
Thermal unfolding of proteins

Mar ek Cieplak and JoannaI. Su�kowska

Instituteof Physics,PolishAcademyof Sciences,Al. Lotników 32/46,02-668Warsaw, Poland

Keywords: conformational changesin proteins; Go model; molecular dynamics,titin

PACSnumbers:82.37.Rs,87.14.Ee,87.15.-v

Abstract

Thermalunfoldingof proteinsis comparedto folding andmechanicalstretchingin a

simpletopology-baseddynamicalmodel.We de�ne theunfoldingtime anddemon-

strateits low-temperaturedivergence.Below a characteristictemperature,contacts

breakatseparatetimescalesandunfoldingproceedsapproximatelyin awayreverse

to folding. Featuresin thesescenariosagreewith experimentsandatomicsimula-

tionson titin.
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Conformationalchangesin proteinsoccurin a varietyof processessuchasfolding, mechan-

ically inducedstretching,chemicaldenaturation,and thermally inducedunfolding. Standard

moleculardynamicssimulationsof theseprocessescover nanosecondintervals which usually

missestherelevanttimescalesby at leastsix ordersof magnitude.Onemaygaininsightsinto the

longtimescaleconformationaldynamicsby consideringeffectivecoarse-grainedmodels.Among

these,thesimplestandyet oftensuccesfularethe topologybasedmodels.They areconstructed

basedon theknowledgeof theexperimentallyestablishednative conformations[1,2]. Thetopol-

ogy basedmodelsoffer a possibility to studyvariousprocesseswithin oneuni�ed approach,an

opportunityto explorerelationshipsbetweenthem,andaneasyway to determinedependenceon

parameters,suchasthetemperature.

In this Letter, we focuson thermalunfolding. This phenomenonis often invokedin theoreti-

cal searchesfor a molecularinterpretationof the transitionstatefor the folding process[3]. The

transitionstateis probedexperimentallythroughtheprotein-engineering-basedsocalledf -value

analysis[4]. The assumptionsunderlyingthe theoreticalsearchfor the transitionstateby sim-

ulating thermalunfolding are that unfolding shouldproceedin a way that is reverseto folding

andthat the transitionstateshouldbequickly accessiblefrom thenative state,especiallyif high

temperaturesareapplied(even up to 200oC which in itself may, however, alter the free energy

landscapeof a proteinsigni�cantly). Additional assumptionsattemptto relatethetransitionstate

to ”largestructuralchanges”[5,6] in anunfoldingevolutionof aprotein– apointrecentlyassessed

in Ref. [7]. Here,we analysethermalunfoldingwithin thetopology-basedmodelasimplemented

in Refs.[8] and[9]. We characterizeunfoldingat varioustemperaturesby determiningunfolding

timesandby providing scenariosof unfolding. We show that thereis a characteristictempera-

ture,TW, associatedwith unfoldingabovewhich rupturingof bondsoccurssimultaneously(onan

average)at all sequentialseparations.We show that theunfoldingtimesdivergeon loweringthe

temperatureandthatbelow TW, theunfoldingprocessrunsin reverseto folding asmonitoredatan

optimalfolding temperature.Someof ourpredictionsregardingscenariousof theconformational

changesarefoundto beconsistentwith experimental�ndings.
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Weconsiderseveralmodelproteinswith aspecialemphasison theI27 globulardomainof the

muscleproteintitin (theProteinDataBank[10] code1tit). Mechanicalstretchingof this protein

hasbeenextensively studiedin experimentsinvolving atomicforcemicroscopy [11–13]andthere

is alsosomeinformationaboutits folding [14,15].Furthermore,wehavealreadystudiedit under-

going both processesthroughmoleculardynamicssimulationswithin the topologybasedmodel

[9,16–18].

This modelcanbe outlinedasfollows. The protein is representedby the Ca atomsthat are

tetheredby harmonicpotentialswith minima at 3.8 	A. The native contactsaredescribedby the

Lennard-JonespotentialsVi j = 4e
� �

s i j
r i j

� 12
�

�
s i j
r i j

� 6
�
, wherethe lengthparameterss i j arecho-

senso that thepotentialminimacorrespond,pair-by-pair, to thenative distancesbetweentheCa

atomsi and j. Which aminoacidsform nativecontactsis determinedthroughatomicoverlapsas

describedby Tsaietal. [19]. Thenon-nativecontactsaredescribedby repulsivecoresof s = 5 	A.

Theenergy parameter, e, is takento beuniformandits effectivevalueappearsto beof order900K,

at leastfor titin. Theoptimalfolding temperature,Tmin, for I27 hasbeenfoundto correspondto the

reducedtemperaturẽT = kBT=e of 0.275[9] (kB is theBoltzmannconstantandT is temperature)

which is closeto theroomtemperaturevalueof T̃=0.3. In ourstretchingsimulations,bothendsof

theproteinareattachedto harmonicspringsof elasticconstantk=0.12e= 	A2 which is closeto the

valuescorrespondingto theelasticityof experimentalcantilevers.Thefreeendof oneof thetwo

springsis constrainedwhile thefreeendof thesecondspringis pulledatconstantspeed,vp, along

the initial end-to-endpositionvector. We focuson vp of 0.005 	A=t , wheret =
p

ms2=e � 3ps

is thecharacteristictime for theLennard-Jonespotentials.Here,s = 5 	A is a typical valueof s i j

andm is theaveragemassof theaminoacids.Thermostatingis providedby theLangevin noise

whichalsomimicsrandomkicksby theimplicit solvent.An equationof motionfor eachCa reads

mr̈ = � g�r + Fc + G, whereFc is the net force on an atomdueto the molecularpotentials. The

dampingconstantg is takento beequalto 2m=t andthedispersionof therandomforcesis equal

to
p

2gkBT. This choiceof gcorrespondsto a situationin which theinertial effectsarenegligible
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[8] but the dampingaction is not yet asstrongasin water. Increasingg twentyfold resultsin a

twentyfold increasein thetime scalesbringingthetypical valueof vp within two ordersof mag-

nitudeof theexperimentalpulling speeds[9] andcorrespondinglylongerfolding times[8]. The

equationsof motionaresolvedby a �fth orderpredictor-correctorscheme.

Thetoptwo panelsof Figure1 illustratewhathappensto distancesbetweentwo pairsof amino

acidsthat make native contactswhensubmittingthe I27 domainof titin to a very high reduced

temperatureof 1.1. Thebroken line correspondsto thedistanceof 1.5s i j that is consideredasa

qualitative tresholdfor the aminoacidsstayingor not stayingin a contact[8,16]. It is seenthat

thetresholdline is beingcrossedrepeatedlydueto thermal�uctuations. However, thereis a well

de�nedandpair-speci�c timetu atwhich thecontactbreaksfor good,at leastwithin theunfolding

time, tw that is de�ned by therequirementthatall non-localcontactsarebroken. Speci�cally, the

non-localityrefersto thesequencialdistancej j � ij > l , wherel = 4 (non-helical).Theexample

valuesof tw areindicatedin thetoppanelsof Figure1. Theunfoldingscenariosmaybede�ned in

termsof a list of thetimestu thatareaveragedoverseveralhundreddifferenttrajectories.

Thevaluesof tw varyacrossthetrajectoriesandwede�ne tW astheirmedian(asimpleaverage

wouldbeill-de�ned if therewasno unfoldingwithin acutoff durationin thetime evolution). The

lower left panelof Figure1 shows thetemperaturedependenceof tW for threemodelproteinsin-

cludingtheI27 domainof titin. On loweringthe T̃, tW grows rapidly, fasterthanaccordingto the

Arrheniuslaw, suggestingperhapsaVogel-Fulcher-likedivergenceata �nite T̃0. However, a �nite

systemsuchasa singleproteincangive riseto a divergenceonly at T̃=0. This statementalsoap-

pliesto folding timeswhichgenerallyhaveaU-shapedtemperaturedependencewith divergences

at zeroandin�nity with the formerbeingArrhenius-like [20,8] (mean�eld theoriesmay leadto

differentconclusions).TheT̃-dependenceof tW appearsto beconsistent,to a leadingorderwith

theexp(A=T2) law. Interpretationof this law, andcorrectionsto it, remainto beelucidated.Our

datadonot ruleout apower law divergenceeither.
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We have foundthatvaryingtheparameterl between4 and10 affectstW insigni�cantly. How-

ever reducingl below 4 resultsin a substantiallydifferenttW asshown in the lower right panel

of Figure1 for the1bbaproteinfor l = 2. This suggestsa physicalrelevanceof l = 4 for distin-

guishingbetweenlocal andnon-localcontacts[21]. Consideringl smallerthan4 is impractical

computationallyfor proteinsthatarebiggerthan1bba,andappearsto have no justi�cation in the

chemicaldenaturation[22]. Thelowerright panelof Figure1 showsthatthedivergenceof theun-

folding timealsoappliesto secondarystructures.In thattheoreticalcase,l = 2 is a moresensible

choiceto take.

Thereare characteristictemperaturesthat are associatedwith the processesof folding and

stretching.In thecaseof folding, it is thetemperatureof kineticoptimality (0.275for 1tit). In the

caseof stretching,it is thetemperature(0.8for 1tit) atwhichthepurelyentropicbehavior [23] sets

in: above it, force peaksdisappearandthe systemacquiresthe worm-like-chainbehavior [24].

Is therea characteristictemperature,TW thatcanbeassociatedwith thermalunfolding?Figure2

suggeststhat thereindeedsucha temperatureexistsandits reducedvaluefor titin is around1.1.

Below thistemperature,themedianandthemostprobableunfoldingtimesdivergefrom eachother

signi�cantly, indicatingemergenceof a broaddistribution of time scalesandtemporalseparation

of theunfoldingevents.

The left top panelof Figure3 shows theaveragescenariosof theunfoldingeventsin titin at

two temperatures:atTW andsubstantiallybelow it, i.e.,at T̃=0.85.Thesescenariosshow theaver-

ageunfoldingtimes,tU = < tu > of speci�c contacts.Thesetimesareplottedagainstthecontact

order, i.e., againstthe sequentialdistancej j � ij. In orderto seethedetailsin the scenarios,we

actuallyplot tU � tW whichremovesthedominanttimescale.WeobservethatatandaboveTW, the

thermal�uctuationsdestroy bondsnearlysimultaneously, independentof thecontactorder. Onthe

otherhand,below TW, thescenariosacquirereproduciblestructuresin which thecontactsbetween

strandsC andF (solid squares)andbetweenstrandsA andG (solid circles)disintegratemuch

sooner, on an average,thanthosebetweenstrandsB-E (opentriangles)andB-G (opencircles).
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This orderof eventsagreeswith all-atomnanosecondlong unfoldingsimulationsof titin by Paci

andKarplus[25] in which severaltrajectorieswerestudiedat450K.

In broadfeatures,the unfolding scenarioat T̃ = 0:85 runsin reverseto the folding scenario

at Tmin shown in thetop right panelof Figure3. However, thecrosscorrelationplot betweenthe

two scenarios,shown in thebottomleft panelof Figure3, indicatesthatthetwo processesarenot

simply unticorrelatedbut merelyre�ecting thetime �o w of eventsin a fairly monotonicfashion.

It is interestingto notethattheeventswhicharemostrelevantto thesearchof thetransitionstate–

the�nal stagesof folding andtheinitial stagesof unfolding– anticorrelatein anearlylinearway.

This point qualitatively agreeswith all-atomsimulationsfor theb-hairpin fragmentof proteinG

[3] thatwereperformedbetweencertaincharacteristicsetsof conformations(16aminoacidswere

considered,theunfoldingsimulationstookplaceat350K).

The folding scenarioshown in the top right panelof Figure3 is de�ned in termsof average

times,tc, atwhich speci�c contactsareestablishedfor the�rst time [8]. (Folding is consideredto

befully accomplishedwhenall contactsaresimultaneouslyestablishedfor the�rst time). Wehave

foundthat folding in themodeltitin takesplacein two channels.In the�rst channel,comprising

about24%of the trajectories,theC-F contactsareestablishedin twice aslong a time asneeded

to setthe A-G andA'-G contacts.In the secondchannel,comprisingthe remaining76% of the

trajectories(at thetemperatureof optimalfolding), C-Fgetsestablishedsomewhatearlierthanthe

A-G contacts.Thescenarioshown in Figure11 of Reference[9] combinesthetwo channels.The

scenarioshown herediscardstheminority channel.Our studiesof ageneralizedmodelof titin, in

which theCb atomsarealsoincludedin thedescriptionof themodel,agreesqualitatively with the

majority-channelscenario.Thisupdatedscenariois consistentwith thef -valuedata[14,15].

Finaly, we considermechanicalstretchingof 1tit at constantspeed.Its scenariois de�ned in

termsof the lastaveragedistance,du, at which contactsarestill holdingwhentheC-terminusis

moving at a constantspeedandtheN-terminusis attachedto anelasticanchor. We have already
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establishedthat stretchingat ”room temperature”proceedsin a way that is unrelatedto folding

[16,9]. It is only in theentropiclimit, whenstretchingis governedexclusively by thesequential

distancethat stretchingis approximatelyreverseto folding at optimality [23]. The right bottom

panelof Figure4 shows thatwhenunfoldingandstretchingareboth doneat T̃ = 0:85 they fol-

low eachotherin a monotonicway. Theorderof eventsis nearlyidenticalbut thetime intervals

betweenthemdo not scalelinearly exceptperhapsat theverybeginingof thetwo processes.The

reducedtemperatureof 0.85belongsto theentropicregimebut, at thesametime, it is below TW.

Theinsetof thispanelshows,however, thatstretchingatat the”room temperature”valueof T̃=0.3

doesnotcorrelatewith unfoldingat T̃=0.85atall.

In summary, we have providedanoperationalde�nition of theunfoldingtimes,demonstrated

their ”low”-temperature(fasterthanArrhenius)divergenceandindicatedexistenceof acharacter-

istic temperaturebelow which unfoldingscenarioshave contact-order-relatedstructureandtime

scalesbecomebroadlydistributed. We have demonstratedthat long time folding eventsareanti-

correlatedwith theshorttimeunfoldingevents.We�nd thatthesimpletopology-baseddynamical

modelsqualitatively capturewhat is known from experimentsandsimulationsabouttheaverage

orderin whichconformationalchangesproceedin titin.
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FIGURECAPTIONS

Fig. 1. The top panelsshow examplesof evolution of the distance,di j , betweentwo contact

makingaminoacidsi and j in the I27 (1tit) domainof titin whenstartingfrom the native

structureandthenapplyinga temperatureof T̃=1.1. Thecontactsinvolvedarebetweenthe

b-strandsC, F andB, G. TheA, A', B, C, D, E, F, andG strandsin titin correspondto the

sequentialsegments4-7,11-15,18-25,32-36,47-52,55-61,69-75,and78-88respectively.

This proteinconsistsof altogether89 aminoacids. The lower panelsshow tW for the sys-

temsindicated.Thelower left (right) panelrefersto calculationsdonewith thel = 4 (l = 2)

criterion. Thedataaregenerallybasedon at least201 trajectories;above T̃ of 0.8 – on at

least501 trajectories.Therearetwo datasetsfor titin. The solid symbolscorrespondto

theGo-like modeldiscussedin this paperwhereasthe opensymbolscorrespondto a gen-

eralizedGo-like modelwith sidegroupsin which thedegreesof freedomrelatedto theCb

atomsareincluded.Thegeneralizedmodelshowsasimilarbehavior. Thelinesin thelower

panelillustrate�ts to the tW=t = exp(A=T̃2 � B=T̃ + C) law, wherethe sets(A, B,C) are

(10.592,10.492,6.976)for 1tit, (8.381,9.887,6.258)for 1crn, (1.391,0.943,1.548)for 1bba

with l=4, (5.259,1.576,4.916)for 1bbawith l=2, (2.329,0.671,0.659)for the hairpin, and

(3.363,2.143,2.585)for thehelix. The �tting con�dencelevel is at least0.987. Somewhat

poorer�ts wereobtainedby usingtheexp(exp(D=T̃) law. Thedatapointsfor theCa-based

modelcanalsobesuper�cially �tted to theVogel-Fulcher-like divergenceswith theappar-

ent T̃0 of 0.56,0.44,and0.20andwith theenergy barriersof 2.6 2.3 and1.5 for 1tit, 1crn,

and1bbarespectively.

Fig. 2. The distribution of unfolding times for 1tit for the threetemperaturesindicated. The

arrows point at the medianvalues. The inset in the middle panelshows the temperature

dependenceof thedifferencebetweenthemedianandpeakvaluesin thedistributions.

Fig. 3. Thetop left andright panelsshow theunfoldingandfolding scenariosin 1tit respectively.
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Thedataareaveragedover501trajectories.Theunfoldingscenariosareshown for thetwo

temperaturesindicated.Thebrokenline separatesthedatapointsobtainedfor thetwo tem-

peratures.The folding scenariocorrespondsto the temperatureof the fastestfolding. The

symbolsassignedto speci�c contactsarethe samein both panels.Opencircles,opentri-

angles,openpentagons,solid circles,andsolid squarescorrespondto contactsB-G, B-E,

D-E, A-G, andC-F respectively. The starsdenoteall othercontacts.The lower left panel

cross-plotsthe folding scenariowith the unfolding scenarioat the temperaturesindicated.

Thelower right panelcross-plotseventsof mechanicalstretchingwith thoseof thermalun-

folding. Themechanicalstretchingin theinsetandthemainpanelis performedat T̃ = 0:3

and0.85respectively.
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