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ABSTRACT:The earlyoligomersof the amyloidA! peptideare
implicated in AlzheimerÕsdisease,but their transient nature
complicatesthe characterizationof their structureand toxicity.
Here,weinvestigatethe stabilityof the minimaltoxicspecies,i.e.,
! -amyloiddimers,in thepresenceof anoscillatingelectricÞeld.We
Þrstusedeeplearning(AlphaFold-multimer)for generatinginitial
modelsof A! 42 dimers.The ßexibilityand secondarystructure
content of the modelsare then analyzedby multiple runs of
moleculardynamics(MD). Structurallystablemodelsaresimilarto
ensemblerepresentativesfrom microsecond-longMD sampling.
Finally,weemploythevalidatedmodelasthestartingstructureof
MD simulationsin the presenceof an externaloscillatingelectric
Þeldand observea fast decayof ! -sheetcontentat high Þeld
strengths.Controlsimulationsusingthehelicaldimerof the42-residueleucinezipperpeptideshowhigherstructuralstabilitythan
theA! 42 dimer.The simulationresultsprovideevidencethat anexternalelectricÞeld(oscillatingat 1 GHz) candisruptamyloid
oligomerswhichshouldbe furtherinvestigatedby experimentswith brainorganoidsin vitroandeventuallyin vivo.
KEYWORDS:AlzheimerÕsdisease,moleculardynamics,electricÞelds,AlphaFold,SAPPHIRE,disorderedproteins,secondarystructure

1. INTRODUCTION

AlzheimerÕsdisease(AD) is the most frequentthreatto the
mentalhealthof the elderly.At the molecularlevel,the self-
assemblyof the amyloid-! peptide(A! ) impairsthe structure
and function of the neurons.The Þnal productsof the
aggregationprocessarethe amyloidplaqueswhichconsistof
Þbrils of the 42-residue(and/or 40-residue)A! peptide.1

Nevertheless,theevidencefor thetoxicityof plaqueshasbeen
put into question,2,3 andthereis substantialevidencefor the
role of early oligomersin the progressionof AD.4! 6 The
minimaloligomersareA! dimers,whicharetransientandcan
aggregateinto stableprotoÞbrils.7 Cellularassaysand in vivo
experimentshave revealedthat A! dimers contribute to
synapsedysfunctionby perturbingglutamatergictransmission,
and disrupt the memoryof learnedbehaviorsin rodents.8,9

Experimentaldataandkineticmodelinghaveshownthat the
transient oligomersof A! 42 are particularlystable and
productivein their conversionto Þbrils,evenin comparison
to other aggregatingpeptides.These qualities make the
oligomersinterestingtherapeutictargetsunder either the
oligomeror Þbril theoriesof A! 42 toxicity.10,11

The pathwaysand kineticsof amyloidogenicpeptidesare
di! cult to monitorat theatomiclevelof detailbyexperimental
means.Moleculardynamics(MD) simulationshaveshedlight
on theearlyaggregatesdespitetheapproximationsinherentto
theforceÞeldsandtheshorttimescalesaccessiblebyatomistic
models.12! 14 The mostpopulatedconformationsof the A! 42
homodimerhave been recently predictedby the use of

atomisticMD simulations.15 First,anequilibratedstructureof
the monomer was sampledby microsecond-rangeMD
simulations,after which two representativestructuresof the
monomerwerechosenfor simulationsof the dimericsystem.
An initial 1 " s simulationwasperformed,from which Þve
subsequent1 " s simulationswererandomlyrestartedfor a
totalof 6 " s sampling.Thisanalysishasshownthepropensity
of the A! 42 dimersto form ! -strandhairpinsin solution.15

Other groupshaveuseddi" erent techniquesto predict the
ensembleof conformationsof the dimer. One of such
approachesis the useof blockwiseexcursionsampling,which
has yieldeddimers with a secondarystructurecontent in
agreementwith circulardichroism(CD) experimentaldata.16

Furthermorethedimerswereshownto consistmostlyof turns
and coils, with no highly populatedclustercontainingthe
hairpins,thoughpropensityof ! -strandswasobservedto be
high in the C-terminal regions.Nonetheless,previous
experimentalresultssupportedby MD simulationsexplored
the importanceof ! -sheet-basedplanar dimers for the
formationof stableÞbrils.17 An importantfactorto consider
in thesimulationof intrinsicallydisorderedproteins(IDPs) is
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the choiceof force Þeld used.18 The simulationresultsof
DehabadiandFirouziprovideevidencethatCHARMM36m19

is an appropriateforce Þeld for the simulationof A! 42
dimers.16

Deeplearning(DL) hasmadea signiÞcantimpacton the
Þeldof proteinstructurepredictionby utilizingadvancements
in languagemodelsto modelthesequence! structurerelation-
ship. The remarkableprecisionof AlphaFold20,21 and the
availabilityof its sourcecodehaverevolutionizedcomputa-
tional and structuralbiology.Althoughinitially designedfor
monomericstructures,AlphaFoldintrinsicallydemonstrateda
notablecapacityfor predictingprotein complexesthrough
input manipulation,suchas addinga linker to the protein.
Whiletheseinput-adaptedversionsoutperformpreviousstate-
of-the-artmethods,the recentlyintroducedretrainedAlpha-
Fold-Multimersystemfurther improvesinterfacepredictions
to 58% in a recent benchmark.22 However,AlphaFoldis
limitedin its abilityto predictstructuresfor polypeptidesthat
do not conformto the one-sequence/one-foldrule,especially
relevantfor disorderedproteins.The implicationsof IDP
prediction using DL tools have been reviewed.23,24 More
understandingis neededon the relationshipbetweenthe
conÞdencemetricsgeneratedbytheDL toolsandthedynamic
behaviorof the predictedstructures.Recentresearchhas
shownthatthepredictedalignmenterror21 iscorrelatedto the
dynamicsof theproteinin MD simulationsandtheroot-mean-
squareßuctuation(RMSF) is relatedto the predictedlocal
distancedi" erencetest.25,26 Anotherrecentpreprintshowed
that the inter-residuedistancespredictedby AlphaFoldfor
disorderedproteinscanbeusedasaprior to constructaccurate
structuralensembleswith MD simulations.27

External(oscillating)electricÞeldscanbeemployedin MD
simulationsto studytheir e" ecton biomolecules.28 Todorova
et al. found that electricÞeldshavea strength-dependent
inßuenceon the secondarystructure and dynamicsof
amyloidogenicpeptides.29 Further studiesinvestigatedthe
e" ectsof varyingfrequencieson aggregationpropensity,with a
1 GHz Þeldat a low strength(around10 mV/nm) trapping
the peptide in a speciÞcconformation.Meanwhile,higher
strengths,of 700mV/nm but alreadyat 70mV/nm,showeda
breakupof the hairpin conformation.30 Simulationsof the
A! 40 peptideundera staticelectricÞeldshoweda transition
from #-helicalto ! -strandedstructure.31 Short A! 42 Þbrils
(pentamers)showeda partialdegradationof theÞrst! -strand
segmentdueto thedisruptionof theirchargedN-termini.32 A
thoroughreviewon the simulationsof biomoleculesunder
electricÞeldshasbeenpublishedrecently.33

A veryrecentstudyhasinvestigatedthe e" ectsof oriented
externalelectricÞeldson the aggregationof oligomersof a 7-
residuesegmentof the ! -amyloidpeptide.34 Theauthorsused
the A! 42 heptapeptidesegmentK16LVFFAE22 which
aggregatesinto plaquesfasterthan the full sequence.Ten
peptidesin a simulationbox wereallowedto aggregatefor
500! 1000 ns. Afterward,both staticand oscillatingelectric
Þeldswereappliedto studythe degradationof the peptide
aggregation.TheoscillatingÞeldwasappliedatahighstrength
of 200mV/nm, with frequenciesof both 0.1 and1 GHz. In
both cases,a thoroughdisaggregationwasobserved.Upon
removalof the electricÞeld,the peptidesdid not aggregate
back. The authors therefore concludedthat microwave
radiationcan revertamyloidaggregationin a nonreversible
manner.

Figure1. (a) Modelstructuresof theA! 42dimerpredictedby AlphaFold-Multimer(AF-M) with 3 recyclingstepsandColabFold(CF) with 50
recyclingsteps.(b) Predictedlocaldistancedi" erencetest(pLDDT)26 scorefor the C# atoms.A highervalueindicateshigherconÞdence.(c)
Matricesof predictedalignederror(PAE).In eachmatrix,theintrachainconÞdenceisshownin thetop-leftandbottom-rightquadrantswhilethe
interchain,i.e.,dimericinterface,conÞdenceis shownin the top-rightandbottom-leftquadrants.Low PAEvaluesindicatehighconÞdence.
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Here,we set out to studythe stabilityof the minimal! -
amyloidtoxicspeciesin thepresenceof anexternaloscillating
electricÞeldin the middleof the microwaverange.We Þrst
apply deep learning(DL) tools (AlphaFold-Multimerand
ColabFold)to predictmodel structuresof the A! 42 dimer
which is the smallesttoxic oligomer.We then use MD
simulationsto analyzetheßexibilityof thepredictedstructures.
The top modelsarestructurallystablein 50-nsMD runsand
compareto highly populatedclustersof " s scale MD
simulations(published by others15). Next, we use the
highest-conÞdencepredictionto testthee" ectof anoscillating
electricÞeldon the behaviorof the A! peptidedimer.The
100! 300 ns simulationsreveal a Þeld-strength-dependent
decayof the ! -sheetcontent.Control simulationsusingthe
HY5 leucinezipper of Arabidopsisthalianashow a slower
degradationand only upon applicationof the strongest
externalelectricÞeld.

2. RESULTSAND DISCUSSION

Wepredictedthestructureof theA! 42 dimerusingtwo deep
learningtools,AlphaFold-Multimerand ColabFold.We Þrst
analyzethe50-nsruns(abbreviatedasns-MDin thefollowing)
for quantifyingthe ßexibilityof the structurespredictedby
deeplearning.Wethencomparethepredictedstructureswith
the publiclyavailablemicrosecondsampling15 whichwe call
" s-MD in the following.Finally,we analyzethe kineticsof
secondarystructuredecayunderthe inßuenceof an external
electricÞeld(EF-MD simulationsof 100! 300ns).

2.1. Prediction of Dimeric A! 42 by Deep Learning

The top-rankingAlphaFold-Multimer(AF-M) andColabFold
(CF) modelswerechosenfor furtheranalysis(Figure1). Both
structureshavea similar fold, althoughthe AF-M is more
planar,while the CF predictionresemblespart of a ! barrel
(Figure 1a). The overall conÞdence,as measuredby the

predictedlocal distancedi" erencetest (pLDDT) score,26 is
relativelylow for both predictedstructures(Figure1b). The
low scoresarebelowthe pLDDT thresholdof 70, which is
reportedby the authorsof the DL tool as thresholdfor a
ÒgenerallycorrectÓbackboneprediction.20 This is not
surprisinggiventhe A! 42 peptidehasa disorderednature,
somethingfor whichthe DL tool is not trained.The scoreis
statedto estimatethe local agreementto an experimentally
solvedstructure;therefore,a low scorecan be seenas a
conformationallyÒdiverseÓregionof the prediction.The low
scoreiscongruentwith thedescriptionof A! 42asanensemble
of structures.Furthermore,the pLDDT dependson the
informationgiven by the depth of the multiple sequence
alignment(MSA) usedto Þndcoevolutionaryinformationon
thesequence.35 Only81homologoussequenceswerefoundby
MMseq2andfor theMSAof A! 42and131uniquesequences
with jackhammer.This meansthe MSA is shallowin both
cases,whichcanlower the conÞdenceof the model.21 Both
predictionsyielded ! hairpins as observedin previous
simulationstudies.12 The two ! hairpinsform an antiparallel
4-stranded! -sheetin boththeAF-MandCFmodels.TheAF-
M predictionhasa slightlyhigherconÞdenceoverall.This is
probablybecausethe strandsare continuouson the AF-M
structure,whiletheyareinterruptedin the middlein the CF
model.Thesearrangementsaresimilar,but not identical,to a
"dimericbase" arrangementwhichhasbeenproposedasthe
only seedfor toxic A! 42 oligomers.17 Interestingly,the 7-
residuestretchK16LVFFAE22 of the A! 42 peptidewhichwas
studiedby Kalita et al. is predictedas ! strand in both
structures.

The predictedalignederror (PAE) is a matrix whose
elementsreßectthe conÞdenceof the modelat the levelof
individualpairsof residues.It illustratesthemodelconÞdence
in the contactsinsidea domain(diagonalquadrantsof the
plot) and in the interactionbetweendomains(o" -diagonal

Figure2. Dynamicbehaviorof theAlphaFold-Multimermodel(AF-M) andtheColabFold(CF) model.(Top) SequenceproÞleof theRMSFof
thenonhydrogenatomsalongtheeightns-MDruns(green,AF-M;blue,CF).ThereversepLDDT normalizedto theRMSFisalsoshown(black).
The Pearsoncorrelationcoe! cient (PCC) is shownasinset.(Bottom) Time seriesof RMSDfrom the modelstructure.Residues1! 5 were
ignoredastheyshowlargeßuctuationsfor both models.
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quadrants).22 The conÞdenceon the intrachainstructureis
slightlyhigherthanthedimericinterface(Figure1c). TheAF-
M andCF modelstructuresshowsimilarconÞdencefor the! -
strandregionsof eachchainand for the interchaincontacts.
ThePAEfor theN terminalsegmentsof bothchainsis higher
with respectto otherresidues,meaningtheir localizationis of
low conÞdence,i.e.,random.This canbe explainedby their
largeßexibility.

Thedynamicbehaviorwasexploredthroughtheroot-mean-
squareßuctuation(RMSF) and root-mean-squaredeviation
(RMSD) of the ns-MDsimulationsstartedfrom eachmodel
(Figure2). Mostof theßuctuationsareseenin theN terminal
segment,sotheRMSDwascalculatedonlyon residues6 to 42
to avoidexcessivenoise.TheCF modelshowsa lowerRMSD

thanthe AF-M onein the eightns-MDtrajectories,denoting
higherstabilityof the predictedconformation.Consistently,
the CF modelstructurehaslowerßuctuationsalongthe ns-
MD. Thehigherrigiditymightoriginatefromthe! -barrel-like
structure,whichkeepsthe ßexibleloopsin placemoreÞrmly
thanthe ßatarrangementof the AF-M model.The predicted
conÞdence(pLDDT) anticorrelateswith the backbone
ßexibility as shown by the sequenceproÞlesof the
renormalizedpLDDT (i.e., reversenormalizedpLDDT, see
theMethodssection)andtheRMSF(Figure2, top). A similar
anticorrelationin the sequenceproÞlesof the pLDDT and
RMSFhasbeenreportedfor globularproteins.25

To furthervalidatetheDL predictionswecomparedthemto
the equilibriumsamplingof A! 42 dimersreportedby others.

Figure3. SAPPHIREplot of the" s-MD(6) samplingof theA! 42dimer15 andthens-MDsimulationsof thepredictedmodels.(Top) Geometric
annotation:SequenceproÞleof secondarystructure.(Middle) Geometricannotations:C# RMSDfrom the CF (blue) andthe AF-M (green)
structures;numberof interchaincontactswith a distancelowerthan5 • (blackline, red referencelinesat 25 and50 contacts,respectively);
numberof ! -strandresidues(blackline,redreferencelinesat10and20residues).(Bottom)Temporalannotation(dots) illustratesthepositionof
eachframeof thetrajectoryalongtheprogressindex.Thecolorsof thedotsreßectthesixindependentrunsfromthe" s-MDandthe16runsof the
ns-MD whichareseparatedfrom the " s-MD by a thin blackline. The cut-basedfreeenergyproÞleillustratesthe transitionsbetweenstates
(black).36 Theinsetsshowthecentroidstructurefromeachbasin,theN terminalresidueismarkedbyasphere.Thepositionof thecentroidsalong
theprogressindexismarkedby aredstar.Thepercentagesshowtherelativeweightof eachfreeenergybasin.Basinsaredelimitedby redvertical
lines.
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Fataftaet al. havegenerateda total samplingof 6 " s of the
A! 42 dimer in explicit solvent,and thesedataare publicly
available.We refer to this samplingas " s-MD. We usethe
SAPPHIREanalysisto comparethe DL-predictedstructures
andthe" s-MDsampling(Figure3). The SAPPHIREanalysis
is anautomaticandunsupervisedtool for determiningthefree
energybasinsof acomplexsystemandquantifyingthenumber
of transitionsbetweenthem.36,37 It alsoprovidesa fully data-
drivenclusteringof thephasespace.38 Brießy,theSAPPHIRE
analysisconsistsof a reorderingof the trajectorysnapshots
basedon geometricsimilarity(calledprogressindex)with the
assumptionthat structuralsimilaritycorrespondsto kinetic
proximity.Here,we employinterchainC# distancesfor the
reorderingof thesnapshots.Thecut function(blacksolidline
in thebottompartof Figure3) isanapproximationto thefree
energyproÞle,whichis veryusefulfor identifyingthe barriers
betweenbasins.

The central basin (20% weight, progressindex value
between14,500and21,000)is populatedmainlyby the Þfth
" s-MD run and is visited also by the other " s-MD runs.
Importantly,the ns-MD sampling(startedfrom the AF-M
model) is almostfully includedin the centralbasinwhich
consistsmainlyof conformerswithantiparallelarrangementsof
the interchaincontacts.The remainingfree energybasins
includeconformationswith asubstantialamountof ! -stranded
secondarystructurebut,unliketheDL models,the interchain
contactshavea parallelarrangement.

The geometricannotationshowsthat the snapshotson the
right of the centralbasinhavegenerallylessthan10 contact
pairsbetweenthe chains,while to the left, the numberof
contactsoscillatesbetween10and20.Thecontentof ! -strand
residuesis slightly larger in the centralbasin than in the
remainingsampling.Thesmallbasinon theextremeright,with
progressindex around32000,correspondsto the unbound
chains,asshownby thelowernumberof contactpairs.TheC#
RMSD of the DL models from the " s-MD simulation
snapshotsrangesbetween5 and 10 • in the centralbasin,
whichtogetherwith the locationof the ns-MDframesin this

basin,showthat theDL predictionsresemblestatesvisitedby
the " s-MD simulations.

Aseachof thetwo DL modelshasanidenticalstructurefor
the two chains,we alsousedthe SAPPHIREanalysisandits
associatedplot to comparethe DL modelsand the " s-MD
samplingat the single-chainlevel.For this, we extractedthe
coordinatesof eachchainseparatelyand then concatenated
them, treatingthe concatenatedsamplingas a single12 " s
trajectoryof an A! 42 monomer(FigureS1). The two DL
modelsaresimilarto therepresentativesof themostpopulated
free energy basin of the " s-MD samplingwhich are
characterizedby a ! -hairpinconformation.Theseresultsare
consistentwith theanalysisat thedimerlevel(Figure3). Thus,
the comparativeanalysisof the DL-predictedstructureswith
the ns-MD and " s-MD simulationsprovidesevidencethat
both DL structuresaregoodcandidatesasstartingpointsfor
MD simulationsin the presenceof anexternalelectricÞeld.

Finally,we soughtto validateour ns-MDsimulationswith
experimentaldata. Circular dichroism(CD) spectrawere
predicted39 for the framesof the AF-M ns-MD and " s-MD
from severalbasinsof the SAPPHIREplot (FiguresS2 and
S3). They werethen comparedto experimentalCD spectra
fromtheliterature(FigureS4). A caveatfor thiscomparisonis
that the predicted spectraare generatedfor individual
structures,while CD measuresthe ensembleof protein in
thesamplebeinganalyzed.TheCD spectrapredictedfromthe
ns-MDrunssuggestamixtureof disorderedloopsand! -strand
content which is consistentwith the experimentalspectra
acquiredfor A! 42at concentrationsof 2540,41 and50" M42 at
earlytime points.This correspondsto the oligomericstateof
the amyloidsat the beginningof the measurements,before
theystartaggregatinginto Þbrils.Therefore,the predictedns-
MD CD spectrahelpvalidatetheseconformationsassimilarto
thoseof experimentalA! 42 oligomers.

2.2. E! ect of Electric Field on A! 42

The top structurepredictedby AF-M waschosenasstarting
conformationbecauseit presenteda higher conÞdence

Figure4. Decayof the ! -strandcontent.(a! c) Two-exponentialfunction(black)wasÞttedto theaverage! -strandsecondarystructurecontent
(coloredlines).The individualvaluesfor eachof the 16 trajectoriesarealsoshown(coloreddots).(d) At the highestÞeldstrength,a single-
exponentialfunctioncanbeemployedto Þt the decay.

ACSPhysicalChemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00021
ACSPhys.ChemAu XXXX,XXX,XXX! XXX

E



(pLDDT) than the bestCF model.The residues1! 5 were
neglectedastheyshowveryhighßuctuations(Figure2) and
they are disorderedin the Þbrillar structuresof A! 42
determinedby solid-stateNMR spectroscopy.43,44 A total of
16 independentMD runs,whichwecallEF-MD,werestarted
underthe inßuenceof an oscillatingelectricÞeldof di" erent
strengths(0, 10,100,and200mV/nm) with a frequencyof 1
GHz.Eachof the 16 copiesof the four systemswasinitially
simulatedfor 100 ns.Somesystemswereextendedto better
di" erentiate the behavior betweendi" erent simulation
parameters.

Wefocustheanalysison the! -strandcontentastheÞbrillar
structuresof A! consistof ! sheets.45,46 Moreover,#-helical
structure was observedin the EF-MD simulationsonly
transientlyfor shortperiodsof time (FiguresS5! S8). There
is asigniÞcantdecayof the! -strandcontentin all simulations,
andtherateof decaycorrelateswith theÞeldstrength(Figure
4). Furthermore,after an initial fast decay,the rate of the
slowerphasedependson the Þeldstrength.The initial fast
decaytakesplacein theÞrst5 to 10nsof simulation,wherethe
! -strandcontentdropsfrom50 to around35 residues.The ! -
strandcontentin theinitialphaseof decayissimilarto theone
observedin the centralfreeenergybasinof the SAPPHIRE
plot (Figure 3). An analysisof the numberof intra- and
intermolecularhydrogenbonds in the dimer suggestsa
possibleexplanationfor the disruption of the secondary
structurecausedby the electricÞeld(FiguresS5! S8). The
polargroupsof thesolute,e.g.,backboneNH andCO, havea
Þxeddipolemomentin theclassical(i.e.,nonpolarizable)force
Þeld.Thus, they can respondto the changein the external
electricÞeldonlyby reorientingthemselves.47 The A! (6! 42)
peptidedimercannotrapidlyrotateto adjustto the changing
directionof the Þeld,while the watermoleculescan rotate
rapidlyin the sub-nanosecondtime scale.As the strengthof
the Þeld increases,the hydrogenbondsbetween! -strands
breakandthereisanincreasein thenumberof peptide! water
hydrogenbonds.

Figure5 showsrepresentativesnapshotsfrom the EF-MD
simulationsat di" erent strengthsof the electricÞeld.The
cartoonrepresentationhelpsto visualizetherapiddegradation

of secondarystructureand the correlationbetweenrate of
decayand Þeld strength(see also SupportingInformation,
Movies S1! S4). There is a gradualdeteriorationof the
intrachain and interchain ! -strand structure at all Þeld
strengths.Short, mainly one-turn, #-helical segmentsare
observedsporadically(Figure 5). Furthermore,there is a
monotonousdecreaseof symmetryfrom the initial AF-M
modelstructurein whichthetwopeptidechainshaveidentical
structures.

The decayin the mean! -strandcontentcanbeÞttedby a
two-phasemodelup to a Þeldstrengthof 100mV/nm (black
line Figure4). As mentionedabove,there is a fast lossof
secondarystructureto a levelof around70%(35 residues),
followedbyaslowerdecay.Thefastdecaychannelreßectsthe
relaxationof the initial structure.The slowchannelcaptures
thevoltage-dependentdegradationof ! -strandcontent.Forthe
EF-MDwithnoexternalÞeld,themeanlifetimeisverylargeat
around3 " s. A weakÞeldof 10 mV/nm resultsin a shorter
lifetimeof 1.7 " s while a Þeldof 100 mV/nm shortensthe
lifetimeto about0.4" s.A largevariabilityis observedfor the
16 independentEF-MD runs at eachof the Þeldstrength
values.At Þeldstrengthsof 0 and 10 mV/nm the ! -strand
contentrangesbetween40 and 80%after0.3 " s. At a Þeld
strengthof 100mV/nm, thereis a 20! 60%rangeof ! -strand
contentafter0.2 " s. In contrast,at the highestÞeldstrength
(200 mV/nm), the extremelyfastdecaycanbemodeledby a
single exponentialand a lifetime of 0.014 " s. The
preexponentialfactor is close to one which supportsthe
choiceof the single-exponentialmodelat the Þeldstrengthof
200mV/nm. Overall,the simulationresultsprovideevidence
for a substantialloss of ! -strandcontent in dimeric A! 42
within a 1 " s timescalefor 1 GHz alternatingelectricÞeldof
strengthhigherthan10 mV/nm.

2.3. Control Simulations with a Helical Dimer

Wethenaskedthequestionif adimericsystemwithadi" erent
secondarystructure shows similar kinetics of structural
disruption.To answerthis questionwe havesimulatedthe
HY5 leucinezipperfrom a transcriptionfactorof A. thaliana
(PDB ID: 2OQQ) whichhasan #-helicaldimerictopology.
Thispeptidesegmentwaschosenasit hasthesamenumberof

Figure5. Snapshotsfrom singleEF-MDsimulationsshowingthe decayof secondarystructurealongtime (x-axis)for di" erentstrengthsof the
externalelectricÞeld(y-axis).ThetwoA! 42peptidesareshownbydi" erentcolors(blueandred).TheN-terminiaremarkedbyspheres.Thefast
degradationis exempliÞedby the snapshotof the 200mV/nm EF-MDtrajectoryat 50 ns,whereno ! -strandsarevisible.
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residuesof the(nontruncated)A! 42.ExternalelectricÞeldsat
100 or 200 mV/nm and an oscillationfrequencyof 1 GHz
wereemployedin thesecontrolsimulations.Theleucinezipper
showedno degradationat a Þeldstrengthof 100 mV/nm
during the 200 ns of simulationfor any of the independent
runs.At 200mV/nm,degradationof the#-helicesis observed
but it is signiÞcantlyslowerthanfor theA! dimer(Figure6).
Thenumberof intra-andintermolecularhydrogenbondsdoes
not decreasein the simulationsat 0 and100mV/nm electric
Þelds(FiguresS9andS10). At the Þeldstrengthof 200mV/
nm, thereis a replacementof the intrasolutehydrogenbonds
with solute! solvent hydrogenbonds (Figure S11). It is
importantto note that the leucinezipperis a foldedpeptide
which is stable enough to crystallize,while A! 42 is an
intrinsicallydisorderedpeptide.Furtherstudiesusingpeptides
and proteins of di" erent topologies,disordered/globular,
mixed! -sheet,and#-helix,couldshedlight on the behavior
of di" erentproteinsunderexternalelectricÞelds.

3. CONCLUSIONS

Thereis substantialexperimentalevidencefor thetoxicroleof
the earlyoligomersin amyloid-likediseases.4,5 The smallest
toxic speciesof the AlzheimerÕsdisease-relatedA! peptideis
the dimer.7 ! -SheetcontainingA! 42 hasbeenshownto be
essentialfor neurotoxicoligomeraggregation.Disruptingthe
! -strandcontentin A! 42oligomersis of clinicalinterest.9,17 A
largenumberof antibodiesandsmallmoleculeinhibitorsof A!
oligomerizationand/or amyloidÞbril formationhavefailedin
clinicaltrialsin thepastdecade.CanelectricÞeldsbeapplied
to breakdowntoxicaggregates?AreMD simulationsadequate
for investigatingthe stabilityof the early oligomersin the
presenceof anoscillating(or static)electricor electromagnetic
Þeld?

As MD simulationsrequirestartingconformation(s),one
challengeis that monomericA! is an IDP and very little is
knownon the conformationspopulatedby the dimer.Recent
advancesin deeplearninghaveallowedtherapidgenerationof
structuralmodelsfor globularproteins.20,21 Thesepredictions
mustbetakencarefullyparticularlyfor IDPs,astheDL neural
networkshavebeentrainedon structuredproteins.23,24 In the
presentstudy,thepowerof DL toolswasexploitedto generate
predictionsfor the structureof A! 42 dimers.We haveÞrst
comparedthe predictedstructuresof the dimers against
previous " s-MD simulations.The DL predictionsare

congruentwith the samplingobtainedby " s-MD simulations
as they are closeto highly populatedconformationsof the
dimer.Validationwith thens-MDsimulationsshowsthatboth
predictedstructuresof the A! 42 dimerhavea highstructural
stability particularlyat the segment6! 42. Comparisonto
experimentalresultsrevealsa secondarystructurecontentthat
is similar to that observedin ensemblemeasurementsby
circulardichroism.TheseÞndingsgiveus conÞdenceon the
useof aDL-generatedmodelastheinitialstructurefor ourEF-
MD simulations.

Then,to try to answerthe questionsposedabove,wehave
performedMD simulationsin the presenceof an external
oscillatingÞeldusingtheDL modelwith thehighestprediction
conÞdenceasstartingstructure.Wehavefocusedthe analysis
of theMD trajectoriesonthee" ectof electricÞeldsof di" erent
strengthson the secondarystructure content of the
homodimer.The simulationsprovideevidencefor a direct
relationshipbetweenthe strengthof the Þeldandthe rateof
decayof the ! -strandcontent.

Previousstudieshaveshown that the applicationof an
externalelectricÞeldwouldpreventthe formationof hairpin
structureof theapoC-II(60! 70) peptide.30 Furthermore,in a
simulationstudy of oligomersof the heptapeptidesegment
A! (16! 22) degradationof the secondarystructurecontent
wasobserveduponapplicationof oscillatingelectricÞelds(of
strengths100 mV/nm at 0.1 GHz and 200 mV/nm at 1
GHz).34 There are major di" erencesbetweenthe work by
Kalitaet al.34 andourstudy.First,theysimulatedthe7-residue
segmentA! (16! 22) whileweinvestigatethesegment6! 42of
A! (residues1! 5 aredisorderedin severalÞbrillarstructures).
Shorterzwitterionicpeptideshaveahighersusceptibilityto the
externalelectricÞeldthana longerpeptidicchainwhichisalso
moresimilarto the biologicalspecies.Second,wefocusedon
the minimaltoxic species,i.e.,the dimer,while the previous
study used 10 copiesof A! (16! 22) which can form a
protoÞlament.Third, we useda startingconformationof the
dimergeneratedbyDL whileKalitaet al.startedfromrandom
positionsand orientationsof the peptides.Fourth,Kalita et
al.34 investigatedmainly the geometricpropertiesof the
heptapeptideswhilewefocuson the kineticsof the ! -content
decay.

Our simulationresultsfor theminimaltoxicspecies,i.e.,the
A! (6! 42) dimer,provideevidencethat the applicationof an
oscillating(at 1 GHz) externalelectricÞeldof 100mV/nm (or

Figure6. Slowdecayof the#-helicalcontentof aleucinezipper.(a,b) No degradationisobservedat thesimulationswithoutandwith anexternal
electricÞeldof 100mV/nm. (c) Degradationat the 200mV/nm Þeldstrength.
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higher)resultsin the ruptureof ! -sheetcontentin a " s time
scale.A signiÞcantlyslower decay of ! -sheet content is
observedat a Þeldstrengthof 10 mV/nm. Thus, the wide
rangeof electricÞeld strengthsusedin the presentstudy
providesanuancedpictureof thee" ectof theexternalÞeldon
the ! -sheetstructureof the A! homodimer.As a control,we
havesimulatedthe helicaldimer of a leucinezipperwhich
showssubstantiallyhigher structuralstability than the A!
homodimerasdecayof the zipperhelicalcontentis observed
only at the Þeldstrengthof 200 mV/nm. Individualwater
moleculescanrotatefasterthantheA! homodimeror leucine
zipperto optimallyalignwith theexternalelectricÞeld.Thus,
degradationof the regularelementsof secondarystructureis
promotedby a lossof intrasolutehydrogenbondsand an
increasein solute! solventhydrogenbonds.

Becauseof the computationalcostof " s MD sampling,we
havechosenonly onestructureasstartingpoint for the MD
simulationsin thepresenceof theelectricÞeld.Thiscouldbea
potentiallimitationof ourstudygiventhedisorderednatureof
the amyloids.A diverseset of initial structurescould be
consideredfor further simulationstudies.Furthermore,the
e" ect of electricÞeldscouldbe studiedon globularproteins
consistingmainlyof ! -sheetsor #-helices.Verylittle is known
on the reversibilityof the foldingof globularproteinsunder
oscillatingÞelds.Since the time scaleof folding of most
globularproteinsis in themillisecondrange,it is not possible
to investigatethe inßuenceof externalelectric Þeldson
(un)foldingwith conventionalatomisticsimulations.In future
simulationstudies,it will beof interestto analyzethee" ectof
the externaloscillatingelectric Þeldson the structureof
(oligomeric) A! 42 at the membrane.Fataftaet al. have
sampledthe conformationalspaceof dimericA! 42 at a lipid
bilayerthatreßectsthecompositionof neuronalmembranes.15

Thissamplingcouldbeusedasstartingpoint for a simulation
study in the presenceof an electricÞeld.Due to the low
dielectric constant of lipid bilayers (around 3, ref 48)
comparedto that of water at physiologicaltemperature
(78.5),onecanexpectastrongerinßuenceon theelectrostatic
interactionsbetweenpolargroupsof A! 42.

Anotherimportantcaveatis that the lossof ! -sheetcontent
in the (early) oligomersof A! might not be necessarily
beneÞcial.Stabilizationof the cross-! Þbrils of the prion
proteinby smallmoleculeshasshowna therapeutice" ect in
micemodelsof the prion disease.49 Thus,the ruptureof ! -
sheetcontentmight evenbe counter-productiveas it might
promotefragmentationwhichcouldresultin a largernumber
of toxic oligomers.The complexityof the A! self-assembly
process(e.g.,presenceof kinetictrapsandkineticcontrolof
amyloidÞbrilformation)andtheverysmallknowledgeof the
toxic speciesare major challengesin the developmentof
therapeuticagentsfor AlzheimerÕsdisease.50

In conclusion,the use of oscillatingelectric Þeldsis a
promisingnew avenueof researchinto the degradationof
amyloidoligomers.Theradiofrequencychosenin thisstudy(1
GHz) is comparableto that observedby everydayappliances
like smartphones,althoughat a higher Þeld strength.The
presentsimulationresultsshouldspurfurthercharacterization
of externalelectric Þeldson (neuronal) cell lines, brain
organoids,and animalmodels.Experimentalevidencefor a
direct link betweenreductionof symptoms(e.g., improved
memoryin rodents)andelectricÞeldtreatmentcouldopenthe
pathto a noveltherapyfor AlzheimerÕsdisease.

4. METHODS

4.1. Modeling

The AlphaFold-Multimerdeeplearningtool wasusedto predictthe
structureof homodimericA! 42 (two chainsof D1AEFRHDSG-
YEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA42). Two inde-
pendent predictionswere carried out. The Þrst prediction was
generatedusinga localinstallationof the AlphaFold-Multimer(AF-
M) v2.1 with default settingsin which the multiple sequence
alignment(MSA) wasperformedon a reducedversionof the BFD
databaseoptimizedfor speedandhardwarerequirements.21 Due to
the disorderednatureandthe highßexibilityof the A! 42 peptide,a
secondmodelingsessionwith a highnumberof recyclingstepswas
performed.Recyclingexecutesthe networkmultiple times by re-
embeddingthe 3D structureto the pairwisedistancesrepresentation
asinput.21 A highernumberof recycleshasbeenreportedto increase
thequalityof modelsof interactingproteins.51 Thesecondprediciton
wasgeneratedwith ColabFold(CF). CF is an implementationof
AlphaFold that can be run on Google Colaboratory52 without
downloadingthe databasesfor generatingmultiple sequencealign-
ments.Instead,fastandsensitiveMSAsarecreatedwith MMseqs2by
searchinghomologoussequencesin the uniref30andenvironmental
database(ColabFoldDB).53 A total of 50 recyclingrounds were
carriedout for theCFprediction.No templatewasusedfor modeling.
The predictionwith the highestmodelconÞdence(0.8 pTM + 0.2
ipTM) waschosenfor furthervalidation.

4.2. Validation of Models

Despitebeingfastand easyto use,the validityof computationally
predictedmodelscanbeput to question.Therefore,theDL-generated
modelshavebeenvalidatedagainstthe extensive6 " s MD sampling
reportedpreviouslyby Fatafta,et. al.,15 whichwereferto as" s-MD.
The trajectorieswere obtainedfrom https://data.mendeley.com/
datasets/92mkp4pk86. A SAPPHIREanalysis37 wasperformedto
assessthe similarityof the monomerof the DL modelsandthe " s-
MD sampling(Figure S1). As the two peptideshave identical
structuresin theAF-Mmodel,only theÞrstpeptidein theÞleof the
predictedcoordinateswasused,and similarly for the CF model.
Concerningthe" s-MD,thecoordinatesof theindividualchainsof the
homodimerwereextracted,andthetrajectorywasconcatenated.The
resultingsingle-chaintrajectory,consistingof a total samplingof 12
" s,wasthenanalyzedusingSAPPHIRE-basedclustering.38 Distances
betweenC# atomsof the peptidewerechosento build the progress
index.Per-framelocallyadaptedweighteddistanceswereused.54

The dynamicstabilityof the obtainedmodelswascheckedby
moleculardynamicssimulations.For eachpredictedstructure,eight
independent50-nsMD simulationswerestarted.We call thesens-
MD simulations.All ns-MD simulationswere performedwith
GROMACS2021.5usingthe CHARMM36mJuly2021forceÞeld.
ThemodelsweresolvatedandequilibratedwithNa+andCl- ionsto a
concentrationof 150 mM. Energyminimizationwasapplied,anda
canonicalequilibrationunderpositionalrestraintswasperformedfor
5 nsto reach300K. Eachsystemwassimulatedfor 50nsto studythe
behaviorof the homodimer.The stabilityof the predictedstructure
wasevaluatedby commonmetrics,namely,the C# RMSD to the
initial frameafterequilibrationusingresidues6! 42of eachchain,and
the heavy-atomRMSFagainsta sliding-averagestructurecalculated
every 5 ns. Furthermore,the RMSF was correlated(Pearson
correlationcoe! cient) to the reversenormalized(renormalized)
pLDDT conÞdencemetric generatedwith the prediction, by
subtractingthe maximumvalueand dividingby the range,as has
beenpreviouslyreported.25 We predictedcirculardichroism(CD)
spectrafor the AF-M ns-MDframesandsome" s-MD framesusing
PDBMD2CD.39 The spectracalculatedby usingas input the MD
snapshotswerecomparedto the experimentalCD spectra.

A secondSAPPHIREanalysiswasthenperformedon the dimeric
ensemble(Figure3). A subsamplingof 200pswasusedfor the ns-
MD trajectories,as it is the time stepof the " s-MD trajectories.
InterchainC# distanceswerecalculatedfor the30,000" s-MDframes
and the 2000ns-MD framesindividuallyand then concatenatedto
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avoiderrorsdueto di" erencesin simulationboxsizesandshape.The
time seriesof distanceswasgivenasinput featuresto CAMPARIÕs
NetCDFminer.A sigmoidaldistancetransformationwasappliedto
reducethe inßuenceof higheuclideandistancesbetweenthe frames,
centeredon 40with aslopeof 20.PrincipalComponentAnalysiswas
thenapplied,andthe two mainprincipalcomponentswerekept for
the constructionof theprogressindex.All SAPPHIREanalyseswere
performedusingCAMPARI(V4).55 A secondarystructureprediction
(dssp)wasusedasgeometricannotationfor both SAPPHIREplots.
The RMSDof the AF-M andCF structuresagainstthe trajectories
wascalculated,consideringC# atomsonly,to Þndto whichbasinof
the SAPPHIREplot the predictedstructurewouldbelong.Centroid
structureswerecalculated,deÞnedasthestructureof the framewith
the lowesteuclideandistanceto the meanof eachbasin.

4.3. E! ects of Electric Field on A! 42

4.3.1.Simulation Setup. MultipleMD runsunderthe inßuence
of anexternaloscillatingelectricÞeld(EF-MD) werestartedfromthe
top-scoringmodelof the A! 42 dimerobtainedwith the AlphaFold-
Multimer(AF-M). All simulationswereperformedwith GROMACS
2021.556 usingtheCHARMM36mforceÞeld.19 Thetwochainswere
shortenedby removingthe initial Þveresidues,thereforestartingon
His6. Thisisdueto thehighßexibilityof theseresiduesasshownfrom
theinitial validation(Figure2). Themodelwassolvatedin an8.1nm
cubicboxof watermolecules,andNa+ andCl! ionsataconcentration
of 150 mM. Afterward, the systemwas subjectedto energy
minimization.A 5 ns NVT equilibrationwasperformed,in which
the systemwaskeptunderpositionalrestraints,to reach300K. For
the productionMD, four conditionswereevaluated,with the aimto
testthee" ectof anoscillatingelectricÞeldon thesecondarystructure
of thedimer.ThebehaviorwithnoelectricÞeldwascomparedto that
aftersubjectingthe systemto oscillatingÞeldsof 10, 100,and200
mV/nm. All Þeldswereappliedwith a frequencyof 1 GHz, i.e.,the
directionof the Þeldwasrotatedby 180¡ everyns. The Þeldwas
appliedfromoneof threedirections,on thex,y,or z plane.TheÞeld
wasappliedby settingtherespectiveelectricÞeld-(x/ y/ z) Þeldin the
GROMACSinput Þle.Sixteenindependentsimulationswerestarted
for eachof the systemsapplyingthe electricÞeldin oneplane.The
directionof the Þeldwasassignedto eachcopyof the systemin a
sequentialmanner.Thesimulationswererun initiallyfor 100ns.The
systemssubjectto 100mV/nm electricÞeldwereextendedto 200ns,
whilethe0 and10mV/nm wereextendedto 300ns.Thesamesetup
was used to test the stability of the leucine zipper #-helical
homodimerof the HY5 transcriptionfactor of A. thaliana. The
peptidemonomerhasa lengthof 42residues.Thecrystalstructureof
the leucinezipperhomodimerhasa resolutionof 2.0• (PDB code:
2OQQ) andwasusedasstartingstructurefor the MD simulations.
Productionrunswerecarriedout for 200nsandelectricÞeldsof 100
and 200 mV/nm wereemployedat the samefrequencyasfor the
A! 42 homodimer(1 GHz).

4.3.2. Analysis. The e" ect of the electricÞeldwasstudiedby
monitoringthepresenceof the! -strandsecondarystructureelements
in the dimer.For eachEF-MD trajectory,the ! -strandcontentwas
predictedusing the mdtraj packageÕsdsspfunction.57,58 The time
seriesof the strandcontentwascalculatedfor eachtrajectoryand
averagedper system.A two-exponentialmodelwasusedto Þt the
time-dependentdecayof the mean! -strandcontentacrossthe eight
simulationsfor eachpotential.Theextremelyrapiddecayat200mV/
nmcanbeÞttedbyasingleexponential.Fortheleucinezipper,the#-
helicalcontentwasmonitoredanda single-exponentialfunctionwas
Þttedto the time seriesof the averagenumberof helicalresidues.
Hydrogenbond contentwasquantiÞedusingthe Wernet! Nilsson
algorithmimplementedin mdtraj.58,59
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