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The earlyoligomersof the amyloidA! peptideare AB42
implicatedin AlzheimerOdiseaseput their transientnature  seauence
complicateghe characterizationf their structureand toxicity. oaerrosevev... <
Here,we investigatt¢he stabilityof the minimaltoxicspecied,e.,
I -amyloiddimersijn thepresencef anoscillatinglectridceld We
brstusedeeplearningAlphaFold-multimerfor generatingnitial
modelsof Al 42 dimers.The Rexibilityand secondargtructure
contentof the modelsare then analyzedby multiple runs of <
moleculadynamic¢MD). Structurallgtablenodelsaresimilarto o g /& :
ensembleepresentativesom microsecond-lonlylID sampling. °,//m < 0 i /
Finally we employthe validatednodelasthe startingstructureof <
MD simulationsn the presencef an externabscillatingelectric
beld and observea fast decayof ! -sheetcontentat high peld
strengthsControlsimulationsisingthe helicaldimerof the 42-residuéeucinezipperpeptideshowhigherstructuraktabilitythan
the Al 42 dimer.The simulatiorresultsprovideevidencehat an externaklectricbeld(oscillatingat 1 GHz) candisruptamyloid
oligomersvhichshouldbe furtherinvestigatetly experimentwith brainorganoidsn vitroandeventuallyn vivo
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atomistioMD simulations? First,an equilibratedstructureof

Alzheimer(iseas¢AD) is the mostfrequentthreatto the
mentalhealthof the elderly.At the moleculatevel,the self-
assemblypf the amyloidt peptide(A! ) impairsthe structure
and function of the neurons.The bnal productsof the
aggregatioprocessarethe amyloidplaquesvhich consistof
bbrils of the 42-residugland/or 40-residue)A! peptide:
Neverthelesthe evidencéor thetoxicityof plaquedasbeen
put into questior?:®> andthereis substantiaévidencdor the
role of early oligomersin the progressiorof AD* ¢ The
minimaloligomerareA! dimerswhicharetransienndcan
aggregatito stableprotobbrild. Cellularassayandin vivo
experimentshave revealedthat Al dimers contribute to
synapseysfunctiorby perturbingglutamatergitansmission,
and disruptthe memoryof learnedbehaviorsn rodent$?®
Experimentadataand kineticmodelinghaveshownthat the
transientoligomersof Al'42 are particularlystable and
productivein their conversiorio bbrils,evenin comparison
to other aggregatingpeptides.These qualities make the
oligomersinterestingtherapeutictargetsunder either the
oligomeror bbriltheoriesof Al 42 toxicity*%!*

The pathwaysand kineticsof amyloidogenipeptidesare
di' cultto monitorattheatomidevelof detailby experimental
meansMoleculadynamicgMD) simulationsaveshedlight
on the earlyaggregatatespitehe approximationsherento
theforcebeldsandthe shorttimescalesccessibley atomistic
models? ** The mostpopulatecconformationsf the Al 42
homodimer have been recently predictedby the use of
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the monomer was sampledby microsecond-rang®iD
simulationsafter which two representativstructureof the
monomeiwerechoserfor simulation®f the dimericsystem.
An initial 1 "s simulationwas performedfrom which bve
subsequent "s simulationavere randomlyrestartedor a
total of 6 " s samplingThis analysi®asshownthe propensity
of the Al 42 dimersto form ! -strandhairpinsin solution*®
Other groupshaveuseddi" erenttechniqueso predictthe
ensembleof conformationsof the dimer. One of such
approacheis the useof blockwiseexcursiorsamplingwhich
has yielded dimerswith a secondarystructurecontentin
agreemenwith circulardichroism(CD) experimentalata:®
Furthermoreéhe dimersvereshowrto consistnostlyof turns
and coils, with no highly populatedclustercontainingthe
hairpins thoughpropensityof ! -strandsvasobservedo be
high in the C-terminal regions.Nonethelessprevious
experimentatesultssupportecby MD simulationsexplored
the importanceof !-sheet-baseglanar dimers for the
formationof stablebbrils:” An importantfactorto consider
in the simulatiorof intrinsicallydisorderegbroteinIDPS) is
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Figurel. (a) Modelstructuresf the Al 42 dimerpredictecby AlphaFold-MultimefAF-M) with 3 recyclingstepsandColabFold CF) with 50
recyclingsteps(b) Predictedocaldistanceli” erenceest(pLDDT)?® scorefor the C, atomsA highervalueindicateshigherconpdencec)
Matricef predictedalignecerror(PAE).In eachmatrix theintrachairconbdencis shownin thetop-leftandbottom-righguadrantsvhilethe
interchainj.e.,dimericinterfaceconbdencis shownin the top-rightandbottom-leftquadrantd.ow PAEvaluesndicatehigh conbdence.

the choiceof force beldused-® The simulationresultsof
DehabadandFirouziprovideevidencehat CHARMM36n°
is an aé)propriateforce peld for the simulationof Al 42
dimers’

Deeplearning(DL) hasmadea signibcanimpacton the
beldof proteinstructurepredictionby utilizingadvancements
in languagenodelso modelthe sequendestructurerelation-
ship. The remarkableprecisionof AlphaFoléd®?* and the
availabilityof its sourcecode haverevolutionizeccomputa-
tional and structuralbiology.Althoughinitially designedor
monomerictructuresilphaFoldntrinsicallydemonstrated
notable capacityfor predictingprotein complexeghrough
input manipulationsuchas addinga linker to the protein.
Whilethesdnput-adaptedersion®utperfornprevioustate-
of-the-artmethodsthe recentlyintroducedretrainedAlpha-
Fold-Multimersystemfurther improvesinterfacepredictions
to 58%in a recentbenchmark?® However,AlphaFoldis
limitedin its abilityto predictstructuregor polypeptidethat
do not conformto the one-sequence/one-faldle, especially
relevantfor disorderedproteins.The implicationsof IDP
prediction using DL tools have been reviewed>** More
understandindgs neededon the relationshipbetweenthe
conbdencmetricggeneratedy the DL toolsandthedynamic
behaviorof the predictedstructuresRecentresearchhas
shownthatthe predictedalignmenerroft is correlatedo the
dynamiceftheproteinin MD simulationandtheroot-mean-
squarel3uctuation(RMSF) is relatedto the predictediocal
distancedi’ erencetest®>?° Anotherrecentpreprintshowed
that the inter-residualistancegredictedby AlphaFoldfor
disorderegroteincanbeusedasapriorto construcaccurate
structuraensemblewith MD simulations’

Externa(oscillating)electricheldanbe employedn MD
simulationgo studytheir &' ecton biomolecule€ Todorova
et al. found that electric beldshavea strength-dependent
inBuenceon the secondarystructure and dynamicsof
amyloidogenigeptide$? Further studiesinvestigatedhe
€' ectsof varyingrequenciesn aggregatiopropensitywith a
1 GHz beldat a low strength(around10 mV/nm) trapping
the peptidein a specibaconformationMeanwhile higher
strengthspf 700mV/nm but alreadyat 70 mV/nm, showedh
breakupof the hairpin conformation® Simulationsof the
Al 40 peptideundera staticelectricheldshoweda transition
from #-helicalto ! -strandedstructuré’ Short Al 42 bbrils
(pentamersghoweda partialdegradationf the prst! -strand
segmentlueto the disruptionof their chargedN-termini>? A
thoroughreviewon the simulationsof biomoleculesinder
electricbeldshasbeenpublishedecently’

A veryrecentstudyhasinvestigatethe €' ectsof oriented
externaklectricheldson the aggregationf oligomersf a 7-
residuesegmenof the | -amyloidoeptide’* The authorsused
the Al'42 heptapeptidesegmentK,;(L VFFAE, which
aggregatemto plaquesfasterthan the full sequenceTen
peptidesin a simulationbox were allowedto aggregatéor
500 1000 ns. Afterward both staticand oscillatingelectric
beldswereappliedto studythe degradatiorof the peptide
aggregatioi.he oscillatindreldwasappliedat a highstrength
of 200mV/nm, with frequenciesf both 0.1and1 GHz. In
both casesa thoroughdisaggregatiowas observedUpon
removalof the electricbeld,the peptidesdid not aggregate
back. The authors therefore concludedthat microwave
radiationcan revertamyloidaggregatiofn a nonreversible
manner.
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Figure2. Dynamidbehavioof the AlphaFold-Multimemodel(AF-M) andthe ColabFold CF) model(Top) Sequencprobleof the RMSFof
thenonhydrogeatomsalongthe eightns-MDruns(green AF-M; blue,CF). Therevers@LDDT normalizedo the RMSHs alsoshown(black).
The Pearsorcorrelationcoé cient (PCC) is shownasinset.(Bottom) Time seriesof RMSD from the modelstructure Residued! 5 were

ignoredastheyshowlargef3uctuationgor both models.

Here,we setout to studythe stabilityof the minimal! -
amyloidtoxicspecie# the presencef anexternabscillating
electricbeldin the middleof the microwaveange We brst
apply deep learning(DL) tools (AlphaFold-Multimerand
ColabFold)to predictmodel structuresof the Al 42 dimer
which is the smallesttoxic oligomer.We then use MD
simulation$o analyzéhe Rexibilityof the predictedstructures.
The top modelsarestructurallystablein 50-nsMD runsand
compareto highly populatedclustersof "s scale MD
simulations(published by otherd®. Next, we use the
highest-conbdengeedictiorto testthe €' ectof anoscillating
electricbeldon the behaviorof the Al peptidedimer.The

100 300 ns simulationsreveala pbeld-strength-dependent

decayof the ! -sheetcontent.Control simulationgisingthe

HY5 leucinezipper of Arabidopsithalianashow a slower
degradationand only upon applicationof the strongest
externaklectricbeld.

We predictedhe structureof the Al 42 dimerusingtwo deep
learningtools, AlphaFold-Multimeand ColabFold We Prst
analyzéhe50-nguns(abbreviatedsns-MDin thefollowing)
for quantifyingthe Rexibilityof the structuregredictedby

deeplearningWethencomparehe predictedstructuresvith

the publicly availablenicrosecongampling® which we call

"s-MD in the following.Finally,we analyzethe kineticsof

secondargtructuredecayunderthe inBuenceof an external
electricbeld(EF-MD simulation®f 100 300ns).

The top-rankindAlphaFold-MultimefAF-M) and ColabFold
(CF) modelswverechoserior furtheranalysi¢Figurel). Both
structureshavea similarfold, althoughthe AF-M is more
planarwhile the CF predictionresemblepartof a! barrel
(Figure 1a). The overall conbdenceas measuredy the

predictediocal distancedi* erencetest (pLDDT) score? is
relativelylow for both predictedstructuregFigurelb). The
low scoresare belowthe pLDDT thresholdof 70, whichis
reportedby the authorsof the DL tool as thresholdfor a
OgenerallgorrectObackbonepredictior?® This is not
surprisinggiventhe Al 42 peptidehasa disorderechature,
somethindor whichthe DL tool is not trained.The scoreis
statedto estimatethe local agreemento an experimentally
solvedstructure;therefore,a low scorecan be seenas a
conformationallpdiversa@gionof the prediction.The low
scords congruentith the descriptiorof Al 42asanensemble
of structures.Furthermorethe pLDDT dependson the
informationgiven by the depth of the multiple sequence
alignmen{MSA) usedto bndcoevolutionarinformationon
thesequence. Only 81 homologousequenceserefoundby
MMseg2andfor the MSAof Al 42 and131uniquesequences
with jackhammerThis meansthe MSA is shallowin both
caseswhich canlowerthe conbdencef the modef! Both
predictionsyielded ! hairpins as observedin previous
simulationstudies? The two ! hairpinsform an antiparallel
4-stranded-sheetn boththe AF-MandCF modelsThe AF-
M predictionhasa slightlyhigherconbdenceverall This is
probablybecausehe strandsare continuouson the AF-M
structurewhiletheyareinterruptedn the middlein the CF
model.Thesearrangementresimilar,but not identicalto a
"dimericbasg arrangemenwvhichhasbeenproposedsthe
only seedfor toxic Al 42 oligomers? Interestinglythe 7-
residuestretchK;L VFFAE, of the Al 42 peptidewhichwas
studiedby Kalita et al. is predictedas! strandin both
structures.

The predictedalignederror (PAE) is a matrix whose
elementgeRectthe conpdencef the modelat the levelof
individualpairsof residuedt illustrateshe modelconbdence
in the contactsinsidea domain(diagonalquadrantf the
plot) andin the interactionbetweendomains(o” -diagonal
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Figure3. SAPPHIRMBlot of the" s-MD(6) samplingf the Al 42dimer* andthe ns-MDsimulationsf the predictednodels(Top) Geometric
annotationSequencerobleof secondargtructure(Middle) GeometricannotationsC,; RMSD from the CF (blue) andthe AF-M (green)
structurespumberof interchaincontactswith a distancdowerthan5 « (blackline, red referencéinesat 25 and 50 contactsrespectively);
numberof! -strandesiduegblackline,redreferencénesat 10and20residues)Bottom) Temporaknnotatior{dots) illustrateshe positionof
eacHrameof thetrajectoryalongthe progresgidexThe colorsof the dotsreRecthe sixindependenunsfromthe" s-MDandthe 16 runsof the
ns-MD which are separateffom the " s-MD by a thin blackline. The cut-basedree energyprobleillustrateghe transitionsbetweerstates
(black)?® TheinsetshowthecentroidstructurdromeactbasintheN terminaresidués markedy asphereThe positionof thecentroidsilong
the progresidexis markedby aredstar.The percentageshowthe relativeweightof eachfreeenergypasinBasinsredelimitedby redvertical

lines.

quadrants}? The conbdencen the intrachainstructureis
slightlyhigherthanthe dimericinterface Figurelc). The AF-
M andCF modelstructureshowsimilarconbdenctor the! -
strandregionsof eachchainandfor the interchaincontacts.
The PAEfor theN terminalsegmentsf both chaings higher
with respecto otherresiduesneaningheir localizatiotis of
low conbdence,e.,random.This canbe explainedy their
largeRexibility.

The dynamidehaviowasexploredhroughthe root-mean-
squarefuctuation(RMSF) and root-mean-squardeviation
(RMSD) of the ns-MD simulationstartedfrom eachmodel
(Figure?). Mostof the Buctuationareseerin theN terminal
segmensothe RMSDwascalculatednlyon residue$ to 42
to avoidexcessiveoise The CF modelshowsa lowerRMSD

thanthe AF-M onein the eightns-MD trajectoriesjenoting
higher stability of the predictedconformationConsistently,
the CF modelstructurehaslower Ructuationslongthe ns-
MD. The higherrigidity mightoriginatefromthe! -barrel-like
structurewhichkeepghe Rexibldoopsin placemorebrmly
thanthe Ratarrangementf the AF-M model.The predicted
conbdencepLDDT) anticorrelatesvith the backbone
Rexibility as shown by the sequenceproblesof the
renormalize@LDDT (i.e., reversenormalizedpLDDT, see
the Methodssectionjandthe RMSK(Figure2, top). A similar
anticorrelatiorin the sequencgroblesof the pLDDT and
RMSFhasbeenreportedfor globulamproteing®

To furthervalidatehe DL predictionsvecomparedhemto
the equilibriumsamplingf Al 42 dimersreportedby others.
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Fataftaet al. havegenerated total samplingof 6 " s of the
Al 42 dimer in explicitsolvent,and thesedataare publicly
availableWe referto this samplingas" s-MD. We usethe
SAPPHIREanalysigo comparethe DL-predictedstructures
andthe" s-MD samplind Figure3). The SAPPHIREnNalysis
isanautomati@ndunsupervisetol for determininghe free
energypasin®f acomplexsystemandquantifyinghe number
of transitionbetweerthem?%” It alsoprovidesa fully data-
drivenclusteringf the phasespacé® BrieRythe SAPPHIRE
analysiconsistof a reorderingof the trajectorysnapshots
basedn geometrisimilarity(calledprogresindex)with the
assumptiorthat structuralsimilarity correspondso kinetic
proximity.Here, we employinterchainC, distancegor the
reorderingf the snapshotd.he cut function(blacksolidline
in the bottompartof Figure3) isanapproximatioto thefree
energyproblewhichis veryusefuffor identifyingthe barriers
betweerbasins.

The central basin (20% weight, progressindex value
betweerl4,500and21,000)is populatednainlyby the bfth
"s-MD run and is visited also by the other "s-MD runs.
Importantly,the ns-MD sampling(started from the AF-M
model) is almostfully includedin the centralbasinwhich
consistsnainlyof conformersvith antiparallehrrangements
the interchaincontacts.The remainingfree energybasins
includeconformationwith a substantisdmountf ! -stranded
secondargtructurebut, unlikethe DL modelsthe interchain
contactdhavea parallelarrangement.

The geometri@nnotatiorshowghat the snapshoten the
right of the centralbasinhavegenerallyessthan 10 contact
pairs betweenthe chainswhile to the left, the numberof
contact®scillatebetweeri 0and20. The contentof | -strand
residuess slightly largerin the centralbasinthan in the
remainingamplingThe smalbasinon theextremeight,with
progressndex around32000,corresponds$o the unbound
chainsasshowrby thelowernumberof contacipairs The C,
RMSD of the DL modelsfrom the "s-MD simulation
shapshotsangesetweens and 10 ¢ in the centralbasin,
whichtogethewith the locationof the ns-MDframedn this

basinshowthatthe DL predictionsesemblstatevisitedby
the " s-MD simulations.

Aseachof the two DL modelshasanidenticaltructureor
the two chainswe alsousedthe SAPPHIREanalysisaindits
associateglot to comparethe DL modelsand the " s-MD
samplingat the single-chaitevel.For this, we extractedhe
coordinate®f eachchainseparateland then concatenated
them, treatingthe concatenatedamplingasa single12 "s
trajectoryof an Al 42 monomer(FigureSJ. The two DL
modelsaresimilarto therepresentatives the mostpopulated
free energy basin of the "s-MD samplingwhich are
characterizelly a ! -hairpinconformationTheseresultsare
consistentvith theanalysiatthedimerlevel( Figure3). Thus,
the comparativanalysi®f the DL-predictedstructureswith
the ns-MD and "s-MD simulationsprovidesevidencethat
both DL structuresregoodcandidateasstartingpointsfor
MD simulationgn the presencef an externaklectricheld.

Finally,we soughtto validateour ns-MD simulationswith
experimentatata. Circular dichroism (CD) spectrawere
predicted® for the framesof the AF-M ns-MD and "' s-MD
from severabasinsof the SAPPHIRBplot (FiguresS2 and
S3. Theywerethen comparedo experimentaCD spectra
fromtheliteraturg(FigureS4. A caveafor thiscomparisois
that the predicted spectraare generatedfor individual
structureswhile CD measureshe ensemblef proteinin
thesampldeinganalyzedlhe CD spectrgredictedromthe
ns-MDrunssuggest mixtureof disorderedbopsand! -strand
contentwhich is consistentwith the experimentaspectra
acquiredor Al 42 at concentrationsf 25'%* and50" M*? at
earlytime points.This correspond® the oligomericstateof
the amyloidsat the beginningof the measurementbgfore
they startaggregatinimto Pbrils Thereforethe predictechs-
MD CD spectrdelpvalidateheseconformationassimilarto
thoseof experimental! 42 oligomers.

The top structurepredictedoy AF-M waschoserasstarting
conformationbecauseit presenteda higher conbdence

https://doi.org/10.1021/acsphyschemau.3c00021
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Figure5. Snapshotfom singleEF-MD simulationshowinghe decayof secondargtructurealongtime (x-axis)for di* erentstrength®f the
externatlectrideld(y-axis) Thetwo Al 42 peptidesreshownby di" erentcolors(blueandred). The N-terminiaremarkedyy spheresthe fast
degradatioiis exemplibelly the snapshobf the 200mV/nm EF-MDtrajectoryat 50 ns,whereno ! -strandsrevisible.

(pLDDT) thanthe bestCF model.The residued! 5 were
neglecte@sthey showveryhigh BuctuationgFigure2) and
they are disorderedin the Pbrillar structuresof Al 42

determineddy solid-statedNMR spectroscopy** A total of

16independeniD runs,whichwe callEF-MD,werestarted
underthe inBuenceof an oscillatingelectricbeldof di" erent
strengthg0, 10,100,and200mV/nm) with a frequencyf 1

GHz. Eachof the 16 copiesof the four systemsvasinitially

simulatedor 100 ns. Somesystemsvereextendedo better
di" erentiatethe behaviorbetweendi"erent simulation
parameters.

Wefocustheanalysisn the! -stranccontentasthe Pbrillar
structureof Al consistof | sheeté>*® Moreover#-helical
structure was observedin the EF-MD simulationsonly
transientlyfor shortperiodsof time (FiguresS3 S§. There
isasignibcandecayof the! -strandcontentin all simulations,
andtherateof decaycorrelatesvith the beldstrength( Figure
4). Furthermoreatfter an initial fast decay the rate of the
slowerphasedependsn the beldstrength.The initial fast
decayakegplacen thebrst5 to 10nsof simulationwherethe
I -strandcontentdropsfrom 50to around35residuesThe! -
strandcontentin theinitial phasef decays similarto the one
observedn the centralfree energybasinof the SAPPHIRE
plot (Figure 3). An analysisof the numberof intra- and
intermolecularhydrogenbonds in the dimer suggestsa
possibleexplanationfor the disruption of the secondary
structurecausedy the electricbeld(FiguresS8 S§. The
polargroupsof the solute e.g. packbon®&H andCO, havea
bxedlipolemomentin theclassicdl.e.,nonpolarizabldprce
beld.Thus, they canrespondto the changen the external
electricbeldonly by reorientinghemselve¥. The Al (6! 42)
peptidedimercannotrapidlyrotateto adjustto the changing
directionof the beld,while the watermoleculesan rotate
rapidlyin the sub-nanosecorime scale As the strengthof
the beld increaseshe hydrogenbonds between! -strands
breakandthereis anincreasé the numberof peptidé water
hydrogerbonds.

Figure5 showsrepresentativenapshot§rom the EF-MD
simulationsat di" erent strengthsof the electricbeld. The
cartoorrepresentatiohelpsto visualiz¢he rapiddegradation

of secondangtructureand the correlationbetweenrate of
decayand beld strength(see also Supportinginformation,
Movies ST S4. There is a gradualdeteriorationof the
intrachainand interchain! -strand structure at all peld
strengths.Short, mainly one-turn, #-helical segmentsare
observedsporadically(Figure 5). Furthermore there is a
monotonousdecreas®f symmetryfrom the initial AF-M
modelstructuren whichthetwo peptidechainshaveidentical
structures.

The decayin the mean! -strandcontentcanbe bttedby a
two-phasenodelup to a beldstrengthof 200mV/nm (black
line Figure4). As mentionedabove thereis a fastlossof
secondargtructureto a levelof around70% (35 residues),
followedby a slowerdecayThefastdecaychanneteRectshe
relaxatiorof the initial structure The slowchannekaptures
thevoltage-dependemhegradationf! -stranctontentForthe
EF-MDuwith no externabeldthe meanlifetimeis verylargeat
around3 "s. A weakbeldof 10 mV/nm resultsin a shorter
lifetimeof 1.7 " s while a bPeldof 100 mV/nm shortenghe
lifetimeto about0.4" s. A largevariabilityis observedor the
16 independenEF-MD runs at eachof the beld strength
valuesAt peldstrengthsof 0 and 10 mV/nm the ! -strand
contentrangesetweer0 and 80%after0.3"s. At a beld
strengthof 200mV/nm, thereis a 20 60%rangeof ! -strand
contentafter0.2" s. In contrastat the highestheldstrength
(200 mV/nm), the extremelyastdecaycanbe modeledoy a
single exponentialand a lifetime of 0.014 "s. The
preexponentiafactor is closeto one which supportsthe
choiceof the single-exponentialodelat the peldstrengthof
200mV/nm. Overall the simulatiorresultsprovideevidence
for a substantialoss of ! -strandcontentin dimeric Al 42
withina 1 " stime scalefor 1 GHz alternatingelectricbeldof
strengthhigherthan 10 mVv/nm.

Wethenaskedhe questionf adimericsystenwith adi” erent
secondarystructure shows similar kinetics of structural
disruption.To answerthis questionwe havesimulatedthe
HYS5 leucinezipperfrom a transcriptiorfactorof A. thaliana
(PDB ID: 20QQ) which hasan #-helicaldimerictopology.
Thispeptidesegmenivaschoserasit hasthe samenumberof
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Figure6. Slowdecayof the#-helicatontentof aleucinezipper(a, b) No degradatiois observedtthe simulationsvithoutandwith anexternal
electricbeldof 100mV/nm. (c) Degradatiomt the 200mV/nm Peldstrength.

residuesf the (nontruncatedp! 42.Externaklectridceldsat
100 or 200 mV/nm and an oscillationfrequencyof 1 GHz
wereemployedh thesecontrolsimulationsTheleucinezipper
showedno degradatiorat a beld strengthof 100 mV/nm
duringthe 200 ns of simulationfor any of the independent
runs.At 200mV/nm, degradatioof the #-helicess observed
but it is signibcantlglowerthanfor the Al dimer(Figure6).
The numberof intra-andintermoleculanydrogerondsdoes
not decreasi the simulationst 0 and 100 mV/nm electric
PeldgFiguress9andS1(. At the beldstrengthof 200mV/
nm, thereis a replacementf the intrasolutehydrogerbonds
with soluté solvent hydrogenbonds (Figure S1). It is
importantto note that the leucinezipperis a foldedpeptide
which is stable enoughto crystallizewhile Al 42 is an
intrinsicallydisorderegbeptide Furtherstudiesusingpeptides
and proteins of di"erent topologies,disordered/globular,
mixed! -sheetand #-helix,could shedlight on the behavior
of di" erentproteinsunderexternaklectricbelds.

Thereis substantiadxperimentavidencéor the toxicrole of
the earlyoligomersn amyloid:likedisease%:’. The smallest
toxic specie®f the Alzheimer@ésease-related peptideis
the dimer’ ! -SheetcontainingA! 42 hasbeenshownto be
essentiafor neurotoxiooIigomeraggregatiorDisruptingthe

| -stranccontentin Al 42 oligomerss of clinicalinterest*’
largenumbetof antibodiesindsmalimoleculenhibitorsof Al
oligomerizatioand/or amyloidpbrilformationhavefailedin
clinicaltrialsin the pastdecadeCanelectricbeldsbe applied
to breakdowntoxicaggregate#®e MD simulationsdequate
for investigatinghe stability of the early oligomersin the
presencefanoscillatingor static)electricor electromagnetic
peld?

As MD simulationgequirestartingconformation(s)pne
challengés that monomericA! is an IDP and verylittle is
knownon the conformationpopulatedy the dimer.Recent
advances deeplearninghaveallowedherapidgeneratiof
structuramodelsfor globulamproteing®?! Thesepredictions
mustbetakencarefullyparticularlyor IDPs,asthe DL neural
networkshavebeentrainedon structurecproteing>>4 In the
presenstudy the powerof DL toolswasexploitedo generate
predictionsfor the structureof Al 42 dimers.We havebrst
comparedthe predictedstructuresof the dimers against
previous"s-MD simulations.The DL predictionsare

congruenwith the samplingbtainedby " s-MD simulations
asthey are closeto highly populatedconformation®f the
dimer.Validatiorwith the ns-MDsimulationshowghatboth
predictedstructure®f the Al 42 dimerhavea high structural
stability particularlyat the segment6! 42. Comparisorto
experimentaksultseveals secondargtructurecontentthat
is similarto that observedn ensemblemeasurementsy
circulardichroismThesebndingggive us conbdencen the
useof aDL-generatethodelastheinitial structurefor our EF-
MD simulations.

Then,to try to answethe questionposedabovewe have
performedMD simulationsn the presenceof an external
oscillatindreldusinghe DL modelwith the highesprediction
conbdencasstartingstructureWe havefocusedhe analysis
of theMD trajectoriesnthe€’ ectof electridceldof di* erent
strengthson the secondarystructure content of the
homodimer.The simulationgprovide evidencefor a direct
relationshibetweerthe strengthof the beldandthe rate of
decayof the ! -strandcontent.

Previousstudieshave shownthat the applicationof an
externaklectricbeldwould preventthe formationof hairpin
structureof the apoC-11(60! 70) peptide’® Furthermorein a
simulationstudy of oligomersof the heptapeptidessegment
Al (16! 22) degradatiorof the secondanstructurecontent
wasobservediponapplicatiorof oscillatingelectricbeldgof
strengths100 mV/nm at 0.1 GHz and 200 mV/nm at 1
GHz)>* There are major di" erencesetweenthe work by
Kalitaetal®>* andour study First,theysimulatedhe 7-residue
segmend\! (16! 22) whileweinvestigatthesegmens! 42 of
Al (residued! 5 aredisorderedh severdbbrillarstructures).
Shorterzwitterionipeptideshavea highersusceptibilitjo the
externaelectrideldthanalongemeptidicchainwhichis also
moresimilarto the biologicakpeciesSecondwe focusedn
the minimaltoxic speciesi,e.,the dimer,while the previous
study used 10 copiesof Al (16! 22) which can form a
protoblamentThird, we useda startingconformatiorof the
dimergeneratetly DL whileKalitaet al. startedromrandom
positionsand orientationsof the peptidesFourth, Kalita et
al®* investigatedmainly the geometricpropertiesof the
heptapeptideshilewe focuson the kineticsof the ! -content
decay.

Our simulatiorresultsor the minimaltoxicspecies,e. the
Al (6! 42) dimer,provideevidencehat the applicatiorof an
oscillatindat 1 GHz) externaglectrid>eldof 100mV/nm (or
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higher)resultan the ruptureof ! -sheetontentin a" s time
scale.A signibcantlyslower decay of ! -sheetcontent is
observedat a beldstrengthof 10 mV/nm. Thus, the wide
rangeof electricbeld strengthsusedin the presentstudy
providesanuancegictureof the €' ectof the externabeldon
the ! -sheesstructureof the Al homodimerAs a control,we
havesimulatedthe helicaldimer of a leucinezipperwhich
showssubstantiallyhigher structuralstability than the Al
homodimemsdecayof the zipperhelicalcontentis observed
only at the beldstrengthof 200 mV/nm. Individualwater
moleculesanrotatefastethanthe Al homodimenr leucine
zipperto optimallyalignwith the externaklectricheld.Thus,
degradatiomnf the regularelement®of secondargtructureis
promotedby a lossof intrasolutehydrogenbondsand an
increasén soluté solventhydrogerbonds.

Becausef the computationatostof s MD samplingywe
havechoseronly one structureasstartingpoint for the MD
simulationin thepresenceftheelectridreld Thiscouldbea
potentialimitationof our studygiventhe disordereahatureof
the amyloids.A diverseset of initial structurescould be
consideredor further simulationstudies.Furthermorethe
€'ect of electricbeldscould be studiedon globularproteins
consistingnainlyof ! -sheet®r #-helicesVerylittle is known
on the reversibilityof the folding of globularproteinsunder
oscillatingbelds.Sincethe time scaleof folding of most
globulamproteinss in the millisecondangeit is not possible
to investigatethe inBuenceof externalelectric beldson
(un)foldingwith conventionahtomisticsimulationsin future
simulatiorstudiesit will be of interesto analyzéhe €' ectof
the externaloscillatingelectric beldson the structure of
(oligomeric) Al 42 at the membrane Fataftaet al. have
sampledhe conformationagpaceof dimericA! 42 at a lipid
bilayerthatreRectshe compositiorof neuronaimembranes.
This samplingouldbe usedasstartingpoint for a simulation
studyin the presenceof an electricbeld.Due to the low
dielectric constantof lipid bilayers(around 3, ref 48)
comparedto that of water at physiologicatemperature
(78.5),0necanexpect strongeinfRuencen the electrostatic
interactiondetweerpolargroupsof Al 42.

Anotherimportantcaveats that the lossof ! -sheetontent
in the (early) oligomersof Al might not be necessarily
benebcialStabilizationof the crosd- Pbbrils of the prion
proteinby smallmoleculehiasshowna therapeuti@' ectin
mice modelsof the prion diseas&’ Thus, the ruptureof ! -
sheetcontentmight evenbe counter-productivasit might
promotefragmentatiomhichcouldresultin a largemumber
of toxic oligomersThe complexityof the Al self-assembly
procesge.g.,presencef kinetictrapsand kinetic control of
amyloidpbrilformation)andthe verysmallknowledgef the
toxic speciesare major challengesn the developmenof
therapeutiagentdor Alzheimer@isease’

In conclusionthe use of oscillatingelectric beldsis a
promisingnew avenueof researctinto the degradatiorof
amyloidoligomersThe radiofrequenaghoserin thisstudy(1
GHz) is comparabléo that observedy everydayppliances
like smartphonesalthoughat a higher beld strength.The
presensimulatiorresultsshouldspurfurthercharacterization
of externalelectric Peldson (neuronal) cell lines, brain
organoidsand animalmodels.Experimenta¢videncefor a
direct link betweenreductionof symptomge.g.,improved
memonyin rodentslandelectrideldreatmentouldopenthe
pathto a noveltherapyfor Alzheimer@ssease.

The AlphaFold-Multimetleeplearningool wasusedto predictthe
structureof homodimericA! 42 (two chainsof D;AEFRHDSG-
YEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVJA Two inde-
pendent predictionswere carried out. The brst prediction was
generatedsinga localinstallatiorof the AlphaFold-MultimefAF-
M) v2.1 with default settingsin which the multiple sequence
alignmeni{MSA) wasperformeddn a reducedversionof the BFD
databaseptimizedfor speedand hardwaregequirements: Due to
the disorderedhatureandthe high Bexibilityof the Al 42 peptidea
secondmodelingsessionvith a high numberof recyclingstepswas
performed Recyclingexecuteshe network multiple times by re-
embeddinghe 3D structureto the pairwisalistancesepresentation
asinput?* A highemumberof recyclesiasbeenreportedo increase
the qualityof modelof interactingproteins’* The secongprediciton
wasgeneratedvith ColabFold(CF). CF is an implementatiorof
AlphaFoldthat can be run on Google Colaboratory without
downloadinghe databasefor generatingnultiple sequencealign-
mentsinsteadfastandsensitivéSAsarecreatedvith MMseqsay
searchingpomologousequenceis the uniref30and environmental
databasdColabFoldDBY> A total of 50 recyclingrounds were
carriedbutfor the CF predictionNo templatevasusedor modeling.
The predictionwith the highestmodelconbdencé0.8 pTM + 0.2
ipTM) waschoserfor furthervalidation.

Despitebeingfastand easyto use,the validity of computationally
predictednodelsanbeputto questionThereforethe DL-generated
modelshavebeenvalidatedhgainsthe extensivé "s MD sampling
reportedpreviouslyy Fataftagt. al."® whichwe referto as" s-MD.
The trajectorieswere obtained from https://data.mendeley.com/
datasets/92mkp4pk8A SAPPHIREanalysi§ was performedto
assesthe similarityof the monomerof the DL modelsandthe " s-
MD sampling(Figure S1). As the two peptideshave identical
structuresn the AF-M model,only the Prstpeptidein the bleof the
predictedcoordinatesvas used,and similarlyfor the CF model.
Concerninghe" s-MD thecoordinatesf theindividuathainof the
homodimemereextractedandthetrajectorywasconcatenatedhe
resultingsingle-chaitrajectory consistingf a total samplingof 12
"s,wasthenanalyzedisingSAPPHIRE-basetlstering® Distances
betweerC, atomsof the peptidewerechoserto build the progress
index.Per-framdocallyadaptedveightediistancesvereused

The dynamicstability of the obtainedmodelswas checkedby
moleculadynamicsimulationskor eachpredictedstructureeight
independenb0-nsMD simulationsverestarted We call thesens-
MD simulations.All ns-MD simulationswere performedwith
GROMACS2021.5usingthe CHARMM36mJuly 2021 force beld.
Themodelsveresolvatedndequilibratedvith Na+andCl- ionsto a
concentratiorof 150 mM. Energyminimizatiorwasappliedanda
canonicaéquilibratiorunderpositionakestraintsvasperformedor
5 nsto reachB00K. Eachsystenwassimulatedor 50 nsto studythe
behavioof the homodimerThe stabilityof the predictedstructure
wasevaluatedy commonmetrics,namelythe C; RMSD to the
initial frameafterequilibratiorusingresidues$! 42 of eaclchainand
the heavy-atonRMSFagainst sliding-averagsgructurecalculated
every 5 ns. Furthermore,the RMSF was correlated(Pearson
correlationcoé cient) to the reversenormalized(renormalized)
pLDDT conbdenceametric generatedwith the prediction, by
subtractinghe maximumvalueand dividing by the range,as has
beenpreviouslyreported® We predictedcirculardichroism(CD)
spectrdor the AF-M ns-MD framesand some" s-MD framesusing
PDBMD2CD* The spectracalculatecby usingasinput the MD
snapshotarerecomparedo the experimentalD spectra.

A secondSAPPHIREnalysisvasthen performedn the dimeric
ensemblé¢Figure3). A subsamplingf 200 ps wasusedfor the ns-
MD trajectoriesasit is the time step of the "s-MD trajectories.
InterchainC, distancewerecalculatedor the 30,000' s-MDframes
and the 2000ns-MD framesindividuallyand then concatenatetb
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avoiderrorsdueto di" erences simulatiorboxsizesandshapeThe
time seriesof distancesvasgivenasinput featureso CAMPARIOs
NetCDF miner.A sigmoidabistanceransformationvasappliedto
reducethe inBuencef higheuclideamlistancebetweerthe frames,
centereabn 40 with aslopeof 20.PrincipalComponenAnalysisvas
thenapplied andthe two mainprincipalcomponentsverekeptfor
the constructiorof the progressndex.All SAPPHIREanalysewere
performedisingCAMPARI(V4).>° A secondargtructurerediction
(dssp)wasusedasgeometri@nnotatiorfor both SAPPHIRBplots.
The RMSD of the AF-M and CF structuresgainsthe trajectories
wascalculated;onsidering,; atomsonly,to Pndto whichbasinof
the SAPPHIRBplot the predictedstructurewouldbelong Centroid
structuresverecalculatedjePnedisthe structureof the framewith
the lowesteuclideamistanceo the meanof eachbasin.

4.3.1. Simulation Setup. Multiple MD runsunderthe inBuence
of anexternabscillatinglectrid>eld(EF-MD) werestartedromthe
top-scoringnodelof the Al 42 dimerobtainedwith the AlphaFold-
Multimer (AF-M). All simulationsvereperformedvith GROMACS
2021.8° usingthe CHARMM36mforcebeld:® The two chainsvere
shortenedy removinghe initial Pveresidueshereforestartingon
Hiss. Thisis dueto thehighRexibilityof thesaesidueasshowrfrom
theinitial validation( Figure2). The modelwassolvatedn an8.1nm
cubichoxof watermoleculesindNa" andCl' ionsataconcentration
of 150 mM. Afterward,the systemwas subjectedto energy
minimization A 5 ns NVT equilibrationwasperformedjn which
the systenwaskeptunderpositionakestraintsto reach300K. For
the productionMD, four conditionswvereevaluatedyith the aimto
testthe €' ectof anoscillatinglectridbeldon the secondargtructure
of thedimer.The behaviowith no electridceldwvascomparedo that
after subjectinghe systento oscillatingreldsof 10, 100,and 200
mV/nm. All Peldswvereappliedwith a frequencyf 1 GHz,i.e.,the
directionof the beldwasrotatedby 189 everyns. The beldwas
appliedromoneof threedirectionspn thex, y, or z plane The beld
wasappliedby settingthe respectivelectrideld-K/ y/ z) beldin the
GROMACSInput ble.Sixteerindependensimulationsverestarted
for eachof the systemspplyinghe electricheldin oneplane.The
directionof the Peldwasassignedo eachcopy of the systemn a
sequentiahannerThe simulationsvererun initiallyfor 100ns.The
systemsubjecto 100mV/nm electridceldwereextendedio 200ns,
whilethe 0 and10 mV/nm wereextendedo 300ns.The samesetup
was used to test the stability of the leucine zipper #-helical
homodimerof the HY5 transcriptionfactor of A. thaliana The
peptidemonomehasalengthof 42 residuesThe crystaktructureof
the leucinezipperhomodimemhasa resolutiorof 2.0« (PDB code:
20QQ) andwasusedasstartingstructurefor the MD simulations.
Productiorrunswerecarriedout for 200nsandelectridceldsof 100
and 200 mV/nm wereemployedat the samefrequencyasfor the
Al 42 homodimerl1 GHz).

4.3.2. Analysis. The €'ect of the electricbeldwasstudiedby
monitoringthe presencef the! -strandsecondargtructureelements
in the dimer.For eachEF-MD trajectorythe ! -strandcontentwas
predictedusing the mdtraj package@sspfunction:"*® The time
seriesof the strandcontentwascalculatedor eachtrajectoryand
averageger systemA two-exponentiahodelwasusedto bt the
time-dependertecayof the mean! -strandcontentacrosghe eight
simulation$or eachpotential The extremelyapiddecayat 200mV/
nm canbebttedby asingleexponentiakortheleucinezipperthe#-
helicalcontentwasmonitoredanda single-exponentinctionwas
bttedto the time seriesof the averagewumberof helicalresidues.
Hydrogenbond contentwasquantipedisingthe Wernet Nilsson
algorithmimplementedn mdtra*®>°
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