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Abstract
A new and emerging paradigm in molecular biology is revealing that RNA is implicated in nearly
every aspect of the metabolism in the cell. To enhance our understanding of the function of these
RNA molecules in the cell, it is essential that we have a complete understanding of their higher-
order structures. While many computational tools have been developed to predict and analyse
these higher-order RNA structures, few are able to visualize them for analytical purposes. In this
paper, we present an interactive visualization tool of the secondary structure of RNA, named
RNA2DMap. This program enables multiple-dimensions of information about RNA structure to
be selected, customized and displayed to visually identify patterns and relationships. RNA2DMap
facilitates the comparative analysis and understanding of RNAs that cannot be readily obtained
with other graphical or text output from computer programs. Three use cases are presented to
illustrate how RNA2DMap aids structural analysis.
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I. INTRODUCTION
RNA structure, function, and evolution are studied with experimental and computational
methods. Comparative analysis, one of the computational methods, has been used to
determine an RNA’s higher-order structure with high accuracy and detail, principles of RNA
structure, and the evolution of RNA and phylogenetic relationships. This analysis is
dependent on the number and diversity of the RNA sequences and high-resolution crystal
structures within any given RNA family, and the sophistication of the computational system
to analyse the data. Information related to RNA sequences is usually stored within a
database or in text files with specific formats. We have developed rCAD – RNA
Comparative Analysis Database that utilizes the Microsoft SQL-server to organize,
manipulate, and analyse these multiple dimensions of information [1] [2]. rCAD is the
foundation used to effectively create inter-relationships between multiple types of
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information. However, from these patterns, biases and relationships in rCAD’s data, we are
unable to synthesize all of this knowledge into a complete understanding of RNA’s
structure, function, and evolution..

While most computational approaches are developed based on data mining and algorithmic
approaches to understand the structure and functions of RNA molecules, visual analytic
approaches can provide insights from the data. The secondary structure diagram of RNA is
routinely used to visualize the base pairs, helices, and structural motifs of the RNA’s higher-
order structure. It is the reference point for discussion and analysis of sequence alignments,
high-resolution crystal structures, and evolutionary relationships. Many RNA scientists map
their experimental data and other relevant information onto these diagrams. However this is
usually done on a figure in a published paper, not as an interactive graphics display.

Our goal is to create a new and novel application to allow researchers to dynamically
navigate through this myriad of multiple dimensions of information. RNA2DMap, the focus
of this paper, is a new foundation for the dynamic visual presentation of the growing number
of data types that will enhance our knowledge of RNA structure, folding, and its evolution.
RNA2DMap is akin to the Macroscope, an abstract computational system to facilitate an
understanding of a complex system from all of its components, both physical and temporal.
RNA2DMap is available at
http://www.rna.ccbb.utexas.edu/SAE/2A/RNA2DMap/index.php, part of Comparative RNA
Web (CRW) Site [3].

II. BACKGROUND AND RELATED WORK
The initial attempts to visualize RNA secondary structure focused on the automatic drawing
algorithms to generate aesthetically pleasing secondary structure diagrams with very limited
overlap of strands and interactions [4] [5] [6]. A radial drawing algorithm was implemented
in RNAViz which draws each helix and base in a multi-loop at regular angular distances [7].
JViz, includes multiple drawing algorithms such as linear linked graph [8], circular
representation and RNA dot plot [9]. RNA View is one of the first applications that displays
the tertiary interactions with RNA secondary structure [10]. Pseudo Viewer is a tool for
visualizing RNA secondary structure with Pseudoknots, a special type of structure motifs.
Pseudo Viewer can efficiently visualize a large RNA sequence with any type of pseudoknot
as a compact planar drawing. Pseudo Viewer claims to be 10 times faster than the previous
algorithm and produces a more aesthetic structure [11].

Recent developments add features such as interactive editing, annotation, and comparison
among a set of RNA secondary structures. RNAMovies is a system for visualizing multiple
sets of secondary structure data and creates an interpolated animation of the data [12].
RNAMovies is primarily used to show RNA secondary structure spaces for evaluating
different secondary structure predictions. One of the commonly used tools is XRNA, an
open source tool to create, annotate and display secondary diagrams of RNA sequences [13].
This software tool is designed as a user interface to create new or edit existing secondary
structures in a special format and is limited in its capabilities to create visual representations
of the data and to adapt to applications in analysis. A more recent visualization tool for RNA
secondary structure is VARNA. This tool draws a RNA secondary structure automatically
from a few different RNA structure file formats. VARNA implements four different drawing
algorithms in Java [14]. The primary feature for VARNA is for the biologists to interactively
edit and annotated secondary structures and can output visualization as static images.
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III. VISUALIZATION IMPLEMENTATIONS AND FEATURES
A. Main interface and basic interactions

The main application interface of RNA2DMap (Fig. 1) consists of two groups: control
panels on the left side and the main visualization on the right.

The control panel is further divided into three parts, (1) a molecule selector, (2) nucleotide
information, and (3) display options. Different RNA molecule can be selected with the
molecule selector. Panel 2 reveals available sequence and structure information for the
nucleotides selected by left-click and/or hovered by the mouse cursor. Panel 3 provides
options for different views which will be discussed in details in subsequent sections.

The main visualization panel at the right is composed of three parts, (4) the structure toolbar,
(5) the main visualization window – Structure Navigator, and (6) the saved position toolbar.
The structure toolbar at the top contains options, to change the size of the secondary
structure (zoom controls), to print current view or the entire secondary structure, to locate
nucleotides by position number, to present all positions and their base pair partner if they
form a secondary or tertiary interaction and the conservation values for each position in a
table. The saved position toolbar at the bottom lists those positions that have been selected,
by double-clicking on the nucleotide or entering the position number on the bottom right, to
be saved in their current state (e.g. RNA distance coloring).

B. Secondary Structure view
Currently the 5S, 16S, and 23S rRNA secondary structure diagrams for the high resolution
three-dimensional crystal structures (Thermus thermophiles (16S) and Haloarcula
marismortui (5S and 23S)) and the comparative structure models (Escherichia coli) are
available. In the future, many more RNA families will be included. The RNA2DMap
utilizes the coordinates for an RNA’s secondary structure diagram and maps them within the
main visualization window. The visualization can be zoomed in to show details or zoomed
out to show an overview of the entire structure with a sliding bar located at the top of the
screen to increase or decrease the zoom values. Users can also drag the white space of the
visualization to move the current view.

The Display Options panel has two tabs – “Data Sets” and “Structure” (Fig. 2). The
graphical format of the nucleotides and base pairs are modified in the “Structure” section.
The base pairs symbol by default reveals the conformation, as defined by the Lee & Gutell
nomenclature [15]. The symbol and color for each conformation is shown with different
glyphs. The legend is in the Display Options panel (Figure 2). The tertiary interactions can
be displayed or hidden. The position numbers for the crystal structure and the equivalent
Escherichia coli (the typical reference species) positions can also be shown (or hidden) with
tic marks every ten positions and numbers displayed every 50.

C. Visualization of additional information
The “data set” tab in the display options panel includes six types of information: 1) the
physical three dimensional distances between the selected nucleotide and all other
nucleotides in the RNA molecule, 2) the conservation values for every nucleotide, 3) coaxial
stacking of helices, 4) the base pair types, 5) the conformation of the base pairs, and 6)
secondary structure motifs.

Highlighting base pairing, conformation and motif—To simultaneously render both
types of base pair group and types of conformation, RNA2DMap uses a glyph based
visualization technique, a two-colored nested circle representation;the color of the outer
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circle reveals the base pair type while the color of inner circle is for the base pair’s
conformation (Fig. 3). Structural motifs are categorized based on their unique arrangement
of base pair types and conformations with unpaired nucleotides. Five different structural
motifs, displayed with large colored nucleotide circles are shown in Fig. 3. The sizes of
colored circles for motifs are larger than those used for base pair groups. Therefore, users
can select multiple base pair groups, different types of conformations and motifs at the same
time. The color used for any of the circle rendering can be customized to emphasize the
desired pattern.

Showing distance values in three dimensional space—RNA2DMap can also show
the distance values between nucleotides based on their position in crystal structure (Fig. 4 -
left). The distance values between zero and the user specified upper limit value are mapped
to a continuous color map ranging from black to green where black color indicates the
smallest distance values and the green color indicates the largest distance values.

Highlighting conservation values—The extent of nucleotide conservation and
variation is determined with a modified Shannon equation [16]. These conservation values
are associated with the colors red and different shades of black and gray. Positions that are
invariant have a conservation value of 2. Lower values indicate greater variation. Positions
with values of 1.9 or greater are shown in red. Positions with values immediately below 1.9
are black. The density of the black decreases with lower conservation values (ie. greater
variation). Fig. 4 - right reveals the extent and locations of highly conserved to highly
variable regions of the RNA.

IV. EXEMPLAR USER SCENARIOS
A. Explore base pair types and conformation types

A total of 16 base pair types are possible. And each base pair type can form approximately
15 different conformations. The frequency of each base pair type, the conformations
associated with each base pair type, and their proximity with one another are diagnostic of
the type of structural motif they might be associated with and is fundamental to an RNAs
higher-order structure. Visualizing the frequency and organization of the base pair types and
their conformations is a very effective means to identify patterns that have been
characterized and to discover new patterns that could be a new motif or a variation of an
existing motif.

The most frequent base pair groups (G:C, A:U, and G:U) and conformations (Watson-Crick
(WC) and Wobble (Wb)), and the least frequent base pair types (G:G, G:A, A:A, A:C, C:C,
C:U, and U:U) and conformations (nearly 40 in total) are shown in Figures 5A and 5B
respectively. As expected, the vast majority of the most frequent base pair types and
conformations occur within the regular secondary structure helices although a few of these
base pairs occur outside of the regular helix (Fig 5A). In contrast the vast majority of the
least frequent base pair groups and conformations occur outside of the secondary structure
helix (Fig 5B). Within this latter group, the most common of the least frequent base pair
types is A:G, and the most common of the least frequent conformations is sheared (S). The
majority of the A:G base pairs have the sheared conformation. These usually occur
immediately adjacent to the end of a secondary structure helix. A previous study revealed
that the A:G base pairs at the end of a helix frequently change to A:A base pairs. These A:A
base pairs usually form the same sheared conformation [17]. However, there are some
exceptions where two consecutive A:G base pairs occur in the middle of the helix. This
observation of tandem A:G pairs within a secondary structure helix is consistent with
previous analysis [18].
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B. Nucleotides within structure motifs form tertiary interactions
While comparative analysis accurately predicted the secondary structure for numerous
RNAs, including the 5S, 16S, and 23S rRNAs [19], the high-resolution three-dimensional
structures for the 30S and 50S ribosomal subunits determined with X-ray crystallography
substantiated the comparative structure model for the rRNAs and identified the tertiary
interactions that are drawn on our Thermus thermophiles 16S rRNA and Haloarcula
marismortui 23S and 5S rRNA secondary structure diagrams [20] [21].

One of the grand challenges in biology is to accurately predict an RNAs secondary and
three-dimensional structure. To achieve this very ambitious goal, an understanding of the
fundamental rules that influence the correct folding of RNA is essential. The identification
and characterization of a few structural motifs, including the tetraloop [22], lone-pair triloop
[23], and UAA/GAN [24] all contain specific bases that have a preponderance to hydrogen
bond to another base or the sugar-phosphate backbone of the RNA molecule.

Fig. 6 reveals a region of the 23S rRNA that has four examples of these three motifs - two
UAA/GAN (reddish orange), one tetraloop (purple), and one lone-pair tri-loop (pink). The
tertiary interactions that form base pairs or base-backbone bonding with nucleotides within
these motifs are emphasized with a thicker line to distinguish them from the other tertiary
structure interactions.

C. Investigation of non-base pairing constraints
While the strongest covariation scores for two nucleotide positions indicate a base pair,
weaker but still statistically significant covariation scores have been observed for clusters of
nucleotides. Our previous analysis of tRNA reveals that the positions involved in these
associations are in proximity in the three-dimensional structure of tRNA or between two
regions of the tRNA that are involved in a specific function during protein synthesis [25]
[26]. Our more recent analysis of 16S rRNA reveals several regions of the rRNA secondary
structure that have these clusterings of weaker covariation scores (also called neighbour
effects). Fig. 7 reveals the nucleotides that are part of a network of weak covariations. Three
sets of covariations are not immediately adjacent with one another on the secondary
structure diagram. These shaded regions in Fig. 7 were evaluated with the RNA distance
option in RNA2DMap to determine their absolute physical distance based on the coordinates
in the high-resolution crystal structure of the T. thermophiles 16S rRNA. All three sets of
nucleotides are within hydrogen bonding distance, suggesting that these nucleotides might
form a base pair or are sufficiently close in three-dimensional space to have structural
constraints with the other nucleotides in these clusters of neighbour effects. This observation
with RNA2DMap increases our confidence that these neighbour effects are true structural
constraints and demonstrates nucleotides that do not form a base pair can influence the
evolution of other nucleotides that are physically close with one another.

V. CONCLUSIONS
In this paper, we present RNA2DMap, an interactive tool for visualizing multiple types of
information on an RNA secondary structure. The primary visualization is based on the
standard RNA secondary structure diagram. Nested circles with different colors were used to
reveal multiple dimensions of information, including base pair types, base pair
conformations, conservation values of RNA sequences, and the physical three-dimensional
distances between the selected nucleotide and all other nucleotides. RNA2DMap has the
flexibility to show different combinations of information on the RNA secondary structure.
We demonstrate three use cases. The first reveals the frequency and organization of the
different base pair types and their conformations. The second reveals tertiary interactions
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associated with a few of the structural motifs. The third utilizes the RNA distance function
to determine if different sets of positions with a weak covariation are sufficiently close in
three-dimensional space to either form a base pair or affect the spatial constraints of the
nucleotides on other nucleotides in this local region of the RNA structure. RNA2DMap can
be adapted to work with any secondary structure diagram generated with other programs.
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Figure 1.
Overview of the RNA2DMap interface.
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Figure 2.
Highlighting the selected base pair groups and their conformations.
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Figure 3.
Five motif types are highlighted in different colors.
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Figure 4.
(left) 3D distances are highlighted with a color map; (right) The conservation view of the
16S rRNA secondary structure.
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Figure 5.
A (Top). Most frequent base pair groups and conformations. B (Bottom). Least frequent
base pair groups and conformations (see text).
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Figure 6.
Tertiary interactions between nucleotides in the tetraloop, lone-pair tri-loop, and the UAA/
GAN motifs and its partner are drawn with a thicker line in RNA2DMap. Blue lines for
base-base interactions and green lines for base-backbone interactions.
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Figure 7.
The secondary structural map of T. thermophilus 16S rRNA highlights all neighbor effects
(red lines connecting nucleotides).
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