Chapter 2

Folding

2.1 An off-lattice Monte Carlo method for protein folding

Of the numerougrojectsof the Knappgroup,the developmentof an off-lattice Monte Carlo (MC)

methodfor the long term dynamicsof proteinshasthe oldesttradition. Ernst-Walter Knapp himself
hadalreadydevelopedthe basicideasashe foundedhis groupatthe Freie Universitat Berlin (Knapp
& Irgens-Defrgger 1991;Knapp,1992;Knapp& Irgens-Defrgger 1993). The coreof the method
is the proteinmodel (section2.1.1)togethemwith a suitableenegy function (section2.1.2)andthe
so-calledwindow move (WM, section2.1.3).

2.1.1 Theprotein model

Theproteinmodelis sofar only amodelof the proteinbackboneln the model,theamideplanesare
rigid andthedegreesof freedomarereducedo thetwo torsionanglesp andy (Figure2.1). For more
details,seeHoffmann(1996),Sartori(1997).

2.1.2 Tuningthe energy function

FredoSartoridevelopedin our groupa suitableenegy functionfor this proteinmodel(Sartori,1997;
Sartoriet al., 1998). By performingMD simulationsof a proteinwith constraintdixing bondan-
glesandbondlengths,it wasfound that the proteinremainedrelatively immobile (van Gunsteren
& Karplus,1981). Hence,it becameevident thatan enegy function thatis tunedfor fully-flexible
all-atom molecularmodelscannotdirectly be appliedto our proteinmodel. With the exceptionof
small molecules,asfor instancewater small variationsin particularof bond angleshelp to avoid
atomicoverlapsof atompairs,which otherwisecould hinderchangef torsionangles. The domi-
nantcontritution of atomicoverlapsin rigid geometrymodelsof the proteinbackbonds dueto the
Lennard-Jonesteractionsof the hydrogenand oxygenatomsin neighboringamide planes. With
theseinteractionstherotationalbarrierwith respecto the dihedralanglesp andy becomesolarge
thateven at temperaturegas high as800K no full rotationis possibleandthe regime of positive ¢
anglescannotbe reached Sartoriet al., 1998). The mobility of therigid proteinbackbonemodel
canberegained,if the interactionbetweenwo neighboringamideplanesis describedy a suitable
two-dimensional @, ) torsionenegy landscape This enegy landscapeanbe generatedrom the
probability distribution of the (@, ) torsionanglesobtainedfrom a corventionalMD simulationof
suitablemodeldipeptidegSartoriet al., 1998). Theresultingpotentialof meanforceis temperature
dependentkor the caseof alaninethe suitablemodeldipeptideis (N-acetyl-alagl)-methylamide for
the caseof glycine, it is correspondinglyN-acetyl-glygl)-methylamice. Theresulting(g, ) torsion
potentialsfor alanineandglycinearevisualizedin Figure2.2.
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Figure2.1: Schematicatepresentationf a singleamideplaneof the proteinmodel. The
only degreesof freedomarethetorsionanglespandy. All othertorsionanglesbondangles
andbondlengthsarefixedto idealizedvalues.R is H for glycineandanunitedCHsz atomfor
alanine.More complex sidechain$ave additionaldegreesof freedomandaretreatedaterin
this chapter

The (@,W) torsionenegy landscapeeplacesall enegy termswhereonly atomsof two neigh-
boringamideplanesareinvolved. Theseareall non-bondednteractionsof atompairsbelongingto
the sameor to neighboringamideplanesaswell asthetorsionpotentialsusedin the enegy function
for acornventionalMD simulations.Theenegy termsaccountingor bondstretchingandbondangle
bendingdo not occurfor molecularmodelswith rigid bondgeometryaryway. All otheratompairs
areseparatedby at leastfour torsionaldegreesof freedomin the polypeptidebackbone.Therefore,
we assumeheseatomscanmove enoughindependentlysuchthattheir non-bondednteractionscan
betakenunchangedrom anenegy functionthatis suitablefor conventionalMD simulations.

Adjusting the enegy functionin this way to compensatdor the lack of flexibility in the rigid
polypeptidemodel,the backbonemobility of polyalanineis only slightly increased.The rotational
barrier for the backbonetorsionangley is still a factorof tento high andin the angle phi a full
rotationis not possibleyet. But whatis evenworse,at a giventemperaturean a-helical structureof
polyalaninewith rigid bondgeometryis muchmorestableascomparedo the onewith flexible bond
geometrySartoriet al., 1998). Thereasorfor thisdeviationis theabsencef bondangleoscillations
of hydrogenatomsdescribedyy molecularmodelswith rigid bondgeometry Theseoscillationscan
wealenhydrogenbonds.For the samereasonhydrogerbondsformedwith deuteriumaregenerally
strongerthanthoseformedwith protons.Thisis a true quantumeffect appearingaven atroomtem-
perature(Gutovsky et al., 1985; McDowell & Buckingham,1991). Sincevibrationalfrequencies
involving hydrogenatomsarevery high, evenatroomtemperaturenly the vibrationalgroundstate
is occupied.Dueto the differencein massthe amplitudeof the zeropoint oscillationsis a factorof
v/2 smallerfor deuteronghanfor protons which explainsthe effect.

To overcomethis problem,the hydrogenbondsof the proteinbackbonearewealenedby intro-
ductionof a correctionvalueAr in thetermfor the electrostatiénteractionenepy:
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Figure2.2: (@, y) torsionpotentialsfor alanineandglycine,derivedfrom anMD simulation
usingthe CHARMM22 parametesetat 400K.
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Typicalvaluesfor Ar arein therangefrom 0.18A t00.27A, wealeninghydrogerbondsby 10to
15%. The optimalvaluedepend®n thetemperatureFor moredetailsof deriing this correctionsee
Sartori(1997),Sartoriet al. (1998),Rabensteirt al. (1999).

2.1.3 Thewindow move

The olbvious MC move applicableto our proteinmodelis therandomchangeof onerandomlycho-
sentorsionangle. This move is calledsimplemove (SM) andgeneratefarge global conformational
changesin globkular protein,SMs oftenresultin structureswith atomicclasheswhich areenegeti-
cally unacceptabléHoffmann& Knapp,1996a).An MC samplingusingexclusively SMsis therefore
extremelyinefficient.

This problemis avoidedby the WM, wherecooperatie rotationsareappliedto backbondorsion
anglesin awindow of subsequenamideplanes,suchthatthe polypeptideconformationoutsideof
the window remainsinvariant (Figure 2.3). A singleWM generates local conformationalchange

flexible

Figure 2.3: Sketchof a window of threeamide planeswithin the proteinbackbone.The
torsionaxescorrespondingo the eightdegreesof freedomareindicatedby solid bars(Hoff-
mann& Knapp,1996b).

only. Globalconformationathangexanbe obtainedby applyingWMs mary times. Thesechanges
evolve the conformationgraduallyduringa MC simulation. Thus,a trajectoryof MC movescanbe
interpretedas a real time evolution. Sincefor compactmolecularstructuredocal MC moves can
avoid atomicoverlapsbetterthanglobal MC movesthey aremuchmoreefficient for the generation
of large conformationalchanges. The elementarytime stepfor MC dynamicsis one scanof MC
moves,whereon the averagethe MC movesareappliedonceto eachpossiblepositionat the protein
backbone.

Window MC moveswerefirst appliedto generateeonformationachange®f molecularsystems
by Go and Scheragg1970). Theseauthorsusedwindov movesto prove that a cyclic tripeptide
cannotexist. Sincethenwindov moveswere usedin differentapplicationsto model structuresof
biologicalmacromolecule¢Braun,1987; Sklenaret al., 1986;Palmer& Scheragal991;Hubbard
et al., 1994). Theworks of KnappandIlrgens-Defrgger(1991),Knapp(1992),Knappandlirgens-
Defregger(1993)werethefirst attemptgo usethis MC algorithmfor the simulationof polypeptide
dynamics.Usingthe WM for the simulationof polymers,it wasfoundthatthetorsionanglesof the
generatednolecularconformationsarebiasedunlessoneappliesacorrectionwith suitableJacobians
(Doddet al., 1993).Thisbehaior wasalsoobseredandfixedin ourgroupby DanielHoffmann.He
appliedthesecorrectionghenalsoto the simulationof polypeptidedynamics(Hoffmann& Knapp,
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1996b,1996a,1997). (In thesereferencesmore detailsaboutthe methodto computethe window
movesaregiven.) He wasableto fold a helix—turn—helixmodelprotein(Hoffmann& Knapp,1997).

Recently Wu and Deem(1999)found an analyticalsolutionfor the WM equialentto our own,
numericalsolution.

214 TheCAMLAB program

DanielHoffmannleft our groupatfter finishing his PhD.He implementedhe WM with its Jacobian
correctionsamonga lot of otherfeaturesin his new programCAMLAB (Hoffmannet al., 1998),
which is more generaland efficient thanthe implementationglonebefore. Hoffmann provided us

with the sourcecodeof CAMLAB, sothatwe could modify the programfor our own applications.
It was one of my tasksto fit CAMLAB to our needs. The main extensionat this stagewas the

implementatiorof the enegy functiondevelopedby FredoSartoriwithin CAMLAB. However, | did

alsoseveral othermodification,which aredocumentedn appendixD. To distinguishour modified
programfrom the original CAMLAB program,it is calledCAMLAB++.

Ourfirst applicationof CAMLAB++ wasto fold not only a helix—turn—helixmotif asbefore,but
alsoa B-hairpin. This applicationis reportedn the next section2.2. To accountalsofor theinfluence
of the solvent, Bjorn Kleier implementedhe ACS potentialof Schaefeet al. (1998)(seechapterl)
in C. Thenwe includedthis implementationin the CAMLAB++ program. First applicationsof
CAMLAB++ to peptidesn solutionarepresentedh section2.3.

2.2 Foldingin vacuo

2.2.1 Tobeinvestigated: the AGA and VGV model peptides

After folding a-helices(Sartori,1997)anda helix—turn—helixmotif (Hoffmann& Knapp,1997),it is
ohviousto askwhetheralsothe folding of a B-structureis possible. Thefirst problemto solve is to
find a suitablemodelprotein. For doingthis, it might helpto have alook ontherelative propensities
of aminoacidsfor a certainsecondargtructure(Table2.1).

Sincepolyalanineindeedreadily folds to an a-helix, onemight assumehatpolyvaline will fold
to somethindike along, singlep-strand.In theMC simulation(resultsnotshavn), polyvaline adopts
for ashortwhile a 3-strandik e conformationasdeterminedy thelocationof theindividual residues
in theRamachandraplot, seesection2.2.2.1).However, finally it folds alsoto ana-helix, althoughit
needsalongersamplingtime thanpolyalanineto reachthis structure.Thisis nottoo surprising since
in asingleB-strandin vacuumthereareno hydrogernbondsat all, whereasn ana-helix the optimal
numberof hydrogenbondsis established.This situationcould be relaxed by introducinga turnin
the middle of a polyvaline peptide.Thena 3-hairpin,i. e. the smallestpossibleanti-parallel-sheet,
would emepge, whereabouthalf asmuchhydrogenbondsarepossibleasin ana-helix. To introduce
theturn, we take the residuewith thelargestturn propensitywhichis glycine. Soour modelpeptide
sequencdor folding a B-hairpinis VWVWWWGGYWWWYY (calledthe VGV model peptide). For
comparisonwe simulatealsoa peptidewith the sequenc@AAAAAAGGAAAAAAA (calledthe AGA
model peptide),which shouldfold to a helix—turn—helixmotif. Both peptidesare cappedto avoid
chagedendgroups:The N-terminusis agylated,andthe C-terminusis (N-methyl)-amidated.

2.2.2 Methods

2.2.2.1 Determination of secondary structure

The determinationof the secondarystructurefrom the atomic coordinatesof a proteindependson
thedefinitionandis by far not trivial. Numerouanethodsarediscussedn theliterature.To mention
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Table2.1: Amino acid propensitiedor helix, strandandturn accordingto (Williams et al.,
1987). The propensitief Ala, Val, andGly for helix, strand,andturn are highlightedby

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
GIn 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
lle 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 aclassicalanda morerecentexample:the Dssp programby KabschandSande1983),whose
methodis usedby the RAsmoL visualizationprogram(Sayle & Bissell, 1992), and the STRIDE
programby Frishmanand Argos(1995),whosemethodis usedby the VMD visualizationprogram
(Humphrey et al., 1996).

In the presentwork, we usetwo methods. The first is basedon the Ramachandraplot (Ra-
machandraret al., 1963). We divide the Ramachandraplot into different regions (Figure 2.4)
that are assignedo specificsecondarystructuregRobson& Garnier 1988; Ullmann, 1995; Sar
tori, 1997). The secondarystructureof a specificresidueis determinedby the (¢, ) locationof its
torsionalanglesn the Ramachandraplot. We denotethis methodby the abbre&iation RP.
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Figure2.4: Areasof secondangtructuremotifsin the Ramachandraplot (Sartori,1997).

Thesecondnethodusedhereis theaforementionedDSSPmethodby KabschandSande(1983),
which is basedon the topology of the hydrogenbond pattern. This methodis more complex than
the RP method,but especiallythe assignmenbf [3-sheetss morein agreementvith our intuitive
understandingisingDSSPthanRP It is well possiblefor a peptideto have all (¢, L) torsionangles
in the B region of the Ramachandraplot (Figure 2.4), but the overall structuredoesnot resemble
a B-sheetlike structureat all (e.g. a single 3-strandwithout ary hydrogenbonds). In the opposite
casea 3-sheetcould be distortedsuchthatits (¢, ) torsionanglesareoutsideof the  region of the
Ramachandraplot without loosingthe overall -sheetik e structuralfeatures SinceDSSPanalyzes
thehydrogerbondpattern,t would identify the lattercase put nottheformer, asa -sheetstructure.

2.2.2.2 Treatment of sidechains

So far, side chainsare not includedin our proteinmodel. To include side chainsin the spirit of
the existing model,onewould fix the bondlengthandbondanglesalsoof the side chainsandthus
reducetheir degreesof freedomto thetorsionanglesy,. Then,akind of multi-dimensionakffective
torsion potential (¢, y, X1, --.,Xn) hadto be generated.We wantedto avoid this taskandtherefore
usedonly the alreadyexisting two-dimensional(@, ) torsion potentials. For the side chains,we
usedthe corventionalone-dimensionabrsionpotentialsfrom the CHARMM forcefield. To avoid the
problemsof the fixed geometrywe took into accountthe completeCHARMM forcefield (including
termsfor bondlengthandbondangles)andincludedadditionalCartesiammoves (CM) for the side
chain atoms,i.e. we modified the side chain conformationnot only by SMs, but also by small
CartesiardisplacementsThis effectively removesthefixedgeometryandleadsto the samesampling
behaior asa fully flexible model (Hoffmannet al., 1998). This methodcould also be usedfor
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thewhole molecule therebyremorving the needfor the two-dimensionatorsionpotentialsat all, but

this increaseshe samplingtime to reacha properlyfolded structureby aboutanorderof magnitude
comparedo simulationsusing fixed geometryand two-dimensionatorsion potentials(resultsnot

shawvn). However, we think thatthe increaseof folding efficiencgy gainedby the reducedcnumberof

degreesof freedomis muchmaoreeffective for the backbonahanfor the sidechains,sothatwe can
applythefully flexible modelto the sidechainswithoutloosingtoo much.

In thecaseof the AGA modelpeptide thereareno sidechainstall. Alaninesweretreatedoy the
(o,) torsionpotentialfor alanineandglycine by the (¢, ) torsionpotentialfor glycine. In the case
of theVGV modelpeptide the glycinesweretreatedasbefore. Thevalineswerealsotreatedby the
(¢,) torsionpotentialfor alanine but wheneer avalineresiduewasinvolvedin aWM, its x torsion
angleof its sidechainwasmodifiedat the sametime by an SM, andits two C, 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 arationof 10:1, the correctlyfolded structureis reachednuchearlier although
SMsaremuchmoreexpensve in computertime. This canbe explainedby the needfor both, local

andglobalconformationathangeslif only SMsareused,it is extremelydifficult for alocal structure
like an a-helix to evolve. However, if only WMs are used,a global concertedmovementof a lot

of atomsasit is necessaryor creatingthe turn in a helix—turn—helixmotif or a 3-hairpin canonly

happervery laboriousby alot of WMs, wherethe global conformationakhangepropagateslowly

throughthe backboneof the peptide.

2.2.2.4 Parametersof the MC simulation

The elementarytime stepof the MC dynamicscorrespondingoughly to the amountof CPU time
neededor a single stepof time evolution with conventionalMD simulationis an MC scan. In an
MC scanthemovesareappliedontheaverageonetime ateachpossibleposition. Thetwo oligopep-
tidesconsideredonsistof 16 residuesnvolving 17 amideplaneswheretwo involve the cappedend
groups. The MC scanusedin the presentapplicationconsistedof 15 windov moveschangingthe
conformationof threeconsecutie amideplanesand 1.5 simple moves. Window maovesfor thefirst
andlastpossiblewindow in the polypeptidesequenceanbe appliedwithout constraints For a sim-
ple move both @ andy torsionanglesat oneC, atomwerechangedimultaneouslyTo avoid atomic
overlapsandto obtaina smoothandcontinuougime evolution, theinterval for angularchangesvas
restrictedto [—5,+5] degreesfor simple moves, whereasfor windov moves no restrictionswere
imposed.The CM wererestrictedto a maximaldisplacemenper move of 0.02A.

UsingtheprogramCAMLAB++, we generatedix trajectoriesof four million scanseachfor the
VGV model peptide,andthreetrajectoriesof one million scanseachfor the AGA model peptide.
All trajectorieswere generatecat 400K usingthe CHARMM19 force field (Brookset al., 1983),
asfar asthe enegy termswerenot includedin the (@,) torsionpotentials. The torsionpotentials
weregeneratedy anMD simulationusingumbrellasampling(Sartoriet al., 1998)andtheall-atom
CHARMMZ22 force field (MacKerell et al., 1992). The Ar valuefor the hydrogenbond correction
was0.18A. Thestartingconformationgor bothmodelpeptidesvasthe extendedC;-equatoriakcon-
formationwith torsionanglesp = —90 andy = +90. This extendedstartconformationwaschosen
becausd is alow enegy conformatiorjusthalf way betweera3-strandandana-helix conformation.
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2.2.3 Resultsand Discussion
2.2.3.1 Investigating thetrajectories

Figures2.5and2.6 shav snapshotérom thosetrajectorieghatleadto the lowestenegy conforma-
tions. However, thetime evolution of all three(AGA) or six (VGV) trajectoriedss essentiallysimilar,
albeitin threeof thesix VGV trajectorieghefolding into the3-hairpinconformationwasincomplete,
indicatingthatthis conformationis only maiginally stableunderthe simulationconditionsused.

Dueto the simplemoves,a bendof the AGA modelpeptidecanform atthetwo glycinesalready
after 5000 MC scans. After a few ten thousandMC scans,the formation of secondarya-helical
structurecanbe obsered. After a few hundredthousandVIC scansthe helix—turn—helixmotif is
completedln orderto generata singlea-helix of 18-alaninewith conventionalMD simulationusing
the correspondingenegy function and simulationconditionssuitablefor conventionalMD, several
ten nanosecondsorrespondingo morethan10’ time stepsare neededSartoriet al., 1998). The
time requiredto generate helix—turn—helixconformationwith conventionalMD simulationmethods
would bemuchlarger

It turnedout thatthe formationof the VGV B-hairpin took aboutten timeslongerthanthe for-
mationof the alternatve helix—turn—helixmotif of the AGA polypeptide(seeFigures2.5 and2.6).
This may be simply dueto the fact that for the VGV model peptidethe B-hairpin conformationis
only maginally stableasopposedo the AGA modelpeptide whosehelix—turn—helixconformation
is very stable.But sinceduring the time evolution of the B-hairpin conformationno significantcon-
tentof a-helicalstructuresouldbe obsered, this conclusionis not mandatory Anotherexplanation
would bethatthefree enegy funnelfor theformationof the 3-hairpinconformationis relatvely flat
sothatit takesmoretime for themolecularsystento find its way into theappropriatdoldedstructure.
This would alsobe consistentvith experimentswvhereit wasfoundthatthe formationof a 3-hairpin
conformationgakesmoretime thantheformationof a-helices(Mufiozet al., 1997).

In Figure 2.6, snapshot®f onetrajectoryevolving into the B-hairpin conformationare shavn.
It takesalsoabouttentimeslongerthanfor the sequencéorming the helix—turn—helixmotif before
a bendforms at the centerwherethe glycinesare situated. After 10° MC scansthe signatureof
B-strandconformationsappears.But it takesup to 4- 10° MC scansto form a completep-hairpin
conformation.During this time evolution, patcheof (3-strandconformationsappeamnddecompose
againat differentpositionsin the sequenceThis hesitationin forming a B-sheetconformationalso
indicatesthatthefree enegy funnelis relatively flat sloving down the formationof a 3-hairpin.

The hydrogendonorand acceptorgroupsof an a-helix are saturatedntramolecularexceptfor
the last winding at both ends. For a -sheetmaotif, only half of the moleculargroupsinvolved in
hydrogenbondsare forming thesewith otherpartsof the B-sheet. In a detailedmolecularmodel
includingsolventeffects,theremainingmoleculargroupsform hydrogerbondswith watermolecules
from the solvent or they interactwith mirror chagesof oppositesign from a reactionfield, which
mimics the electrostatidnteractionwith the solvent. In the presentapplication,no solvent model
is included. Underthesecircumstances polypeptideconformationwherethe hydrogendonorand
acceptoigroupsare saturatedntramoleculawill generallybe preferred. This was corroboratedy
thefactthattheenegiesof thea-helicalconformationdiadgenerallyalower enegy thanthe 3-sheet
structures. Hence, it was surprisingto obsere, thatin spite of this disadwantagethe VGV model
peptidewascapablego form a 3-hairpin.

For aB-hairpinin vacuumonly half thetotal numberof possiblenydrogerbondsof thebackbone
canbe formedascomparedo an a-helix, wherenearlyall possiblehydrogenbonds,i.e. oneper
residue areformed. Assuminganenegy valueof 12.6kJ/molfor theformationof anhydrogerbond,
onehasto concludethatin vacuuman a-helical structureis 6.3kJ/mol per residuemore favorable
thana B-hairpin. An analysisof the MC dynamicsof valine shaved that the side chain of valine
wasabouttwo timesmoremobilein the 3-hairpinthanin the a-helix conformation.This difference
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Figure 2.5: Snapshotfrom the MC dynamicsof the AGA model peptideevolving into

a helix—turn—helixmotif. Theinitial extendedconformation(0 MC scans)is C7-equatorial
with torsion anglevaluesof ¢ = —90, ¢ = +90. The arbitrary time unit is given by the

numberof MC scansOneMC scancorrespondsoughlyto theamountof CPUtime needed
for onetime stepof corventionalMD simulation. For the definition of MC scansseetext.

Thelastsnapshoat 462000MC scanddisplaysthe conformationwith the smallestvalue of

thepotentialenegy from thewholetrajectoryof 10° MC scans Thecriterionfor ana-helical

structurewastakenfrom the DSSPmethod.
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Figure2.6: Snapshotérom the MC dynamicsof the VGV modelpeptideevolving into a B-

hairpin. Theinitial extendedconformationis the sameasfor the AGA modelpeptideshovn

in the previousfigure. The secondsnapshott 38,400MC scandisplaysthe conformation,
wherethe formation of the bendat the two centralglycinesjust appeared.Also herethe
criterionfor assigningsecondangtructurewastakenfrom the DSSPmethod.
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in entrogy correspondst thetemperaturef 400K, wherethe simulationwasperformedroughlyto
2kJ/mol of free enepgy perresidue.Thatis not enoughto explain the mamginal preferenceof valine
for aB-hairpinascomparedo alaninewhich prefersthe a-helical structure A moredetailedanalysis
shavedthatalsothefluctuationsof the (@, W)-torsionanglesof the polypeptidebackbonereabouta
factorof two largerin the-hairpinthanin thea-helix. A roughestimateof thecorrespondingntropy
contrikution would yield another4 kJ/molperresiduefree enegy favoring the 3-hairpin. This would
bejustenoughto explaintheresults.

2.2.3.2 Loosing of timescales

By comparingthe sequencef folding eventsin Figures2.5and2.6 with the earliersimulationof a
helix—turn—helixmotif folding by HoffmannandKnapp(1997),an interestingphenomenorsprings
into mind: In the earliersimulation,atfirst local structuralelementsi. e. the a-helical parts,develop
in agreementvith the diffusion—collisionmodel of Karplusand Weaver (1994), beforethe global
turn structureis formed. In thetrajectoriesof the presenstudy the non-localstructuralelement;j. e.
the global turn structure,evolvesfirst. After thatthe helical (or strand)partsare completed. The
earliersimulationwas doneusing exclusively WMs, whereasin the presentstudy we addedsome
SMs. This mixing increasedhe folding efficiengy, but obviously changedhe sequencef folding
eventdramatically This is not surprisingif one takesinto accountthata WM, by applying only
smalllocal conformationathangesis very similarto short-termeventsin anMD simulation.An SM
causesarge globalstructuralichangeshatoccurin reality atlargetimescalesThereforetheforming
of globalstructuralelementsccursearlierif SMsareapplied.This meanghatthe pseudo-timescale
preseredin MC simulationsusingexclusively WMs (Hoffmann,1996)is lost by addingSMs.

2.2.3.3 Possible solvent and vacuum effects

The lack of a solvent model causesmnainly two effects: A hydrophobiceffect is missing,and the

influenceof intramoleculathydrogenbondsis too strongsincethe solvent moleculesasalternatve

hydrogenbond partnersare not available. The latter effect favors a-helicesmore than 3-sheetsas
discusse@bove. However, still the folding of the B-hairpinis possible.Sotheremustbe something
stabilizingthe B-hairpin structure which is presenffor valine but absenfor alanine.Possiblythisis

merelythe conformationakntrofy asdiscussegbove, thatis gainedin agreatemamountby themore
compl« valinesidechaingf a-helix is comparedo [3-sheet.

IsolatedB-hairpinsarevery unstablein solutionsanddo not occurin nature.It wasvery hardto
designanaminoacidsequencéhatfoldsto amamginally stable honaggreating3-hairpinin solution
(Muhfoz et al., 1997; Kortemmeet al., 1998). Probably the hydrophobiceffects drives B-sheet
formationin a complex manner(Maynardet al., 1998). In native proteins,3-sheetsarein general
amphiphati@andhave thehydrophobidaceburiedin theinteriorto partially constitutea hydrophobic
core(Phamet al., 1998). A (B-sheetwithout a hydrophobiccoreis extremelyrare (Koide et al.,
2000). However, the fact thatthey exist shawvs that thereare also otherdriving forcesfor B-sheet
formation(Koepfet al., 1999;Street& Mayo,1999).

A vacuumsimulationdoesnot mimic the hydrophobiceffect, but neverthelesst hassomesimi-
larity to the situationwithin the hydrophobiccoreof a protein. Soit maybe possiblethat simulation
of B-hairpin formationincluding a solventmodelwill be muchmoredifficult thanin vacuo. In the
next section this situationwill bestudied.
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2.3 Foldingin solution

Thereare several solvent modelspossiblefor molecularsimulation. An explicit simulationof the
individual solventmoleculess not suitablefor our MC method,sincethis would requirea complete
rearrangementf the solvent structureafter eachMC move andis thereforevery time consuming.
Thesimplestsolventmodelis to usea distantdependandielectricconstante. g. € = r;j /(1A)). This
mimics screeningeffectsof the solventat large distances Surprisingly this modeldoesnot wealen
hydrogerbonds but increasesheir strength(by 44% if usingthe CHARMM19 forcefield).

An appropriatanodelfor our MC methodis to describethe solventasadielectricmedium. This
could be doneby solving the PBE (sectionl.1). CAMLAB hasalreadyincludeda very fastPBE
solver on the basisof a multigrid method(Hoffmannet al., 1998). However, this solver is still not
fastenoughto permitfolding simulations.Therefore we decidedto useananalyticalapproximation
of the PBE, the so-calledAnalytical ContinuumSolvent (ACS) by Schaefesit al. (1998)described
in sectionl.2.

Thefirst applicationsof this approacharepresentedn this section.However, theintegrationof a
solventmodelinto our MC methodis still work in progressSothis cannotbe morethanafirst glance
of whatwill bepossiblein thenearfuture.

2.3.1 Tobeinvestigated: the C-terminal helix of RNase A and the synthetic peptide
BHS8

For thisapplicationwe simulatedirst 18-alaninawith terminicappedasbefore.After that,we chose
two really exsiting peptides:

e An analogueof the C-terminalhelix of ribonucleaseéA termedRN24 with 13 residueyOs-
terhoutJr. et al., 1989). Sequence AETAAAKFLRAHA with succirylated N-terminusand
amidatedC-terminus.

e ThepolypeptideBH8 with 12residuegRanirez-Alvaradoet al., 1996),whichwasspecifically
designedo form a stablep-hairpinin solution. SequenceRG TVNGKTYGR

Both peptideswere investigatedexperimentally but also by MD usingthe sameACS solvent
model (Schaeferet al., 1998). The latter reasonwas mustimportantfor us becausehis givesus
the opportunityto directly compareMD and MC andto checkthe correctimplementationof our
ACS version. Seethe paperof Schaefert al. (1998)for an overvien of the experimentalstudies
performedon thetwo peptides.

2.3.2 Methods

The simulationweredoneasbeforewith the CAMLAB++ program,now usingour new implemen-
tation of the ACS solventmodelin additionto the CHARMM19 forcefield. We setthe valueof the
dielectricconstanbf thesoluteto £, = 1 andthedielectricconstanbf thesolventto £ = 80. As em-

pirical parametefor thenon-polarterm(sectionl.2.7),we choses = 10.5J/(mol,&2). Thecorrection
valuefor thehydrogerbondswasAr = 0.18A. Again, we mixedbackbonéVMs andbackboneSMs
by theratio 10:1. All sidechainsof residuestherthanalanineandglycineweretreatedasbeforeby
SMsfor their x torsionanglesand CMs to overcomerotationbarriers.All simulationsstartedin the
extendedC;-equatorialkconformation.

We simulated18-alaninefor 6-10° moves (about3- 10° scans). In the first half of thesetra-
jectories,we decreasethe temperaturdrom 1000K to 125K. In the secondhalf, we increasedhe
temperaturdrom 125K to 1000K. The maximumchangeof atorsionanglein a backboneSM was
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+5°. The maximumchangeof the prerotationtorsionanglesof a WM was+10°. The remaining
torsionanglewerechangedn aWM by a maximumof +20°.

For the peptidesRN24 and BH8, the trajectorieshad a lengthof 3- 10° moves (about2.5- 10°
scans).Thetemperaturevasconstanth300K. Themaximumchangeof atorsionanglein abackbone
SMwasagaint5°. For sidechair6Ms,themaximumchangevas+10°. Thechangeof torsionangles
in aWM wasrestrictedo amaximumof +£10°. Theatomdisplacementisedby asidechainCM was
restrictecto amaximumof 0.02A.

For the BH8 peptide,we performedalsotwo additionaltype of trajectories. For the first type,
the hydrogenbond correctionAr was setto zerofor interactionof residuesvhoseresiduenumber
differedby morethan4. For thesecondype, CMs wereappliedeverywherein thewindow of aWM
(notonly for thesidechains).andthecompleteCHARMM 19 forcefield wasusedinsteadof the (¢, 1)
torsionpotentials.No hydrogerbondcorrectionwasnecessaryn this case sinceit correspondso a
fully flexible proteinmodel(seeabaove).

2.3.3 Resultsand Discussion
2.3.3.1 18-alanine

Thehelix contentduring a trajectorysimulating18-alaninds plottedin Figure2.7. Helix formation
occursbetweert00and500K. Thehelix meltingoccursatslightly highertemperatureThesevalues
cannotbe comparedo experimentalresultssincepoly-alanineis insolublein water However, our
resultsare in reasonablegreemenivith recentMD calculationsusing an explicit solvent model
(Takanoet al., 1999).
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Figure 2.7: Helix formation and melting of 18-alanine. The helix content(left ordinate,
determinedby DSSP)is plottedby a solid line, thetemperaturgright ordinate)by a dashed
line.

The formationof the helix is extremelyfast. Our methodneedsonly about5- 10° moves (about
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2.5.10* scansequialentto thecomputationaéffort of about25psof MD simulations)o getfrom a
zerohelix contentto nearly90% (whichis theupperlimit by definitionsinceDSSPwill never assign
the a-helix attribute to terminalresidues).Thefolding time scalefor poly-alaninein MD simulation
at400to 450K is in theorderof severalnanosecondélakanoet al., 1999).

2.3.3.2 Peptide RN24

The peptideRN24 readily adoptsthe structureshavn in Figure2.8. The rmsdof this structurecom-
paredto a low enegy structurefrom the MD simulationof Schaefert al. (1998)is 3.5A for all
atomstogetherand 1.7A consideringonly backboneatoms. Sincesucha small peptideas RN24
is not expectedto fold to a uniquely definedstructure thesevaluesindicatea reasonablestructural
agreement.

Most of the helical partforms after only about2.5- 10° MC moves(about2- 10* MC scans).A
smallN-terminalpartfinally forms after2.0- 10° MC moves(about1.6- 10®> MC scans).At 300K,
thefolding kineticsof this peptidein experimentshouldbein the orderof hundredsof nanoseconds
(Takanoet al., 1999). In the MD simulationusing ACS (Schaeferet al., 1998),the folding time
wasmuchslower (threefolding eventsin a 10nstrajectory). However, Schaefeet al. (1998)used
anadaptve umbrellasampling which effectively increaseshetemperatures partsof thetrajectory
therebyincreasingalso folding speed. In addition, the viscosity of the solvent hasan important
influenceon folding speed.The effective viscosityof animplicit solventmodellike ACS shouldbe
quitelow, whichwould againshortenthefolding time.

Figure2.8: Lowestenegy structureof the peptideRN24.

Thespeed-ufactorof MD simulationsusingACScomparedo MD simulationsusinganexplicit
solventmodel,is about60 (Schaefert al., 1998). This speed-ups only with respecto CPUtime
necessarfor thesamesimulatedimeintenal. It doesnotincludeeffectsdueto theadaptve umbrella
samplingandthereducedviscosityof the solvent. Altogether the speed-umf folding is threeto four
ordersof magnitude Our MC methodyieldsanadditionalspeed-upf abouttwo ordersof magnitude
comparedo the MD simulationusing ACS. So the total speed-upmf our MC methodcomparedo
corventionalMD attemperaturesf about300K is five to six ordersof magnitudewhich meanghat
extremelylongMD calculationausingupto hundredof CPUyearsonhighly parallelsupercomputers
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(Duan& Kollman,1998; Dauraet al., 1998)arereducedio one day jobs on commoditypersonal
computers.

2.3.3.3 PeptideBH8

Thefolding of the peptideBH8 waslesssuccessfulUsingthe (@, g) torsionpotentialsandtherigid
proteinmodel,the peptidefolded sooneror laterto a moreor lessa-helical structure.Variationsof
thetemperatur@ndthe Ar correctionparametedid not changethis behaior fundamentally It was
of coursepossibleto find conditionswhereno folding at all waspossible.But folding of 3-structures
never occured.Thus,therigid peptidegeometrycombinedwith the (@, ) torsionpotentialsandthe
Ar correctionparameteareableto yield correctsamplingbehaior for a-helicalstructuresut fail to
simulatefolding of B-structuresn solution. A possibleexplanationfor this lack of successs thatthe
hydrogenbondcorrectionmay only be suitablefor residuesearto eachotherin the sequencéasit
is the casefor hydrogenbondpartneran a-helices).Dueto thelarger flexibility of along backbone
betweenresiduedar away from eachotherin the sequencethe hydrogenbond correctionmay be
unnecessanif the hydrogenbondcorrectionis appliedeverywhere the non-localcontactsasthose
occuringin B-sheetsmay betoo weak. Sowe calculatedadditionaltrajectoriesvherethe hydrogen
bond correctionAr was setto zerofor interactionsof residueswvhoseresiduenumberdiffered by
morethan4. However, with this methodwe werenot ableto fold a 3-hairpin either Dependingon
the paramtersthe peptidefoldedto a-helical structureor secondangtructuredid notform atall.

Includingfull flexibility by applyingCMs, the peptideBH8 readilyfoldsto a 3-hairpinasshavn
in Figure2.9. Thus,thefailure of folding a B-hairpinis clearly anartifact of therigid proteinmodel
combinedwith the (@, i) torsionpotentials.Thisartifactmustbeeliminatedoeforewe canprofit from
themuchfasterfolding behaior usingtherigid proteinmodel. To accomplistthis, we needa deeper
understandingf B-hairpinfolding in solution. For this, it may helpto studycarefullythe numerous
recentMD simulationsof -hairpinsand3-sheetsn explicit andimplicit solvent(Roccatanct al.,
1999;Ma & Nussine, 1999;Wanget al., 1999;Pande& Rokhsar1999;Dinneret al., 1999;Wang
& Sung,2000; Ma & Nussina, 2000; Borvin & van Gunsteren2000). For someotheraspectof
possiblemprovementof the (@, Y) torsionpotentialsseechapterd.
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Figure2.9: Lowestenegy structureof the peptideBH8 from the trajectoryusingfull con-
formationalflexibility .
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