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We considersix different secondarystructuresof proteinsand constructtwo types of Go-type
off-lattice models: with the steric constraintsand without. The basic amino acidtamino acid
potentialis LennardtJonesfor the native contactsanda soft repulsionfor the non-nativecontacts.
Theinteractionsarechoserto makethetargetsecondanstructurebe the native stateof the system.
We provide a thorough equilibrium and kinetic characterizatiorof the sequenceghrough the
moleculardynamicssimulationswith the Langevinnoise. Models with the steric constraintsare
foundto bebetterfoldersandto be morestable,especiallyin the caseof the b structuresPhononic
spectrafor vibrations aroundthe native stateshave low frequencygapsthat correlatewith the
thermodynamicstability. Folding of the secondarystructuresproceedsthrough a well-de®ned
sequencef events.For instance,a helicesfold from the ends®rst.The closerto the native state,
the faster establishmentof the contacts.Increasingthe system size deterioratesthe folding
characteristicsWe study the folding times as a function of viscousfriction and ®nda regime of
moderatefriction with thelineardependencalNe alsoconsiderfolding whenoneendof a structure
is pinnedwhich imitatesinstantaneousonditionswhena proteinis beingsynthesizedWe ®ndthat,

undersuchcircumstancedplding of helicesis fasterandthatof the b sequenceslower. ¢
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I. INTRODUCTION

Understandingof the statistical mechanicsaspectsof
protein folding has beenrecentlyadvancedhrough studies
of coarsegrainedmodelsin which amino acids are repre-
sentedby singlebeadsIn particular,manyvaluableinsights
have beengainedby consideringsuch modelson a lattice
~see.e.g.,Refs.1+3!. Thesetoy modelshaveallowedoneto
relatethe folding procesgo the sequence-dependeanergy
landscape$*®to identify the folding pathways, andto study
the issuesof designability®® They have also beenusedto
demonstratehe existenceof tree-like kinetic connectivities
in the folding funnel® which can be representedvith the
useof disconnectivitygraphs-*

More realistic coarse-grainednodels,however,require
an off-lattice setting.Recently,therehavebeena numberof
off-lattice studies, which focus on the Kkinetics of
folding,}***® aswell ason the sequencelesignand determi-
nationof the interactionpotentialst’8 It hasalsobeensug-
gestedthat the geometryof the native structureof proteins
itself, without detailedinformationregardingthe aminoacid
sequenceglaysadecisiverole in thefolding process?® The
effective interactions between the beadsin the coarse-
grainedmodelsare dif®cultto derivefrom microscopiccon-
siderationsandinsteadthey may be chosento re ect statis-
tical propertiesof protein structuresas collected in the
protein databank?%:2

The advantagef thelattice modelsis thatthey allow for
an enumerationof conformations.at leastfor short chains,
andthusfor identi®catiorof the native stateand determina-
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tion of equilibrium propertiesof the system.However,the
dynamicsof thesemodelsarenot relatedto any of Newton's
equationsn the classicallimit! sincethey haveto be de-
®nedin termsof the discreteMonte Carlo stepsmadewithin
a declaredsetof allowedmoves.

Moleculardynamics-MD! simulationsarea naturaltool
to study modelssetin a continuum spaceindependentof
whetherthey are coarsegrainedor fully atomic. A decade
ago,MD simulationsof the microscopicrepresentatiomof a
polypeptide chain could explore time scaleswhich were
aroundnanosecondand thus ordersof magnitudetoo short
to study the full durationof a typical folding.??> Currently,
microsecondime scaleshavebecomeaccessibl& n a spe-
cial purposecomputel but thesefeatsallow oneto monitor
individual trajectoriesin very restrictedregionsof the phase
space A detailedcharacterizations still restrictedto up to
10-ns-long time scales* Thus such chemically realistic
models cannotyet provide a suf®cientlythorough equilib-
rium andkinetic characterizationsf the systemthat are ex-
pectedwhen setting up a model to be studied within the
frameworkof statisticalmechanics.

Thusthereis a needto study simpli®edcoarse-grained
continuumspacemodelsto understandhe genericfeatures
of folding. Thesemodelsmustinvolve idealizedpotentials,
for instanceof the Lennard-Jonekind. Theseinteractions
may either be constrainedto correspondo a target native
stateor they are not!? The targetingmay be facilitated by
augmenting the model by an introduction of steric
constraints:*?*which takesinto accounthe propertiesof the
peptidebonds,but it canalsobe accomplishedvithout such
constraint€® The dynamicsof the simpli®edLennard-Jones
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modelsare usually studiedby the methodsof MD. A novel
and ef®cientvariantof the MD techniquehasrecentlybeen
proposedby He and Scherag&® in which one focusesthe
evolutionon the torsionaldegreesof freedom.SomeMonte
Carlo studiesfor thosemodelsare also available?'326The
applicability of the Monte Carlo methodgo dynamicalprop-
erties ~as opposedto equilibrium remains, however, un-
tested.

In this paper,we reporton moleculardynamicsstudies
of possiblythe simplestmodelswith the nativestatesde®ned
by targetconformationsbtheoff-lattice versionsof the Go
models?’ The interestingpropertyof the Go modelis thatit
essentiallyavoidsthe issueof the correctspeci®catiomf the
aminoacictaminoacid interactionandyet it correspondso
arealisticconformationby de®ninghe couplingsin termsof
the target conformation. Speci®cally, we consider the
Lennard-Jonesdnteractions betweenthe beads and make
them attractive for native contacts +wo non-contiguous
beadsform a contactif they do not exceeda certain cutoff
distancé andrepulsivefor non-nativecontactsSuchmodels
areproteinlikealsoin the sensahatthey minimize the struc-
tural frustration. The objectof our studieshereis to investi-
gatehow viable are suchLennardtJonesGo modelsin the
contextof the kineticsof proteinfolding. Our motivationfor
performing thesestudiesfollows from the expectationthat
suchmodelsmay play a role similar to that of the Ising spin
modelsin representingpropertiesof the more complicated
real life magneticsystems.

Recently,there have beenseveralrelatedstudiesof the
coarse-graineoff-lattice Go modelswhich, however,asked
different questionghanin this paperandwere not basedon
the Lennard-Jonespotentials. The study by Zhou and
Karplus® employeda squarewell potential-alsousedbefore
to analyzehomopolymer&! which leadsto a simpli®eddis-
creteMD treatment.The authorshave studiedpossiblesce-
narios with or without long-lasting intermediateks of the
folding kineticsin a three-helix-bundle-likgproteinmodelas
a function of the strengthof the non-nativecontactsrelative
to the strengthof the native ones.This kind of discreteMD
hasalsobeenusedby Dokholyanet al.1® to identify a folding
nucleusin a Go-typeheteropolymer-For a relatedfull atom
study of this issuefor the CI2 proteinseeRef. 30I. Another
study, by Hardin, Luthey-Schultenand Wolynes! useda
detailedbackbonerepresentatiormand implementedan asso-
ciative memoryHamiltionianin which the contactpotentials
aresetto bethe Gaussiarfunctions.This studywasaimedat
understandinghe kinetics of the secondarystructure'sfor-
mationfrom the perspectiveof the energylandscapepicture.
Our partiality to the Lennard-Jonepotentialsis of a twofold
nature.First, thesepotentialsare well establishedn simula-
tions of liquids andbessentiallybcontinuumtime stable
MD codesare available.Second their overall distancede-
pendenceseemgjualitativelycorrecton a fundamentalevel.

Real life conformationsof proteinsin the native state
consistof interconnectedecondanstructuressuchasa he-
lices, b hairpinssee,e.g., Ref. 321, and b sheets.Under-
standingof the kinetics of protein folding should ®rst be
accomplishedtthelevel of the secondargtructuresThis s,
in fact, the taskof this paperandwe narrowit to two classes
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of the Go models:with andwithout the stericconstraintand
for eachof thesewe considersix possiblesecondarystruc-
tureswith different numbersof monomers.The kinetics of
folding are studiedby the standardechniqueof MD with a
Langevin noise which controls the temperatureof the sys-
temsand, at the sametime, mimics the interactionsof the
proteinfragmentswith the moleculesof water.

Our methodof constructingthe off-lattice Go modelsis
outlinedin Sec.ll. In Sec.lll, we determinethe sizesof the
native basins of the models through the shapedistortion
method?® insteadof making assumptionsaboutthem, as is
usuallydone.In Sec.IV, we determinethe phononicspectra
of the modelsanddiscusstheir relationshipto the thermody-
namic stability of the native structuresin Sec.V, we deter-
mine the folding times, the thermodynamicstability, and
other characteristicparameterdor the models without the
stericconstraintand®ndthatthe b structureshavevery low
thermodynamicstability in this model. The folding times
vary with the native conformationand the chain length. In
particular,the a helix folds fasterthanthe b hairpin of the
samelength. The latter also folds much slowerthana simi-
larly sized b sheetwith threestrandsExperimentson fold-
ing indicatethat the folding time for the hairpinis about30
times slower than that for the a helix3* Our resultsdo not
yield the sameratebut, at least,they showthatthe b-hairpin
is the slower folder. A similar result has beenobtainedby
Hardin, Luthey-Schultenand Wolynes3! Our studiesof the
threesizesof the helicescon®rmthe generalobservatiorthat
folding propertiesdeterioratewith the growth of the system
size® In Sec.VI, we repeatthe MD studiesfor the models
with the stericconstraintand®ndthat theseconstraintsub-
stantially improve the thermodynamicstability, especially
for the b structures At the sametime, however,they raise
the temperatureof the onsetof the glassyeffectsso the net
resultis that the a helicesremain good folders and the b
structuresremain bad folders but their foldability is im-
proved.Notice, however,that our modelsallow for good or
adequatdolding, dependingon the system,without any ad-
ditional dipoletdipole interactionsasintroducedby He and
Scherag&®

In Sec.VIl, we focuson the mechanismsf folding and
discusssequencingf eventsthattakeplacein folding of the
secondarystructuresln particular,we investigatecharacter-
istic time separationdbetweenthe folding steps.In general,
the time separationsnay dependon detailsof a model but
the sequencings expectedto be modelindependenti.e., it
shouldproceedas predictedby our Go-typemodels.In Sec.
VI, we studythe dependencef our resultson the strength
of viscousdampingin the Langevin noise and ®ndthat it
affectsthefolding time but it doesnot affectany of the other
characteristigparametergxceptwhenthe friction is setun-
realistically low. Finally, in Sec.IX, we considerthe pro-
cesse®f folding occurringwhenone endof the structureis
®xedin spacewhich imitatesconditionsfound whena pro-
tein is beingsynthesized® We ®ndthat ®xingone end of a
helix accelerate$olding andimprovesoverall folding char-
acteristics. The folding is found to originate at the
unclampedend. On the other hand, folding of the b struc-
turesbecomesvorsewhenoneendis clamped.
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FIG. 1. Stereographigrojectionsof the target structuresstudiedin this
paper:threea helicesH10, H16, H24, two b hairpinsB10, B16, anda b

sheetB15. The xz andyz planarprojectionsfor H10 andB10 areshownon
the right-handside.
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This papersetsthe stagefor studiesof full proteinsand
kinetic interplaysbetweenvarioussecondarystructuresRe-
sults of suchstudiesfor the Go modelsof proteinswill be
presentedn a separategaper.

Il. MODELS

We represent polypeptidein a simpli®edmanner:by a
chainof connectedeadsThebeads'positionscorrespondo
the locations of the Ca atoms.When the systemis in its
native state,the beadshaveno kinetic energyand the loca-
tions of the Ca atomscanbe obtainedfrom the ProteinData
Bank. However,the secondarystructuresthat we study are
idealized and are not targetedto a speci®creal structure.
Instead theyarejust meantto be constructedn a way which
is very closeto typical a helicesand b sheetsfound in the
native statesof real proteins.Thesesecondanstructuresare
stabilizedprimarily by the hydrogenbonds. The structures
thatwe studyareshownin Fig. 1. Theseare:threea helices,
denotedas H10, H16, and H24, two b hairpins,denotedas
B10andB16,anda b sheetB15. The numbersn thelabels
indicatethe numbersof beadsin the structures.

All of the bondsbetweentwo consecutivebeadsalong
the chainof the helices,i.e., the peptidebonds,are assumed
to havethe samelengthof dy5 3.8 ...,whichis atypical real
life value.As oneproceedsalongthe axis of the helix the z
coordinaté from one beadto another the bead'sazimuthal
angleis rotated by 100E and the azimuthallength is dis-
placedby 1.5 ...,which againcorrespondso a typical geom-
etry.

Eachof the b hairpins,B10 andB16, hastwo antiparal-
lel strandswhich areconnectedy aturn.In theB15 b sheet
therearethreestrandsandtwo turns.In the b structuresthe
strandsare not straightlines but havea zigzaggedgeometry
asshownin Fig. 1. Thebondlengthsbetweenwo connected
beadsare equalto 3.8 ... but the displacementalong the
stranddirectionthe z axisin Fig. 1! is 3.5 ....The distance
betweerntwo oppositebeadsn two bondedstrandss setto 5
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...,which is roughly equalto the hydrogenbond's length.
Theturnregionis constructedothatthe bondlengthandthe
zigzagpatternmatch.

The potentialsof interactionshetweerpairsof the beads
areconstructedn a way thatensureghatthe targetstructure
coincideswith the groundstateof the system.i.e., with the
nativestate We pick the pair potentialsto be of the Lennard-
Jonestype and selectthe parametersn a Go-typefashiorf’
sothatsigni®canattractionis associateavith the nativecon-
tactsandthe non-nativecontactsare purely repulsive.ln our
model,we assumehat a native contactis presentf the dis-
tancebetweerthe two monomersn the designedstructureis
shorterthan7.5 ....

TheseGo-typecouplingsalreadystabilizethe structures
under study but stabilizationwill be found here not to be
suf®cientlyadequategspeciallyin the caseof the hairpins.
We thus considertwo classesof models:with and without
additionalsteric constraintsThe steric constraintsadd extra
stability and they take into accountthe directionalcharacter
of the peptidebondsin a morerealistic manner.

A. The Go-type model with no steric constraints

This modelis similar in spirit to thatintroducedby lori,
Marinari, and Parist? and to that studied by Li and
Cieplak?® The conceptualifferencebetweenthesetwo pa-
persis thatthe formeris not constructedn referenceto any
predeterminedarget structure.For a conformationde®ned
by the setof positionvectors$;%i5 1,2,... N, whereN
denotesthe numberof residuesthe potential energyis as-
sumedto take the following form:

Ep~8r%5 VBB1 VNATL VNON, !

The ®rstterm representsigidity of the backbonepotential,
thesecondermcorrespondso interactionsn the nativecon-
tacts,andthe third term to thosein the non-nativecontacts.

The backbonepotentialtakesthe form of the sum over
harmoni¢? and anharmonit® interactions

N2 1
VBBS é @l—"ri,il 12 do!zl k2~i’i'i1 12 do!4#, ""‘2'
i51

wherer; ;1 15 u;2 rj; quis the distancebetweentwo con-
secutivebeadsd,5 3.8 ...,k;5 e, andk,5 100e, wheree is
the Lennard-Jonegnergyparametercorrespondingo a na-
tive contact.

Theinteractionbetweerresidueghatform a nativecon-
tactin thetargetstructureis takento be of the Lennard-Jones
form:

NAT N §
VNATg ( 4e|3$#D22 &"m 3!
N i i

wherethe sumis overall pairsof residues andj ~butthose
which areimmediateneighborsalongthe chain which form
the native contactsin the given target structure.r;;5 u;
2 r;uis the monomerto monomerdistance.The parameters
sjj arechosenn away thateachcontactin the native struc-
tureis stabilizedat the minimum of the potential.Essentially,
s;;5 22¥&d;;, whered;; is the correspondingnative con-
tact's length.



6854  J. Chem. Phys., Vol. 112, No. 15, 15 April 2000
Residuesnot forming the native contactsinteractvia a
repulsive soft core potential. Our potential for non-native
contactsgivenbelow, differs from the modelof lori etal. in
thatit falls to O aftersomecutoff distanced,,;. The purpose
of the cutoff is to minimize structuralfrustrationandthusto
improve foldability,

NON
VNONS( VNON| 4!
N
OD2 0
2 &m (= Fij, d
VHONS‘ ‘E., I i et 5
0, rij> dCUt'

Here, s 5 22 Y®d,,. For distancesshorterthand,,, the po-

tential is purely repulsive.For the a heliceswe chosed,

5 "d;j& 5.5, which seemdo be a naturalchoice.For the

b structureshowever,sucha choiceof d., leadsto anin-

stability of the native conformationdue to a substantiaken-

ergy degeneracyf the nearbyconformations. A suf®cient
extendingof the cutoff removesthe degeneracyand stabi-
lizesthe native state.We havefound thatan adequatehoice
for the b structureds to taked.,5 7.5 Bthe distancethat

de®nesvhat a contactis.

Noticethatin thetargetstructuresall nativecontactsare
optimized while the non-native contact potentialsgive no
contributionto the energy.Thusthetargetstructureis indeed
the native state of the system.The non-nativeinteractions
contributeonly whenmoving away from the target.

B. The Go-type model with the steric constraints

In this case the potentialenergyof the systemis given
by

ép"$'|o/b5 VBBl VNATl VNONl VBAl VDA, -6!

wherethe ®rstthreetermsare identical to thosein Eq. 1!,
whereaghe lasttwo termscorrespondo the bondangleand
dihedralangle potentials,respectively.The bond angle, ; ,
is de®nedsthe anglebetweertwo successiverectorsv; and
Vi1 1, Wherev;5 r;1 ;2 r;. The dihedralangle, f;, is the
angle betweentwo vector productsv;, 13 v; and v;3 vi; ;.
Following Ref. 14, we usethe following potentialsfor the
bondandthe dihedralangles:

N2 2
BA 2 12 7!
VBAG igl o ~Ui2 Upi!?, 71
N2 3
VPAS i( | @11 cosf 11 B-11 cos3f !4 8!

where k5 20é/(rad)?, A5 Oe, and B5 0.2e. Our angle-
dependenpotentialsdiffer from thosein Ref. 14, sincein
our casewe take ug; to be, in general,site dependenand
equalto thebondanglesin the nativetargets For the helices,
however, u, are uniform and equal to 1.56157 rad
~89.4714E For the b structuresy;'s in the turn region are
different from thosein the strands.

Introduction of the steric constraintsto the model de-
scribedby Eg.~1! shiftsthe nativestateawayfrom thetarget
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conformationbecausethe target need not correspondto a
minimum of the dihedral potentials. However, we have
found that for our choiceof the parameter#\ andB the true
native statesdiffer only little from the targets.The true na-
tive statesare found by a multiple zerotemperaturequench
procedurefrom low energyconformationggeneratedy MD

trajectoriesthat startin the targetconformation.The confor-
mation distancedrom the native statesto the targets+o be
de®nedn Sec.lll! neverexceeded.05 .

It shouldbe pointedout that noneof the modelsstudied
herecandistinguishbetweenrthe right- andleft-handedheli-
ces.The a helicesfound in nature,however,are only right-
handed.The modelin which only right-handedhelicesare
favored shouldinclude termsrelatedto the chirality of the
chain conformation. The chirality can be given by
sign@v;» 13 v;)* Vi, 1# wherea negativesign meansa left-
handed conformation and a positive sign meansa right-
handedconformatior?!

In thefollowing sectionsthe Go-typesequencewithout
the stericconstraintswill be denotedby the symbolsassoci-
atedwith thetargets:H10,H16,H24,B10,B16,B15.Onthe
other hand, the sequencesonstructedwith the additional
steric constraintswill be labeledas K10, 446, K24, BYO,

846, BY5.

C. Dynamical equations and the thermostat

The motion of the model secondarystructuresof pro-
teinscanbe describedby the Langevinequation

mf52 gl F .1 G, 9!

wherer is ageneralizedoordinateof a bead,mis the mono-
mer's mass,F:52 * (E, is the conformationforce, g is a
friction coef®cientand G is the randomforce which is in-
troducecdto balancethe energydissipationcausedy friction.
Both the friction andthe randomforce representhe effects
of the solventand they control the temperaturé’ G is as-
sumedto be drawn from the Gaussiardistribution with the
standardvariancerelatedto temperaturdoy

NG-01G-!8 2gkgT !, 40!

wherekg is the Boltzmannconstant, T is temperaturet is
time, and o(t) is the Dirac deltafunction.

The Langevin equationsare integratedusing the ®fth-
orderpredictoe-correctorscheme® The friction andrandom
forcetermsareincludedin the form of a noiseperturbingthe
Newtonianmotion at eachintegrationstep.In the caseof the
modelwith the steric constraintsthe forcesassociatedvith
the angle-dependerptotentialsare calculatedthrougha nu-
merical determinatiorof the derivativesof the potential.

In thefollowing, thetemperaturavill be measuredn the
reducedunits of ekg. The integrationtime stepis takento
be Dt5 0.00%, wheret is a characteristidime unit. At low
valuesof friction, ¢ coincideswith the periodof oscillations,
t, near the Lennard-Jonesminimum and is equal to
Ana?/ e, wherea is avanderWaalsradiusof theaminoacid
residuesThevalueof ais choserto beequalto 5 , andthis
valueis roughly equalto "s;; & As estimatedn Ref. 14, the
typical valuesof mis 33 107 2 g and e is of the orderof 1
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kcal/mol, hencet is roughly equalto 3 ps. The period ¢,
however,dependon the friction coef®cientg, as discussed
in Refs.14 and 15. Most of our simulationsare performed
with g5 10m¢?*, which is 5 times higher than a standard
choicein moleculardynamicsstudiesof liquids. Higher val-
uesof g may be actually more realistic. For a singleamino
acid in water, an effective g hasbeenarguedto be evenof
order 50m/ ¢ .***°> However,the MD codebecomesunstable
for too high g's. The dependencef the folding characteris-
tics on g will bediscussedaterin this study.

Ill. DETERMINATION OF THE NATIVE BASIN

One problem that is encounteredwhen studying off-
lattice modelsis providing a de®nitionof what small distor-
tion away from the native state can still be consideredas
belongingto the native state.In other wordsbwhat is the
de®nitionof the native basin-which shouldnot be confused
with the folding funnel? Answeringthis questionis impor-
tantwhencalculatingthe folding time s the systemalready
in the native basin? and when calculatingthe equilibrium
stability of the basin. A needfor delineationof the native
basindoesnot arisein lattice modelsdueto the discretization
of the possibleshapesbthereit is just one conformation.

The delineationof the native basincanbe accomplished
by consideringthe conformationaldistance,d, away from
the native state.d is given by

N22 N
2

5 2 NAT)2
N22 3N1 2 i(l j5(12

ij
wherer;; andr}*" arethe monomerto monomerdistances
in the given structureand in the native state,respectively.
The distanced is measuredn angstroms.

We estimatethe characteristicsize of the nativebasinby
usingthe shapedistortion methodproposedn Ref. 33. The
methodis basedon monitoring the conformationaldistance
to the native state as a function of time and it considers
trajectoriesthat originate from the native state. At a suf®-
ciently largetime scalethe conformationaldistancesaturates
belowsomecritical temperatureT .. The saturatiorvalueof
thedistanceat this temperatureg,, , is usedfor the estimated
native basin'ssize andthe resultsare found to be consistent
with the quench-obtainedsampling of the local energy
minimaof the system At the sametime, T, hasbeenfound?
to be a measureof the folding temperaturel; . T; itself is
de®nedisatemperaturat which the equilibrium probability
of ®ndingthe systemin its native basincrossesl/2.

An illustration of the shapedistortion method for se-
guencedH16 andB16 is shownin Fig. 2. For eachof these
sequenceshe dependencef "0‘28@”2 on time is shown for
two temperaturesa critical T, whenthe saturationis still
observedand a somewhathigher T, whenthereis no satu-
rationwhich is interpretedasexiting the ““trap" providedby
the nativebasin.The estimatedasinsizefor sequencebi16
and B16 are 0.6 and 0.15 , respectively.Notice that se-
guenceH16 hasa muchlargerbasinthansequencdé316 and
the correspondingr .. is alsomuchhigherfor H16.

Tablel summarizeshevaluesof g, andT, for all of the
sequencestudied.It also showsthe numberof native con-
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FIG. 2. The averageroot meansquaredistanceto the native stateas a
functionof time whenthe sequencés placedin its nativeconformation.The
®gureis for sequence$i16 and B16 and for the reducedtemperaturess
indicated.The resultsare averagedver 500 trajectorieswhich differ in the
stringsof the randomnoise.

tacts in the native state, N, the conformationaldistance
from the native stateto the closestlocal minimum, &, and
thevaluesof T; obtainedin the following sectionsThe clos-
estlocal minimum to the native stateis found by a multiple

quenchingfrom the randomconformationsin a low T MD

trajectory.Notice that for the b-structuresthe modelswith

the stericconstraintsyield a larger a; comparedo the mod-
elswithout the constraintsThe basinsizesfor the a helices,
on the other hand,are comparableln mostcaseswe have
found that g, is somewhatsmallerthan 4. This is not so,

however,in the caseof A24 andBY5. We interpretthis asa
necessityto delineatethe native basinby morethanoneiso-
tropic parametera, andyet we shall useit hereasa simple
way to provide estimates.

TABLE |. The numberof native contactsin the native conformationsN.,
the conformationaldistancefrom the native stateto the closestlocal mini-
mum, ¢, the native basinsize, a;, the critical temperatureof the shape
distortion, T, thefolding temperatureT; , andthe temperaturef the fast-
estfolding, T,, for the sequencestudied. The numbersin parentheses
indicatethe error bars.

SEQ N, di~! d-~! T, T Tonin
HI0 21 08248 0508 0.234! 0244  0.253!
H16 39 06594 0.603 0241 0244  0.303
H24 63 05430 0533 0.194! 0204  0.303!
B10 18 02588 0.152 0.0352! 0.0332  0.084!
B16 33 0.2288 0.152 0.0302! 0.0272  0.07!
B15 33 01382 0.132 0.03020 0.0292  0.054!
do 21 08133 0463 0304 031!  0.508!
de 39 06356 0553 0.304! 0294  0.453!
dos 63 03896 0555 02420 0241  0.363!
g0 18 03178 02520 0204 0204  0.355!
#4 33 02801 02520 0204 021! 0352
g5 33 02045 03020 0221 0204 0352
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FIG. 3. The phononicspectrafor the sequencesnodeledwithout the steric
constraints.The valuesof v ;¢ givenin radiansare, top to bottom: 3.635,
2.195,1.080,1.789,0.815,1.339.

IV. PHONONIC SPECTRA AND STABILITY

We now consider elastic vibrations of the systems
aroundtheir native statesand ask if the phononicspectra
relateto the folding temperature.

Let u;, denotea small displacementof beadi in the
direction a (a5 x,y,z) from its native position.In the har-
monic approximationthe motion of the systemis governed
by a setof 3N coupledequation®’

N
2 mv2u;,5 Q (b kZ2u;p ., 421
51
where v is an angularfrequency,and kﬁb are the second
derivativesof the potentialenergytakenat the nativeconfor-
mation:

2E U

Tuial Ujp 2 o

We diagonalizetheseequationswith the use of the Jacobi
transformationmethod® and determinethe phononicspec-
trum from the eigenvaluesT he elasticconstanimatrix $<ﬁb %
is realandsymmetric.For the modelswithout the stericcon-
straints,whenonly the pairwiseinteractionsare presentthe
diagonalelementsare equalto the negativeof the sumover
all of the off-diagonalelementsn the samerow ~or column.
In the caseof the modelswith the steric constraints how-
ever, the potentials acquire many-body components.The
elasticconstantskiajb are calculatedby freezingall beadsbut
oneat atime in their native positionsand by measuringhe
resulting increasein the force when the unfrozenbeadis
displacedin a givendirection. This is donenumericallyand
then a displacemenpf 10?7 hasbeenfound to yield a
suf®cientaccuracy.The elastic constantswhen measured
alonga line connectinghe two beadsareof orderof 2e/ 2
for boththe contactandpeptidebondinteractionsThe steric
constraintsenhancehe elasticconstantsdy up to a factor of
2. Naturally, this will increasethe stability.

The phononicspectrafor the modelswithout and with
the stericconstraintsareshownin Figs.3 and4, respectively.
Eachspectrumcontains6 zero frequencymodeswhich cor-
respondto the translationaland rotational degreesof free-
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FIG. 4. SameasFig. 3 but for the sequencesnodeledwith the steric con-
straints.The valuesof v ¢ are,top to bottom: 4.385,2.290,1.105,2.775,
1.695,1.795.

dom of the systemas a whole. The ®rstexcited mode, of
frequencyv 1, de®neshefrequencygapin the spectrumWe
observethat the gap correlateswith the thermodynamicsta-
bility: generally,the biggerthe T;, the biggerthe gap.Spe-
ci®cally, we notice that, for a given kind of structure,v ;
decreaseasthe systemsizeincreaseskurthermorethe gaps
for the a helicesarelargerthanthosefor the b structuredor
a given chain length. Finally, adding the steric constraints
shifts the whole spectratoward higherfrequencies.

An energyassociatedvith a modedependon its ampli-
tude.If anamplitudeof vibrationsof a singlebeadis of order
Uo, thenthe energyof the ®rstexcitedmode,E, is of order
Nmv3u3. As an estimateof u,, we maytake' 0.1a, which
is an analogof the Lindemanncriterion for melting of the
solids. Note that v ; is expressedn units of 1/t, where t
5 Ana’/e anda5 5 . Thus our estimatesfor E;/e are
1.32,0.77,and 0.28 for H10, H16, and H24, respectively.
This indicatesa decreasef stability with N but the correla-
tion with the actualvalue of T; is weak.

V. FOLDING PROPERTIES IN MODELS WITHOUT THE
STERIC CONSTRAINTS

A. Equilibrium properties

Beforewe discussthe folding processwe ®rstprovidea
thermodynamiccharacterizationof the sequencesstudied.
We focuson threeparametersP,, C, and x. Thesedenote
the probability of beingin the native basin,the speci®deat
per bead,and the structuralsusceptibility,respectively.The
thermodynamicstability may be characterizedby T; at
which P, crosses;. The speci®dcheatis de®nedby the en-
ergy uctuations:

1 "E2 "E&

N oz 4

where E is the total energy kinetic and potential of the
system. The bracketsdenote the thermodynamicaverage.
The structuralsusceptibilityis de®nedn termsof the struc-
tural overlapfunction* which is given by
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FIG. 5. The probability of beingin the native basinasfunction of tempera-
ture for the sequencesvith N5 16. H16 and B16 are without the steric
constraints Adding the steric constraintsmprovesthe stability as seenin

the caseof BY6 on the right-handside.

N22 N
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whereQ(x) is the Heavysidefunction. x is thena measure
of "uctuationsin xg:

X5 MXE-T1& M ~TI&. 16!

The maximumin C, whenplottedagainstT, corresponds
to the collapsetransitiontemperatureTl , at which thereis a
transitionfrom randomcoil to compactconformation.The
maximumin x may be interpretedasa signatureof the fold-
ing temperaturd; .*1*?|t hasbeensuggestedh Ref. 43 that
a small differencebetweenthesetwo temperaturess indica-
tive of good folding properties.As a practical criterion for
good foldability one may take the parameters+5 (T,
2 T;)/T, to belessthan0.4*

We calculatethe thermodynamigarameterdy averag-
ing overmanylong MD trajectoriesusingthe native stateas
the startingcon®guratiorio makesurethatthe evolutiontake
spacen theright partsof the phasespaceFor eachtempera-
ture, the times usedfor averagingin eachtrajectoryare be-
tween 500 and 200¢¢ dependingon the chain length. The
®rst100Q¢ are not takeninto accountwhen averaging.We
usedas many trajectoriesas neededto provide stablechar-
acterization.In practice,consideringof order 50 trajectories
havebeenfound to be suf®cient.

The valuesof T; arelisted in Tablel. They almostco-
incide with the valuesT, obtainedby the shapedistortion
method.Onecanclearly seethatthe stability of the helicesis
substantiallylarger than that of the b structures.The poor
stability of the b systemsds a resultof their ‘at noncompact
nativeconformation.Therearemanycompetinglocal energy
minimawith very similar structuresn the immediateneigh-
borhood of the native state.We have checkedthat an in-
creaseén the off-planezigzaglike departureganbring about
a signi®canboostto the stability. However,oneof the goals
of this paperis to deal with realistic geometriesWe shall
see,in Sec.VI, thatthe extrastability thatis neededwill be
providedby the additionalsteric constraintsThis is alsoil-
lustratedin Fig. 5 for threeselectedsequences.

Figure 6 summarizeghe thermodynamicpropertiesof
the sequencesnodeledwithout the steric constraints.The
peaksof C and x are observedfor all of the helicesand b
systemsNotice, however thatin the caseof the b structures
the peaksare much less pronounced Notice also that the
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FIG. 6. Thespeci®dheat,C, andthe structuralsusceptibility,x, as functions
of thereducedemperaturdor the sequencemdicated.Thearrowsshowthe
valuesof the folding temperatureas obtainedthrough monitoring of the
equilibrium probability to residein the native basin.

valuesof Ty, asindicatedby the arrowsandobtainedbased
on monitoring Py(T), generallyagreequite closelywith the

positionsof the maximain x. This consistencyesti®esbout
a reasonablend consistentdeterminationof the size of the

nativebasin.For all of the sequencestudiedherethe param-
etersst are smallerthan 0.4 and thus are expectedto be

goodfolderswhereasH24 showsthe borderlinebehavior.

B. Kinetic properties

We now considerthe kinetic propertiesof the sequences
without the stericconstraintsFrom a kinetic point of view, a
sequencds consideredto be a good folder if its folding
temperatureT; is comparableor preferablely larger than
TminPthe temperatureof the fastestfolding. If this happens
thentheremustexista temperatureangebelow T; at which
the native stateis still easilyaccessibléinetically. Thusthe
®rsttaskin this contextis to determineT i, .

We have studiedthe dynamicsof the sequenceby ex-
tensiveMD simulations.Figure 7 showsthe medianfolding
time as a function of temperatureAt eachtemperaturehe

FIG. 7. The medianfolding time vs temperaturdor the sequencemodeled
without the steric constraintsThe asterisksndicatethe correspondingral-
uesof T;.
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medianfolding time is computedbasedon either 100 or 200
trajectoriesstartingfrom randominitial conformations.The
initial conformationsare generatedrom randomsetsof the
bond anglesand dihedralangles,wherethe bond anglesare
additionallyrestrictedto haverandomvalue between0E and
90E so that these conformationsare not compact.On the
other hand, the caseswith the distancebetweentwo non-
bondedbeadsof lessthan0.8d, havebeenalsoexcludedin
ordernot to violate the self-avoidanceondition. Conforma-
tions generateddy this methodtypically look like extended
random coils. Figure 7 shows the expected U-shape
dependend? of the folding time on temperatureNotice that
the b sequencedold the bestat a much lower range of
temperatureshan what is observedfor the a helices.The
temperaturef the fastestfolding T, for the b sequenceis
betweer0.05and0.08while for the a helicesit is about0.25
or 0.3.

Since for all the sequencedl; is lessthan T,,,, the
sequencesanbe consideredo be eithergoodor badfolders
dependingon how signi®cantlythe folding conditionsdete-
riorate on moving awayfrom T, to T¢. Thusit is of inter-
estto comparethe folding time at T,, t;, to the folding
time at T¢, t,. The a helicesare good folders becausefor
themt,/t4, 2, i.e.,thetwo timesare almostthe same.For
the b sequencespn the other hand, theseratios are higher
re ecting a much narrowertemperatureangein which the
goodfolding conditionsare available.For B10 and B15, for
instance,the ratios t,/t; are about 7 and 5, respectively.
Thusthe b sequencesvithout the steric constraintsare bad
folders.Note that our kinetically derivedresultson the qual-
ity of folding do not fully agreewith those obtainedby
studyingthe thermodynamicallyderivedparameters +. The
reasorwhy the thermodynamicriterion appeargo befaulty
may haveto do with the fact that the b structuresstudied
herehavea low degreeof compactnesd\ote alsothe poor
pronunciationof the peaksin the speci®cheat for the b
structures.

Figure 7 showsthat the b sequences$old more slowly
thanthe a helicesof the samechainlength.Forinstancethe
minimum folding time for b6-hairpin B16 is about5 times
largerthanfor the a-helix H16. Notice alsothat the b-sheet
B15 folds considerablyfasterthan the hairpin B16, though
their lengthsare comparable All of theseobservationsare
consistentwith the large role of the local contacts-as mea-
suredalongthe chairl in establishinggood foldability.*®

Figure7 indicatesthatthe folding time stronglydepends
on the chainlength. Studiesof lattice models,®rstby Gutin,
Abkevich, and Shakhnovich® and recently by us2® have
pointedout that the folding time growsasa powerlaw with
the systemsizet; N'. Our calculationg® have shown that
for the Go sequencek is about6 for two-dimensionalattice

sequencesand about 3 for three-dimensionalsequences.

Here,we havecheckedthat the folding timesat T, of the
threesequencesi10, H16, H24 are consistenby the power
law with | 5 3.06 0.1. The agreementvith the exponentob-
tainedfor the maximally compactGo lattice modelsis prob-
ably coincidental. One of the important conclusionssug-
gested in Ref. 35 is that there may exist a limit to
functionality of proteinsthat can be demonstratedhrough
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FIG. 8. SameasFig. 6 but for the sequencesnodeledwith the steric con-
straints.Notice the shift in the temperaturescale.

studiesof scalingof T; andT,,;,. IntheGolatticemodels,as
N grows, T, growsinde®nitelywhereasT; saturateswith
N. This, togetherwith the increasein the folding times, in-
dicatesa deteriorationof the folding propertieswith N. The
dataobtainedfor the few sizesof helicesstudiedheresee
TableI! are only partially consistentwith this scenariofor
the behaviorsof the characteristidemperaturesNote, how-
ever, that the longer a helix or a b structureis, the less
compactis its native conformationand this in itself may
yield a different behaviorof T; and T ;.

VI. FOLDING PROPERTIES IN MODELS WITH THE
STERIC CONSTRAINTS

A. Equilibrium properties

We now repeatour methodologyin referenceto the se-
quenceswvhich are modeledwith the implementationof the
stericconstraintsThe thermodynamigropertiesfor the sys-
temsof this type aresummarizedn Fig. 8. The valuesof the
folding temperatured; arealsolistedin Tablel. Notice that
the modelswith the steric constraintsare generallycharac-
terizedby largervaluesof T; thanthe modelswithout such
constraintsThe changesare especiallysubstantiafor the b
structuressincethe resultingvaluesof T; becomenow com-
parableto thoseof the helices.

B. Kinetic properties

Figure 9 showsthe dependencef the folding time on
temperature The points shown are basedon either 100 or
200 trajectoriesstartingfrom randominitial conformations.
For all of the structuresstudied here, T,;, also becomes
largerthanthatin the modelswithout the steric constraints.
The time scalesof folding, however,are affectedto a rela-
tively muchsmallerextent.For the b sequenceghe folding
time at T, practically doesnot change.For the a helices,
on the other hand, someslowing down is observed When
comparingthe a helicesto the b structuresone concludes
thatthe helicescontinueto be fasterfoldersbut, for instance,
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FIG. 9. SameasFig. 7 but for the sequencesnodeledwith the steric con-
straints.

Y6 now folds only abouttwo timesfasterthanB¥6 at Ty,
as opposedto the factor of 5 observedwithout the con-
straints.

Like in the modelwithout steric constraintsfor all the
caseswve still haveT;, T, Comparingthefolding timesat
T¢ and at T, yields that the helicescontinueto be good
folders(t,/t;, 2). The b sequencearestill badfoldersbut
now the ratiost,/t; are somewhatsmallerthanthatin the
modelwithout stericconstraintsFor instancefor BY0, t,/t;
is about3.

We concludethat adding the steric constraintsto the
Go-typeinteractionsbetweenthe amino acidsimprovesthe
stability of the sequencesyhile it doesnot changemuchin
the folding characteristicsThe folding characteristicseem
to be embeddedn the very geometryof the native structure.

VIl. THE MECHANISM OF FOLDING OF SECONDARY
STRUCTURES

A. Sequencing of events

In this section,we focus on identifying stagesin the
folding processof the model secondarystructures.Speci®-
cally, we discussordersand time scalesin which speci®c
contactsare establishedWe narrow our discussionnow to
thethreefollowing structuresthe a-helix H16, the b-hairpin
B16, andthe b-sheetB15.

By starting from random unfolded conformationswe
computean averagetime, at which a given contactis estab-
lished for the ®rsttime. Two monomers,ith and jth, are
assumedo be in a contactif their distanceis smallerthan
1.5s;; . The contactrangede®nitionof 7.5 , usedin the
potential design procedure,is not appropriateto be used
here,sinceeachcontacthasa potentialwith its own variable
Sjj - Sincethe numberof all nativecontactss quitelargewe
selectseveralcontacts,asindicatedin Fig. 10, for monitor-
ing. The choiceof the contactsis motivatedby their domi-
nantrole in stabilization provided by the hydrogenbonds.
The labels indicate order in which theseselectedcontacts
®rstappeaon averageFor the a helix, thefolding is seento
start, statistically,at the ends-we havesymmetrizedhe data
with respectto the two endds. On the other hand both b
structures®rstfold nearthe turns,i.e., wherethe local con-
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FIG. 10. Top: The contactsconsideredn the sequencingstudiestogether
with the numberwhich indicatesthe orderof the appearancelhe structures
are,from theleft to theright, H16, B16, andH15. Bottom: The correspond-
ing averagedime for a contactto appearfor the ®rsttime during folding. The
folding takesplaceat T,,. The resultsfor H16 are averagedover 1000
trajectoriesthat start from randomconformations.For B16 and B15, 500
trajectoriesare consideredThe error barsareindicatedby the thicker hori-
zontalmarks.

tactsarepresentNote thatthe contactdndicatedin the helix
all havethe samelocality index andyet the end contactsare
foundto be privileged.Adding the stericconstraintsloesnot
changethe averagesequencingf the kinetic events.

Figures10 and 11 show the averagetimesto establish
the contactsat T, for the unconstrainedand constrained
Go-type models, respectively.When comparingthe times
obtainedfor the a helix to the b structuresnotethe change
in thetime scale.The full folding takesplacein about10 to
20timeslongerthanthetime neededo establishall contacts.
The generalpatternobservedhereis that of stepswhich are
initially more or lessevenly spacedollowed by a rapid ac-
celerationtowardthe end.

Figure 12 showsthe averagetiimesto establishthe con-
tactsat temperaturesvhich are away from T,;Dabove or
below. We focuson K46 and B16. The resultsshowthat for
sequencebi6 the sequencingf contactsdoesnot change
with temperatureFor K46, on the other hand, the sequenc-
ing startsthe sameasat T,,i,, i.e., at the endpoints, but the
canonicalorder becomesdisruptedat the later stages.For
instance establishingcontact5 before7 is as likely asestab-
lishing 7 before5. Notice that, aboveT,,, establishinghe
basiccontactsin the two structuregakesaboutaslong asat

FIG. 11. Sameas the bottom of Fig. 10 but for the sterically constrained
sequences.



6860 J. Chem. Phys., Vol. 112, No. 15, 15 April 2000

FIG. 12. The contactsequencingdor sequenceﬁlﬁ and BY6 at tempera-
turesthatare aboveor below T, -

Tmin €venthoughthe folding times got longer. On the other
hand, below T, this processbecomesmore extendedin
time.

B. Examples of the trajectories

Notice thatthe ®rstappearancef the last contactthatis
monitoreddoesnot coincideyet with thefull folding because
a substantialtime is still neededto lock preciselyinto the
native basin.In fact, gettingto the stagewherethe last con-
tact startsgiving contributionto the energytakesof orderof
only from 5% to 10% of the full folding time. This time
roughly correspondgo the collapseof the chain.

This is illustratedin Figs. 13 and 14, for AL6 and BY6,
respectively,where examplesof single trajectoriesat T,
are shown. The trajectoriesare characterizedy their total

FIG. 13. A typical folding trajectoryat T, for sequencd4¥6. In the top
paneltheleft arrowindicateswhenthe lastcontactappeardor the ®rsttime,
and the right arrow indicateswhen folding takesplace,i.e., d, a.. The
horizontaldashline indicatesthe energyof the native state.
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FIG. 14. Sameas Fig. 12 but for sequencél&

energy,E, potentialenergy,E,, the radiusof gyration,R,
conformationaldistanceaway from the native stateand the
numberof all nativecontactsN, ~notonly of thosefew that
werediscussedn the contextof sequencing presentAll of
theseparameterglependon time essentiallymonotonically.
The establishmenof the short contactstakesplace rapidly
andthenthe systemspendsmostof the folding time ™ oat-
ing" nearthe native basinuntil it really ®ndsit. Thuswhat
takesmost of the time in folding is the processof search.
This processis thus governedmore by kineticsthan by en-
ergetics.

C. Dependence on the viscous friction

We now examinehow the folding propertiesdependon
the viscosity. So far, the resultsof all of the simulations
shownherewereobtainedwith g5 10m/¢. We havechecked
that for sequencéd16, T,,;,, doesnot dependon the friction
andis equalto 0.3if g. 0.2m/t. At very low friction, i.e.,
when g, 0.2m/t, we observesomedecreaseof T,,,. For
instance,T i, is about0.05for g5 0.005n/¢. SinceT; can-
not dependon g, at this very low value of friction the se-
guencebecomesan excellentfolder. However, such small
valuesof g are very unrealisticfor proteins'*® We have
alsocheckedhat otherthermodynamigropertiesdo not de-
pendon g. Figure 15 showsthe dependencef the median
folding time on friction for awide rangeof g, a T5 0.3and
alsoat T, for g, 0.2m/t. Notice thatthereis a minimum
of thefolding time at someintermediatdfriction. Thefolding
time grows not only at higher friction, as g increasesput
also at very low friction, as g decreasesowardQ. Thereis
no folding at g5 0, whenthe total energyof the systemis
conservd B a couplingto a heatreservoiris essentiaffor
folding. The optimal valueof g, at which folding is the fast-
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FIG. 15. Themedianfolding time at T5 0.3 ~continuoudine! asfunction of

thefriction coef®cientg, for sequencéi16. For g, 0.2m/¢, T,,, becomes
smallerthan 0.3 and the folding times at T5 T,,, are shown for several
valuesof g ~discontinuoudine!. For g. 0.2m/t, T, is equalto 0.3. The

points are basedon 200 trajectories.The insetshowsthe dependencat T

5 0.3in a nonlogarithmicscaleof g, wherefor the highervaluesof g, the

points are ®ttedby a straightline.

est,is in a rangeof from 0.2 to 0.5. This observationis in
agreementvith the resultsof Klimov and Thirumalaion the
viscosity dependencef the folding rate!® Notice that Kli-
mov and Thirumalai have determinedfoldability ratesand
not the folding timesthemselvesWe alsoobservethatfor g
betweenl and 30, the folding time of sequenceéd16 grows
almostlinearly with g, as shownin the insetof Fig. 15. By
extrapolationwe estimatethatfor g5 50m/¢ thefolding time
for H16 would be 1500 ~for A6 it would be about3000r).
Veitshans Klimov, and Thirumalat* have estimatedthat at
this apparentlymorerealisticvalueof friction, corresponding
to the caseof a singleaminoacidin a watersolutionat room
temperaturethe time unit of ¢t shouldbe about3 ns. Hence
our estimateof the folding time of a 16-monomera helix is
from 4 © 10 ns. If we assumehat for the b structureshe
folding time also scaledlinearly with g, thenthe time scale
for the formation of a 16-monomerb hairpin would range
from 24 to 30 nms. For comparisongxperimentatesultshave
shownthata b hairpin consistingof 16 aminoacidscanfold
asfastas6 175 at roomtemperaturé? An a helix of the same
length folds 30 times faster.Notice that our estimatesyield
larger folding times than observedin experimentsbut the
ordersof magnitudeagree.

D. Folding with one end ®xed

Finally, we examinea specialcase whenoneendof the
chainis ®xedduring folding. This is relevantto the process
of protein synthesis:one end can be thought of as being
momentarily glued to the surfaceof a ribosomeuntil the
whole proteinis constructecby addingnew segments® In
the synthesisprocess,the protein folds as it is being pro-
ducedandits length extends At eachinstant,however,one
end of the proteincanbe consideredcpinned.

Figure 16 showsthat the helix H16 with the end bead
®xedhasa considerablyower valueof T,,,, comparedo no
clamping,andit generallyfolds fasterat low temperatures;
pinnedfolds fasterbelow T, andis characterizedy a sig-
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FIG. 16. The order of contactappearancéogetherwith the averagetimes
for the contactsto be establishedor the ®rsttime for sequenceH16 with

oneendmonomer®xed.The @&ed monomeris shownenlarged The results
are averagedover 1000 trajectoriesat T,,,. The inset compareghe tem-
peraturedependenciesf the medianfolding time for the situationin which
the endmonomeris ~solid line! or is not ~brokenline! clamped.

ni®cantlyloweredT,,;,. We havealso found that T; is not
affected by the pinning. Thus the helix becomesa much
betterfolder. On the otherhand,asseenin Fig. 16, the con-
tact sequencindecomesomewhadisturbed Folding starts
at the unclampedend. After the initial stage,many contacts
get establishedalmost simultaneouslyin an avalanchelike
process.Then thereis a large gap in time before the last
contact,nearthe clampedend, comesinto place.

Analyzing the phononic spectrumof the pinned helix
H16 yields v1t' 1.964for the ®rstexcitedmodewhich is
almostthe sameasfor H16 without the pinning.

For the b sequenceshe different scenariois different:
The pinned b structuresseemto fold slower than the un-
pinnedones.For instance ®xing one end of sequencdB16
increasesghe folding time by about60%, at T5 0.05. The
pinnedB10 alsofolds slower, but not signi®cantlyslower.

Our resultsindicatethat the processof proteinsynthesis
itself may acceleratehe folding processvhena helix partis
being produced. Short b structuresmay introduce some
slowing down.

VIIl. CONCLUSIONS

In summary,we have studied the Go-type models of
off-lattice secondarystructuresof proteins.We have pro-
vided a systematiccharacterizatiorof both equilibrium and
kinetic propertiesof thesemodels. Models with the steric
constraintsvere endowedwith betterthermodynamicstabil-
ity. The stability canbe assesseffom the phononicspectra.
The folding timesstronglydependon the systemsizeandon
the geometryof the native state.The a helices,which are
stabilizedmerelyby the local contactsappearto havemuch
betterfolding propertiesthanthe b structuresHowever, it
shouldbe notedthatfor both kinds of the structuresnoneof
the modelsis a very goodfolderb T; is alwayssmallerthan
TminPalthough the choice of the native basinsize a; has
beenmade consistentlyby the shapedistortion technique.
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We havecheckedhatif oneusesa somewhatarger g then
this resultsin anincreasen the effective valuesof both T;
and T,,, and thus their ordering remainsunchanged.The
kinetic criterion for good foldability doesnot appearto be
compatiblewith the thermodynamiccriterion provided by
Klimov and Thirumalaf? in the caseof the b sequencedie
speculatethat this may be relatedto the low compactness
level of their native structures.Folding of the secondary
structuresat T, proceeds,on average,through a well-
de®nedsequenceof events.That sequencingnay become
more complicatedin proteinswhenseveralsecondarystruc-
turescompetewhenfolding. We intendto explorethis issue
later.
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