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Discrete molecular dynamics simulations of peptide aggregation
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We study the aggregationof peptidesusing the discretemoleculardynamicssimulations.Speci®cally at
temperaturegbovethe a-helix melting temperatureof a single peptide,the model peptidesaggregatento a
multilayer parallel b-sheetstructure.This structurehas an interstranddistanceof 4.8 ... and an intersheet
distanceof 10 .., which agreewith experimentalbbservationsOur model explainstheseresultsas follows:
hydrogen-bondnteractionggive riseto the interstrandspacingin b sheetswhile cBinteractionsbetweerside
chainsmakeb strandgarallelto eachotherandallow b sheetgo packinto layers.An importantfeatureof our
resultsis thatthe aggregatesontainfree edgeswhich may allow for further aggregatiorof modelpeptideso

form elongated®brils.
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I. INTRODUCTION

Proteinmisfolding and polypeptideaggregatiorare a fo-
cus of interdisciplinary statistical physics becauseof their
relevanceto amyloid diseasesuch as Alzheimer's disease,
Parkinsors diseaseand Huntingtons diseaseEventhough
polypeptidesrelatedto thesediseaseshareno sequenceor
secondarystructure similarity, they can aggregateinto in-
soluble ®brils which sharesome structuralfeatures.These
®brilsaretypically 100 ... in diameter and severalthousand
angstromsn length@# X-ray diffractionstudies@,3#reveal
the commonstructuralfeaturesfor theseamyloid ®brils:the
presenceof a 4.7+4.8 ... interstrandspacingalong the ®bril
axis and a 9£10 ... intersheetspacingperpendicularto the
®bril axis @,5% Although advancesavebeenmadetoward
understandinghe structuralcharacteristic®f the ®brilsand
the mechanisnof ®bril formation,our knowledgeof the de-
tailed ®brillar structureand mechanism®f amyloid assem-
bly is limited.

Computersimulationstudieswith coarse-grainegeptide
modelshavebeenhelpful to revealthe generalprinciplesof
folding andaggregationRecently lattice Monte Carlo simu-
lations showthat an increasedoroportionof b sheetsn the
individual peptidespromotesthe formation of misfoldedag-
gregatesn multipeptidesystems@# However lattice mod-
els may not be reliable due to the drasticreductionof the
conformational spacewhen entropiesor local geometries
play crucial rolesin casesinvolving transitionof secondary
structures,such as the aggregationphenomenaTherefore,
off-lattice moleculardynamicsprovidesa morerealisticway
to study the aggregationmechanismat the atomic level.
Since the continuousall-atom moleculardynamicssimula-
tionswith realisticforce ®eldsin a physiologicalsolutionare
not fast enoughto monitor a completeaggregatiorprocess
from monomergo fully formed®brils,a discretemolecular
dynamics-DMD! algorithm @,8%# has beenimplementedto
study protein folding thermodynamicsand protein folding
kinetics @#% This computationallyfastanddynamicallyreal-
istic simulationtechniquehasalsobeenappliedto studythe
aggregatiorof a small numberof Src SH3 domainproteins
@0# and the competition of refolding and aggregationof
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PACS numbers!: 87.14.Ee87.15.By 87.15.He87.15.Kg

four-helix bundles @1# Recently developed off-lattice
Monte Carlo simulations@2# may also serveas an alterna-
tive methodologyto lattice Monte Carlo simulations.

Here we studythe aggregatiorof a large numberof pep-
tides.We choose40 aminoacid amyloid b peptide@b 15 49
@3# proteindatabank~PDB! @4#accessodelBAd#which
is associatedvith Alzheimers diseaseto constructmodel
peptidesOur resultsshowthatmodelpeptidescanaggregate
into multilayer b-sheetstructureswith free edges@5#which
may enablefurther ®brillar elongation. The computeddif-
fraction patternof our simulatedmultilayer b sheetis con-
sistentwith experimentabbservations®6,1 %

Il. METHODS

A. Two-bead model
1. Geometryof model peptide:beadsand permanentbonds

We modeleachaminoacidin the Ab 4, 4o peptideby two
beadsbC, beadrepresentingpackboneatomsand C, bead
representingside chain atoms~for glycine, C, is absent
Eachbeadhasan index i indicating the position of amino
acid in the sequencestartingfrom the N terminus.The ge-
ometry of the peptideis modeledby applying permanent
bondsamongthesebeads@8# Thesebondsincludecovalent
bondsbetweenC,; andC,; , peptidebondsbetweenC ,; and
Ca(is 1), additional constraintsbetweenC,; and C g 1),
andalsobetweenC,; andC ¢ 2) Fig. 1!. Theseadditional
constraintsare introducedto model angularrestrictionsbe-
tweenside chainsandthe backbone.

All permanenbondsarerealizedby in®nitelyhigh poten-
tial well interactionsbetweenthe relatedbeads@#

i H D=2 sl w2 rju D11 syl

otherwise.

HereDj; is thebondlengthbetweerbeads andj, ands;; is
the relative deviation of this bond length. The average
lengths for these bonds can be obtained from statistical
analysis of distanceswithin the Ab;, .0 NMR structures
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FIG. 1. Schematiaiagramof two-beadmodel.Eachaminoacid
in the Ab 4, 4 peptideis representedby two beads:C, beadrepre-
sentsbackboneatomsandC, beadrepresentsidechainatoms(C,
is absentfor glycine. The geometryof the peptideis modeledby
applyingpermanenbondsamongthesebeadscovalentbonds-bold
lined, peptidebonds-dash-dottedined, andadditionalconstraints
~dashedanddottedlined. Interactionshetweersidechainsaremod-
eledby Gé\potentialsbetweenc » beadsandinteractionsbetween
backboneatoms are modeledby hydrogen-bondnteractionsbe-
tweenC, beads.

@3# Table | presentghe averagelengthsand their relative
deviations@9# usedin our model.

2. Interactions betweenC,, beads:G&model

Typically the GR\potentials@,2(#are usedto modelpro-
teins with well-de®nedglobular native states.Side chains
which form contactsin the native state-native contacts ex-
perienceattractiveG&\potential. However Ab,, 40 peptideis
“natively unfolded." NMR studiessuggesthatin hydropho-
bic environmentsthe Abi, 4, peptide assumesmostly
a-helicalconformation@3# Figure2 ~al showsoneof these
NMR structures Therefore,we apply G&\potentialsto pre-
serve this well-de®ned,mostly a-helical structure of the
Ab 15 40 peptide.In our two-beadmodel a native contactis
de®nedwhen two C, beadsare closer than D% 7.5
within the NMR structureof the Ab, 4o peptide All theC,

beadscannot be closer than the hard-coredistance Dﬁé
54.5 . In particular the structure-speci®GA\ potentials
makethe side chainsindexedby i within the a-helix region
of Ab4, 4o peptideattractside chainsi6 2,i6 3, andi6 4.

Figure2-b! showsthe nativecontactmapfor the NMR struc-
ture of Ab45 40 peptideshownin Fig. 2-al.

To study the aggregationwe needto simulate also the
interactionsbetweendifferentpeptides We apply G&\poten-
tials for C, beadsn differentpeptidesdby anassumptiorthat
two amino acidswhich interactwith eachotherin a single
peptidewill interactin the sameway in different peptides.

TABLE I. Permanenbondsin the two-beadmodel.

Bond Bondlength~ ! Deviation %!
C.i-Cyi 1.55 24
Cai-Cagis 1) 3.82 3.1
Cpi-Cagis 1) 4.66 6.5
Cai-Cais 2) 5.65 14.8
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FIG. 2. ~al The NMR structureof Ab, 4o peptide @3# usedto
construct the two-bead model peptide with G& potentials and
hydrogen-bondnteractionsThe pictureis createdwith the program
Molscript @1# -b! The contactmapfor structure-al. Note thatthe
a-helical regionis formedby aminoacids15+36 ~Q15-V34.

Forexample aminoacids16 and19 form a nativecontactin
the NMR structure.Thus,aminoacidsat 16 and 19 of pep-
tide 1 will experienceattractive G&type interaction with
amino acids 19 and 16 of the peptide 2, respectively The
strengthof GA\interactionsis setto unity, €45 1.

3. Interactions betweenC , beads:hydrogenbond

For many globular proteinsit hasbeenobservedhat the
numberof backbonehydrogenbondsfor eachamino acid
doesnot exceedtwo @1# Also, whenevertwo hydrogen
bondsare formedin a particularpeptideblock they are ap-
proximately parallel to eachother In order to incorporate
thesetwo factsin our model we introducetwo criteria for
hydrogen-bondormation: ! thateachC, beadcanform up
to two effective hydrogenbonds,and+i! thatthetwo hydro-
gen bondsformed by the sameCa beadmust be approxi-
mately parallel.

We setthe hydrogen-bondnteractionrangebetweentwo
C, beadsto DHB5 5.0 , and their hard-coredistanceto

D125 4.0 . We use the following procedurein order to
satisfy the criteria for the hydrogen-bondiormation: when
two C, beadsA andB, cometo a distanceD"®, we check
for any existing hydrogen-bongartnersof A andB. If both
beadsA and B haveno existing hydrogenpartnersthey can
form a hydrogenbondautomatically If oneof the beadsfor
exampleA, already has one partner A;, and the distance
betweenthe beadA; andthe beadB is within the rangeof

8.7+10 .e., the angle betweenvectors AM\End ABNE
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FIG. 3. Model of a hydrogenbond. Existing hydrogenbonds
AA,; and BB, are shownin bold lines. When the beadsA and B
cometo a distance5 , a new hydrogenbond ~dottedline! may
form if the distancesA;B and B;A satisfy inequalities 8.7
<A;B<10.0 and 87 <B;A<10.0 . If the bond AB is
formed,the auxiliary bondsA;B andB, A ~dashedined areformed
simultaneously These bonds can "uctuate within the interval
8.7410 andcannotbe brokenunlessbeadsA and B move away
from eachother to a distance5 . If the beadsA and B have
enoughkinetic enegy to leavethe hydrogen-bondattractionwell,
their velocities are changedin orderto conserveenegy and mo-
mentum,and the hydrogenbond AB is destroyedsimultaneously
with theauxiliary bondsA;B andB;A. Thevelocitiesof A; andB;
do not changeat the momentof forming or destroyingof hydrogen
bondAB. Analogouslyif oneof the hydrogenbonds,A,A or B,B,
breaksbeforehydrogenbondAB, the correspondingwuxiliary bond
A;B or B;A alsobreaks.

within the range120E:1808, the beadA canform another
hydrogenbond with beadB providedthat eitherthe beadB
hasno existing hydrogenbondsor its single hydrogen-bond
partner B;, has a distance with bead A in the range
8.7+10 ~seeFig. 3!. If one of beadsA and B or both
alreadyhavetwo hydrogen-bongartnersthe pair will pro-
ceedwith a hard-corecollision without forming a new hy-
drogenbond.Whena new hydrogenbondis formedbetween
beadsA andB, newhydrogen-bongbartnersarerecordedor
thesetwo beads,and whenevera beadgetstwo hydrogen-
bondpartnersanauxiliary bondis formedbetweerthesetwo
partners Every auxiliary bondcan”uctuate within the range
8.7+10 to keep two hydrogenbonds within the angle
120E:180Eand it cannotbe brokenunlessone of the two
hydrogenbondsis broken.A hydrogenbond betweenbeads
A and B can be brokenwhen thesetwo beadsmove away
from eachotherto a distanceof DHB andtheir kinetic ener
giesare higherthan '8, When a hydrogenbondis formed
or broken, the velocities of the beadsA and B changein
order to conserveenegy and momentum,such that their
kinetic enepy increase®r decreasesdy the value €'B. We
setd'®5 3 asit waschoserin Ref. @0#for Src SH3domain.

B. Computed diffraction

For the typical conformationof Ab, 4o peptideaggrega-
tion structure we calculatethe intensityof diffraction pattern
usingthe elasticdiffraction formula @0#in orderto compare
with experimentaresults@6,1 #

I~W.5ld exp@-)2 WIVJI@U 2!

wherel/is the wave vectorof the incidentalx ray, K is the

wavevectorof the outgoingx ray; |V,V is the positionvectorof
jth bead,andthe summationis takenoverall theC, andC,
beadsin the structure.
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We chosex axis perpendiculato the b sheetsandy axis
along the ®brillar axis which is perpendicularto the b
strandsin the b sheets®ig. 7-a# The incomingx ray with
1 wavelengthgoesalongz axis andthe diffraction pattern
is collectedon a x-y planebehindthe aggregatesample The

de"ecting angle, u5 cos Y(KIMk?), rangesfrom 0.05 to

0.25in radiansin orderto detectthe periodicityof 420 in

the aggregatestructure. Since amyloid ®brils consist of

bundlesof b-sheetchainswhich aretwistedalongthey axis,

thereis no preferredorientationin the x-z planein the x-ray

diffraction experiments.We rotate the structure candidate
aroundthe y ®brillai axis n timesby angle2p/n andadd
all thediffractionintensitiesto obtaina ®nalpattern.We take
n5 20 in the presentstudy

Ill. RESULTS FOR A SINGLE PEPTIDE

As aninitial testof our modelpeptide,we performDMD
simulationsof a single peptideto testwhethera peptidewith
randomcoil conformationrecoverghe observedNMR struc-
ture. The model peptide is slowly cooled from T;5 1.00
~temperaturés measuredn units of eG‘&/kB), which is high
enoughto renderthe peptideas a randomcaoil, to different
targettemperature3;5 0.60,0.55 . . .,0.25.Foreachtarget
temperaturave maketen trials startingwith differentinitial
conformations. When T;< 0.40, the segment Q15-V36
adoptsan a helix or two piecesof left-handedand right-
handeda helices.This artifactis observedecauseur sim-
pli®edtwo-beadmodel doesnot distinguishbetweendiffer-
enthandednes#t T,5 0.40,the N terminusadoptsmostly a
randomcoil conformation.As T,, 0.35, the model peptide
startsto approachits groundstatewhich is an a helix with a
single handednesalong the entire peptidechain. Therefore,
as expectedwithin a certain temperaturerange around T
5 0.40during the cooling processthe model peptideadopts
partial a-helical conformationsimilar to the observeconein
NMR experiments.

We alsostudythe equilibrium behaviorof a singlemodel
peptideat differenttemperaturedy measuringthe heatca-
pacity as a function of temperatureAt eachsampledtem-
peraturewe startwith a ground-stateconformationand per
form DMD for 10° simulationtime units to equilibratethe
system followed by additional 10’ time units for the calcu-

lations. The time unit is IOA&nC/e@: wherelg[ 1 s the

unit of lengthandthe massof a carbonatomm; is the unit of

massin the DMD simulations.Figures4-al and 4-b! show
the potentialenegy and heatcapacityasa function of tem-

peraturegfor asinglemodelpeptide respectivelyThe melting

of a helix is noncooperativavhich can be concludedfrom

the broadpeakbetweenTy' 0.35and T, 0.55in the heat
capacitycurve @ig. 4-b'# Ty correspondso the structural
transitionfrom an a helix to a randomcoil for the ®rst14

amino acids starting from the N terminus,while T, corre-
spondsto the melting of the a helix in the segmentQ15-
V36. T, is higherthanTy becausd¢herearemoreattractions
amongthe side chainsin the segmeniQ15-V36.
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FIG. 4. Temperaturelependencef ~a potentialenegy and-b!
heatcapacityfor a singletwo-beadAb, 4, modelpeptidewith G&
potentials and hydrogen-bondinteractions. The calculationsare
basedon the DMD simulationsof 10 time units for eachsampled
temperatureThe units for temperaturepotentialenegy, and heat
capacityare ekg , €% andkg, respectively

IV. RESULTS FOR MULTIPLE PEPTIDES

In the studyof aggregatiorof manyidenticalpeptideswe
perform simulationsof 28 peptidesin a cubic box with the
edgeof 200 and periodic boundaryconditions. Initially,
all the peptidesare placedon a grid and randomlyoriented
@eeFig. 54a# Then we equilibratethe systemat various
temperaturesT{5 0.4,0.5, ..., 1.20.

At temperatureower thanthe meltingtemperaturd ,, of
a single peptide,peptidesin our modelaggregatento amor
phousstructureswhereindividual peptidespreservepart of
their a-helical segmentsasin Fig. 5-bl. Whenthe tempera-
tureis higherthanT,,, peptidesstartto aggregaténto more
orderedstructuresWhenthetemperaturés higherthan1.10,
thereis no stableaggregatethis thresholdtemperaturele-
pendson the peptideconcentratioh At a temperatureange
between0.55 and 1.10, the model peptidescan aggregate
into multilayer b-sheet structures.Figures 6-a and 6-b!
showthe time evolution of the conformationobtainedfrom
DMD simulationat temperatured.90. In Fig. 7-a we illus-
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FIG. 5. DMD simulationof 28 peptidesat temperatured.5: ~al
initially, all peptidesn anoriginal randomlyorientedNMR confor
mationare placedon a grid. -b! An amorphousaggregateobtained
by DMD simulation at this temperatureof 0.5. The numbersof
a-helical and b-sheethydrogenbondsare 166 and 240, respec-
tively. The simulationshowsthat part of the a-helical segmentsare
preservediuring the aggregatiorat this temperature.

tratethe setupof diffraction computatiorandin Fig. 7-b! we
presentthe calculateddiffraction pattern.The relative sharp
andintense4.8 meridional re” ection corresponddo the
periodic packingof b strandsalong the ®bril axis, and the

FIG. 6. DMD simulation of 28 peptidesat temperature0.90.
Initial conformationis the sameas Fig. 5-al. After 500time unitsall
peptides acquire random coil conformation characteristicsfor
T5 0.90 ~data not shown. ~a Intermediateconformationat tem-
perature0.90after 10* DMD simulationtime units. -b! Three-layer
parallel b-sheetstructureformed after 2.53 10° DMD simulation
time units. This b-sheetstructurecontainsfree edgeswhich may
allow for further aggregationof model peptidesalong the y axis,
which is perpendiculato the planeof the ®gure.
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FIG. 7. ~a The setupof diffraction patterncomputationfor the
three-layerb-sheetaggregatdormedby 28 peptidesshownin Fig.
6-b! at a different perspective The scatteringoccursalong z axis
which is perpendicularto the plane of the ®gure.~b! Computed
diffraction patterncollectedon a x-y plane behindthe aggregate.
The patternis averagedover 20 patternsobtainedby successive
rotation of the aggregatearoundy axisby 18 . ~¢! Pair correlation
function for the sameaggregatewhere peaksaround4.8 and
10 correspondo interstrandspacingand intersheetspacing,re-
spectively And the peakaround5.7  is mainly from the correla-
tion betweenneighboringC, beads.

weaker 10  equatorialre ection correspondgo the dis-
tancebetweenb sheetsln Fig. 7-¢! we showthe calculated
pair correlationfunction for the sameb-sheetstructure.The
peaksaround4.8 and10 correspondo the averagen-
terstrandand intersheespacingsyespectively

In order to study the thermostabilityof this three-layer
b-sheetstructure,we slowly increasethe temperaturgo T
5 2.0 which is high enoughto melt the aggregateFigures
8-al and8-h! showthetime evolutionof temperaturandthe
temperaturedependencef potential enegy of the system
during melting and dissociationof the b-sheetstructure re-
spectivelyAstemperaturéncrease$rom 0.90,the aggregate
becomedessstable.At temperaturearoundT5 1.15% 0.05,
aggregatestartsto dissociate At temperaturesigher than
T45 1.206 0.05the dissociationcompletes.

We canassumehat the temperatured.9 at which the ag-
gregationof b sheetis observedcorrespondso physiologi-
cal temperature810 K. At this temperatureur single model
peptideexistsin a randomcoil conformation,which corre-
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FIG. 8. The melting of the three-layerb-sheetstructureof 28
Ab peptides®@ig. 6~¢'# ~al Timeevolutionof thetemperaturavhen
the three-layerb sheetis warmed up slowly from temperature
0.90£2.00. The dissociationtemperatureis T45 1.206 0.05. The
insetsare the conformationsat different times/temperatures\ote
that the third one showsa completelydissociatecconformationin
threedimensions-b! The temperaturelependencef potentialen-
emgy. The units for time, temperature,and potential enegy are

1,An, /%8 kg, and &8 respectively

spondsto experimentabbservationg@2,23¢tthatin aqueous
solution at physiological temperaturesAbq, 4o peptides
adoptmostly b-sheetand coil conformations.The tempera-
ture of the b-sheetdissociationl.2 corresponddo 413 K.
TemperatureT5 0.40 at which our model peptideacquires
a-helical conformation correspondsto very low physical
temperaturesvhich cannotbe observedexperimentally

V. DISCUSSION AND CONCLUSION

In thetestof our coarse-grainedchodelof Ab 4, 4o peptide,
we ®nd that the model peptide most resembleshe NMR
structureof Abq, 4o peptidearoundT5 0.40. The existence
of an optimal temperatureangefor proteinrefoldingis also
observedn experiments@4#andothercoarse-grainedod-
els @5# Below T5 0.40the N-terminalregionof our model
peptidemostly adoptsan a-helical conformation.However
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in the presentstudy of aggregatiorwe are focusedon tem-
peraturesabove0.40asthe peptidesaregenerallypartially or
completelyunfoldedto initiate the aggregatiorprocess@6#

In studiesof multiple peptideswe demonstrateéhat pep-
tidesaggregaténto amorphousstructures@ig. 5-b!#around
T5 0.50 or multiple-layer b-sheet structures @ig. 6-b!#
around T5 0.90. In the amorphousstructures,individual
peptidestend to preservepart of the a-helical structure,
while in the b-sheetstructureghe b strandstendto be par
allel. Sincethe G&interactionfor an a helix favorsthe for-
mation of contactsbetweenaminoacidsi andi6 3, the ag-
gregateswith a parallel alignment have lower potential
enegies.

There are caveatsdue to the simplicity of the two-bead
modelusedin our study Eachaminoacid is representedby
only two beadswhich do not allow for an accuratedescrip-
tion of the backbone.The backbonein this model is too
“exible, which introducessomeartifactsinto conformations
of aggregatesomposeddf small numberof peptidesat low
temperaturessuchasdimers,trimers,andtetramers.

An additionalproblemis thatthe chiral symmetryof each
amino acid is not consideredn this model.As a result, we
observetwo a helices with opposite handednessAs the
Ab 1, 40 NMR structureconsistsof two a helicesanda hinge
in between thereare four low-enegy stateswith combina-
tions of differenthandedneswithin the regionof a helices
at T5 0.40. The conformationswith mixed handednessp-
pearwith lower probabilitiessincethey havehigherpotential
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enegies due to the loss of native contactsand hydrogen
bondsin betweenthe two a helicesof differenthandedness.
Also, dueto the simplicity of the two-beadmodel,we do
not accountfor speci®cstructuralfeaturesof Abq, 4o pep-
tides,suchasthe saltbridgebetweenD23 andK28 @7# For
the samereasonwe cannotexpectto explainthe differences
in aggregatiorpathwaysbetweenAb, 4o and Ab 5 4, allo-
forms @8# nor study subtle aggregationdifferencesdue to
aminoacid substitutions@%# We showthatthe DMD algo-
rithm using a simpli®ed peptide model can reproducethe
formation of b-sheetstructuresof 28 peptideswith free
edgesfor further ®brillization. Our study showsthat it is
possibleto investigatein detail the aggregationof several
dozensof peptidesusing DMD simulationsand the coarse-
grainedmodelfor peptidestructure Both the numberof pep-
tides and the complexity of the model @0# can be signi®-
cantly increasedwithin realistic computationalconstraints.
Thus,we regardthis studyasa ®rststeptowarddevelopinga
realisticmodelof Ab peptideaggregation.
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