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Abstract

Biological data of all kinds is proliferating at an incredible
rate. If humans attempt to read such data in the form of
numbers and letters, they will take in the information at
a snail’s pace. If the information is rendered graphically,
however, human analysts can assimilate it and gain insight
at a much faster rate.
RNA fundamentals, standard visualization methods
(string, bracket dot, dot plot, mountain representation) and
software tools which adopt these are presented in this pa-
per. There is no RNA visualization showing all interesting
information about RNA structures just as there is no soft-
ware tool which provides all required RNA standard rep-
resentations. Features and main drawbacks are discussed
in this paper.
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1 Introduction to Nucleic Acids

The DNA molecule, as the primary repository of genetic
information in living systems, is constrained to be stable
and predictably structured. RNA differs little from DNA
in chemical terms, but by contrast contrives to exhibit
remarkable conformational flexibility and functional
versatility. The past few decades of intensive research
have revealed, for example, that RNA physically conveys
and interprets the genetic blueprint of every living cell;
it performs essential structural roles in a number of
molecular machines; its ability to form transient duplexes
allows it to work as a switch; and it is likely to work
as an essential catalyst in several biologically important
reactions.

DNA is the basic hereditary material in all cells and
contains all the information necessary to make proteins.
DNA is a linear polymer that is made up of nucleotide u-
nits. The nucleotide unit consists of a base, a deoxyribose
sugar, and a phosphate. There are four types of bases:
adenine (A), thymine (T), guanine (G), and cytosine (C).
Each base is connected to a sugar via a glycosyl linkage.
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Figure 1:Bases that are found in DNA and RNA. Figures from [7].

In normal DNA, the bases form pairs: A to T and G to
C. This is called complementarity. A duplex of DNA is
formed by two complementary chains that are arranged in
an anti-parallel manner.
DNA serves as the template for the synthesis of RNA.
RNA is a polymer that contains ribose rather than de-
oxyribose sugars. The normal base composition is made
up of guanine, adenine, cytosine, and uracil. See Figure 1.

RNA is the mobile form of genetic information, it
is single stranded and can form complex and unusual
shapes. The code is produced from one strand of the DNA
by a process called ”transcription”. This produces mRNA
which then is sent out of the nucleus where the message is
translated into proteins.

There are several types of RNA, perhaps more than we
are aware of. The synthesis of protein involves messenger
RNA (mRNA), transfer RNA(tRNA), and ribosomal RNA
(rRNA), which are independent of each other and have d-
ifferent tasks to perform:

� The transfer RNA selects the amino acids.

� The messenger RNA dictates the order in which they
are sequenced.



� The ribosome, which contains ribosomal RNA com-
bined with protein, carries out the attaching process.

RNA molecules form a structure of helical regions in-
terspersed with single stranded areas. This structure is
important in the function of these molecules, and its un-
derstanding has already contributed to the understanding
of processes such as the splicing of group I and group II
introns, the functional role of rRNA in protein synthesis
and the function of RNase P [2]. In the case of rRNA, sec-
ondary structure features can be helpful to fine-tune the
alignment of sequences for phylogenetic studies. The sec-
ondary structure of RNA molecules can be studied using
experimental, thermodynamical and comparative method-
s. Programs that calculate the most thermodynamically
favorable structure such as mfold [6] produce connection
data: a list of bases and of numbers indicating secondary
structure interactions. In DCSE [13] the structural infor-
mation is incorporated in the alignment by interspersing
the sequence with special symbols denoting the start and
end of structural features. A special ”helix numbering
line” contains the names for the helix strands, and indi-
cates which are complementary. Although these forms of
structural information are very useful, they cannot be used
for publications as they are difficult to evaluate. Since the
classical 2D drawing of the secondary structure is easier
to grasp and more aesthetically pleasing, it is the preferred
visualization for publications.

2 RNA and Standard-
Representation Fundamentals

RNA is transcribed (or synthesized) in cells as single s-
trands of (ribose) nucleic acids. However, these sequences
are not simply long strands of nucleotides. Rather, intra-
strand base pairing will produce structure motives. See
Figure 2.
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Figure 2:RNA sequence secondary representation. Created using the
Vienna RNA Web Server based on ViennaRNA-1.5 [4].

The structure formation process of RNA can conceptu-
ally be partitioned into two consecutive stages. First, the
specific sequence (the string of bases) or primary struc-
ture, is transformed into a pattern of complementary base
pairings called the secondary structure. Second the sec-
ondary structure distorts, to form a three dimensional spa-
tial structure or tertiary structure. It is hard to solve the
structure prediction problem for RNA structures since the
number of degrees of freedom of the RNA chain is very
high.

2.1 String Representation

This is the simplest representation, it gives only infor-
mation about the sequence of adenine (A), uracil (U),
guanine (G), and cytosine (C). Adjacent letters mean that
there is a connection between the two bases. No further
information about base pairs or folding is provided, it
shows the RNA sequence in its initial form, as a single
strand.

Sequence in string representation:

AACGAUCGUACGUCGAUUAAAACGUAGCGUGCUGCUACCUGACAGUCAUUUCGAGAUUUGAUUUGU

2.2 Bracket Dot Representation

Bracket Representation: is a string of parenthesis and
dots of length n. A base-pair between nucleotides i and j
is indicated by an open bracket’(’) at position i and a
close bracket’)’ at position j. Unpaired nucleotides are
indicated with a dot’.’.

Sequence and structure in bracket dot notation:

AACGAUCGUACGUCGAUUAAAACGUAGCGUGCUGCUACC
...(((((.....))))).....(((((.....))))).

2.3 Classic Secondary Structure Repre-
sentation

The secondary structure of RNA is formed by aggregation
of base pairs of purine and pyrimidine bases. G and C,
respectively A and U are complementary bases which can
form strong hydrogen bonds, a weaker base pair, often ref-
erenced as ”wobble” base pair, is also possible between G
and U.

A secondary structure S is formally defined as the set
of all base pairs (i, j) with i� j such that for any two
base pairs (i, j) and (k, l) with i�� k the two following
conditions hold :

1. i = k if and only if j = l.

2. There are no knots or pseudo knots allowed. For any
two base pairs (i, j) and (k, l) the condition i� k � l
� j or k � i � j � l must be satisfied.



The first condition simply means that each nucleotide
can take part in at most one base pair. Several examples
of tertiary interactions breaking this condition are known,
including base triplets, G-quartets and A-platforms.

2.4 Linked Graph Representation

Secondary structure graphs as defined above can be drawn
by placing the bases of a sequence equidistant to one an-
other on a line. Pairing bases are connected by arcs, see
Figure 3.
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Figure 3: The secondary structure of tRNAPhe in linked graph repre-
sentation. Figure as seen in [3]

2.5 Circular Representation

A particularly easy way to draw secondary structure
graphs was suggested by Ruth Nussinov [11]. The bases
of the sequence are placed equidistant to one another on a
circle and for each base pair a chord is drawn between the
two bonded bases. Since the structures are un-knotted by
definition, no two chords will intersect. See Figure 4 for a
circular representation of tRNAPhe.
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Figure 4:The secondary structure of tRNAPhe in Circular representa-
tion. Figure from [3].

There is a very similar circular representation where
the nucleotides are stretched out uniformly along the
circumference of a circle in the same way, but the base

pairs are represented by circular arcs that link paired bases
and meet the circle at right angles.

2.6 Dot Plot Representation

A dot plot shows the base pairs which can be built by the
RNA, each possible base pair is represented by a square.
The size and color (optional) of the dots represent addi-
tional information, the size gives information on the fre-
quency at which the base are paired at the given point. The
color, if available, shows how many different base pairs
appear at this point. The upper right triangle shows the
pairing possibilities of the entire sequence including sub-
optimal structures, the lower left shows a single structure
which returns the minimum free energy.

A dot plot is a two-dimensional graph in which the size
of the dot at position��� �� within the graph represents
the probability��� of the base pair. Figure 5 shows the
tRNAPhe as an example. The plot is divided into two tri-
angles. The upper right triangle contains the base pairing
probability matrix�����; the size of the squares is propor-
tional to the pairing probability. The lower-left triangle
displays the minimum free energy structure for compari-
son.
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Figure 5: RNA Dot Plot. The lower left triangle shows the base pair
probability, and the upper right the minimum free energy. Figure created
using the Vienna RNA Web Server based on ViennaRNA-1.5 [4].

2.7 Mountain Plot Representation

Paulien Hogeweg, B. Hesper and Danielle Konings con-
ceived a related graphical method for the comparison of
RNA secondary structures calledmountain representation
[5, 9, 8] by identifying’(’, ’)’, and’.’, with “up”,



“down”, and “horizontal”, respectively. See Figure 6 for a
mountain representation.

� Peaks correspond to hairpins. The symmetric slopes
represent the stems enclosing the unpaired bases in
the hairpin loop, which appear as a plateau.

� Plateaus represent unpaired bases. When interrupt-
ing sloped regions they indicate bulges or interior
loops, depending on whether they occur alone or
paired with another plateau on the other side of the
mountain at the same height respectively.

� Valleys indicate the unpaired regions between the
branches of a multi-stem loop or, when their height
is zero, they indicate unpaired regions separating the
components of secondary structures.

The height of the mountain at sequence position� is sim-
ply the number of base pairs that enclose position�; i.e.,
the number of all base pairs��� �� for which � � � and
� � �. The mountain representation allows for straight-
forward comparison of secondary structures.
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Figure 6:The secondary structure of tRNAPhe in mountain representa-
tion. Figure from [3]

.

3 Special Requirements
Visualizing RNA Sequences

Graphic representation of information containing RNA se-
quences can help the human analyst to find interesting and
biologically relevant patterns.

Usually RNA sequences are about 102 - 104 bases long
and have a complex structure, which requires visualiza-
tions allowing to compare structures and showing how
conserved different structures are.

Classical representation for instance is not very useful
if you are interested in how conserved (stable) the struc-
ture is, identifying pairing probabilities or for chronologic
enumeration. Sometimes color is used to define how con-
served (how stable) the nucleotides are at this position:

� red this base pair pairs always exactly with the same
bases.

� green there is always a base pair, but not perforce al-
ways with the same base. This means that there could
be a AU or a GC base pair, but not an unpaired base.

� light green There are two types of base pairs, but there
is exactly one possible structure in which the base
doesn’t pair at this position.

4 Overview of Existing Tools

Although several programs exist that produce 2D struc-
ture drawings, they share some of the following problem-
s: Most are too tightly coupled to an energy minimiza-
tion prediction program to be of general use. Furthermore,
the user cannot easily change the produced layout: Much
effort has been put into automatically producing a layout
where none of the helices overlap, but this often does not
properly emphasize similarities in structure because of in-
sertions or deletions in less conserved areas. Other com-
mon problems are limitations to the size of a molecule
that can be displayed, and the inability to handle complex
structural elements such as pseudo-knots.

RNADraw and RNAViz (described in section 4.1 and
4.2) are some of the most advanced free RNA structure
drawing tools. RNAViz is focused on structure drawing
and layout, RNADraw allows calculation and visualiza-
tion of different representations such as optimal structure,
basepair-probability matrix and heat curve.

4.1 RNADraw

4.1.1 General Description

RNAdraw is a program for RNA secondary structure cal-
culation and analysis. RNAdraw is Freeware. It offers
RNA optimal structure / basepair-probability matrix / heat
curve calculation on Intel x86 compatible computers, pro-
viding a consistent user interface with many possibilities
to view, print, import/export and edit calculation results.
Although RNADraw has old windows (win 3.11) look and
feel it has a user-friendly user interface supporting drag
and drop, right-button menus containing data manipulat-
ing functions.

Via a toolbar button or main menu option it is possi-
ble to modify/save/load all energy parameters used by the
calculational algorithms in RNAdraw.[10]

4.1.2 System Requirements

To install and run RNAdraw on your system you will need
the following:

� An Intel x86 (or compatible) computer (386+ )

� Windows 95, Windows NT or Window 3.1/3.11 with
Win32s version 1.2 or later



Figure 7:RNA Draw V1.1b2 Screenshot under Windows XP.

� at least 8Mb of RAM, the more the better

� 500 Kb free disk space

4.1.3 Features and Visualizations

Structure Calculation
In addition to data visualization, RNADraw offers cal-
culation using the minimum energy structure prediction
algorithm which was ported from the Rnafold program
included in the Vienna RNA package.[4]
Multiple temperatures/temperature ranges for structure
calculation can be set, base-pairing constraints added and
other calculation flags can be easily set. The coordinates
for the returned minimum energy structure are calcu-
lated with another ported program, i.e. Naview by R.
Bruccoleri.[1]

Structure View
RNADraw visualizes the sequence in classical secondary
structure representation (Hairpin), described in Section
2.3.
You can adjust which information will be shown, such
as bases, labels, basepairs etc. You can easily zoom, pan
and rotate the viewed structure by pressing the mouse
buttons in different parts of the window. The mouse
cursor changes appropriately.
The associated right-button menu includes several ma-
nipulation functions. For example, ”Mark Bases” lets

you search for and mark sequence tokens in numerous
ways. ”Adjust Basepairs” allows the pairing / unpairing of
individual basepairs to let you inspect structure / energy
changes in different conformations.
It is possible to apply basepair probabilities to the struc-
ture view, resulting in thicker lines for higher probabilities.

Matrix Calculation and view
The Matrix view window can be opened from the ”Open
Matrix” menu option, which is available on the structure
view / structure entry right-button menu. The top right
triangle shows the probability matrix, the bottom left
triangle shows the minimum energy structure. The prob-
abilities are grayscale-coded (higher probability = darker
gray). Is possible to zoom up and pan with the scrollbars,
show alignment lines etc.. Moving with the mouse over
the matrix displays the base-pairing probabilities of the
underlying base-pair.

You can manually pair/unpair basepairs in the structure
by clicking with the left mouse button on a possible base-
pair in the lower left triangle. If you have the correspond-
ing structure window open, you can directly monitor struc-
ture changes resulting from your basepair edits.

From the right-button menu of the matrix window you
can open the matrix probability histogram window. Here,
you can see the probability frequency distribution of the
matrix.



It is possible to ”extract” structures from the probability
matrix, applying the current cutoff frequency. This allows
to view structures of certain ”probability levels”, and to
compare them with thermodynamically optimal structures.

Both above windows can be exported and printed in the
same manner as with structure views .

Heat calculation and view
The specific heat calculation algorithm in RNAdraw was
ported from the Rnaheat program included in the Vienna
RNA package. [4]
The heat view can be opened from the ”Show Heat”
option, which is available on the sequence entry right-
button menu. The scroll bar at the bottom of the window
lets move the above blue marker back and forth to see
individual heat at specific temperatures in the status bar.

Import/Export functions

� load Win/UNIX text file into sequence editor

� paste from the clipboard

� GENbank data files can be imported.

� Rnafold output files can be used for input

� export sequence as win text file

� all structure/matrix/heat windows can be printed and
exported as bmp files

4.1.4 Strengths

� easy installation

� sequence window containing all open files and calcu-
lated structures in a tree view.

� easy and fast input of sequences

� many inport functions

� colored Matrix plot

� multiple windows

4.1.5 Weaknesses

� no toolbar for editing

� poor interactivity

� no ps or svg output

� no alternative structure representation

� not cross platform

4.2 RNAViz

4.2.1 General Description

RNAViz is a user-friendly, portable, windows-type pro-
gram for producing publication-quality secondary struc-
ture drawings of RNA molecules.[12] Drawings can be
created and the layout of a structure can be changed easi-
ly. Display of special structural elements such as pseudo-
knots or unformatted areas is possible. Sequences can be
automatically numbered, and several other types of label-
s can be used to annotate particular bases or areas. Al-
though the program does not try to produce an initially
non-overlapping drawing, the layout of a properly posi-
tioned structure drawing can be applied to newly creat-
ed drawings using skeleton files. In this way a range of
similar structures can be drawn with a minimum of effort.
Skeletons for several types of RNA molecule are included
with the program.

4.2.2 System Requirements

RNAViz needs a modified version of Tcl and several ex-
tensions. Binary distributions of the modified Tcl and the
RnaViz package are available for Linux and MS Windows
95 on the rRNA server at URL http://rrna.uia.ac.be.
The sources are also available there for people who want
to port the code to other systems.

4.2.3 Features and Visualzations

User Interface
The graphical user interface has mostly native look and
feel. Some of the features are zoom, undo/redo, printing,
copy/paste ...
Each base is a canvas object that can be individually
addressed, tags on bases keep track of which part of
the structure the base belongs to. RNAViz allows to
draw multiple structures on one page. Depending on the
selection mode, individual bases, segments, helices, trees
or structures can be manipulated.

Arranging the layout of a structure
RNAViz draws secondary structures in classical rep-
resentation (hairpin), it doesn’t provide additional
representations.
Each structure on the page consists of a number of
individual objects, such as bases, base pair connections
or helix names. An object can be selected by clicking on
it using the first mouse button. The current structure can
be moved as a whole by clicking outside the structure and
dragging. Extra objects can be added to or removed from
the selection by clicking on them with the ”Control” key
pressed.
A structure on the page can be rearranged quickly by
clicking on a base or on the selection and dragging it to
a different position. When the selection is released, the
bases connecting the selection to the rest of the structure



Figure 8:RNAViz2 Screenshot under Windows and Linux.

will be rearranged so as to maintain a correct structure
drawing.
There are different selection modes allowing either select-
ing the entire helix or the single base simply by clicking
on a base. This makes possible every special arrangement
of objects. Other selection modes are the ”select tree” and
”select sub-element” modes, which automatically select a
tree or a set of segments of a helix.

Flipping helices
It is often interesting to draw the figure or some helices of
the figure counter-clockwise. RNAViz allows the user to
flip the entire drawing or any helix to make this possible.
This is often necessary in order to nicely arrange pseudo
knots.

Labeling a structure
All helices are automatically labeled with their helix
name. This label will move together with the helix.
Another type of label is the base numbering. Base
numbers can be added automatically at a specified interval
starting from a specific base. Base numbers can also be
individually added or removed. RNAViz also contains
a limited drawing component. Several types of objects
such as texts, rectangles, ovals, lines and polygons can be
created and edited. Any of these objects can be used as a
label by linking them to a certain base.

Configuring objects
Each object has properties such as font, text, color, line
width and position. The ”Configure Objects” dialog offers
a versatile interface to change these properties for any ob-
ject or groups of objects. Several parameters can be set
that limit property changes to objects fulfilling certain cri-

teria. This way the properties of either the currently select-
ed objects, the objects of the current drawing or all objects
can be changed. In addition, the changes can be limited to
a specific type of objects such as bases, base pairings, base
numbers, helix names or labels.

4.2.4 Strengths

� publication-quality secondary structure drawings of
RNA secondary structures

� recognises CT, RNAML and DCSE alignment for-
mats

� multiple structures on page

� simple but powerfull WYSIWYG editing using dif-
ferent selection modes

� allows display of pseudoknots

� free choice of fonts, colors, linewidths for any object

� graphical objects for annotation (rectangle, oval,
lines, text)

� linking of graphics, text to certain bases

� independend scaling of structure drawings

4.2.5 Weaknesses

� no alternative views

� requires TCL (in older versions a patched TCL ver-
sion)

� difficult to install



5 Conclusions

In this paper, we presented different visualization methods
for RNA sequences, i.e classic, linked graph, circular, dot
plot and mountain plot representations, and described their
main functionality. There are many software tools which
allow to calculate and display RNA sequences using the
discussed visualization techniques, two of them where an-
alyzed in more detail.
There is no known software tool which uses all of the rep-
resentations discussed in this paper, the classical represen-
tation is mostly used and many tools provide a dot plot
representation as well. Only few tools are cross platform,
the few which are cross platform are mostly written in C
and have to be recompiled, which is not always a simple
task.
All of the tools have several drawbacks and there is no tool
which provides all RNA representations. If you looking
for a tool which allows calculation and you only need clas-
sic representation or maybe a matrix (dot) plot, RNADraw
should work for you.
If you are interested in a tool which allows to change the
layout of the sequence manually, RNAViz would be the
better choice. The tool has a nice interactive interface
which allows drawing and arranging of a structure, an-
notation and labeling, but provides only visualization in
the classic representation. No other representations like
mountain or dot-plot are available. Another drawback is
that installation of RNAViz under windows requires addi-
tional libraries and is not trivial.
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