Thermal unfolding of proteins

Mar ek Cieplak and Joannal. Su kowska

Instituteof Physics Polish Academyof SciencesAl. Lotnikow 32/46,02-668Warsaw Poland

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

PACSnumbers82.37.Rs87.14.EeB7.15.-v

Abstract

Thermalunfoldingof proteinss comparedo folding andmechanicastretchingn a

simpletopology-basedynamicalmodel. We de ne the unfoldingtime anddemon-
strateits low-temperaturalivergence.Below a characteristitcemperaturegcontacts
breakat separatéime scalesandunfoldingproceedspproximatelyin away reverse

to folding. Featuresn thesescenariosagreewith experimentsandatomicsimula-

tionsontitin.



Conformationakhangesn proteinsoccurin a variety of processesuchasfolding, mechan-
ically inducedstretching,chemicaldenaturation,and thermally inducedunfolding. Standard
moleculardynamicssimulationsof theseprocessexover nanosecondntervals which usually
missegherelevanttime scaledy at leastsix ordersof magnitude Onemaygaininsightsinto the
long time scaleconformationablynamicsby consideringeffective coarse-grainethodels.Among
these the simplestandyet often succesfularethe topologybasedmodels. They are constructed
basedon theknowledgeof the experimentallyestablishedhative conformationg1,2]. Thetopol-
ogy basedmodelsoffer a possibility to studyvariousprocessesvithin oneuni ed approachan
opportunityto explorerelationshipdbetweerthem,andan easyway to determinedependencen

parameterssuchasthetemperature.

In this Letter, we focuson thermalunfolding. This phenomenotis ofteninvokedin theoreti-
cal searches$or a molecularinterpretationof the transitionstatefor the folding procesq3]. The
transitionstateis probedexperimentallythroughthe protein-engineering-bases calledf -value
analysis[4]. The assumptionsinderlyingthe theoreticalsearchfor the transitionstateby sim-
ulating thermalunfolding are that unfolding shouldproceedin a way thatis reverseto folding
andthatthe transitionstateshouldbe quickly accessibldrom the native state,especiallyif high
temperaturesire applied(even up to 200°C which in itself may, however, alter the free enegy
landscapef a proteinsigni cantly). Additional assumptionattemptto relatethetransitionstate
to "largestructuralchangesT5,6] in anunfoldingevolution of aprotein—apointrecentlyassessed
in Ref.[7]. Here,we analyseghermalunfoldingwithin thetopology-baseanodelasimplemented
in Refs.[8] and[9]. We characterizeinfoldingat varioustemperatureby determiningunfolding
timesand by providing scenariof unfolding. We shaow thatthereis a characteristidempera-
ture, Ty, associateavith unfoldingabove which rupturingof bondsoccurssimultaneouslyfon an
average)at all sequentiakeparationsWe shav thatthe unfoldingtimesdiverge on lowering the
temperatur@ndthatbelow Ty, theunfoldingprocessunsin reverseto folding asmonitoredatan
optimalfolding temperatureSomeof our predictionsregardingscenariousf the conformational

changesrefoundto be consistentvith experimentalndings.
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We considerseveralmodelproteinswith a specialemphasi®onthel27 globular domainof the
muscleproteintitin (the ProteinDataBank[10] codeltit). Mechanicalstretchingof this protein
hasbeenextensiely studiedin experimentgnvolving atomicforcemicroscoyy [11-13]andthere
is alsosomeinformationaboutits folding [14,15]. Furthermorewe have alreadystudiedit under
going both processethroughmoleculardynamicssimulationswithin the topologybasedmodel

[9,16-18].

This modelcanbe outlinedasfollows. The proteinis representedy the C* atomsthatare

tetheredby harmonicpotentialswith minimaat 3.8 A. The native contactsaredescribedoy the
12

Lennard-JonepotentialsVij = 4e “:‘I—'J’ “:‘I—'J’ ° , Wherethe lengthparameters;; arecho-
senso thatthe potentialminima correspondpair-by-pair, to the native distancedetweerthe C?
atomsi and j. Which aminoacidsform native contactss determinedhroughatomicoverlapsas
describedy Tsaietal.[19]. Thenon-natve contactsaredescribedy repulsve coresof s = 5 A.
Theenepgy parametere, is takento beuniformandits effective valueappearso beof order900K,
atleastfor titin. Theoptimalfolding temperature]min, for 127 hasbeenfoundto correspondo the
reducedemperaturd = kgT=e of 0.275[9] (ks is the BoltzmannconstanaindT is temperature)
whichis closeto theroomtemperatureralueof T=0.3. In our stretchingsimulationsbothendsof
the proteinareattachedo harmonicspringsof elasticconstank=0.12e=A2 whichis closeto the
valuescorrespondindo the elasticityof experimentalkcantilevers. The free endof oneof the two
springsis constraineavhile thefreeendof thesecondspringis pulledatconstanspeedy, along
theinitial end-to-endpositionvector We focuson vy of 0.005A=t, wheret = P ms2=e 3ps
is the characteristi¢cime for the Lennard-Jonepotentials.Here,s = 5A is atypical valueof sj;
andm is the averagemassof the aminoacids. Thermostatings provided by the Langesin noise
which alsomimicsrandomkicks by theimplicit solvent. An equationof motionfor eachC? reads
mi = o + F.+ G whereF; is the netforce on an atomdueto the molecularpotentials. The
dampingconstangis takento be equalto 2m=t andthe dispersiorof the randomforcesis equal

to P 20ksT. This choiceof g correspondso a situationin which theinertial effectsarenegligible
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[8] but the dampingactionis not yet asstrongasin water Increasingg twentyfold resultsin a
twentyfoldincreasen thetime scalesbringing the typical valueof v, within two ordersof mag-
nitude of the experimentalpulling speedg9] andcorrespondinglyfongerfolding times[8]. The

equationof motionaresolvedby a fth orderpredictorcorrectorscheme.

Thetoptwo panelsof Figurel illustratewhathappenso distancebetweertwo pairsof amino
acidsthat make native contactswhensubmittingthe 127 domainof titin to a very high reduced
temperaturef 1.1. The brokenline correspondso the distanceof 1.5sjj thatis consideredasa
gualitatve tresholdfor the aminoacidsstayingor not stayingin a contact[8,16]. It is seenthat
thetresholdline is beingcrossedepeatedlydueto thermal uctuations. However, thereis awell
de ned andpair-speci c timet, atwhichthe contactoreaksfor good,atleastwithin the unfolding
time, ty, thatis de ned by the requirementhatall non-localcontactsarebroken. Speci cally, the
non-localityrefersto the sequenciatlistancg | ij > |, wherel = 4 (non-helical). The example
valuesof t,, areindicatedin thetop panelsof Figurel. Theunfoldingscenariosnaybede nedin

termsof alist of thetimest, thatareaveragedover severalhundreddifferenttrajectories.

Thevaluesof t, vary acrosghetrajectoriesandwe de ne ty astheirmedian(asimpleaverage
would beill-de ned if therewasno unfoldingwithin a cutoff durationin thetime evolution). The
lower left panelof Figurel showvs the temperaturelependencef tyy, for threemodelproteinsin-
cludingthe 127 domainof titin. On loweringthe T, ty grows rapidly, fasterthanaccordingto the
Arrheniuslaw, suggestingerhaps Vogel-Fulchetlik e divergenceata nite To. However, a nite
systemsuchasa singleproteincangive riseto adivergenceonly at T=0. This statemenalsoap-
pliesto folding timeswhich generallyhave a U-shapedemperaturelependencwith divergences
atzeroandin nity with theformerbeingArrhenius-like [20,8] (mean eld theoriesmay leadto
differentconclusions).The T-dependencef ty appeargo be consistentto a leadingorderwith
the exp(A=T?) law. Interpretatiorof this law, andcorrectiongo it, remainto be elucidated.Our

datado notrule out a power law divergenceeither



We have foundthatvaryingthe parametet betweem and10 affectstyy insigni cantly. How-
ever reducingl belown 4 resultsin a substantiallydifferenttyy asshown in the lower right panel
of Figurel for the 1bbaproteinfor | = 2. This suggests physicalrelevanceof | = 4 for distin-
guishingbetweenlocal andnon-localcontactg21]. Considering smallerthan4 is impractical
computationallyfor proteinsthatarebiggerthanlbba,andappeardo have nojusti cation in the
chemicaldenaturatiorfi22]. Thelowerright panelof Figurel shovsthatthedivergenceof theun-
folding time alsoappliesto secondangtructuresin thattheoreticalkcase] = 2 is amoresensible

choiceto take.

There are characteristidemperatureshat are associatedvith the processe®f folding and
stretching.In the caseof folding, it is thetemperaturef kinetic optimality (0.275for 1tit). In the
caseof stretchingijt is thetemperatur€0.8for 1tit) atwhichthepurelyentropicbehaior [23] sets
in: above it, force peaksdisappeamlandthe systemacquiresthe worm-like-chainbehaior [24].
Is therea characteristitemperature]yy that canbe associateavith thermalunfolding? Figure 2
suggestshatthereindeedsucha temperaturexists andits reducedvaluefor titin is aroundl.1.
Below thistemperatureghemedianandthemostprobableunfoldingtimesdivergefrom eachother
signi cantly, indicatingemegenceof a broaddistribution of time scalesandtemporalseparation

of theunfoldingevents.

The left top panelof Figure 3 shavs the averagescenario®f the unfolding eventsin titin at
two temperaturesat Ty andsubstantiallybelow it, i.e., at T=0.85. Thesescenarioshov theaver-
ageunfoldingtimes,ty =< t, > of speci ¢ contacts.Thesetimesareplottedagainstthe contact
order i.e., againstthe sequentiallistancgj ij. In orderto seethe detailsin the scenariosye
actuallyplotty twwhichremovesthedominantime scale.We obsene thatatandabove Ty, the
thermal uctuationsdestry bondsnearlysimultaneouslyindependentf thecontactorder Onthe
otherhand,below Ty, the scenarioscquirereproduciblestructuresn which the contactdbetween
strandsC and F (solid squareskhnd betweenstrandsA and G (solid circles) disintegratemuch

sooney on an average thanthosebetweenstrandsB-E (opentriangles)andB-G (opencircles).
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This orderof eventsagreeswith all-atomnanosecontbng unfolding simulationsof titin by Paci

andKarplus[25] in which severaltrajectoriesverestudiedat 450K.

In broadfeaturesthe unfolding scenarioat T = 0:85 runsin reverseto the folding scenario
at Tmin shawvn in thetop right panelof Figure 3. However, the crosscorrelationplot betweernthe
two scenariosshowvn in the bottomleft panelof Figure3, indicateshatthetwo processearenot
simply unticorrelatecbut merelyre ecting thetime o w of eventsin a fairly monotonicfashion.
It is interestingo notethattheeventswhich aremostrelevantto thesearchof thetransitionstate—
the nal stageof folding andtheinitial stagef unfolding— anticorrelatan anearlylinearway.
This point qualitatvely agreeswith all-atomsimulationsfor the b-hairpinfragmentof proteinG
[3] thatwereperformedbetweercertaincharacteristisetsof conformationg16 aminoacidswere

consideredthe unfoldingsimulationstook placeat 350K).

The folding scenarioshavn in the top right panelof Figure 3 is de ned in termsof average
times,tc, atwhich speci ¢ contactsareestablishedor the rst time [8]. (Foldingis consideredo
befully accomplishedvhenall contactsaresimultaneouslgstablishedor the rst time). We have
foundthatfolding in the modeltitin takesplacein two channelsln the rst channelcomprising
about24% of the trajectoriesthe C-F contactsare establishedn twice aslong atime asneeded
to setthe A-G andA'-G contacts.In the secondchannel,comprisingthe remaining76% of the
trajectorieqatthetemperaturef optimalfolding), C-F getsestablishe@omevhatearlierthanthe
A-G contacts.Thescenaricshavn in Figure11 of Referencd9] combineghetwo channelsThe
scenaricshavn herediscardghe minority channel.Our studiesof ageneralizednodelof titin, in
whichthe CP atomsarealsoincludedin thedescriptionof the model,agreesjualitatively with the

majority-channescenario.This updatedscenarids consistentvith thef -valuedata[14,15].

Finaly, we considemechanicaktretchingof 1tit at constantspeed.lts scenarias de ned in
termsof the lastaveragedistanced,, at which contactsarestill holdingwhenthe C-terminusis

moving at a constanspeedandthe N-terminusis attachedo an elasticanchor We have already
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establishedhat stretchingat "room temperature’proceedsn a way thatis unrelatedo folding
[16,9]. It is only in the entropiclimit, whenstretchingis governedexclusively by the sequential
distancethat stretchingis approximatelyreverseto folding at optimality [23]. The right bottom
panelof Figure4 shavs thatwhenunfolding andstretchingareboth doneat T = 0:85 they fol-
low eachotherin a monotonicway. The orderof eventsis nearlyidenticalbut thetime intervals
betweerthemdo not scalelinearly exceptperhapsat the very begining of thetwo processesThe
reducedemperaturef 0.85belongsto the entropicregime but, at the sametime, it is below Ty,
Theinsetof this panelshawvs, however, thatstretchingatatthe”room temperaturevalueof T=0.3

doesnot correlatewith unfoldingat T=0.85atall.

In summarywe have providedanoperationale nition of the unfoldingtimes,demonstrated
their"low”-temperaturgfasterthanArrhenius)divergenceandindicatedexistenceof a character
istic temperaturédelon which unfolding scenariohave contact-orderelatedstructureandtime
scaleshecomebroadlydistributed. We have demonstratethatlong time folding eventsareanti-
correlatedwvith theshorttime unfoldingevents.We nd thatthesimpletopology-basedynamical
modelsqualitatively capturewhatis known from experimentsandsimulationsaboutthe average

orderin which conformationathangegproceedn titin.
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FIGURECAPTIONS

Fig. 1. The top panelsshav examplesof evolution of the distance,d;j, betweentwo contact
makingaminoacidsi and j in the 127 (1tit) domainof titin whenstartingfrom the native
structureandthenapplyinga temperaturef T=1.1. The contactsnvolvedarebetweerthe
b-strandsC, F andB, G. The A, A, B, C, D, E, F, andG stranddn titin correspondo the
sequentiabegments4-7,11-15,18-25,32-36,47-52,55-61,69-75,and 78-88respectiely.
This proteinconsistsof altogetheB9 aminoacids. The lower panelsshow tyy for the sys-
temsindicated.Thelower left (right) panelrefersto calculationsdonewith thel = 4 (1 = 2)
criterion. The dataaregenerallybasedon at least201 trajectories;above T of 0.8— on at
least501 trajectories. Therearetwo datasetsfor titin. The solid symbolscorrespondo
the Go-like modeldiscussedn this paperwhereaghe opensymbolscorrespondo a gen-
eralizedGo-like modelwith sidegroupsin which the degreesof freedomrelatedto the CP
atomsareincluded.Thegeneralizednodelshavs a similar behaior. Thelinesin thelower
panelillustrate ts to thety=t = exp(A=T2 B=T + C) law, wherethe sets(A, B,C) are
(10.592,10.492,6.976pr 1tit, (8.381,9.887,6.258pr 1crn, (1.391,0.943,1.548pr 1bba
with 1=4, (5.259,1.576,4.916pr 1bbawith 1=2, (2.329,0.671,0.65%pr the hairpin, and
(3.363,2.143,2.585pr the helix. The tting con dencelevel is atleast0.987. Someavhat
poorer ts wereobtainedby usingthe exp(exp(D=T) law. Thedatapointsfor theC2-based
modelcanalsobe super cially tted to the Vogel-Fulcheilik e divergenceswith the appar
entTp of 0.56,0.44,and0.20andwith the enegy barriersof 2.6 2.3and 1.5 for 1tit, 1crn,

andlbbarespectiely.

Fig. 2. The distribution of unfolding times for 1tit for the threetemperaturesndicated. The
arrows point at the medianvalues. The insetin the middle panelshaws the temperature

dependencef the differencebetweerthe medianandpeakvaluesin the distributions.

Fig. 3. Thetopleft andright panelsshow theunfoldingandfolding scenariosn 1tit respectrely.

10



Thedataareaveragedover 501 trajectories.The unfolding scenariosareshownn for thetwo
temperaturesdicated.The brokenline separatethe datapointsobtainedfor thetwo tem-
peratures.The folding scenariocorrespondso the temperaturef the fastesfolding. The
symbolsassignedo speci ¢ contactsarethe samein both panels. Opencircles, opentri-
angles,openpentagonssolid circles,and solid squaresorrespondo contactsB-G, B-E,
D-E, A-G, andC-F respectiely. The starsdenoteall othercontacts.The lower left panel
cross-plotghe folding scenariowith the unfolding scenaricat the temperaturesdicated.
Thelower right panelcross-plotseventsof mechanicaktretchingwith thoseof thermalun-
folding. The mechanicaktretchingin theinsetandthe main panelis performedat T = 0:3

and0.85respectiely.
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