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Abstract

Thepathway controllingchemotaxisin Escherichia coli is thesimplestand

most well-understoodcell signalling systemto date. However, quantita-

tive modelsbasedon theavailabledatastill fail to reproduceimportantfea-

turesof thepathway. Most notably, theobservedsensitivity of cellsto very

smallchangesin stimulusconcentrationscannotbereproducedby conven-

tional modelsbasedon themeasuredconcentrations,bindingaffinities and

rateconstantsof theproteinsinvolved. This discrepancy, togetherwith re-

centexperimentalfindingsdrew our attentionto thespatialorganisationof

moleculeswithin the cell and in particularto the clustersof receptorslo-

calisedat thecell poles.

A stochasticsimulatorfor chemicalreactions,STOCHSIM, was previ-

ouslydevelopedto modelthechemotaxispathway at thelevel of individual

molecularinteractions. This programhasnow beenextendedto incorpo-

ratea spatialrepresentationthat allows the interactionbetweenmolecules

in a two-dimensionallattice to besimulated.In silico "experiments"using

thisnew versionof STOCHSIM demonstratethatlateralinteractionsbetween

clusteredreceptorscansignificantlyenhancethe excitation response.The

adaptationreactionsmayalsoexploit theproximity of receptormolecules,

anda hypotheticalmechanismby which this may occuris currentlybeing

tested.
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TheEscherichia coli chemotaxissystempresentsauniqueopportunityto iden-

tify theprinciplesandto developthemethodsrequiredfor studyingcell signalling

in silico. It hasbeenthesubjectof intensiveinvestigationfor overthreedecadesas

amodelcell sensoryandsignallingsystem,andanextensivebodyof literaturehas

developedasaresult(for recentreviews,seeBren& Eisenbach,2000;Falkeetal,

1997). All of the enzymesin the pathway have beencharacterisedkinetically,

anda largecollectionof mutantstrainsareavailablefor quantitativephysiological

analysis.Atomic resolutionstructureshavealsobeendeterminedfor nearlyall of

the involvedproteinsin recentyears,andthis hasopenedthe door to a detailed

molecularexplanationof the mechanismsthat accountfor the observed kinet-

ics. Thestructureof thepathway is simple,consistingof thechemotacticrecep-

torsandonly six cytoplasmicproteins(seeFigure1A andTable1), but it shares

many featuresin commonwith morecomplicatedpathwaysof euacaryotes,in-

cludingphosphorylationcascades,covalentmodification,multiproteincomplexes

andclusteredreceptors.A smallnumberof proteinspeciescombineto generate

surprisinglysophisticatedbehaviour including signaldetection,integration,am-

plification andadaptation.The near-completenessof molecularinformationon

this pathway makes it an ideal prototypesystemfor for the simulationof cell

signallingpathwaysin general.

A standardmethodfor simulatingbiochemicalpathwaysis to representeach

reactionby acontinuous,deterministicrateequationandto numericallyintegrate
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theresultingsetof equationsto obtainthechangesin speciesconcentrationsover

time. This approachhasbeenappliedto the chemotaxispathway for nearly a

decadewith considerablesuccess.Oneof the first of suchefforts, a computer

programnamedBCT, wasdevelopedin an attemptto incorporatethe available

biochemicaldatain a coherentsimulation. Initially, BCT consistedof 10 ordi-

nary differential equationsdescribingthe excitation response,and a simplified

modelof theflagellarmotorto produceabehaviouraloutput(Brayetal, 1993).It

hassincebeenextendedto includethebindingreactionsleadingto theformation

of the receptorcomplex (Bray & Bourret,1995),anda simplifiedadaptationre-

sponse(Levin et al, 1998).It now consistsof 75 differentialequationscapableof

reproducingthechemotacticphenotypesof over60mutants,andis actively main-

tainedasa referencemodel
�
. In anotherapplicationof deterministicequation-

basedmodelling,BarkaiandLeibler have proposedandsimulateda mechanism

thatensurestherobustnessof exactadaptationto perturbationsin biochemicalpa-

rameters(Barkai & Leibler, 1997),andthis propertywasdemonstratedlater by

experiment(Alon et al, 1999).

Certainquantitativefeaturesof thechemotacticresponse,however, haveproven

difficult to reproduce.Cellsof E. coli displayremarkablesensitivity to verysmall

changesin stimulusover a wide rangeof backgroundconcentrations(Mesibov

et al, 1973;Berg & Tedesco,1975;Segall et al, 1986).This combinationof high

sensitivity andwide dynamicrangeis not reproducedby BCT or any othersimu-
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lation basedon themeasuredproteinconcentrationsandrateconstants.Onepos-

sibleexplanationfor this discrepancy wasthat thesemodelsdo not fully account

for the large numberof statesthat the receptorcomplex canoccupy. For exam-

ple in BCT, the aspartatereceptor(Tar) is modelledwith only onemethylation

sitewhereasin reality therearefour. TheBarkaiandLeibler model,which does

includemultiple methylation,ignoresthe downstreamphosphorylationcascade.

Thefull complementof receptorstatesshouldinclude,in addition,thebindingof

ligandin theperiplasmandof themodificationenzymes,aswell astheactivity of

the receptor. Thedeterministicequation-basedapproachbreaksdown whenone

triesto incorporateall of thesestatesasseparatemolecularspecies.This is dueto

thecombinatorialexplosionin thenumberof equationsthatneedto beintegrated

— asadditionalbindingsor modificationsareconsidered,thenumberof reactions

which needto beexplicitly representedasrateequationsgrowsexponentially.

To overcomethis difficulty, and to study the randomfluctuationsthat may

influencethepathway, a novel stochasticsimulationprogramnamedSTOCHSIM

wasdevelopedbyCarlFirth (Morton-Firth,1998)
�
. In STOCHSIM, everymolecule

in thereactionsystemis representedasanindividualsoftwareobject,andaunique

algorithmtestsa pair of moleculesfor reactionin every simulationiteration.Be-

causeevery copy of eachmolecularspeciesis storedasa software“object” in a

separatelocationof memory, the internalstateof eachmoleculecanbe encap-

�
availablefor downloadathttp://www.zoo.cam.ac.uk/comp-cell
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sulatedwithin a moleculeobject. This removesthe needto representeachstate

of a proteincomplex asa separatemolecularspecies,andgreatly increasesthe

efficiency of simulationwhenthenumberof internalstatesis large. In addition,

becausethe interactionbetweendiscreteparticlesare computedusing reaction

probabilities,STOCHSIM is capableof reproducingrealistic fluctuationsin the

concentrationof moleculeswhichcanbesignificantwhenthenumberof particles

of oneor morereactantspeciesarevery small. This featurehasbeenexploited

in a studyof thetemporalfluctuationsin theconcentrationof theactive response

regulatorCheYpof thechemotaxispathway(Morton-Firth& Bray,1998).

The STOCHSI M modelof chemotaxis

STOCHSIM’s individual-basedalgorithmhasallowedusto developadetailedsim-

ulationof thechemotaxispathway in which theTar receptorcomplex is modelled

with the full complementof known bindings,modificationsandconformational

states(Figure1B). Thekey assumptionof themodelis that thesignallingoutput

of the receptorcomplex is determinedby a rapid, thermallydriven equilibrium

betweentwo conformationalstates,activeandinactive. Theprobabilitythata re-

ceptorcomplex is in theactivestateatany instantin time(p) canthenbeobtained

by assigninga freeenergy difference(
�

G) betweentheactiveandinactivestates,
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andusingthethermodynamicrelationship

�
G ��� RT ln

p

1 � p
(1)

whereR is thegasconstantandT is theabsolutetemperature.

Theinputsthatmodulatethisequilibriumarethebindingof stimulusligandin

theperiplasm,andthemethylationstateof the receptordimer. We expresstheir

contributionsto
�

G by assigningspecificenergy valuesbasedon experimental

observationsto eachligandbindingandmethylationevent (EL and EM , respec-

tively), andassumethattheireffectsareadditivesothat

�
G � EL � EM � (2)

This resultsin auniquevalueof
�

G for everypermutationof ligand-bindingand

methylationstate,someexamplesof which aredepictedin Figure2A. Solving

Eqs1 and2 for eachof thesecombinationsyields the requiredsetof activation

probabilities(p).

Using theseprobabilitiesfor receptoractivation and experimentallydeter-

minedratesof the downstreamreactions,the full modelof aspartatesignalling

from ligand binding to CheY phosphorylationwas constructed. The response

time-coursesof this model to stepstimuli (suddenjumps in concentrations)of
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aspartatewere in good agreementwith experiment(Morton-Firth et al, 1999).

However, the thresholdof the responsewasstill muchhigherthanexperimental

observations,indicatingthatthesensitivity of themodelwasstill insufficient.

A novel mechanismfor signal amplification

This led us to considerthe possibility that an as yet unidentifiedamplification

mechanismis responsiblefor the observed gain in sensitivity. Specifically, we

askedwhetherthespatialorganisationof moleculesin thecell couldaccountfor

this discrepancy. Significantly, it wasshown in 1993thatE. coli chemotacticre-

ceptorsaggregatein clustersat thecell poles(Maddock& Shapiro,1993). This

discoverywasparticularlystrikingbecauseit hadbeenpreviouslypointedout that

a uniform distribution of receptorsover the cell surfacewould maximisethe ef-

ficiency of chemoreception(Berg & Purcell,1977). In an attemptto provide an

explanationfor this observation aswell as for the high gain of the system,the

ideawasput forward that signalamplificationcouldbeachievedby interactions

betweenneighbouringreceptorsin theseclusters(Brayetal, 1998).Basedonthis

proposal,a MonteCarlo simulationof receptorsignallingwasdeveloped,andit

wasshown thata simplemechanisminvolving nearest-neighbourcouplingof ac-

tivities (Figure2B) couldenhancetheresponseoverawidedynamicrange(Duke

& Bray,1999).Thismodel,however, did not includethedownstreamreactionsin
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thepathway andthereceptorsweremodelledwith only onemethylationsite. To

make quantitative comparisonswith experimentalobservations,a morerealistic

modelincorporatingthesefeatureswouldberequired.

The spatially extendedSTOCHSI M model

Wethereforesoughtto extendtheSTOCHSIM modelof thechemotaxispathwayto

includeaspatialrepresentationof nearest-neighbourinteractionsin receptor. The

original STOCHSIM programdid not have any explicit representationof spatial

location— implicitly assuminga uniform distribution of moleculesthroughout

the cell volume. The programwas thereforemodifiedso as to allow the activ-

ity of eachreceptorto be dependentnot only on its own internalstate,but also

on the stateof neighbouringreceptorsin a cluster. The free energy difference

(
�

G) betweenthe active and inactive stateof a receptoris now dependenton

threeinputs, ligand binding (EL ), methylation(EM) and activity coupling be-

tweennearestneighbours(E J ). For simplicity, weassumethatcontributionsfrom

theseinputsareindependentsothat

�
G � EL � EM � E J � (3)

E J takesdiscretevaluesdeterminedby thenumberof activeneighbours,soin the

caseof a squarelattice, therearefive possiblevalues(with 0, 1, 2, 3 or 4 active
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neighbours).Solving Eqs1 and3 for all possiblecombinationsof EL , EM and

E J yields the completesetof activationprobabilities(p) for thecoupledmodel

(Table2).

Thenew modelof thechemotaxispathwayincorporatingthesespatialinterac-

tionsrevealsthatreceptorcouplingbringstheexpectedperformancemuchcloser

to experimentalobservations. This is readily seenin the impulseresponse(the

responseof the systemto a brief pulseof stimulus),which providesa succinct

phenomenologicaldescriptionof the system’s responsecharacteristics.Experi-

mentally, it hasbeenshown thattheresponseof E. coli cellsto shortpulses( � 0 � 1
s) of aspartateis biphasic(Segall et al, 1986,left panelof Figure3A). The first

phaseof theresponselastsfor approximatelyonesecond,overthecourseof which

the motor bias(the probability that the flagellarmotor spinsin the CCW mode)

rapidly jumpsto a peakvalueandthenfalls below thesteadystatebias.Thesec-

ondphaseof the responseis a slower recovery from this undershootbackto the

baseline,which lastsapproximatelyfour seconds.In the uncoupledSTOCHSIM

model,thefirst phaseof this responsecouldbereproducedif a sufficiently large

pulseof aspartatewasapplied,but no undershootcouldbeobserved,evenin re-

sponseto a pulseof saturatingconcentration(middle panelof Figure3A). With

coupling,however, theSTOCHSIM modelproducesa significantundershootof a

magnitudecomparableto theexperimentallydeterminedimpulseresponse(right

panelof Figure3A).
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The increasedsensitivity dueto the activity-couplingmechanismcanbe ob-

servedquantitatively by comparingthedose-responsecurvesof thecoupledand

uncoupledmodels.Figure3B is suchaplot whichshowstheresponsein receptor

activity to stepsof aspartateat zerobackgroundconcentration.Thereis a note-

worthydifferencein theshapeof thecurves(theuncoupledmodelis satisfactorily

fit by a Hill function,whereasthefit to thecoupledmodelis poor). More impor-

tantly, thereis a � 50-fold differencein theconcentrationat which half-maximal

inhibition occurs,indicatinga significantgain in sensitivity. This enhancement,

however, comesat thecostof increasedsteady-statenoise(horizontallinesin fig-

ure3B).

Therangeof ambientconcentrationsover which thesystemcanrespondhas

beentestedby doublingthe stimulusconcentrationafter adaptationto an initial

stimulus(Figure 3C). In both the coupledanduncoupledcase,the responseis

maskedby thesteady-statenoiseat thehighandlow extremesof ambientconcen-

tration,but thecoupledsystemexhibitsawiderrangeby anorderof magnitude.It

canalsobeseenthattheresponseis significantlyamplifiedin thecoupledmodel

over theentirerange.
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Insights fr om a structural view

Oneconsequenceof theway in which thecoupledmodelis formulatedis that its

performanceis verysensitiveto theparameterE J , theenergy inputdueto activity

couplingbetweenneighbouringreceptors.Thissuggeststhatif suchamechanism

wereto stablyprovideamplificationfor thepathway, thereceptorswould needto

be arrangedin a well-orderedlattice (Duke & Bray, 1999). Anotherconcernin

consideringamplificationis thestoichiometricratioof receptorto CheWto CheA

in thereceptorcomplex. Until recently, this waswidely acceptedto be2:2:2,as

suggestedby bindingassaysusingreceptorsin membranepreparationsandpuri-

fied cytoplasmiccomponents(Gegneret al, 1992).However, a morerecentstudy

usingsolublereceptorfragmentshasindicateda muchhigher receptorcontent,

which couldhavesignificantconsequenceson amplification(Liu et al, 1997).

Theseconcernshave led usto considerthephysicalarrangementof receptors

in theclusterandthedetailsof how thereceptorcytoplasmicdomains,CheWand

CheA assembleto form the complex. Fortunately, atomic resolutionstructures

of all threecomponentshadbeendeterminedin recentyears(Kim et al, 1999;

Bilweset al, 1999,F.W. Dahlquist,personalcommunication2000). We useda

somewhatunconventionalapproachto predicthow thesestructuresmight assem-

ble into a regular andlaterally extendiblelattice (Shimizuet al, 2000). Briefly,

plasticmodelsof all threecomponentsweregeneratedusinga three-dimensional
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printer. Guidedby mutationaldataimplicatingresidueswhich affect thepairwise

interactions(Liu & Parkinson,1991;Basset al, 1999) andmanualexploration

of surfacecomplementaritybetweenthesehand-heldstructures,we wereableto

assemblea hexagonallatticecomposedof trigonalunits(Figure4). Thereceptor

cytoplasmicdomains,which areinsertedinto thecentreof eachtrigonalunit, are

very long coiled-coilsof alphahelices,approximately26 nm in length. Because

it is known that theregion of interactionwith CheWis at thecytoplasmicendof

these“pillars”, the lattice structureof Figure4 implies that therewill be a sig-

nificant volumeof cytoplasmthat is sandwichedbetweenthe plasmamembrane

andthe CheA/CheWlayer. This may function asan “adaptationcompartment”

becauseall of the receptorresidueswhich aresubjectto reversiblemethylation

would be locatedwithin this region. Sequestrationof CheRand/orCheBwithin

suchacompartmentcouldhaveunexpectedconsequenceson adaptationkinetics.

Molecular brachiation: a novel mechanismfor adaptation?

The possibility that adaptationkineticscould be affectedby the spatialarrange-

mentof moleculesin thecell wasof particularinterestto usbecause,althoughthe

kineticsof both adaptationenzymeshave beencharacterisedin vitro (Simms&

Subbaramaiah,1991;Lupas& Stock,1989),a straightforwardapplicationof the

measuredrateshadnot producedthecorrectadaptationalphenotypein previous
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models.In theSTOCHSIM model,it hasbeennecessaryto tunetherateof either

CheRor CheBby nearlyan orderof magnitudeto obtainthe correctadaptation

phenotype(Morton-Firth,1999).In addition,it hasbeenshown recentlythatboth

CheRandCheBpossesstwo sitesfor interactingwith thereceptors,raisingnew

questionsabouttheir kinetic mechanisms.In bothCheRandCheB,thefirst site

that binds to the receptorsis the catalyticsite, which interactswith the methy-

latableglutamyl residueson the receptors. The secondsite hasan affinity for

the C-terminalpentapeptideof the receptors,which is attachedto the cytoplas-

mic domainby a region of undefinedsecondarystructure.This flexible tether(�
30 residues)is sufficiently long for a CheRmoleculeattachedat its endto reach

themethylationsitesof a neighbouringreceptor, accordingto thelatticedepicted

in Figure4, andsuchinter-receptormethylationhasbeenobserved experimen-

tally (Li et al, 1997).

Wehavefoundthatundersuitableconditions,thecombinationof thistethering

effect andtheproximity of receptorsin the latticecouldhave a significanteffect

on the movementandlocalisationof CheR(andpossiblyCheB).By sequential

bindingandunbindingof thetwosites,it is possiblethatthemoleculescouldmove

in ahand-over-handfashion,likeanorang-outangswingingthroughthebranches

in ajungle(Figure5A). Weusethetermmolecularbrachiationto characterisethis

novel modeof movement(Levin etal, 2002).UsingSTOCHSIM, wearecurrently

investigatingthefeasibilityof molecularbrachiationaswell asits possibleeffects
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onthekineticsof CheR.Wepredictthatsuchamechanismwouldhelpto sequester

CheRin thereceptorlatticewithoutcompromisingits mobility (Figure5B, C).

Summary

Becauseof the unparalleledrichnessof dataregardingits physiology, biochem-

istry andgenetics,many believethatthebacterialchemotaxispathwayis setto be-

comethefirst cell signallingpathway to beunderstood“completely”. This abun-

danceof informationis allowing usto utiliseanumberof computationalmethods,

includingdeterministicandstochasticsimulations,to reconstructthepathway in

silico. While our deterministicmodel(BCT) allows us to efficiently analysethe

broadfeaturesof thechemotacticresponse,thestochasticmodel(STOCHSIM) is

capableof simulatingmore detailed,physically realistic models. Additionally,

therecentlydeterminedstructuresof thecomponentproteins,in conjunctionwith

moleculargraphicsprograms,can be usedto explore possiblereactionmecha-

nismsandspatialorganisation.

In general,stochasticsimulationsarecomputationallydemanding,but for cer-

tain typesof modelsnotedabove, the STOCHSIM algorithmcanprove moreef-

ficient than its deterministiccounterparts. This advantagehas beenexploited

to constructa detailedmodelof the chemotaxispathway in which the receptor

complex possessesa large complementof molecularstates. This model repro-
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ducedmany featuresof the physiologicalresponse,but singularly failed to re-

producethe magnitudeof the signal. A two-dimensionalspatialstructurewas

implementedin STOCHSIM to reconcilethediscrepancy, andthenew modelwith

nearest-neighbourcouplingproducedresultsthataresignificantlycloserto exper-

imentalobservations. We alsoconsideredthe three-dimensionalarrangementof

the receptorcomplex andpostulateda latticestructurecapableof supportingthe

receptorcouplingmechanism.A novel mechanismby which the adaptationen-

zymesmay be sequesteredto, but not immobilisedat, the receptorsclusterhas

beenproposed,andis currentlybeingtestedusingacombinationof deterministic

andstochasticsimulations.
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Table1. Componentsof thebacterialchemotaxispathway.

Component
(copies/ cell)

Description

Receptors
( 	 4000dimers)

Transmembranetransducersalso known as methyl acceptingchemo-
taxis proteins(MCPs). They monitor variousattractantand repellent
concentrations,aswell as temperatureandpH. E. coli possessesfive
MCP speciesnamedaftertheattractantsthey bind: Tar (aspartate),Tsr
(serine),Trg (riboseandgalactose),Tap(dipeptides)andAer (oxygen).

CheW
( 	 8000monomers)

Scaffolding proteinthat couplesthe chemotacticreceptorsto CheA.It
hasbeenshown thatCheWis requiredfor polarreceptorclusterforma-
tion (Maddock& Shapiro,1993).

CheA
( 	 4000dimers)

Histidinekinasethatdonatesphosphorylgroupto CheYandCheB.Its
activity is regulatedby the chemotacticreceptors. Attractantstimuli
inhibit CheAactivity andrepellentstimuli enhanceit.

CheY
( 	 17000monomers)

Responseregulatorthatrelayssignalfrom receptorcomplex to flagellar
motors. Thephosphorylatedform of CheY(CheYp)interactsdirectly
with theswitchcomplex of theflagellarmotorto promoteCW rotation.

CheR
( 	 200monomers)

Methyltransferasethataddsmethylgroupsto specificglutamylresidues
on the cytoplasmicdomainof MCPs. Eachaddedmethyl group in-
creasestheactivity of CheAin complex with thereceptor, therebycoun-
teractingtheeffectof attractantbinding.

CheB
( 	 1700monomers)

Methylesterase/deamidasethat counteractsthe effect of CheRby re-
moving the addedmethyl groupsand lowering the activity of CheA.
Becausethis activity is stronglyenhancedin the phosphorylatedform
of CheB(CheBp),which in turn is regulatedby CheA, it servesasa
negativefeedbackin thepathway.

CheZ
( 	 12000dimers)

Acceleratesthedephosphorylationof CheYp,therebydramaticallyin-
creasingthe speedat which E. coli cells canrespondto stimuli. Only
entericbacteriapossessaCheZgene.

Flagellarmotor
( 	 6)

Large proteincomplex comprisingover 100 subunits. In the absence
of CheYp,it rotatesexclusively counter-clockwise(CCW),causingthe
cell to swim forwardin a straightline (run). Theprobabilityof clock-
wise(CW) rotation,which causesa swimmingcell to changedirection
(tumble),increaseswith theintracellularconcentrationof CheYp.
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FigureLegends

Figure 1

Thebacterialchemotaxissignallingpathway. (A) Overview of thepathway. Chemo-

tacticreceptors(T) areclusteredprimarilyatthecell poles,andformstableternary

complexeswith thehistidinekinaseCheA(A) andthelinking proteinCheW(W).

Ligandbindingto thereceptorsinfluencestherateof phosphotransferfrom CheA

to theresponseregulatorCheY(Y), thephosphorylatedform of which(Yp) inter-

actswith theflagellarmotor to controlswimming. Thesteady-statelevel of this

signal is regulatedby the antagonisticeffectsof two adaptationenzymes,CheR

(R) and CheB (B). The reversiblephosphorylationof CheB provides negative

feedbackin the pathway, andCheZacceleratesthe dephosphorylationof CheY.

SeeTable1 for a descriptionof eachcomponent.(B) TheTar receptorcomplex

asmodelledin STOCHSIM. Thestateof eachreceptorcomplex is representedby

eleven binary flags. Ten of theserepresentthe stateof binding or modification

sites: aspartatebinding (1), CheBpbinding (2), CheRbinding (3), methylation

(4-7),phosphorylation(8), CheYbinding(9) andCheB(10)binding.Eachrecep-

tor complex is assumedto be in rapid equilibrium betweentwo conformational

states,active(white) andinactive(black),representedby thefinal flag (11).
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Figure 2

Free-energy-basedmodellingof receptoractivity. White indicatesreceptorsin the

active conformation,andblack inactive. (A) Dependenceof receptoractivation

energies on ligand binding andmethylation. The activation energy is the free-

energy differencebetweenthe active andinactive states.Settingthe unliganded

receptorwith two methylgroupsastheaveragestate(activity = 0.5, freeenergy

= 0), the energy of ligand binding was obtainedfrom the observation that the

activity is reducedfour-fold whenligandbinds(Borkovich & Simon,1990)and

solvingEq1 for
�

G at37 Ñ C to yield 1.2kcal/mol.Conversely, increasingmethy-

lation hastheconverseeffect of reducingtheactivationenergy. Thetwo extreme

methylationstatesaredepicted(middleright andfar right). (B) Activity coupling

mechanismbetweennearestneighboursin receptorclusters.Every receptor’s ac-

tivity is positively coupledto thatof its four nearestneighbours,sothatthemore

active neighboursthereare, the higher the probability of beingactive. A small

portion (five lattice points)of an extendedsquarelattice is shown here,andthe

activationenergy
�

G for the receptorat the centreis indicatedby the heightof

theplatform.A receptorsurroundedby inactivereceptors(left panel)hasahigher

activation energy, andhencea lower probability of beingactive, than the same

receptorwhenit is surroundedby activeneighbours(right panel).
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Figure 3

Performanceof theSTOCHSIM modelwith nearest-neighbourcouplingbetween

clusteredreceptors. (A) Impulseresponseto aspartate.All threepanelsshow

the responsein motor bias to a brief pulseof aspartate( Ò 0 � 25 s) at 5 s. The

biphasicexperimentalresponse(left) reportedby Segall et al (1986) could not

be reproducedby the STOCHSIM modelwithout receptorcoupling, even when

pulsesof saturatingconcentration(1 mM) wereused(centre). However, when

receptorcoupling was incorporatedinto the STOCHSIM model, pulsesof com-

parablesizeto the thoseusedin theexperiment( Ó 0 � 8 Ô M) generatedbiphasic

time-coursesof comparableshapeandamplitude(right). Motor bias(mb) for the

STOCHSIM modelwascomputedfrom CheYpconcentrationusingtheHill-type

equationmb � 1 � [Y p]HÕ×Ö
mb ØÚÙ Õ 1Û Ö mb ØÝÜ×Ü [Y p]H Þ Ö Y p Ø H , where[Y p] is theCheYpconcen-

tration, ß Y p à is theCheYpconcentrationatsteadystate,ß mb à is themotorbiasat

steadystateandthe Hill coefficient H wasassigneda valueof 10 (Cluzel et al,

2000).(B) Responseto stepstimuli at zerobackgroundconcentration.Theinitial

responseprior to adaptationis measuredhereasthe minimum receptoractivity

encounteredwithin 1 safterstimulus.In thecoupledmodel(crosses),theactivity

falls off muchmorerapidly thantheuncoupledmodel(circles)asthestepsizeis

increased.(C) Responseof systemto doublingin concentrationafteradaptation

to an initial stimulus. Theresponsehereis measuredasthe fractionalchangein

21



receptoractivity. It canbeseenthat thesignalis amplifiedin thecoupledmodel

(circles)over theentirerangeof ambientconcentrationstested.Error barsshow

the steady-statelevel of noisein the system,which canmaskthe signalat very

low andhighambientconcentrations.

Figure 4

Hexagonalnetwork consistingof receptors,CheWandCheApredictedfrom their

atomicresolutionstructures.(A) Planview, asviewedfrom theplasmamembrane

towardsthecytoplasm,of a smallportionof thelattice.Thebindingarrangement

is suchthat a network with this geometrycould be extendedindefinitely in two

dimensions.Notetheporesat thecentreof eachhexagonwhich arelargeenough

(� 10nm)for CheRandCheBto passthrough.(B) Thelayerof CheWandCheA,

which containstheverticesof thenetwork, is expectedto beseparatedfrom the

plasmamembraneby theapproximatelengthof thereceptorcytoplasmicdomains

(� 26nm). Thecytoplasmicspacesandwichedbetweenthis layerandtheplasma

membranecontainsall of the methylationsitesof the receptors,andthuscould

serveasan“adaptationcompartment”.
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Figure 5

Molecularbrachiation. (A) Schematicillustration of the of brachiationmecha-

nism. Eachreceptorhastwo (or more)sitesto which CheRcanbind, onetether

site andone(or more)sitesthat canundergo methylation. The four panelsde-

pict thepossiblestatesof bindingfor theCheRmolecule.Notethat thepresence

of two binding siteson the major chemotaxisreceptorsallows both inter- and

intra-receptorbinding of CheR.By alternatingbetweenstatesin which onesite

is attached(upper-right andlower-left panels)andstatesin which both sitesare

attached(lower-right panel),CheRcould “brachiate”througha lattice of recep-

torssuchasthatdepictedin Figure4. (B) Stochasticsimulationof brachiation.A

singleCheRmoleculein avolumeof 1 � 4 á 10Û 15 L (theapproximatevolumeof a

bacterialcell) wasallowedto diffuseto alatticeof bindingsitesandfollowedover

aperiodof 500s. (A) Coverageof thelatticeby theCheRmolecule.Bindingsites

visitedby themoleculeareshown in shadesof gray, with theintensityindicating

the numberof repeatvisits (1, 2, 3, â 4). (C) As for (B) but with the tetherson

thereceptorsremoved,sothateachreceptorhasonly onebindingsite for CheR.

Brachiationdoesnotoccurundertheseconditions,andthelatticeis coveredmore

uniformly, but with fewer visits to eachvisitedsite.
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