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ABSTRACT

We present an online server that generates a 3D rep-
resentation of properties of user-submitted RNA or
DNA alignments. The visualized properties are
information of single alignment columns, mutual
information of two alignment positions as well as
the position-specific fraction of gaps. The nucleotide
composition of both single columns and column pairs
is visualized with the help of color-coded 3D bars
labeled with letters. The server generates both
VRML and JVX output that can be viewed with a
VRML viewer or the JavaView applet, respectively.
We show that combining these different features of
an alignment into one 3D representation is helpful in
identifying correlations between bases and potential
RNA and DNA base pairs. Significant known correla-
tions between the tRNA 3’ anticodon cardinal nucleo-
tide and the extended anticodon were observed, as
were correlations within the amino acid acceptor
stem and between the cardinal nucleotide and the
acceptor stem. The online server can be accessed
using the URL http://correlogo.abcc.ncifcrf.gov.

INTRODUCTION

A sequence logo is a way to visualize the sequence conser-
vation or, more precisely, the information content of a region
in a set of aligned sequences (1). Sequence logos have been
used to identify DNA-protein binding sites (2,3), splice sites
(4,5) as well as functionally important regions in proteins
(6,7).

A typical sequence logo is constructed as follows. The
composition of each alignment column of the region of interest
is visualized by plotting the characters found at that position
stacked on top of one another; the plotted height of a character
is proportional to its respective frequency multiplied by the
information content of that alignment column. The character

types found at each respective position are plotted as one stack,
sorted in increasing order of character frequency.

Because of their usefulness, several implementations and
web resources are currently available to generate sequence
logos. One implementation is the Delila package which can
be used both for nucleotide and protein sequences (1).
WebLogo is a web resource that can generate a sequence
logo for a given sequence alignment (8). The user has nume-
rous options to customize the sequence logo with WebLogo.
The Biojava initiative (http://www.biojava.org) offers
predefined Java classes that help in plotting sequence logos.

A regular sequence logo does not take correlations between
different positions into account. The information theory based
measure for correlations between positions is the mutual
information. It is the difference between the information con-
tent of two combined alignment columns and the sum of the
information content of those two alignment columns taken
separately (4).

Correlations between positions have been computed by
Xz—statistical tests (9), but the information measured in bits
has the advantage that it is additive and also that it can be
compared between any two biological systems. Several
programs have been described that display the mutual
information between different positions in an alignment into
consideration. Gorodkin et al. (10) extended the concept of a
sequence logo to a structure logo. The visualization of a struc-
ture logo is based on a sequence logo, however, an additional
symbol (‘M’) indicates mutual information between pairs of
user-defined nucleotide positions. Other interesting tools are
the monochromatic MatrixPlot program (11) and the color-
producing Diana and Xyplo programs which are part of the
Delila package (4) (http://www.ccrnp.ncifcrf.gov/~toms/
delila.html). These programs compute for a given sequence
alignment a matrix plot consisting of the mutual information
values corresponding to all possible pairs of positions in an
alignment. MatrixPlot also shows the information of single
alignment positions (the height of a sequence logo) as columns
at the border of the 2D matrix.

Workman et al. (12) developed the enoLOGOS web
resource. The enoLOGOS server generates a monochromatic
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plot showing a sequence logo and optionally the 2D mutual
information matrix. In addition to computing the information
content of a sequence alignment, the program can also use a
weight matrix as input. Different types of weight matrices are
possible, for example, a matrix of interaction energies of dif-
ferent nucleotide types with a binding partner at different
positions.

This paper describes a 3D representation of the properties of
an RNA or DNA alignment. These 3D sequence logos provide
valuable additional information compared to conventional
2D sequence logos. Also, there are currently few online
servers in the area of bioinformatics that generate 3D graphics.
The online resource presented in this paper could serve as an
important example of how 3D content can be utilized as a
powerful means to communicate biological information.

MATERIALS AND METHODS
Theory

The purpose of the presented visualization is to depict several
different properties of a nucleic acid sequence alignment in
one 3D model. Properties of interest are the mutual informa-
tion of two alignment columns and the information content of
individual alignment columns. In the following we describe
how we compute the mutual information based on Claude
Shannon’s information theory (13,14).

For a given set of symbols belonging to an alphabet A; that
consists of s; different symbols, the uncertainty H is defined as
follows:

H= — log, p; [bits per symbol], 1

51

i=1

where p; is the probability of a symbol of type i. In the case of
sequence alignments, a symbol can, for example, represent a
character in an alignment column. The information content R
of some data (like a string of characters or a column in a
sequence alignment) is defined as the difference in uncertainty
before and after processing those data (called Hyefore and H e
respectively):

R = Hyefore — Haper  [bits per symbol]. 2

The mutual information of a sequence alignment is defined as
follows:

M =Rjj — R; — R; [bits per symbol pair], 3
with R; (or R)) being the information content of the alignment
column i (or j), and R;; being the information content of both
alignment columns read simultaneously using an alphabet A,
with s, = s7 different symbols (4). The symbols of the alpha-
bet A, are all possible pairs of characters taken from A;. For
DNA and RNA one obtains s; = 4 and s, = 57 = 16.

For probabilities p;, we substitute the relative frequency of
occurrence p; = m;/n of the symbols in the available data
(with n being the number of sequences that do not have a
gap at the alignment column(s) currently under consideration)
and m; being the number of symbols of type i. The approx-
imation of using frequencies as probabilities leads to a bias in
the uncertainty H due to small sample size (15,16). We use

several different strategies in order to correct for the small
sample bias, depending on the number of available sequences
and the size of the alphabet. This is described in more detail in
section A of the Supplementary Data. These methods allow us
to compute an approximate small sample correction term and
also an estimate of the standard deviation for the information.
A similar strategy for computing the mutual information was
used for a secondary structure prediction algorithm (17).

The 3D model

We developed a C++ program that generates a 3D model
showing various properties of an alignment (Figures 1
and 3 and Supplementary Figures S2 and S3). Vertical bars,
b(i, j), are arranged in a square region and indicate by
their height the mutual information of the corresponding
pair of positions (i, j). The bar b(i, j) is composed of a
stack of smaller bars b(C, i, j), with C being one of the 16
possible base pairs. The height of the bar b(C, i, j) is propor-
tional to the frequency of the base pair C multiplied by the
mutual information at that pair of positions (i, j). Each bar in a
stack is drawn in the order of increasing frequency of the
corresponding base pair. The bases on the two axes can be
projected onto the corresponding faces of the bar. Because the
bar b(i, j) is identical to the bar b(j, i), the square matrix region
is symmetric.

The bars b(C, i,j) that stand for a certain type of base pair C
at position (i, j) are color-coded according to a user-specified
color scheme. Currently two color codes are available. The
default color-coding assigns to all complementary base pairs
(GC, AU and GU) the colors red, orange and yellow, respect-
ively. Pairs of bases consisting of the same base type (AA, CC,
GG or UU) are mapped to a shade of green (ranging from light
green for AA to dark green for UU), the remaining pairs (AG,
AC and CU) receive a shade of blue (dark, medium and light
blue, respectively). The color is independent of the order of the
nucleotides in the pair. The second available color scheme
(called ‘rainbow’ in the user interface) colors the entire
stack from blue to red based on the mutual information
value. A transparent bar at the bottom of the stack represents
the set of base pairs that have a frequency below 5%.

Additionally, the displays shown in Figures 1 and 3 show
conventional 2D sequence logos on two sides of the square
matrix region. The black lines above the logos indicate 2 bits.
The color-coding is the same as the one typically used in 2D
sequence logos (3) with the colors green, cyan, orange and red
representing the bases A, C, G and T (or U), respectively. The
fraction of gap characters within an alignment column is
shown as brown bars on the remaining two sides of the square
matrix. Above the brown bars is a black line whose height
indicates a gap fraction of 100% and which also corresponds to
1 bit. The two axis bars (drawn in black by default) can be
drawn in three alternating colors (red, green and blue) to keep
track of potential reading frames.

A secondary structure can also be superimposed on the
3D model. This secondary structure will appear in the resulting
3D model as black cubes floating above the individual
stacks showing the mutual information of two alignment posi-
tions (shown in Figure 1 and Supplementary Figure S2). This
is useful for comparing a secondary structure model with the
mutual information matrix. Finally, 1.0 SDs of the estimated
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Figure 1. An annotated screenshot of the graphics output corresponding to an alignment of 1114 tRNA sequences showing 2D and 3D sequence logos. The 3D arrows
point from the 5" end to the 3’ end of the alignment. The labels ‘a’ to ‘e’ correspond to the base pairs G15:C48, G19:C56, C13:G46, G22:G46 and G18:G19,
respectively. The black cubes correspond to base pairs in a reference consensus secondary structure. Only stacks corresponding to mutual information values M;; >
0.01 bits and M;; > 2 SDs are shown. The sequences correspond to the ‘seed’ alignment of RFAM entry RFO0005, RFAM database version 7 (20,21). The consensus

secondary structure provided by RFAM originated from (36).

mutual information can be visualized in the 3D model by the
height of capped gray bars that are located above the 3D stacks
of the individual position pairs (Figure 3).

The online server

An online server based on the Java Servlet technology was
developed. The user specifies the sequence alignment in
FASTA format. Optionally, a corresponding secondary struc-
ture can be specified in another text field.

Several options are currently available to the user. Two
different color-coding schemes are offered. Three different
cutoff options specify the displayed subset of the mutual
information stacks. The only stacks drawn are those that cor-
respond to a mutual information larger than the ‘Lower
Cutoff’, smaller than the ‘Upper Cutoff’ and larger than a
certain number of standard deviations above zero (specified
by the ‘Standard Deviation Cutoff’). This can be used to
reduce the number of bars being drawn thus improving inter-
pretability, increasing the rendering speed and avoiding mem-
ory limitations that are specific to the viewer program. It is also
possible to ‘collapse’ an alignment with respect to one of its
sequences: this means that all columns of the alignment that
correspond to a gap in the chosen sequence are removed. The
drawing of characters on the surface of the 2D sequence logos
and the 3D sequence logo can be switched on or off. The 2D
sequence logos can be drawn parallel (‘flat’-mode) or perpen-
dicular with respect to the square matrix region. Gray bars
indicating 1 SD of the estimated mutual information can
optionally be drawn (Figure 3).

After submitting the sequence data, the user receives a result
page that offers three different output formats:

(i) JVX/JavaView: the server generates XML-style output
intended for the JavaView applet (http://www.
javaview.de) (18,19). The JavaView XML dialect is
called JVX. The applet displays a 3D model within a
web page. The user can modify the camera position
and angle. The height of the drawn sequence characters
is adjusted to be half the height of the bars they are
projected onto. The figures in this paper that show
3D sequence logos are screenshots generated with Java-
View.

(ii) VRML output: the generated 3D model is available in
VRML 2.0 format. A click on this link will launch a
VRML viewer. For technical reasons, the letters indicat-
ing the nucleotide compositions in the VRML represen-
tation are not ‘stretched’ proportionally as in the
JavaView output shown in Figures 1 and 3.

(iii) A list in text format of the computed information values
of the 2D and 3D sequence logos.

RESULTS
3D logo of tRNAs

As an example, we use an alignment of tRNA sequences
provided by RFAM [1114 sequences of the RFAM ‘seed’
alignment RFO0005 obtained in September 2005 (20,21)].
A screenshot from a 3D model generated with the CorreLogo
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server is shown in Figure 1. Alignment columns that corres-
pond to gaps in one of its sequences [yeast (Saccharomyces
cerevisiae) Phe-tRNA, GenBank accession no. K01553.1]
were removed prior to submission to the web server (altern-
atively one could have used the server’s ‘collapse’ option).
This makes it easier to compare the resulting data with a
previously published secondary structure (22). The RFAM
consensus secondary structure mapped onto this sequence is
shown in Figure 2.

How does a Watson—Crick based paired helix appear in a
3D sequence logo? We define an anti-diagonal group of
length L as a set of pairs of the form [(i + k, j — k) | k =
0, 1, ..., L — 1]. The pairs can be canonical or represent other
kinds of correlations. Commonly, one expects pairs of posi-
tions in an alignment that have a high amount of mutual
information and a high fraction of complementary bases to
correspond to base pairs in a secondary structure. Also, one
expects those columns to be aggregated in anti-diagonal
groups, corresponding to stems of the secondary structure,
that, because they are complementary, show up as ‘tall’
bars in yellow, orange and red. One can clearly identify in
each triangular half of the matrix in Figure 1 four different
anti-diagonal groups of red, orange and yellow bars with high
mutual information, corresponding to the four stems of the
tRNA cloverleaf structure.

The consensus secondary structure according to RFAM is
depicted by a set of black cubes on top of the 3D sequence
logo. This makes it feasible to compare a model of a secondary
structure to the information contained in the sequence align-
ment. The anti-diagonal groups of bars with high mutual
information are in agreement with the consensus secondary
structure provided by RFAM.

In addition to the obvious stem regions, several other stacks
appear in the 3D plot (Figure 1); the stacks with mutual
information values >0.3 bits are labeled with the letters ‘a’
to ‘e’. The labeled stacks correspond to the positions a,
G15:C48; b, G19:C56; ¢, C13:G46; d, G22:G46 and e,
G18:G19 (the base positions are determined with respect to
the reference sequence shown in Figure 2). The interactions
a—d correspond to well-known tertiary interactions; the inter-
actions ¢ and d are part of the base-triple C13:G22:G46
(22-25). The base pair d, G22:G46, corresponds to a large
fraction of non-complementary base pairs, as can be seen in
Figure 1 in the form of blue and green bars.

The mutual information of the tRNA base pairs ¢, C13:G22,
and d, G22:G46, has been reported before by Chi and
Kolodziejczak (26) based on an alignment of 131 tRNA
sequences and by Gutell er al. (27) based on an alignment
of 1710 sequences. Chi and Kolodziejczak (26) used a mono-
chromatic circular representation to depict the mutual
information of base pairs. Gutell et al. (27) showed the mutual
information of the tRNA alignment using a contour plot as
well as a surface plot. The 3D sequence logo, however, gives
additional information; for each pair of alignment columns it
shows the amount of mutual information, the relative frequen-
cies of occurrence of different base pairs, the amount of com-
plementarity, a confidence interval and base conservation in an
associated 2D logo.

The tRNA anticodon stem/loop region has been analyzed in
detail by Yarus (28). He found correlations between nt 36 (the
3’ residue of the 3 nt anticodon) and its adjacent nucleotides in

Anticodon loop
AA
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Figure 2. tRNA consensus secondary structure according to RFAM entry
RF00005 (20,21,36) mapped onto the sequence of yeast (S.cerevisiae)
Phe-tRNA (GenBank accession no. K01553.1). The correlations a, b, ¢, d
and e (compare Figures 1 and 2) are indicated by dashed lines.

the anticodon loop and even the anticodon stem. Nt 36 is called
the ‘cardinal nucleotide’ and its adjacent correlated region
(positions 27-31, 37-43) is called the ‘extended anticodon’.
Some of these correlations were also reported in the form of
mutual information by Gutell ez al. (27). In their analysis they
report the mutual information between the cardinal nucleotide
and the top 10 most correlated nucleotide positions. This cor-
responds in their case to a somewhat arbitrary cutoff of 0.153
bits, and the correlations between the cardinal nucleotide and
the positions 27-30, 40, 41, 42 and 43 were missed because
they are not among the top 10 correlating positions. The Cor-
reLogo server on the other hand provides a measure of sig-
nificance by allowing the user to specify a relative cutoff,
meaning that the mutual information has to be x SDs above
zero. In Figure 1 and Supplementary Figures S2 and S3 only
stacks with mutual information M;; > 0.01 bits and M;; > 2
SDs are shown. By using the computed standard deviation to
filter the data, the CorroLogo server reveals the correlations of
the extended anticodon proposed by Yarus (28) that were
missed by Gutell et al. (27) (with the exception of the base
pairing nt 30 and 40 which apparently have no significant
mutual information and were detected neither by the
CorreLogo server nor by Gutell et al.).

Given that the correlations with the cardinal nucleotide were
found to be significant by using the estimation of standard
deviation, other correlations of the same magnitude can be
explored with CorreLogo. First, we note correlations between
the anticodon, including the cardinal nucleotide, and the
acceptor stem. These correlations are probably related to
the recognition of the correct aminoacyl-tRNA synthetase
by the tRNA (29-31). In addition, there are two 5 base
wide patches of correlations on the 5’ and 3’ ends of the
tRNAs that are also correlated through the acceptor stem.
Just as Yarus proposed that the correlations between the
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Figure 3. A 3D sequence logo of the loop E region of 5S ribosomal RNA [from RFAM entry RF00001 (20,21,35)]. Individual bars corresponding to base pairs are
labeled in this view. The gray bars depict with their height the standard deviation of the estimated information in the 2D logos and the mutual information in the
3D logos. Stacks corresponding to mutual information values of <0.5 bits are not shown. The labels a—c correspond to pairs of positions that are not Watson—Crick

base pairs and have a mutual information >0.5 bits.

U“-U
G — C90
85G — C
Gs — C
U—n2
G U 95
80U e
G_—
A G

U
G

A
75 G©@ AG100

U ¢ G
A —7UT
G ° A

G105

70 G
5 3

Figure 4. A consensus secondary structure of the loop E region of 5S ribosomal
RNA derived from the 3D sequence logo is shown in Figure 3. The consensus
structure is mapped onto the loop E region of E.coli 5S rRNA sequence
(AB03926.1/6056-6092). The labels a—c correspond to pairs of positions that
are not Watson—Crick base pairs and have a mutual information >0.5 bits.

cardinal nucleotide and the extended anticodon provide a uni-
form presentation of the anticodon to a fixed mRNA (28),
these 5'-3' correlations in the acceptor stem may provide a
uniform presentation of the amino acid to the ribosome. An
alternative hypothesis is that these correlations represent
recognition of the tRNAs by their respective aminoacyl-tRNA
synthetases. That is, if there were one distinctive 2D tRNA
acceptor stem logo for each synthetase, switching logos would
appear as correlations (29). Such classes of logos might also
explain other observed correlations.

3D logo of loop E of 5S ribosomal RNA

We also generated a 3D sequence logo using an alignment of
5S ribosomal RNA. Crystal structures containing the loop E
region have been published in recent years (32,33). Leontis
and Westhof (34) compare the crystal structure data of the loop
E region with results obtained previously using chemical prob-
ing and phylogenetic analysis. The high amount of non-
standard base pairs and the wealth of available experimental
data make the loop E structure an interesting test case for
3D sequence logos.

The alignment we used contains 602 sequences and corres-
ponds to entry RFO0001 of the RFAM database (20,21,32,35).
The alignment was ‘collapsed’ with respect to gaps in a ref-
erence sequence (Escherichia coli sequence AB035926.1/
5989-6104) prior to submission to the server. Also, the align-
ment was truncated such that it contains only the 5S loop E
region [nt 70-106 of the reference sequence; the nucleotide
numbering is in accordance with the bacterial loop E con-
sensus sequence presented in Ref. (34)].
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Figure 3 shows a screenshot that was taken from the res-
ulting 3D sequence logo. In this case, correlations below 0.5
bits are not displayed. A secondary structure model corres-
ponding to the displayed correlations is shown in Figure 4. The
correspondence between the 3D sequence logo and the sec-
ondary structure derived from the crystal structure is good but
not perfect. For example, base pair interactions in the loop
region (nt 75-78 and 98-101) do not appear in the
3D sequence logo. Part of the reason is that the high amount
of sequence conservation of residues 76-78, 98, 99 restricts
the observable correlations as computed by mutual informa-
tion. A 3D sequence logo with a lower cutoff (M;; > 0.01 bits
and M;; > 2.0 SDs) is provided in the Supplementary Data
(Supplementary Figure S3). Other significant correlations are
shown in Supplementary Figure S3, but an in-depth discussion
of all correlations is beyond the scope of this paper.

One can see in Figure 3 that, although they are part of an
anti-diagonal group, the positions labeled ‘a’ and ‘b’ (corres-
ponding to bp 72:104 and 74:102, respectively) have a high
amount of non-Watson—Crick base pairs (GA and UG are
dominant, respectively). This was known before; Leontis
and Westhof (34), for example, plot 10 different secondary
structures next to each other in order to show the variability of
the loop E region. The point is that a single 3D sequence logo
effectively summarizes the information that is conveyed when
plotting secondary structures of several individual sequences.
It highlights regions corresponding to unusual base pairings
and displays the base pair preferences of individual positions.
This information is not available in a monochromatic 2D plot
of the mutual information.

These examples show that a combined plot depicting the
mutual information of alignment positions, the color-coded
fraction of base pairings, sequence conservation and the frac-
tion of gaps can be valuable in identifying nucleotide base pair
interactions. The 3D sequence logos provide a useful tool for
analyzing nucleotide sequence alignments and secondary
structure models.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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