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Abstract

We describea visualizationsystemdesignedor interactive study
of proteinsin thefield of computationabiology. Our systemincor
poratesmultiple, custom,three-dimensionahnd two-dimensional
linkedviews of the protein.We take advantageof moderncommod-
ity graphicscards,which are typically designedfor gamesrather
thanscientificvisualizationapplicationso provide instantaneous
brushingandthree-dimensionahteractvity on standardpersonal
computersFurthermorewe anticipateheusefulnessf gametech-
niguessuchasbumpmapsandskinningfor scientificapplications.

CR Categories: 1.3.6 [ComputerGraphics]: Methodologyand
Techniques—Interactiotechniques
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1 Introduction

Proteinsarethemachinenthatmaleslife happenThey are,in sim-
plestterms,a polypeptidechain;thatis, alinearsequencef amino
acidresidues.(Whenthe aminoacidsjoin to form a protein,their
endsaremodified,thusthey arereferredto asaminoacidresidues).
Proteinshave theinterestingpropertyof self-oiganizationpnavery
shorttime scale,into a particular“native; or folded configuration,
and,in fact, a proteins functionalbehaior ultimately dependson
this folded configuration,with its particularloops, cavities, and
otheraspect®f its externally presentedurface. Theconsequences
of subtledifferencesn the shapeof the proteindueto, for exam-
ple, proteinmisfolds, canbe severe. For example,the deletionof
a singleaminoacidis implicatedin the diseasecystic fibrosis[5].
Otherdiseasetinkedto proteinmisfoldsare Creutzfeldt-Jasb (or
madcow) andAlzheimers.

To date, most protein configurationshave beendeterminedby
experimentaimeasurementspuchasx-ray crystallographyelectron
crystallographyor NMR techniquesHowever, theseprocessese-
quirethattheproteinfirst besynthesize@ndisolatedn measurable
guantities.Thevisualizationervironmentwe have developedis in-
tendedto facilitatethe studyof proteinsfor researcher thefield
of computationabiology, wherethe motion and behaior of pro-
teinsand other moleculesare studiedin the computerratherthan
in thetesttube. As computationapower and algorithmic sophis-
ticationincreasesgomputationabiology andmoleculardynamics
areactive areasof research.The goal of our systemis to provide
anernvironmentwherethe resultsof thesecomputationsanbein-
teractizely studiedusinga variety of linked two-dimensionakand
three-dimensionaliews. Key to the value of the visualizationen-
vironmentis fast, interactive brushingenabledoy our useof mod-
erncommaoditygraphicgechnology Thoughthecomputationatie-
mandsof moleculardynamicsare often extreme,the visualization

*greshsuits@us.ibm.comBM T.J.WatsonResearctCentey PO. Box
704 Yorktowvn Heights,NY 10598

requirementarerelatively modest,and usingmoderncommodity
graphicscards,the systemwe have developedrunsat interactve
speedn standardlesktopandlaptoppersonatomputers.

2 Current Trends in Molecular Dynamics
Visualization

Molecularvisualizatiorhasbeenafocusof thegraphicsccommunity
for mary years andnow alargenumberof high performanceview-
ing ervironmentsare available commerciallyor freely download-
ablefrom the web[11, 14, 10, 12]. Theseervironmentscomprise
two maintypes,eachwith its own designrequirementsstandalone
viewersof fixed molecularstructuresandvisualizationfront-ends
integratedwith a moleculardynamicssimulationprogram.In addi-
tion, mary viewersallow outputof the molecularstructurein afor-
mat compatiblewith ray-tracingpackagesuchas POV-Ray[13],
allowing non-interactie but photorealisticrenderingssuitablefor
publication.Sinceeachviewer hasits own requirementor appear
anceandspeedjt muststrike a balancebetweerrenderingguality
andinteractionperformancéasedn theneedf theapplication.

Anotherfactorthat drives the designof a molecularvisualiza-
tion systemis the intendedviewing platform, which may range
from a high-endgraphicsworkstationto a web browser running
on a laptop. Commercialpackagesntendedfor the high-endplat-
forms can assumenteractie performancewith large amountsof
geometry while simple viewers intendedfor web bronvsersmust
be lightweight and able to createcompelling resultswithout too
much computationor geometry Furthermoregachplatform may
have a variety of applicationprogramminginterfaces(API's) for
three-dimensionglrogrammingsuchasOpenGL Jasa3D,andDi-
rect3D.Thekey factorsthatdeterminethe API choiceareportabil-
ity amongthetamgetplatformsandtheability to make optimaluseof
the graphicscapabilitieson the targetplatforms. Viewersintended
for thewebmale additionaldemand®asedn functionalitywithin
anumberof differentbrowsers,andthe needfor a plug-in.

Molecular visualization is not limited to three-dimensional
views; thereare a variety of two-dimensionakepresentationthat
provide insight complementingthe spatial view of a molecule.
Mary viewers provide such plots in addition to the three-
dimensionalmage,alongwith somedegreeof interacte coupling
betweertherepresentations.

The standardthree- and two-dimensionalviews of molecules
map well to the functionality provided by graphicsAPI's since
the geometryconsistsof well-structuredtriangle strips (for rib-
bons) repeatedjlyphs(for ball andstick), or trianglemanifolds(for
molecularsurfaces). However, therearemary new featuresavail-
ableon graphicscardsthatareeithernot supportedn OpenGL,or
areavailableonly asvendorspecifichardwareextensions As are-
sult, molecularvisualizationsoftwaretendsto useonly a subsebf
the capabilitiesof the graphicshardware,or it hasspecificcodeto
dealwith avariety of hardwarepossibilities.



3 The Molecular Visualization System

Our systemprovidesa variety of both two-dimensionabndthree-
dimensionalviews of proteins,all linked via dynamic, instanta-
neousbrushing.It is programmedn C++, andusesthe DirectX®?
API to gaindirectaccesdo thegraphicshardwarewithouttheneed
to write hardware-dependemode.We usesplitterwindows to build
the applicationfrom its individual views to maximize screenuse
andto allow theuserto easilyexpandaview atthe expenseof other
views to focuson a particularareaof interest.

At IEEE Visualization2000[g, therewasa growing consensus
thatgamesaredriving graphicscardfeaturesandthewayto access
thosefeaturess via DirectX. We wereinterestedn experimenting
with novel waysto usethesegamefeaturedn a scientificvisualiza-
tion application.Therationaleandsomeof theimplicationsof this
designdecisionarediscussedn Section3.5.

Figure2 shows the applicationwith a particularprotein,human
guarylate binding protein-1,loaded. While our visualizationap-
plicationwasdevelopedspecificallyto studyproteins,the viewing
infrastructurds generic,andcould be easilyappliedto a variety of
visualizationapplications.

Below we will discussthe variousviews our systemprovides;
however first it is helpful to definea few of the termscommonin
proteinstudies.A proteinis, fundamentallya large molecule con-
sistingof on the orderof a few thousando mary thousandatoms,
andafew hundredo afew thousandaminoacidresiduesjoinedby
peptidebonds. While thereare approximately20 differentamino
acids,eachhasin commona centralcarbonatom(C,), to whichis
attachedh hydrogenatom,anaminogroup (NH:), anda carboxyl
group (COOH). Each peptidein the chainis essentiallya planar
unit, thathastwo degreesof rotationalfreedomaboutthe backbone
of the protein, definedby the sequencef C, atoms. Thesetwo
degreesof freedomaredescribedy theangless andqp.

A proteinis also often describedin termsof its primary, sec-
ondaryandtertiary structure. The primary structureis simply the
sequencef aminoacidresiduesThesecondargtructureis thede-
scriptionof particularmotifsinto which theproteinlocally arranges
itself. Examplesof secondarstructurearea-helicesand3-sheets,
which arecoils andalignedrunsof thebackbonerespectiely. Ter
tiary structureis the folding of distantpartsof the sequencento
associatedtructures. (In addition, quaternarystructuredescribes
how differentpeptidechainsarrangeghemselestogether)

3.1 Three-Dimensional Views

A proteinis a three-dimensionabbject,andits three-dimensional
shapeis critical to its functionalbehaior. Accordingly aninter-
active three-dimensionaView of the proteinis critical to ary vi-
sualizationervironment. Sincea proteinis, in simpleterms,just
alarge molecule,one might expecta ball-and-stickrepresentation
to be typical. While we provide sucha view as an option, it is
more commonto display proteinsasribbons[7. a-helicesand3-
sheetsare usually shavn as coiled andflat ribbons, respectiely,
which follow the backboneof the protein. We useavariationon an
algorithm describedby [3] to createthe three-dimensionajeom-
etry of the ribbon modelfrom the atom positions. This algorithm
computesthe backboneof the protein, following C, atoms,and
orientsthe ribbon suchthat the ribbon normalis always perpen-
dicularto the planeof the peptides.Helicesareslightly displaced
outwardrelative to thebackbondrom theirtruelocationfor easeof
visualization. We representheribbon aseithera flat sheetor asa
thickenedslab (For performanceeasongliscussedater, we draw
theribbonswith rectangularatherthanelliptical cross-section.)n
addition,we addarraws indicatingthe endsof the structureswith
respecto the beginning of the proteinchain.
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Theribboncanbe coloredusinga variety of color maps,nclud-
ing a structurebasedmap, in which helices,loops,andsheetsare
eachcoloreddifferently and a residue-basedhapin which each
residuds assigned colorusingthe ShapelyschemédseeFigure3).
Theleft portionof Figure2 shawvs our ribbonview, coloredby sec-
ondarystructuretype.

3.2 Two-Dimensional Views

In additionto the three-dimensionaliews of the proteindescribed
abore, we also presentthree complementarytwo-dimensional
views.

The first suchview is a distancematrix shawving the distance
betweerthe C, atomsfor all pairsof residues.Pointsnearthe di-
agonalhusrepresentlistancebetweeradjacentesidueslongthe
proteinbackbone We color the distancematrix usinga gray scale
color map, which is particularly suitedto seeingboth the overall
distancepatternandhigh frequeng fluctuationsin distance.High
frequeng patternsareoften associatedavith a-helicesdueto their
coiled shape.Sincethe distancematrix is symmetricaboutthe di-
agonalline from top left to bottomright, we usethe upperportion
of thematrixto shav, additionally informationon“contacts”of the
protein;thatis, pairsof residuedor which the C, to C, distance
is lessthan 10 angstromsdisregardingdirectly adjacentresidues.
Pairs of a-helicesaremarked by blue pointsandpairsof 3-sheets
by reddishbrown points(thesecolorsmatchthoseof thesecondary
structurecolors of the three-dimensiongplot). Pairs of mixed a-
helicesand 3-sheetsare shavn by greenpoints, while pairs that
includeatleastoneresiduethatis partof neitherahelix norasheet
arecoloreddarkgray

The contact points indicate secondaryand tertiary structure.
Blue points closeto the diagonalrepresentan a-helix, while red
pointsparallelto thediagonalkepresenaparallel 3-sheefin which
the strand=of the 8 sheetarepointingin the samedirection),while
red pointsorthogonalto the diagonalrepresentn antiparallel 3-
shee(in whichthestrandsarepointingin oppositedirections).Col-
oredpointsfurtherawayfrom thediagonabpointto tertiarystructure
(regionsof the proteinseparateth sequencéut closein distance).
In the caseof proteinsfor which the secondargtructures notwell
characterizedgnecanusethe contactplot to directly infer the sec-
ondarystructure.

We chosethe colorsin the matrix view to be,first, natural,in the
senseof matchingthe useof color in the three-dimensionaplot,
andsecondegasilydiscriminable Grayis usedfor the pairsthatin-
cludeatleastonenon-helixor non-sheetesidueto downplaytheir
prominence since mosttertiary structurearisesfrom helicesand
sheetsWe areableto usedarkgrayeventhoughit is superimposed
onagray-scaldackgroundecausehepairedresiduesighlighted
are, by definition, close, thus appearingas very light gray in the
backgroundWe presentilargerversionof this matrix view in Fig-
ure4 sothatthe colors, patternsandhigh frequeng behaior can
beseemmoreeasily

The secondtwo-dimensionalview is a Ramachandraplot[6],
which displaysa two-dimensionahistogramof the ¢ and+ angles
of the protein. It is standardo plot the anglesfrom -180to 18C°in
eachdimensionwith theresultthatregionsof thetwo-dimensional
Ramachandramlot are associatedwvith particular types of sec-
ondarystructuretheuppereft regionwith 5-sheetsandthecentral
left regionwith a-helices.We useablueto yellow color mapto in-
dicatethe numberof residuesvhose(¢, ¢) valuesfall within each
bin of the histogram.Black representdinsinto which no residues
fall. Thisview canbe seenin thecentralright portionof Figure2.

Thethird two-dimensionaView is aplot of ¢ andy asafunction
of residuenumber Runsof similar ¢ and+ arestronglyindicative
of particularsecondargtructuremotifs. This view is shavn onthe
bottomof Figure2. Weuseaspecialpresentationf the¢ andy an-



glesto avoid breakingthe 3-sheetregionacrossheangley=180Fto
-18¢°[2]. Thustheplotsonthebottomof Figure2 startat0°, con-
tinueto 180, thencontinuefrom -180°to 0°. Colorsareconsistent
with the secondarystructurecolorsof thethree-dimensionatiew.

3.3 Interaction and Brushing

The three-dimensionaview of the proteinis completelyinterac-
tive, with mouse-dnien rotation, panning,and zooming. In addi-
tion, the plot of ¢ and+ vs. residueallows a magnifying “lens”
to bedraggedover the plot to highlight ary desiredregion. Cursor
keys allow the userto stepin the ¢ and plotsresidueby residue.
Mostimportantly however, all of theviews of theproteinarelinked
via interactize brushing,which occurswheneer the mousesimply
pausestaparticularpointin theframe;thatis, nomouseclicks are
required. All of the brushingis contetually appropriatedepend-
ing on the plot the mouseis residingin andits locationin the plot.
Thus, for example,if one dwellsin the three-dimensionatibbon
view, anindicationof the residuenameandnumberis dravn atthe
cursorposition,andat the sametime, the residueis indicatedby a
verticalline attheappropriateesiduein the¢ and+ line plot, by a
squarearoundthe appropriatehistogrambin in the Ramachandran
plot, andby anindicatoralongthe diagonalin the distancematrix.
Similar behaior resultsfrom a dwell in the line plot, or a dwell
onthediagonalof the distancematrix. However, sinceselectingan
off-diagonalpointin the distancematrix is equivalentto selecting
two residuestwo vertical linesaredrawn in the ¢ and plot, the
bin locationsof bothresiduesareshavn in the Ramachandraplot,
andbothresiduesareindicatedin thethree-dimensionglot, along
with aline connectinghemanda displayof thelengthof theline,
representinghe distancebetweertheresiduesA dwell in thetwo-
dimensionahistogramselectsall residueswithin the selectedbin
andeachresidueselecteds shavn in eachof the otherplots.

Figure 2 shaws the stateafter a dwell in a region indicating a
closedistancebetweentwo «a-helix residueswhich are relatively
far apartin sequencethatis, a blue region significantly off of the
diagonal.Notice thatthe three-dimensionaliew confirmsthatwe
areseeingthe closejuxtapositionof two helices;the region of the
two redlinesin the ¢ ands) plotsalsoindicatesthatwe arein the
region of heliceswith runsof relatively constant ands). Finally,
the Ramachandraplot shavs both residueshave (¢, ) valuesin
thecentralleft, or helicalregion.

Pickingis alsopersistentin thatonecanselectaninterestinge-
gionin oneof thetwo-dimensionaplots,andthenrotatethethree-
dimensionabbjectto getabetterview of theselectedesidue.The
pick markersremainuntil anotherpick is made.

3.4 Essential Dynamics

Above we have describedow ourvisualizationsystemallows mul-
tiple views of a protein. An additionalaspecbf studyingproteins
in detailis understandingheir motion. Simply displayingmultiple
time stepsof theproteinatompositionsis nottypically conducve to
anintuitive understandingf the mechanismsasthe atomsdisplay
alarge amountof thermalvibration motion. We have incorporated
an essentiamotion implementatior{1, 4] to “smooth” the trajec-
tory of the proteinin a physicallymeaningfulway.

The methodcomputeshe 3N by 3N covariancematrix of theN
atoms(or residues)n the protein. The matrix is diagonalizedto
obtainthe eigevaluesandeigervectors.Onecanthenselectsome
small numberof the largesteigetvalues,and their corresponding
eigervectors. Onecanusethe eigervectorsto displaceeachatom
from its meanposition. The resultis a smoothedrajectorywhich
captureghe essencef the correlatedproteinmotion. In addition,
the useof the essentiamotion eigervectorscanenablesignificant
compressionf theinformationnecessaryo reconstructheprotein

motion, for example,in web applications. Thusfor a 1000 atom
systemwith 2000time steps gventheuseof thefairly largenumber
of 10 eigervectorsallows a 200-fold decreaseén informationthat
needdo betransferred.

We have implementedhe animationof themotionof the protein
suchthat it is possibleto rotate and zoom the objectwhile it is
animating.This allows the userto gaina betterunderstandingf a
particularregion in motion by orientingit in anoptimalway. The
usercan also control the speedof the animationusing keyboard
keys while rotating the object. This in itself is of greatvaluein
contrasto thetypical way in which moving proteinsareviewed: a
simpleanimationfrom a particularviewpoint atfixed speed.

3.5 Use of Game Technology

We choseo useDirectX for ourthree-dimensionaliewsto explore
the capabilitiesof moderncommoditygraphicscardsandtheir ap-
plicability to scientificvisualization. Thereis muchdebateon the
meritsof DirectX vs. OpenGL,andour choicein this application
wasmotivatedby a combinatiorof researctandutilitarianinterests
ratherthansuperiorperformancer preferredAPI design.Theim-
mediateusersof this applicationarescientistsvho tendto useWin-
dows laptopsanddesktopgeventhoughtheir simulationsarerun-
ning on large parallelcomputers)andwriting in DirectX allowed
onecode-basé¢o work on all their personatomputersandtake ad-
vantageof the available hardware without, for example,having to
codeto vendorspecificOpenGLextensionsrequiredfor different
graphicscards.

Protein simulationsare ideally suitedto commodity graphics
cardsdueto therelatively smallamountof geometryrequiredand
the well-definedstructureof the trianglesand glyphs. For ball-
and-stickviews we canstoresingleinstance®f the neededylyphs
(a sphereanda cylinder) in memoryand usetransformsto create
the full molecule;we assigncolorson the glyphswith small,one-
dimensionatexture mapscorrespondingo the possibleatompairs
in eachbond. For proteinribbonswith under1000 residueswe
can use compactone-dimensionatexturesto color the geometry
basedon residue-dependentlues. For both visualizationmodes,
we createvertex buffers correspondingo the ribbonsand glyphs
with fixedtexture coordinatecorrespondingo theatomor residue
of theball-and-stickor ribbongeometryrespectiely. We canthus
createthe geometryand dynamically changecolor mapswithout
rewriting to the vertex buffers; we write the geometryandtextures
into memoryonce,andapply differentcolor mapsby changingthe
appliedtexture, not the texture coordinates.DirectX not only al-
lows usto createthesetexture mapsandvertex buffers, but we can
assigntheir locationin memorybasedon size and accessneeds:
Sincemary of thetexturesaresmallanddo not have to be readby
the CPU aftercreation we canplacethemdirectly into local video
memoryon thegraphicscard.

Onetechniqguecommonto gamesis vertex blendingor “skin-
ning; whichwe have usedto createavisualizationof themolecular
surface,shawvn in Figure1l. Computatiorof amolecularsurface[9
is relatively expensie, andoneefficient visualapproximationis to
draw large spheresaroundeachatombasedon its van der Waals
radius. This techniqueis easyto implementbut losesmuchof the
surfaceshapedueto the sphereapproximatiorandlack of coupling
betweenrseparatedtoms. We have createdhe first, to our knowl-
edge approximatiorof amolecularsurfacebasedn hardwarever-
tex blending,a techniguecommonlyusedin gamesto createreal-
istic motion of a smoothsurfacecovering multiple articulatedseg-
ments. In our implementationyve first find all atompairsthatare
neareachother(within two Angstroms)yandwe usevertex blending
to createa stretchedsurfacecorrespondingo the molecularsurface
of thatpair. Figurel shavsall suchpair surfacesenderedogether
andtheresultingmolecularsurfaceis evident. Althoughwe never



Figure 1: Approximate solvent-accessiblesurface for protein
shavn in Figure2, usingDirectX vertex blending.

calculatethe actualsurface geometry the imageis a good visual
compromisebetweenra space-fillingspheresinda full surfacecal-
culation.

Theinteractive brushingso crucialto our meiged3D and2D vi-
sualizatiorervironmentrequiresfastqueriesof thegeometryunder
the mousepointer andsincethe proteinis alreadycoloredusinga
texture map, we areableto do the query by renderingto a back-
groundbuffer usinga sequentiallycoloredtexture thatencodeghe
residuenumberalongthe protein. With lighting and shadingdis-
abled, the pixel color at the pointerlocation on the unseerback-
groundbuffer uniquelyidentifiestheresiduewithoutarny geometric
hit-detection. This relies on direct readbackof the unadulterated
RGB value from memory which is provided by DirectX sinceit
allows direct readsfrom buffers in video memory Although the
bandwidthof suchreadsmay not be optimizedfor readinglarge
areasthe readbackexpenseis minimal for the one pixel, andwe
experienceno noticablelateng.

4 Conclusions and Future Directions

Simple animationsof moving ball-and-stickor ribbon represen-
tationsare limited in being able to provide insight and intuition
aboutproteins.We have developedanervironmentwheremultiple,
linked views of the proteinallow a userto interactvely probeand
querytheproteinto seepatternsaandrelationshipsKey to thevalue
of the systemwe have developedis the ability to generatémmedi-
ateresultsto querieghatresultsimply from lettingthemousedwell
for afractionof asecondevenin thethree-dimensionaliews. The
resultsof thesepicks canthenbe further investigatedoy zooming
or rotatingto obtaina more corvenientviewpoint. This leadsto a
very naturalervironmentfor investigatingrelationships.

In todays economycommoditygraphicshardwarecardsarede-
signedfor gameapplicationsnotfor scientificvisualization.While
therequirement®f scientificvisualizationdon't drive the technol-
ogy, this doesnt meanthat the featuresof the technologyare not
usefulfor scientificapplications While we have takenadwantageof
anumberof thefeaturef theDirectX APl in ourapplicationsuch
asvertex buffersandvertex blending thereareanumberof features
for which we canseepotentialvalue. For example,bump mapsor
proceduratextureson generategeometrycanindicateotherinfor-
mation; asa simple example,the mary local propertiescalculated
during a moleculardynamicssimulation could be indicatedby a
bump mapwhosefrequeny profile dependedn the value of the
property As anotherexample,a large systemof atomscould be

representedy point sprites,which areimplementedn DirectX to
simulateparticle systemsbut also might work well for molecular
dynamicssimulations.

In summary there are a number of worthwhile technologies
available in the commodity graphicsarenathat can be of imme-
diatevaluein scientificvisualizationapplications.The valueof in-
teractionin developingintuition and understandindraslong been
appreciatedy the visualizationcommunity;the advent of a mar
ket for fastgraphics(albeit not onedriven by scientificneedshas
broughtthe capabilityof suchinteractve applicationgnto reachon
standardlesktopandlaptopmachines.
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Figure2: Theproteinvisualizationapplicationwe have developed.
Thethree-dimensionaliew displaysthe proteinasaribbonmodel,
coloredby secondanstructuretype. Top right view shavs a dis-
tancematrix (describednorefully in the captionof Figure4). The
bottomright view shaws atwo-dimensionahistogramof ¢ and+,
while the plot alongthe bottomdisplays¢ (below) andy) (above),

with a“lens” expandingtheview of a particularstretchof residues.

This figure capturesa pick in the distancecorrelationplot, which
hasselectedwo residuesn eachview.

Figure3: Ribbondiagramof Figure2, coloring residuedndividu-
ally usingthe Shapelycolor schemeThis (aswell asthe structure-
basedcoloring) is implementedusing a one-dimensionatexture
map.

Figure 4: An enlaged view of the distancematrix plot shavn
in Figure 2. We usea gray scalecolor map throughoutto high-
light high-frequeng differencesin distancestypically indicating
a-helical areas. Above the diagonalwe additionally encodethe
secondanstructuretype when&er two residuedie between4 and
10 angstromsf one another Blue indicatesa pair of a-helices,
reddish-bravn a pair of 8-sheetsandgreena pair of mixeda-helix
andg-sheet.Dark grayis usedto mark a pair thatincludesat least
oneresiduewhichis partof neithera helix nor asheet.



