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Abstract

This paper discusseongoing work on simulating the
propagationwithin the cell of a prion proteinin yeast.The
biological badkgroundto theprojectis outlined,anda num-
ber of questionsaboutthis systemare posed. The paper
then discussesow computersimulationis being usedto
provide a “virtual laboratory” for this systemwhich will
be employedo supportand undeistandreal experiments.
Furthermoe, thedevelopmenbf theapplicationis detailed
with emphasi®n the challengesencounteedto date

1 Biological introduction

Certainproteinswithin cells are capableof folding into
abnormalthree-dimensionatructureswithout any change
in theiramino-acidsequenceSuchconformationathanges
are interesting,but rarely of clinical significancebecause
thereis no informationat the sequencéevel which would
causdahechangeo bereplicatedandthushave alarge-scale
cellulareffect.

However a small numberof suchchangeshave an ex-
traordinary“infectious” property wherebyproteinsin the
normal conformationcanbe changednto the unusual,in-
fectious form by contactwith a proteinin the abnormal
form. It hasbeenpostulatedhat theseabnormalproteins
actasatemplatefor this transformatiorprocessAbnormal
forms of proteinswhich have this infectiouspropertyand
known asprion proteins[9, 10, 14].

Prionproteinshave cometo theforefrontof medicaland
veterinaryresearchin the last couple of decadedecause
they arebelieved to play a role asaninfectiousagentin a
numberof diseasessuchas scrapie,BSE and Creutzfeld-
Jalob diseasdq14]. However prions canalsobe foundin
simplerorganismssuchasyeastq20], which male anideal
subjectfor laboratorystudy of the prion phenomenorjl].
The particularsystemwe are interestedn in this paperis
theproteinSup35pwhichis presentin yeastcellsof species
Sacharomycescerevisiae[17]. It is producedin the cy-
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Figure 1. Normal and abnormal behaviour of
Sup35pand related proteins within the cell.

toplasmof the cell and, after combiningwith Sup45ppro-
teins, is utilised by the ribosomewhereit playsa role in
RNA translation.

The hypothesisedehaiour of the yeastprionsis illus-
tratedin figure 1. Sup35pmoleculesarecreatedwithin the
cell and, dependingon the other moleculesthat they en-
counterin their randomwalk aroundthe cell, take one of
two routes. Thefirst is thatthey bind with Sup45pto form
theproteinknown aseRFE Thisis usedby ribosomeswhich
arestructureghattranslateRNA sequence@ultimately de-
rived from the DNA in the cell nucleu$ andassemblghe
proteinsneededor the cell to function. The secondfateis
that unstableclusters(oligomes) of Sup35pform. Whilst
Sup35pmoleculesare part of a cluster they cannotbind
with the Sup45p However the clusterscanbreakapartand
sothisrouteis reversible,unlike the otherroute.

Theseclustersare believed to be the structureswhich
can be transformednto the prion protein. During a very
rare cellular event Sup35pclustersare thoughtto undego
a spontaneoushangeof conformationto form the abnor
mal infectiousprotein. Oncethis structureis formedit will
actasa seedon otherSup35poligomess by a complex and
little-understoodprocesshat corvertstheminto the prion



form. Theseprion clustersgrouptogetherinto large, sticky
structurescalledamyloidplagues Whena numberof these
have beenformed,they interferewith the cell’s functioning
to suchan extentthatit canno longersurvive. It is these
plagueswhich causebrain degeneratiorin prion brain dis-
easesThis procescanbereadily studiedin thelaboratory
by theinsertionof a numberof prion seedsnto thecell.

Therearea numberof questionsvhichwe would like to
understan@boultthis process.

e Whenproteinswithin thecell comecloseto eachother
whatis the probability that they will bind to form an
aggrejate structure? Canwe usea modelto deduce
likely valuesfor theseprobabilitiesfrom theglobalbe-
haviour obsened?

e Are the prion seedsand aggrejates moving around
within the cytoplasmof thecell?

e How doesthe rate of productionof the Sup35pand
Sup45proteinsaffect the stateof the cell?

e How dotheprionaggrejatesdissociate’Do they break
apartinto large piecesor do individual moleculedis-
sociatefrom the edgeof the cluster?Whateffect does
this have onthe system?Doesthis differ from theway
thenon-prionclustersdissociate?

e Why do someprocessege.g. the inclusionof guani-
dineinto the cell [2]) stopthe procesof prion propa-
gation? How canwe distinguishbetweervarioushy-
potheseso explain this phenomenon?

e It hasbeenobsered thatalmostall daughtercells of
a cell which containsprion structuresarethemseles
infectedwith the prion protein. Is this explainableby
diffusion of prion seeddnto the daughtercells whilst
thedaughterell is buddingoff from theparentcell, or
is anothemechanisnrequiredto explain this?

e A numberof structuresn thecell (thenucleusthemi-
tochondriagtceterayestrictthemovementof proteins
in thecell. Is thepresencef thesesignificantin under
standingthe propagtion of the prion throughoutthe
cell?

2 Understanding cellular
computer simulation

dynamics using

Wearecurrentlyconstructingcomputesimulationof the
propagtion of the prion proteinwithin the cell. Thereare
a numberof reasondor approachinghis problemthrough
computersimulation.

Thefirst reasonis thatit is possibleto “look inside” vir-
tual cells in a way which cannotbe donewith real cells.

Whena simulationof a systemis constructedit is neces-
saryto specifythe variousparametersequired. This pro-
vides a mechanisnto discover feasiblevaluesfor system
parametersayhich canbe usedto drive future experimental
work. Onewaytoto thisis asfollows. Measureanumberof
characteristicsf therealsystemfor examplein thissystem
it would be possibleto measurehe time betweenthe seed
being insertedand cell death,a time seriesof numberof
seeddoundat certainsampletime-points,andtheresponse
of the systemto variousinterventions. Similar characteris-
tics could thenbe measuredor instancef the simulated
systemandthe parameteradjustedusinganoptimization
techniguesuchassimulatedannealind11, 15], tabu search
[4, 5, 6], or geneticalgorithms[13]) until a setof parame-
tersis found for which the simulatedcharacteristicsnatch
the real characteristics.Clearly it is not possibleto con-
cludedirectly thatthe underlyingparameterarethe same
in the simulatedandreal systemsastherecould be multi-
ple parametesettingsgiving rise to the samecharacteris-
tics; nonethelessuchconjecturesreusefulfor suggesting
wherefuture experimentalwork may be mostfruitful.

More generally the ability to searchthe spaceof pos-
sible variantson a systemis a powerful reasonfor using
simulation.In additionto searchinghe parametespaceof
asystemfor parametersvhich matchreality, it mayalsobe
possibleto drive the searchto look for “critical points”in
the systemat which a particularinterventionmakes a sig-
nificant changein systembehaiour. One of our current
projectsis usingthis type of searchto look for intervention
targetsin comple cellularsystemdor drugdevelopment.

Anotherway in which a“virtual lab” canbe usedaspart
of the scientific processis in distinguishingbetweenvar-
ious hypotheses.If we have a choiceof hypotheseawith
which to explain a phenomenonthenwe canusethe sim-
ulationto createmodelswhich assumesachhypothesisin
turn, andby comparingsimulationandexperimentwe can
shav which hypothesesare sufficient to explain the phe-
nomenorat hand. We areaboutto usethe systembelow in
this way to investicatevarioushypothesedor the “curing”
of proteinsby guanidinehydrochloride.

Thisdravn uponapowerful featureof simulations—that
they candemonstratevhatis suficientto produceaparticu-
lar behaviour. If acertainsimplified simulationof a system
canreproducehebehaiour of interestthenit is likely that
other componentof the systemare irrelevant to produc-
ing thatbehaiour. This underpinamuchof thework in the
“artificial life” area[12], animportantaim of which is to
shav how complex behaiour canarisefrom fairly simple
systems.



3 Detailsof the simulation

We have createdan individual-basedobject-oriented
model of the above system. The object-orientedframe-
work provides a powerful way of modelling systemssuch
asthese asthereis no needto directly modelthe comple
behaviour of the systemasawhole;individual components
andthewaysin whichthey interactcanbemodelledandthe
comple behaiour whichemepgesfrom this canbe studied.
Thefirst stepwasidentifying thevariouscomponentsf the
systemand their interactions. The objectswithin the cell
which wereincludedin the modelwerethefollowing:

e Sup35pmolecules
e Sup45pmolecules

e Sup35p/Sup45mimers (joined pairs of one of each
molecule)

e TransientunstableSup35poligomers
e Prionseeds

e Prionaggregates

e Ribosomes

e Thenucleus

Classedgo represeneachof thesewerecreatedwith ap-
propriatebehaiours. The mainbehaiourswerethe ability
of thestructured¢o move aroundn thecell (implementedy
usingBrownianmotionmovementto simulatethe comple
ervironmentwithin the cell) and interactionsand binding
with othercomponentsThe variousrelationshipdbetween
the componentsn the cell andthe Cel | Segnent class
(the main object which holds the abore componentsand
controlsthe model)is illustratedin figures2 and3 in the
form of aUML [3, 18] classdiagram.

TheCel | Segnent classrepresenta cuboidextracted
from a typical pointin the cytoplasmof the cell (figure 4).
It is areasonabl@ssumptionthatthe flux of moleculesout
of the cell sggmentis equalto theinward flux of molecules
into thatsegment.Thisis approximatedy giving atoroidal
topologyto the cuboid,sothatparticlesleaving onefaceof
thecuboidre-enteratthe oppositeface.

An objectof this Cel | Segnent classdrivesthesimu-
lation, by providing a discrete-timesteplock andtherefore
sending“move” instructionsto eachobjectin the simula-
tion at eachtimestep,and by sendingout collision-check
requestandmanagingheresultsthereof.

The problem of detectingpreciselywhen two objects
overlapcomesup in mary computationakontets. It is a
crucial stepin studiesof moleculardocking,suchassimu-
lationsof how two proteinshindto eachother Theproblem
of thedetectiorof thecollision of two proteinsin thissimu-
lation wassimplifiedto the detectionof collisionsbetween
two spheres.Whentwo spheresepresentingroteinscol-
lide, the decisionasto whetherthey form an aggrejate or

Figure 4. Sketch of the cell-segment as used
in the simulation.

notis thendecidedby giving a probabilitythatthe two pro-
teinsarein a positionin which they canbind together The
problemof detectingcollisions betweenspheress known
in computationaphysicsasthebilliard ball problem It has
beenfairly well studied;see[8, 16] for sureys.

It wasdecidedto implement(at leastin theinitial simu-
lation) a nave algorithmto detectsuchcollisions. Namely
wheneer a Pr ot ei n is movedto a new position,the dis-
tancebetweerthis proteinandall theotherPr ot ei ns was
calculatedIf thedistancemeasuredrom centre-to-centre,
waslessthanor equalto the sumof the two sphericalpro-
teins’ radii, a collision hasoccurredandthe Pr ot ei ns
musteitherdock/bindor bounceoff oneanother

Therearea numberof dravbackswith employing this
algorithm.Efficiengy is anissue.Thecollision detectioral-
gorithmis an O(n?) algorithm—becauseachPr ot ei n
might concevably collide with ary other ball, the effort
risesasthe squareof the numberof Pr ot ei ns in thesys-
tem. Doublingthenumberof Pr ot ei ns bringsafour-fold
increasen computationalabour Additionally it maybear-
guedthatthis methodof detectingcollisionsis artificial, as
by thetime a collision is detectedhe spheresnay already
have penetrateegachothers volume.

A moreseriousissueis thatin somecaseghealgorithm
may missa collision altogether If the Pr ot ei ns arenot
touchingattime ¢t andthey arenottouchingagainatt + At,
thereis no way of knowing thatthey passedhrougheach
otherat somemomentbetweernthesetimes. One potential
solution would be to dynamically adjust At so that each
move is alwaysto the time taken to the earliestnext col-
lision. Due to theseproblemswe choseto reengineethe
heartof the simulationby superimposing grid in the vol-
ume and associatingeachPr ot ei n with a one or more
pointson thatgrid.
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Figure 2. First part of a UML class diagram illustrating the various classes in the simulation and their

relationships.

This grid modelwill not only simplify the problem of
collision detectionbut alsospeedip thesimulation.Adopt-
ing amodeldevelopedearlieratthe University of Kent[7],
we useda systemthat exploits the ability of OO systems
to link two piecesof informationtogetherso that the two
piecesare mutually aware of eachother The main repre-
sentations asbeforewith the Proteinsmoving in threedi-
mensionwithin acubicvolumewith theirrespectie centre
positionsmonitoredasa globalfloatingpointvalues.In ad-
dition to this spacea threedimensionalrid of cubesspans
thespace Eachpoint (which maybea centrepoint or posi-
tion of aPr ot ei n) onthis Grid "owns” the cubicvolume
representetdy a G i dCube objectthatis itself referenced
by its left-upperfront corner At eachcrossingpointonthe
G i d thereis avariablelengthlist (suchasaJavaVect or )
of & i dCube reference4C-style pointers)to objectsthat
aremoving in theCel | Segnent .

When the simulationis startedwe iterate through the
objectsin the Cel | Segnent , working out which regions
they belongto, andthen add a referencefrom the appro-
priateGr i dCube pointto the object. Thenal list pointers
to the objectscontainedwithin eachGr i dCube is passed
backto the respectie Gri dCube. ThuseachPr ot ei n
knows which Gri dCube(s) it occupiesandeachG i d-
Cube knows which Pr ot ei n(s)occupy its volume (fig-
ureb).
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& single object straddling a bomdary with{]
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Figure 5. Clamping the objects to the corners
of the grid cubes that the objects occupy.
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Oncethis datais establishedcheckingfor collisionsis
easy Wetaketheobjectwe areinterestedn, predictits next
positionanditeratethroughits list of grid points. This gives
usalist of regionstheobjectoccupies Assumingthatall the
objectshave a speedof lessthan half the width of a Grid-
Cube wesimply checkthenearesheighbouringsridCubes
of this region for objectsthat could possiblecollide with
our objectduring this timestep. As we know the direction
of travel of this objectwe cantrim this algorithmfurtherby
only checkingneighbouringcubessurroundingandin the
pathof object. Onceall the possiblecollisions have been
identifiedwe thencarry out anintersectioncheck. The ex-
acttimewheneachof thepossiblecolliding pairsjusttouch
is calculated. If thetime of collision is betweenzeroand
onethis meansthat the collision occurswithin the current
time step. The earliestcollision time within the timestepis
foundandall the objectsin theCel | Segnent aremoved
to this earliestcollision point (this ideawasintroducedin
[16]). Thetwo objectsthat have collided arere-orientated
or undego bindingto form anew typeof Pr ot ei n. Then
theprocesss repeate@fterupdatinghegrid referencesnd
predictingthe next positionof eachobject. Whenthetotal
time is one, a new timestepstartsand the moleculeshave
their directionof travel calculatedaccordingto the Brown-
ian motion algorithm. If the total time taken plus the next
earliestcollisiontimeis greatethanonethenall the objects
aremovedto atime of oneanda new timestepstarted.

The binding of two or moreproteinsis a procesghatis
in equilibrium. Their affinity for eachotheris abalancebe-
tweentheirtendeng to wantto stick togethemeasureds
their associatiorconstantkA) andtheir tendeng to come
apart(known astheir dissociatiorconstantkD). A highkA
anda low kD meanthat proteinshave a will tendto stick
togetherthereverseis trueif they have alow kA andahigh
kD.

In biological systemgwo colliding proteinsdo not nec-
essarilyresultin a successfubinding. The Pr ot ei ns
must collide or meeteachother at the preciseangle and
positionto allow successfubocking, muchlike the space
shuttledockingontoa spacestation.In orderto mimic this
behaiour usingthe simplified sphereproteinmodelit was
necessaryo introducebindingaffinities.

A new classBi ndi ngAf fi ni t yTabl e wascreated.
This providesatwo dimensionabrrayof valuesfor the kA
of all thePr ot ei n types.Binding affinity valuesbetween
zeroandonestoredin the 2D arrayindicatethe probability
of a successfubinding. On collision a randomprobabil-
ity (betweerzeroandone)is generatec&andthe Bi ndi n-
gAf fi ni t yTabl e lookedupto find thekA basednthe
type of Pr ot ei ns involvedin the collision. If the prob-
ability generateds lessthanthe kA then binding occurs
otherwisethe two Pr ot ei ns arereorientatedand hence
onthenext move bouncedff eachother

Bothd i goner s andAggr egat es dissociatéut the
actualimplementationof this behaiour is different. An
A i goner is a highly unstabletype of Pr ot ei n which
may break-upreadily into smallerd i goner s andto in-
dividual Sup35p proteins. In contrastAggr egat es are
highly stableandbelieved to fragmentto the prion Seed;
this processpropagtes Aggr egat e gronth. At each
timestepevery OligomerandAggregateis checledfor dis-
sociation.

In order to predict the probability of an A i gorrer
fragmentinga kDTabl e[ ] was introducedwhich deter
minesif the A i gomer will fragmentbasedupon size.
ThekDTabl e is lookedup to determinef and i goner
will fragment.As fragmentatioroccurscarriedout the po-
sition of eachfragmentis calculatedrandomly using the
A i gomrer s’ position as a starting point and the newly
createdPr ot ei ns are addedto the Cel | Segrment . A
simpler but similar, approachwas usedto modelthe dis-
sociation of the Aggr egat e by incorporatingan Ag-
gr egat ekDTabl e. The implementationof the Ag-
gr egat ekDTabl e was almostidentical to that for the
A i goner kDTabl e. A randomdoubl e wasgenerated
in therange0.0 — —1.0 andthis valueusedto calculatethe
numberof Seeds thatwould be shedif the Aggr egat e
dissociates.This Aggr egat e may be switchedon or off
for aparticularrun of the simulation.

The final major componenbf the systemis a visualin-
terface.Thisis illustratedin figure6. This visualisesa two-
dimensionalprojection of the cell sgmentonto the back
faceof the cuboid. Currentwork is using Javra3D technol-
ogyto provide athree-dimensionalisualizationof thesim-
ulation. Thevisualcomponents importantfor anumberof
reasons.Firstly it providesa tool by which scientistsvho
areaccustomedb seeingmagesof this systemthroughmi-
croscopy cancomparetheir intuitions aboutthe behaior
of the systemwith the simulation. This providesa way of
looking for errorsandinaccuraciesn the model. Secondly
the information that can be gainedfrom a visual interface
is unbounded-theisual interfacecanbe usedasa tool for
"what if” type experimentsandthe resultsgainedare not
limited to a smallnumberof possibleobsenationstatistics.
Oncethesefeatureshave beenidentifiedthey canbeinves-
tigatedfurtherby developingstatisticalmeasureshatallow
comparisorwith the samefeaturesn realexperiments.
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