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We study the aggregationof peptidesusing the discretemoleculardynamicssimulations.Speci®cally, at
temperaturesabovethe a -helix melting temperatureof a singlepeptide,the modelpeptidesaggregateinto a
multilayer parallel b -sheetstructure.This structurehas an interstranddistanceof 4.8 … and an intersheet
distanceof 10 …, which agreewith experimentalobservations.Our modelexplainstheseresultsas follows:
hydrogen-bondinteractionsgive riseto theinterstrandspacingin b sheets,while GoÅinteractionsbetweenside
chainsmakeb strandsparallelto eachotherandallow b sheetsto packinto layers.An importantfeatureof our
resultsis that theaggregatescontainfreeedges,which mayallow for furtheraggregationof modelpeptidesto
form elongated®brils.

DOI: 10.1103/PhysRevE.69.041908 PACS number~s!: 87.14.Ee,87.15.By, 87.15.He,87.15.Kg

I. INTRODUCTION

Proteinmisfolding andpolypeptideaggregationarea fo-
cus of interdisciplinarystatisticalphysicsbecauseof their
relevanceto amyloid diseasessuchasAlzheimer's disease,
Parkinson's disease,andHuntington's disease.Even though
polypeptidesrelatedto thesediseasesshareno sequenceor
secondarystructuresimilarity, they can aggregateinto in-
soluble ®brils which sharesomestructural features.These
®brilsaretypically 100 …in diameter, andseveralthousand
angstromsin length@1#. X-ray diffractionstudies@2,3#reveal
the commonstructuralfeaturesfor theseamyloid ®brils:the
presenceof a 4.7±4.8 … interstrandspacingalong the ®bril
axis and a 9±10 … intersheetspacingperpendicularto the
®bril axis @4,5#. Although advanceshavebeenmadetoward
understandingthe structuralcharacteristicsof the ®brilsand
the mechanismof ®bril formation,our knowledgeof the de-
tailed ®brillar structureand mechanismsof amyloid assem-
bly is limited.

Computersimulationstudieswith coarse-grainedpeptide
modelshavebeenhelpful to revealthe generalprinciplesof
folding andaggregation.Recently, latticeMonteCarlosimu-
lationsshowthat an increasedproportionof b sheetsin the
individual peptidespromotesthe formationof misfoldedag-
gregatesin multipeptidesystems@6#. However, lattice mod-
els may not be reliable due to the drastic reductionof the
conformationalspacewhen entropiesor local geometries
play crucial roles in casesinvolving transitionof secondary
structures,such as the aggregationphenomena.Therefore,
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 completeaggregationprocess
from monomersto fully formed®brils,a discretemolecular
dynamics~DMD! algorithm @7,8# hasbeenimplementedto
study protein folding thermodynamicsand protein folding
kinetics@9#. This computationallyfast anddynamicallyreal-
istic simulationtechniquehasalsobeenappliedto studythe
aggregationof a small numberof Src SH3 domainproteins
@10# and the competition of refolding and aggregationof

four-helix bundles @11#. Recently developed off-lattice
Monte Carlo simulations@12#may alsoserveasan alterna-
tive methodologyto lattice Monte Carlo simulations.

Herewe studythe aggregationof a large numberof pep-
tides.We choose40 aminoacid amyloid b peptide@Ab 12 40
@13#, proteindatabank~PDB! @14#accesscode1BA4#which
is associatedwith Alzheimer's disease,to constructmodel
peptides.Our resultsshowthatmodelpeptidescanaggregate
into multilayerb -sheetstructureswith freeedges@15#which
may enablefurther ®brillar elongation.The computeddif-
fraction patternof our simulatedmultilayer b sheetis con-
sistentwith experimentalobservations@16,17#.

II. METHODS

A. Two-beadmodel

1. Geometryof modelpeptide:beadsand permanentbonds

We modeleachaminoacid in theAb 12 40 peptideby two
beadsÐCa beadrepresentingbackboneatomsandCb bead
representingside chain atoms~for glycine, Cb is absent!.
Eachbeadhasan index i indicating the position of amino
acid in the sequencestartingfrom the N terminus.The ge-
ometry of the peptide is modeledby applying permanent
bondsamongthesebeads@18#. Thesebondsincludecovalent
bondsbetweenCa i andCb i , peptidebondsbetweenCa i and
Ca (i 6 1) , additional constraintsbetweenCb i and Ca (i 6 1) ,
andalsobetweenCa i andCa (i 6 2) ~Fig. 1!. Theseadditional
constraintsare introducedto model angularrestrictionsbe-
tweensidechainsandthe backbone.

All permanentbondsarerealizedby in®nitelyhigh poten-
tial well interactionsbetweenthe relatedbeads@8#,

Vi j
bond5 H0, D i j ~12 s i j ! , ur i2 r ju, D i j ~11 s i j !

1 ` otherwise.
~1!

HereD i j is thebondlengthbetweenbeadsi andj, ands i j is
the relative deviation of this bond length. The average
lengths for these bonds can be obtained from statistical
analysis of distanceswithin the Ab 12 40 NMR structures
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@13#. Table I presentsthe averagelengthsand their relative
deviations@19#usedin our model.

2. Interactions betweenCb beads:GoÅmodel

Typically the GoÅpotentials@7,20#areusedto modelpro-
teins with well-de®nedglobular native states.Side chains
which form contactsin the nativestate~nativecontacts! ex-
perienceattractiveGoÅpotential.However, Ab 12 40 peptideis
`̀ nativelyunfolded.'' NMR studiessuggestthat in hydropho-
bic environments the Ab 12 40 peptide assumesmostly
a -helicalconformation@13#. Figure2 ~a! showsoneof these
NMR structures.Therefore,we apply GoÅpotentialsto pre-
serve this well-de®ned,mostly a -helical structure of the
Ab 12 40 peptide.In our two-beadmodel a native contactis
de®nedwhen two Cb beadsare closer than DGoÅ5 7.5 �
within theNMR structureof theAb 12 40 peptide.All theCb

beadscannot be closer than the hard-coredistanceDHC
GoÅ

5 4.5 � . In particular, the structure-speci®cGoÅpotentials
makethe sidechainsindexedby i within the a -helix region
of Ab 12 40 peptideattractside chainsi6 2,i 6 3, and i6 4.
Figure2~b! showsthenativecontactmapfor theNMR struc-
ture of Ab 12 40 peptideshownin Fig. 2~a!.

To study the aggregationwe need to simulatealso the
interactionsbetweendifferentpeptides.We apply GoÅpoten-
tials for Cb beadsin differentpeptidesby anassumptionthat
two amino acidswhich interactwith eachother in a single
peptidewill interact in the sameway in different peptides.

For example,aminoacids16 and19 form a nativecontactin
the NMR structure.Thus,aminoacidsat 16 and19 of pep-
tide 1 will experienceattractive GoÅ-type interaction with
amino acids 19 and 16 of the peptide2, respectively. The
strengthof GoÅinteractionsis set to unity, eGoÅ5 1.

3. Interactions betweenCa beads:hydrogenbond

For manyglobularproteinsit hasbeenobservedthat the
numberof backbonehydrogenbondsfor eachamino acid
does not exceedtwo @21#. Also, whenevertwo hydrogen
bondsare formed in a particularpeptideblock they are ap-
proximately parallel to eachother. In order to incorporate
thesetwo facts in our model we introducetwo criteria for
hydrogen-bondformation:~i! thateachCa beadcanform up
to two effectivehydrogenbonds,and~ii ! that the two hydro-
gen bondsformed by the sameCa beadmust be approxi-
matelyparallel.

We set the hydrogen-bondinteractionrangebetweentwo
Ca beadsto DHB5 5.0 � , and their hard-coredistanceto
DHC

HB5 4.0 � . We use the following procedurein order to
satisfy the criteria for the hydrogen-bondformation: when
two Ca beads,A andB, cometo a distanceDHB, we check
for any existinghydrogen-bondpartnersof A andB. If both
beadsA andB haveno existinghydrogenpartnersthey can
form a hydrogenbondautomatically. If oneof thebeads,for
exampleA, alreadyhas one partner, A1, and the distance
betweenthe beadA1 and the beadB is within the rangeof
8.7±10 � ~i.e., the angle betweenvectorsAAW1 and ABWis

FIG. 1. Schematicdiagramof two-beadmodel.Eachaminoacid
in the Ab 12 40 peptideis representedby two beads:Ca beadrepre-
sentsbackboneatomsandCb beadrepresentssidechainatoms(Cb
is absentfor glycine!. The geometryof the peptideis modeledby
applyingpermanentbondsamongthesebeads:covalentbonds~bold
lines!, peptidebonds~dash-dottedlines!, andadditionalconstraints
~dashedanddottedlines!. Interactionsbetweensidechainsaremod-
eledby GoÅpotentialsbetweenCb beads,andinteractionsbetween
backboneatoms are modeledby hydrogen-bondinteractionsbe-
tweenCa beads.

TABLE I. Permanentbondsin the two-beadmodel.

Bond Bond length~� ! Deviation~%!

Ca i-Cb i 1.55 2.4
Ca i-Ca (i 6 1) 3.82 3.1
Cb i-Ca (i 6 1) 4.66 6.5
Ca i-Ca (i 6 2) 5.65 14.8

FIG. 2. ~a! The NMR structureof Ab 12 40 peptide@13#usedto
construct the two-bead model peptide with GoÅ potentials and
hydrogen-bondinteractions.Thepictureis createdwith theprogram
Molscript @31#. ~b! The contactmapfor structure~a!. Note that the
a -helical regionis formedby aminoacids15±36 ~Q15-V36!.
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within the range120É±180É), the beadA can form another
hydrogenbondwith beadB providedthat either the beadB
hasno existinghydrogenbondsor its singlehydrogen-bond
partner, B1, has a distance with bead A in the range
8.7±10 � ~see Fig. 3!. If one of beadsA and B or both
alreadyhavetwo hydrogen-bondpartners,the pair will pro-
ceedwith a hard-corecollision without forming a new hy-
drogenbond.Whena newhydrogenbondis formedbetween
beadsA andB, newhydrogen-bondpartnersarerecordedfor
thesetwo beads,and whenevera beadgets two hydrogen-
bondpartnersanauxiliary bondis formedbetweenthesetwo
partners.Everyauxiliary bondcan¯uctuatewithin the range
8.7±10 � to keep two hydrogen bonds within the angle
120É±180Éand it cannotbe brokenunlessone of the two
hydrogenbondsis broken.A hydrogenbondbetweenbeads
A and B can be brokenwhen thesetwo beadsmove away
from eachotherto a distanceof DHB andtheir kinetic ener-
giesarehigher thaneHB. Whena hydrogenbond is formed
or broken, the velocities of the beadsA and B changein
order to conserveenergy and momentum,such that their
kinetic energy increasesor decreasesby the valueeHB. We
seteHB5 3 as it waschosenin Ref.@10#for SrcSH3domain.

B. Computed diffraction

For the typical conformationof Ab 12 40 peptideaggrega-
tion structure,we calculatetheintensityof diffractionpattern
usingtheelasticdiffractionformula@10#in orderto compare
with experimentalresults@16,17#.

I~kWf !5 U(
j

exp@i~kWf2 kWi ! • rWj#U2

, ~2!

wherekWi is the wavevectorof the incidentalx ray, kWf is the
wavevectorof theoutgoingx ray, rWj is thepositionvectorof
j th bead,andthesummationis takenoverall theCa andCb
beadsin the structure.

We chosex axis perpendicularto theb sheets,andy axis
along the ®brillar axis which is perpendicularto the b
strandsin the b sheets@Fig. 7~a!#. The incomingx ray with
1 � wavelengthgoesalongz axisandthediffractionpattern
is collectedon a x-y planebehindtheaggregatesample.The
de¯ecting angle, u5 cos2 1(kWf•kWi /k

2), ranges from 0.05 to
0.25in radiansin orderto detecttheperiodicityof 4±20 � in
the aggregatestructure. Since amyloid ®brils consist of
bundlesof b -sheetchainswhich aretwistedalongthey axis,
thereis no preferredorientationin thex-z planein thex-ray
diffraction experiments.We rotate the structurecandidate
aroundthe y ~®brillar! axis n timesby angle2p /n andadd
all thediffractionintensitiesto obtaina ®nalpattern.We take
n5 20 in the presentstudy.

III. RESULTS FOR A SINGLE PEPTIDE

As an initial testof our modelpeptide,we performDMD
simulationsof a singlepeptideto testwhethera peptidewith
randomcoil conformationrecoverstheobservedNMR struc-
ture. The model peptide is slowly cooled from Ti5 1.00
~temperatureis measuredin units of eGoÅ/kB), which is high
enoughto renderthe peptideas a randomcoil, to different
targettemperaturesTt5 0.60,0.55, . . . ,0.25.For eachtarget
temperaturewe maketen trials startingwith different initial
conformations. When Tt< 0.40, the segment Q15-V36
adoptsan a helix or two piecesof left-handedand right-
handeda helices.This artifact is observedbecauseour sim-
pli®edtwo-beadmodeldoesnot distinguishbetweendiffer-
enthandedness.At Tt5 0.40, theN terminusadoptsmostlya
randomcoil conformation.As Tt, 0.35, the model peptide
startsto approachits groundstatewhich is ana helix with a
singlehandednessalongthe entirepeptidechain.Therefore,
as expectedwithin a certain temperaturerange around T
5 0.40 during the cooling processthe modelpeptideadopts
partiala -helicalconformationsimilar to theobservedonein
NMR experiments.

We alsostudytheequilibrium behaviorof a singlemodel
peptideat different temperaturesby measuringthe heatca-
pacity as a function of temperature.At eachsampledtem-
peraturewe startwith a ground-stateconformationandper-
form DMD for 106 simulationtime units to equilibratethe
system,followed by additional107 time units for the calcu-

lations.The time unit is l 0Amc /eGoÅ, wherel 0[ 1 � is the
unit of lengthandthemassof a carbonatommc is theunit of
massin the DMD simulations.Figures4~a! and 4~b! show
the potentialenergy andheatcapacityasa function of tem-
peraturefor a singlemodelpeptide,respectively. Themelting
of a helix is noncooperativewhich can be concludedfrom
the broadpeakbetweenTN' 0.35 andTm' 0.55 in the heat
capacitycurve @Fig. 4~b!#. TN correspondsto the structural
transitionfrom an a helix to a randomcoil for the ®rst14
amino acidsstarting from the N terminus,while Tm corre-
spondsto the melting of the a helix in the segmentQ15-
V36. Tm is higherthanTN becausetherearemoreattractions
amongthe sidechainsin the segmentQ15-V36.

FIG. 3. Model of a hydrogenbond. Existing hydrogenbonds
AA1 and BB1 are shown in bold lines. When the beadsA and B
cometo a distance5 � , a new hydrogenbond ~dotted line! may
form if the distancesA1B and B1A satisfy inequalities 8.7 �
< A1B< 10.0 � and 8.7 � < B1A< 10.0 � . If the bond AB is
formed,theauxiliary bondsA1B andB1A ~dashedlines! areformed
simultaneously. These bonds can ¯uctuate within the interval
8.7±10 � andcannotbe brokenunlessbeadsA andB moveaway
from each other to a distance5 � . If the beadsA and B have
enoughkinetic energy to leavethe hydrogen-bondattractionwell,
their velocitiesare changedin order to conserveenergy and mo-
mentum,and the hydrogenbond AB is destroyedsimultaneously
with theauxiliary bondsA1B andB1A. Thevelocitiesof A1 andB1

do not changeat themomentof forming or destroyingof hydrogen
bondAB. Analogously, if oneof thehydrogenbonds,A1A or B1B,
breaksbeforehydrogenbondAB, thecorrespondingauxiliary bond
A1B or B1A alsobreaks.
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IV. RESULTS FOR MULTIPLE PEPTIDES

In thestudyof aggregationof manyidenticalpeptides,we
perform simulationsof 28 peptidesin a cubic box with the
edgeof 200 � and periodic boundaryconditions.Initially,
all the peptidesareplacedon a grid and randomlyoriented
@seeFig. 5~a!#. Then we equilibrate the systemat various
temperatures:T f5 0.4, 0.5, . . . , 1.20.

At temperatureslower thanthemeltingtemperatureTm of
a singlepeptide,peptidesin our modelaggregateinto amor-
phousstructureswhereindividual peptidespreservepart of
their a -helical segmentsas in Fig. 5~b!. Whenthe tempera-
ture is higherthanTm , peptidesstartto aggregateinto more
orderedstructures.Whenthetemperatureis higherthan1.10,
there is no stableaggregate~this thresholdtemperaturede-
pendson the peptideconcentration!. At a temperaturerange
between0.55 and 1.10, the model peptidescan aggregate
into multilayer b -sheet structures.Figures 6~a! and 6~b!
show the time evolutionof the conformationobtainedfrom
DMD simulationat temperature0.90. In Fig. 7~a! we illus-

tratethesetupof diffractioncomputationandin Fig. 7~b! we
presentthe calculateddiffraction pattern.The relativesharp
and intense4.8 � meridional re¯ection correspondsto the
periodic packingof b strandsalong the ®bril axis, and the

FIG. 4. Temperaturedependenceof ~a! potentialenergy and~b!
heatcapacityfor a singletwo-beadAb 12 40 modelpeptidewith GoÅ
potentials and hydrogen-bondinteractions.The calculationsare
basedon the DMD simulationsof 107 time units for eachsampled
temperature.The units for temperature,potentialenergy, and heat
capacityareeGoÅ/kB , eGoÅ, andkB , respectively.

FIG. 5. DMD simulationof 28 peptidesat temperature0.5: ~a!
initially, all peptidesin anoriginal randomlyorientedNMR confor-
mationareplacedon 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. Thesimulationshowsthatpartof thea -helicalsegmentsare
preservedduring the aggregationat this temperature.

FIG. 6. DMD simulation of 28 peptidesat temperature0.90.
Initial conformationis thesameas Fig. 5~a!. After 500time unitsall
peptides acquire random coil conformation characteristicsfor
T5 0.90 ~data not shown!. ~a! Intermediateconformationat tem-
perature0.90after104 DMD simulationtime units.~b! Three-layer
parallel b -sheetstructureformed after 2.53 105 DMD simulation
time units. This b -sheetstructurecontainsfree edgeswhich may
allow for further aggregationof model peptidesalong the y axis,
which is perpendicularto the planeof the ®gure.
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weaker 10 � equatorial re¯ection correspondsto the dis-
tancebetweenb sheets.In Fig. 7~c! we showthe calculated
pair correlationfunction for the sameb-sheetstructure.The
peaksaround4.8 � and10 � correspondto the averagein-
terstrandandintersheetspacings,respectively.

In order to study the thermostabilityof this three-layer
b -sheetstructure,we slowly increasethe temperatureto T
5 2.0 which is high enoughto melt the aggregate.Figures
8~a! and8~b! showthetime evolutionof temperatureandthe
temperaturedependenceof potential energy of the system
during melting anddissociationof the b -sheetstructure,re-
spectively. As temperatureincreasesfrom 0.90,theaggregate
becomeslessstable.At temperaturearoundT5 1.156 0.05,
aggregatestarts to dissociate.At temperatureshigher than
Td5 1.206 0.05 the dissociationcompletes.

We canassumethat the temperature0.9 at which the ag-
gregationof b sheetis observedcorrespondsto physiologi-
cal temperature310 K. At this temperatureour singlemodel
peptideexists in a randomcoil conformation,which corre-

spondsto experimentalobservations@22,23#that in aqueous
solution at physiological temperaturesAb 12 40 peptides
adoptmostly b -sheetandcoil conformations.The tempera-
ture of the b -sheetdissociation1.2 correspondsto 413 K.
TemperatureT5 0.40 at which our model peptideacquires
a -helical conformation correspondsto very low physical
temperatureswhich cannotbe observedexperimentally.

V. DISCUSSION AND CONCLUSION

In thetestof ourcoarse-grainedmodelof Ab 12 40 peptide,
we ®nd that the model peptidemost resemblesthe NMR
structureof Ab 12 40 peptidearoundT5 0.40. The existence
of an optimal temperaturerangefor proteinrefolding is also
observedin experiments@24#andothercoarse-grainedmod-
els @25#. Below T5 0.40 the N-terminalregionof our model
peptidemostly adoptsan a -helical conformation.However,

FIG. 7. ~a! The setupof diffraction patterncomputationfor the
three-layerb -sheetaggregateformedby 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 planebehind the aggregate.
The pattern is averagedover 20 patternsobtainedby successive
rotationof the aggregatearoundy axis by 18� . ~c! Pair correlation
function for the sameaggregate,where peaksaround4.8 � and
10 � correspondto interstrandspacingand intersheetspacing,re-
spectively. And the peakaround5.7 � is mainly from the correla-
tion betweenneighboringCb beads.

FIG. 8. The melting of the three-layerb -sheetstructureof 28
Ab peptides@Fig. 6~c!#. ~a! Timeevolutionof thetemperaturewhen
the three-layerb sheet is warmed up slowly from temperature
0.90±2.00. The dissociationtemperatureis Td5 1.206 0.05. The
insetsare the conformationsat different times/temperatures.Note
that the third one showsa completelydissociatedconformationin
threedimensions.~b! The temperaturedependenceof potentialen-
ergy. The units for time, temperature,and potential energy are

l 0Amc /eGoÅ, eGoÅ/kB , andeGoÅ, respectively.
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in the presentstudy of aggregationwe are focusedon tem-
peraturesabove0.40asthepeptidesaregenerallypartially or
completelyunfoldedto initiate the aggregationprocess@26#.

In studiesof multiple peptides,we demonstratethat pep-
tidesaggregateinto amorphousstructures@Fig. 5~b!# around
T5 0.50 or multiple-layer b -sheet structures @Fig. 6~b!#
around T5 0.90. In the amorphousstructures,individual
peptidestend to preservepart of the a -helical structure,
while in the b -sheetstructuresthe b strandstendto be par-
allel. Sincethe GoÅinteractionfor an a helix favorsthe for-
mationof contactsbetweenaminoacidsi and i6 3, the ag-
gregateswith a parallel alignment have lower potential
energies.

Thereare caveatsdue to the simplicity of the two-bead
modelusedin our study. Eachaminoacid is representedby
only two beads,which do not allow for an accuratedescrip-
tion of the backbone.The backbonein this model is too
¯exible, which introducessomeartifactsinto conformations
of aggregatescomposedof small numberof peptidesat low
temperatures,suchasdimers,trimers,andtetramers.

An additionalproblemis that thechiral symmetryof each
amino acid is not consideredin this model.As a result,we
observetwo a helices with oppositehandedness.As the
Ab 12 40 NMR structureconsistsof two a helicesanda hinge
in between,thereare four low-energy stateswith combina-
tions of differenthandednesswithin the regionof a helices
at T5 0.40. The conformationswith mixed handednessap-
pearwith lower probabilitiessincetheyhavehigherpotential

energies 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 Ab 12 40 pep-
tides,suchasthesaltbridgebetweenD23 andK28 @27#. For
thesamereason,we cannotexpectto explainthedifferences
in aggregationpathwaysbetweenAb 12 40 andAb 12 42 allo-
forms @28#, nor study subtleaggregationdifferencesdue to
aminoacid substitutions@29#. We showthat the DMD algo-
rithm using a simpli®edpeptidemodel can reproducethe
formation of b -sheet structuresof 28 peptideswith free
edgesfor further ®brillization. Our study shows that it is
possibleto investigatein detail the aggregationof several
dozensof peptidesusing DMD simulationsand the coarse-
grainedmodelfor peptidestructure.Both thenumberof pep-
tides and the complexity of the model @30# can be signi®-
cantly increasedwithin realistic computationalconstraints.
Thus,we regardthis studyasa ®rststeptowarddevelopinga
realisticmodelof Ab peptideaggregation.
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