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Abstract — Proteins are highly exible and large amplitude deformati ons of their structure, also called slow dynamics, are often
decisive to their function. We present a two-level rendering approach that enables visualization of slow dynamics of large protein
assemblies. Our approach is aligned with a hierarchical model of large scale molecules. Instead of constantly updating positions of
large amounts of atoms, we update the position and rotation of residues, i.e., higher level building blocks of a protein. Residues are
represented by one vertex only indicating its position and additional information de ning the rotation. The atoms in th e residues are
generated on-the-y on the GPU, exploiting the new graphics hardware geometry shader capabilities. Moreover, we represent the
atoms by billboards instead of tessellated spheres. Our representation is then signi cantly faster and pixel precise. We demonstrate
the usefulness of our new approach in the context of our collaborative bioinformatics project.

Index Terms —Molecular visualization, hardware acceleration, protein dynamics.

+

1 INTRODUCTION
Proteins are often considered to be static objects. Howeveteins

increases.

are highly dynamic and their dynamics are often the key tdr the One way of gaining insights into the dynamics of proteingiana-

function [2]. For example, some proteins haveaoenand aclose
form and understanding the transition between both is atuoi be
able to design ef cient drugs [17, 28]. Of particular intsteare the
large amplitude movements of complex protein assembliesledd-
lar dynamics simulations (MD) are widely used to study thefop
mational changes of protein structures along time, but i@y MD
simulations of molecular systems containing hundredsaishnds of
atoms remain challenging. Normal modes analysis (NMA) withrse

lyze the geometric information arising from the NMA caldidgas and
visualize the results using two-dimensional plots or nuaiables. A
more intuitive approach which also enables a much bettegnstahd-
ing of the spatial relationships is dynamic 3D visualizatibommersive
three-dimensional visualization of protein dynamics,deample, has
the potential to serve as a very good exchange platform lestwee-

perimental and computational biologists. Experimentaldgists are
often not familiar with the methods employed by computaidriol-

grained models is much less computer demanding and appehes t ogists (e.g., NMA [8]), which makes it dif cult for them to aiyze

a better approach; it has been successfully applied toqirddi col-
lective large amplitude motions of, for example, nanoeegjiar virus
capsids [15].

Proteins are made of amino acids, referred toessdues In this
work, we exploit the fact that protein structures can beddidi into
two hierarchically separate levels. Although there arey @l differ-
ent standard amino acids, which contain between 7 and 24saadso
including the hydrogen atoms [16], some proteins need atfer-

computational results and connect them with the proteircaire and
function. Interactive 3D visualization is more intuitivadresults in
signi cant bene ts in this case.

There are several different visual representations in oisehé vi-
sual depiction of protein structures. Each visual repriadiem serves
its own purpose. Some of them depict high-level informatidring
visual prominence to certain characteristics (e.g., tHiedlewist of
a part of the backbone). Such a visual depiction is refelwexstar-

ence constructs to make sense, such as water or other mopéesomtoon rendering among the domain scientists. A more traditionl b

molecules. To support such constructs, we need a model ltbatsa
mixing of two level structures, like proteins and one levelistures

still often preferred way of displaying the structure dyrneegrin pro-
teins is showing the atoms (all but hydrogens) and invetitigdnow

such as water. All amino acids have 6 atoms in common (foritiing they interact with each other. Rendering every atom in tbeejim with
so calledbackbong and they differ by side chains of different formconnections to the other atoms in the structure is knowladisstick

and complexity. Refer to Fig. 6 for more detail with respexthe
structure of proteins. Amino acids are linked by amide baonderm
proteic chains. These chains often contain several huadredmino
acids. A protein can be made of one or several chains. Ingiein
ganisms, several proteins can interact with each other ggreégate to
form a complex assembly whose function can differ from thgioals.
In fact, the biological structures we have to look at, for tidreunder-
standing of crucial biological processes, often contaiargd number
of atoms. With all the progresses made in our post-genonaictee
number of atoms in biomedical structures under investigagieadily
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representation and rendering atoms as intersecting spielled
space- Il representation (see Figure 1). When visualizing ever farge
and complex structures, additional techniques like dep#ing, and
depth aware silhouettes [27] are vital to extract stru¢infarmation
without loosing smaller details.

Interactive rendering of very large proteins (hundredsofisands
of atoms) using théall-stick representation is computationally very
demanding, even using the latest graphics hardware. In rmjeqp,
this task gets even more challenging since protein dynastiosild
also be studied in an immersive environment using sterg@iscen-
dering on a high-resolution projection wall. The complexmetry
of the protein representation is associated with dynamanghs in
the atomic positions of the proteins. Sending new geomeirgéch
frame will immediately drop the rendering performance tacoept-
able frame rates because of constantly updated complexeigooal-
culations and 1/0 GPU bandwidth [18, 1]. Especially in theecaf an
immersive environment it is crucial that the performancesdoot drop
under 24 fps to avoid nausea and disorientation [24, 31]Junnsary,
the more and more common scenario of molecular biologisighgi at
an interactive 3D investigation of protein dynamics anditieraction
of several proteins with each other, presents a substahg#lenge for
visualization technology and interaction.

To achieve interactive rendering in the above mentionedaaz,
we now propose a new two-level approach for rendering dyoana-
teins. The basic idea builds upon the natural hierarchicattire of



Fig. 1. Different visual representations are needed when visualizing
atom structures. Top: left Caffeine using ball-stick, right Caffeine using
space- Il. Middle: left GroEL using separate chain color an d cartoon
borders, right GroEL backbone only. Bottom: left Bacteriophage phi-
29 [32] connector array using cartoon Sketch, right same using depth
cue (fog).

proteins. Accordingly, we decompose the rendering pipsiimo two
levels: (a) dynamic changes are applied to high-level siras of the
proteins such as the backbone; (b) the geometry of low-Ewuettures
(residues) is generated on-the- y for atom-by-atom remdgr

The remainder of this paper is organized as follows: In the sec-
tion we review related work. The main idea of two-level remalg and
its individual steps are described in Section 3. SectionMatestrates
the use of our new approach in the context of our cooperativjeqt.
In Section 5 we report performance and quality measuresllfinve
summarize our contribution and draw conclusions in Sedion

2 RELATED WORK

Visualization of protein dynamics is an active research.a@ne of the
latest approaches in the eld resulted in the publicly sallié frame-
work known as VMD (Visual Molecular Dynamics) [12]. This free-
work has become very rich in features over the years whichem#k
popular for computational biologists. However, when it @snto the
visualization of large protein structures, the renderieggrmance is
not usable in immersive environments [31].

The high computational costs of rendering complex proteivnge-
tries have been partly alleviated by reducing the numberyofichic
graphics elements to high-level protein structures usingaled car-
toon rendering [26, 11]. Displaying the simple geometryighHevel
structures also allows to study molecular dynamics in girgnviron-
ments [21].

More recent approaches are focusing on displaying the digseoh
every atom in the molecule. Hao et al. [6] achieve interactram-

erates for mid-sized proteins (ca. 10,000 atoms) in a dpsitgiron-
ment through simplifying geometry that represents a siaggen.

Reducing geometry complexity and increasing performarnycaeb
picting the details using image-based representationsvesyapow-
erful technique in various elds of computer graphics [1Becently,
billboard-based techniques have been applied for molevigaaliza-
tion such as Qutemol [27]. Billboarding results in very higamer-
ates even for reasonably sized non-dynamic molecules. @&fer-
ing of single atoms extends this billboarding technique.Agemol
is limited to orthogonal projections only, we use the teghmei pro-
posed by Gumhold [5] for rendering perspectively corretiesps. In
the context of the ball-stick representation we use a vemyiai con-
cept [25, 23] to render the bonds.

Our two-level rendering approach is especially designesifgport
the dynamic visualization of large atomic structures fared pro-
jection. In addition to the pre-computed animations of girfstruc-
tures, we utilize focus+context techniques [7] for intéikac explo-
ration such as 3D magic lens [29, 4] or view dependent ditiptof3].

In this paper, we demonstrate how the newest graphics heedwaa
pabilities are utilized to come up with an elegant two-leygbroach to
interactive visualization of large and at the same time dyingrotein
structures. Additionally, we improve and integrate theweth@viewed
techniques for billboarding, perspective correction, exjplorative in-
teraction to better suit our purposes.

3 INTERACTIVE DYNAMIC PROTEINS

To understand the spatial relationships in the interacionngst sev-
eral dynamic proteins, biologists need to study such behawing
stereo projection and on high-resolution projection walls satisfy
their needs, user interactivity cannot be compromised byextent of
the scene complexity. In the following we describe a new eeing
approach which enables this required interactivity, ewervéry large
protein structures. Position updates for every single atolarge pro-
teins in every single frame would normally drop the rendgperfor-
mance unacceptably due to the CPU time needed to transtates at
and due to limited /O GPU bandwidth. By exploiting the facat
the NMA simulation only calculates vectors for backbonenwats
and then afterwards applies them to all atoms, we can senthithe
tial vector to the graphics card and have it applied to thenatm the
corresponding residue on the graphics card.

In the rst level of our new rendering pipeline, dynamic clyas in
the protein therefore are applied only to the backbowmetrol points
where each residue is represented by a one control pointbyea
single vertex. These comparably small numbers of verticegten
transferred to the GPU. In the second rendering level wedjcedly
generate the atoms which are contained in the residuegingithe
geometry shader as featured in the latest graphics hardyearer-
ation [18]. For every atom we emit four vertices from the coht
point of the residue and represent the atoms by perspeamtivect
billboards. The shading of the spheres which representttrasais
done in the fragment shader resulting in pixel-precise gshe The
entire rendering pipeline is illustrated in Figure 2 and ithdividual
steps are described in detail in the following subsections.

3.1 Two-Level Rendering Pipeline

Prior to rendering protein structures, we parse the inpes [20] that
de ne the protein and generate the protein hierarchy. Adldees in
the proteic chain are identi ed and attached to the backbmntheir
control point. The control point is a particular carbon atanich
is present in every residue and which is denoted in the backias
Ca. This atom serves as the origin of the local coordinate syste
of the residue. The atoms in the protein are assigned to ctaape
residues and their relative position to the control pointasnputed.
This transformation is de ned as translation from the arigif the
residue.

For each residue we store the following information:

control point positior(X;Y;Z) —residue position array
rotationsf ; q;y —residue rotation array
index of rstatomL —atom offset array
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Fig. 2. A data ow diagram showing the different stages in our pipeline,
from the CPU through the vertex shader, the geometry shader, to the
fragment shader. The data sent, noted by arrows, are multiplied up by
the number of residues in all process blocks under Level 1 and by atoms
in Level 2

number of atomsl —atom count array

The information stored for every residue is also listed ibl&al
with the associated data type.

X Y Z f q y L d
oat oat oat oat oat oat | int | int

Table 1. Residue Composition

All rotations are initially set to zero. We have selectedeangles
as our rotation representation because of their low barttivfabt-
print, i.e., 3 oats. This could be implemented by use of guaions
for more ef cient calculation and better handling of intetation.

transports our values from our two main memory residingyatrmin-
ing them with the other two from graphics memory, and senttiegn
to the vertex shader. Transformations, which are appliettiitoone
point, done by the vertex shader, then affect the entire resicger(at
only Ca).

To render all the atoms which are associated to a residuggethra-
etry shader fetches the atom information, starting aénd iterating
until L + d. The maximum of atoms this algorithm can output is then
limited by the hardware platform. By the time of writing thpper
limit of the G80 was set to 1024 scalars. This means that garighm
could theoretically output 64 atoms per geometry call. Eohee the
location of such an on-the-y created atom we need to traedlae
iterated value to textura andv values where the color, the position
(relative to the origin of the residue), and the radius aoeest. This
is done by exploiting the newest features in the shader spgicin
textureSizeandtexelFetch

To place the atoms correctly, the geometry shader createdram
from the Euler anglesf(, q; y ) and the position provide(Y;Z). The
atom positions previously fetched from texture memory ntiush be
multiplied by this matrix, before they are sent to the negpsivhich
creates the actual geometry that is sent to the fragmeneshad

We represent atoms by billboards (see Section 3.3 for aléétai
discussion). To render one atom, the geometry shader desdaar
vertices in a billboardedjuad (in fact in a small tri-strip since the
geometry shader cannot output quads), the radius of the #teratom
color, and other information which the fragment shader ireguto
accurately portray the intended sphere that representdhe

One call to render a residue consists of 6 oatsbytes/ oat = 24
bytes. Rendering one residue is a factor diyg¢s12bytes= 2 times
bigger than rendering a single atom. However, residues fasize
7-24 atoms and on average about 10 [16]. Therefore we ob8&te
the bandwidth usage is reduced (on average) by abeZ=1® times.
Ignoring the hydrogen atoms, all residues consist of at katoms
each (NCCO, as in glycine). Even if we only render the backbafra
protein (containing the four minimal atoms per residue),stitt save
half of the bandwidth with our approach.

3.2 Dynamic Scene Rendering and Exploration

Animations often adhere to certaseletorrestrictions. This is also
the case with proteins. Especially in NMA simulations; tlaekbone
of the protein is animated and the side-chains follow thiveneent.
To dynamically update the scene, we rst send the movemethef
backbone to the graphics card. Every transformation of &acbpoint
of the backbone, de ning the origin of a particular residisegdle ned
through a new positionX;Y;Z) and new Euler angles (q;y). We
then apply a local coordinate system to render the residagvesto
the control point in the backbone. In the second level of egind we
reassemble the entire residue (7—24 atoms) by providingrdgehics
card with one translation and one orientation description.

With our rendering pipeline we support two different typdsigp-
namics, i.e., the animation sequences as resulting frorsitingation
of protein dynamics and the displacements of protein elésraatord-
ing to explorative interactions such as the 3D sheye leissadtion.

The simulation of protein dynamics is usually a computatiyn
very expensive process. Therefore, this is done in a preegsing
step, separated from the rendering pipeline [10]. In ordeachieve
the highest possible compatibility with all available ®othe result
of such a simulation is stored using a standard le formatf] [0

We reduce the bandwidth requirements during animationspby uvevery frame. To reconstruct the backbone animation, weepdis

loading all elements that are static during animations &ogiaphics
memory once. We create two textures, one containing the<salad
one containing the positions and radii of all the atoms. Next as-

simulated frames prior to rendering. We extract the pasitibanges
and orientation angles, which then de ne the transfornmatib the
residue in the second level of our rendering approach (sego8et

sociate thel andd values with the residues vertex array and uploafbr a speci c example).

them to the graphics memory as vertex buffered objects (VB¢
atom information is now stored in textures, and the residéerma-
tion stored in vertex arrays, some residing in main memang, some
in texture memory.

In addition to these simulated protein animations, we algpert
procedural animations which increase the understandirigeo€om-
plex spatial arrangements of atoms in the proteins. Moti@sare of
signi cant advantage when it comes to 3D space perceptizen @

To render the residues, we bind the four above mentionegsarrahe case when combined with stereo projection [30]. Theadhvstruc-
and the two textures, and then rengeintsby sending indices. This ture of a complex protein can be well studied using global @noents



Fig. 3. Top row: Complex (proteinase/inhibitor) visualized with separate color per chain and sheye to study weak bonds connecting the two chains.
Bottom row: Shows procedural pulsation, where the global symmetries become well visible in the GroEL protein visualized here. See also the

accompanying videos.

such as gulsationfrom the center of the protein or along a proteirwherej is the time-varying parametesy the origin of the atom, and

symmetry axis. For demonstration we perform a pulsatiorceuta-
ral animation on the GroEL protein along its rotational syatm axis
(see Figure 3 top row). The displacement function is in thisecde-
ned as:

2 q 3
= 2 4+
g= a4 PGB s )
= PZt R
q__
D= po+ Py 1 (1+sin( +k po)) @)
27 3 2 3
Px pr+Ddx
4py5: pyO+Ddy5 (3)
Pz P20

To calculate a distortion effect that creates a pulsatingyement

around thez axis, i.e., the axis of rotational symmetry, we rst cal-

culate the displacement directighthat will point away from thez
axis. The pulsatio is proportional to the distance from tlzeaxis.

Furthermore, we de né to vary with a sine wave depending on a

r the distortion amplitude.

When the structures in the protein are very tightly clustdatds
dif cult to understand the connectivity anjitering helps. Another
useful opportunity is a user-steered rearrangement by snefifo-
cus+context visualization [7]. To do so, we apply local diisons
utilizing a sheye Ie(ns approach. Our lens function is dedres

sin(p+ 2P)+ 1 =2, ifd r
0;ifd > r
wheref(d;r) is the force magnitude applied to atoms, witheing the
radius of the area to be affected by the distortions, andavithing the
point-line distance from ragp; @) when de ned by viewer positiop
and directiond of the mouse pointer. Whild de nes the magnitude,

forceF de nes the direction of the force as given below (witbeing
the position of the atom to be tested).

a (® A
F= 151

f(d;r) = Q)

f=d (6)

@)

time-varying parametgr and thez heightp,. To control the phase of 3.3 Atom Rendering

the sine wave iz we also introduce phase shifand sine amplitude.
This pulsation effect is as a result of its large relativeatison along
its center axis, only suitable for a class of proteins thatehgither
rotational symmetries or a cavity along this axis.

In case of tightly clustered structures it may become dift ¢o cor-
rectly understand the spatial arrangement. Using the snmalements
in the structure, the depth perception can be signi carttigregthened.

Our visual representation uses spheres of different sidecator to
depict the atoms in the protein. Rendering spheres by thefusid-
boards is a technique that signi cantly increases speefbpaance
as compared to tessellated primitives. Billboarding iemftised as a
load balancing method of increasing speed while loosingatigual-
ity. Using advanced z-buffer correction on these billbsaadd per-
pixel shading calculations accurately displays pixekfge spheres.

For this purpose we usejitering procedural displacement. This isQur rendering approach using billboards for atoms and bondes

demonstrated in the bottom row in Figure 3. The displacerhert-
tion is de ned as:

2 3 2 3
Px sin(j + pxo)
4py5:po+r4gin(j+py0)5
Pz sin(j + py)

4)

upon existing works in the eld [27, 5, 25].
For the parallel projection, the sphere/atom billboards drawn
orthogonal to the view plane. Then the correés computed in the

fragment shader as follows:

r2=2+12) z=pﬂ 12 (8)



Fig. 5. Interactive visualization of the chaperonin GroEL protein dynamics. Top row: frames showing dynamic changes in the arrangement of the
entire structure. Bottom row: frames showing the exploration of structure movements inside the protein.

In Equation 8y is the radius| is the distance from the spheres originhormal isn=7T ®.

andzis the height correction that needs to be applied.

Using the perspective projection, the above equation geitsaore
complex since there are two important aspects which onedchike
care of. First, the radius, or the circumference will be demadince the
viewing ray will intersect the sphere before the ray hitstitiboarded
circle. Therefore, the correct intersection depth has todoeputed as
illustrated in Figure 4. The points on the circle where thewray
is orthogonal to the circle tangent sk ands2 . These points de ne
the plane displacement of the billboard. The second isstimtgthez
correction is not parallel ton gither, but will follow the ray. In both
orthographic and in perspective projection the normalutaton is
the same once you have identi ed the intersection point ersifhere.
If the intersection point i and the origin of the sphere 5 then the

Xy
N
\
> Y
m 4
&

Fig. 4. Silhouette calculation. v is eye position.  is the corrected bill-
board radius, according to projection.

Previous billboarding techniques [5, 25] do not make usbefat-
est graphics hardware capabilities. For each vertex in tlteoard
they require to perform calculations for the silhouette, ¢amera di-
rection, and the cross product to de ne the orthogonal pkanthe
camera direction. We utitilize the geometry shading cdjiigsi to re-
duce these calculations to one vertex only, teitfour vertices (one
per hillboard corner) and reuse the calculations from thgiraal ver-
tex. This implies nearly four times performance gain fordeting a
single atom.

4 PROTEIN ANALYSIS

In this part of our paper, we brie y report from our coopevatbioin-
formatics project and demonstrate how the new two-levelleégng
approach helped to improve our insights in complex and dyoano-
tein structures. In our research we aim at studying intemactf mul-
tiple proteins also considering their dynamics. Furtheenae are
investigating re-structuring of existing proteins for eient drug de-
sign.

When analyzing large molecular structures such as theitryps-
tein with its inhibitor BPTI (Bovine Pancreatic Trypsin libitor) or
the chaperonin GroEL protein and their dynamics (see Figadeb),
we need to consider overall and detailed effects. Accolgitds very
useful to visually consider proteins on different levelshdir internal
structure.

The chaperonin GroEL protein is a very interesting and ar-esp
cially stable molecule which has been extensively reseakch plays
an important role in conjunction with the folding of many etfpro-
teins, including prokaryotes, chloroplasts, and mitochizn We in-
vestigate this protein and its function by taking a closélabits intra-
protein dynamics. For this purpose, we have previously Idpeel a



web-based tool to calculate large amplitude movements obteip,
starting from the Cartesian coordinates of its @&oms [10]. This tool,

While rendering the GroEL NMA analysis we achieve 29 FPS with

3200 1200 resolution in the stereo mode (or 58 elds per sec). Fur-

based on the Molecular Modeling Tool Kit [9], is called WEBam ther results are presented in Table 3 and Figure 9 . Thesksresre

and performs Normal Modes Analysis (NMA) of proteins [8]. Any

other things, this tool allows to create an animation of tlev@ments
which a protein is susceptible to undergo. The animationbmmi-

sualized within the web browser or downloaded and visudlizéh

VMD. However, in both cases we display only tha @nd still the
animation is relatively slow.

made using a NVIDIA GF 8800 GTX graphics card. The steredigsu
were made on the NVIDIA Quadro architecture.

By implementing force calculations on the GPU (once perrenti
amino acid), we save an average 7 force calculations. Orer eity
ni cant factor in our gain in performance lies in that withayaetry
shaders we can reduce the calculations for billboardingséhduette

Images in Figure 5, on the other side, are frames from our nesffset to once per atom vs four times per atom without the ggom

interactive visualization of the chaperonin GroEL dynasnic

The GroEL protein [33] contains 53,822 atoms and the anonati

consists of 150 different structures. The visualizatidoves us to see

shader.

We compare the bandwidth load between our approach and one-

level approach also using billboards for object repregemtdut not

not only the @ on which the calculation is made but also the sidexploiting geometry shaders for geometry generation. eratshows

chains. This is an important level of information. We get tidreview
of the formation of cavities and the deformation of the stefaWe
in addition incorporate halo effect around individual atoimimprove
the depth cueing. The animation also is much faster and $raptitan
with other tools such as VMD [12].

In the case of the trypsin protein, for example, we are isteckin
its associated inhibitor BPTI (2ptc) [22]. An inhibitor ismaolecule
(protein or not) which prevents a protein from functionimghibitors
are important regulative factors with respect to the astiof certain
proteins. An inhibitor binds to its partner followingkey-lock model
meaning that they have complementary structure (alsoresfeo as

molecular dockinyy The investigation of the detailed structure of each

partner helps us understand whether they couple and, ihgesthey

couple. When a disease is caused by a malfunctioning prdi@in
example, we aim at inhibiting its activity. In drug desigrisitherefore

often important to nd compounds which would have the neagss
characteristics to be inhibitors of the malfunctioningtpim. To do

s0, an in-depth 3D analysis of the structural aspects is ingpprtant

during the search for structural complementarity.

The new two-level rendering approach enables us to inastitpe
proteins in their full complexity (with all atoms), even ifay are com-
posed of hundreds of thousands of atoms, interactively in(S
Fig. 6(a)). We are able to investigate their detailed shageke they
are moving smoothly. When interactively operating in 3Dcgpdaow-
ever, we regularly aim at temporarily reverting to a morerehsv
kind of view for the purpose of mentally re-registering theeiall
structure of the molecule to the current view — due to its demp
structure and large number of atoms it is not always immebjiab-
vious which parts connect to which others along the backbdyith
our new rendering approach we can very easily suppress foéun
ing of residues and thereby only show the backbone of theeim®ot
(Fig. 6(b)). In some situations, however, for a very dethilew, we
temporarily disable the rendering of all atoms but just ého$ one
selected residuum (Fig. 6(c—f)).

that the average atom count per residue lies betwee@ for proteins
used in our comparison. The bandwidth load is depicted ineTab
where we use the following formula for the bandwidth in bypes
pass:

One-level rendering:

vertex floats byte

atoms atoms vertex float ) (atoms 4 3 4) ©)
Two-level rendering:
residues floats - byte ) (residues6 4) (10)

residue float

It turns out that our method uses approx 15 times less bariwid
as compared to a one-level approach. Moreover, this cosgradoes
not include rendering of hydrogen atoms as they are usuafiiested
in molecular visualization. In cases when protein invesdtans would
require rendering of protein including hydrogens, the atount will
drastically increase, while the residue count will stay shene. This
means that the bandwidth and calculation load for one-l@pptoach
will be at least doubled, whereas our load will stay the same.

6 SUMMARY AND CONCLUSIONS

We have designed a two-level rendering approach for immvexssu-
alization and exploration of protein dynamics. Our apphoperforms
better than that of a One Level with approximate 60% and aoesu
signi cantly less bandwidth as compared to a one-level apph; that
makes it superior in scenarios with frequent positionahgeaof the
backbone in proteins.

During studies of proteins, biologists often like to switobtween
different levels of abstraction in proteins, e.g., rst wégim be inter-
ested in getting the big picture and seeing the backbonetstaionly,

Another protein we are interested in is the goose lysozyme

(153L) [14]. It has a relatively complex structure and shavit with
all atoms results in a pretty packed visualization. For aralanaly-
sis, we again make use of the option to not show residues lythn
backbone. To better explore the structure of the backborepply an
interactive 3D sheye distortion (with care, however, jimoving the
sheye around slowly). The sheye lens locally separatedpaf the
backbone and thereby reveals details relations (see Fig. 8)

We have performed initial tests of our application in our \é®.
First impressions indicate that immersive visualizatisrvéry use-
ful for protein dynamics investigation. The spatial arramgnt of
protein structures is conveyed much clearer from stere@eqiion
as opposed to desktop environment. Figure 7 demonstra&san
tive visualization session of trypsin protein with its ibtior BPTI
(Bovine Pancreatic Trypsin Inhibitor). Additional matris available
on http://www.cmr.no/research/protedtynamics/.

5 PERFORMANCE ANALYSIS

We have tested the performance of our two-level renderimycgeh
on the chaperonin GroEL (1AON) consisting of;884 atoms for
NMA and several other (see Table 2) with sheye force caltatss.

Fig. 7. Photograph taken from a visualization of structures of trypsin
protein with its inhibitor BPTI (Bovine Pancreatic Trypsin Inhibitor) in our
immersive environment . Photo c¢ Bjgrn Erik Larsen, www.bel.no



(a (b)

(d) (e (f)

Fig. 6. Hierarchical structures in the trypsin protein with its inhibitor BPTI (Bovine Pancreatic Trypsin Inhibitor): entire proteic chain, backbone
without side-chains (proteic chain build only out of glycine), individual residues arginine, threonine, and tryptophan.

Fig. 8. The protein lysozyme in its original arrangement, only the backbone, and with applied sheye distortion by movin g the lens from the center

and rightwards.

Fig. 9. Performance in FPS comparing One Level rendering to Two
Level rendering of dynamic proteins.

Atom Two One Atom Two Level | One Level
Name Level | Level | Count | Bandwidth | Bandwidth
FPS FPS

2PTC 504 223 2241 6,672 107,568

10K Atoms | 253 80 10000 32,904 480,000
1AON 61 23 58884 192,360 2,826,432
1AON*2 31 13 117768 | 384,720 5,652,864
1VRI 24 11 150720 | 444,960 7,234,560
Phi-29 9 3 391872 | 1,156,896 | 18,809,856

Table 3. Frame-rate and bandwidth comparison of our test cases.
Frame-rate presented for dynamic visualizations.

after identifying interesting regions we need to see theestructure,
or the most prominent part of the structure only etc. As ogreach
is aligned with the hierarchical structure of proteins,ra®in visual
complexity of the scene comes out straightforward from éymrithm.

Proteins are very complex structures and to visually undeds
them may sometimes become dif cult. Here immersive envinents
coupled with advanced motion and depth cues convey muckrbett
structural information than the desktop-based visuabmat

Proteins are usually treated as static structures, howibear dy-
namics are often the key to effective drug design. Therefaesactive
visualization of dynamics will play an important role in fuié protein
investigations.
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Atom Name PDB Code Atoms Residues Bond count Chains AvgdRBessize

Hydrolase(o-glycosyl) 153L 1,614 185 1,460 1 7.74054
Complex (proteinase/inhibitor) 2PTC 2,241 278 2,134 2 819
Complex (groel/groes) 1AON 58,884 8,015 59,304 21 7.32227
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