
Chapter 2

Folding

2.1 An off-lattice Monte Carlo method for protein folding

Of thenumerousprojectsof theKnappgroup,thedevelopmentof anoff-lattice MonteCarlo (MC)
methodfor the long termdynamicsof proteinshastheoldesttradition. Ernst-WalterKnapphimself
hadalreadydevelopedthebasicideasashefoundedhis groupat theFreieUniversiẗat Berlin (Knapp
& Irgens-Defregger, 1991;Knapp,1992;Knapp& Irgens-Defregger, 1993).Thecoreof themethod
is the proteinmodel(section2.1.1)togetherwith a suitableenergy function (section2.1.2)andthe
so-calledwindow move (WM, section2.1.3).

2.1.1 The protein model

Theproteinmodelis sofar only amodelof theproteinbackbone.In themodel,theamideplanesare
rigid andthedegreesof freedomarereducedto thetwo torsionanglesφ andψ (Figure2.1).For more
details,seeHoffmann(1996),Sartori(1997).

2.1.2 Tuning the energy function

FredoSartoridevelopedin ourgroupasuitableenergy functionfor thisproteinmodel(Sartori,1997;
Sartoriet al., 1998). By performingMD simulationsof a proteinwith constraintsfixing bondan-
glesandbond lengths,it was found that the protein remainedrelatively immobile (van Gunsteren
& Karplus,1981). Hence,it becameevident that an energy function that is tunedfor fully-flexible
all-atommolecularmodelscannotdirectly be appliedto our proteinmodel. With the exceptionof
small molecules,as for instancewater, small variationsin particularof bondangleshelp to avoid
atomicoverlapsof atompairs,which otherwisecould hinderchangesof torsionangles.Thedomi-
nantcontribution of atomicoverlapsin rigid geometrymodelsof theproteinbackboneis dueto the
Lennard-Jonesinteractionsof the hydrogenandoxygenatomsin neighboringamideplanes. With
theseinteractions,therotationalbarrierwith respectto thedihedralanglesφ andψ becomessolarge
that even at temperaturesashigh as800K no full rotation is possibleandthe regime of positive φ
anglescannotbe reached(Sartoriet al., 1998). The mobility of the rigid proteinbackbonemodel
canberegained,if the interactionbetweentwo neighboringamideplanesis describedby a suitable
two-dimensional

�
φ � ψ � torsionenergy landscape.This energy landscapecanbegeneratedfrom the

probabilitydistribution of the
�
φ � ψ � torsionanglesobtainedfrom a conventionalMD simulationof

suitablemodeldipeptides(Sartoriet al., 1998).Theresultingpotentialof meanforceis temperature
dependent.For thecaseof alaninethesuitablemodeldipeptideis (N-acetyl-alanyl)-methylamide,for
thecaseof glycine,it is correspondingly(N-acetyl-glycyl)-methylamide. Theresulting

�
φ � ψ � torsion

potentialsfor alanineandglycinearevisualizedin Figure2.2.
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Figure2.1: Schematicalrepresentationof a singleamideplaneof the proteinmodel. The
only degreesof freedomarethetorsionanglesφ andψ. All othertorsionangles,bondangles
andbondlengthsarefixedto idealizedvalues.R is H for glycineandanunitedCH3 atomfor
alanine.Morecomplex sidechainshaveadditionaldegreesof freedomandaretreatedlaterin
this chapter.

The
�
φ � ψ � torsionenergy landscapereplacesall energy termswhereonly atomsof two neigh-

boringamideplanesareinvolved. Theseareall non-bondedinteractionsof atompairsbelongingto
thesameor to neighboringamideplanesaswell asthetorsionpotentialsusedin theenergy function
for aconventionalMD simulations.Theenergy termsaccountingfor bondstretchingandbondangle
bendingdo not occurfor molecularmodelswith rigid bondgeometryanyway. All otheratompairs
areseparatedby at leastfour torsionaldegreesof freedomin thepolypeptidebackbone.Therefore,
we assumetheseatomscanmove enoughindependently, suchthattheir non-bondedinteractionscan
betakenunchangedfrom anenergy functionthatis suitablefor conventionalMD simulations.

Adjusting the energy function in this way to compensatefor the lack of flexibility in the rigid
polypeptidemodel,the backbonemobility of polyalanineis only slightly increased.The rotational
barrier for the backbonetorsionangleψ is still a factorof ten to high and in the angle phi a full
rotationis not possibleyet. But what is evenworse,at a giventemperatureanα-helicalstructureof
polyalaninewith rigid bondgeometryis muchmorestableascomparedto theonewith flexible bond
geometry(Sartoriet al., 1998).Thereasonfor thisdeviationis theabsenceof bondangleoscillations
of hydrogenatomsdescribedby molecularmodelswith rigid bondgeometry. Theseoscillationscan
weakenhydrogenbonds.For thesamereason,hydrogenbondsformedwith deuteriumaregenerally
strongerthanthoseformedwith protons.This is a truequantumeffect appearingevenat roomtem-
perature(Gutowsky et al., 1985;McDowell & Buckingham,1991). Sincevibrationalfrequencies
involving hydrogenatomsarevery high, evenat roomtemperatureonly thevibrationalgroundstate
is occupied.Dueto thedifferencein masstheamplitudeof thezeropoint oscillationsis a factorof�

2 smallerfor deuteronsthanfor protons,whichexplainstheeffect.

To overcomethis problem,thehydrogenbondsof theproteinbackboneareweakenedby intro-
ductionof a correctionvalue∆r in thetermfor theelectrostaticinteractionenergy:
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Figure2.2: � φ � ψ � torsionpotentialsfor alanineandglycine,derivedfrom anMD simulation
usingtheCHARMM22 parametersetat400K.
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Typicalvaluesfor ∆r arein therangefrom 0.18Å to 0.27Å, weakeninghydrogenbondsby 10to
15%. Theoptimalvaluedependson thetemperature.For moredetailsof deriving thiscorrectionsee
Sartori(1997),Sartoriet al. (1998),Rabensteinet al. (1999).

2.1.3 The window move

TheobviousMC move applicableto our proteinmodelis therandomchangeof onerandomlycho-
sentorsionangle.This move is calledsimplemove (SM) andgenerateslargeglobalconformational
changes.In globular protein,SMsoftenresultin structureswith atomicclashes,which areenergeti-
cally unacceptable(Hoffmann& Knapp,1996a).An MC samplingusingexclusively SMsis therefore
extremelyinefficient.

Thisproblemis avoidedby theWM, wherecooperative rotationsareappliedto backbonetorsion
anglesin a window of subsequentamideplanes,suchthat thepolypeptideconformationoutsideof
the window remainsinvariant(Figure2.3). A singleWM generatesa local conformationalchange
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Figure2.3: Sketchof a window of threeamideplaneswithin the proteinbackbone.The
torsionaxescorrespondingto theeightdegreesof freedomareindicatedby solid bars(Hoff-
mann& Knapp,1996b).

only. Globalconformationalchangescanbeobtainedby applyingWMs many times.Thesechanges
evolve theconformationgraduallyduringa MC simulation.Thus,a trajectoryof MC movescanbe
interpretedasa real time evolution. Sincefor compactmolecularstructureslocal MC movescan
avoid atomicoverlapsbetterthanglobalMC movesthey aremuchmoreefficient for thegeneration
of large conformationalchanges.The elementarytime stepfor MC dynamicsis onescanof MC
moves,whereon theaveragetheMC movesareappliedonceto eachpossiblepositionat theprotein
backbone.

Window MC moveswerefirst appliedto generateconformationalchangesof molecularsystems
by Go and Scheraga(1970). Theseauthorsusedwindow moves to prove that a cyclic tripeptide
cannotexist. Sincethenwindow moveswereusedin differentapplicationsto modelstructuresof
biologicalmacromolecules(Braun,1987;Sklenaret al., 1986;Palmer& Scheraga,1991;Hubbard
et al., 1994). Theworksof KnappandIrgens-Defregger(1991),Knapp(1992),KnappandIrgens-
Defregger(1993)werethefirst attemptsto usethis MC algorithmfor thesimulationof polypeptide
dynamics.UsingtheWM for thesimulationof polymers,it wasfoundthat thetorsionanglesof the
generatedmolecularconformationsarebiasedunlessoneappliesacorrectionwith suitableJacobians
(Doddet al., 1993).Thisbehavior wasalsoobservedandfixedin ourgroupby DanielHoffmann.He
appliedthesecorrectionsthenalsoto thesimulationof polypeptidedynamics(Hoffmann& Knapp,
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1996b,1996a,1997). (In thesereferences,moredetailsaboutthe methodto computethe window
movesaregiven.)He wasableto fold ahelix–turn–helixmodelprotein(Hoffmann& Knapp,1997).

Recently, Wu andDeem(1999)foundananalyticalsolutionfor theWM equivalentto our own,
numericalsolution.

2.1.4 The CAMLAB program

DanielHoffmannleft our groupafterfinishinghis PhD.He implementedtheWM with its Jacobian
correctionsamonga lot of otherfeaturesin his new programCAMLAB (Hoffmannet al., 1998),
which is moregeneralandefficient thanthe implementationsdonebefore. Hoffmannprovided us
with thesourcecodeof CAMLAB, so thatwe couldmodify theprogramfor our own applications.
It was one of my tasksto fit CAMLAB to our needs. The main extensionat this stagewas the
implementationof theenergy functiondevelopedby FredoSartoriwithin CAMLAB. However, I did
alsoseveral othermodification,which aredocumentedin appendixD. To distinguishour modified
programfrom theoriginal CAMLAB program,it is calledCAMLAB++.

Ourfirst applicationof CAMLAB++ wasto fold notonly ahelix–turn–helixmotif asbefore,but
alsoaβ-hairpin.Thisapplicationis reportedin thenext section2.2.To accountalsofor theinfluence
of thesolvent,BjörnKleier implementedtheACSpotentialof Schaeferet al. (1998)(seechapter1)
in C. Then we included this implementationin the CAMLAB++ program. First applicationsof
CAMLAB++ to peptidesin solutionarepresentedin section2.3.

2.2 Folding in vacuo

2.2.1 To be investigated: the AGA and VGV model peptides

After folding α-helices(Sartori,1997)andahelix–turn–helixmotif (Hoffmann& Knapp,1997),it is
obvious to askwhetheralsothe folding of a β-structureis possible.Thefirst problemto solve is to
find a suitablemodelprotein.For doingthis, it might helpto have a look on therelative propensities
of aminoacidsfor acertainsecondarystructure(Table2.1).

Sincepolyalanineindeedreadilyfolds to anα-helix, onemight assumethatpolyvalinewill fold
to somethinglikealong,singleβ-strand.In theMC simulation(resultsnotshown), polyvalineadopts
for ashortwhile aβ-strandlikeconformation(asdeterminedby thelocationof theindividualresidues
in theRamachandranplot, seesection2.2.2.1).However, finally it foldsalsoto anα-helix, althoughit
needsa longersamplingtimethanpolyalanineto reachthisstructure.This is not toosurprising,since
in a singleβ-strandin vacuumthereareno hydrogenbondsat all, whereasin anα-helix theoptimal
numberof hydrogenbondsis established.This situationcould be relaxed by introducinga turn in
themiddleof a polyvalinepeptide.Thena β-hairpin,i. e. thesmallestpossibleanti-parallelβ-sheet,
wouldemerge,whereabouthalf asmuchhydrogenbondsarepossibleasin anα-helix. To introduce
theturn,we take theresiduewith thelargestturn propensity, which is glycine. Soour modelpeptide
sequencefor folding a β-hairpin is VVVVVVVGGVVVVVVV (called the VGV model peptide). For
comparison,we simulatealsoa peptidewith thesequenceAAAAAAAGGAAAAAAA (calledtheAGA
modelpeptide),which shouldfold to a helix–turn–helixmotif. Both peptidesarecappedto avoid
chargedendgroups:TheN-terminusis acylated,andtheC-terminusis (N-methyl)-amidated.

2.2.2 Methods

2.2.2.1 Determination of secondary structure

The determinationof the secondarystructurefrom the atomiccoordinatesof a proteindependson
thedefinitionandis by far not trivial. Numerousmethodsarediscussedin theliterature.To mention
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Table2.1: Amino acidpropensitiesfor helix, strandandturn accordingto (Williams et al.,
1987). The propensitiesof Ala, Val, andGly for helix, strand,andturn arehighlightedby
bold letters.

aminoacid helix strand turn

Glu 1.59 0.52 1.01
Ala 1.41 0.72 0.82
Leu 1.34 1.22 0.57
Met 1.30 1.14 0.52
Gln 1.27 0.98 0.84
Lys 1.23 0.69 1.07
Arg 1.21 0.84 0.90
His 1.05 0.80 0.81
Val 0.98 1.87 0.41
Ile 1.09 1.67 0.47
Tyr 0.74 1.45 0.76
Cys 0.66 1.40 0.54
Trp 1.02 1.35 0.65
Phe 1.16 1.33 0.59
Thr 0.76 1.17 0.90
Gly 0.43 0.58 1.77
Asn 0.76 0.48 1.34
Pro 0.34 0.31 1.32
Ser 0.57 0.96 1.22
Asp 0.99 0.39 1.24
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only aclassicalandamorerecentexample:theDSSP programby KabschandSander(1983),whose
methodis usedby the RASMOL visualizationprogram(Sayle& Bissell, 1992), and the STRIDE

programby FrishmanandArgos(1995),whosemethodis usedby the VMD visualizationprogram
(Humphrey et al., 1996).

In the presentwork, we usetwo methods. The first is basedon the Ramachandranplot (Ra-
machandranet al., 1963). We divide the Ramachandranplot into different regions (Figure 2.4)
that are assignedto specificsecondarystructures(Robson& Garnier, 1988; Ullmann, 1995; Sar-
tori, 1997). Thesecondarystructureof a specificresidueis determinedby the

�
φ � ψ � locationof its

torsionalanglesin theRamachandranplot. Wedenotethismethodby theabbreviation RP.
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Figure2.4: Areasof secondarystructuremotifs in theRamachandranplot (Sartori,1997).

Thesecondmethodusedhereis theaforementionedDSSPmethodby KabschandSander(1983),
which is basedon the topologyof the hydrogenbondpattern. This methodis morecomplex than
the RP method,but especiallythe assignmentof β-sheetsis more in agreementwith our intuitive
understandingusingDSSPthanRP. It is well possiblefor a peptideto have all

�
φ � ψ � torsionangles

in the β region of the Ramachandranplot (Figure2.4), but the overall structuredoesnot resemble
a β-sheetlike structureat all (e. g. a singleβ-strandwithout any hydrogenbonds). In the opposite
case,a β-sheetcouldbedistortedsuchthatits

�
φ � ψ � torsionanglesareoutsideof theβ region of the

Ramachandranplot without loosingtheoverall β-sheetlike structuralfeatures.SinceDSSPanalyzes
thehydrogenbondpattern,it would identify thelattercase,but not theformer, asa β-sheetstructure.

2.2.2.2 Treatment of sidechains

So far, side chainsare not includedin our protein model. To include side chainsin the spirit of
theexisting model,onewould fix thebondlengthandbondanglesalsoof thesidechainsandthus
reducetheir degreesof freedomto thetorsionanglesχn. Then,akind of multi-dimensionaleffective
torsionpotential

�
φ � ψ � χ1 �.-.-.-/� χn � hadto be generated.We wantedto avoid this taskandtherefore

usedonly the alreadyexisting two-dimensional
�
φ � ψ � torsion potentials. For the side chains,we

usedtheconventionalone-dimensionaltorsionpotentialsfrom theCHARMM forcefield. To avoid the
problemsof thefixedgeometry, we took into accountthecompleteCHARMM forcefield (including
termsfor bondlengthandbondangles)andincludedadditionalCartesianmoves(CM) for theside
chain atoms,i. e. we modified the side chain conformationnot only by SMs, but also by small
Cartesiandisplacements.Thiseffectively removesthefixedgeometryandleadsto thesamesampling
behavior as a fully flexible model (Hoffmann et al., 1998). This methodcould also be usedfor
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thewholemolecule,therebyremoving theneedfor thetwo-dimensionaltorsionpotentialsat all, but
this increasesthesamplingtime to reacha properlyfoldedstructureby aboutanorderof magnitude
comparedto simulationsusing fixed geometryand two-dimensionaltorsionpotentials(resultsnot
shown). However, we think that the increaseof folding efficiency gainedby the reducednumberof
degreesof freedomis muchmoreeffective for thebackbonethanfor thesidechains,sothatwe can
applythefully flexible modelto thesidechainswithout loosingtoomuch.

In thecaseof theAGA modelpeptide,therearenosidechainsatall. Alaninesweretreatedby the�
φ � ψ � torsionpotentialfor alanineandglycineby the

�
φ � ψ � torsionpotentialfor glycine. In thecase

of theVGV modelpeptide,theglycinesweretreatedasbefore.Thevalineswerealsotreatedby the�
φ � ψ � torsionpotentialfor alanine,but wheneveravalineresiduewasinvolvedin aWM, its χ torsion

angleof its sidechainwasmodifiedat thesametimeby anSM, andits two Cγ atomsweredisplaced
by aCM.

2.2.2.3 Mixing window moves and simple moves

Applying exclusively WMs is muchmoreefficient for peptidefolding thanapplyingexclusively SMs
(Hoffmann,1996;Hoffmann& Knapp,1996b,1996a,1997).However, we foundthatapplyingboth,
WMs andSMs, in a rationof 10:1, the correctlyfolded structureis reachedmuchearlier, although
SMsaremuchmoreexpensive in computertime. This canbeexplainedby theneedfor both, local
andglobalconformationalchanges.If only SMsareused,it is extremelydifficult for a localstructure
like an α-helix to evolve. However, if only WMs areused,a global concertedmovementof a lot
of atomsasit is necessaryfor creatingthe turn in a helix–turn–helixmotif or a β-hairpin canonly
happenvery laboriousby a lot of WMs, wheretheglobalconformationalchangepropagatesslowly
throughthebackboneof thepeptide.

2.2.2.4 Parameters of the MC simulation

The elementarytime stepof the MC dynamicscorrespondingroughly to the amountof CPU time
neededfor a singlestepof time evolution with conventionalMD simulationis an MC scan. In an
MC scan,themovesareappliedontheaverageonetimeateachpossibleposition.Thetwo oligopep-
tidesconsideredconsistof 16 residuesinvolving 17 amideplanes,wheretwo involve thecappedend
groups. The MC scanusedin the presentapplicationconsistedof 15 window moveschangingthe
conformationof threeconsecutive amideplanesand1.5 simplemoves. Window movesfor thefirst
andlastpossiblewindow in thepolypeptidesequencecanbeappliedwithout constraints.For a sim-
plemovebothφ andψ torsionanglesat oneCα atomwerechangedsimultaneously. To avoid atomic
overlapsandto obtaina smoothandcontinuoustime evolution, theinterval for angularchangeswas
restrictedto 021 5 � 
 53 degreesfor simple moves, whereasfor window moves no restrictionswere
imposed.TheCM wererestrictedto amaximaldisplacementpermoveof 0.02Å.

UsingtheprogramCAMLAB++, we generatedsix trajectoriesof four million scanseachfor the
VGV modelpeptide,and threetrajectoriesof onemillion scanseachfor the AGA modelpeptide.
All trajectorieswere generatedat 400K using the CHARMM19 force field (Brooks et al., 1983),
asfar asthe energy termswerenot includedin the

�
φ � ψ � torsionpotentials.The torsionpotentials

weregeneratedby anMD simulationusingumbrellasampling(Sartoriet al., 1998)andtheall-atom
CHARMM22 force field (MacKerell et al., 1992). The ∆r valuefor the hydrogenbondcorrection
was0.18Å. Thestartingconformationsfor bothmodelpeptideswastheextendedC7-equatorialcon-
formationwith torsionanglesφ � 1 90 andψ � 


90. This extendedstartconformationwaschosen
becauseit is alow energy conformationjusthalfwaybetweenaβ-strandandanα-helix conformation.
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2.2.3 Results and Discussion

2.2.3.1 Investigating the trajectories

Figures2.5and2.6 show snapshotsfrom thosetrajectoriesthat leadto the lowestenergy conforma-
tions.However, thetimeevolution of all three(AGA) or six (VGV) trajectoriesis essentiallysimilar,
albeitin threeof thesix VGV trajectoriesthefolding into theβ-hairpinconformationwasincomplete,
indicatingthatthis conformationis only marginally stableunderthesimulationconditionsused.

Dueto thesimplemoves,abendof theAGA modelpeptidecanform at thetwo glycinesalready
after 5000 MC scans. After a few ten thousandMC scans,the formation of secondaryα-helical
structurecanbe observed. After a few hundredthousandMC scans,the helix–turn–helixmotif is
completed.In orderto generateasingleα-helix of 18-alaninewith conventionalMD simulationusing
thecorrespondingenergy function andsimulationconditionssuitablefor conventionalMD, several
tennanosecondscorrespondingto morethan107 time stepsareneeded(Sartoriet al., 1998). The
timerequiredto generateahelix–turn–helixconformationwith conventionalMD simulationmethods
wouldbemuchlarger.

It turnedout that the formationof theVGV β-hairpin took aboutten timeslongerthanthe for-
mationof the alternative helix–turn–helixmotif of the AGA polypeptide(seeFigures2.5 and2.6).
This may be simply dueto the fact that for the VGV modelpeptidethe β-hairpin conformationis
only marginally stableasopposedto theAGA modelpeptide,whosehelix–turn–helixconformation
is very stable.But sinceduringthetime evolution of theβ-hairpinconformationno significantcon-
tentof α-helicalstructurescouldbeobserved,this conclusionis notmandatory. Anotherexplanation
would bethatthefreeenergy funnelfor theformationof theβ-hairpinconformationis relatively flat
sothatit takesmoretimefor themolecularsystemto find its wayinto theappropriatefoldedstructure.
This would alsobeconsistentwith experimentswhereit wasfoundthat theformationof a β-hairpin
conformationstakesmoretime thantheformationof α-helices(Muñozet al., 1997).

In Figure2.6, snapshotsof onetrajectoryevolving into the β-hairpin conformationareshown.
It takesalsoabouttentimeslongerthanfor thesequenceforming thehelix–turn–helixmotif before
a bendforms at the centerwherethe glycinesare situated. After 105 MC scansthe signatureof
β-strandconformationsappears.But it takesup to 4 4 106 MC scansto form a completeβ-hairpin
conformation.During this time evolution, patchesof β-strandconformationsappearanddecompose
againat differentpositionsin thesequence.This hesitationin forming a β-sheetconformationalso
indicatesthatthefreeenergy funnelis relatively flat slowing down theformationof a β-hairpin.

The hydrogendonorandacceptorgroupsof an α-helix aresaturatedintramolecularexcept for
the last winding at both ends. For a β-sheetmotif, only half of the moleculargroupsinvolved in
hydrogenbondsare forming thesewith otherpartsof the β-sheet. In a detailedmolecularmodel
includingsolventeffects,theremainingmoleculargroupsform hydrogenbondswith watermolecules
from the solvent or they interactwith mirror chargesof oppositesign from a reactionfield, which
mimics the electrostaticinteractionwith the solvent. In the presentapplication,no solvent model
is included. Underthesecircumstancesa polypeptideconformationwherethehydrogendonorand
acceptorgroupsaresaturatedintramolecularwill generallybe preferred.This wascorroboratedby
thefactthattheenergiesof theα-helicalconformationshadgenerallya lowerenergy thantheβ-sheet
structures.Hence,it wassurprisingto observe, that in spiteof this disadvantagethe VGV model
peptidewascapableto form a β-hairpin.

For aβ-hairpinin vacuum,only half thetotalnumberof possiblehydrogenbondsof thebackbone
canbe formedascomparedto an α-helix, wherenearlyall possiblehydrogenbonds,i. e. oneper
residue,areformed.Assuminganenergy valueof 12.6kJ/molfor theformationof anhydrogenbond,
onehasto concludethat in vacuuman α-helical structureis 6.3kJ/mol per residuemorefavorable
thana β-hairpin. An analysisof the MC dynamicsof valine showed that the sidechainof valine
wasabouttwo timesmoremobile in theβ-hairpinthanin theα-helix conformation.This difference
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Figure 2.5: Snapshotsfrom the MC dynamicsof the AGA model peptideevolving into
a helix–turn–helixmotif. The initial extendedconformation(0 MC scans)is C7-equatorial
with torsion anglevaluesof φ 576 90, ψ 598 90. The arbitrary time unit is given by the
numberof MC scans.OneMC scancorrespondsroughlyto theamountof CPUtime needed
for onetime stepof conventionalMD simulation. For the definition of MC scansseetext.
Thelastsnapshotat 462000MC scansdisplaystheconformationwith thesmallestvalueof
thepotentialenergy from thewholetrajectoryof 106 MC scans.Thecriterionfor anα-helical
structurewastakenfrom theDSSPmethod.
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Figure2.6: Snapshotsfrom theMC dynamicsof theVGV modelpeptideevolving into a β-
hairpin. Theinitial extendedconformationis thesameasfor theAGA modelpeptideshown
in thepreviousfigure. Thesecondsnapshotat 38,400MC scansdisplaystheconformation,
wherethe formationof the bendat the two centralglycinesjust appeared.Also herethe
criterionfor assigningsecondarystructurewastakenfrom theDSSPmethod.
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in entropy correspondsat thetemperatureof 400K,wherethesimulationwasperformed,roughly to
2kJ/molof freeenergy per residue.That is not enoughto explain themarginal preferenceof valine
for aβ-hairpinascomparedto alaninewhichpreferstheα-helicalstructure.A moredetailedanalysis
showedthatalsothefluctuationsof the

�
φ � ψ � -torsionanglesof thepolypeptidebackboneareabouta

factorof two largerin theβ-hairpinthanin theα-helix. A roughestimateof thecorrespondingentropy
contribution wouldyield another4kJ/molperresiduefreeenergy favoring theβ-hairpin.This would
bejustenoughto explain theresults.

2.2.3.2 Loosing of timescales

By comparingthesequenceof folding eventsin Figures2.5 and2.6 with theearliersimulationof a
helix–turn–helixmotif folding by HoffmannandKnapp(1997),an interestingphenomenonsprings
into mind: In theearliersimulation,at first local structuralelements,i. e. theα-helicalparts,develop
in agreementwith the diffusion–collisionmodelof KarplusandWeaver (1994),beforethe global
turn structureis formed.In thetrajectoriesof thepresentstudy, thenon-localstructuralelement,i. e.
the global turn structure,evolves first. After that the helical (or strand)partsarecompleted. The
earliersimulationwasdoneusingexclusively WMs, whereasin the presentstudywe addedsome
SMs. This mixing increasedthe folding efficiency, but obviously changedthe sequenceof folding
event dramatically. This is not surprisingif one takes into accountthat a WM, by applyingonly
smalllocalconformationalchanges,is verysimilar to short-termeventsin anMD simulation.An SM
causeslargeglobalstructuralchangesthatoccurin realityat largetimescales.Therefore,theforming
of globalstructuralelementsoccursearlierif SMsareapplied.Thismeansthatthepseudo-timescale
preservedin MC simulationsusingexclusively WMs (Hoffmann,1996)is lost by addingSMs.

2.2.3.3 Possible solvent and vacuum effects

The lack of a solvent modelcausesmainly two effects: A hydrophobiceffect is missing,and the
influenceof intramolecularhydrogenbondsis too strongsincethe solvent moleculesasalternative
hydrogenbondpartnersarenot available. The latter effect favors α-helicesmore thanβ-sheetsas
discussedabove. However, still thefolding of theβ-hairpin is possible.Sotheremustbesomething
stabilizingtheβ-hairpinstructure,which is presentfor valinebut absentfor alanine.Possibly, this is
merelytheconformationalentropy asdiscussedabove, thatis gainedin agreateramountby themore
complex valinesidechainsif α-helix is comparedto β-sheet.

Isolatedβ-hairpinsarevery unstablein solutionsanddo not occurin nature.It wasvery hardto
designanaminoacidsequencethatfoldsto amarginally stable,nonaggregatingβ-hairpinin solution
(Muñoz et al., 1997; Kortemmeet al., 1998). Probably, the hydrophobiceffects drives β-sheet
formationin a complex manner(Maynardet al., 1998). In native proteins,β-sheetsarein general
amphiphaticandhave thehydrophobicfaceburiedin theinterior to partiallyconstituteahydrophobic
core(Phamet al., 1998). A β-sheetwithout a hydrophobiccore is extremelyrare (Koide et al.,
2000). However, the fact that they exist shows that therearealsootherdriving forcesfor β-sheet
formation(Koepfet al., 1999;Street& Mayo,1999).

A vacuumsimulationdoesnot mimic thehydrophobiceffect, but neverthelessit hassomesimi-
larity to thesituationwithin thehydrophobiccoreof a protein.Soit maybepossiblethatsimulation
of β-hairpin formationincludinga solvent modelwill be muchmoredifficult thanin vacuo. In the
next section,this situationwill bestudied.
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2.3 Folding in solution

Thereareseveral solvent modelspossiblefor molecularsimulation. An explicit simulationof the
individual solventmoleculesis not suitablefor our MC method,sincethis would requirea complete
rearrangementof the solvent structureafter eachMC move andis thereforevery time consuming.
Thesimplestsolventmodelis to useadistantdependantdielectricconstant(e. g. ε � ri j : � 1Å � ). This
mimicsscreeningeffectsof thesolventat largedistances.Surprisingly, this modeldoesnot weaken
hydrogenbonds,but increasestheir strength(by 44% if usingtheCHARMM19 forcefield).

An appropriatemodelfor our MC methodis to describethesolventasadielectricmedium.This
could be doneby solving the PBE (section1.1). CAMLAB hasalreadyincludeda very fastPBE
solver on thebasisof a multigrid method(Hoffmannet al., 1998). However, this solver is still not
fastenoughto permit folding simulations.Therefore,we decidedto useananalyticalapproximation
of thePBE,theso-calledAnalytical ContinuumSolvent (ACS)by Schaeferet al. (1998)described
in section1.2.

Thefirst applicationsof this approacharepresentedin thissection.However, theintegrationof a
solventmodelinto ourMC methodis still work in progress.Sothiscannotbemorethanafirst glance
of whatwill bepossiblein thenearfuture.

2.3.1 To be investigated: the C-terminal helix of RNase A and the synthetic peptide
BH8

For thisapplication,wesimulatedfirst 18-alaninewith terminicappedasbefore.After that,wechose
two really exsitingpeptides:

; An analogueof the C-terminalhelix of ribonucleaseA termedRN24 with 13 residues(Os-
terhoutJr. et al., 1989). Sequence:AETAAAKFLRAHA with succinylated N-terminusand
amidatedC-terminus.

; ThepolypeptideBH8 with 12residues(Raḿırez-Alvaradoet al., 1996),whichwasspecifically
designedto form astableβ-hairpinin solution.Sequence:RGITVNGKTYGR

Both peptideswere investigatedexperimentally, but also by MD using the sameACS solvent
model (Schaeferet al., 1998). The latter reasonwasmust importantfor us becausethis givesus
the opportunityto directly compareMD and MC and to checkthe correctimplementationof our
ACS version. Seethe paperof Schaeferet al. (1998)for an overview of the experimentalstudies
performedon thetwo peptides.

2.3.2 Methods

Thesimulationweredoneasbeforewith theCAMLAB++ program,now usingour new implemen-
tationof theACS solvent modelin additionto the CHARMM19 forcefield. We setthevalueof the
dielectricconstantof thesoluteto εp � 1 andthedielectricconstantof thesolventto εs � 80. As em-

pirical parameterfor thenon-polarterm(section1.2.7),wechoseσ � 10- 5J: � molÅ
2 � . Thecorrection

valuefor thehydrogenbondswas∆r � 0 - 18Å. Again,wemixedbackboneWMs andbackboneSMs
by theratio10:1.All sidechainsof residuesotherthanalanineandglycineweretreatedasbeforeby
SMsfor their χ torsionanglesandCMs to overcomerotationbarriers.All simulationsstartedin the
extendedC7-equatorialconformation.

We simulated18-alaninefor 6 4 106 moves (about3 4 105 scans). In the first half of thesetra-
jectories,we decreasedthe temperaturefrom 1000K to 125K. In thesecondhalf, we increasedthe
temperaturefrom 125K to 1000K. Themaximumchangeof a torsionanglein a backboneSM was
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<
5= . The maximumchangeof the prerotationtorsionanglesof a WM was

<
10= . The remaining

torsionanglewerechangedin aWM by amaximumof
<

20= .
For the peptidesRN24 andBH8, the trajectorieshada lengthof 3 4 106 moves(about2 - 5 4 105

scans).Thetemperaturewasconstantly300K. Themaximumchangeof atorsionanglein abackbone
SM wasagain

<
5= . ForsidechainSMs,themaximumchangewas

<
10= . Thechangeof torsionangles

in aWM wasrestrictedto amaximumof
<

10= . Theatomdisplacementusedby asidechainCM was
restrictedto amaximumof 0.02Å.

For the BH8 peptide,we performedalsotwo additionaltype of trajectories.For the first type,
the hydrogenbondcorrection∆r wasset to zerofor interactionof residueswhoseresiduenumber
differedby morethan4. For thesecondtype,CMswereappliedeverywherein thewindow of aWM
(notonly for thesidechains),andthecompleteCHARMM 19forcefield wasusedinsteadof the

�
φ � ψ �

torsionpotentials.No hydrogenbondcorrectionwasnecessaryin this case,sinceit correspondsto a
fully flexible proteinmodel(seeabove).

2.3.3 Results and Discussion

2.3.3.1 18-alanine

Thehelix contentduringa trajectorysimulating18-alanineis plottedin Figure2.7. Helix formation
occursbetween400and500K. Thehelix meltingoccursatslightly highertemperature.Thesevalues
cannotbe comparedto experimentalresultssincepoly-alanineis insolublein water. However, our
resultsare in reasonableagreementwith recentMD calculationsusing an explicit solvent model
(Takanoet al., 1999).
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Figure2.7: Helix formationandmelting of 18-alanine. The helix content(left ordinate,
determinedby DSSP)is plottedby a solid line, thetemperature(right ordinate)by a dashed
line.

Theformationof thehelix is extremelyfast. Our methodneedsonly about5 4 105 moves(about
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2 - 5 4 104 scans,equivalentto thecomputationaleffort of about25psof MD simulations)to getfrom a
zerohelix contentto nearly90% (which is theupperlimit by definitionsinceDSSPwill neverassign
theα-helix attribute to terminalresidues).Thefolding time scalefor poly-alaninein MD simulation
at400to 450K is in theorderof severalnanoseconds(Takanoet al., 1999).

2.3.3.2 Peptide RN24

ThepeptideRN24readilyadoptsthestructureshown in Figure2.8. Thermsdof this structurecom-
paredto a low energy structurefrom the MD simulationof Schaeferet al. (1998) is 3.5Å for all
atomstogetherand1.7Å consideringonly backboneatoms. Sincesucha small peptideasRN24
is not expectedto fold to a uniquelydefinedstructure,thesevaluesindicatea reasonablestructural
agreement.

Most of thehelicalpart formsafteronly about2 - 5 4 105 MC moves(about2 4 104 MC scans).A
smallN-terminalpartfinally formsafter2 - 0 4 106 MC moves(about1 - 6 4 105 MC scans).At 300K,
thefolding kineticsof this peptidein experimentshouldbein theorderof hundredsof nanoseconds
(Takanoet al., 1999). In the MD simulationusingACS (Schaeferet al., 1998),the folding time
wasmuchslower (threefolding eventsin a 10ns trajectory).However, Schaeferet al. (1998)used
anadaptiveumbrellasampling,whicheffectively increasesthetemperaturesin partsof thetrajectory,
therebyincreasingalso folding speed. In addition, the viscosity of the solvent hasan important
influenceon folding speed.Theeffective viscosityof an implicit solventmodellike ACSshouldbe
quitelow, whichwouldagainshortenthefolding time.

Figure2.8: Lowestenergy structureof thepeptideRN24.

Thespeed-upfactorof MD simulationsusingACScomparedto MD simulationsusinganexplicit
solventmodel,is about60 (Schaeferet al., 1998). This speed-upis only with respectto CPUtime
necessaryfor thesamesimulatedtimeinterval. It doesnotincludeeffectsdueto theadaptiveumbrella
samplingandthereducedviscosityof thesolvent.Altogether, thespeed-upof folding is threeto four
ordersof magnitude.OurMC methodyieldsanadditionalspeed-upof abouttwo ordersof magnitude
comparedto the MD simulationusingACS.So the total speed-upof our MC methodcomparedto
conventionalMD at temperaturesof about300K is five to six ordersof magnitude,whichmeansthat
extremelylongMD calculationsusinguptohundredsof CPUyearsonhighlyparallelsupercomputers
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(Duan& Kollman, 1998;Dauraet al., 1998)arereducedto oneday jobs on commoditypersonal
computers.

2.3.3.3 Peptide BH8

Thefolding of thepeptideBH8 waslesssuccessful.Usingthe
�
φ � ψ � torsionpotentialsandtherigid

proteinmodel,thepeptidefoldedsooneror later to a moreor lessα-helical structure.Variationsof
thetemperatureandthe∆r correctionparameterdid not changethis behavior fundamentally. It was
of coursepossibleto find conditionswhereno folding atall waspossible.But folding of β-structures
never occured.Thus,therigid peptidegeometrycombinedwith the

�
φ � ψ � torsionpotentialsandthe

∆r correctionparameterareableto yield correctsamplingbehavior for α-helicalstructuresbut fail to
simulatefolding of β-structuresin solution.A possibleexplanationfor this lackof successis thatthe
hydrogenbondcorrectionmayonly besuitablefor residuesnearto eachotherin thesequence(asit
is thecasefor hydrogenbondpartnersin α-helices).Dueto thelargerflexibility of a long backbone
betweenresiduesfar away from eachother in the sequence,the hydrogenbondcorrectionmay be
unnecessary. If thehydrogenbondcorrectionis appliedeverywhere,thenon-localcontactsasthose
occuringin β-sheets,maybetoo weak.Sowe calculatedadditionaltrajectorieswherethehydrogen
bondcorrection∆r was set to zero for interactionsof residueswhoseresiduenumberdiffered by
morethan4. However, with this methodwe werenot ableto fold a β-hairpineither. Dependingon
theparamters,thepeptidefoldedto α-helicalstructuresor secondarystructuredid not form atall.

Includingfull flexibility by applyingCMs, thepeptideBH8 readilyfolds to a β-hairpinasshown
in Figure2.9. Thus,thefailureof folding a β-hairpin is clearlyanartifactof therigid proteinmodel
combinedwith the

�
φ � ψ � torsionpotentials.Thisartifactmustbeeliminatedbeforewecanprofit from

themuchfasterfolding behavior usingtherigid proteinmodel.To accomplishthis,weneedadeeper
understandingof β-hairpinfolding in solution.For this, it mayhelpto studycarefully thenumerous
recentMD simulationsof β-hairpinsandβ-sheetsin explicit andimplicit solvent (Roccatanoet al.,
1999;Ma & Nussinov, 1999;Wanget al., 1999;Pande& Rokhsar, 1999;Dinneret al., 1999;Wang
& Sung,2000;Ma & Nussinov, 2000;Bonvin & van Gunsteren,2000). For someotheraspectsof
possibleimprovementof the

�
φ � ψ � torsionpotentialsseechapter4.
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Figure2.9: Lowestenergy structureof thepeptideBH8 from thetrajectoryusingfull con-
formationalflexibility .
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