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Abstract

We describea visualizationsystemdesignedfor interactive study
of proteinsin thefield of computationalbiology. Oursystemincor-
poratesmultiple, custom,three-dimensionaland two-dimensional
linkedviewsof theprotein.Wetakeadvantageof moderncommod-
ity graphicscards,which are typically designedfor gamesrather
thanscientificvisualizationapplications,to provide instantaneous
brushingandthree-dimensionalinteractivity on standardpersonal
computers.Furthermore,weanticipatetheusefulnessof gametech-
niquessuchasbumpmapsandskinningfor scientificapplications.
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Techniques—Interactiontechniques
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1 Introduction

Proteinsarethemachinerythatmakeslife happen.They are,in sim-
plestterms,apolypeptidechain;thatis, a linearsequenceof amino
acid residues.(Whentheaminoacidsjoin to form a protein,their
endsaremodified,thusthey arereferredto asaminoacidresidues).
Proteinshavetheinterestingpropertyof self-organization,onavery
shorttime scale,into a particular“native,” or foldedconfiguration,
and,in fact,a protein’s functionalbehavior ultimatelydependson
this folded configuration,with its particular loops, cavities, and
otheraspectsof its externallypresentedsurface.Theconsequences
of subtledifferencesin the shapeof the proteindueto, for exam-
ple, proteinmisfolds,canbe severe. For example,the deletionof
a singleaminoacid is implicatedin thediseasecystic fibrosis[5].
Otherdiseaseslinkedto proteinmisfoldsareCreutzfeldt-Jakob (or
madcow) andAlzheimer’s.

To date,most protein configurationshave beendeterminedby
experimentalmeasurements,suchasx-raycrystallography, electron
crystallography, or NMR techniques.However, theseprocessesre-
quirethattheproteinfirst besynthesizedandisolatedin measurable
quantities.Thevisualizationenvironmentwe have developedis in-
tendedto facilitatethestudyof proteinsfor researchersin thefield
of computationalbiology, wherethe motion andbehavior of pro-
teinsandothermoleculesarestudiedin the computerratherthan
in the test tube. As computationalpower andalgorithmicsophis-
tication increases,computationalbiology andmoleculardynamics
areactive areasof research.The goal of our systemis to provide
anenvironmentwheretheresultsof thesecomputationscanbein-
teractively studiedusinga variety of linked two-dimensionaland
three-dimensionalviews. Key to thevalueof thevisualizationen-
vironmentis fast,interactive brushingenabledby our useof mod-
erncommoditygraphicstechnology. Thoughthecomputationalde-
mandsof moleculardynamicsareoftenextreme,thevisualization
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requirementsarerelatively modest,andusingmoderncommodity
graphicscards,the systemwe have developedrunsat interactive
speedon standarddesktopandlaptoppersonalcomputers.

2 Current Trends in Molecular Dynamics
Visualization

Molecularvisualizationhasbeenafocusof thegraphicscommunity
for many years,andnow alargenumberof highperformanceview-
ing environmentsareavailablecommerciallyor freely download-
ablefrom the web[11, 14, 10, 12]. Theseenvironmentscomprise
two maintypes,eachwith its own designrequirements:standalone
viewersof fixedmolecularstructures,andvisualizationfront-ends
integratedwith amoleculardynamicssimulationprogram.In addi-
tion, many viewersallow outputof themolecularstructurein a for-
mat compatiblewith ray-tracingpackagessuchas POV-Ray[13],
allowing non-interactive but photorealisticrenderingssuitablefor
publication.Sinceeachviewerhasits own requirementsfor appear-
anceandspeed,it muststrike a balancebetweenrenderingquality
andinteractionperformancebasedon theneedsof theapplication.

Another factor that drives the designof a molecularvisualiza-
tion systemis the intendedviewing platform, which may range
from a high-endgraphicsworkstationto a web browser running
on a laptop. Commercialpackagesintendedfor thehigh-endplat-
forms can assumeinteractive performancewith large amountsof
geometry, while simple viewers intendedfor web browsersmust
be lightweight and able to createcompellingresultswithout too
muchcomputationor geometry. Furthermore,eachplatform may
have a variety of applicationprogramminginterfaces(API’s) for
three-dimensionalprogramming,suchasOpenGL,Java3D,andDi-
rect3D.Thekey factorsthatdeterminetheAPI choiceareportabil-
ity amongthetargetplatformsandtheability to makeoptimaluseof
thegraphicscapabilitieson thetargetplatforms.Viewersintended
for thewebmakeadditionaldemandsbasedonfunctionalitywithin
anumberof differentbrowsers,andtheneedfor a plug-in.

Molecular visualization is not limited to three-dimensional
views; therearea variety of two-dimensionalrepresentationsthat
provide insight complementingthe spatial view of a molecule.
Many viewers provide such plots in addition to the three-
dimensionalimage,alongwith somedegreeof interactivecoupling
betweentherepresentations.

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),repeatedglyphs(for ball andstick),or trianglemanifolds(for
molecularsurfaces).However, therearemany new featuresavail-
ableon graphicscardsthatareeithernot supportedin OpenGL,or
areavailableonly asvendor-specifichardwareextensions.As a re-
sult,molecularvisualizationsoftwaretendsto useonly a subsetof
thecapabilitiesof thegraphicshardware,or it hasspecificcodeto
dealwith a varietyof hardwarepossibilities.



3 The Molecular Visualization System

Our systemprovidesa varietyof both two-dimensionalandthree-
dimensionalviews of proteins,all linked via dynamic, instanta-
neousbrushing.It is programmedin C++,andusestheDirectX R
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API to gaindirectaccessto thegraphicshardwarewithout theneed
towritehardware-dependentcode.Weusesplitterwindowstobuild
the applicationfrom its individual views to maximizescreenuse
andto allow theuserto easilyexpandaview attheexpenseof other
views to focuson a particularareaof interest.

At IEEE Visualization2000[8], therewasa growing consensus
thatgamesaredriving graphicscardfeatures,andthewayto access
thosefeaturesis via DirectX. We wereinterestedin experimenting
with novel waysto usethesegamefeaturesin ascientificvisualiza-
tion application.Therationaleandsomeof theimplicationsof this
designdecisionarediscussedin Section3.5.

Figure2 shows theapplicationwith a particularprotein,human
guanylate binding protein-1,loaded. While our visualizationap-
plicationwasdevelopedspecificallyto studyproteins,theviewing
infrastructureis generic,andcouldbeeasilyappliedto a varietyof
visualizationapplications.

Below we will discussthe variousviews our systemprovides;
however first it is helpful to definea few of the termscommonin
proteinstudies.A proteinis, fundamentally, a largemolecule,con-
sistingof on theorderof a few thousandto many thousandatoms,
andafew hundredto afew thousandaminoacidresidues,joinedby
peptidebonds. While thereareapproximately20 differentamino
acids,eachhasin commona centralcarbonatom(C� ), to which is
attacheda hydrogenatom,anaminogroup(NH � ), anda carboxyl
group (COOH). Eachpeptidein the chain is essentiallya planar
unit, thathastwo degreesof rotationalfreedomaboutthebackbone
of the protein,definedby the sequenceof C� atoms. Thesetwo
degreesof freedomaredescribedby theangles� and � .

A protein is also often describedin termsof its primary, sec-
ondaryandtertiary structure.The primary structureis simply the
sequenceof aminoacidresidues.Thesecondarystructureis thede-
scriptionof particularmotifs into whichtheproteinlocally arranges
itself. Examplesof secondarystructureare � -helicesand � -sheets,
whicharecoilsandalignedrunsof thebackbone,respectively. Ter-
tiary structureis the folding of distantpartsof the sequenceinto
associatedstructures.(In addition,quaternarystructuredescribes
how differentpeptidechainsarrangethemselvestogether.)

3.1 Three-Dimensional Views

A proteinis a three-dimensionalobject,andits three-dimensional
shapeis critical to its functionalbehavior. Accordingly, an inter-
active three-dimensionalview of the protein is critical to any vi-
sualizationenvironment. Sincea protein is, in simple terms,just
a largemolecule,onemight expecta ball-and-stickrepresentation
to be typical. While we provide sucha view as an option, it is
morecommonto displayproteinsasribbons[7]. � -helicesand � -
sheetsare usually shown as coiled and flat ribbons,respectively,
which follow thebackboneof theprotein.Weuseavariationonan
algorithmdescribedby [3] to createthe three-dimensionalgeom-
etry of the ribbonmodelfrom the atompositions.This algorithm
computesthe backboneof the protein, following C� atoms,and
orientsthe ribbon suchthat the ribbon normal is always perpen-
dicular to theplaneof thepeptides.Helicesareslightly displaced
outwardrelativeto thebackbonefrom their truelocationfor easeof
visualization.We representtheribbonaseithera flat sheetor asa
thickenedslab. (For performancereasonsdiscussedlater, we draw
theribbonswith rectangularratherthanelliptical cross-section.)In
addition,we addarrows indicatingtheendsof the structureswith
respectto thebeginningof theproteinchain.

1DirectX is a registeredtrademarkof Microsoft Corporation

Theribboncanbecoloredusinga varietyof colormaps,includ-
ing a structurebasedmap,in which helices,loops,andsheetsare
eachcoloreddifferently, and a residue-basedmap in which each
residueis assignedacolorusingtheShapelyscheme(seeFigure3).
Theleft portionof Figure2 shows our ribbonview, coloredby sec-
ondarystructuretype.

3.2 Two-Dimensional Views

In additionto thethree-dimensionalviews of theproteindescribed
above, we also present three complementarytwo-dimensional
views.

The first suchview is a distancematrix showing the distance
betweentheC� atomsfor all pairsof residues.Pointsnearthedi-
agonalthusrepresentdistancesbetweenadjacentresiduesalongthe
proteinbackbone.We color thedistancematrix usinga grayscale
color map,which is particularlysuitedto seeingboth the overall
distancepatternandhigh frequency fluctuationsin distance.High
frequency patternsareoftenassociatedwith � -helicesdueto their
coiledshape.Sincethedistancematrix is symmetricaboutthedi-
agonalline from top left to bottomright, we usetheupperportion
of thematrixto show, additionally, informationon“contacts”of the
protein; that is, pairsof residuesfor which the C� to C� distance
is lessthan10 angstroms,disregardingdirectly adjacentresidues.
Pairsof � -helicesaremarkedby bluepointsandpairsof � -sheets
by reddishbrown points(thesecolorsmatchthoseof thesecondary
structurecolorsof the three-dimensionalplot). Pairs of mixed � -
helicesand � -sheetsare shown by greenpoints, while pairs that
includeat leastoneresiduethatis partof neitherahelix norasheet
arecoloreddarkgray.

The contact points indicate secondaryand tertiary structure.
Blue points closeto the diagonalrepresentan � -helix, while red
pointsparallelto thediagonalrepresentaparallel � -sheet(in which
thestrandsof the � sheetarepointingin thesamedirection),while
red pointsorthogonalto the diagonalrepresentan antiparallel � -
sheet(in whichthestrandsarepointingin oppositedirections).Col-
oredpointsfurtherawayfrom thediagonalpointto tertiarystructure
(regionsof theproteinseparatedin sequencebut closein distance).
In thecaseof proteinsfor which thesecondarystructureis notwell
characterized,onecanusethecontactplot to directly infer thesec-
ondarystructure.

Wechosethecolorsin thematrixview to be,first, natural,in the
senseof matchingthe useof color in the three-dimensionalplot,
andsecond,easilydiscriminable.Grayis usedfor thepairsthatin-
cludeat leastonenon-helixor non-sheetresidue,to downplaytheir
prominence,sincemost tertiary structurearisesfrom helicesand
sheets.Weareableto usedarkgrayeventhoughit is superimposed
onagray-scalebackgroundbecausethepairedresidueshighlighted
are,by definition, close,thus appearingasvery light gray in the
background.Wepresenta largerversionof thismatrixview in Fig-
ure4 sothat thecolors,patterns,andhigh frequency behavior can
beseenmoreeasily.

The secondtwo-dimensionalview is a Ramachandranplot[6],
whichdisplaysa two-dimensionalhistogramof the � and � angles
of theprotein. It is standardto plot theanglesfrom -180to 180	 in
eachdimension,with theresultthatregionsof thetwo-dimensional
Ramachandranplot are associatedwith particular types of sec-
ondarystructure:theupperleft regionwith � -sheets,andthecentral
left regionwith � -helices.Weuseablueto yellow colormapto in-
dicatethenumberof residueswhose 
��
����� valuesfall within each
bin of thehistogram.Black representsbins into which no residues
fall. This view canbeseenin thecentralright portionof Figure2.

Thethird two-dimensionalview is aplot of � and � asafunction
of residuenumber. Runsof similar � and � arestronglyindicative
of particularsecondarystructuremotifs. Thisview is shown on the
bottomof Figure2. Weuseaspecialpresentationof the � and� an-



glesto avoidbreakingthe � -sheetregionacrosstheangle� =180	 to
-180	 [2]. Thustheplotson thebottomof Figure2 startat 0	 , con-
tinueto 180	 , thencontinuefrom -180	 to 0	 . Colorsareconsistent
with thesecondarystructurecolorsof thethree-dimensionalview.

3.3 Interaction and Brushing

The three-dimensionalview of the protein is completelyinterac-
tive, with mouse-driven rotation,panning,andzooming. In addi-
tion, the plot of � and � vs. residueallows a magnifying “lens”
to bedraggedover theplot to highlight any desiredregion. Cursor
keys allow theuserto stepin the � and � plotsresidueby residue.
Mostimportantly, however, all of theviewsof theproteinarelinked
via interactive brushing,which occurswhenever themousesimply
pausesataparticularpoint in theframe;thatis, nomouseclicksare
required. All of thebrushingis contextually appropriate,depend-
ing on theplot themouseis residingin andits locationin theplot.
Thus, for example,if onedwells in the three-dimensionalribbon
view, anindicationof theresiduenameandnumberis drawn at the
cursorposition,andat thesametime, theresidueis indicatedby a
verticalline at theappropriateresiduein the � and � line plot, by a
squarearoundtheappropriatehistogrambin in theRamachandran
plot, andby anindicatoralongthediagonalin thedistancematrix.
Similar behavior resultsfrom a dwell in the line plot, or a dwell
on thediagonalof thedistancematrix. However, sinceselectingan
off-diagonalpoint in thedistancematrix is equivalentto selecting
two residues,two vertical linesaredrawn in the � and � plot, the
bin locationsof bothresiduesareshown in theRamachandranplot,
andbothresiduesareindicatedin thethree-dimensionalplot, along
with a line connectingthemanda displayof thelengthof the line,
representingthedistancebetweentheresidues.A dwell in thetwo-
dimensionalhistogramselectsall residueswithin the selectedbin
andeachresidueselectedis shown in eachof theotherplots.

Figure2 shows the stateafter a dwell in a region indicatinga
closedistancebetweentwo � -helix residueswhich are relatively
far apartin sequence,that is, a blue region significantlyoff of the
diagonal.Notice that thethree-dimensionalview confirmsthatwe
areseeingtheclosejuxtapositionof two helices;the region of the
two red lines in the � and � plotsalsoindicatesthatwe arein the
region of helices,with runsof relatively constant� and � . Finally,
theRamachandranplot shows both residueshave 
��
����� valuesin
thecentralleft, or helicalregion.

Pickingis alsopersistent,in thatonecanselectaninterestingre-
gion in oneof thetwo-dimensionalplots,andthenrotatethethree-
dimensionalobjectto getabetterview of theselectedresidue.The
pick markersremainuntil anotherpick is made.

3.4 Essential Dynamics

Abovewehavedescribedhow ourvisualizationsystemallowsmul-
tiple views of a protein. An additionalaspectof studyingproteins
in detail is understandingtheir motion. Simply displayingmultiple
timestepsof theproteinatompositionsis nottypically conduciveto
anintuitive understandingof themechanisms,astheatomsdisplay
a largeamountof thermalvibrationmotion. We have incorporated
an essentialmotion implementation[1, 4] to “smooth” the trajec-
tory of theproteinin a physicallymeaningfulway.

Themethodcomputesthe3N by 3N covariancematrix of theN
atoms(or residues)in the protein. The matrix is diagonalizedto
obtaintheeigenvaluesandeigenvectors.Onecanthenselectsome
small numberof the largesteigenvalues,and their corresponding
eigenvectors. Onecanusethe eigenvectorsto displaceeachatom
from its meanposition. The resultis a smoothedtrajectorywhich
capturestheessenceof thecorrelatedproteinmotion. In addition,
theuseof theessentialmotioneigenvectorscanenablesignificant
compressionof theinformationnecessaryto reconstructtheprotein

motion, for example,in web applications.Thusfor a 1000atom
systemwith 2000timesteps,eventheuseof thefairly largenumber
of 10 eigenvectorsallows a 200-fold decreasein informationthat
needsto betransferred.

Wehave implementedtheanimationof themotionof theprotein
suchthat it is possibleto rotateand zoom the object while it is
animating.This allows theuserto gaina betterunderstandingof a
particularregion in motionby orientingit in anoptimalway. The
usercan also control the speedof the animationusing keyboard
keys while rotating the object. This in itself is of greatvalue in
contrastto thetypical way in which moving proteinsareviewed: a
simpleanimationfrom a particularviewpoint atfixedspeed.

3.5 Use of Game Technology

Wechoseto useDirectX for ourthree-dimensionalviewsto explore
thecapabilitiesof moderncommoditygraphicscardsandtheir ap-
plicability to scientificvisualization.Thereis muchdebateon the
meritsof DirectX vs. OpenGL,andour choicein this application
wasmotivatedby acombinationof researchandutilitarianinterests
ratherthansuperiorperformanceor preferredAPI design.Theim-
mediateusersof thisapplicationarescientistswhotendto useWin-
dows laptopsanddesktops(eventhoughtheir simulationsarerun-
ning on largeparallelcomputers),andwriting in DirectX allowed
onecode-baseto work onall their personalcomputersandtake ad-
vantageof theavailablehardwarewithout, for example,having to
codeto vendor-specificOpenGLextensionsrequiredfor different
graphicscards.

Protein simulationsare ideally suited to commodity graphics
cardsdueto therelatively smallamountof geometryrequiredand
the well-definedstructureof the trianglesand glyphs. For ball-
and-stickviews we canstoresingleinstancesof theneededglyphs
(a sphereanda cylinder) in memoryandusetransformsto create
the full molecule;we assigncolorson theglyphswith small,one-
dimensionaltexturemapscorrespondingto thepossibleatompairs
in eachbond. For protein ribbonswith under1000 residueswe
can usecompactone-dimensionaltexturesto color the geometry
basedon residue-dependentvalues.For bothvisualizationmodes,
we createvertex buffers correspondingto the ribbonsandglyphs
with fixedtexturecoordinatescorrespondingto theatomor residue
of theball-and-stickor ribbongeometry, respectively. We canthus
createthe geometryanddynamicallychangecolor mapswithout
rewriting to thevertex buffers;we write thegeometryandtextures
into memoryonce,andapplydifferentcolor mapsby changingthe
appliedtexture, not the texture coordinates.DirectX not only al-
lows usto createthesetexturemapsandvertex buffers,but we can
assigntheir location in memorybasedon size andaccessneeds:
Sincemany of thetexturesaresmallanddo not have to bereadby
theCPUaftercreation,we canplacethemdirectly into local video
memoryon thegraphicscard.

One techniquecommonto gamesis vertex blendingor “skin-
ning,” whichwehaveusedto createavisualizationof themolecular
surface,shown in Figure1. Computationof a molecularsurface[9]
is relatively expensive, andoneefficient visualapproximationis to
draw large spheresaroundeachatombasedon its van der Waals
radius.This techniqueis easyto implementbut losesmuchof the
surfaceshapedueto thesphereapproximationandlackof coupling
betweenseparatedatoms.We have createdthefirst, to our knowl-
edge,approximationof amolecularsurfacebasedonhardwarever-
tex blending,a techniquecommonlyusedin gamesto createreal-
istic motionof a smoothsurfacecoveringmultiple articulatedseg-
ments. In our implementation,we first find all atompairsthatare
neareachother(within two Angstroms)andweusevertex blending
to createastretchedsurfacecorrespondingto themolecularsurface
of thatpair. Figure1 showsall suchpairsurfacesrenderedtogether,
andtheresultingmolecularsurfaceis evident. Althoughwe never



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

calculatethe actualsurfacegeometry, the imageis a goodvisual
compromisebetweena space-fillingspheresanda full surfacecal-
culation.

Theinteractive brushingsocrucialto ourmerged3D and2D vi-
sualizationenvironmentrequiresfastqueriesof thegeometryunder
themousepointer, andsincetheproteinis alreadycoloredusinga
texture map,we areable to do the queryby renderingto a back-
groundbuffer usinga sequentiallycoloredtexturethatencodesthe
residuenumberalongthe protein. With lighting andshadingdis-
abled,the pixel color at the pointer locationon the unseenback-
groundbuffer uniquelyidentifiestheresiduewithoutany 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
areas,the readbackexpenseis minimal for the onepixel, andwe
experienceno noticablelatency.

4 Conclusions and Future Directions

Simple animationsof moving ball-and-stickor ribbon represen-
tationsare limited in being able to provide insight and intuition
aboutproteins.Wehavedevelopedanenvironmentwheremultiple,
linked views of theproteinallow a userto interactively probeand
querytheproteinto seepatternsandrelationships.Key to thevalue
of thesystemwe have developedis theability to generateimmedi-
ateresultsto queriesthatresultsimplyfrom lettingthemousedwell
for a fractionof asecond,evenin thethree-dimensionalviews. The
resultsof thesepicks canthenbe further investigatedby zooming
or rotatingto obtaina moreconvenientviewpoint. This leadsto a
verynaturalenvironmentfor investigatingrelationships.

In today’seconomy, commoditygraphicshardwarecardsarede-
signedfor gameapplications,not for scientificvisualization.While
therequirementsof scientificvisualizationdon’t drive thetechnol-
ogy, this doesn’t meanthat the featuresof the technologyarenot
usefulfor scientificapplications.While wehavetakenadvantageof
anumberof thefeaturesof theDirectX API in ourapplication,such
asvertex buffersandvertex blending,thereareanumberof features
for which we canseepotentialvalue. For example,bumpmapsor
proceduraltexturesongeneratedgeometrycanindicateotherinfor-
mation;asa simpleexample,themany local propertiescalculated
during a moleculardynamicssimulationcould be indicatedby a
bump mapwhosefrequency profile dependedon the valueof the
property. As anotherexample,a large systemof atomscould be

representedby point sprites,which areimplementedin DirectX to
simulateparticlesystemsbut alsomight work well for molecular
dynamicssimulations.

In summary, there are a numberof worthwhile technologies
available in the commoditygraphicsarenathat can be of imme-
diatevaluein scientificvisualizationapplications.Thevalueof in-
teractionin developingintuition andunderstandinghaslong been
appreciatedby the visualizationcommunity;the advent of a mar-
ket for fastgraphics(albeitnot onedrivenby scientificneeds)has
broughtthecapabilityof suchinteractiveapplicationsinto reachon
standarddesktopandlaptopmachines.
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Figure2: Theproteinvisualizationapplicationwe have developed.
Thethree-dimensionalview displaystheproteinasaribbonmodel,
coloredby secondarystructuretype. Top right view shows a dis-
tancematrix (describedmorefully in thecaptionof Figure4). The
bottomright view shows a two-dimensionalhistogramof � and � ,
while theplot alongthebottomdisplays� (below) and � (above),
with a “lens” expandingtheview of aparticularstretchof residues.
This figure capturesa pick in the distancecorrelationplot, which
hasselectedtwo residuesin eachview.

Figure3: Ribbondiagramof Figure2, coloring residuesindividu-
ally usingtheShapelycolorscheme.This (aswell asthestructure-
basedcoloring) is implementedusing a one-dimensionaltexture
map.

Figure 4: An enlarged view of the distancematrix plot shown
in Figure 2. We usea gray scalecolor map throughoutto high-
light high-frequency differencesin distances,typically indicating
� -helical areas. Above the diagonalwe additionally encodethe
secondarystructuretypewhenever two residueslie between4 and
10 angstromsof oneanother. Blue indicatesa pair of � -helices,
reddish-brown apairof � -sheets,andgreenapairof mixed � -helix
and � -sheet.Dark grayis usedto marka pair that includesat least
oneresiduewhich is partof neithera helix nor a sheet.


