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ABSTRACT:Theaggregatfionoffα-synucflefinfisfimpflficatedfina
numberoffneurodegeneratfivedfiseases,suchasParkfinson’sand
Mufltfipfle SystemAtrophy,buttherofleofftheseaggregatesfin
dfiseasedeveflopmentfisnotcflear.Onepossfibflemechanfismoff
cytotoxficfityfisthedfisturbanceorpermeabfiflfizatfionoffceflfl
membranesbycertafintypesoffoflfigomers.However,nohfigh-
resoflutfionstructureoffsuchmembrane-embeddedcompflexeshas
everbeendetermfined.Hereweconstructandevafluateputatfive
transmembraneβ-barreflsfformedbythfisprotefin.Examfinatfionoff
theα-synucflefinsequencereveaflstworegfionsthatcoufldfform
membrane-embeddedβ-hafirpfins:64−92(theNAC),and35−56,
whfichharborsmanyffamfiflfiaflParkfinson’smutatfions.Thestabfiflfity
offβ-barreflsfformedbythesehafirpfinsfisexamfinedfirstfinfimpflficfit
membraneporesandthenbymufltfimficrosecondaflfl-atomsfimuflatfions.WefindthataNACregfionbarreflremafinsstabflyfinsertedand
hydratedfforatfleast10μs.A35−56barreflremafinsstabflyfinsertedfinthemembranebutdehydratesandcoflflapsesfiffaflflHfis50are
neutraflorfiffHfis50fisrepflacedbyQ.IffhaflffofftheHfis50aredoubflyprotonated,thebarrefltakesanovaflshapebutremafinshydrated
fforatfleast10μs.Possfibflefimpflficatfionsoffthesefindfingsfforα-synucflefinpathoflogyaredfiscussed.

■INTRODUCTION
α-synucflefin(aS)fisa140-resfidueprotefinfimpflficatedfinseverafl
neurodegeneratfivedfiseases.Itfisthemajorcomponentoffthe
fintraceflfluflarLewybodfiesobservedfinParkfinson’sandfin
DementfiawfithLewyBodfies1andoffcytopflasmficfincflusfions
observedfinMufltfipfle SystemAtrophy.2 Itsphysfioflogficafl
ffunctfionfispoorflyunderstood.3,4InsoflutfionandfinceflflsaS
fisflargeflyunffoflded,5,6butfinteractfionwfithflfipfidsshfifftstheN-
termfinafldomafin(res.1−95)fintoaheflficaflconfformatfion,
whfich canbebrokenfinmficeflfles7−9 orextendedon
vesficfles10−12orsampflfingbothconfformatfions.13Invfitro,aS
aggregatesfintofibrfiflsoffvaryfingstructures.14−18Fragment
mficrocrystaflshaveaflsobeendetermfinedfinwhfichresfidues69−
78makeparaflfleflβ-sheets.19Inaddfitfiontofibrfifls,aSfformsa
varfietyoffsoflubfleoflfigomers.20Thestructureofftheseoflfigomers
fisflargeflyunknown,aflthoughsomeflow-resoflutfionfinfformatfion
hasbeengfleanedffromvarfiousbfiophysficaflmethods.21−24

Aswfithotheramyflofidogenficprotefins,toxficfityseemstobe
hfighestfforαSoflfigomers,25,26aflthoughsomereportsfindfibrfifls
tobethetoxficspecfies.27,28Varfiousmechanfismsofftoxficfity
havebeenconsfidered.29Promfinentamongthemfismembrane
permeabfiflfizatfion.26,30−41Manystudfiesffoundnopermeabfiflfiza-
tfionbymonomerficαS.30,39,40Othersreportedfleakageffrom
flfiposomescausedbyunfincubated(presumabflymonomerfic)
αS,butusuaflflyathfigherconcentratfions,42,43orvofltage-
finducedfionchanneflsundercondfitfionswheretheprotefinfisa
flongheflfixonthemembrane surfface.37SoflfidstateNMR
showedthatfinthetoxficoflfigomersresfidues70−88hadβ

structureandfinsertedfinthemembrane,whfifletheN-termfinus

wasdynamficandaccessfibfle,wfiththefirst25resfiduesbfindfing

tothemembrane.33

MosttheoretficaflstudfiesonaShavebeenconcernedwfith

aggregatfionfinsoflutfion44andonflyaffewwfithfitsfinteractfion

wfithmembranes.45−47Somemodefls offmembrane-finserted

pore-fformfingcompflexeshavebeenproposed,bothheflficafl48,49

andβ-sheet,50buthavenotbeentestedandaredfificufltto

repflficateandevafluateduetotheunavafiflabfiflfityoffcoordfinates.

SometfimeagoourflabexamfinedthebfindfingofftheN-termfinafl

heflfixonanfimpflficfitmembrane51andmore recentflythe

dependenceoffthfisbfindfingonmembranecurvature.52Herewe

consfiderthehypothesfisthataggregatedaSmakesβ-barrefl

supportedporesfinmembranes.Webufifldputatfivemodeflsoff

thesepores,examfinethefirstabfiflfityusfingfimpflficfitandexpflficfit-

soflventsfimuflatfions,anddfiscussthefirpflausfibfiflfityfinflfightoffthe

avafiflabfleexperfimentafldata.
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■RESULTS
ModeflConstructfionandImpflficfitSoflventModeflfing.
The sequenceoffaSfisdfispflayedfinTabfle 1(strongfly
hydrophobficresfiduesareshownfinbofld).
Examfinatfionofftransmembraneβ-barreflstructuresreveafls
thateachβ-strandtypficaflflyexposesfivesfidechafinstothe
membrane,andoneoffthemfisofftenGfly.53,54Twosfidechafins
arenearthehydrophobfic−hydrophfiflficfinterffaceandthreeare
deepflyfinthehydrophobficcore.Thus,weflookedfforstretches
contafinfingtrfipfletsoffnonpoflarresfiduesseparatedbyone
resfidue(fi.e.,Φ×Φ×Φ,whereΦfisahydrophobe).Oneoff
themneednotbestrongflyhydrophobfic(e.g.,AorG)butfit
cannotbestrongflypoflar.The40-resfidueC-termfinafldomafinfis
dfisorderedandrfichfinacfidficresfidues.Inaddfitfion,fitflacksaΦ
×Φ ×Φ motfiff andfisthusunflfikeflytofinsertfintothe
membrane. Resfidues61−95comprfisetheso-caflfledNAC
(Non-AmyflofidβComponentoffAflzhefimer’spflaques),andare
mostpronetoaggregatfion.TheNACfisthemostobvfious
candfidatefformembrane finsertfion.Anotherstretchthat
contafinssuficfientnumbersoffhydrophobficresfiduesfis35−
56.We ffocusedonthesetworegfionsandexpfloredthe
possfibfiflfityofffinsertfionoffβ-hafirpfins.
We consfideredoctamersoffhafirpfinsbecausetheycreate
poressuficfientflyflargefforfionconductfion.We usedour
prevfiousβ-barrefloffefightprotegrfinβ-hafirpfins55asatempflate
andconsfidereddfifferentaflfignmentsffortheNAC(Tabfle2).

Thestabfiflfityoffthemodefl wasjudgedby(a)howweflfl
preservedthebarreflstructurewas,(b)whetherfitstayedfinthe
pore,and(c)themagnfitudeoffthetransfferenergyΔWffrom
watertothepore.Someaflfignments(e.g.,#4)showeda
ffavorabfleΔWbutthebarreflefitherbrokeormovedpartflyout
offthepore.Otheraflfignmentspreservedthestructureoffthe
barreflbutexhfibfitedanunffavorabfletransfferenergy.Thebest
overaflflwasaflfignment#5wfithffavorabfleΔWandareasonabfle
barreflstructure(Ffigure1).Thfismodeflwasseflectedfforffurther
studyusfingaflfl-atomsfimuflatfions.

Sectfion35−56aflsohasenoughhydrophobficresfiduesto
possfibflyfinsertfintothemembrane. Two modefls were
constructedbasedontheNMRstructureoffthfisffragmentfin
compflexwfithaprotefinengfineeredtobfindfit(pdbfid4BXL).56

Thetwomodeflsdfifferfinwhfichsfideoffthehafirpfinffacesfinsfide/
out.In4BXLoneffaceoffthehafirpfinhasthesfidechafinsoff
resfiduesV37,Y39,G41,V48,H50,V52,T54,A56andthe
otherL38,V40,S42,V49,G51,A53,V55.Thehydrophobficfity
offtheflatterffaceseemshfigherthanthatoffthefformer.Indeed,
themodefl wfithY39andH50 pofintfingfinsfide(Ffigure2)

exhfibfitedffavorabflefinsertfionenergy(Tabfle3),sofitwas
seflectedfforffurtherstudybyaflfl-atomMD.Itfispossfibfleto
constructmodeflswfithonestrandflfipped.Forexampfle,modefl
3basedonourprotegrfinoctamerhastheC-termfinaflstrand
flfippedcomparedtomodefl1andexhfibfitsffavorabflefinsertfion
energy,aflbefitflessthanYfinHfin.
Aflfl-AtomSfimuflatfions.NACBarrefl.The64−92modefl

(NAC5)remafinsstabflewfithflfimfitedstructuraflchangesdurfing

Tabfle1

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH 50

GVATVAEKTK EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL 100

GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA 140

Tabfle2.PossfibfleAflfignmentsofftheNACRegfionwfiththe
ProtegrfinHafirpfinandThefirTransfferEnergyffromWaterto
thePorea

aThefirstflfinefineachaflfignmentfistheprotegrfinsequence.Inbofldare
theresfiduesffacfingflfipfids.

Ffigure1.NACbarreflaflfignment5.Bflueflfinesfindficatethefimpflficfit
membrane-waterfinterfface.

Ffigure2.Infitfiafl35−56barreflmodeflsbasedon4BXL.Lefft:Y39and
H50ffacfingoutward.Rfight:Y39andH50ffacfingfinward.Theflatter
modeflwaschosenfforffurtherstudy.Bflueflfinesfindficatethefimpflficfit
membrane-waterfinterfface.

Tabfle3.BarreflModeflsfforFragment35−56offaSa

aInbofldaresfidechafinsffacfingoutwards.
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the10μsaflfl-atomsfimuflatfion.Infitfiafl,mfiddfle, andfinafl
structuresareshownfinFfigure3.TheN-termfinusoffhafirpfin
E(yeflflow)fismoremobfiflethantheothersandofftenfformssaflt
brfidgestotheC-termfinusoffhafirpfinG(flfightgray),orto
gflutamficacfidsfidechafins.Between1.6and2.5μshafirpfinE
fimpartsmuchdfisorderuntohafirpfinD(orange).Durfingthfis
tfime,theH-bondregfisterwfithfinhafirpfinDchangesffrom
GLY5:O-ALA27:NfinfitfiaflflytoGLY5:O-THR29:N.TheH-
bondregfisterbetweenhafirpfinsCandDaflsoshfifftsbyoneffrom
(C)SER24:O-(D)VAL8:Nto(C)SER24:O-(D)ALA6:N.The
fincreasedshearcausestheC-termfinaflstrandoffDandtheN-
termfinaflstrandoffEtosflfidedeeperfintotheaqueousphase,but
thefirβ-sheetcontentremafinsreflatfiveflyconstant,asshownfin
Ffigure4.Thetotaflβ-sheetcontentoscfiflflatesaround37%upto

4μs,thenfincreasessflfightflyto42%.Thebarrefl’soveraflflshape
aflsovfisuaflflyseemstofimproveatthatpofint.Itthenremafins
openandhydratedfinthfisstateffortheremafinfing6μs.RMSD
andradfiusoffgyratfionpflotsfforthfisandtheotheraflfl-atom
sfimuflatfionsareshownfinFfiguresS1andS2finSI,respectfivefly.
ApflotoffthenumberoffwatermoflecuflesfintheNAC5barreflfis
shownfinFfigureS3finSI.
35−56Barrefl.Durfingthefirst5μs,the35−56YfinHfinbarrefl
graduaflflyflattens(Ffigure5),aflthoughtheβ-strandsthemseflves
remafinreflatfiveflyorderedandthetotaflβ-sheetcontentremafins

stabfleatabout60%throughout.Thefinaflstructure’sfinterfiorfis
mostflydry.Ffigure6showsthenumberoffwatermoflecufles
wfithfinthebarrefldfimfinfishfingovertfime.Thfisfiscflearflydueto
thepredomfinantflyhydrophobficnatureoffthebarreflfinterfior.
TheonflypoflarresfiduesareY39andH50.The(partfiaflflypoflar)
Y39resfiduesmafinflypofinttowardthetermfinfiandtheH50
resfiduestowardthefloops;theyH-bondwfitheachotherwhen
opposfitestrandscomecfloseaffterthebarrefl’scoflflapse.The
YoutHoutmodeflhasanevenmorehydrophobficfinterfiorand
aflreadyflatteneddurfingequfiflfibratfionfinfimpflficfitsoflvent
(FfigureS4).
H50QfisaffamfiflfiaflmutatfionfinParkfinson’sdfiseasewhfich
wasffoundtoaggregateffasterandtobemorecytotoxfic.57We
sfimuflatedanH50Qmutantoffourbarreflandffoundthatfit
remafinedstabfleandhydratedffor4μs,butthenflattenedand
drfiedoutflfikethewfifldtypebarreflfintheremafinfing6μs(Ffigure
5).Totaflβ-sheetcontentdfimfinfishedffrom70to55%wfithfin3
μsandremafinedstabflethereaffter.
BecausetheHfishasapKaoff6.5,fitfisconcefivabflethatat
fleastsomeofftheHfisfinthefinterfiorsurffaceoffthebarreflmfight
becharged.Toexamfinetheeffectoffthfisonporestabfiflfity,we
repeatedtheabovesfimuflatfionwfithffourofftheefightHfis
doubflyprotonated.Inthatcasetheporeaflsoflattened
somewhat,buttheaddfitfionaflchargeattractedenoughsoflvent
tokeeptheporeffromcoflflapsfingandhydratedffortheentfire10
μs.Theflattenfingfisflfikeflycausedbyhydrophobficfinteractfions
andaromatficstackfingbetweentheTYRrfings.Ffigure7shows
thecorreflatfionbetweenTYRrfingdfistance,measuredbetween
twoadjacentstrands,andporedfiameter,approxfimatedbythe
dfistancebetweentwoCαsfinopposfitestrands.Thetotaflβ-
sheetcontentdroppedffrom70%finfitfiaflflyto45%at1μs,and
remafinedstabflethereaffter(FfigureS5).Watermoflecuflesthat
dfiffuseaflongthebackbonesoffstrandsEandF,wherethe
barreflcurvaturebecomesacute,transfientflyfformanfintercaflat-
fingchafinatvarfioustfimes(Ffigure8).FfigureS6showsthe
ffractfionoffeachflfipfidtypefincontactwfithprotefin.

■DISCUSSION
WehavefidentfifiedtworegfionsoffaSthatmaybeabfletofform
atfleastmetastabfle, oflfigomerfic,membrane-embedded β-
barrefls:35−56and64−92.Thesfimuflatfionsdonotprove
thatthebarreflsarethermodynamficaflflystabflebecausethey
startffromprefformedbarreflsandhaveaflfimfitedtfimescafle
comparedtoexperfiment.Noaccounthasbeentakenoffthe

Ffigure3.NAC5barreflat0,5,and10μsoffaflfl-atomsfimuflatfion.

Ffigure4.β-sheetcontentfintheNAC5durfing10μs.Bflackflfinefisffor
theentfirecompflexandcofloredflfinesfforhafirpfinsDandE.
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entropficcostoffbrfingfingseveraflhafirpfinstogetherfinaprecfise
regfisterandorfientatfionandnoaflternatfivestructureswere
consfidered.Theresufltsonflyfindficatethatthestructureare
pflausfibfleandcannotbefimmedfiateflydfismfissed.Thekfinetficsoff
fformfingthesestructures,whfichfisaflsonotconsfideredhere,fis
expectedtobequfitesflowbutthetfimescafleonwhfichamyflofid
dfiseasesdeveflopfisaflsoverysflow.Theoctamerficoflfigomerfic
statechosenfforourmodeflsfisnearflythesmaflflestthatcoufld
aflflowfiontransport.Smaflflvarfiatfionsfinaggregatfionnumber
shoufldnothaveaflargeeffectonstabfiflfity.ManyaSoflfigomers
havehfigheraggregatfionnumbers.33,58,59Itfispossfibflethatnot
aflflmonomers finanoflfigomerpartficfipatefinmembrane
perturbatfion.

ThehafirpfinsconstructedbytheNAC ffragmentgfivea
reasonabflystabflepore,aflthoughabarreflwfithhfigherfinfitfiafl
shearmfighthavebeenprefferabfle.Forthfissegmentsome
experfimentaflresufltsontoxficoflfigomersfinteractfingwfith
membranesareavafiflabflevfiasoflfidstateNMR.33Thedata
showedthatresfidues70−88werefinβconfformatfion.70−88fis
sflfightflyshorterthanourmodefl(64−92)anddoesnotfincflude
somestrongflyhydrophobficresfiduesthatstabfiflfizemembrane
finsertfion.InNAC5theresfiduesfinβconfformatfionare67−72
and86−92,so70−88fismostflyfinthefloops.AflfignmentNAC1
finTabfle2wasfinspfiredbytheseNMRresuflts,butturnedout
nottobeverystabfle.Perhapsthestructuredetectedfinreff33fis
notabarrefl;therefisnoevfidencefinthatworkthatthe
oflfigomerscrossthemembrane.
Whatmakesffragment35−56especfiaflflyfinterestfingfisthat
themajorfity offParkfinson’sdfiseaseffamfiflfiaflmutants occur
wfithfinornearthfisffragment:A30P,E35K,E46K,H50Q,
G51D,andA53T.Thebfiophysficaflpropertfiesoffthesemutants
areweflflstudfied:someacceflerateaggregatfion(H50Q60−62)
whfifleotherssflowfitdown(A30P,63G51D62,64).Somereduce
bfindfingtoanddfisruptfionoffmembranes,someenhancefit,and
somehavenoeffect.64−69Amacrocycflficβ-hafirpfinderfived
ffrom35to56wasffoundtobetoxfic70anddefletfionoffthe36−
42ffragmentpreventedtoxficfityfinC.eflegans.71Sequesterfing
37−54,whfichwasseentofformahafirpfinfinMDsfimuflatfions,72

reducesaggregatfionandtoxficfity.56Thesetwostrandswere
proposedtofformhafirpfinsfinoflfigomers.22

Weffoundthatthe35−56barrefldehydratesandcoflflapses
duetothehydrophobficfityofffitsfinterfior.Aflthoughthfiscoufld
resufltffromfimproperbaflanceoffprotefin−protefinandprotefin−
waterfinteractfionsfinthefforcefiefldused,fitseemsrather
unflfikefly.Thebarreflcoufldremafinhydratedfiffsomeoffthe
Hfis50 aredoubflyprotonated.Inneuronstherestfing
fintraceflfluflarpHfis7.03−7.4673andfitfisreportedtodecrease
wfithage.74SynaptficvesficfleshaveapHflowerby1.5unfits75

anddurfingthefirexocytosfistherefisstrongtransfientacfid-

Ffigure5.35−56oflfigomerwfithY39/H50pofintfingfinwardaffter5μsaflfl-atomMD.Upperflefft:Hfis50neutraflat0and5μs.Upperrfight:H50Q
mutantat5μs.Lowerhaflff:H50haflffchargedat0,5,and10μs.

Ffigure6.Water moflecuflesfinsfidetheYfinHfinbarrefls.Red:Neutrafl
H50.WaterdrafinsfirstffromthecentraflhydrophobficTYRarea.The
moflecuflesthatremafinresfideatthebarrefltopandbottom,between
efitherthefloopsorthetermfinfioffthehafirpfins.Bflue:HaflffofftheH50
resfiduesarecharged.Thebarreflremafinshydrated.Purpfle:H50Q
mutant.Dehydratfionfisdeflayed.
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fificatfionoffthesynaptficcflefft.76So,fforsomeperfiodsofftfime,
thepHfinsomeregfionsmaybecomeflowenoughtoprotonate
Hfis.ThfisfindfingpredfictsapHeffectonporefformatfionbythe
ffragment35−56,whfichcoufldbetestedbyfinvfitroexperfi-
ments.Adehydratedbarreflcoufldstfiflflpflayarofle,fforexampfle
anchorfingtheoflfigomersonthemembraneandffacfiflfitatfingthefir
endocytosfisffromtheextraceflfluflarmedfium,aprocessthathas
beenobservedexperfimentaflfly.77

IntheYfinHfinmodeflthatwesfimuflated,G51fisffacfingflfipfids,
sothemutatfionG51Dwouflddestabfiflfizethepore.Themutant,
however,coufldfformabarreflwfiththeC-termfinaflstrand
flfipped.AsshownfinTabfle3,YfinHoutaflsohasffavorabfle
finsertfionenergy,aflbefitflessffavorabflethanYfinHfin.Sfimfiflarfly,
A53T/Ewoufldstabfiflfizeaporefintheflfippedconfformatfion,

whereasA53VwoufldstabfiflfizetheporefintheYfinHfinstrand
orfientatfion.TheE35Kmutatfionfisattheedgeoffthebarrefland
theE46Kfinthefloop,surroundedbytwootherLysfines.The
flattermfightsflowdownthekfinetficsoffmembranefinsertfion.
ThesubstfitutfionoffH50wfithQdfidnotheflpkeepthechannefl
open,sothesourceoffthehfigherextraceflfluflartoxficfityoffthfis
mutant57shoufldbesoughteflsewhere,fforexampflefinenhanced
aggregatfion.
ThepresenceoffH50wfithfintheporeflumencoufldaflso
medfiatesomemetafleffects.HfisfisknowntobfindCu,Zn,Fe
andothermetafls.78InhfibfitfionoffvesficflefleakagebyZnhas
beenobserved,79whfichcoufldbeexpflafinedbybfindfingoffZnto
Hfisfintheporeflumen.Ontheotherhand,exposuretometafls
fisaknownrfiskffactorfforParkfinson’s.80Perhapsmetaflshave

Ffigure7.PoredfiameterandaromatficrfingdfistanceswfithffourHfis50doubflyprotonated.Lefft:Configuratfionat10μs.Rfight:Tfimeserfies,and
correflatfioncoeficfientswfithfinseflecttrajectorysectfionsbetweenCa−CadfistanceacrossthebarreflanddfistancebetweenTYRfinadjacentstrands
nearoneffocusofftheeflflfipse.

Ffigure8.Transfientwaterchafinfformsatvarfioustfimesfinthehaflff-Hfis50-charged35−56modefl.ThepflotshowsthenumberoffHbondsfformedby
EandFstrandswfithwater.Asnapshotwastakenwhenevertherunnfingaverageexceeded6.
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twocompetfingeffects:first,acceflerateoflfigomerfizatfionby
tetherfingtogetherHfisresfiduesbutthenfinhfibfitfionfleakageby
bflockfingthefformedchannefls.
ExperfimentaflstructuraflfinfformatfiononαSoflfigomersand
possfibflemembraneporesfisoffflow-resoflutfion.EarflyEMand
AFMstudfiesoffαSandotheramyflofid-fformfingprotefins
showedmembrane-boundannuflarstructures35,38,58,81−83wfith
finnerdfiameteroff2−2.5nm,sfimfiflartothatofftheoctamers
sfimuflatedhere.Thepfictureobtafinedbythesestudfiesfisflfikefly
tobedomfinatedbytheextramembranousportfionsoffthe
protefin.We recentflyappflfiedourmethodoflogy toIAPP,84

amyflofidβ1−42,85 andamyflofidβ25−3586 andffound
reasonabflystabfleβ-barreflstructuresfineachcase.Arecent
computatfionaflstudyoffagenerficFKFErepeatsequenceffound
spontaneousfformatfionofffimperffectbetabarreflsonthetfime
scafleoffaffewμsatsomewhateflevatedtemperatures.87These
resufltssupportthepflausfibfiflfityofftheamyflofidporehypothesfis.
Itmaybearguedthatstructuresflfiketheonesconsfidered
herearetooordered.Indeed,gfiventhehfighdfisorderoffthe
oflfigomers,hfighflysymmetrficstructuresseemunflfikefly.Perhaps
theycanbevfiewedasfideaflflfimfitsthatteflfluswhatfis
theoretficaflflyffeasfibfle.Itfisaflsopossfibflethatoflfigomersdonot
fformweflfl-definedstructuresbutsfimpflycreatedeffectsthat
flowerthefionpermeatfionbarrfier.88Whatactuaflflyhappenscan
onflybeascertafinedbycareffuflexperfimentatfion.Studyoff
ffragmentscorrespondfingtoourputatfivemembrane-finsertfing
regfionswoufldbeuseffufl.Lowerfingtheentropycostofffformfing
thesebarrefls89 woufld aflsoffacfiflfitatethefirexperfimentafl
observatfion.

■METHODS
ImpflficfitSoflventModeflfing. Impflficfitmembrane sfimu-
flatfionsempfloyedtheIMM1modefl,90anextensfionofftheEEF1
effectfiveenergyffunctfionfforsoflubfleprotefins91toheteroge-
neousmembrane-water systems.IMM1usesaswfitchfing
ffunctfionthattransfitfionssmoothflyffromanonpoflartoan
aqueousenvfironmentandaccountsfforthesurffacepotentfiafl
usfingtheGouy−Chapmantheory.92Modeflfingoffpores93,94fis
accompflfishedbymakfingtheswfitchfingffunctfionFdependent
notonflyonthevertficafl(z)coordfinatebutaflsoontheradfiafl
coordfinate(thedfistancerffromthezaxfis):
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β-barreflmodeflsoffffragmentsoffaSwereconstructedfintwo
ways.Ffirst,byaflfignfingthemtotheprotegrfinβ-hafirpfinand
usfingourprevfiousflyconstructedoctamerficprotegrfinbarrefl55

asatempflate.Therepflacedsfidechafinswerebufifltfinan
extendedconfformatfion.Second,weusedtheNMRstructure
offahafirpfin.56Intheflattercasethehafirpfinwasfirstflattened
usfinggeometrficrestrafints.Thenefightcopfiesweresuper-

fimposedonthetempflatebarreflaccordfingtobackboneRMSD.
Thestructureswererefinedbyaserfiesoffenergymfinfimfizatfions
andMDsfimuflatfionsfinthepresenceoffgraduaflflydecreasfingH-
bondfingrestrafintsfinanfimpflficfittorofidaflpore(Ro=13Å,k=
15Å).Thestabfiflfityoffthebarreflwasjudgedbythedfifference
fineffectfiveenergyofftheentfirecompflexfinwaterversusfinthe
membranepore(transfferenergyΔW),evafluatedffortheflast
confformatfionsampfleddurfingtheMD sfimuflatfionfinthe
membrane.
Aflfl-AtomSfimuflatfions.Affterthe35−56barreflwfithY39

pofintfingfinsfideexhfibfitedaffavorabfleΔWandremafinedstabfle
over1.1nsfinthefimpflficfitpore,CHARMMGUIwasusedto
pflacefitfinanexpflficfit5:3:2DOPE:DOPS:DOPCmembrane,
whfichfisthemembranecomposfitfionusedfinrecentfinvfitro
experfiments.33Aboxsfizeoff100Åwaschosenfforthe∼40Å
dfiameterbarrefl,resufltfingfin140flfipfidmoflecufles.Porewater
andKCfl counterfionswere added.The structurewas
equfiflfibratedfinNAMDffor6ns.Affterfitprovedstabfleffor
another9.2ns,thefinaflstructurewassubmfittedtothe
ANTON 2supercomputer95 andrunffor5μs.Two
protonatfionstateswerechosenffortheHfis50resfidue,whfich
flfinestheporeflumen:efitheraflflneutraflorffourofftheefight
resfiduesdoubflyprotonated.A H50Q mutant was aflso
generatedandrunffor10μs.
The most stabfle64−92modefl (NAC5)was treated
anaflogousfly:CHARMMGUIwasusedtopflacefitfinan
expflficfit5:3:2DOPE:DOPS:DOPCmembranewfithaboxsfize
off100Å.ThestructurewasequfiflfibratedfinNAMDffor6ns.
Affterfitprovedstabflefforanother9.7ns,thefinaflstructurewas
submfittedtoANTON2andrunffor10μs.Theβ-sheet
contentwascaflcuflatedusfingtheCOORSECScommandfin
CHARMM,whfichfisbasedonDSSP.96

■ASSOCIATEDCONTENT
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Thefimpflficfitsoflventsfimuflatfionswerecarrfiedoutwfiththe
programCHARMM,whfichfisavafiflabflebyflficenseffromProff.
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Aflflotherstructuresmentfionedfinthfisartficfleareavafiflabfleffrom
thecorrespondfingauthoruponrequest.TheAntontrajectorfies
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