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Abstract

Protein fold recognition (threading) involves the prediction of a pro-
tein’s three-dimensional shape based on its similarity to a protein
whose structure is known. Fold predictions are low resolution; no
effort is made to rotate the protein’s component amino acid side
chains into their correct spatial orientations. Rather, the goal is to
recognize the protein family member that most closely resembles
the target sequence of unknown structure and to create a sensible
alignment of the target to the structure (i.e., a structure-sequence
alignment). To complement this structure prediction method we
have implemented a low resolution molecular graphics tool. Since
amino acid side chain orientation is not relevant in fold recognition,
amino acid residues are represented by abstract shapes or glyphs
much like Lego (tm) blocks. We also borrow techniques from com-
parative streamline visualization to provide clean depictions of the
entire protein structure model. By creating a low resolution rep-
resentation of protein structure, we are able to approximately dou-
ble the amount of information on the screen. This implementation
also possesses the advantage of eliminating distracting and possi-
bly misleading visual clutter resulting from the mapping of protein
alignment information onto a high resolution display of a known
structure.
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1 INTRODUCTION

Proteins are the “machinery” of the cell, and are responsible for
such diverse tasks as facilitating chemical reactions and transport-
ing molecules. It is the protein’s central role in the workings of the
cell that makes it an important target for investigation. By studying
protein structure, we gain insight into how proteins function, and
how their properties can be modulated, either in a directed manner
as in protein engineering, or in an unwanted way as is the case in
genetic disease.

As the human and other genome sequencing projects proceed,
scientists have gained access to tremendous amounts of biological
information. Due to the difficulties inherent in understanding large
quantities of data, the field of bioinformatics is becoming an attrac-
tive target for the application of visualization techniques. [8] [9]
Using information visualization techniques, researchers can often
see the results of their experimental methods more clearly than by
simply looking at raw numbers. For example, a protein sequence
alignment (see figure 4) may obtain a reasonable numerical score,
but visual inspection of the structural model might reveal incongru-
encies with physical demands placed on protein structures such as
the need for an intact structural core.

In developing and using tools for biological visualization, we
have observed two problems: (1) It is difficult to incorporate 3D
data into visual displays for the purpose of analyzing the validity of
individual amino acid placements. This difficulty arises as a result
of the visual clutter which normally ensues when large amounts
of atomic data are displayed at high resolution (see figure 1).

(2) While there exist several tools for displaying 2D bio-sequence
alignments (see figure 4), the tools for viewing the corresponding
3D comparisons are limited to showing too much information or
not enough.

Figure 1: RasMol’s [22] ball and
stick depiction of cold-shock pro-
tein 1mef’s chain B

Figure 2: Glyph depiction of
cold-shock protein 1mef’s chain
B along with target sequence

To address the first problem, we have developed a low resolution
representation of protein molecular structure, using building block
glyphs to represent amino acids (see figure 6). By focusing on the
major structural aspects of amino acids, we are able to display ap-
proximately twice as much information as is commonly shown in
high resolution protein depictions, while making the overall repre-
sentation cleaner (compare figures 1 and 2). We have borrowed
techniques used in UFLOW [18] comparative streamline visualiza-
tion to remedy the second problem. The target and structure pro-
teins are represented as individual ”streamlines”. Correspondences
between residues in the target and the structure are indicated by line
segments connecting the streamlines, much like rungs on a ladder
(see figure 8).

In order to facilitate a discussion of our visualization techniques
in the context of the protein folding problem, the following section
provides a brief overview of protein structure and introduces a spe-
cific technique, threading (also called fold recognition), for predict-
ing the 3D shape of proteins. A description of methods for assessing
protein sequence alignments follows. We preface a more detailed
description of our visualization techniques with a discussion of pre-
vious work in this area. Finally, we conclude by summarizing our
results and outlining plans for future research.

2 BACKGROUND

2.1 Proteins

Proteins are naturally occurring polymers usually consisting of hun-
dreds of amino acids. As shown in figure 3, each amino acid
contains a side chain, or R group, which makes that amino acid
unique. A full listing of these side chains is given in figure 6. In
a protein, the amino acids (also called residues) are linked together



somewhat like beads on a string. Proteins have direction: along
the main chain, or backbone, amino acids are linked from their end
C’ carbon to the next residue’s beginning Nitrogen (N) atom. The
chemical and physical properties of the amino acids which com-
prise a protein determine how the protein will fold upon itself.

N C C’
N

C
C’

H

R1

O

H

H

H

R2

O

Figure 3: Protein backbone segment1

2.2 Protein Structure Prediction

In the late 1950’s, Christian Anfinsen [3] discovered that after the
protein ribonuclease was unfolded (denatured) by chemical means,
the denaturants could be removed, allowing the protein to refold and
slowly regain its original catalytic ability. Since a protein’s function
is dependent on its shape, this pioneering work showed that the
information for determining the three dimensional structure of the
protein is contained in its one dimensional string of amino acids.

Since this discovery, scientists have grappled with the protein
folding problem, which can be succinctly stated as: Given a pro-
tein’s amino acid sequence, what will its three-dimensional shape
be? As an indication of the importance of this question, protein
folding is often called the second half of the genetic code.

Knowing a protein’s structure gives some insight into how the
protein works. This insight can be used to guide biological ex-
periments (such as site-directed mutagenesis) to verify the details
of functionality and to help discover the genetic basis for inher-
ited diseases. In addition, structural information can be used to
develop new pharmaceutical products to interact with the protein
and modulate its function. Drug design is an extremely lengthy and
costly process, and any tool which could help bring a product to
market more quickly would be a boon, not only to the pharmaceu-
tical industry, but to the entire population. The ability to deduce a
protein’s structure from its amino acid sequence alone would also
simplify protein engineering (the modification of an existing pro-
tein’s residue sequence for the purpose of creating a change in the
protein’s stability or function) and protein design (the creation of
an entirely new protein, much as an architect would design a new
building).

It is believed that proteins fold so as to minimize the energy level
of the molecule as a whole. Unfortunately, there currently exists
no method that uses positional atomic energy levels to accurately
predict a protein’s structure. The number of possible orientations
each amino acid in the sequence could take is so great that it would
be impractical for a computer to sample the entire conformational
space and pick the fold that results in the lowest energy level. For
example, if we were to allow each amino acid only seven accessible
rotational states, a small protein with only 50 residues would have

( ) possible conformations for the backbone alone. [15]
Groups have labored trying to predict the structures of small loop
regions using sequence information alone. Even for chains of only
2 to 5 amino acids long, however, the success rate is under 65%.
[21]

1This figure was adapted from Branden & Tooze. [7]

Fortunately, it has been shown that proteins with similar amino
acid sequences will likely possess similar structures and function.
[5] This fact makes it possible to predict the overall shape, or fold,
of a protein if its amino acid sequence is similar to that of another
protein whose structure is already known.

2.3 Methods for Building Structure Models

The process of fold recognition begins with the acquisition of a
target protein whose sequence is known, but whose structure is not.
This target is used to query a database of proteins whose structures
are known. If a match is found, the two sequences can be aligned
such that similar amino acids are placed in the same columns (see
figure 4).

Figure 4: Example protein sequence alignment shown in belvu [1]

Once the alignment between the target and the structure has been
created, the target can be “threaded” through the structure. [16]
This involves the creation of a structural model in which the aligned
portions of the target sequence backbone are placed in the same
orientations as the corresponding backbone segments of the known
structure. In this way, the overall shape of the protein is predicted.

Homology modeling (sometimes called comparative modeling)
is a structure prediction method similar to threading, but in which
the aim is to create a high resolution estimate of the protein’s struc-
ture. This prediction method attempts to go beyond the thread-
ing method and also predict the rotational positions of the target’s
amino acid side chains. [5] This is usually accomplished using
energy minimization algorithms. Typically, a higher degree of sim-
ilarity between the protein sequences in the alignment is needed in
order to carry out homology modeling.

In general, structural modeling is more difficult when the simi-
larities between the target sequence and the protein with the known
structure are small. Especially in these cases, the alignments and
the corresponding structural models must be studied closely in or-
der to ascertain that they do not violate the accepted heuristics of
protein folding.

2.4 Analysis of Alignments and Structural Models

There are many methods for quantifying the similarity of individual
amino acids. Some methods compare the amino acid sizes, possi-
ble charges, bonding patterns, and other chemical properties. [24]
The measures based on evolutionary mutation rates do not specif-
ically take structural information into consideration. Nonetheless,
they provide a useful initial analysis of the quality of a sequence
alignment.

We use the BLOSUM 62 [14] amino acid substitution matrix as
an indicator of alignment quality independent of structural informa-
tion. Rather than taking into consideration an individual residue’s
environment in relation to the structure of the entire protein, this
matrix contains a measure of the likelihood of finding a particular
amino acid substitution in nature. The BLOSUM 62 matrix was de-
rived by aligning segments of proteins that were 62% identical, and
transforming the ratios of observed versus expected amino acids
into whole numbers. In the BLOSUM 62 matrix, a zero indicates
that the amino acid substitution frequencies observed are those ex-
pected due to random chance. Positive numbers indicate that the



frequencies observed were higher than expected, while the converse
is true for negative numbers.

In addition to using amino acid similarity measures, when build-
ing a structural model of a protein it is important to analyze the
validity of the alignment in the context of the structure’s three-
dimensional environment. There are several important guidelines
used to evaluate such a model. Bajorath et al. [5] provides an
excellent review of typical assessment methods.

1. The protein’s inner core tends to be more evolutionarily con-
served than the outer loops. Since the core regions are respon-
sible for the general structure, the protein’s stability is more
sensitive to mutations in this area. As a corollary, if there
are insertions or deletions in the target protein relative to the
structure, they should preferably occur in the variable loop
regions.

2. Hydrophobic, i.e., water avoiding, amino acids are more en-
ergetically favorable when they reside in the interior of the
protein, away from the solvent. Conversely, hydrophilic, or
water preferring, amino acids tend to occur on the exterior
regions of the protein in contact with the solvent.

3. The patterns in the local residue conformations of a protein
are known as secondary structure. A protein’s secondary
structure can be predicted using only its sequence of amino
acids. Due to the relatively high accuracy of secondary struc-
ture predictions, (approximately 65-72% [20]), they are use-
ful as another test in determining the quality of a structural
model: If the predicted secondary structure regions for the
target sequence alone match the actual secondary structure
regions of the sequence with known structure, this will lend
credence both to the alignment between the two, as well as
the model.

4. Another important criterion is packing, i.e., the density of
amino acids in the protein. Differences in the volumes of tar-
get versus structure amino acids can lead to over- or under-
packing. [10]

5. Each amino acid has preferences both for which other amino
acids it is more likely to contact, and for which environments
are more likely to be found surrounding it. Preference pro-
files are useful in judging whether an alignment makes sense
structurally. [11]

6. Finally, structural positions crucial to the shape of the protein
tend to be conserved. For example, if a protein contains a tight
hairpin turn, it may be the case that only a very small amino
acid such as glycine will fit there. In such cases it is important
to verify that the target protein’s amino acid at this location
fits the constraints imposed by the existing structure.

3 PREVIOUS WORK

Most molecular graphics programs are designed to allow scientists
to study one structure in detail. An example of such a program is
RasMol [22] (see figures 1 and 7). RasMol allows you to display a
molecule in many different modes (backbone, wireframe, ball and
stick, etc.). However, RasMol is strictly for molecular visualization,
and will therefore neither read nor analyze alignment files.

Of those programs which do allow the scientist to use three-
dimensional structural information to analyze alignments, the ma-
jority focus on the problem of homology modeling rather than
threading and therefore display either not enough or too much
atomic detail at the level of individual amino acids. One example of
a homology modeling package is the Swiss-Model [12] web server,
and its associated visualization tool, Swiss-PDB Viewer. [12]
Swiss-PDB Viewer allows the user to thread the target sequence
through one or more structures and highlight problem areas. Swiss-
PDB Viewer also allows the protein to be displayed in traditional

modes such as backbone, ribbon and wireframe. Several other ho-
mology modeling visualization systems exist, including the Molec-
ular Applications Group’s LOOK, a stand-alone molecular model-
ing program, and Molecular Simulations Inc.’s HOMOLOGY, an
adjunct to the company’s molecular graphics package Insight II.

Apart from the alignment evaluation programs based on homol-
ogy modeling, there are a few notable products designed specifi-
cally for analyzing the results of protein threading. One example of
such a tool is ANALYST, [19] which was developed to visualize the
output of the THREADER [15] program. Two other programs use-
ful in analyzing structure-sequence alignments are DINAMO [13]
and CINEMA. [4] DINAMO uses Chime, [2] a web browser plug-
in for viewing molecules. Chime is based on RasMol, and is there-
fore limited to displaying an existing structure and using display
options such as color to indicate alignment quality. CINEMA is
currently limited to showing only a backbone view of the protein,
without any detail at the amino acid level.

Most of the programs described previously have the advantage
of allowing the user to interactively edit a sequence alignment and
view the resulting analyses in relation to the protein structure. None
of them, however, use structurally based glyphs to represent the
amino acids, nor do they offer a streamline representation of an
alignment. They therefore suffer from the resulting problems of
either showing too little or too much information as a consequence
of the complexity inherent in most protein structures.

4 STRUCTURE-SEQUENCE DATA

Detailed protein structural information is most commonly found in
a format established by the Brookhaven Protein Data Bank (PDB).
[6] This file format contains x, y, and z coordinates for atoms con-
tained in the protein (see columns 6-8 of figure 5). In order to
display correct structural representations of proteins, we wrote a
parser for PDB files.

Figure 5: Example of the protein data bank (PDB) file format

There are many formats for storing biosequence alignments. Our
program reads a format known as A2M, for “align-to-model”. An
example of a protein sequence alignment is given in figure 4.
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Figure 6: Amino acid building blocks

5 STRUCTURE-SEQUENCE VISUALIZA-
TIONS

The analyses of fold recognition structural models do not involve
amino acid rotational angles. As a result, displaying this data can
detract from the rest of the picture. Further, if the amino acid an-
gles are similar, this similarity may give the deceptive impression
that the region of the model under inspection is superior. One of
the tenets of information visualization is to maximize the ratio of
information to “ink”. [23] Clearly, in the case of protein fold recog-
nition, showing detailed amino acid structure violates this precept.
Our program aims to give as much information as necessary to the
scientist while eliminating elements that are unnecessary, detract-
ing, and possibly misleading.

5.1 Visualizing the Amino Acids

We have implemented glyphs to represent amino acids in order to
prevent discarding all of their structural information. Our glyphs
are shaped like children’s building blocks, with the dimensions
of the block reflecting the overall shape of the amino acid, and
the shape of the pegs reflecting the residue type (see figure 6).
In all cases (except glycine) we omit information for hydrogens.
Glycine’s side chain consists solely of one hydrogen; therefore, we
depict it using a smaller peg to distinguish it from the other larger
side chains. The majority of PDB files do not include positional in-
formation for all of the hydrogens, and for our purposes the poten-
tial distraction imposed by these atoms is not offset by the limited
additional structural information they would provide.

As an example of one of our building block representations:
phenylalanine, an amino acid with a side chain containing seven
carbon atoms, is depicted by a block consisting of seven square pegs

roughly arranged to mirror the structural features of phenylalanine’s
actual chemical framework (see figure 6 and 7B). By varying the
layout and shape of our building blocks, we are able to show why
one amino acid might not be a good substitution for another, de-
spite possible similarities in overall shape. For example, based on
their ball and stick chemical pictures the amino acids histidine and
phenylalanine appear similar (see figures 7A and 7B). (Note: for
clarity, only the amino acid side chains are drawn.) Someone with-
out a background in chemistry might think that the two amino acids
are similar enough to be acceptable substitutions for each other. For
the non-chemist, it is difficult to determine an amino acid’s prop-
erties (hydrophobicity, polarity, etc.) from a traditional chemical
drawing of the amino acid.

A B C

Figure 7: Ball and stick representation of histidine (A) and pheny-
lalanine (B) side chains.2 Compare to aligned phenylalanine and
histidine glyphs (C).

As shown in figure 7C, an alignment containing a substitution
of histidine for phenylalanine in our program would give several
visual cues to the user regarding the plausibility of this match. The
similarity between the two residues according to the BLOSUM 62

2Pictures A and B were created using RasMol. [22]



matrix is mapped to the color of the two blocks. In this case red
indicates a poor match (in fact, the actual score is ). Phenylala-
nine’s hydrophobic nature is indicated by its square shape; simi-
larly, the fact that histidine is a polar molecule is represented by its
cylindrical structure. In this manner, our glyph depictions convey
information on similarity in amino acid structure and properties in
a way that is more easily accessible to those possessing a limited
familiarity with chemistry. Further, the compact glyphs present this
information without appearing as busy as a display of every atom
in the protein structure and the target sequence would be.

5.2 Visualizing the Protein Main Chain

Figure 2 shows the residue glyphs superimposed on a simple wire-
frame depiction of the protein main chain. In this example the color
of the backbone indicates the direction of the protein, and is inter-
polated along the length of the protein from Red (at the beginning N
terminus) to Orange, Yellow, Green, and finally Blue (at the ending
C’ terminus).

In addition to amino acid glyphs, we use a protein structure de-
piction borrowed from comparative streamline visualization. A rep-
resentation of the protein is created whereby two streamlines follow
the general shape of the protein. Similar to rungs on a ladder, line
segments connect the two streamlines at amino acid positions to
indicate the suitability of the amino acid substitution occurring at
that position (see figure 8). The color of the rungs is mapped to
values in the BLOSUM 62 amino acid substitution matrix, and re-
flects the similarity of the amino acids matched at that position in
the alignment.

Similar to the streamline mode, the ribbon mode enables the user
to view the alignment quality using a filled ribbon rather than a
wireframe one (see figure 9).

Figure 8: Streamline style display
of alignment

Figure 9: Ribbon style display of
alignment

Both the streamline and ribbon representations have the benefit
of presenting a clean picture of the overall structure of the protein.
Overall structural motifs are easier to detect in this mode. As evi-
dence of this, compare figure 1 with figures 2, 8, and 9. All show
the same protein in the same orientation, but the barrel structure is
completely obscured in the first figure.

6 CONCLUSIONS AND FUTURE WORK

This project is a continuation of earlier work developed to assist our
computational biology group during the protein structure predic-
tion contest CASP (Critical Assessment of Techniques for Protein
Structure Prediction). [17] Our group used Leslie Grate’s SAE, (a
prototype tool not intended for release), which combined an align-
ment editor with RasMol. After the contest, we decided that it
would be useful both to create an alignment assessment tool for

release and to develop additional ways to view structure-sequence
alignments in order to take advantage of available 3D information.
To those ends, we previously developed DINAMO, and now present
our current efforts.

With this tool we offer two new methods for viewing structure-
sequence alignments: (1) Building block glyphs display amino acid
structural information in a way that is both compact and accessible
to non-chemists; (2) Streamline representation permits the display
of high level structural motifs along with both directional informa-
tion and alignment quality data.

We have three immediate goals to be completed in the next sev-
eral months. Our first goal is to label the amino acid positions with
either their 1 or 3 letter amino acid codes or their sequence num-
bers. This goal will make our program the first to give a true 3D
analogue of the traditional alignments such as the one in figure 4.

Our second immediate goal is to add more options for draw-
ing the molecules. An example of such an option would be a car-
toon representation of secondary structure in which corkscrews or
cylinders would stand for alpha helices, and directed arrow strands
would represent beta sheets.

Our third immediate goal is to read alignment reference files.
This enhancement would allow us to use streamline rungs to indi-
cate the correspondence of amino acid positions in the alignment
created versus positions in an ideal (i.e.,reference) alignment. The
angles of the rungs would then reflect the quality of the alignment
under assessment. Vertical rungs would indicate that the amino
acids were well aligned, while slanted rungs would indicate that
the amino acids were misaligned. See figure 10 for an alignment
depiction that uses angled line segments between amino acids to
indicate problem areas.

Figure 10: Example of an alignment with angled lines to indicate
mismatch regions 3

Our last short term goal is to modify DINAMO to allow the use
of our molecular graphics program as its display tool. This would
allow us to avail ourselves of existing display options and alignment
assessment algorithms already in place in DINAMO, (such as col-
oring by predicted versus actual secondary structure). In addition,
it would allow the user to edit and save alignment files interactively,
while immediately seeing the results.

As longer term goals, we are researching the value of mapping
alignment quality to other display options such as the use of texture
mapped images, shininess, opacity, emissivity, building block size,
and strand width, thickness, or smoothness,

It is somewhat cumbersome to rotate the entire molecule when
the interest may lie in a small stretch of the protein. It may be
useful to provide a pop-up window for viewing a single amino acid

3This figure duplicated with author’s permission. [17]



substitution pair (as depicted in figure 7C) independently of the
rest of the protein.

We are also interested in viewing structure-structure alignments
(coordinate files for two protein structures that have been superim-
posed in three dimensions). Again, our streamline methods could
be used to indicate where two protein are most similar in their struc-
tures.

As a separate project, we will be in extending our tool for use
in high resolution homology modeling. This would require more
detailed depiction of amino acids, and would entail implementing
the following features:

1. Allow the display of and backbone angles in addition to
the alignment.

2. Estimate the amino acid angles for insertions, deletions, and
mutations. These would be generated using molecular dy-
namics.

3. Save the coordinate files for the predicted structure in standard
PDB format.

Check the following URL for updated information on this work:
www.cse.ucsc.edu/research/avis/bio.html.
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[24] Markéta J. Zvelebil, Geoffrey J. Barton, William R. Taylor,
and Michael J. E. Sternberg. Prediction of protein secondary
structure and active sites using the alignment of homolo-
gous sequences. Journal of Molecular Biology, 195:957–961,
1987.


