).

ClaRNet, analyze the superpositions visually and evaluate
the biological relevance of results obtained.

Benchmarked programs

From the available programs for RNA structure compar-
ison, we selected those that yield a superposition (either
PDB file(s) or rotation/translation data) and/or a sequence
alignment given two PDB files with single-chain RNA
structures. Therefore, DIAL could not be tested because it
did not meet these requirements (the Web server was avail-
able online, but in our hands it has not returned any results).
Likewise, PRIMOS, which was mentioned in the Introduc-
tion, is available neither as a downloadable program nor as
a Web server. Although RASS was available at the time of
writing this manuscript, in our hands it was unable to return
results for any of the pairs from the benchmarking set. We
have informed the authors of RASS and DIAL about the in-
ability to obtain results of our superpositions. According to
the authors’ responses, these problems could not be solved
in reasonable time, and hence both programs were excluded
from our comparison. Table 1 presents the tools included in
the benchmark with a list of algorithms employed by each
of them. Eight of them are available as standalone applica-
tions, running on Linux and usually also on MS Windows
(especially those written in multi-platform languages, like
Python or Java). Two tools (iPARTS and Rclick) are avail-
able only as Web servers; in these cases, we wrote scripts for
parsing results directly from the respective websites of the
servers. R3D Align, SARA-Coffee, and SupeRNAlign are
available both as standalone tools and as Web servers.

Benchmarking set

We created groups of homologous and non-redundant
RNA structures, using two datasets: Rfam (30) and RNA
3D Hub (31). Two RNA structures were considered ho-
mologous if and only if their sequences belong to the same

Rfam family, and non-redundant if they are not members
of one class at the given resolution cut-off in RNA 3D Hub.

First, we downloaded a full set of RNA 3D structure
classes defined in RNA 3D Hub version 1.89 at a resolu-
tion cut-off of 4.0 Å. We used a dataset with reduced redun-
dancy to retain only biologically relevant variation among
the RNAs analyzed and to ignore variation due to different
experimental conditions. Then, for each PDB code repre-
sentative of a class, we downloaded the corresponding PDB
file from the PDB (32). From a total of 876 classes, we se-
lected only those which could be used for the purpose of
this benchmark; i.e., were not a sole structurally character-
ized member of an RNA family. All RNA sequences (after
replacing modified residues with their unmodified counter-
parts with ModeRNA) within each PDB file were extracted
using ModeRNA libraries (27). Identical sequences within
one PDB file were removed, and for each RNA sequence, a
Rfam family was matched using cmscan from the Infernal
1.0.2 package (33) on Rfam covariance models. In the case
of multiple matches, the family with a longer matching re-
gion or broader definition was assigned. Multiple sequences
within one Rfam family were aligned with Infernal’s cma-
lign and the resulting alignments were considered as true
references. In the case of 16S rRNA, we manually searched
for all non-redundant structures at http://www.rcsb.org and
aligned their sequences using SSU-ALIGN (http://eddylab.
org/software/ssu-align/). In the case of the large ribosomal
subunit RNA (LSU rRNA), we used the alignment from
the Comparative RNA Web database (34), to which we
aligned sequences corresponding to compared rRNA struc-
tures with MAFFT (35) (option ‘–add’).

Programming tools

The scripts used in this benchmark were written in Python
(data collection) and R (statistical analysis and visual-
ization). A 64-bit virtual machine with Ubuntu 14.04

http://bioinfo3d.cs.tau.ac.il/ARTS/index.html
http://structure.uib.es/sara/
http://lajolla.sourceforge.net
http://rna.bgsu.edu/r3dalign/
http://setter.projekty.ms.mff.cuni.cz
http://genome.cs.nthu.edu.tw/iPARTS/
http://tcoffee.crg.cat/apps/tcoffee/do:saracoffee
http://mspc.bii.a-star.edu.sg/minhn/rclick.html
http://genesilico.pl/supernalign/
http://genesilico.pl/supernalign/
http://www.rcsb.org
http://eddylab.org/software/ssu-align/
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(GNU/Linux 4.4.0-62) onboard and Python 2.7.6 and R
3.2.3 installed was employed to run the benchmark. For
the processing of PDB files, Biopython 1.65 (36) and Mod-
eRNA 1.7.1 Python libraries were used.

Scoring

To assess the accuracy of superpositions performed by the
benchmarked programs, we used three independent mea-
sures of similarity.

Alignment-based root-mean-square deviation (RMSD)
measures the mean structural deviation based on the ref-
erence alignment, and therefore is independent of the se-
quence alignment inferred from the superposition. It is a
root mean square deviation of distances between residues
aligned in the reference alignments. We chose the phos-
phorus (P) atoms as a reference point for each nucleotide
residue. Though RMSD is often used, simple changes in a
short stem-loop (due to flexibility) can lead to large RMSD
values, because this measure is dominated by the amplitude
of the deviation from the reference. On the other hand, er-
rors in the backbone can appear negligible because the am-
plitude of the misorientation is small (37). Therefore, other
measures of RNA similarity should also be considered.

Sum-of-pairs score (SPS) is dependent on the sequence
alignments generated from 3D superpositions; i.e., it mea-
sures the quality of sequence alignments obtained from 3D
superpositions, as compared to the reference ones (38). SPS
was used in previous benchmarks (39,40) and yields a nor-
malized similarity between two alignments (from 0 for com-
pletely distinct alignments to 1 for identical alignments), it-
erating over columns and scoring each column that is iden-
tical in both alignments. SPS counts the correctly aligned
residue pairs and is commonly used in assessing the perfor-
mance of multiple sequence alignment algorithms. Here, as
the references, we used sequence alignments based on co-
variance models for RNA families deposited in the Rfam
database (30). Given a pair of the test and reference se-
quence alignment, we calculated sum-of-pairs score (SPS)
(41).

Another score, 3SP (Secondary Structure Sum of Pairs)
(42), is similar to SPS in that it calculates the number of
pairs matching the reference alignment, but also secondary
structure of the aligned RNAs is taken into account: the
alignment is penalized for each Watson-Crick pair in the
second structure not matching a pair in the first struc-
ture (i.e., paired residues not aligned together). In this case,
X3DNA (43) was used to determine secondary structures.

Sequence alignments were inferred from superimposed
structures using the pdb3aln software tool developed in our
laboratory (available as a part of the SupeRNAlign soft-
ware package), based on a modified Smith-Waterman algo-
rithm. In pdb3aln, the penalty is calculated as the recipro-
cal of the distance between each pair of residues from both
RNA structures. R3D Align returns not only a global struc-
tural superposition, but also a sequence alignment gener-
ated from local superpositions. These sequence alignments
were included in the comparison and the results obtained
were indicated as R3D Align* (with an asterisk).

Analysis

Within each RNA family, pairwise superpositions were
made for all structures. For each superposition, we inferred
a pairwise sequence alignment and calculated its deviation
from the reference alignment. To reduce the overrepresen-
tation of superpositions of structures from large families
and to avoid the risk that a program would achieve a high
overall score, making accurate superpositions just for one
large family, median scores for the families were calculated
for each program analyzed. For these median scores, ex-
ploratory analysis of distributions (calculation of variances
and quartiles) was performed. Wilcoxon test was used to
compare overall scores for all programs in our benchmark
and to establish whether the differences between their per-
formance were statistically significant.

RESULTS

To assess the performance of the ten programs listed in Ta-
ble 1, we tested them on a non-redundant set of pairs of 3D
structures of homologous RNA molecules. With 151 struc-
tures from 32 families, 1734 pairwise superpositions were
examined (Supplementary Table S1). Due to the technical
limitations, some programs failed to align some of the struc-
tures (for instance, only SETTER, ARTS, R3D Align, Su-
peRNAlign and SupeRNAlign-Coffee were able to process
LSU rRNAs).

Although structural superposition is commonly used in
comparing evolutionarily related RNA molecules, there is
no gold standard of assessment of the superposition al-
gorithms. For this reason, in addition to the commonly
used root-mean-square deviation (RMSD; calculated for P
atoms), we also used the Sum-of-Pairs Score (SPS) to mea-
sure the ability to reconstruct the reference sequence align-
ments of the homologous molecules (39,40). A high SPS
and a low alignment-based RMSD correspond to accurate
superpositions. In the test set, they negatively correlate with
each other across all calculations (Spearman’s rank correla-
tion coefficient, � , of -0.83, P-value < 0.01).

In terms of SPS measure in both structure and sequence-
based methods, our programs scored best with SPS 0.82
and 0.84, respectively for SupeRNAlign and SupeRNAlign-
Coffee. Similarly, as measured by 3SP, SupeRNAlign and
SupeRNAlign-Coffee scored 0.81 and 0.84, respectively (see
Supplementary Table S1 and Figure 3). For structure-based
methods, reference alignment-based RMSD was used to
evaluate the quality of superposition. According to the en-
tire benchmarked structures set, SupeRNAlign and R3D
Align scored best with median RMSD 4.23 and 4.51.

To avoid introducing bias resulting from the differences
between the sample sizes of RNA family groups (in par-
ticular for the very large group of tRNA structures), for
each program, apart from one median score, we calcu-
lated medians of scores obtained for pairs belonging to one
RNA family. Median scores for the benchmarked programs
within each RNA familiy are shown in Figure 4 and Sup-
plementary Table S1 (according to SPS score) and Sup-
plementary Table S2 (according to 3SP score). Among the
structure-based methods, the alignments returned by Su-
peRNAlign and R3D Align yielded the best score according
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Figure 3. A comparison of the accuracy of benchmarked methods. These boxplots show the distribution of scores (A, sum-of-pairs; B, RMSD (in Å, shown
in logarithmic scale) obtained by the RNA superposition methods. Boxes mark quartiles (Q1, median, Q3); whiskers stretch from 1st to 99th percentile;
outliers are shown as dots.

to the SPS metrics with median SPS 0.76 and 0.70, respec-
tively. Among sequence-based methods, SARA-Coffee and
SupeRNAlign-Coffee scored best with SPS 0.79 and 0.74 re-
spectively. According to the median RMSD calculated for
benchmarked RNA families, SupeRNAlign performed bet-
ter than other structure-based methods with RMSD 4.76.

Some differences in the programs’ performance may also
be noted for particular RNA families. While most of the
algorithms scored well (with an SPS above 0.9) for su-
perpositions within AdoCbl variant RNA (RF01689), hi-
stone 3′ UTR stem–loop (RF00032), lysine riboswitches
(RF00168), and purine riboswitches (RF00167), they failed
to produce accurate superpositions (aligning accurately at
least 50% of the residues) for the hepatitis delta virus ri-
bozyme (RF00094) U6 spliceosomal RNA (RF00026) and
glycine riboswitch (RF00504). One reason for those dis-
crepancies might be the difference in structure sizes. For
instance, the difference in structure sizes for the lysine ri-
boswitch (RF00168) is 7%, whilst in case of the glycine
riboswitch (RF00504) structures obtained from the PDB
database, the size differences are up to 94% (one of the
structures––3OWW––contains only the glycine-sensing do-
main). Another possible reason is the identity of the com-
pared sequences. In the families where the mean sequence
identity is low, there is a visible drop in the performance
of benchmarked programs; e.g. in the representatives of
cyclic di-GMP-I riboswitch family (RF01051) the mean se-
quence identity is 65%, and in hepatitis delta virus ribozyme
(RF00094) the mean identity is 29%. The median scores for
each family are shown in Figure 4.

As can be deduced from the average scores for different
RNA families, the superposition accuracies of the meth-

ods correlate with each other over the sets of structures
(Supplementary Figure S4). Spearman’s correlation coeffi-
cients for the pairwise comparisons among the programs
are highest between R3D Align and SupeRNAlign (ρ =
0.91) and Rclick and LaJolla (ρ = 0.92). One possible rea-
son is that these programs use rather similar algorithms. For
R3D Align and SupeRNAlign the relationship is obvious,
since SupeRNAlign is based on superpositions generated
with R3D Align. However, Rclick uses different underlying
principles than the LaJolla algorithm.

To statistically evaluate the prediction accuracy of a
method compared to another, scores obtained with each
method were compared against each other using the paired
Wilcoxon test. To compensate for errors resulting from mul-
tiple comparisons, FDR correction was used (44). For those
comparisons with p-values larger than 0.01, the bench-
mark fails to demonstrate that there is a significant dif-
ference in superposition accuracies between the two meth-
ods with a low Type I error. Results of the test show that
SupeRNAlign-Coffee scores significantly better than all
programs except SARA-Coffee in terms of SPS (Supple-
mentary Table S3). For RMSD, SupeRNAlign scores sig-
nificantly better than other programs (Supplementary Table
S4).

We measured the computation times for one representa-
tive structure from each of the analyzed families and com-
pared the performance of benchmarked programs (Supple-
mentary Figure S7). Since SupeRNAlign requires multiple
superpositions, it is obvious that its running time is longer
compared to other programs.
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Figure 4. A comparison of the accuracy of benchmarked methods within RNA families. The plots show scores (A, sum-of-pairs; B, RMSD (in Å,
logarithmic scale) obtained by the benchmarked programs for each RNA family. Each symbol represents the median value of score for the particular
family––different programs are marked with colors and symbols. SupeRNAlign and SupeRNAlign-Coffee are denoted in black. The families where either
SupeRNAlign or SupeRNAlign-Coffee performed best are marked with red dots. The families are sorted alphabetically, and this sorting order is consistent
with the order in the tables to facilitate comparison of results.

DISCUSSION

We have developed a structural superposition tool for RNA
molecules, SupeRNAlign, which combines global superpo-
sition with the detection of fragments that can be super-
imposed locally. As a measure of accuracy of the resulting
superpositions, the SPS measure was used, calculated for
the sequence alignments generated from the superimposed
structures, with respective alignments from Rfam as refer-
ences. The principle underlying this approach was that a
good superposition should yield a sequence alignment that
agrees well with the curated alignment that takes into ac-
count conservation in the whole RNA family. Additionally,
RMSD was used to give insight into the accuracy of super-
positions generated by different programs.

In general, most of the benchmarked programs scored
equally well in certain categories (no statistically sig-
nificant differences in the overall score); however, there

were clear differences in their performance within sev-
eral RNA families. From the detailed results (Figure 4
and Supplementary Table S1), one can conclude that, for
example, SupeRNAlign-Coffee scored much better than
other tools for group II intron domain 5 (RF00029),
with a median SPS score of 1.0, while SupeRNAlign
outperformed other programs in superimposing transfer-
messenger RNAs (RF00023) with a median SPS score of
0.95. Moreover, some programs could not cope with some
of the structures, either failing to do the superposition (be-
cause of the large chain length) or yielding unsatisfactory
results. Some factors––like running speed––were not taken
into account in this benchmark, but for some users they may
play an important role, for instance when superimposing
very large structures. To superimpose two or more RNA
structures with the best results, it would be beneficial to
compare the results of several programs to avoid local er-
rors, and––if necessary––to re-align the structures with re-
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spect to conserved regions. Such amendments can be cur-
rently done only by human experts, which makes such an
exercise beyond the scope of our analysis. Nonetheless, our
tools can be of course used as part of a manually-amended
superposition.

Benchmarks of SupeRNAlign against other methods
showed, on average, that the most accurate results are
achieved when the algorithm can detect small conforma-
tional changes between the structures. Typically, hinge
points in multibranch loops are regions where small con-
formational changes can yield drastic differences in RMSD,
even though the overall topology is essentially unchanged.
Permitting a greater flexibility in conformations within the
superposition algorithm allows some level of better meld-
ing of the reference structure with the target structure. As
these benchmarks have shown, the strength of our approach
is evident, especially when aligning similar structures with
minor structural discrepancies, which cannot be optimally
aligned as rigid bodies; like the comparison of domain 5
structures from two group II introns: 1R2P A and 2F88 A,
where SupeRNAlign scored higher than other methods
available.

SupeRNAlign can be very useful in applications that de-
mand consideration of comparative structure analysis and
sequence alignment, and which have to deal with confor-
mational rearrangements in RNA structures. The poten-
tial uses of SupeRNAlign include evolutionary analyses
(e.g.,detection of conserved substructures between remotely
related RNA structures that combine well-alignable and
poorly-alignable fragments), preparation of structures to be
used as templates in multiple-template comparative model-
ing, and clustering of structure predictions obtained with
different modeling methods or for different homologous se-
quences. In particular, as demonstrated in this work, flexi-
ble superpositions obtained with SupeRNAlign often have
lower RMSDs than the best superpositions that can be ob-
tained by rigid body fitting. As a result, a higher fraction
of homologous residues is superimposed well and can be
used for identifying a structurally conserved core, which can
be confidently modeled by a template-based (comparative)
modeling method. On the other hand, structural elements
that cannot be superimposed even at the level of fragments
indicate evolutionary variation and suggest that an expert
modeler should either select just one structural template for
modeling of a given region or consider folding the given re-
gion in a template-free mode. In the long-run, the practi-
cal utility of SupeRNAlign can be tested, and possibly new
uses can be invented in the framework of community-wide
experiments such as RNA Puzzles (45,46).

AVAILABILITY

SupeRNAlign is written in Python and is available for
download and installation as a standalone tool (from
https://bitbucket.org/cosi1/supernalign) or can be accessed
through the Web server at http://genesilico.pl/supernalign/.
This website is free and open to all users and there is no
login requirement.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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