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Abstract

In this paper we concentrate on the visualization of protein structures witlotations of non-structural prop-
erties. The visualization of protein structures is of importance for the wtaeding of biological processes and
diseases at a molecular level. The appropriate representation of staliédatures reveals the nature of the protein
function and behaviour. Important is the interactive visualization of nonestire-based functional annotations in
protein 3D structures. We present a visualization method which includesnafon of three different databases:
a structure database, a sequence pattern database and an electrsitydeap database. The detected sequence
pattern (a so called motif) is responsible for the biological function of the prof#tause the functional speci-
ficity of proteins is linked to the structure it is necessary to visualize the sequmattern in its correct geometrical
arrangement. The additional visualization of the electron densities, whieheaponsible for the chemical prop-
erties of residues, allows insights into the dynamics of the active site. Addlyidmause of interactive windows,
further results (solvent accessibility, electric charges, geometricalmissbetween the residues in the motif etc.)
from automated calculations can be annotated to the structure.

Categories and Subject Descript@scording to ACM CCS) J.3, 1.3.3, H5.1 [Life and Medical Sciences, Computer
Graphics, Visualization]: Visualizaion of protein structures

1. Introduction students $MW95. Nowadays a number of protein view-
ers are freely available from referenced Web sites and run
Through history, scientists of all fields used visualizations on most computer platforms and operating systems includ-
to represent their data and informatioBHG"94)]. Visu- ing Microsoft Windows, Macintosh and UNIX X-Windows
alization take on the complexity of biomedical comput- [MKO4]. Such programs convert the atomic coordinates into
ing, improving its utility to scientists and clinicians alike  a view of the molecule and allow manipulation of the mole-
[JMPWO04. Earliest computer representations of macro- cule [Hog97, [GP97, and [Wal97]. Some viewers are used
molecular structures were made in the sixtiesvgg. First as Web browser plug-ins to display and manipulate struc-
at the MIT a system, based on an oscilloscope and display- tures inside a Web page.
ing rotating wire frame representations of macromolecular

structures, was developedB68]. At the same time, a pro- Whereas the problems concerning the representation of
gram to produce stereoscopic drawings of molecular struc- proteins (for example: wire frame representation) and the
tures with a pen plotter was developei6]. In the mid virtual 3D effects (for example: the illusion of depth) were

1970's a protein structure was visualized entirely with com- worked out in the 1980’s and 1990’s, the research activi-
puters for the first timeBRR77. During the 1980’s com- ties now mainly deal with the mapping of physicochemi-
puter systems showing wire frame renderings of the amino cal properties and biological annotations onto the protein
acid chain, which could be rotated in real times become very structure GLWO03]. Web access to gene and protein data-
popular for crystallographer®R94. In the 1990’s first pro- bases with a lot of annotations has increased dramatically
grams running on Macintosh and PC brought molecular vi- the availability of biological informationGOT04. To in-
sualization to a large number of scientists, educators and vestigate the structure and function of a protein, researchers
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create increasingly sophisticated methods for transforming is handled by the RCSB (Research Collaboratory for Struc-
genetic and functional data into comprehensive information tural Biology) at the Rutgers University and UC San Diego.
at the protein level to better understand biological processes. PDB is the most important source for protein structures. At
Several research groups have developed software for visu-the moment PDB contains more than 26.000 protein struc-
alization and analysis of protein structures, by taking into tures. Before a new structure of a protein is added, a careful
account different properties and aspects. Current researchexamination of the data must be carried out to guarantee the
encompass: Visualization of protein structures with anno- quality of the structure.

tations NRMO4], considering sequence-structure relation-
ships PId04], macromolecular interfaces=MBO05], rela-
tionships between genes and protein structwa@s(03] and
molecular surface analysi€§i/VWO03.

The PDB data file contains, among others, the coordi-
nates of all the atoms of the protein (Figute It is im-
portant to notice that these data is determined by crystal-
lographic methods or by nuclear magnetic resonance spec-
troscopy. PDB files are used as input for protein visualiza-
tion and they offer the necessary information for the calcu-
lation of protein properties, manipulation and representation
Proteins are the molecules used by the cell for perform- the structures. From the PDB database the structure (coordi-
ing and controlling cellular processes, including: degrada- nate) files can be downloaded and the protein visualized at
tion and biosynthesis of molecules, physiological signalling, the local place.
energy storage and conversion, formation of cellular struc-

2. Protein structure and function

tures etc. 1 C:\Dokumente und Einstellungen\wiltgen\Eigene Dateien\IMIDaten\Swis. ..
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Figure 1: The input data file for protein visualization con-
tains real data (among others the atomic coordinates) from

' protein structures determined by crystallographic methods
or by nuclear magnetic resonance spectroscopy.

The functional specificity of a protein is linked to its struc-
ture. Due to the folding structure each of the critical residues
responsible for interactions of a protein with other mole-
cules, are brought into a precise geometric arrangement.

Then interactions of a protein with other molecules are
determined by residues, which are close in 3D space, but
may be very distant in the amino acid sequence. An active
site of a protein is a localized combination of amino acids
within the tertiary structure that acts with other molecules
and provides the protein with biological activity. The active
site is then often found only in a small part of the structure
and the rest of the protein structure is mainly necessary to
enable and maintain the correct spatial position between the
amino acids on the active site.

Protein visualization at interactive rates has become more
and more important, as the number of proteins in the protein
data bank is increasing very fast. The ability to visualize the
3D structure of these proteins is critical in various areas such
as drug design or protein modelling, because the function,
which means the possible interactions with other molecules,
of a protein is closely connected to its 3D structure.

4, Visualization tool

For our experiments we used the Swiss-PDB Viewer which
3. Protein structure database is actually one of the most sophisticated todB”P7. The
viewer is of special interest because it enables advanced pro-
tein structure visualization and complements the services of-
fered by Swiss Institute of Bioinformatics.

Protein structures are determined with crystallographic

methods or by nuclear magnetic resonance spectroscopy.
Once the atomic coordinates of the protein structure have
been determined, a table of these coordinates is deposited ~Swiss-Protht t p: // au. expasy. or g/ sprot/

into the protein database (PDB), an international repository g yiewer offers functions like superimposition of struc-

for 3D structure filesBWF"00]. The PDB database tures which can be used to prepare input for the prediction
PDB:http://ww. rcsh. or g/ pdb/ of unknown structures (via homology modelling) using the
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Swiss-Model web server. The server is accessed directly by initiated by mouse clicking on their names in the script win-
the Swiss-PDB Viewer. dow. Interacting windows enables a relationship between the
output data of calculations and the corresponding parts of the
protein structure. This offers the possibility to interactively
connect annotations with structural properties.

This program converts the atomic coordinates into a view
of the protein. The viewer provides ways to manipulate the
protein by rotating and zooming the molecule and enables
features like distance measurements, calculation and display
of H-bonds, analysis of torsions angles etc. Additionally an 5. Protein visualization
illusion of depth is possible by creating two images that pro-

vide a stereo view. Being able to“see” the 3D-structure of a protein and analyze

its shape is of crucial importance for understanding protein

The viewer program runs on a PC with Microsoft Win-  properties and interaction. Looking at the protein structure
dows. The workspace of the Swiss-PDB Viewer is divided means: locate different types of amino acids, visualize spe-
into several windows (Figurg). The main window is used cific regions of the protein, visualize secondary structure el-
for manipulation, measurements, etc. of protein structures. ements, determine residues in the score or solvent accessi-
At the display window the protein structure is visualized. ble residues on the surface of the protein, determine binding
The control panel is used to select residues for display. sites, visualize physicochemical properties at active sites etc.
But a protein can not be seen, for example by a microscope
(with X-rays focussing lenses)! Therefore no real image of
a protein exists (like a microscopic view from cell). Instead
a model, resulting from the best fitting into the experimental
data (determined by X-ray crystallography or nuclear mag-
netic resonance spectroscopy) must be used. This model of a
structure is a 3D-representation of a protein that reflects the
experimental data in a consistent way by providing informa-
tion about the spatial arrangements of groups of atoms.

5.1. Representation of protein structures

Protein structure data are stored in the PDB file as a col-
lection of Cartesian coordinates, with labeling information.
For the visualization, the connectivity between atoms has to
be taken into account. The protein is then visible as a 3D
graphic, which can be rotated in the display window. The

Figure 2: The Swiss-PDB Viewer: The main window (top)
enables the interactive manipulation of the protein structure
in the display window (middle). In the control panel win-

dow (right side) individual amino acid residues can be se-
lected for display. In the script window (left side), propri-

etary programs are displayed, allowing problem based in-
teractive manipulations.

B1veo (995x029)

For special problem representations, proprietary programs
(written in the Deep View scripting language, a kind of
PERL derivate) can be read into the script windows, enabling
complex and time consuming calculations on the protein
structure. The scripting language supports variables, condi-
tional branching, loops, arrays and file access. There exists
the possibility to stop the scripts at defined break points, en-
abling the user to interact with the graphical interface before
resuming the operation. Subroutines are used for jump tables

of functions that are executed by clicking with the mouse on Figure 3: Wire frame representation of the backbone and

their name in the script window. At the end of the program  gjge chains of the trypsin protein. The atoms are coloured
run, the routines can be called by the program and displayed gccording to the CPK colour scheme; the chemical bonds
in the script window allowing further manipulation of there- 5. represented by sticks.

sults interactively by the user (see Fig@jeThe routines are
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proteins are so complex, that the 3D representations are dif- e
ficult to interpret. The number of amino acids in proteins
ranges from 50 to 2000 residues. (For example: the human
serum albumin protein contains 4902 a toms). The first prob-
lem in the visualization and analysis of protein structure is
the appropriate representation. The human eye can interpre
3D solids but has difficulties with topologically complex 3D
data sets (Figur8).

Because of the complex protein structure, special simpli-
fied representations are necessary. There are a number o
conventionally simplified representations of protein struc-
ture that allow the visualization of overall topology of the
protein structure, without the confusion of atomic details.
Although the representations are constructed, they are base
on experimental data and therefore they represent real as-
pects of proteins. A simplification of the representation and Figure 5: Molecular surface of the trypsin protein. The sur-
visualization of proteins is based on ribbons and helices, al- face is coloured according to the type of the amino acids
lowing the user to visualize essential features of the protein located at the surface. Non-polar amino acids are grey, po-
topo|ogy like Secondary structure elements (F|m_)re |al’ amino aCidS are ye”OW, baSiC (pOSitiVe) aminO aCidS are

blue and acidic (negative) amino acids are red.

B 1v60 (995029 )

5.2. Special problem based representations

The complexity of protein structures makes it necessary to
choose problem based representations, allowing the investi-
gator to concentrate on the specific features of interest with-
out being overwhelmed. Visualizations of structural proper-
ties can reveal problems leading to new compelling ques-
tions by showing existing information in a new way. Ade-
quate representation of the structure together with the map-
ping of physicochemical properties and annotations helps to
understand proteins visually showing context and connec-
tion.

) o _ Special procedures are required for exploring structure-
Figure4: Visualization of secondary structure elements like:  function relationships, aiding scientists in fast automated
a-helicesB-sheets by ribbons which are connected by loops. analysis of the functional properties of proteins. Sequence-

The polypeptide backbone lies in the ribbon ofdhielices pased functional annotations need to be mapped to the corre-
and [_3-sheets, whereas tr_le 5|d(_e chains are orlent_ed outside sponding part of the protein structure. Beside the PDB struc-
the ribbon. Represented is again the trypsin protein. ture database we used two additional databases with differ-

ent types of information:

Molecular surface shows the overall shape of the protein  PROSITEht t p: // au. expasy. or g/ prosi te/
but smoothes out the atomic details. The molecular (contact)
surface of a protein is defined by the van der Waals radii of ) i .
the atoms. The surface can considered as the boundary ofEIectr*on Density Server at Uppsala Universitggo4],
that volume within any probe sphere (representing, for ex- [KHZ"04
ample, a water molecule) of a given radius sharing no vol- EDS:http://fsrvl. bre. uu. se/ eds/
ume with the hard sphere atoms which make up the protein
molecule (Figure5). The molecular surface is helpful for
the analysis and understanding of protein-protein or protein-
substrate interactions.

with biological significant sequence patterns and the

A motif is a locally conserved region in a sequence or a
short sequence pattern shared by a set of sequences. Often
motifs are localized in active sites or binding sites for sub-
strates and coenzymes. PROSITE is a database which con-

Molecular shapes are useful when protein-protein interac- tains biologically significant patterns of residues responsible
tions are studied and wire frame representations when func- for the function of a protein family. These motifs are de-
tions at atomic level are studied. scribed by the PROSITE syntax:
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C—x(3)—C—x(2) — [LMF] —x(3) — [DEN] —[LI] —x(5)—C
This pattern represents a common motif in the lysozyme
family. The amino acids are represented in the one letter
code.x(n) means an pattern of arbitrary residues. Letters
between brackets (for examp[eMF]) mean that one of the
involved amino acid (represented in the one letter cade:
Leucin, M Methionin, F PhenylalaninC Cystein) must be
present at the specific position. One letter (E)gn the pat-
tern means that exactly this amino acid and no other must be
present at the specific position.

This motif pattern was retrieved from the PROSITE data-
base and used to search (in a script program) for the corre-
sponding residues, which are responsible for the biological
function, in the protein. The positions and orientations of the
detected residues in the protein fold are then visualized (Fig-
ure6). It can be seen, that residues in the motif pattern that
are separated in the sequence are close in 3D space due t
the protein folding. The rest of the protein fold structure is
represented as a ribbon visualizing secondary structure ele-
ments.

B 1het (9771857 )

Figure 6: Visualization of a PROSITE motif in wire frame
representation superimposed with the corresponding part of
the electron density map (resulting from the Electron Density
Server, University of Uppsala) of lysozyme.

Electron densities, responsible for the chemical properties
of residues, allow insights into the dynamics of the active
site. The visualization was done by superimposing the se-
lected residues with the corresponding electron density map,
retrieved from the Electron Density Server. The electron
density maps result from X-ray crystallography of the mole-
cule; the X-rays are scattered by the electrons surrounding
the atoms. Electron density maps reflect real experimental
data. The plotted map around the atoms and bindings in the

(© The Eurographics Association and Blackwell Publishing 2005

representation defines surfaces with constant electron den-
sities or in other words: the distribution of the electrons in
space (Figureés). Where there are many electrons the den-
sity is higher than in places there are few electrons.

From the structure file several properties of the protein
(solvent accessibility, electric charges, geometrical distances
between the residues in the motif etc.) are calculated auto-
matically during the visualization. The results of the calcula-
tions are displayed in an output window. A relationship be-
tween the output data and corresponding parts of the protein
structure in the display window was established by interact-
ing windows.

6. Conclusion

In principle the DNA string holds the template for human
development, physiology and certain diseases. The transfor-
mation of such information into understanding, prevention
and treatment of diseases is a goal of bioinformatics. In fu-

Qure it will be routine to tailor medical treatments to the pro-

tein structure resulting from individual genetic profiles of
patients, their pathogens etc. Genetic variations among pa-
tients, resulting in structural variability of the corresponding
proteins, must be taken into account. Therefore the visual-
ization of fundamental aspects of the protein fold structure
is of special importance. The choice of an appropriate pro-
tein representation facilitates the analysis and visualization
of specific protein properties and function.

7. Future outlook

In the future we will work towards adapted software tools for
specific problems. The Swiss-PDB Viewer supports stereo
hardware. In order to carry out further experiments, we plan
to use a graphic card that enables QuadBuffered Stereo in
OpenGL (where LCD shutter glasses (e.g. CrystalEyes) and
emitters are needed). The visualization of the complex pro-
tein molecules reveals from a wealth of information the re-
quired contexts and connections. Methods in clinical prac-
tice fall basically into two categories: performed automati-
cally or by interactive visualization. Due to the fact that bi-
ological research demands the ability to manipulate mole-
cules in three dimensions, we are aiming towards the de-
velopment of end user centered augmented reality applica-
tions, exactly suited to the needs of clinicians and biologists.
We concentrate future work on the practical implications of
the specific adapted viewer for the end-users. How can the
end-users gain (complementary) information from different
visualization variants, how can they benefit in better work-
flows. The first step is to apply Usability Engineering meth-
ods Hol05], in order to gain a better understanding of biol-
ogists’ behavior, their experience, tasks, and work contexts.
Empirical studies, involving all aspects of biologists’ expe-
rience and their interaction, are necessary to determine how
the tools are ideally implemented.
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