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Unter Prionenerkrankungen versteht man infektiöse Krankheiten wie Scrapie bei

Schafen, bovine spongiforme Enzephalopathie (BSE)
beiRindernundCreutzfeid-JakobKrankheit(CJD)beimMenschen.Entsprechendder,,NurEiweiss"-Hypothesewirdangenommen,dassdasinfektiöseAgens,dasPrion,nuroderhauptsächlichauseinerabnormalenForm,PrPSc,desgutartigenzellulärenPrionproteins,PrPc,besteht.PrPcundPrPSczeigenkeineUnterschiedeinihrerkovalentenStruktur.JedochistPrPceinMonomerundhauptsächlicha-helikal,wohingegenPrPSceinunlöslichesOligomerdarstelltundimVergleichzuPrPcerhöhtenß-Faltblatt-Anteilzeigt.DieStrukturvonrekombinantenPrionproteinen,diePrPcentsprechen,wurdegelöst.SiebestehenauseinerungefaltetenN-terminalenHälfteundeinergefalteten,überwiegenda-helikalenC-terminalenDomäne.DiehoheAggregationstendenzvonPrPScverhindertebisherdetaillierteStrukturaufklärungendieserForm.PrioninfektiositätistresistentgegenüberdemklassischenDesinfektionsmittelFormaldehyd.AusgehendvondieserTatsachewurdeimerstenTeildieserArbeitversucht,dieKonformationvonPrPScdurchkovalenteintramolekulareVernetzungmitFormaldehydzustabilisieren.DerzuvorgezeigteEffekt,dassFormaldehydbehandlungPrioninfektiositätgegenAutoklavierenbeihoherTemperaturresistentmacht,konntejedochnichtreproduziertwerden.DieBehandlungvonrekombinantemPrionproteinmitgeringenFormaldehydkonzentrationenführtezuintramolekularenCrosslinks,undmithohenFormaldehydkonzentrationenzuintermolekularenVernetzungen,wobeihochmolekulareAggregategebildetwurden.DieoptimaleKonzentrationfürintramolekulareCrosslinkswurdeaufPrP(27-30)DLPCs,einedurchLipideundDetergenssolubilisierteFormdesinfektiösen,proteaseresistentenKernsvonPrPSc,angewendet.NachDenaturierungmitGuanidiniumchloridoderSDSwurdenlöslicheundunlöslicheFraktionengetrennt.AnschliessendeInfektiositätstestsmitdenlöslichenFraktionenzeigtendiehöchsteInfektiositätnachBehandlungmit1.3mMFormaldehydundDenaturierungmit2%SDS.DieskönnteeinersterHinweisfürdieExistenzeinerniedermolekularen,evtl.sogarmonomerenFormderinfektiösenEinheitsein.Eswirdvermutet,dassPrPcinvivoKupferbindet.EinevorausgehendeStudiezeigte,dassdurchZugabevonKupferdieRenaturierungvondenaturiertemunddahernicht¬infektiösemScrapie-MaterialzuinfektiösenPrionenverbessertwerdenkann.Die
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analoge Reaktion wurde im zweiten Teil dieser Arbeit mit dem rekombinanten

Mausprionprotein PrP(23-231) durchgeführt, das niemals zuvor infektiös gewesen war.

Das Protein
aggregierteundzeigteeinegewisseProteinaseK-Resistenz,wasEigenschaftenvonPrPScwiderspiegelt.JedochwurdekeineInfektiositätgefunden.ImdrittenTeilderArbeitwurdegezeigt,dassdieReduktionderDisulfidbrückevonrekombinantemMausprionprotein,mPrP(23-231),zueinersignifikantenStrukturänderungführt.WährenddasProteinmitintakterDisulfidbrückehauptsächlicha-helikaleStrukturzeigt,liefertdasreduzierteProteinbeisaurempHCD-Spektren,dietypischsindfürß-FaltblattStrukturen.BeierhöhterIonenstärkekommteszurAusformungvonfibrillärenAggregatendesreduziertenProteins.DiereduzierteFormkönntedaherprinzipielleinIntermediatbeiderBildungvonPrPScsein.Nimmtmanan,dassdiesesIntermediatbeiderBildungvonPrPScbeteiligtist,somüssenmindestensdreiSchritteauftreten:Reduktion,AggregationundReoxidationdesPrionproteins.DieGeschwindigkeitderReduktionerwiessichalsextremlangsam,wasdamitübereinstimmt,dasseinevollständigeEntfaltungdesProteinsnötigist,umdieDisulfidbrückefürReduktionsmittelzugänglichzumachen.SaurerpH,wieerinEndosornen,demmöglichenBildungsortvonPrPSc,auftritt,begünstigtjedochdieReduktion.Beierhöhterlonenstärke(>0.2M)trittanschliessenddieAggregationspontanein.Reoxidationwurdesowohlfürlöslicheswieauchfüraggregiertes,reduziertesmPrP(23~231)gezeigt.BeiProteinaseK-VerdauderreoxidiertenFibrillenzeigtesichjedochnichtdiefürPrPSctypischeProteaseresistenz.DahererscheinteinetransienteReduktionderDisulfidbrückewährendderBildungvonPrPScunwahrscheinlich.FallsreduziertesPrPdennochbeiderEntstehungvonPrPSceineRollespielt,isteineReduktionbeisaurempHimreduzierendenMilieuvonEndosornenamwahrscheinlichsten.DortwäreaucheineKatalysederReduktiondurchDisulfidoxidoreduktasendenkbar.DieswurdeamBeispielderKatalysederReduktionvonPrPdurchdiebakteriellenDisulfidoxidoreduktasenDsbA,DsbCundThioredoxinverifiziert.BeineutralempHaggregiertreduziertesmPrP(23-231)unspezifisch.DiegefalteteDomänedesPrionproteins,mPrP(121-231),istnachReduktionbeiallenpH-Wertenunlöslich.NurdurchZugabevondenaturierendenReagenzienwieHarnstofftrittSolubilisierungauf.BeipH4.0und2MHarnstoffwurdendurchCD-Analysenß-Faltblatt-artigeSpektrenfürreduziertesmPrP(121-231)identifiziert,wiesieauchfür
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das reduzierte Voilängenprionprotem, mPrP(23-231), gefunden werden. Daher kann

angenommen werden, dass sowohl bei reduziertem mPrP( 121-231) als auch bei

reduziertem mPrP(23-231) zumindest Teile der a-helikalen Region der entsprechenden
oxidiertenProteineinß-Faltblatt-Strukturübergehen.IneinemweiterenProjektkonnteschliesslichgezeigtwerden,dassStahldrahtnachInkubationinPrion-infiziertemHirnhomogenatvonMäusenundanschliessendemextensivenWaschennochsehrhoheMengengebundenerInfektiositätaufweist.DieseExperimentezeigennebenderTatsache,dassPrionenenormfestanrostfreienStahlbinden,dassinderHumanmedizinwesentlicheffektivereSterilisierungsmethodenfürchirurgischeInstrumentenötigsind,uminderChirurgieeinInfektionsrisikomitPrionenauszuschliessen.
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SUMMARY

Prion diseases are infectious disorders like scrapie in sheep, bovine spongiform

encephalopathy (BSE) in cattle and Creutzfeld-Jakob disease (CJD) in humans. Accordingtothe"proteinonly"hypothesistheinfectiousagent,theprion,isbelievedtoconsistonlyormainlyofPrPc,anabnormalformofthebenigncellularprionprotein,PrPc.ThecovalentstructuresofPrPcandPrPScareidenticalbutthetwoformsdifferinconformation.PrPcisapredominantlya-helicalmonomerwhereasPrPScrepresentsaninsolubleoligomerpossessingincreasedß-sheetcontentcomparedtoPrPc.Thehigh-resolutionstructureofrecombinantPrPcorrespondingtoPrPchasbeensolved.TheproteinconsistsofanunfoldedN-terminaltailandafolded,predominantlya-helicalC-terminaldomain.ThehighaggregationtendencyofPrPhinderedsofardetailedstructuralanalysisofthisisoform.Prioninfectivityisresistanttoformaldehydetreatment,aclassicaldisinfectionmethod.Therefore,inthefirstpartofthisthesis,itwastriedtofixthePrPScconformationbycovalentintramolecularcrosslinkingwithformaldehyde.Thepreviouslyshowneffectofstrongresistanceofformaldehydetreatedprioninfectivityagainststrongheatautoclaving,however,couldnotbereproduced.Treatmentofrecombinantprionproteinwithlowconcentrationsofformaldehyderesultedinintramolecularcrosslinksandwithhighconcentrationsofformaldehydeinintermolecularlycrosslinkedaggregates.TheoptimalconcentrationforintramolecularcrosslinkswasappliedtoPrP(27-30)DLPCs,adetergent-solubilizedformoftheinfectious,proteaseresistantcoreofPrPSc.AfterdenaturationwithguanidiniumchlorideorSDSsolubleandinsolublefractionswereseparated.Subsequentbioassaysofthesolublefractionsshowedthehighestinfectivityaftercrosslinkingwith1.3raMformaldehydeandtreatmentwith2%SDS.Thismightbeafirstindicationfortheexistenceofasmallmolecular,eventuallyevenmonomericformoftheinfectiousunit.C9-+-ItisassumedthatPrPbindsCirinvivo.ApreviousstudyhasshownthattheadditionofCu2+enhancestherenaturationofdenatured,non-infectiousscrapiematerialintoinfectiousprions.Inthesecondpartofthisthesis,asimilarreactionwasperformedwithrecombinantmouseprionprotein,mPrP(23-231),thatwasneverinfectious.AlthoughtheproteinshowedaggregationandsomeProteinaseK-resistance,characteristicsreminiscentofPrPSc,noinfectivitywasgained.
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In the third part of this work, it was shown that upon reduction of the single disulphide

bond recombinant full-length mouse prion protein, mPrP(23-231), exhibits
asignificantstructuralchange.Whileitsstructureismainlya-helicalwithintactdisulphidebridge,thereducedformdisplaysß-sheet-likeCD-spectraatacidicpH.Athighionicstrengththereducedproteinformsamyloidfibrils,perhapssuggestingthatthereducedstateisanintermediateduringPrPScformation.Threestepswouldthusseemnecessary:reduction,aggregationandreoxidationoftheprionprotein.ReductionofmPrP(23-231)withdithiothreitolprovedtobeextremelyslow,consistentwiththerequirementofcompleteunfoldingoftheproteintomakethedisulphidebondaccessibleforthereducingagent.AcidicpH.asfoundinendosomes,thepotentialsitesofPrPScformation,favorsthereaction.Atincreasedionicstrength(>0.2M)fibrillaraggregationdidspontaneouslyoccur,andreoxidationwasshownforbothsolubleandaggregatedreducedmPrP(23-231).However,uponProteinaseKdigestionthereoxidizedfibrilsdidnotexhibitthePrPSc-typicalproteaseresistance.Forthisreason,theproposedtransientreductionofthedisulphidebridgeduringtheformationofPrPScappearsunlikelytotakeplace.IncasethatreducedPrPstillplaysaroleintheformationofPrPSc,reductionwouldpresumablyoccuratacidicpHinthereducingenvironmentofendosomes,wherecatalysisofthereductionbydisulphideoxidoreductasesisconceivable.ThiswasexemplaryverifiedbycatalysationofthereductionofmPrP(23-231)bythebacterialdisulphideoxidoreductasesDsbA,DsbCandthioredoxin.AtneutralpHreducedmPrP(23-23I)aggregatesnon-specifically.ThefoldedC-terminaldomainoftheprionprotein,mPrP(121-231),isinsolubleafterreductionatallpHvalues.Solubilizationoccursonlyuponadditionofdenaturingagentslikeurea.AtpH4.0and2Mureaß-sheet-likefar-UVCDspectraaredisplayedforreducedmPrP(121-231)asforreducedfull-lengthmPrP(23-231).Itthereforeseemslikelythatinbothreducedproteinsatleastpartsofthea-helicalregionoftheoxidizedproteinsformß-sheetstructure.Inafurtherproject,stainlesssteelwirewasincubatedinprion-infectedmousebrainhomogenates,andthenwashedextensively,beforebioassayforresidualinfectivity.Thewirewasfoundtoretainveryhighamountsofinfectivity.Besidesdemonstratingthefactthatprionscanadhereenormouslyfirmlytostainlesssteel,theseexperimentsunderscoretheneedformoreeffectivesterilizationproceduresofsurgicalinstrumentsthatmayhavebeenexposedtoprion

infectivity.
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1. INTRODUCTION

1.1. The infectious agent

Early studies

Since the occurrence of the bovine spongiform encephalopathy (BSE) crisis in Great

Britain, starting in 1986, the term "prion" has become widely known by
thepublic.Still,researchersdonotknowtheexactnatureoftheinfectiousagentforthisdisease,belongingtotheso-calledtransmissiblespongiformencephalopathies(TSEs).Besidestheinfectiousform,thesediseasescanoccursporadicallyormaybegeneticallyinherited.Agrowingbodyofevidencenowsupportsthe"protein-only"hypothesis.Itwasfirstproposedin1967byAlperandcoworkers,byGriffith,aswellasbyPattisonandJonesthatthescrapie(=TSEofsheep)agentmightexclusivelyconsistofprotein.Thereasonsforthesespeculationsweretheabnormalpropertiesofthistransmissibleagentinsheepthatmadeitverydifferentfromallknownvirusesandbacteria,thecommoncausesoftransmissiblediseases.Forexample,thescrapieagentsurvivesinnecrotictissue,showsextraordinaryresistancetoheat(it"survives"120°Csteamautoclaving(Brownetal.,1982),andinfectivityisnotdestroyedbyharshchemicalssuchasformaldehyde(Pattison,1965a),ethanol(Hartley,1967),andchloroform(Lavelle,1972).Itisalsoresistanttonon-denaturingdetergents,nucleases,proteasesandglycosidases(Hunteretal.,1969;HunterandMillson,1967;Millsonetal.,1976).UV-irradiationrevealedthatthetargetsizeoftheinfectiousmaterialtomactivationat254nmisrelativelysmall,toosmallforavirus(Alperetal.,1967;Alperetal.,1966).Andinfectivityprovedtobemoresensitivetoirradiationat237nm(Latarjetetal.,1970),suggestingthatnonucleicacidwasinvolved.PurificationoftheinfectiousagentEarlyattemptstopurifytheinfectiousagentfailed,asthevirtuallynon-idealandunusualphysicalbehaviourstronglyhamperedenrichmenttrials.However,intheearly1980s,Prusinerandcoworkerspublishedanenrichmentprocedure(Prusineretah,1980;Prusineretal,1982a).A100-foldenrichmentofinfectivitywasachievedbyaseriesofdetergentextractions,limiteddigestionwithproteasesandnucleases,anddifferentialcentrifugationsteps,includingasucrosegradient.Thispurifiedtransmissibleagentofspongiformencephalopathieswasnamed
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prion, shorthand for "proteinaceous infectious particle" (Prusiner, 1982), because a

proteinase-resistant protein was the main and only identifiable component of the

purifiedpreparationandaccordinglytermedprionprotein(PrP).Twoformsofthisproteinexist:InnormalbraintheprionproteiniscompletelydigestedbyProteinaseK(PK),whereasininfectedbrainafractionoftheproteinisonlypartlycleaved.ThetwospecieswerehencedesignatedPrPc(cellularform)andPrPSc(scrapie-associatedform).PrPSccanonlybeisolatedinaggregatedformanduponPKdigestiontheN-terminusisremoveduptoaminoacid88.TheremainingproteaseresistantcoreisdesignatedPrP(27-30)foritsapparentsizeonSDS-gels(Prusineretal,1984).AsallsubunitsofthePrPScoligomeraredigestedwithProteinaseKinexactlythesamemanner,PrPScmustbeanorderedaggregate.StillsomeresearchersassumethatavirusisthecausativeagentofTSEs,butdespiteenormousefforts,nonucleicacidwithasizeabove100bpcouldbeidentifiedataparticletoinfectivityratio>1(Diringeretal.,1997;Kellingsetal.,1992;Kellingsetal,1993;Kellingsetal,1994;Oeschétal,1988).Recentinvestigationshaveshownthathighly-purifiedprionpreparationscontainabout1.5%lipids.Theselipidsseemedtobenon-essentialforinfectivitybutratherjustrepresentativeofcaveolae,thesitewheretheGPI-anchoredcellularprionproteinislocatedonthecellmembrane(Kleinetal,1998).However,thereexistseveralspeculationsaboutaninvolvementoflipidsininfectivitybasedonthefollowingfindings:1)RadiolysisofthescrapieagentbyUVbecamemoreefficientinoxygen-saturatedwater,conditionsthattargetespeciallylipids(Alper,1997).2)Dispersionofprionsindetergent-lipid-protein-complexes(DLPCs)orliposomesincreasedinfectivitybyabouttwoordersofmagnitude(Gabizonetal,1987).3)Preparationsof"Hyper"and"Drowsy",twodistinctminkprionstrains,differintheirdensity,arguingfordifferencesintheirlipidcontent(BessenandMarsh,1992).Inaddition,apreviouslyunknown,inerthomopolysaccharideconsistingofmainly1,4-linkedglucoseunitshasbeenfoundinpurifiedinfectiousprionpreparationsandhasbeenproposedtobeanessentialscaffoldforprions(Appeletal,1999)."Proteinonly"hypothesisTheseresultsledtotheestablishmentofthe"proteinonly"hypothesisthatstatesthattheprionisdevoidofinformationalnucleicacidandconsistsofproteinas

the
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propagating infectious agent (Prusiner, 1989). This is additionally supported by genetic

evidence (see below). However, as even in the purest samples, the ratio of PrP

molecules
toinfectiousunitsisabout10~(Boltonetah,1991),itisimpossibletoexcludethepresenceofsomeothercomponentorcovalentmodificationthatmightberequiredforinfectivity(Chesebro,1998;Farquharetal,1998;Weissmann,1991).Aproofofthe"proteinonly''hypothesiswouldbeintheviewofmostresearchers,theproductionofinfectiousPrPScinvitrofrompreviouslynon-infectiousprotein(AguzziandWeissmann,1997).Sofar,thiscouldnotbeachieved(seealso"In-vitro-conversion"andchapter3:"'Cu2+-conversion").BioassaysUntiltodayinfectivitycanonlybeassayedanddetectedinlivinganimals.Initiallysheepandgoatswereusedforthetestsontransmissibility,wheretheanimalshadtobeobservedforover18monthspost-inoculationbeforetheonsetofthediseaseandthepresenceofinfectivitywasonlydeterminedqualitatively(Hunter,1972).Thetransmissionofscrapietothelaboratoryanimalshamsterandmouseshowingrelativelyshortscrapieincubationtimesof70-200dayswasanimportantadvanceforstudiesoninfectivityasithelpedtoquantifytheamountofinfectivitybyendpointtitrationexperiments(Chandler,1961;Kimberlin,1976;KimberlinandWalker,1977;MarshandKimberlin,1975).Fourtosixanimalswereinoculatedforeachofabouteightlogarithmicdilutions,andtheconcentrationofinfectiousunitswascalculatedfromtheinfectivityrateafterthelongestpossibleincubationtime(200-400days).Althoughtheseendpointtitrationexperimentsinmicerevealedsomepropertiesofthescrapieagent,developmentofaneffectivepurificationprotocolwasdifficult,becausetheintervalbetweenexecutionoftheexperimentandavailabilityoftheresultswasstillaboutoneyear(Prusiner,1988;Siakotosetal,1976).Itwasonlyaftertheestablishmentoftheincubationtimeassayforhamster-adaptedscrapie,whichtookadvantageofthefactthatincubationtimeandinfectivityconcentrationarereversiblyrelated(Prusineretai,1982b;Prusineretal,1980),thatthenumberofanimalsandthetimerequiredforassayingfractionsduringtheenrichmentoftheagentdecreasedandthatthestudiesonthenatureoftheinfectiousagentwereaccelerated.Forpriondiseases,theinfectivityparameterisequaltomortalityasTSEdiseasesareasyetinvariablylethal.Asingleinfectiousunitisdefinedasthemeanlethaldose,theso-
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called LD50, the inoculum amount that kills 50% of subjects in the test system. This unit

of activity, however, does not say anything about the physical properties of the agent.

Thus, fornon-establishedTSE-agents,wherenoincubationtimecurvehasbeendetermined,end-pointtitrationisstilltheonlymethodtodetermineinfectivityamounts.1.2.Theprionprotein(PrP)IdentificationofthePrnpgeneSequencingofpurifiedtrypticpeptidesoftheprionproteinisolatedfromscrapieinfectedbrain(Prusineretal.,1984)enabledtheidentificationofthePrPcDNA(Chesebroetal.,1985;Oeschetal.,1985)andsubsequentlythegenefortheprionprotein,Prnp(Basleretal,1986).Thegenecontains3exons,withtheentirecodingsequenceincludedinthethirdexon.Surprisingly,thegeneencodingPrPprovedtobeahostgene.MeanwhilehomologousPrnpgeneshavebeenidentifiedinallmammalsexamined(Schatzletal,1995;Schatzletal.,1997;Wopfneretal.,1999)andthesequencesshowingeneral>90%pairwiseidentity.Theprionproteinfromchickenaswellasthatofseveralotherbirdshavealsobeencloned(Gabrieletal.,1992;Wopfneretal.,1999).Thesesequencesshowonlyaround30%homologytomammalianPrP.Seaturtleprionprotein,theonlyidentifiedreptilePrPhas40,respectively58%identitytomammalianandavianprionproteins(Simonieefa/.,2000).BiosynthesisThefullPrPaminoacidsequence,depictedinFigure1,revealsaproteinthathasaN-terminalsignalsequenceof22aminoacids,cleavedfromtheprimarytranslationproductafterdirectingittotheendoplasmaticreticulum(ER),andN-glycosylationsitesoccurmgatAsnl81andAsnl97.Cysl79andCys214formadisulphidebond.AtSer231aglycosyl-phoshatidyl-inositol(GPI)-anchorisattachedthatfixestheproteintotheoutersurfaceoftheplasmamembraneandtheC-terminalprosequencefromaminoacids232-253iscleavedoff.AfurtherfeatureoftheprionproteinarethecharacteristicGly-Pro-richoctapeptides,fiverepeatsofan8aminoacidmotif.Theseoctarepeatswerepostulatedtobindcopperions(Vilesetal,1999).
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1 MANLGYWLLA LFVTMWTDVG LCKKRPKPGG WNTGGSRYPG

41 QGSPGGNRYP PQGGTWGQPH GGGWGQPHGG SWGQPHGGSW 82GQPHGGGWGQGGGTHNQWNKPSKPKTNLKHVAGAAAAGAV122VGGLGGYMLGSAMSRPMIHFGNDWEDRYYRENMYRYPNQV162YYRPVDQYSNQNNFVHI©i/gITIKQHTVTTTTKGE§FTET202DVKMMERVVEQL0/TQYQKESQAYYDGRRSAgTVttFSâBP240\P^ISP1»IF,-IrIVGFigure1:AminoacidsequenceofthemouseprionproteinN-terminalsignalsequence;octapeptiderepeats;©CysteinresiduesC179andC214formadisulfidebond;|ÎJAsparagmeresiduesN181andN197maybeN-glycosylated;/§\toserineresidueS231aGPI-anchorisattached;C^rjninalP"0-S^quèAée;x:residue55isdeletedinmousePrP;<:DandSareadditionalresiduesinmousePrPcomparedtothehumansequenceandarenotnumerated.WhereasthemajorityofPrPbiosynthesisleadstoaGPI-anchoredform,thechannelforPrPexportintotheERmaydisassembleduringbiogenesis,resultingindifferenttransmembraneformsofPrP(DeFeaeta/.,1994;Hayetal,1987a;Hegdeetal.,1998;Yostetal.,1990).Furthermorethereisevidenceforasecretoryformoftheprionprotein(Hayetal.,1987b;Lopezetai,1990).TheGPI-anchortargetsPrPtocaveolae-likedomainsonthecellmembrane(Taraboulosetah,1995).Theprionproteinatthecellsurfaceissubjecttoendocytosis(Borcheltetah,1992;Caugheyetal.,1991)andrecycling(Figure2).Theproteinisexpressedconstitutivelyinthebrainandtoalesserextentinmostotherorganssuchasheart,skeletalmuscle,liverandthelymphoreticularsystem,independentofthedisease(Bendheimetal.,1992).ThedevelopmentoftissueculturesystemspersistentlyinfectedbyscrapiehasenabledstudiesofthesubcellularpathwaysfollowedbyPrPinitsnormalbiosynthesisandconversiontoPrPSc(ClarkeandHaig,1970a;ClarkeandHaig,1970b;Raceetal,1987;Rubensteinetal,1984).Intheseinvitrosystemspropagationofthescrapieagent
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is continuously maintained. Most of the biosynthetic pathways of PrP (see Figure 2)

and PrPSc-formation were determined by help of these systems.

PrPSc is derived posttranslationally from PrPc (Taraboulos et al, 1992). It is formed in

diseased brain after PrPc has reached the cell surface and is endocytosed,
andcanbelocalisedtoacidiclysosomcs,whereitcanbeN-terminallytruncatedbylysosomalproteases(Caugheyetal,1991;McKinleyétal,1991b;Taraboulosétal,

1992).
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Differences between PrPc and PrPbc

As described above, PrPc and PrPSc are two different forms of one protein, encoded

from one chromosomal locus (Basler et al,1986).Despiteextensivesearchesnocovalentdifferencesbetweenthetwoisoformscouldbefound(Stahletal,1990).Bothtypesexistinun-,mono-ordiglycosylatedforms,containingvarioushighmannoseglycosylresiduesandboth,PrPcandPrPSccontainaGPI-anchor(Stahletal,1992).Howevertherearebiophysicalandbiochemicalpropertiesthatsignificantlydistinguishthetwospecies:1)PrPcissolubleinnon-ionicdetergentswhereasPrPScisnot.2)PrPcisreadilydigestedbyproteases,whereasPrPScshowshighpartialresistance,andisonlycleaveduptoaboutaminoacid90toformtheprotease-resistantcorePrP(27-30).3)Opticalspectroscopyshowsdifferencesinsecondarystructurecontentbetweenthetwoisoforms,Fourier-transformedinfraredspectroscopy(FTIR)andcirculardichroism(CD)measurementsrevealedthatPrPccontainsabout40%a-helixandlittleß-sheet,whereasPrPSciscomposedofabout30%a-helixand45%ß-sheet(Panetal.,1993;Pergamietal.,1996).4)PrPcismonomelic,whilePrPSccanonlybeisolatedinanaggregatedoligomericform.5)Regardingthelocalisationinthecell,PrPcisprevalentlyfoundonthesurface,attachedtothecellmembranebytheGPI-anchor,whereasPrPScaccumulatesinendosomesofscrapie-infectedcells(Taraboulosetal.,1990b).6)AfterProteinaseKtreatmentPrPScformsamyloid-likefibrils,notproducedbyPrPcinuninfectedbrains(McKinleyetal,1991a;Merzetal,1981).Formorethan25years,ithasbeenwidelyacceptedthattheaminoacidsequencespecifiesonebiologicallyactiveconformationofaprotein.Yet,inpriondiseaseswearefacedwiththepossibilitythatoneprimarystructureforPrPmightadoptatleasttwodifferentconformations,i.e.,PrPcandPrPSc,withentirelydifferentbiologicalfoncions.StructurePurificationoflargeamountsofPrPcfromeukaryoticcellsforstructuredeterminationprovedtobeextremelyproblematic,andPrPScaggregatesinstantlyuponisolation.Additionally,bothPrPcandPrPScshowheterogeneousglycosylation,whichcomplicatesstructuralanalysisofthesenaturallyoccurringisoforms.Therefore,mostoftherecentstructuralworkonPrPhasbeenperformedwithrecombinantprionproteinsproducedinEscherichiacoli(HornemannandGlockshuber,1996;Hornemannetal,1997;Mehlhornetal,1996;Zahnetal,1997;Zhangetal,1997).Solutionstructures
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Figure 3: Three dimensional stucture of the recombinant mouse prion protein
mPrP(23-231); a) Schematic presentation oftheprimarystructureandidentificationofthesecondarystructureelements.mPrP(23-231)containsthreea-helices(Hl,H2andH3)andatwo-strandedantiparallelß-sheet(SIandS2).ThesingledisulphidebridgebetweenCysl79andCys214isindicated,b)NMR-structure(Riek,1997),showingthefoldedC-terminaldomain(residues126-231)andtheflexibly-disorderedN-terminaltail(residues23-125).ofrecombinantPrPfrommouse,hamster,humanandcowspeciesweredeterminedbyNMR(Donneetal,1997:Jamesetal,1997;LopezGarciaetal,2000;Rieketal,1996;Rieketal,1997;Zahnetal,2000).Theresultantstructuraldatarevealedthatallproteinsareverysimilarasexpectedfromthehighdegreeofsequenceidentity(generallyabove90%)amongallknownmammalianprionproteinsequences(Schatzl
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et al, 1997). The full-length proteins (mPrP(23-231), haPrP(29-231), huPrP(23-230),

and boPrP(23-230)) contain two dissimilar segments,theN-terminallyunfoldedtailfromaminoacid23-124andthefoldedC-terminaldomainspanningaminoacids125-231.Thelatterconsistsofthreea-helicesandashort,two-strandedß-sheet.a-helices2and3arecovalentlylinkedviathesingledisulphidebondofPrP(seeFigure3).InthehamsterPrPstructure,helices2and3areslightlyelongatedcomparedtomPrP,andtheloopcomprisingresidues165-171ismoreordered(Jamesetal.,1997).Theseslightdifferencesmayhavefunctionalsignificanceforthespeciesbarrier.ComparisonofhumanwithmouseandhamsterPrPshowsthathelix3coincidescloselywiththehamsterproteinwhereastheloop167-171issharedwithmurinePrP(Zahnetal.,2000).ThebovinePrPstructureisessentiallyidenticaltothatofthehumanprionprotein,buttherearedifferencesinsurfacedistributionofelectrostaticcharges,thatmightinfluencethetransmissionofBSEtohumans(LopezGarciaetal.,2000).ThestructuralresultsdescribedhereandthespectroscopicpropertiesofrecombinantPrP(HornemannandGlockshuber,1996)areinfullagreementwiththedataofPrPcpurifiedfromeukaryoticcells(Panetal..1993).Thisindicatesthatthethree-dimensionalstructureofrecombinantPrP(23-231)isidenticalwiththatofnaturalPrPc,andhencetheglycosylation(atAsnl81andAsnl97)andfusionwiththeGPI-anchor(atSer231)haveatmostaminorinfluenceonthestructureandfoldingofPrPc.NumerousrecentstudiesindicatethatPrPcbindsCu2+ionsinvivoandinvitro,(Hornshawetal,1995a;Hornshawetal.1995b;Miuraetal,1999;Miuraetal,1996;Stockeletal,1998;Vilesetal.1999)andthatthehighlyflexibleoctapeptiderepeatregion,containingahistidineresiduein4ofthe5repeats,ismainlyresponsibleforCu2"*binding(Cohen,1999b).FoldingItfollowsfromthe"proteinonly"hypothesisthatunderstandingofhowPrPcunfoldsandrefoldsintoPrPScisofkeyimportanceforelucidatingthemechanismofprionpropagationandpossiblyofotheramyloid-associateddegenerativeillnesses.RecombinantPrPindeedprovedtoexhibitahighdegreeofstructuralplasticitydependingonpH,ionicstrengthanddénaturantconcentrations(Jacksonetal,1999a;Jacksonetal,1999b;Mehlhornetal.1996;Postetal,1998;Swietnickietal,1997;Zhangetal,1997).Underappropriateconditionstherecombinantproteinscanadopt
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conformations with scrapie-like characteristics, but so far no infectivity as postulated by

the "protein only" hypothesis could be produced
invitro.Oxidized(disulphide-intact)mPrP(121-231)andmPrP(23-231)aswellashumanPrP(90-231)foldcooperativelyandreversiblyindenaturant-dependentun-andrefoldingtransitionsatneutralpHaccordingtothetwo-statemodeloffolding(HornemannandGlockshuber,1998;Hosszuetal,1999;LiemannandGlockshuber,1999;Swietnickietal,1997).ThissuggeststhatPrPalsofoldsreversibly.ThiswouldexplainthefactthatunfoldingofPrPScwithhighconcentrationsofdénaturantleadstoirreversiblelossofinfectivityasunfoldedPrPcandunfoldedPrPScareidenticalandyieldPrPcafterremovalofthedénaturant.Ingeneralthepresenceofthedisulphidebondfavourstheretentionofthea-helicalstructurebutfoldingpathwaysandstabilityofoxidizedmPrP(121-231)arealsopHdependent,shiftingtolowerureaconcentrationwithdecreasingpH.AtacidicpH,thetransitionsarenolongeronestepprocesses,involvingatleastthreemolecularspeciesatequilibrium-requiringatleastoneunfoldingintermediate.Analysisshowedthatthisintermediateispopulatedto95%in3,5Mureaandrevealsspectroscopicallyß-sheetcontent(HornemannandGlockshuber,1998).AlsooxidizedhumanPrP(90-231)formsastablemonomelicfoldingintermediatewithanalternative,ß-sheetlikeconformation.Furtherstudiesshowedthatthisintermediateisoligomeric,possiblyadimer(Jacksonetal,1999a;Swietnickietal,2000).Inthepresenceofhighionicstrengthitpolymerizesinvitrointolargemolecularweightaggregatesoffibrillarmorphology(Swietnickietal,2000).Incontrasttothedisulphide-intactproteinreducedPrPcaninterconvertbetweeno-helicalandß-sheet-likestructures,dependingonpH(Jacksonetal,1999b;Mehlhornetal,1996;Zhangetal,1997).AtacidicpH,CD-spectratypicalforß-sheetproteinsarefound.UponincreaseofionicstrengthatpH4,reducedhumanPrP(90-231)formsfibrillaraggregateswithslightlyincreasedPKresistance,whichishoweverbelowthatofPrPSc(Jacksonetal,1999b).Thesefindingsareofbiologicalsignificanceasinthecellduringthecycleofsynthesis,transport,internalisationanddegradation,theproteinwillbeexposedtooxidizingconditions(ER)andreducingconditions(endosomesandlysosomes)andbothneutral(ER,cellsurface)andacidicpH(pH4-6inendosomesandlysosomes).
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Stability of PrPc and its genetic variants

A possible mechanism for inherited human prion diseases proposed by Prasiner and

colleagues was that the corresponding point mutations
decreasethethermodynamicstabilityofPrPc,andfacilitateitsconversiontothePrPScconformationand/orincreasethestabilityofPrPSt(Cohen,1999a;Cohenetal,1994;Huangetal,1995).Howeverthermodynamicmeasurementsdemonstratedadéstabilisationonlyinsomeofthesemutations(LiemannandGlockshubcr,1999).Consequently,itispresentlynotpossibletodeduceaclear-cutmechanismofspontaneouspriongenerationininheritedTSEsfromthestabilitiesofmutantPrPvariantsanddataontheirexpressioninculturedcells(LehmannandHarris,1995;LehmannandHarris,1996;LiemannandGlockshuber,1999;Singhetal,1997;Swietnickietal,1998).Inprinciple,however,threemechanismsmayapply:destabilizationofPrPc,stabilizationofPrPScandimprovedkineticsofPrPScoligomerization.1.3.ModelsforPrPScformationRegardlessofwhetherornotPrPScaloneistheinfectiousagent,theconversionofPrPctoPrPScdoestakeplace,andappearstobethecrucialmechanismfordiseasedevelopment,thatcouldalsobeofimportancetootherneurodegenerativediseasesinwhichaccumulationofabnormally-foldedproteinsisobserved.ManytheoreticalmodelsdescribingtheconformationalconversionofPrPctoPrPSchavebeenproposed(Cohen,1998;Comeetal,1993;Gajdusek,1988;JarrettandLansbury,1993;Prusmer,1991b;Weissmann,1996)referringtotwogenerallydistinguishedmechanisms.RefoldingmodelInthekineticallycontrolled"refoldingmodel"aPrPScmonomer(ordimer)promotesconformationalconversionofapartiallydestabilisedPrPintermediatetoaPrPScform(seeFigure4a)(Weissmanu,1996).TheresultingPrPScismorestablethanPrPc,butkineticallyinaccessible(CohenandPrasiner.1998;Harrisonetal,1997).Spontaneousconversionisveryrare,duetoahighactivationenergybarrier.Amyloidformationisnotrequiredforreplication.TransmissibilityisprovidedbyPrPScactingastemplatetodirect

refolding.
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Figure 4:Theoretical models of PrPc formation.

a) The refolding modcl;b) The seeding model; adapted
fromWcissmann1996.-.ScSeedingmodelInthealternative"seedingmodel",theformationofPrPacisinitiatedbyanaggregateofPrPSc,actingasaseedfornucleationdependentpolymerisation(Figure4b)(Weissmann1996).PrPcispermanentlyinfastequilibriumwithamonomelicprecursorofPrPSc.Intheabsenceofastablenucleus,PrPcisthermodynamicallystronglyfavoured.Onlybyveryslowoligomerizationofseveralofthemonomelicprecursors,aPrPScnucleusisformedwhichthenpullsfurtherPrPScmonomersfromtheequilibriumintotheoligomer.Theoligomerizationprocessisirreversibleinasmuchasnomonomerscan

be
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reformed. But for propagation fragmentation of a large aggregate into smaller oligomers

is required for the generation of new seeds in this model. In comparison to the
"refoldingmodel"thatnecessarilyrequiresaphysicalcontactbetweenPrPcandPrPScthe"seedingmodel"doesnot.Eigen(1996)undertookasimulationofthekineticsofthedifferentmodels.Heemphasisedthataggregationisnecessarilyinvolvedinbothmechanisms,butalsothatbothmechanismsarepracticallykineticallyindistinguishable.ThemostconvincingexperimentalargumentforanaggregateoratleastsmalloligomerastheinfectiousunitisthatenrichmentofinfectivityalwaysyieldsaggregatedPrPSc(socalledprion-rodsorscrapieassociatedfibrils)(Prusiner,1980),andthatdisruptionoftheserodscauseslossofinfectivity(Riesneretal.,1996).Ontheotherhand,thereareargumentsforsmalloligomersofPrPScasinfectiousunit.Treatmentofthescrapieagentwithionizingradiationandsubsequentanalysisofinfectivitysuggestedthatthetargetsizeoftheinfectiousscrapieagentisonlyaround100kDa(Alperetal,1966;GabizonandPrusiner,1990).Andforliposomesbearingprionsitwascalculatedthattheycontain,ontheaverage,2-4PrPSc-moleculesperliposome(Gabizonetal,1987).Insummary,itisstillunknownatthemoment,whattheinfectiousunitreallyis,orinotherwords,whatthesmallestinfectiveentityis.However,itseemslikelythatoneinfectiousprionunitisnotequaltoanyoligomerofdefinedstoichiometry,butcanvaryinmolecularsize.Probablytheagentcanbemoreorweakeraggregatedorincloserorlessassociationwithlipidsandpossiblyothercocomponents.Zn-Wfro-conversionAlthoughthepreparationofinfectiousmaterialinvitrohasnotbeenreportedsofar,aninterestingreaction,theso-calledm-vz'/roconversionhasbeendescribed.BymixingradioactivelylabelledrecombinantPrPcfromculturedeukaryoticcellswithbrainisolatesfromscrapieinfectedanimals.PrPcisrecruitedintoaprotease-resistantPrPisoform(Kociskoetal.1994).Consistentwiththe"seedingmodel",thesecell-freeconversionstudiesindicatethatPrPScaggregatesarenecessaryforthereaction(Caugheyetal,1997).Strikingly,bothstrainandspeciesspecificity,asobservedinvivo,arereproducedinvitro.(Ressenetal,1995;Kociskoetal,1995;Raymondetal,
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1997). Nevertheless, an excess of PrPSc is necessary to form protease resistant PrP and

as infectivity quantification requires concentration differences of 2-3 orders of

magnitude, generation of new infectivity could not be detected
sofar.Toovercomethisproblem,experimentsweredonetryingtomakeuseofthespeciesbarrier:Conventionalmicearenotsusceptibletohamsterscrapiebuttransgenicmiceexpressingachimerichamster-mouseprionproteinare.TheyproducethecorrespondingchimericPrPScmoleculesandinfectivitypathogenicforconventionalmice.Chimerichamster-mousePrPccanbeconvertedbyhamsterPrPScintoproteaseresistantchimericPrP.However,noinfectivitywasdetecteduponbioassayinmice(Hilletal,1999).1.4.PriondiseasesScrapie,chronicwastingdiseaseandtransmissibleminkencephalopathyTransmissiblespongiformencephalopathies(TSEs)compriseagroupofdisordersthataffecthumansandothermammals.AlthoughmostTSEsarerare,manydifferentformsofthediseaseexist(seeTable1).Scrapieinsheepisthemostcommonpriondisease,knownforcenturies.Symptomsareataxia,incoordination,unusualrestlessness,rubbing,etc.Itisanenzooticfatalneurodegenerativedisorderofunknownaetiology.Epidemiologicalstudieshavebeenconductedonthepotentialriskoftransmissionofthescrapieagenttohumans,buthaveneversupportedanycausalrelationship(Châtelainetal,1981;Laplanche.1999).Free-rangingandcaptivemuledeerandRockyMountainelkcangetchronicwastingdisease(CWD).Theprevalentclinicalsyndromeofthispriondiseaseiswastingandeventualdeath.CWDisendemiconlyinColoradoandWyoming.Itsmodeoftransmissionisunknownaswellasapotentialriskforhumans(Laplanche,1999).Transmissibleminkencephalopathy(TME)isararesporadicdiseaseofranchedminks.TheoriginofTMEwashypothesisedtobetheingestionofscrapieagent.ClinicalsignsofTMEarecharacterisedbybehaviouralalterationsthatincludeconfusion,lossofcleanlinessandaimlesscircling.Somnolenceandprogressivedebilitationoccuruntildeath.TMEhasalsobeensuccessfullytransmittedtootherspecieslikehamster,sheep,goatandcattle(MarshandHadlow,1992;MarshandHanson,

1978).
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Disease Host Etiology Typical symptoms

Creutzfeld-Jakob

disease (CJD)

Sporadic

Creutzfeld-Jakob

disease (CJD)
FamilialCreutzfeld-Jakobdisease(CJD)IatrogenichumanhumanhumanspontaneousconversionorsomaticmutationofthePrnpgene(?)germlinemutation,manyvariantsinfectionbycontaminatedgrowthhormone,surgicalinstruments,duramaterandcorneatransplantsdementia,coordinationloss,lossofmemory,motordisturbances,myoclonic,involuntarymovementsNewvariantCreutzfeld-Jakob-disease(nvCJD)humanconsumptionofBSE-infectedbeef(?)behaviouralchanges,ataxia,dysaesthesia(ageofonset:19-39)Gerstmann-Sträussler-Scheinker-syndrome(GSS),familialhumangermlinemutationsinthePrnpgeneataxia,progressivedementiaFatalfamilialinsomnia(FFI)humangermlinemutationsinthePrnpgenetroublesleepingfollowedbyinsomniaanddementiaFatalsporadicinsomnia(FSI)humanspontaneousconversionorsomaticmutationofthePrnpgene(?)lethalinsomnia,autonomicdysfunctions,Kuruhumaninfectionviacannibalismataxia,tremor,incoordination,dementiaScrapiesheep,goatsinfectionofgeneticallysusceptibleanimals,sporadic(?)ataxia,metabolicwasting,rubbingTransmissibleminkencephalopathy(TME)minkinfectionthroughcontaminatedmeatandbonemealfromcoworsheep(?)ataxia,metabolicwasting,itchingChronicwastingdisease(CWD)Wapitielk,muledeerunknownmetabolicwasting,itching,incoordinationBovinespongiformencephalopathy(BSE)cowinfectionthroughcontaminated(scrapieorBSE)meatandbonemeal,maternaltransmission(?)ataxia,metabolicwasting,rubbingFelinespongiformencephalopathy(FSE)catinfectionthroughcontaminatedbeefataxia,metabolicwasting,rubbingExoticungulateencephalopathyNyala-,Oryx-,Kudu-antilopeinfectionthroughcontaminatedmeatandbonemealataxia,metabolicwasting,rubbingTable1:MammalianpriondiseasesBovinespongiformencephalopathyandnewvariantCreutzfeld-JakobdiseaseBovinespongiformencephalopathy(BSE)wasfirstdescribedin1986andshortlyafteragreatepidemicstartedinGreatBritain.Animalsshowinsidiousonsetof

altered
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behaviour, either fear or sometimes aggressive responses. Ataxia manifests through

uncoordinated gait with falling and loss of balance. A common exposure found among

all cows deceased during the epidemic,wastheuseofadietaryproteinsupplement,meatandbonemeal(MBM),thatwasregularlyfedtodairycattlebeginningatweaning.TheuseofMBMwasstoppedin1988bytheruminantfeedban.Theepidemiccontinuedtoapeakin1993,whenmorethan3000casespermonthwereconfirmed.By1998morethan177000caseshadbeenreportedsincetheepidemicbegan.Ithassubsidedmarkedlythereafter.Theoriginoftheepidemicitselfiscontroversial.ItiseitherattributedtoasporadiccaseofBSEortoscrapietransmittedtocattleviaMBM.Intheearly1980'smostrenderingplantsabandonedtheuseoforganicsolventsandloweredthetemperatureinthepreparationofMBM.Theepidemicwasmostprobablyacceleratedbytherecyclingofinfectedbovinetissues,probablypriortotherecognitionofBSE(Nathanson,1999).ThroughouttheBSEepidemictherewereseveralcasesofcaptivewildexoticanimalspeciesandanumberofdomesticcatsthatsuccumbedtospongiformencephalopathies.Allofthemarelikelytohavebeenfedwithproductsofbovineorigin(Bradley,1997).MostalarmingwastheoccurrenceofanewformofhumanTSEinGreatBritain,nvCJD(newvariantCreutzfeld-Jakobdisease),thatrelatestemporallyandlocallytotheBSEcrisis(Nathanson,1999).TherearenowseverallinesofevidencethatthereisacausalrelationbetweennvCJDandBSE.Theagentsseemtobeidenticalasjudgedbystraintyping(seebelow)(Braceetah,1997;Collingeetal.,1996;Lasmezasetal.,1996b;Nathanson,1999).UntilnowthenumberofinfectedpersonswhodiedofnvCJDisratherlow(around90),butsteadilyincreasingandwiththelong,unpredictableincubationtimesofTSEs,nvCJDcouldbecomeamajorhealthprobleminthefuture.TransmissiblespongiformencephalopathiesinhumansThelargestTSE-epidemicinhumanssofarwasidentifiedinhighlandersofNewGuinea(Gajdusek,1967).Thediseasecalledkuru,whichstandsfor"trembling",wasfoundtobetransmittedbyritualcannibalism(Gajdusek,1977),andhasdeclinedafterabandonmentofthisrite.TheclassicalneurodegenerativepriondiseaseinmanisCreutzfeld-Jakobdisease(CJD).Itaffectsaboutoneoutofamillionpersonsperyear.Itcanoccurinthreevariants:sporadic,geneticoriatrogenic.Clinicalfeaturesareprogressivemultifocal
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neurologic dysfunction, myoclonic involuntary movements and severe cognitive

impairment (Will, 1999). The sporadic disease starts at the earliest after age 40, whereas

nvCJD, which is very atypical,
hastheaverageageofonsetof29years.Further,nvCJDmanifestsdifferentsymptomsincomparisontoclassicalCJDlikepersonalitychanges,behaviouralabnormalities,depressionandthestartingofataxiaandmyoclonusbeforeintellectualdeteriorationanddementia.ThetypicalpatternsofsporadicCJDinelectroencephalograms,reflectingtheimpairmentofelectricalfunctionofthebrain,areabsentinnvCJD(Will,1999).Morethan20mutationsofthePrPgenehavebeenidentifiedinfamiliessufferingfrominheritedhumanpriondisease.BesidesinheritedCJD,manymutationsaccountforGerstmann-Sträussler-Scheinkcr-Syndrome(GSS),adiseaseleadingtoataxiaandprogressivedementia,occurringafterage40,anditisassociatedwithPrPScplaquesinthebrainofaffectedindividuals(Gerstmannetal.1936).Multipleaffectedfamilymembersweretracked,mapatternindicatingautosomal-dominantinheritance.AsimilartransmissionhasrecentlybeendescribedforarareconditioncalledFFI(fatalfamilialinsomnia)(Gambettietal.,1993;Manettoetal.,1992)thatisassociatedwithlethalinsomniaanddisturbancesoftheautonomicnervoussystem.Possiblythispriondiseasemightalsooccursporadicallyandisthencalledfatalsporadicinsomnia(FSI)(GambettiandParchi,1999).Allhumanpriondiseasescouldsofarbesuccesfullytransmittedtoexperimentalanimals.NeuropathologicalcharacteristicsofpriondiseasesThepathologicalfeaturesofTSEsareconfinedtothenervoussystem,andnoinflammationorimmuneresponseisfound.Generallyfourneuropathologicalfeatures,singlyorincombination,areevidentinpriondiseases:1)Deathofnervecells,alsodescribedasneuronalloss,2)vacuolisation,leadingtospongiformchange(statusspongiosis),3)activationofastrocytesandmicroglialcells(gliosis),and4)amyloiddepositsofPrPSc.Allthepathologicalchangesinthebrainvaryinlocationandintensity,e.g.spongiformchangecanbeabsentinGSSandamyloidplaquesoccuronlyin10-15%ofallsporadicCJDcases(Will,1999).Themechanismofpathogenesis,i.e.theeventsleadingtovacuolisationandneuronaldeath,arenotyetwellunderstood(Weissmann,

1996).
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In an interesting experiment Brandncr and coworkers (1996b) transplanted embryonic

brain tissue into a PrP knockout mouse (see below). After intracerebral infection
withprionsonlythetransplantdevelopeddiseasepathologywhilethePrP0/0-tissueremainedunaffected,althoughPrPSc,producedinthetransplant,diffusedintothesurroundingtissue.ItseemsthereforethatPrPs"isnotneurotoxicbyitself(Brandneretal.,1996a).AltogetherthefindingsindicatethatitisneithertheabsenceofthenormalPrPc,northeaccumulationoftheprionform,PrPSc,thatcausesneuropathology.Rather,itappearstobetheintracellularaccumulationofPrPScinaneuronsynthesizingPrP.SpreadofprionsInjectionofprionsdirectlyintothebrainisthemosteffectivemethodforexperimentaltransmission,muchmoreeffectivethanotherdeliveryroutes.However,thecommonnaturalroutesoftransmissioninanimalsandhumansarefeeding,aswellasintravenous(i.V.),intraperitoneal(i.p.)orintramuscularinjection.Prionsmustfindtheirwayfromthesesitestothecentralnervoussystem(CNS),theonlysitewheretheyelicitpathologicalreactions.AfterTSEtransmission,infectivitycaninitiallyaccumulateinallcomponentsofthelymphoreticularsystem(LRS).Sincelongitisknownthatreplicationoftheinfectiousagentinthespleentypicallyprecedesintracerebralreplication,evenifitisadministeredintracerebrally(i.e.)(Weissmannetal..1999).Severecombinedimmunodeficient(SCID)micelackingdifferentiatedlymphocytesarenotsusceptibletoi.p.infection,buttransferofwild-typespleencellscanrestoresusceptibility(Lasmezasetal.,1996a).ReconstitutingPrP-expressionexclusivelyinthelymphoreticularsystemofPrP0/0-micebybonemarrowtransferrestoredprionreplicationinthespleenbutwasnotsufficientforinfectionofPrP-exprcssingbraingraftsafterperipheralinoculation(Blattleretal.,1997).TransferofinfectivityfromthespleentotheCNSisthereforecruciallydependentontheexpressionofPrPinatissuecompartmentthatcannotberestoredbybonemarrowtransfer.Itamisthusspeculatedthatperipheralnervesareresponsibleforthistransfer(AguzziandWeissmann,1997).Inthenervoussystem,onepossibilityisthatspreadofprionsoccursaxonally(Fraser,1982;Jeffreyetal.,1995;Jeffreyetal..1996).Further,PrPexpressingbraintissuewastransplantedintothebrainsofPrP°'°-mice.Whenthemousewasinoculatedperipherallyintotheeyeneitherhostnortransplantgotinfected(Brandneretal.,1996a).It

seems
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therefore that spread of infectivity is dependent on the presence of PrPc and that along

the travelling route PrPc is converted into PrPSc.

Therapy

As the understanding of prion propagation increases, it shouldbepossibletodesigneffectivetherapeutics.Afirststepwouldbeanearlydiagnosisofinfection,bestbeforeclinicalsymptomsareapparent.Themutationsofinheritedpriondiseasecanbedetectedearlyinlifeorevenbyprenataltesting.NvCJDcanearlybedetectedbyscreeningtonsils,asPrPSccanbefoundinlymphatictissuepriortodiseaseinthebrain(Arya,1997;Evans,1997;Hilletal,1997b;Schreuderetal,1996).Whensuchanearlydiagnosiscanbemade,thelongincubationtimesareanadvantagefortherapeuticalapproaches.InterferingwiththeconversionofPrPcintoPrPScseemstobethemostattractivetherapeuticapproach.OnecouldeithertrytostabilisethestructureofPrP'ordestabilisethestructureofPrPSc.Thishasbeentriedwithpolyamines(Supattaponeetal,1999b),sulfatedglycans(Caugheyetal,1994)orß-sheet-breakerpeptides(Sotoetal,2000).However,aprincipaldifficultyisthatthedrugswouldhavetopassefficientlythebloodbrainbarriertoentertheCNS.Atotallydifferenttherapeuticapproacharosefromastudyonthecelltypesinvolvedinprionreplicationinthespleen(Montrasioetal,2000).Treatmentofmicewithsolublelymphotoxin-ß-receptorleadstothedisappearanceofmaturefolliculardendriticcells(FDCs)fromthespleenandat(hesametimeprionaccumulationinthespleenwaseliminatedandneuroinvasionretarded.Thisopensthepossibilitytointerruptorprolongthewayofprionsfromtheperipheryto(hebrain.ForfarmanimalsthepossibilitytoproducePrPknock-outstrainswasproposed,astheseshould,inreferenceto(hePrP0/0-mice(seebelow),behealthyandresistanttopriondisease(Prusincr,1998;Weissmann.1996).However,thenormalfunctionofPrPissofarnotelucidatedindetail.
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1.5. Characteristics of prion diseases

Incubation time

In general, TSEs have very long incubation times, measured in years or decades, but

once the disease becomes clinically evident, progression to death may take
aslittleasafewweeksormonths.Theincubationtimeisinfluencedbymanyfactorssuchasgenedosage,thestrainofagent,theoriginoftheagentcomparedtothespeciesinfected,theamountofinoculum,therouteofinfection,thePrPgenotypeaswellasadditionalgenes(Prusiner,1998;Weissmann,1996;Stephenson2000).ThereforeitispresentlyalsoverydifficulttomakeanypredictionsabouttheextentoftransmissionofBSEtohumans.SpeciesbarrierThespeciesbarrieristhephenomenoninwhichonespeciestendstobemoreresistanttoinfectionbyprionparticlesgeneratedinanotherspecies.Thefirstpassageoftheinfectiousagentinthenewhostisthusalmostalwayscharacterisedbyprolongedincubationtimes(Pattison,1965b).Prionssynthesiseddenovoarecomposedofthehost'sPrPproteinandnotthatofthePrPScmoleculesintheinoculumderivedfromthedonor(Bockmanetal.,3987).Onsubsequentpassageinahostfromthesamespecies,theincubationtimeshortenstothatrecordedforallsubsequentpassages.Threemainfactorswereidentifiedthaiinfluencethespeciesbarrier:1)differencesinPrPsequence(Collinge,1999;Prusineretal..1990),2)thestrainofprion(seebelow)(Bruceetal,1994)and3)possiblythespeciesspecificityofproteinX,ahostfactorproposedtobenecessaryforthePrPs"formationfrommoleculargeneticstudies(Tellingetal,1994;Tellingsal,1995).Forexample,conventionalmicearetypicallynotsusceptibletohamsterprions(Scottetal,1989).However,miceinoculatedwithhamsterprionswereshowntoexhibitnoclinicaldiseasebut,uponpost-mortemanalysis,asignificantnumberofindividualshadhistologicalfeaturesofTSEinthebrain,aswellasPrPSc(Hilletal,2000).Inasecondpassage,transmissionofdiseasewasthenshown(Hilletah,2000).Consequently,thedefinitionofthespeciesbarrier,soJarbasedonclinicaldisease,needstobe

reassessed.
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Prion strains

Different prion strains arc varieties of prions isolated from the same species, that arc

distinguished by four general characteristics: 1)
incubationtimeininbredmouselines,2)lesionpattern(classificationofneuropathologyindifferentbrainregions(Bruceetal.,1989;Dickinsonetah,1968;FraserandDickinson,1973)),3)sizeofPK-resistantbands,and4)relativeabundanceofdifferentlyglycosylatedforms.Withintheframeworkofthe"proteinonly*'hypothesisitisassumedthatthestrainsdifferjustinthetertiaryand/orquarternarystructureofPrPSc(Prusiner,1991a;Weissmann,1996).Thisissupportedbythefindingthat"Drowsy"and"Hyper",twostrainsofTMEpassagedinhamstershowdifferentresistanceandcleavagesitesupondigestionwithProteinaseK(BessenandMarsh,1994).Nevertheless,onestillcannotexcludethatcertainPrPScmoleculesfromdifferentstrainscarryeachastrain-specificmodification,e.g.specificmetalionsthatareassociatedwithprionsmaybeinvolvedinstrainspecificityandstraininterconversion(Wadsworthetah,1999).Alternatively,acovalentmodificationwithinthecarbohydrateresiduescouldtargettheprionstrainstoaspecificsubsetofcells(Weissmann,1996).StudiesalteringtheglycosylationofPrPgiverisetospeculationsaboutitsimportanceforthedistinctionofthestrains.Inscrapieinfectedcellsitwasshownthat,afterchemicalblockingofglycosylation,PrPSccanstillbeformedfromunglycosylatedPrP(Taraboulosetai,1990a).However,itisnotclearwhetherinfectivityisstillproduced.AbolishingtheasparaginelinkedglycosylationsitesbythemutationsThrl82AlaandThrl98AlainculturedcellsresultedmsynthesisofPK-resistantPrPmolecules(Taraboulosetal.,1990a).Butitwasshownthatthecorrecttraffickingofthisproteinwasdisturbed(Korthetal,2000;DcArmondetal.,1997).BymutatingasparaginestoglutaminesattheconsensussitetheunglycosylatedproteiniscorrectlyexpressedonthecellsurfaceofculturedcellsandformsproteaseresistantPrPafterexposuretodifferentprionstrains(Korthetal.,2000).StudieswithtransgenicmiceexpressingmutatedPrPatoneorbothglycosylationsites(Thrl82Alaand/orThrl98Ala)showaberrantneuroanatomictopologiesofPrPcwithintheCNS(DeArmondetal..1997).TheyretainalteredsusceptibilitytoinfectionwithdifferentscrapiestrainsandmodifiedPrPScdepositionpatternscomparedtowild-typemice(DeArmondetal..1997).ThefindingsraisethepossibilitythatglycosylationcouldmodifytheconformationofPrPandtherebyalterthe

strain.
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New variant CJD prions, propagated in humans expressing wild-type human PrP have

transmission properties completely distinct from classical human CJD prions (as
assessedeitherintransgenicorwild-typemice),butindistinguishablefromthoseofcattleBSE(Bruceetal.1997;Hilletal,1997a).1.6.PossiblefunctionsofPrPcThephysiologicalfunctionofthenormalprionproteinispresentlystillunknown,althoughvariousproposalshavebeenmade.Astheproteinpossessesnosignificanthomologytoanyknownprotein,thefirsthintstoitsfunctionweresoughtfromPrPknockoutmice.However,micedevoidofPrPcdevelopnormally,andsufferfromsurprisinglyfewdefects(Buclcretal,1992;Mansonetal,1994).Synapticplasticitythatseemsimportantforshort-termmemoryandlearningisimpaired(Collingeetal,1994),butnobehaviouralabnormalitiesweredetected(Bueleretal,1992).Certainstrainsofknockoutmiceshowalteredcircadianrhythmandsleepbehaviour(Tobleretal.,1996).AnotherlineofPrPknockoutmicedeveloplateonsetataxiawithacerebellarPurkinjecellloss(Sakaguchielal,1996).However,thisseemstobearesultofadditionalablationofdoppel(dpi),theonlyveryrecentlydiscoveredPrPhomolog(WeissmannandAguzzi,1999).ThisproteinwasidentifiedfromanadditionalcodingregionadjacenttothePrnp-locus(Prnd:priongenecomplex,downstream).Thedoppelproteinshows25%sequenceidentitytoPrP(Mooreetal.,1999).RegardingtheweakphenotypcofPrPknockoutmicethenormalfunctionofPrPmightnotbeobvious,astheknockoutanimalscouldadaptduringearlydevelopmenttothelackofPrPbyexpressionoroverexpressionofotherproteinsthatcomplementnormalPrPfunction(AguzziandWeissmann,1997).TheattachmentofPrPctotheplasmamembraneviaaGPI-anchorpredisposestheproteinforaroleincellsurfacesignalling,celladhesionortransport.ManystudieslookedforabindingpartnerofPrP(Edenhoferetal,1996;KürschnerandMorgan,1995;Oeschetal.,1990;Riegeretal.1997).However,thephysiologicalsignificanceoftheseinteractionsofPrP.inparticularwithcytoplasmicproteinssuchasBel-2orthehuman37kD1amininreceptorprecursorremainstobeestablished.Noneoftheseinteractionshavebeenconfirmed//;vivo.Inaddition,aninteractionwithproteinX,apossiblespeciesspecificcomponentrequiredforprionpropagationhasbeenproposed(Tellingetal,1996).
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Recent investigations have focused on the Cu2+-binding ability of PrPc (Brockes, 1999).

It has been shown that Or'-ions bind to the octapcptide repeats
(Vilesetah,1999)andaninvolvementofPrPincoppertransportand/ormetabolismhasbeensuggested(PaulyC"andHarris,1998).Further,involvementofPrPintheregulationofpresynapticcopperconcentrationandinsynaptictransmissionhasalsobeenproposed(Hermsetal.,1999),aswellasaroleinoxidativestressbyalteringtheactivityofCu/Znsuperoxidedismutase(BrownandBesinger.1998).ThebiologicalrelevanceofthesedataappearstobesupportedbythefindingsofalterationsincopperlevelsinCu/ZnsuperoxidedismutaseactivityinPrP-dcficicntmice(Brownetal..1997).Furtherstudiesshowthattheprionproteincanpreventneuronalcelllinedeath(Kuwaharaetal.,1999)andthatitthuscouldhavearoleinsignaltransduction(Mouillet-Richardetal.2000).Inviewofsomanypossiblefunctionsfortheprionprotein,onewouldliketoknowwhichoneiscorrect,althoughitmustbekeptinmindthataproteincanaccomplishseveralfunctionssimultaneouslywithinthenetworkofthecell.1.7.TransgenicandknockoutmiceAsubstantialpartofthepresentknowledgeaboutpriondiseasesarosefromthepossibilitytogeneratemicethathavetheprionproteingeneablated,overexpresstheprotein,harbourmutatedformsofPrP,orexpresstheprionproteinofaforeignspecies.PrPknockoutmiceandmiceexpressingdifferentlevelsofPrPAsdescribedabove,PrPknockoutmiceareoverallnormalmice.Nevertheless,whenchallengedwithprions,thesemicearecompletelyprotectedagainstscrapiedisease,andprionsarenotpropagatedinthebrainsofthesePrnp0/0mice(Bueleretal.,1993;Bueleretal,1992).Interestingly,heterozygousPrnpn/+micearepartiallyprotected,inasmuchastheyshowprolongedincubationtimesandthediseaseprogressesmuchslowerinPmp0/+mice(Bueleretal.,1994).TransgenicmiceoverexpressingmousePrPsuccumbtoscrapieevenmorerapidlythanwild-typecontrols.Insummary,thesefindingsindicatethatsusceptibilitytoscrapieincreaseswiththePrPcexpressionlevelsinthehost(WeissmannC,1999).
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Mice expressing truncated prion proteins

By introduction of PrP transgeues harbouring defined N-terminal PrP deletions into PrP

knockout mice, the PrP segments necessary
fornormalPrPfunctionandforprionreplicationweredefined(Weissmann,1999).N-terminaldeletionsuptoaminoacid93(Fischeretah,1996;Flechsigetah,2000;Shmerlingetah,1998)yieldnormalmice,whichdevelopdiseaseafterinoculationwithscrapie(Flechsigetah,2000;Weissmann,1999),howeverincubationtimescanbelongerandpriontitreslowerthaninwild-typemice.Therefore,around60residuesfromtheaminoproximalregionofmaturePrP,includingtheentireoctapeptulerepeatregion,possiblyinvolvedinCu2+-binding,arenotessentialforprionpropagation.Incontrast,transgenicmiceoverexpressmgPrPwithdeletionsextendingbeyondaminoacid106toposition121and134spontaneouslydevelopataxia(Shmerlingetah,1998).Introductionofonecopyofthewild-typegenereversedthephenotypecompletely.Deletionofregionscorrespondinglohelix2andhelix3ledtoaspontaneousfatalCNSdisease,similartoneuronalstoragedisease(Muramotoetah,1997).Thismutationwasexpressedonwild-typebackground.Achimericmouse-hamsterprionprotein(PrPA23-88A141-176),theso-calledminiprioncontainingonly106aminoacids,isthesmallestproteinthathasbeenshowntosupportprionpropagation(Supattaponeetah,1999a).MousemodelsforinheritedpriondiseasesAlthoughmanygenomicmutationsareknowninmice,nonaturallyoccurringmutationthatcausespriondiseasehasbeendescribed.Therefore,mutationsfoundininheritedhumanpriondiseaseswereintroducedintomousePrP.ThehumanPrPmutationProl02LeuhasbeenshowntobelinkedtoGSS(Hsiaoetah,1989).Transgenicmiceexpressingachimerichamster-mousegenewiththeequivalentmutationindeedspontaneouslydevelopneuronaldegeneration,spongiosisandlateastrogliosis(Hsiaoetah.1990).Brainextractsfromdiseasedmicetransmitteddiseasetotransgenicmiceexpressinglowerlevelsofthesamemutantgene,butnottowild-typemice(Tellingetah,1996).WhenthisProl02Leumutationwasintroducedintomicebygenetargeting,nosymptomsofspontaneousneurodegenerationweredetected(Mansonetah,1999;Mooreetah,1995),indicatingthatthespontaneousdevelopmentofprionsinthesemicemaybeaneffectofPrPoverproduction.
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Moreover, no further mouse models for inherited human prion diseases displaying any

signs of scrapie-iike disease were reported. Perhaps mice do not live
longenoughthattheoccasionalconversionof(mutant)PrPctothepathologicisoformwoulddevelopandcausedisease.MiceexpressingPrPproteinsfromotherspeciesIntroductionofPrP(ransgenesfromotherspeciesintowild-typemiceresultedinreductionorabolishmentofthespeciesbarrier(Bueleretah,1993;Prusineretal.,1990;Scottetal.,1989).ThiseffectisevenmorepronouncediftheendogenousPmpgeneoftherecipientmouseisablated(Bucleretal,1993;Telling,2000).PrPknockoutbutnotwild-typemiceharbouringhumanPrnptransgenesaresusceptibletohumanprions(Tellingetal.,1995).ExpressionofbovinePrPtransgenesonaPrP0/0~backgroundshortenedtheBSEincubationtime.ThesemicearethereforepresentlyusedasindicatoranimalsforBSEinfectivitytests(Scottetal,1997).ThesuccessfulbreakingofthespeciesbarrierbetweenhumansandmicehasitsorigininasetofstudieswithtransgenicmiceexpressingchimericPrPgenesderivedfromhamsterandmousePrPgenes(Scottetal.,1992).MostefficienttransmissionofhumanCJDprionstotransgenicHuPrP/Pmp0/0-micewasachievedwhentheendogenousmousePrPgenewasinactivated,suggestingthatmousePrP'competeswithhumanPrPcforbindingtoacellularcomponent(Tellingetal,1995).Thissupposedspecies-specificfactorwasnamedproteinX.Itislikelytobeaproteinandsupposedly,itbindstoPrPcandfacilitatesPrPStformation.EctopicexpressionofPrPTheuseoftissuespecificpromotersprecedingthePrnptransgeneenabledstudiesonthesusceptibilityofdifferentcelltypestoprionsandinvestigationsonpriontransportandpathogenicity.MiceexpressingPrPundertheneuron-specificNSE-promotersuccumbtoscrapiediseaseuponinoculation(Raceetai,1995).Thesamewasfoundfortransgenicmiceharboringtheprionproteinonlyinastrocytes(Raeberetal.,1997).OverexpressionofPrPonB-andT-cellssupportedinfectivityinthespleenbutnotinthebrain.SingleexpressionoftheprionproteinoneitherT-orB-cellsisnotsufficienttosupportinfectivity(Montrasioetal..2000:Weissmann,1999).
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In summary, one can conclude from these experiments that the presence of PrP on the

cell surface does not suffice to support prion replication and that another
factororaspeciallocalization,e.g.withinaspecializedplasmamembraneregionisrequired(Weissmann,1999).1.8.OtherselfpropagatingproteinsYeastprionsInhighereukaryotesPrPScistheonlyknownself-propagatingprionphenomenon.Butinyeastseveralnon-Mendeliangeneticelementshavebeenfound.TheypropagateinmanywayslikePrPScandarethereforereferredtoasyeastprions(Wickner,1994).NormalSup35pandUre2paretwoofpossiblyupto20proteinsinyeastthatcanacquiretheself-propagatingpropertiesproposedformammalianprions(SondheimerandLindquist,2000).[URE3]isacytoplasmaticallyinheritedelement,whichenablesastrainofyeasttouseureidosuccinatedespitethepresenceofammoniumions,whichinhibititsuptake.[URE3]isrelatedtotheURE2geneanditsproductUre2p.Propagationof[URE3]dependsonthepresenceofUre2p.ThefrequencywithwhichastrainadoptstheLURE31phenotypecanbeincreasedgreatlybyoverproductionofUre2p.Thesamephenotypecanbeinducedbychromosomalmutationsinthegene(Wickner,1997).Asobservedformammalianprionsthisphenomenoncanbeinherited,beinducedbyinfection,oroccurspontaneously.Thesameistrueforthesecondyeastprion.ThenormalformofSup35pisessentialfordecodingmRNA,ensuringthatribosomesterminatecorrectlyattheendofthecodingregion.ThefunctionallyinactiveprionformofSup35pconferstheso-called[PSI+]phenotypeonyeastcells.Insuchstrains,Sup35pisfoundalmostexclusivelyasaprotease-resistant,highmolecularweightaggregate.Denovogenerationofself-propagatingaggregatesoftheyeastnon-MendelianprionfactorSup35p(DePaceetal,1998;Kingetcil.1997;Santosoetal,2000)andUre2p(Tayloretal.,1999)isanimportantfeatureoftheseself-propagatingaggregates.OnerecentstudynowunequivocallydemonstratesthattheestablishmentofthefPSI+]phenotypeinyeastinvivoisadirectconsequenceofseedingbyanalteredconformationofSup35p(Sparreretai,2000).Thisgenerationofnewaggregatesbyinoculationwith
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catalytic amounts of prc-cxisling aggregates formed in vitro could so far not be

performed successfully with recombinant mammalian PrP, HumanamyloidosisSomecommonneurodegenerativediseasesincludingAlzheimer'sdiseaseandamyotrophiclateralsclerosis(ALS)aresimilartopriondisordersinmanyways.Theyaccumulateabnormalß-sheetrichfibrillaramyloidsofanormalhostproteinexpressedintheCNS.OnthisbasisasimilarmechanismbetweenPrPScformationandotheramyloidosishasbeensuggested(Gajdusek.1988).Nevertheless,althoughe.g.Alzheimerdiseasecanoccurspontaneouslyorbeinherited,noneoftheseamyloiddiseasescouldbeshowntobeinfectious.1.9.ReferencesAguzzi,A.andWeissmann,C.(1997)Prionresearch:thenextfrontiers[newsl[seecomments!.Nature,389,795-8.Alper,T.(1997)Thescrapieenigma:insightsfromradiationexperiments.1993[classicalarticle"],hitJRadiâtBiol,71,759-68.Alper,T.,Cramp,W.A.,Haig,D.A.andClarke,M.C.(1967)Doestheagentofscrapiereplicatewithoutnucleicacid?Nature,214,764-6.Alper,T.,Haig,D.A.andClarke.M.C.(1966)Theexceptionallysmallsizeofthescrapieagent.BiochemBiophvsResCommun,22,278-84.Appel,T.R.,Dumpitak,C,Matthiesen,IkandRiesner,D.(1999)Prionrodscontainaninertpolysaccharidescaffold.BiolChenu380.1295-306.Arya,S.C.(1997)DiagnosisofnewvariantCreutzfeldt-Jakobdiseasebytonsilbiopsy[letter;comment].Lancet,349,1322-3.Basier,K.,Oesch,B..Scott,M..Westaway,D.,Walchli,M.,Groth,D.F.,McKinley,M.P.,Prusiner,S.B.andWcissmann,C.(1986)ScrapieandcellularPrPisoformsareencodedbythesamechromosomalgene.Cell,46,417-28.Bessen,R.A.,Kocisko,D.A.,Raymond.G.J..Nandan,S.,Lansbury,P.T.andCaughey,B.(1995)Non-geneticpropagationofstrain-specificpropertiesofscrapieprionprotein[seecomments].Nature,375,698-700.Bessen,R.A.andMarsh,R.F.(1992)Biochemicalandphysicalpropertiesoftheprionproteinfromtwostrainsofthetransmissibleminkencephalopathyagent./Virol,66,2096-101.Bessen,R.A.andMarsh,R.F.(1994)DistinctPrPpropertiessuggestthemolecularbasisofstrainvariationintransmissibleminkencephalopathy.JVirol,68,7859-68.Blattler,T.,Brandner.S.,Raeber,A..T..Klein,M.A.,Voigtlander,T..Weissmann,C.andAguzzi.A.(1997)PrP-expressingtissuerequiredfortransferofscrapieinfectivityfromspleentobrain.Nature,389,69-73.
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2. STABILIZATION OF THE SCRAPIE AGENT BY FORMALDEHYDE

2.1. Introduction

Concept
The"proteinonly"hypothesisstatesthatthescrapieagentisPrPSc,anabnormal,oligomericformofthematurePrnpgeneproductfoundintissuesofTSEsufferers(Gajdusek,1988;Griffith,1967;Prusiner,1991).ItisbelievedtodifferfromPrPconly(ormainly)conformationallyandisrichinß-sheetstructure(Hopeetal,1986;Panetai,1993;Stahletal,1993;StahlandPrusiner,1991).BydigestionwithProteinaseK,thesubunitsofPrPScbecomeN-terminallytruncatedtotheproteaseresistantcorePrP(27-30)whichisstillinfectious.Uponpurification.PrPvorPrP(27-30)isfoundasaggregatedinsolublecomplexes.Disaggregationandsolubilizationcanbeachievedbytreatmentwithdenaturingagentssuchasureaorguanidiniumchloride.Allthesetreatments,however,leadtoanirreversiblelossofinfectivity(Prusineretal.,1993;Safaretal,1993a).Ithasbeenshownthatformaldehyde-treatmentofscrapie-agent-prcparationsdoesnotcauseinactivationandinfactcanstabiliseinfectivityagainstautoclavingproceduresthatinactivatenon-Formol-treatedprions(Brownelah,L990b;TaylorandMcBride,1987;TaylorandMcConnell,1988).FormaldehydeisacrosslinkingagentandthereforemightstabilisetheconformationofPrPSc.Thereforewehypothesisedthatitmightbepossibleto"fix"thePrPSc-conformationbyintramolecularcrosslinkingwithoutintermolecularcrosslinking.Itmightthenbepossibletodissociateprionaggregateswithmediumdénaturantconcentrationswithoutlossoftheconformationofthemonomersandwithoutlossofinfectivity.Ifthemonomerie,formaklehyde-crosslinkedPrPScorPrP(27-30)subunitscouldthenbepurified,itwouldbeaprooffortheexistenceofasmall-molecularinfectiousunitandapossibilityforstructuralanalysis.First,literaturestudiesonthereactivityofformaldehydewithproteinsandtheactionofformaldehydeonthescrapieagentwereundertaken.Subsequently,crosslinkingexperimentsofrecombinantmPrP(23-231)andPrP(27-30)wereperformed.Thenthestudyonincreasedstabilityofthescrapieagentafterformaldehydetreatment(Brownetal,1990b)againstdifferentinactivationmethodswas

repeated.
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In a last experiment, formaldehyde fixation of PrP(27-30) in detergent-lipid-protein-

complexes (DLPCs)wasperformed,andtheproteinwasrepurifiedandsolubilizedbydenaturingagents.Finally,theformaldehydetreatedpreparationsofPrP(27-30)wereinjectedintohamsterbrainsforincubationtimeassays.LiteraturestudiesFormaldehydeingeneralGeneraleffectsofformaldeh}deonproteinsareknownsinceaboutonecenturywhenitwasfirstusedasadisinfectant.Therebyitwasdiscoveredthatformaldehydehasgoodeffectsontissuefixation(forreviewseeFoxetal.,1985;PuentierandMeloan,1985).Further,formaldehydehasbeenusedinthetanningprocessofleather,forthepreparationoftoxoidsforvaccination(FrenchandEdsall,1945),andmorerecentlyforinvitro-andinv/vocrosslinkingofproteincomplexesandproteinstonucleicacid(Orlandoetah,1997).ClarificationofnamesandconcentrationSomeconfusionaboutnamesandconcentrationsofformaldehydesolutionsarefoundinlaboratoriesandintheliterature.Bubblingformaldehydegasthroughwateruntilnomoreformaldehydeisdissolved,givesa40%(w/v)or37%(w/w)aqueoussolution.Thisisrecentlymostlycalledformaldehydesolution,butformerlyhaddifferentnames.Englishcompaniessolditasformicaldehyde,HoechstasFormolandScheringandAmericancompaniescalleditFormalin.Thereforeformaldehydesolution.FormalinandFormolareessentiallythesame.Ifstoredinthisconcentratedformformaldehydecondensatesspontaneouslytopolyoxymethylenes.Toinhibitthiscondensationmodestamountsofalcohol(mostlymethanol)areaddedtothestocksolution.Acommonlyusedworkingdilutionis10%Formalin(=4%formaldehyde)solution,correspondingtoaconcentrationof1.3M.ChemicalreactionsofformaldehydeInaqueoussolutionmostoftheformaldehydeishydratedtomethyleneglycole(CH2(OH)2)andlessthan4%existsasfreeformaldehyde.10%FormalinisweaklyacidicwithapKof12.8.Thereforeitisnormallybufferedbyphosphatesalts.
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In general the reactions of formaldehyde with proteins follow all a general two-step

mechanism (French and Edsall, 1945), see Figure 1: First the additionreactionofformaldehydetoacompoundcontainingan"'activeH-atom",resultingina1.Additionofformaldehydetotheprimaryamineofalysineresidue>=©+H»s2.Condensationofthehydroxymethyllysinewithotherresiduescontainingan"activeH-atom"(=Mannichcondensation)V-~x>»"—0->W-^MO-CH'Figure2.1.:CrosslinkingbyformaldehydeThetwo-stepmechanismofthecrosslinkingreactionsbyformaldehydeisexemplaryshownforcrosslinkingalysineresiduewithvariousotheraminoacids.
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hydroxymethyl compound. This hydroxy group is reactive and can in a second stepcondensewithanothergroupcontainingan"activeH-alorn'(Mannichcondensation),therebyformingamethylenebridge.Kineticstudiesofthereactionprovedthistwo-stepprocess(Rotte?û/.,1981).Thereactionscanbeintramolecularorintermolecular,resultinginartificialoligomersoraggregates.Thefirstreactionstepisveryfastbutalsoreadilyreversibleandtheboundformaldehydecaneasilyberemovedbywashing.Themethylenebridgesformedinthesecondreactionstepare,however,verystableandcannotbebrokenbyhighconcentrationsofureaorotherdisaggregatingsalts(PuchtlerandMeloan,1985;moredetailsseebelow).Theaminogroupoflysineismostreactivetoformaldehyde,however,manyfunctionalgroupsofaminoacidscontain"activehydrogenatoms"andthereforecaningeneralreactwithformaldehyde.Thesegroupsincludeiminogroups,amidegroups(asparagine,glutamine),guanidylgroups(arginine),hydroxylgroups(serine,threonine),sulfhydrylgroups(cystein),andaromaticringslikeunidazol(histidine),indol(tryptophan)andphenol(tyrosine,phenylalanine).Thepeptidebondislessreactive.Foronlyfewproteinsthereactionswithformaldehydehavebeenstudiedindetail.Moreresultsareknownfrommodelsystemsusingsingleaminoacids,asanalysedbyFraenkel-Conrat(e.g.Fraenkel-Conratetal,1945;Fraenkel-ConratandOlcott,1946;Fraenkel-ConratandOlcott,1948)andfurtherreviewedbyFrenchandEdsall(1945),Martinetal.(1975)andKitamotoetai(1985).Forsomeproteinscrosslinkedadductshavebeenisolated.BizziniandRaynaud(1974)reporttheisolationofalysine-lysineandae-aiiiino-lysine-tyrosine(Cj)adductofdiphteria-anatoxin,andBlassetal.(1965)theisolationofalysine-tyrosineadduct.Formaldehydecrosslinkedpeptidesoftryptophan-synthetasewereisolatedandassignedtoadductscomposedofasparagine-serineandglutamine-serine(MyersandHardman,1971).Finally,inthepresenceoftetraborohychicle(NaBPf4)formaldehydeisalsousedforreductivemethylationofproteins(Galembecketal,1977).Thepredominantreactionisthedimethylationofaminogroupsoflysine.
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General effects offormaldehyde on proteins

The general effect of formaldehyde is assumed to be a stabilisation of the tertiary

structure of proteins against
unfoldingbypH-changes,highionicstrength,heating,andchemicaldenaturation,aswellasastabilisationagainstdigestionwithproteolyticenzymes.Toxinslikediphteriatoxinandtetanustoxinareinactivatedbyformaldehydetreatment.So-calledtoxoidsareformedthatarestillimmunogenicbutnolongertoxic(AggerbeckandHeron,1992;PaliwalandLondon.1996).Thetoxoidsaremorestabletoheat(thermalunfolding)thanthetoxinsandarelesslikelysubjecttoirreversiblealterations.Theinfluenceofthecrosslinksonthedistortionofthetertiarystructuremaybemoderate,asshownbyX-ray-diffraction,circulardichroismandelectronmicroscopyofformaldehydetreatedhistones(Jackson,1978).Otherglobularproteinshavebeenshowntoexhibitlittleornoproteinsecondarystructurechangeafterformaldehydetreatment(MasonandO'Leary,1991),andenzymesmayevenretaintheiractivity,asshownforE.colitryptophanesynthetase(MyersandHardman,1971).Itwasalsoproposed,thatformaldehydecrosslinkingfixesthefoldedstructureofproteinsandpreventsformationoftheso-calledmoltonglobulestate(PaliwalandLondon,1996).ReactionconditionsNeutralFormalin(pH7)bufferedbyphosphateismostlyusedforthereactionswithproteins.AtthispHtheaminogroupsoflysinearesufficientlyunchargedforthereactionwithformaldehydetooccur,whereasinunbufferedFormalin(pH4)theaminogroupsareprotonatedandreactextremelyslowly(FrenchandEdsall,1945).Neverthelessitwasfoundthatmaximumtissuefixation,asjudgedbycrosslinking,isachievedatpH4-5.5becauseathigherpHtheincreaseintheamountofreversiblyboundformaldehydeblocksreactivegroups(Gustavson,1956).Therequiredformaldehydeconcentrationsandreactiontimesvarywidelydependentontheapplication:Fortissuefixation,4%formaldehydeatpH7.4forupto48hoursiscommonlyused(Foxetal,1985),fortoxoidpreparationonlyabout0.2%formaldehydeforseveralweeks(PaliwalandLondon,1996)andforintramolecularfixationofproteinsa100:1ratioofreagenttoproteinatapproximately0.01%-0.04%
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formaldehyde at around pH 8 is applied overnight. Temperatures are varying between

20°C
and50°C.Thereactioncanbestoppede.g.byadditionofexcessglycine(Orlandoetal.,1997),byacidificationtopH<3(Kitamotoetal.,1985)orbydialysisagainstDimcdone,areagentreactingirreversiblywithformaldehyde(MyersandHardman,1971).Washinganddialysis(evtl.withDimedone)reversestheformationoftheinitialformaldehydeadductscorrespondingtothefirstreactionstep(compareFigure1).Somecrosslinkscanbereversedbyboilingforatleast30minutesinTris-containingordenaturingbuffers(Orlandoetal..1997).However,methylenebridgesbetweenthec-amino-nitrogenoflysineandcarbonatomsofaromaticringsarcverystableandevenresistacidandalkalinehydrolysis(BizziniandRaynaud,1974;Fraenkel-ConratandOlcott,1948).MethodsusedtoexamineformaldehydetreatedproteinsThemethodsusedtoexaminethereactionsofproteinswithformaldehydearemanifoldandchangedoverthelastcentury.Boundformaldehydeandtheamountofreleaseuponhydrolysiswasinitiallymeasuredbyformaldehydedestination(FrenchandEdsall,1945).Reactionproductsofsingleaminoacidswereexaminedbycrystallisation(Kitamotoetal.,1985).pH,guanidiniumchloride,andheatstabilitywereevaluatedbyfluorescencc-emission-spectra(PaliwalandLondon,1996).SDS-PAGEanalysisshowedgoodresultsfordimerandpolymerformationofhistories(Jackson,1978;Hopwood,1968),butcouldonlygivefewinformationsforintramolecularcrosslinks(PaliwalandLondon,1996).Further,reactionswithradioactiveformaldehydewereusedtomeasuretheamountofboundformaldehydeandtoanalysecrosslinkedaminoacidresidues(BizziniandRaynaud,1974;Galembecketal.,1977).FormaldehydeandnucleicacidsFormaldehydeisalsoreactingwithdiebasesofnucleicacids,therebyformingcrosslinkeddinucleotides(Feldman,1973).Also,crosslinkingofnucleicacidsandnucleoproteinsoccurs.FormaldehydeisthusbothmutagenicandapotentialinhibitorofDNAreplicationandtranscription.Itisthereforeusedasadisinfectantthatkillsbacteriaandviruses.



-FORMALDEHYDE STABILISATION 41

Scrapie and Formaldehyde

Resistance of TSE agents to formaldehyde

The first evidence for the resistance of the scrapie
infectiousagenttoformaldehydeisoneofthetragicstoriesmthehistoryofpriondiseases.In1935,W.S.Gordonvaccinatedabout45000sheepagainstlooping-illvirus(Gordon,1946).Thevaccinecompriseda10%salinesuspensionofbrain,spinalcord,andspleentissuesoflooping-ill-virus-infectedsheeptreatedwith0.35%Formalintoinactivatethevirus.Morethantwoyearsafterthevaccination,2000ofthevaccinatedsheepdevelopedscrapiedisease.itwaspossibletotracebackthatallscrapie-diseasedsheephadexclusivelybeenvaccinatedwithonlyoneofthreebatchesofvaccine.Thesheepfromwhichthisbatchwasproduced,originatedfromaflockwithotherlambsthatlaterdevelopedscrapie.AfterthisaccidentaldemonstrationofresistanceofthescrapieagenttoFormol,itwasshownthattheresistanceisunusuallyhighforatransmissibleagent,withstandingupto3%formaldehydeactingatpH7.4and37°Cfor13days(Stampetal.,1959).Pattison(1965)reportedasystematicanalysiswherehehadincubatedthescrapieagentwithupto12%Formol-salinefortimeperiodsbetween18hoursand28months.Hefoundinfectivityingoatsandmiceinallexperiments.ItalsohasbeenshownthatthehumanCJD-agentisresistanttoformaldehydetreatmentandthattissuefixedforhistologycanbeusedfortransmissionandconfirmationofthedisease(Brownetal,1986;GajdusekandGibbs,1976).Further,amouse-adaptedCJD-strain(Kingsburyetal.,1982),hamster-adaptedscrapie(Brownetal.,1982)andalsotheBSF-agent(Fraseretal,1992)wereshowntobestillinfectiousafterformaldehydetreatment.Moreover,Bernoullietal.(1977)reportedthetransmissionofCIDbyuseofelectrodesthathadbeensterilisedbyformaldehydevapour.DecontaminationofformaldehydetreatedscrapiematerialAsitwasknownthatautoclavingathightemperaturereducesscrapieinfectivity,thismethodseemedgoodtodecontaminateFormalin-treatedtissuesamples(Mastersetal,1985).However,theinactivationwasnotproveninthisstudy(Taylor,1986;TaylorandMcBride,1987).Whenautoclavedformaldehydetreatedscrapiesampleswereexaminedforinfectivity,formaldehydeprovedtorenderthescrapieagentresistanttoinactivationbyautoclaving(TaylorandMcConnell,1988).ThiswasfurtherconfirmedforfixedtissuesamplesandpurifiedPrPSt-preparations(Brownetah,1990b).
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Finally, two methods for the decontamination of Formalin fixed scrapie tissue were

found:
First,theuseofphcnolyzedFormalin(Brumback,1988)andsecondtheinactivationbyformicacid(Brownetai,1990b;Tayloretal.,1997).Thesecondmethodseemstobemoreeffectiveconcerningtheinactivation.FormaldehyderesistanceingeneralInthecaseofallnon-prioninfectiousagentsthatshowformaldehyderesistanceno"unlimitedresistance"tohighformaldehydeconcentrations,asinthecaseofthescrapieagent,isfound.Acommonresistancemechanismofpathogenicmicroorganisms,thatarepartiallyresistanttoformaldehyde,istheupregulationofgenesendocingalcoholdehydrogenasesandthuschemicalremovalofformaldehyde(e.g.(Kummerleetal.,1996)).However,thedescribedinfiniteresistanceofthescrapieagenttoformaldehydeisinfactauniqueproperlyofprionsandfitsintotheprionconcept:Nonucleicacidisnecessary,aprotein(PrP)isanessentialcomponentofthemfeciousagent,anditsinfectiousconformationcanbestabilisedbyformaldehydecrosslinking.InactivationandsolubilizationofPrPScHeatinactivationIngeneral,heatinactivationofproteinsisachievedintwosteps:Atintermediatetemperaturesdenaturationoccursbythermalunfoldingwhichoftenleadstoaggregationandprecipitationoftheprotein(Porteretah,1993).Athighertemperatures(above100°C)covalcntbondsaredisrupted:deamidatiotiofasparagineandglutamineresidues,hydrolysisofpeptidebondsatasparticacidresidues,destructionofdisulphidebonds,oxidationofcysteineresiduesandß-eliminationofcystineresidues(ZaleandKlibanov,1986).Thisleadstotheirreversibledisruptionofthecovalentproteinstructures(AhernandKlibanov,1985;Tomizawaetal.,1995).Thermostableproteinsaremoreresistanttoheatandotherformsofdenaturation(Liao,1993).andithasbeenproposedthatoligomerizationcanbeastabilisingmechanismforthermophilicsystems(Merkleretah,1988).Alsoartificialcrosslinkscanstabiliseeimmesagainstheatinactivation(TrubetskoyandTorchilin,1985).Theinfectiousscrapieagentshowsexceptionalresistancetoheatinactivation.Thenormallyuseddecontaminationstandardforbacteriaandvirusesof126°Cfor

20
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minutes is not sufficient to render the scrapie agent non-infectious. In 1988, the UK

standard was 134-138°C for18minutesbasedonporousloadautoclaving,theUnitedStates'standardwas132°Cforonehourforgravitydisplacement(TaylorandMcConnell,1988).However,asmentionedabove,itwasfoundthatpre-treatmentofscrapieinfectedbraintissuewithformaldehydeabolishedtheinacfivationeffectofthishigh-standardautoclaving(TaylorandMcConnell,1988).TheresistancewasalsoshownforpurifiedPrPSc(Brownetal.,1990b).Thereasonforthehightemperatureresistanceofthescrapieagentprobablyliesinitsextremelystable,orderedaggregation,andformaldehydecanrenderfurtherstabilitytotheoligomerbycrosslinking.DenaturationandsolubilizationAsalreadymentioned,purificationofscrapieinfectivityyieldsaggregatedPrPScorPrP(27-30)andresultsintheisolationofsocalledprionrods(Prusineretai,1980b).Numerousprocedureswereexaminedfortheireffectivenessindisruptingtheprionaggregateswhilepreservinginfectivity.Saltsandsonicationwereunsuccessfulindisruption.Highpll-changesandstrongdénaturantssuchasthechaotropicagentsureaandguanidiniumchlorideathighconcentrationsdisruptedtheaggregates,butalsoreducedinfectivity(Safaretal.,1993a).SDSisananionicdetergentthatinactivatesprionsinaconcentration-dependentmanner(Prusineretal.,1980a).Inthiscontext,studiesontheelectrophorelicpropertiesofthescrapieagentafterSDS-treatmentareinteresting.SeveralattemptsweremadetoisolateinfectivityfromabandinaSDS-gel.Onlyonestudythatcouldnotbereproduced,claimedtherecoveryofthemajorfractionofinfectivityfromaSDS-gelslicecontainingthemonomelicPrPband(Brownetal.,1990a).Otherstudiesalsoreportoftherecoveryof1-100%ofinfectivityfromSDS-gels.However,mostoftheinfectiousagentwasfoundinthetoppartsofthegel.especiallythestackinggelandobviouslycorrespondedtoPrPScoligomersnotyetdenaturedbySDS(seeRubensteinetal,1994;Prusinerelal,1993;Laxetah,1983).Inarecentstudy,theSDS-treatedscrapieagentwasseparatedonasucrosegradient(Riesneretal,1996).Onthetopofthegradient,sphericalparticlescomposedof4-6PrP-moleculeswithlittleornoinfectivitywerefound,andatthemeniscusalipid-richfractioncomposedofheterogeneousparticlescontaininghighlevelsofscrapieinfectivity.
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The only known method to solubilize PrPSc or PrP(27-30) in infectious form, as defined

by remaining
inthesupernatantafteronehourofcentnfligationat100000xg,isthedispersioninsocalledDLPCs(detergent-lipid-proteincomplexes,Gabizonetah,1987).Removalofthedetergentbydialysisproducesclosedliposomes.Scrapieinfectivityincreases10-100foldafterdissociationofPrP(27-30)intoDLPCs.Thisisconsistentwiththe"seedingmodel"thateventuallyrequiresbreakageofPrPScoligomers(seechapterI:Introduction,p.12).Overall,twogenerallydifferentkindsofinfectiousprionpreparationscanbediscriminated:1)TheinsolublePrPStaggregates,and2)thesolubiliz.edinfectiouspreparations,prionDLPCsandliposomes.Thesecontainlipidsbydefinition(GabizonandPrusincr,1990).Fromthisonecouldprincipallyconcludethattheconformationofanisolatedprionmonomerisunstableandmustbestabilisedbyaggregationorbyclosecontactwithlipids.ThequestionofwhetherintramolecularcrosslinksmightalsostabilisePrPScsothatevenaPrPScmonomerwouldbestableinsolutionshouldbetestedinthepresentprojectbyformaldehydetreatment.2.2.MaterialsandmethodsProteinpreparationsPurificationofmPrP(23-231)Full-lengthrecombinantmPrP(23-231)waspurifiedinitsoxidizedformasdescribed(LiemannandGlockshuber,1998).PrPSc-andPrP(27-30)-preparationPrPScwasisolatedfromSyrianhamsterbrainsthathadbeeninfectedwiththe263K-strainofscrapie.PurificationwasdoneaccordingtotheprotocolofBoltonetal.(1987).Shortly,tenscrapieinfectedbrainswerehomogenized(10%(w/v))oniceinTEND(10mMTris/HClpH8.3,1inMEDTA,133mMNaCl,IinMDTT)containing10%Sarkosylusing18and22gaugeneedles.Thehomogenatewascentrifugedfor30minutesat22000xg(SS34rotor.13000rpm,Sorvallcentrifuge)at4°C,andthesupernatanttransferredtoultracentrifugetubesandwascentrifuged3hoursat150000xgat4°C(inaTi70rotor,38000rpm,Beckmannultracentrifuge).ThesupernatantwasremovedandthepelletresuspendedinImlTEND,10%NaCl,1%Zwittergent

by
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sonication (3 times 1 minute; Branson sonicator, 100% output) and
homogenizationwithaPasteurpipette.Buffer(TEND+10%NaCl+1%Zwittergent)wasaddedtoafinalvolumeof10ml.Thehomogenatewascentrifugée!for2hoursat225000xgat20°C(Ti70rotor,46000rpm,Beckmannultracentrifuge).Thesupernatantwasdiscardedandthepellet«suspendedin1mlTNCM(10mMTris/HClpH7.4,100mMNaCl,5mMMgCE,5mMCaCE)bysonication(3times1minuteasabove).RNAseAwasaddedto100fig/mlandDNAsclto20rig/ml(about10U/ml),andthehomogenatewasincubatedinarotatingvesselovernightat4°C.Thesamplewasthenadjustedto20mMEDTA,10%NaCl,1%Zwittergentandlayeredonasucrose-cushion(1Msucrose,100mMNaCl,0.5%)Zwittergent).Sucrose-gradient-centrifugationwasperformedfor2hoursat225000xgat20°C(Ti70rotor.46000rpm).Thesupernatantwasremovedandthepelletresuspendedin1ml0.1%Sarkosyl,10%NaClbysonication(3timesIminuteasabove).ThesuspensionwascentrifugedinanEppendorfcentrifuge(15minutesat14000xg).thesupernatantwasremovedandthepelletresuspendedinH2O(about1%oforiginalhomogenatevolume)bysonication(3times1minuteasabove).Toobtainthepurer,N-terminallydegradedformPrP(27-30),PrPScwascentrifugedanddilutedinto10%NaCl,1%Sarkosyl,5jig/mlProteinaseK(finalvolume:4ml)andstirredfor2hoursat37°C.Aftercentrifugationfor15minutesat14000xgthepelletwaswashedwith1mMPMSFandwassubsequentlywashedtwotimeswithFLOandstoredinFEO(finalvolume:1%oftheinitial10%(w/v)homogenate,about1ml).Apreparationcontainedabout9-10logLD50.PreparationofPrP(27-30)DLPCs(detergent-lipid-protein-complexes)ThisprocedurecorrespondstotheprotocolofR.Gabizon(personalcommunication).Asmallportion(20\i\)ofthePrP(27-30)preparationwasmethanol-precipitated,driedshortlyandresuspendedin1ml100mMNaCl10mMHepes/NaOH,pFI7.4byvortexingandsonication.100u.120%Sarkosylwereadded.ThemixturewasaddedtoaCorcxglasstubeunderargonatmospherethatcontained5mgphosphatidylcholindriedontothewall.Thetubewasclosed,vortexedandsonicatedinanicebathuntilthesolutionwasclear(Bransonsonicator,output100%).Thenitwascentrifugedfor30minat30000xg.ThesupernatantcontainedtheDLPCswithabout10-20LtgPrP(27-

30)/ml.
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Repurification of PrP(27-30) from detergent and lipids

9 volumes of cold methanol wereaddedtothePrP(27-30)-DLPCpreparationandincubatedfor1hourat-20°(\Thesamplewascentrifugeafor30minutesat10000xgat4°C.Thesupernatantwasremoved,thepelletresuspendedin1mlcoldmethanolandcentrifugedfor30minutesati00000xgat4°C.Thesupernatantwasremovedandthepelletair-driedandsuspendedin100[iiIPO.InvitrostudiesReactionsofmPrP(23-231).PrP(27-30)andPrP(27-30)DLPCswithformaldehydeand14C-formaldehydemPrP(23-231)(5-20,uM)in50niMNaPi,pH7.4.wasincubatedwithdifferentamounts(1mM-1.3M)offormaldehydeor14C-ibrmaldehydefor1to48hoursat22°C.Thereactionswerestoppedeitherbydirectapplicationonablottingmembrane,byimmediatelyaddingSDS-samplebuffer,boilingandloadingonagel,orbyprecipitationandwashingwithmethauol.SimilarreactionswereperformedwithPrP(27-30)andPrP(27-30)DLPCs.Thereactionswereanalysedbyclotblot,SDS-PAGE,Westernblot,andincaseofthereactionswithradiolabeledformaldehyde,quantifiedinascintillationcounteroronaphosphorimageraccordingtostandardprotocols.InoculationstudiesSamplepreparationforthefirstinoculationstudyAliqouotsofPrP(27-30)wereincubatedwithanequalvolumeof50mMPBS(phosphatebufferedsaline.pH7.4)or20%Formol-saline(finalconcentration1.3MformaldehydeinPBS)for48hoursatroomtemperatureandcentrifugedfor30minutesat100000xgat4°C.Thesamplesweredilutedaccordingtooneofthefollowinginactivationprocedures:Autoclavingwasperformedfor30minutesat136°CinPBSor10%Formol-saline:forinacthationb>guanidiniumchloridetheproteinwasincubatedfor3hoursin6Mguanidiniumchlorideat37CC:forSDS-solubilization,PrP(27-30)-samplesweredilutedwith2%SDS.boiledfor5minutesandincubatedfor3hoursatroomtemperature.Priortoinoculation,allsamplesweremethanol-precipitatedanddilutedinPBS.



FORMALDEHYDE STABILISATION 51

Sample preparation for the second inoculation study

PrP(27-30) DLPCs were adjusted to 50 mM phosphate, pH 7.4 and formaldehydewasaddedtoafinalconcentrationof0.0.001%CO.13mM),0.01%(1.3mM)or0.1%(13mM)andsampleswereincubatedfor13hoursat20°C.SubsequentlyPrP(27-30)wasrepurifiedasdescribedabove.Theinactivation/solubilization-stepwasperformedasinthefirstinoculationstudydescribedabove.Thesampleswerethencentrifugeaat100000xgfor1hour.Supernatantandpelletfractionswereseparatedaccordingtothesolublefractionprotocol(Riesner,1996).Allsamplesweremethanol-precipitatedanddiluted1:100intoPBS.InoculationandinfectivityassaysIncubation-time-assayswerecarriedoutingoldenSyrianhamstersattheBundesforschungsanstaltatTübingenincollaborationwiththegroupofDr.M.Groschup.30|ll1ofa1:100dilutionofeachsamplewasinjectedintracerebrallyintogroupsofsixhamsters.Animalswereobservedfordecreasedmotoractivityandataxiaasearlysymptomsanddisorientationandcoordinationdisturbanceaslatersymptomsfor9monthsafterinoculation.InfectivitytitreswerecalculatedfromtheincubationtimeaccordingtoPrusineretcd.(1982),andexpressedaslogarithmsofthemeanlethaldose(logioLD50/3Oulinoculumvolume).WesternblottinganddotblotsSDS-PAGE,dotblotsandWesternimmunoblotswereperformedusingstandardprocedures.ThemurineprionproteinwasdetectedinimmunoblotsusingthepolyclonalrabbitantiserumR340thatreactswithbothmouseandhamsterPrP.Additionally,themonoclonalantibodies6H4(Korthelal.(1997).specificformouseandhamster),or3F4(Kascsaketal.(1987),specificforhamsteronly)wereutilized.2.3.ResultsInvitroexperimentsInordertoinvestigatetheactionofformaldehydeontheprionprotein,invitroexperimentswithrecombinantfull-lengthmouseprionprotein,mPrP(23-231),andformaldehydewereperformed.Thefirstgoalwastoestablishconditionsfor
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intramolecular
crosslinking.

Theseinitialexperimentswereperformedatproteinconcentrationsof5-20\xMat22°CandpH7.4for1-48hourswithvaryingformaldehydeconcentrations(1mM-1.3M).SubsequentlythereactionswereanalysedonSDSpage,assumingincreasedmobilityofintramolecularlycrosslinkedPrPmolecules.Themainproblematthebeginningwasthatafterreactionwithhighconcentrations(>50mM)offormaldehydetherecombinantproteinwasnolongerdetectableonsilverorCoomassie-stainedSDS-gels,orindotblotsstainedwithtwodifferentantibodies(R340and6H4).EvenglycosylatedPrPScwasnolongerdetectableafterformaldehyde-incubationwhenastainingkitfordetectionofcarbohydrateresidueswasused.Ontheotherhand,atlowformaldehydeconcentrations(-10mM)noreaction,e.g.nosignificantmobilityshiftontheSDS-PAGEgelwasvisible(Figure2).Therefore,14C-labelledformaldehydewasusedinfurtherstudiesbothasmarkeronthereactedproteinandasatooltodeterminetheamountofthereaction.Awidespectrumofconditionswithvaryingconcentrations,incubationstimesandtemperatureswastested.ThereactionofmPrP(23-231)with14C-formaldehydeatpH7.4dependedmainlyontheratioofthereactioncomponents,lessontheabsoluteconcentrations,reactiontimeortemperature.Theresultscanbesummarisedasfollows:1)Thereactionbecamedetectablewhena50-100foldmolarexcessof14C-formaldehydeovermPrP(23-231)wasused.AweakradioactivebandofthesizeofmPrP(23-231)wasdetectedanditwascalculatedthatonaverageonefourthofallmPrP(23~231)-moleculeswerelabelledwith14C-crosslinks.2)Witha500-1000foldmolarexcessofl4C-formaldehydeovermPrP(23-231)almosteverymPrP(23-231)moleculewaslabelledwith1-2J4C-crosslinks,butinadditiontothesmallbandcorrespondingtomonomelicPrP,oligomerswerefoundthatdidnotenterthe1048248332819Figure2:Coomassie-stainedgelof5|LiMmPrP(23-231)samplesincubatedfor12hourswithdecreasingamountsofformaldehyde.1)sizemarkerinkDa,2)1.3M,3)240mM,4)50mM,5)10mM,6)2mM,7)0.4mM,8)0Mformaldehyde.
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14,stacking gel. 3) When more than a 5000 fold molar excess of C-formaldehyde over

mPrP(23-231) was used, only crosslinked aggregates were found that did not enter the

stacking gel, and it was calculated that a mean of ten intra- and intermolecular i4C-

crosslinks were formed per mPrP(23-231) molecule (compare Figure 3).

The same concentration range of 14C-formaldehycie was applied to PrP(27-30)-

aggregates and PrP(27-30) DLPCs. It was found that the reaction was also concentration

dependent, as quantified by scintillation counting. However upon analysis on SDS-

PAGE, both the PrP(27-30)-aggregatcs and PrP(27-30) DLPCs showed no small

molecular bands, but mainly aggregates. Additionally, for PrP(27-30) DLPCs part of the

protein that had reacted with
' ^-formaldehyde gave a smear on the gel over a broad

range of sizes (data not shown). We

1 2

Figure 3: Autoradiography of a SDS-gel with

samples of 5 jiM mPrP(23-231) incubated for

12 hours with 1) 0.13 mM, 2) 1.3 mM and 3)
13 mM 14C-formaldehyde. The arrow

indicates the size of monomelic mPrP(23-

231).

interpreted this as variable

crosslinking of different glycosylated

forms. As control PrP(27-30) was

cleglycosylated with PDGaseF and

denatured. It then reacted in the same

way as mPrP(23-231), and the band

corresponding to monomelic PrP

could be detected at low 14C-

formaldehyde concentrations (data

not shown). Consequently the

carbohydrate moieties in the PrPSc

subunit might contribute to

intermolecular crosslinks and could

principally be responsible for the

reported stabilising effect of

formaldehyde on mfectivity.

Inoculation studies

Test of stabilisation of PrP(27-30) by formaldehyde

To verify the stabilising effect of foimaldehyde on purified, infectious PrP(27-30)

preparations against autoclaving and to test if stabilisation of PrP(27-30) can also be

achieved against denaturation, an inoculation study in hamsters was undertaken in
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collaboration with Dr. M.Groschup, Bundesforschungsanstalt, Tübingen.
PurifiedPrP(27-30)wastreatedwith1.3MformaldehydeasinthestudybyBrownetal.(1990b),andsubsequentlydifferentinactixationprocedureswereapplied:autoclavingat136°Cfor30minutes,treatmentwith6Mguanidiniumchloridefor3hoursat37°Cortreatmentwith2%SDS.boiledfor5minutesandincubatedatroomtemperaturefor3hours.Ascontrols,non-Formol-treatedsampleswereused.Allsampleswereinjectedintohamsterbrainsforincubationtimeassays.TheresultsaresummarisedinTableI.Inthecontrolexperiments,theautoclavingprocedurecausedareductionofinfectivit}ofmorethan5logID.so-units,treatmentwithnumberofinfected/inoculatedanimalsincubationtimelogIDso-units1.PrP(27-30)control6/6101.6+/-6.65.32.PrP(27-30)autoclaved0/6_03.PrP(27-30)+6MGdn/HCl5/6136,136,150,171,192(157+/-24.2)<0.64.PrP(27-30)+2%SDS6/6110.5+/-3.34.25.PrP(27-30)+1.3Mformaldehyde6/6120.5+/-5.53.26.PrP(27-30)+1.3Mformaldehydeautoclaved*2/6150,171(160.5+/-14.8)<0.57.PrP(27-30)+1.3Mformaldehydeautoclaved''"0/6-08.PrP(27-30)+1.3Mformaldehyde+6MGdn/HCl5/6129,129,133,168,175(146.8+/-22.7)<1.29.PrP(27-30)+1.3Mformaldehvde+2%SDS3/6126,129,133(129.3+/-3.5)<1.5*6.)wasautoclavedinthepresenceofiotmaldeh\de,7)aftertheunreactedformaldehydehasbeenwashedawayTable1:IncubationtimesandinfecttvitytitresforthetestofstabilisationofPrP(27-30)byformaldehydeagainstinactivation
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6 M guanidinium chloride resulted in around 4.5 log reduction and treatment with 2%SDSonlyina1logreduction.Theformaldehydetreatmentbyitselfcausedareducedtitreof2logID50-unitsandwasfurtherdecreasedabout2-3logbyautoclaving.Also,denaturationbyguanidiniumchlorideorSDSafterformaldehyde-treatmentcausedafurtherinactivation,sothatthetitrewasatleast4logID5o-unitsreducedcomparedtotheuntreatedcontrol.TheseresultsdifferstronglyfromthosepublishedbyBrownetal.(1990b).Possiblereasonsforthisdiscrepancywillbediscussedinthenextsection.Figure4showsadotblot(A)andaWesternblot(B)ofthesamplesusedforinoculation.Allformaldehyde-treatedsamplesareatthelimitofdetectability.AlsotheAB~AW1iß*2FGHFigure4:DotblotanalysisofthePrP(27-30)-samplesusedforthefirstinfectivitystudy,immunospectficstainingwasperformedwithanti-PrP-antibodyR340.Sample1)control;2)autoclaved;3)+6MGdnHCl:4)+2%SDS;5)+4%formaldehyde;6)+4%formaldehyde,autoekned:7)+-Woformaldehyde,autoclavedinthepresenceofformaldehyde;8)+49rformaldehyde.+6MGdn/HCl;9)+4%formaldehyde,+2%SDS.A:Dotblot:thesamplesA-HrepresentaconcentrationstandardofmPrP(23-231)withA)1jig,B)0.2ug.C)40ng,D)8ng.F)1.6tig.F)0.3ng,G)0.06ngandH)0.Samples1-9eachrepresenta1ul-aliquotoftheinjectedsample(beforethe1:100dilution).B:WesternblotanalysisofinjectedsamplesofPrP(27-30),immunostainingwithanti-PrP-antibodyR340.Numbers1-9indicatethesamesamplesasdescribedinA.56789kDa10278493189matÊà••
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autoclaved sample is weaker than the controls in the dot blot and invisible intheWesternblot.Possibly,theautoclavingproceduredisruptstheproteinchemically.Infact,thissampledoesnotshowinfectivityanymore,whereasfortheformaldehydetreatedsamplesupto3.2logLD5o-unitswerefound.Inaddition,theguanidiniumchloridedenaturedsamplecanwellbedetectedontheWesternblotbutshowsonlyvanishingamountsofinfectivity.ThereforedetectabilityofPrP(27-30)withanti-PrPantibodiesmightnotcorrelatewithinfectivity.Studyoninfectivityofsolubili/edcrosshnkedPrP(27-30)ThegoalofasecondinfecthitystudywastotestifinfectiousPrP(27-30)canbeobtainedinasolubleformafterformaldehydecrosslinking.Forthispurpose,PrP(27~30)wasfirstdispersedintoDLPCsandthenreactedwiththeconcentrationofformaldehyde(0.01%=1.3raM),thatga\ethebestintramolecularcrosslinkingforrecombinantmPrP(23-231)(Figure3).Additionally,atentimeshigherandatentimeslowerconcentrationofformaldehydewasutilised.Subsequently,PrP(27-30)wasseparatedfromdetergentsandlipidsanditwassolubilisedwith6Mguanidiniumchlorideor2%SDS.Supernatantandpelletwereseparatedaccordingtothe"soluble-fraction-protocol"(Riesneretah,1996).anddilutedaliquotswereinjectedintohamsterbrains.Figure5:Immuno-dotblotanalysisofaliquotsofthesamplesusedinthesecondinfeclmtystudy.A-LIrepresentaconcentrationstandardofmPrP(23-231)withA)I(ig,B)0.2ug,C)40ng,D)8ng,E)1.6ng,F)0.3ng.G)0.06ngandH)0.1-4representsthecontrolsofformaldehydetreatedsamplesafterrepurificationofPrP(27-30)fromDLPCs.5-8arethesamplestreatedwith2%SDS;9-12aretreatedwith6MGdn/HCl(pellet(P)andsupernatant(S)fractionsareindicatedatthetop).Samples1,5,9:controlwithoutformaldehyde;2,6,10:0.1%formaldehyde;3.7.11:0.01%formaldehyde;4,8.12:0.001%formaldehyde.Thearrowindicatestheonlysupernatantfractionthatcontainedinfectivitx.
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Figure 5 shows a dot blot of aliquots of the samples used for inoculation. The protein is

detectable
inallcasesasonlyrelativelylowconcentrationsofformaldehyde(0.13-13mM,correspondingto0.001-0.1%)wereutilised.RepurificationoftheproteinafterdispersionintoDLPCsandfixationwithformaldehyde,wasveryeffective,ascanbeseeninthecontrols(Figure5,1-4).0.2-1\xg/\x\wereobtainedinallcases.Solubilizationwasattemptedwith6Mguanidiniumchlorideand2%SDS.Thesampleswerethenseparatedintoasolubleandaninsolublefractionbyultracentrifugationat100000xgforonehour.Asjudgedfromtheblotforallsamplesmostoftheproteinremainedinsoluble,wherebytheSDS-solubilizationwasslightlymoreeffectivethantreatmentwithguanidiniumchloride.Overall,however,noincreaseinsolubilitythroughformaldehydetreatmentpriortoguanidiniumchlorideorSDSincubationcouldbedetected.TheinfectivitydataaresummarisedinTable2.Thecontrolsshowhigherinfectivitythanthoseofthefirstinfectivitystudy.Thisimprovesthequantificationoftheanalysis,asinfectivitytitrescanbecalculatedmoreexactlywhentheincubationtimesarenotclosetothelimit,wherenodiseaseoccurs.ThedatainTable2showfurtherthatafterdénaturanttreatmenttheinfectivitydecreasesstrongly(atleast3logID50-units).Forguanidiniumchloridetreatedsamplesnoinfectivityisfoundinthesolublefractionsandonlyverysmallamountsforthepellets(0.3-1.1correspondingtoareductionof6logIDso-unils)whentheproteinwastreatedwithFormol.Thecontrolintheabsenceofformaldehydeiscompletelyinactivated.ThepelletsoftheSDS-samplesretained2-3logIDso-unitsofinfectivity.ThiscorrespondsControlafterDLPCrepurificationSDS-solubilizationGdn/HCl-solubilizationpelletsupernatantpelletSupernatant1)Control7.43.60002)0.1%Formol7.22.301.103)0.01%Formol7.51.94.2<0.504)0.001%Formol8.8~2.5(?)00.30Table2:Infectivitytitresforthestudyoninfectivityofsolubilized,crosslinkedPrP(27-30)(logID50-unitsafterinoculationintohamsters)
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to a decrease of approximately 4-5 logs compared to the controls. Only the solubilized

fraction
treatedwith0.01%formaldehyderetainedahigheramountofinfectivity(4.2logID5o-units)afterSDSdenaiuration.Thisrepresentsthelargestamountofinfectivityfoundforallthedénaturanttreatedsamples,anditistheonlysolublefractioncontainingdetectableinfectiviu.2.4.DiscussionTheaimofthisprojectwastostud}'thereactionofPrPScwithformaldehydeandtofindconditionswherePrPSccouldbecrosslinkedmainlyintramolecularlybyformaldehydesothatsolublePrPScmightbeobtainedafterdissociationofformaldehyde-treatedPrPScwithadenaturingagent.Thisexperimentwouldprincipallyshowifasmallmolecularinfectiousunitcanexistwhichmightalsobesuitableforstructuralanalysis.Thewidelyunspecificcrosslinkingagentformaldehydewasused,asitwasknownsincelong,thatitdoesnotinactivatescrapieinfectivity(Gordon,1946;Pattison,1965;Stampetal.,1959).Inafirstseriesofinvitroexperiments,conditionswereestablishedtocrosslinkrecombinantmPrP(23-231)predominantlyintramolecularly.RecombinantmPrP(23-231),whichhasthesameaminoacidsequenceasmousePrPSc,appearedtobethebestmodelforsettingupcrosslinkingconditionsasitcouldbeproducedinsufficientamounts.Theadditionalresidues23-89inmPrP(23-231)comparedtoPrP(27-30)areunlikelytohaveinfluencedthecrosslinkingresultbecausetherateofformaldehydecrosslinkingismainlyconcentrationdependentandfordifferentproteinswidelysimilarandmodelreactionsseemadequate,asoutlinedintheintroduction.ApplyingtheseconditionstoPrP(27-30)DLPCs,PrP(27-30)sampleswereobtainedthatshowedamixtureofhigh-molecularweightaggregatesandvarioussizesofsmall-molecularcrosslinkedproteinsonSDS-PAGEgels.PrP(27-30)DLPCsareadetergentsolubilisedinfectiousformofthescrapieagent,thatisalsousedtopreparePrP(27-30)-liposomes.Fortheseliposomesitwascalculatedthattheycontainonaverage2-4moleculesofPrP(27-30)perliposome(Gabi/onetal,1987).Onewouldthereforeexpecttoobtainprimarilycrosslinkeddimers,trimersandtetramers.Thisis,infact,difficulttojudgefromagelwithdifferentlyglycosylatedformsandcouldresultinsmearingas

observed.
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subunits in PrP(27-30) DLPCs. These relatively low amounts did not affect
theinfectivityofthesamplescomparedtoanon-FormoI-treatedcontrol(compareTable2),buthadproventobeoptimumforintroductionofonlyintramolecularcrosslinks(Figure3).Afterdenaturationandsolubilizationmostofthesampleshadnooronlynegligibleamountsofinfectivity.OnlytheSDS-solubilizedsampleafter0.01%formaldehydefixationretained4.2logLlYo-units0finfectivity.ThissamplewastreatedwiththeoptimalconcentrationforintramolecularcrosslinksandthereforeaPrP(27-30)monomerorsmalloligomermighthavebeenstabilisedintheinfectiousconformation.However,acontaminationcanalsonotbeexcluded,andarepeatoftheexperimentwouldinanycasebenecessary.Further,thedatastillmeansareductionofinfectivityofmorethanathousandfoldcomparedtothecontrol.Ifoneassumesthatinthiscaseonly1/1000oftheproteinretainedthe"infectiousconformation"itisclearlynotpossibletoanalysesuchasmallfractionwiththeproteinanalysistechniquesavailabletoday.Ifonecomparesthefirstandthesecondinoculationstudy,astrikingfactis,thatthetitresofthecontrolsdifferbyafactorof100(2logIDso-units,compareTableland2),althoughsimilaramountsofproteinwereinjectedintohamsterbrains.Interestingly,theinfectivityforthePrP(27-30)repurifiedfromDLPCsishigherthanfortheoriginalpreparation.Previously.Gabizonetal.(1987)showedthatdissociationofPrP(27-30)intoDLPCsorliposomesincreasedthetitre.Itisnotclearifthisisaneffectofdisaggregationanddissociationoraneffectofthelipidsthemselves.InourcasePrP(27-30)wasagainaggregatedduringtherepurificationprocedure.Butperhapsitwaslessaggregatedthanintheoriginalpreparation.Yetitwasnottestedifthelipidswereseparatedquantitativelyorstillcouldha\caninfluence.ThuswecanonlystatethatafterDLPC-solubilizationtheinfectnityincreased.Forthetwoinfectivitystudies,ver)'differentconcentrationsofformaldehydewereutilised(1.3Mcomparedto0.13-13niM),Onl>thehighformaldehydeconcentrationsdecreasedtheinfeclhitytitre,whereasinbothcasesnostrongincreaseofstabilityagainstinactivationprocedureswasfoundandthetitreafterformaldehydefixationanddenaturationwasalwa\slowered.Formaldehydeisanunspecificreagentthatcrosslinksnotonlyproteinsbutallmoleculescontaining"actheH-atoms".i.e.alsonucleicacids.Therefore,formaldehyde-inducedmolecularcrosslinkingthatwouldpreservetranscriptionalcapabilityisnotconceivable,astrongargumentagainstavirus-theorieforscrapie.
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Formaldehyde by itself docs eventually lead to a reduction but not to inactivation of

TSE-agents.Asmentionedintheintroductionpart,mtheorythepreviouslyreportedreactionsofformaldehydefittotheprionconcept.Fixationshouldnotalterinfectivity,butstabiliseitagainstotherinactivationprocedures.However,ourexperimentsgiveslightlydifferentdata.Theobserved2logreductionofinfectivitybytreatmentwith1.3Mformaldehydecouldbeexplainedbytoomuchcrosslinking,therebydecreasingthenumberofaggregatesandcreatinglessinfectiousentities.Thenumberofinfectiousunitsisnotanabsolutephysicalquantity,relatedtothenumberofdiscreteuniforminfectiousparticles,butisinsteadavariablequantitythatcanbereversiblyaltered.Thelackofstabilisation,inparticularagainstautoclaving,ismoredifficulttoexplain.Onepossibilityiscertainlythatthechosenconditionsforinactivationweretooharsh.Insummary,itmustbestatedthatdifferentprerequisitesfortheprojectthathadbeenreportedintheliteraturewerenotgiven.Ourfindingsshowthattheresultsof(Brownetal.,1990b)couldnotbereproduced,andcrosslinkingofPrP(27-30)proveddifficult.However,inonecasewesucceededingeneratinginfectivityinsolubleformafterformaldehydetreatment,whatmightindicatetheexistenceofasmallmolecularinfectiousunit.2.5.ReferencesAggerbeck,H.andHeron,1.(1992)Detoxihcationofdiphtheriaandtetanustoxinwithformaldehyde.Detectionofproteinconjugates.Biologicals,20,109-15.Ahern,T.J.andKlibano\,A.M.(1985)Themechanismsofirreversibleenzymeinactivationat100C.Science,228.1280-4.Alper,T.,Haig,D.A.andClarke,M.C.(1966)Theexceptionallysmallsizeofthescrapieagent.BiochemBiophvsResCommun,22,278-84.Bernoulli,C,Siegfried,J.,Baumgartner.G..Regli,F.,Rabinowicz,T.,Gajdusek,D.C.andGibbs.C.J..Jr.(1977)Dangerofaccidentalperson-to-persontransmissionofCreutzfeldt-Jakobdiseasebysuigery[letter].Lancet,1,478-9.Bizzini,B.andRaynaud,M.(1974)[Detoxicationofproteintoxinsbyformol:supposedmechanismsandnewdevelopments'].Biochimie,56,297-303.Blass,J.,Bizzini,B.andRaynaud,M.(1965)[Mechanismofdetoxificationbyformol].CRAcadSeiUebdSeancesAcadSaD,261,1448-9.Bolton,D.C.,Bendheim.P.E.,Marmoistem.A.D.andPotempska,A.(1987)Isolationandstructuralstudiesoftheintactscrapieagentprotein.ArchBiochemBiophys,258,579-90.
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3. Cu2+-CONVERSION OF mPrP(23-231)

3.1. Introduction

Transmissible spongiform encephalopathies
(TSRs)areneurodegenerativediseasesthatarecharacterizedbyaccumulationofanabnormallyfoldedproteaseresistantform(PrPSc)ofthecellularprionproteininthebrainsofdiseasedanimals(Griffith,1967;Prusiner,1991).TheinabilitytoseparatePrPStfromscrapieinfectivityhasmadeittheprimecandidatefortheputatnepioleinagentofTSEsandthe"proteinonly"hypothesisstatesthatPrPScisthemamoronlycomponentoftheinfectiousprion.Untiltodaythishypothesisisnotproven.Thedecisiveexperimentwouldbetoproduceinvitroinfectiousmaterialoutofpreviouslynon-infectiousPrPc.ThisexperimenthassofaronlybeenperformedsuccessfullywiththeyeastprionSup35(Sparreretal,2000).ManyattemptstogeneratePrPSlinvitroha\ebeenmadeandthesocalledin-vitro-conversionshowedthatradioactivclymarkedPrPccanbeconvertedintoPrP'es(proteaseresistantPrP)ifitisincubatedinaspecificreactionwithPrPSc(Kociskoetal,1994).However,alwaysanexcessofPrPScoverPrPcwasrequired.Thereforetheproblemofthisexperimentisthedetectionofnewinfectivityasinfectivityassaysshowvariabilitiesofoveronelog.Consequently,atwofoldincreaseininfectivity,whichwouldatthemostbeproducedbythem-v/Vro-conversioncannotbedetected.WhenPrPSciscompletelydenaturedwithhighamountsofdénaturant(ureaorguanidiniumchloride),itirretrievablyloosesProteinaseK(PK)resistanceaswellasinfectivity(Prusineretal..1993).Butwhenitisonlypartiallydenaturedwith2-3Mguanidiniumchloride.PK-resistanceandinfectivityareonlylosttransientlyandcanberegainedafterdilutingtoabout0.5Mguanidiniumchloride(Kociskoetal,1996).Exactlythisisdoneduringthem-v/fro-conversion,wherePrPcisaddedintherenaturationstepandisthencomertedtoPrP,es(Bcssenetal,1995;Caugheyetal,1995;Kociskoetol,1994).Recently,severalobservationsha\esuggestedapossibleroleforPrPcinCu2+metabolism.First,itwasfoundthatpurifiedrecombinantPrP,aswellassyntheticpeptidescorrespondingtotheN-termmalregionoftheprionprotein,bindCu2+ions(Brownetal,1997;Hornshawetal.1995;Stockeletal,1998;Vilesetal,1999).BindingisspecificforCu"uoverothertransitionmetals(Stockeletal,1998).Additionally,itwasshownthatCuMbindingcausesconformationalchangesinthe
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octapeptide repeats, raising die possibility that the metal may trigger some
functionalalterationinPrPc(Hornshawetah.1995;Miuraetal,1996).AsecondmajorobservationisthatneuronalmembranesfromPrPknockoutmicecontaina10-15foldreducedcontentofCir,butnotofseveralothermetals,mcomparisontowildtypecontrols(Brownetal,1997).TheseresultssuggestthatPrPccouldbeamajorCu2+-bindingproteininthebrain.Concerningthem-v/'/ro-conversionexperimenttowardsPrPc,itwasshownthatafterguanidiniumchloridedenatuiationtherenaturationtoPK-resistantandinfectiousPrPScisenhancedbytheadditionofCir4"(McKenzieetal,1998).Hereitwasfound,thatinareactionsimilartothem-v/firoconversion,butintheabsenceofPrPScandinthepresenceofGr~inthereactionbuffer,PK-resistantoligomerscouldbeproducedfromrecombinantmPrP(23-231).ThereactionwasdependentontheconcentrationsofCu2t~.guanidiniumchlorideandcetylpyridiniumchloride.CleavageoftheoligomersbyPKoccurredatseveralsites,onecorrespondingtothesitewherePrPSciscleaved.However,electronmicroscopyrevealedaggregatesofglobularshapedifferentfromthePrPSc-fibrils,andnoinfectivitywasproduced.3.2.MaterialsandmethodsPurificationofmPrP(23-231)Full-lengthrecombinantmPrP(23-231)waspurifiedinitsoxidizedformasdescribed(Liemann&Glockshuber,1998)."Conversion"reaction100julIof20,uMmPrP(23-231)wasincubatedin3Mguanidiniumchlorideat37°Covernight.Fortheconversionreaction.3volumesof50raMaceticacid/NaOH,pH6.0,130mMNaCl,containing\ariousamountsofC11SO4andcetylpyridiniumchlorid(CPC)wereaddedandincubatedat37CCtor48hours.Subsequently,thesampleswerecentrifugedfor10minat14000xg.Thepelletwaswashedwith100[ilddHaOandsuspendedin20,tilddPTO,ProteinaseK-digestionTo5piportionsoftheconversionreaction1ul60pg/mlproteinaseKin600mMTris/HCl,pH8.0.300mMNaCt(finalconcentrations:10pg/mlproteinaseK,100

mM
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Tris/HCl, pH 8.0, 50 mM NaCl) was added and incubated at 37°C for 60 min. The

reaction was stopped by addition of
5,111PMSF(10mg/ml).SDS-polyacrylamide-selclectrophoresisForSDS-PAGE12.5%acrylamidegelswereprepared.Gelelectrophoresiswasperformedaccording(ostandardmethods.ImmunoblottingSDS-PAGE-separatedproteinbandswereblottedontoanitrocellulosemembrane(Millipore,HAWP304P0)usingstandardmethods.Themembranewasblockedusing5%nonfatdrymilkinTBST(0.05%Tween20,150mMNaCl,10mMTris/HCl,pH8.0)andwasincubatedwithapolyclonalrabbitantibodyserumagainstmouseprionprotein(R340,1:5000inTBST+1%milk)foronehouratroomtemperature.Afterwashingananti-rabbit-immunoglobulin-horseradish-peroxidase-conjugatewasadded(1%milkinTBST)andthemembranewasincubatedfor1hour.ThemembranewasthenwashedanddevelopedwithaECLchemiluminescencedetectionkit(Amersham).ProteinsequencingEdmansequencingofPK-resistantPrP-fragmentswasperformedbyDr.PeterHunziker(InstituteofBiochemistry,UniversityofZurich)andDr.ReneBrunisholz(InstituteofMolecularBiologyandBiophysics,ETIiZürich).ElectronmicroscopyElectronmicroscopywasdonebyPeterTittmann(Instituteofcellbiology,ETHZürich).Samples(5ill)oftheproteinsuspension(aggregatedmPrP(23-231))wereadsorbedtoglowdischargedcarbon-coatedCir+grids.Thesewerewashedtwicewithdeionizedwater,negativelystainedwith2%(wt/vol)uranylacetate,andair-driedafterremovalofexcessliquid.ThespecimenswereexaminedinaPhilipsCM12transmissionelectronmicroscopeat100kV,andimageswererecordedwithaGatan694slowscanCCDcamera.
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Inoculations

Samples (20 \il) were diluted to 0.2 ml by addition of PBS buffer containing
5%BSAandweresonicated(Bransonsonicator).30iilofeachsamplewasinjectedintracerebrallyintoeachoffourTga20indicatormice(Fischeretal,1996)whileindeepanesthesia.AnimalsweremonitoredforonsetofclinicalTSEsymptomseverytwodays.3.3.ResultsInthisstudy,itwasfoundthaiinaspecificdenaturation-renaturationreactioninthepresenceofQrMonsmPrP(23-23l)formsPKresistantaggregates.Thereactionswereperformedusingsimilarconditionsasthosedescribedforthem-v/Yro-conversion(Bossersetal,1997;Caugheyetal,1995:Kociskoetal,1994;Kociskoetal,1995;Raymondetal,1997)butwithoutPrPSc.Instead.Cu2+wasaddedtothebuffer,asastudyhadshownthatthisimprovedreconstitutionofguanidiniumchloridedenaturedPrPSctoPK-resistant,infectiousprions(McKenzieetal,1998).Here,thedenaturationwasperformedin3Mguanidiniumchlorideandtherenaturationinconversionbuffercontaining0.75Mguanidiniumchloride,50mMsodiumacetatepH6.0,0.2rnMCPC,10mMCUSO4.Thedénaturantguanidiniumchloride,thesurfaceactivequarternaryI234567ABCABCABCABCABCABCABKD||U-m812820Figure1:WesternblotanalysisofcomertedmPrP(23-231).A)aggregates,B)aggregatesafterPK-digestandC)aggregatesafterdenaturationwithSDSandPK-digest.1)Control:denaturationm3MGdn/HCl,renaturationin50mMaceticacid/NaOHpH6.0.0.75Gdn/HCl.130mMNaCl,10mMC11SO4,2mMCPC;2)noGdn/HCl111allsteps;3)noCuS04;4)6MGdn/HClinallsteps;5)noCPC;6)noNaCl:7)mPrP(23-231)withoutconversion.
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ammonium salt cetylpyridinium chloride (CPC) and bivalent Cu ions are necessary for
aggregationandPK-resistance,seeFigure1.Incubationtime,Cu2+-,CPC-andguanidiniumchlorideconcentrationsweretestedtodefinetheoptimalconditionsforgenerationofPK-resistantaggregates.Infact,aseparatedenaturationstepbeforetheadditionoftheconversionbufferisnotnecessary,butaggregationdoesneitheroccurwithoutguanidiniumchlorideorinthepresenceof6Mguanidiniumchloride.Thismeansthatalowpartialdenaturationoftheproteinmaybenecessary(compareFigure2B).ThereactionproceedsveryweaklywithoutCPC.Moreandmoreaggregationisfoundwithincreasingamountsupto2mMCPC,butCPCataconcentrationof20mMinhibitsthereactioncompletely(seefigure2C).CPCisadetergent-likemoleculeandsupposedlyinducestheaggregationbyexposinghydrophobicpartsoftheprionprotein.Forthereported"conversion"reactionCu2+wasnecessaryatconcentrationsof1mM(McKenzieetah.1998).Here,at100\\MCu2+,firstaggregatescanbedetected,butnoPK-resistance(seefigure2A).Otherbivalentmetalions(Mir4,Mg2+,Ca24)hadnoeffect(datanotshown).Uponshort-timeincubation(<1hour),theaggregatesdissolveifwashedwithH2O.Inasecondstep(about1-6hours),theaggregatesresistwashingandshowPK-resistance,butthisresistanceislostaftertreatmentwith50mMEDTA.Inathirdstage,after48hoursofincubation,theaggregatesevenshowPK-resistanceinthepresenceof50mMEDTA(datanotshown).UponPK-digestionoftheCu2+-inducedmPrP(23-23l)-aggregates,severalPK-resistantbandsaredetectable.Theycorrespondtofragmentsoftheprionproteinstartingatoctanentiderencats232313258/60.74/81,88ir/119135Figure3:SchemeoftheprimarystructureofmPrP(23-231)withthedetectedPK-cleavagesitesoftheaggregatesindicatedbelowbyarrows.TheproteiniscleavedN-terminaltotheindicatedaminoacids.TheN-terminal,unfoldedtailisshowninwhite.TheC-terminaldomainisshowningrey,regularsecondarystructureelementsderivedfromtheXMR-structurearerepresentedbydarkgrey(ß-sheets)andblack(a-helices)

bars.
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various sites between the N-terminus and the beginning of the C-terminal domain. To

examine thedigestionsitesindetailN-terminalsequencingofthebandswasperformedandrevealedthattheproteiniscleavedN-terminaltoaminoacid32,withintheoctarepeatsN-terminaltoaminoacid58/60,74/81and88(seeFigure3).ThislastdigestionsitecorrespondstothebeginningofPrP(27-30),theproteaseresistantcoreofprpSc(prusjneretaj^1984).FurthercleavagesitesareattheN-terminusofaminoacids117/119and135.ThesenumerousdigestionsitesareincontrasttoaPKdigestofPrPSc,wheretheproteinisonlycleavedatonesite.Further,thepartialresistanceoftheaggregatedmPrP(23-231)foundherereferstoaconcentrationof1.0tig/mlPKforonehourat37°CandissignificantlylowerthantheproteaseresistenceofPrPScthatwithstands50fig/mlPKforonehourat37°C.ElectronmicrograplisoftheproducedaggregatesofmPrP(23-231)inthepresenceofCu2+areshowninFigure4.Theundigestedproteinformsglobulesofabout10-20nmindiameter,thatadherefurthertogether.AfterPK-digestionasimilarpictureisfound,buttheglobuleshavealargerdiameterof30-50nm.Comparingthesepicturestothefibrillar,amyloid-likestructuresfoundforPrPSc(Merzetal,1981)itbecomesevidentthattheseCir+-inducedaggregateshavenomorphologicalsimilaritywithfibrilsofPrpScorprp(27-30).
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To analyse if any infectivity has been produced in the Cu2+ conversion of mPrP(23-

231), aggregates were
injectedintofourTga20indicatormice(Fischeretal.,1996).Theanimalsstayedhealthyfor200daysincubationtime,whereascontrolanimalsinoculatedwitha1%scrapic-inicetedbrainhomogenatediedafterameanincubationtimeof65days.ThesedataprovidefurtherevidenceagainstthehypothesisthatCu2+-inducedaggregatesaresimilartoPrPSc.Consequently,Cu2+-inducedaggregatesofmPrP(23-231)arcnotverylikelytoberelevantforpriondiseases.3.4.DiscussionWithintheframeworkofthe"proteinonly"hypothesistheconversionofPrPctoPrPScisthecentralmoleculareventundeilyingscrapiepropagation.Manydatasupportthe"proteinonly"hypothesis,buttoproveit.apurifiedsolubleformoftheprionproteinmustbeconvertedtoaninfectiousagentinvitro(Kanekoetal.,1995;Kociskoetal,1994;Raeberetal,1992).SeveralattemptstoproducePrPScinvitrohavebeenmadewithrecombinantPrPproducedinbacteriaorcellcultureasstartingsubstance.Raeberetal(1992)testedvariousapproachestoconvertthecellularprionproteinintothescrapieisoformincellfreesystemswithoutsuccess.FirstamyloidformationwasrealisedwithPrPpeptides(Comeelal,1993).Kanekoetal.(1995)reportaggregationofrecombinantPrPbymixingitwithpeptides.Finally,m-vzYro-conversionofsolubleproteasesensitivePrPctoaggregatedproteaseresistantPrPiessuccededbymixingPrPcwithPrPScafterpartialdenaturalion(Kociskoetal,1994).ThisreactionshowsseveralsimilaritiestoPrPScformation,andreproducesstrainspecificity(Bessenetal,1995)andspeciesspecificity(Bossersetal.1997;Kociskoetal,1995).However,itsofarhasnotbeenpossibletoprovegenerationofinfectivityinthiscellfreesystem(Hilletal,1999).HereanaggregationreactionofrecombinantmPrP(23-231)withCu2+wasestablished,wherebytheresultingcomplexesshowsomesimilaritytoPrPSc.However,theresultingPK-resistancediffersfromthePrPSotypicalproteaseresistance,andthestructuresoftheoligomers,asseenbyelectronmicroscopyalsodifferfrominfectivitypreparations.Noinfectivitywasfoundforthe"converted"recombinantmPrP(23-231).Cu"+bindingtoPrPhasbeenshownbyseveralgroups(Bush,2000;Kretzschmar,1999;Prince&Gunson.1998;Sayreetal.1999;Waggoneretal,1999)andCu2+-ionsseemtobeessentialforsomefunctionoftheprionproteininoxidativestressthatisstillnot
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elucidated in detail (Brown et ah, 1997). Only few studies have been performed on a

possible
roleofCu2+inpriondisease(McKenzieetah,1998;Wadsworthetah,1999;Waggoneretah,1999).TheformationofPK-resistantaggregatesofmPrP(23-231)with9-+-7+CuandCPC,describedhere,showsafurtherreactionofprionproteinwithCuand,forthefirsttime,thatQrhcanplayanessentialroleinaggregatingPrP.StillthereactionisnotdeterminedbyCu"'alonebutneedsfurthercomponents,thedenaturingagentguanidiniumchlorideandthesurfaceactivequarternaryammoniumsaltCPC.Theelectronmicioscopicalpicturesshowglobular-shapedaggregatesofmPrP(23-231)reminiscentofthesphericalparticles,foundafterSDS-denaturationofPrPScandsucrosegradientfractionation(Ricsneretah,1996).SimilarpictureswerealsofoundforaggregatesofrecombinantPrPobtainedafterSDS(0.2%)denaturationanddilutionto0.01%SDS(Postetah.1998).ThiskindofstructureseemsnotasdenselypackedasPrPScandalwaysprovedtobenon-infectious.Snakedetah(1999)alsoshowedthatPK-resistanceisnotinevitablylinkedwithinfectivitybygenerationofPK-resistantdetergent-insolublenon-infectiousPrPaggregateswithamorphousstructuresfrominfectiousPrP(27-30).McKenzieetah(1998)foundpartiallydenaturedPrP^samples,thatwerenomoreinfectiousandthatdidnotrenaturebysimpledilution,buttheycouldbereconstitutedtoinfectiousPK-resistantPrPScbyadditionofCu2+totherenaturationreaction.ThereforeitwasachallengetotryiftheadditionofCu2+couldalsoinducePrPSc-formationindenaturedrecombinantprionprotein.The"conversion"reactionoirecombinantmPrP(23-231)describedhererequiresapartialdenaturationwithabout0.75Mguanidiniumchloride.Theeffectofthislowdenaturationisnotcompletelyclear,asinthefoldingtransitionofmPrP(23-231),onefindsalmost100%foldedmoleculesundertheseconditions(Liemann&Glockshuber,1998).However.CPCmayreducethestabilityoftheproteinundertheappliedconditions.SofarinvitrogenerationofPiP°hasonlybeenobservedforPrPmoleculesthatweredenaturedfrompuiifiedPrPs\Sevcialstudiesonthisreactionemphasisethatonlyapartial,butnotafulldenaturationofPrPbcallowstherenaturationtoPrPScandinfectivity(Caugheyetah,1995;McKcn?icetah,1998).Hence,thehypothesiswasmadethat"somenathespecies",likeaseedthatisretainedduringpartial

PrPSc
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denaturation, is necessary. This can be a reason why in our studies noinfectivitywasobtained,asaninitialseedwasmissing.Infact,the"conversion'"reactionofmPrP(23-23i)describedheregeneratespartiallyPKresistantaggregates.Afterdigestion(Figure2)partofthefulllengthproteininadditiontonumerouscleavageproductsisseen.Therefore,thepolymericnatureoftheaggregates,whichstronglyreducestheaverageproteaseaccessiblesurfaceareapersubunit,couldberesponsiblefortheobservedPK-resistance(Kociskoetai,1996).Overall,whilesomepropertiesoftheproducedmPrP(23-231)complexesresemblethoseofPrPSc,suchasinsolubilityandproteaseresistance,theseformsareclearlynotequivalent.The''proteinonly"hypotlicsisinitsstrictformsaysthattheinfectiousagentcontainsonlyPrPSc.However,therecouldbefurthercomponentslikelipids(Kleinetal,1998),acarbohydratescaffold(Appeletal,1999)orstillundetectedminorconstituents.EventherequirementofasecondproteinlikethehypotheticalproteinX(Tellingetal.,1995)mustbeconsidered.Afurtherpossibilityisthatacomponentlikeamolecularchaperone(Saborioetal,,1999)isnecessaryforprionformation,butnotpartoftheinfectiousparticle,whichcouldrenderanin-vitro-conversionofPrPctoinfectiousPrPcimpossibleinitsabsence.3.5.ReferencesAppel,T.R.,Dumpitak.C,Matthiesen.LI.&Riesner,D.(1999).Prionrodscontainaninertpolysaccharidescaffold.BiolChcm380(11),1295-306.Bessen,R.A.,Kocisko,D.A.,Raymond,G.J.,Nandan,S.,Lansbury,P.T.&Caughey,B.(1995).Non-geneticpropagationofstrain-specificpropertiesofscrapieprionprotein|seecomments].Nature375(6533),698-700.Bossers,A.,Belt,P..Raymond.G.J..Caughey,B..deVries,R.&Smits,M.A.(1997).Scrapiesusceptibility-linkedpolymorphismsmodulatetheinvitroconversionofsheepprionproteintoprolease-resistantforms.ProcNatlAcadSeiUSA94(10).4931-6.Brown,D.R.,Qin.K..Hcrms,J.W,,Madlung.A.,Manson,J.,Strome,R.,Eraser,P.E.,Kruck,T..vonBohlen,A..Schulz-Schaeffer,W.,Giese,A.,Westaway,D.&Kretzschmar,H.(1997).Thecellularprionproteinbindscopperinvivo.Nature390(6661),684-7.Brown,D.R.,Schmidt,B.,Kret/schmar.H.A.(1997).EffectsofoxidativestressonprionproteinexpressioninPC12cells.IntJDevNeurosci15(8),961-72Bush,A.I.(2000).Metalsandnemoscience.CurrOpinChewBiol4(2),184-91.Caughey,B.,Kocisko,D.A.,Raymond.G.J.&Lansbury,P.T.,Jr.(1995).Aggregatesofscrapic-associatedprionpioteminducethecell-freeconversionofprotease-sensitiveprionproteintotheprotease-resistantstate.ChemBiol2(12),807-17.
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4.1. Abstract

During the conversion of the cellular prion protein PrPc into its amyloid isoform PrPSc,

the supposed causative agentoftransmissiblespongiformencephalopathies,theproteinturnsfromana-helicalmonomerintoanorderedoligomerwithincreasedß-sheetcontentthataccumulatedinacidicendosomesofscrapieinfectedcells.BothPrPcandthesubunitsofPrPSccontainasingledisulfidebridge.ReductionofthedisulfidebondinrecombinantmurinePrP,mPrP(23-23L),inducesaß-sheetrichstructureandoligomerizationintofibrilsatacidicpllandmoderateionicstrength,suggestingthatatransientreductionofPrPmayoccurduringformationofPrPScinvivo.AtphysiolgicalpH,thenativefoldstronglyprotectsthedisulfidebondinmPrP(23-231)fromreductionbydithiothreilol(DIT),whileonlymoderateprotectionisobservedatacidicpH.AsprpScaccumuiatesinacidicendosomesolscrapic-infectedcells,wefurthertestedwhetherthereductionofPrPatacidicpHcanbecatalyzedbyenzymes.WeshowthatthebacterialdisulfideoxidoreductasesDsbA.DsbCandthioredoxinindeedcatalyzethereductionandsubsequentfibrilformationofmPrP(23-231).However,ProteinaseKdigestsofthefibrilswithandwithoutpoorleoxidationofproteinsubunitswithdiamidefailedtogenerateaPrP^-typicallesistancepattern.Ourdataindicatethatacatalyzed,transientreductionofthedisulfidebondinthePrPcmayindeedoccurinthereducingenvironmentofendosomes,buttherelevanceofthefibrillaraggregatesofreducedPrPforthemechanismofprionpropagationstillremainstobeestablished.Keywordsprionprotein,disulfidebond,amyloidformation,thiol-disulfideoxidoreductases
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4.2. Introduction

Transmissible spongiform encephalopathies
(TSE's)arefataldegenerativeneurologicaldisorderswithlongincubationtimes.Theyincludescrapieinsheepandgoats,bovinespongiformencephalopathy(BSE)incattle,aswellasCreutzfeldt-Jakobdisease(CJD),Gerstmann-Striiusslcr-Scheinkerdisease(GSS),fatalfamilialinsomnia(FFI)andkuruinman.Thediseasesaremanifestedasinfectious,geneticandsporadicdisorders(Weissmann.L991;Weissmann.1996).The"protein-only"hypothesisstatesthattheinfectiousagentofTSRs,theprion,isdevoidofnucleicacidandcomposedmainly,ifnotentirely,ofPrPc,anabnormalisoformofthehost-encodedcellularprionproteinPrPc(Gajdusek,1988;Griffith,1967;Prusiner,1991).PrionreplicationinvivoisaccompaniedbytheconversionofPrPcintoPrPSc,wherePrPScmayactasatemplatefortheconformationalchange(Prusinerelal,1990).Studiesonscrapie-infectedculturedcellsshowed(hatPrPScisderivedfromPrPcbyaposttranslationalmechanismafterPrPchasreachedthecellsurface(Caughey&Raymond,1991),andthatPrPSceventuallyaccumulatesmacidicendosomes.MammalianPrPisacellsurfaceproteinof209aminoacids(residues23-231,aminoacidnumberingaccordingtohumanPiP1)thatisattachedtothemembraneviaaglycosylphosphatidylinositol(GPl)anchoratSer231(Schätzletal,1995;Wopfneretal,1999).Inaddition,PrPcbears(woN-gheosylalionsitesatAsnl8landAsnl96andasingledisulfidebondconnectingCys179andCys2l4(Hopeetal,1986;Stahletal,1993;Stahl&Prusiner.1991).NodifferencesbetweenthecovalentstructuresofPrPcandPrPSchavebeenobserved(Hopee:al.1986;Stahletal,1993;Stahl&Prusiner,1991),suggestingthatthedifferencebetweenbothPrPisoformsisexclusivelybasedondifferentproteinconformations.Indeed,cirulardichroism(CD)andinfraredspectroscopydatashowedthatPrPctsrichina-helix(Baldwinetal,1994;Panetal,1993;Pergamietal.1^96)whilePrPSchashighß-sheetcontent(Caughey&Raymond,1991;Gassetetal.1993;Panetai.1993;Saiaretal,1993).Inaddition,PrPcisamonomer,detergent-solubleandsensitivetoproteases,whilePrPScaggregatesintodetergent-insolubleamyloid.TreatmentofthePrPScamyloidwithproteinaseKyieldstheprotease-rcsistantcorePrP27-^0thatretainsinfectivity.Thesubunitsin

PrP27~30
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are generally uniformly N-terminally truncaled
andcomprise~residues90-231(Meyeretah,1986),demonstratingthatPiP""isanorderedoligomer.Duringthelastyears,highresolutionnuclearmagneticresonance(NMR)structuresofthemurine(Ricketah,1996;Ricketah.1997),hamster(Jameseted.,1997)andhumanprionprotein(Zahneted..2000)ha\ebeendetermined.AlltheseproteinswererecombinantlyproducedinEsehciichiaeohand,exceptforthesingledisulfidebond,lackallposttranslationalmodificationsofmammalianPrPc.Therecombinantproteinsfromthedifferentspeciesshowvciysimilarstructuresandarecomposedoftwodistinctmoieties.WhiletheC-terminalresidacs125-231formaglobulardomainwiththreeo-helicesandatwo-strandedanliparallclß-sheet,theN-terminalsegment23-124isflexiblydisordered.TheseresultsareentirelyconsistentwiththeavailablespectroscopicdataonPrPcisolatedliommammaliancells,indicatingthatthetertiarystructureoftherecombinantprionproteinsobtainedfromE.coliisidenticaltothatofPrPc.RecombinantprionproteinsproducedinEscherichiacolihavebeenshowntopossesshighstructuralplasticitydependinguponpH,redoxconditions,dénaturantconcentrations,andpresenceofdcieigents(Jacksoneted.,1999a;Mehlhornetah,1996;Postetah,1998;Swietnickietah,1997;Zhangetah,1997).RegardingtherequirementoftheCys179-214disulfidebondforstructureandstabilityofPrPc,thefollowingobservationshavebeenrepotted:Afterreductionofthedisulfidebond,bothrecombinanthamsterPrP(90--23I)tMehlhornetah,1996;Zhangetah,1997)andhumanPrP(90~231)(Jacksonetal,19°9b)adoptaß-sheetrichstructure.Jacksonetahhaveadditionallyshownthat,atpHIandhighionicstrength,reducedhumanPrP(90-231)spontaneouslyfonnsamyloidlibrilswhicharereminiscentofPrPSc.Thisraisedthepossibilitythat,althoughbothPrPLandthesubunitsofPrPScpossessthedisulfidebond(Turketah.1QS8).theremaybeareducedformofPrPthatrepresentsanintermediatestateduringthecomersicnfromPrPctoPrPSc.Inotherwords,thereisaprincipalpossibilitythatredoxpiocessesmightparticipateinthemechanismofformationofPrPSc.TheaimofthisstudywastocharacterisethestabilityofthedisulfidebondofmPrP(23-231)againstreduction,andthemtliienceofthedisulfidebondonthestructureofamyloidogenicpropertiesofthemunneprionprotein.Wefirstexaminedthe

structure
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of reduced and oxidized full length mouse PiP(23-231) as wellasthethermodynamicstabilitiesofbothforms.OurdatashowsthatoxidizedmPrP(23-231)isa-helicalwhereasreducedmPrP(23-231)showspiedominantlyß-sheet-likestructure.However,thestructuresandtheimodynamicsilb,huesoCthereducedisoformsalternatestronglywithchangingpll.Subsequently,conditionsfortheteducnonolthedisulfidebondinfoldedandunfoldedstateatpH4.0-9.0weieinvestigated.Thisjevealedthatthedisulfidebondisextremelystableandinaccessibleinthefoldedmolecule.AtslightlyincreasedionicstrengththereductionofmPrP(23-231)atpH-1.0ledtotheformationofamyloidaggregates,andthedevelopmentofdiesefibulswasacceleratedbyoxidoreductases.WealsodemonstratereoxidationofthedisulfidebondofreducedmPrP(23-231)inbothitssolubleandaggregatedformHowevei,inspiteoftheß-sheet-likestructureandthefibrillaraggregationthepiotein,thefibulsonlyshowverylimitedProteinaseKresistance.Hence,althoughwedemolishatethatcatalyzedreductiveamyloidformationofmPrP(23-231)canindeedoccui.dieîolcofthedisulfidebondforPrPScmaturationandpropagationofprioninfectiviusuIIlemamstobeshown.4.3.MaterialsandmethodsEnzymesDsbA,DsbC,andfhioiedoxmwerepunfiedasdescribedpreviously(Maskos,1995;Jondarfa/.1999).PurificationofmPiP(23-231)Full-lengthmousemPtP(23~231>waspunfiedinitsoxidizedformasdescribed(Licmann&Glockshubcr,1998).ToobtainreducedmPiP(23231).thepunliedproteinwasfirstdenaturedandreducedin10mMTris/HCl,pll8.0.50m\lDfLSMureaforonehourat37°C.TheproteinwasrefoldedbyexteiiMvediahsisagainst10mMformicacid/NaOH,pH4.0,IinMEDTAat4°C,eithercontainingoilackingDIT(ImM)(seebelow).Allbufferswere
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degased and flushed with mtio1 n M a\oid an oxidation In DTT-fiee buffei the

amount of fiee thiols w is piobcd w ttli I llman s icagcnt (Ellman, 1959)

Protein concentialions

Piotem concentrations wcie deten in d b\ (lie specific absoibance of the piotems

(A280 nm 1 miVml I ^ =" ^ 7 loi lllPl P( 1 2 M ) ( Hotncmami et Cil
, 1997), (A28() nm I mg/ml 1

cm) = 1 1 loi Dsb V (Wundeihch V Glocksh bei 1993), (Ao80 nm l mg/mi l cm) = 1 2 loi

Tix (Mossnei et al 199b) and (A s0 , L / t m) = 0 78 loi DsbC (Maskos. 1995)

Circulai dichioism speed a

Fai-UV cnculai dicbtotsm (CD) spcctia wcie mcasined between pH 2 and 6 lor

reduced mPiP(2* 2iH and betw,i i pll i and 9 foi oxidized mPrP(2V-231) at a

constant ionic sttuiglh ol 182 mM H 2°C o i a lasco 710 CD specttopolaiimetei m 0 1

cm quaitz cuvettes accumulated lot lo ot 3 '

times and collected for the buffer. Protein

samples with 17-20 jiM mPiP(2 ^ ' M) wcie centnluged (15 mm, 14000 x g) prior to

the measurements in oidet to îemove possible aggiegates The following buffers were

used in the tange ol pll 2-9 (constant ionic sttength of 200 mM)- 50 mM sodium

phosphate pH 2 /6 mM NaCl d0 mM foim c acid/NaOH pH 3, 174 mM NaCl; 50 mM

loimic actd/NaOn pll I 0, 150 mM N iCi xl mM acetic acid/NaOH, pH 5 0, 150 mM

NaCl, 10 mM Ml S/NaOH, pll 6 0 1 ^ m\i NaCl, 50 mM MOPS/NaOH, pH 7 4, 150

mM NaCl, 50 mM Lus HCl pll 8 0 150 mM NaCl, 50 mM boric acid/NaOH, pH 9,

162 mM NaCl All bullets contimcd mM CDTA and samples ot leduced mPrP(23-

231) additional com uned 0 I mM D f

pH-mduced tiansinon

To examine the sli uctui d ch uues ot i ducul mPtP(2V231) ovei the pH range 1 0-6 0,

20 |TM piotem was n ^iib led m -v mM phosphate pH 10-2 6, 50 mM foimic

acid/NaOH, pH ^ 9 It act tic k id \ lOIl nH 4 4-5 3, 10 mM Mes/NaOH, pH 5 6-

6 5 150 mM Nat I 1 mM hD I \ n i 0 ! mM DTI weie included in all buffers Mean

lesidue ellipticities wck lccouic 1 t MO nm loi 30 seconds on a Jasco 710 CD
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speclropolarimeter in 0.1 cm quartz cuvettes. The averaged ellipticities were corrected
forthebuffers.Urea-inducedequilibriumtransitionsForrefoldingexperiments,theproteinwasfirstdenaturedforonehouratroomtemperaturein10Murea,50mMformicacid/NaOH,pH4.0,150mMNaCl,1mMEDTAor10Murea,50mMaceticacid/NaOH,pH5.5,140mMNaCl,ImMEDTAor50mMMOPS,pH7.4,150mMNaCl,1mMEDTA..Thenthestocksolutionswerediluted1:11withthesamebufferscontainingdifferentureaconcentrations,yieldingafinalproteinconcentrationof15-20^iMmPrP(23-231).FortransitionsofreducedmPrP(23-231),0.1mMDTTwasincludedTheequilibriumtransitionsweremonitoredat22°Cbyrecordingthefar-UVCDsignalat222iimfor30secondsonaJasco710spectropolarimeterin0.1cmcuvettes.Theaveragedellipticitieswerecorrectedforthebuffer.Theureaconcentrationsweredeterminedbyrefractometry.ThetransitionsatpH7.4wereevaluatedaccordingtoatwostateequilibriumwithasixparameterfitasdescribed(Santoro&Bolen,1988).AggregationEitheroxidizedorreducedmPrP(23-231)wasincubatedataconcentrationof20jiMin50mMformicacid/NaOH,pH4.0,1mMEDTAplusNaClconcentrationsrangingfrom0-1M.Thereactionswereincubatedat37°Cfor1houror24hours,respectively,andcentrifugedfor10minutesat14000g.TheamountofproteininthesupernatantwasanalyzedbySDS-PAGE,andtheCoomassie-stainedgelswerescannedandquantifiedbyaElscript400-densitometer(Hirschmann),andthepercentageofaggregatedmaterialwascalculated.Toexamineaggregationduringreduction,20uMmPrP(23-231)wasincubatedat37°Cin50mMformicacid/NaOH,pH4.0,0.2MNaCl,1mMEDTAand50mMDTTwithorwithout2uMDsbA.Atvarioustimepointsbetween0and48hours,aliquotsweretakenandcentrifugedfor10minutesat14000g.Theamountofsolubleproteininthesupernatantwasanalysedasabove.
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Electron microscopy

Samples (5 |nl) of the protein suspension (aggregated
mPrP(23~23i))wereadsorbedtoglowdischargedcarbon-coatedcoppergrids.Thesewerewashedtwicewithdeionizedwater,negativelystainedwith2%(wt/vol)uran\lacetate,andair-driedafterremovalofexcessliquid.ThespecimenswereexaminedinaPhilipsCM12transmissionelectronmicroscopeat100kV,andimageswererecordedwithaGatan694slowscanCCDcamera.ReductionofmPrP(23-231)andHPLC-analysisReductionofnativemPrP(23-231)(20(iM)by50mMDTTwasperformedbetweenpH4.0and9.0at37°Candconstantionicstrengthof182mMinthefollowingbuffers:50mMformicacid/NaOH,pH4.Ü,150mMNaCl;50mMaceticacid/NaOH,pH5.0,150mMNaCl:10mMMES/NaOH.pH6.0,175mMNaCl;50mMMOPS/NaOH,pH7.4,150mMNaCl;50mMTris/HCl,pH8.0,150mMNaCl;50mMBoricacid/NaOH,pH9,162mMNaCl.EDTA(1mM)wasincludedinahreactions.ForenzymaticreductionofmPrP(23-231)catalyticamounts(1/10molaramountofproteincorrespondingto2|TM)oftheoxidoreductasesTrx,DsbAorDsbCwereincluded.Toquenchthereductionaftervarioustimepointsbetween0and8hours9volumesof10%formicacidwereaddedtothesamples,resultinginafinalpHbelow2.ReductionofdenaturedmPrP(23-231)wasperformedin8MureawiththesamebuffersasabovewithDTTconcentrationsrangingfrom0.022mMto150mMforaconstanttime(10minutesor100minutes).Thereactionwasstoppedbyadding9volumes10%formicacid,6MGdn/HCl.ReducedandoxidizedmPrP(23-231)wereseparatedonananalyticalHPLCcolumn(VYDAC,C18,4.6x250mm)at55°C.Agradientof35%(v/v)acetonitrileto37%(v/v)acetonitrilein0.12%(v/v)trilluoraceticacidwasused,ataflowrateof0.8ml/min.
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Reoxidation

To determine reoxidation of reduced mPrP(23-231)
byoxidizedDsbA,bothproteinsweremixedataconcentrationof20uM.Reactionswereperformedat37°CatpH4.0in50mMformicacid/NaOHcontainingIraMKDTA.Allbuffersweredegassedandflushedwithnitrogen.Themixturewasincubatedfor18hours,9volumes10%formicacidwereaddedandthereactionproductswereanalyzedbyHPLCasdescribedabovefortheReductionofmPrP(23-231).ReoxidationofreducedmPrP(23-231)(20iuM)bydiamide(1mM)wasperformedat37°Cin50mMformicacid/NaOH,pH4,0,1mMBDTA.WhenaggregatesofreducedmPrP(23-231)wereused0.2MNaClwasincluded.Reactiontimesvariedbetween0and8hoursandthereactionswerequenchedbyadditionof9volumes10%formicacid.ReactionproductswereanalyzedbyHPLCasdescribedabove.ModificationoffreesulfhydrylgroupswithiodoacetamideReducedmPrP(23-231)(20,uM)wasincubatedin50mMTris/FICl,pH8.0,8Murea,or50mMformicacid/NaOH,pH4.0,8Murea,oronly50mMformicacid/NaOH,pH4.0.Allbuffersadditionallycontained1mMEDTAandImMiodoacetamidefor8hoursatroomtemperature.Toquenchthereactions,9volumesof10%formicacidwereaddedandthereactionproductswereseparatedonananalyticalHPLCcolumn(VYDAC,CI8,4.6x250mm)at55°C.Agradientof35%(v/v)acetonitrileto37%(v/v)acetonitrilein0.12%(v/v)trifluoraceticacidwasusedataflowrate0.8ml/min.Individualfractionswerefurtheranalysedbymassspectrometry.ProteinaseKdigestionraPrP(23-23L)(20\xM)wasdigestedin100mMTris/HCl,pll8.0,1mMEDTA(andadditionally300mMNaClforsampleswithaggregatedprotein)containingvariousconcentrationsofProteinaseK(0-50jig/ml)foronehourat37°C.ThereactionwasterminatedbyaddingPefabloc(Boehringer)toafinalconcentrationof5mM.SampleswereheatedinSDSloadingbufferto95°Cfor10min.andproteinfragmentswereseparatedbySDS-PAGE.Gelswere

Coomassie-stained.
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4.4. Results

Reduced mPrP(23-231) shows ß-shect-like far-UV CD spectra
atacidicpHandaggregatesatpHvaluesabove6.0,Tofollowthecontentsofsecondarystructureofoxidi/edandreducedmPrP(23-231)atvariouspH,far-UVcirculardichroism(CD)spectrawererecordedatpTl4.0and7.4foroxidizedmPrP(23-231)andatpHvaluesbetween1.0and6.0forreducedmPrP(23-231).Intheabsenceofdénaturants,theoxidizedformadoptsitsa-helicalstructure,independentofpH.withminimainthefar-UVCDspectraat208nmand222nm(Fig.1A).ThespectraofreducedmPrP(23-231)betweenpH1and6exhibitasingleminimumaround215nm,stronglyindicativeofß—sheet—likestructure.However,theshapesofthespectrasignificantlychangewithpH(Fig.IB).ThereforeweexaminedthepH-dependenceoftheCD-signalat210nm.ThemeanresidueellipticitiesofreducedmPrP(23-231)showthelowestvalueatpH4.7andincreasewithbothlowerandhigherpH(Fig.1C).ThisindicatesstonglyfluctuatingconformationalchangesovertheacidicpHrange.AtpHvaluesabove6.reducedmPrP(23-23l)aggregatesquantitativelyandirreversibly.InordertoobtaininformationonthestructureoftheproteinathigherpH,itwaspossibletomeasureaspectrumoftheproteinatmediumureaconcentrationsthatmaintainsolubility.TheCD-spectrumofreducedmPrP(23-231)atpH7.4in3Mureahasamorea-helicalcharacter,buttheintensityofthesignalismuchlowerthanthatofoxidizedmPrP(23-23i)(Fig.ID).Obuously,amajorstructuralchangeoccursinreducedmPP(23-23l)byshiftingthepHfrom6.0to7.4.ThesamewasobservedforreducedhumanPrP(90-23l)(Jacksonetal.,1999b).HoweverinthatcasetheproteindidnotaggregateathighpH.ThermodynamicstabilitiesofreducedmPrP(23-231)arestronglypH-dcpendentTodeterminethermodynamicstabilitiesofreducedmPrP(23-231)atdifferentpHvaluesureainducedfoldingequilibriumsofoxidizedandreducedmPrP(23~23l)weredeterminedatpH4.0,pH5.5andpH7.4bymonitoringthefarUV-CDsignalat

222
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nm as function of the urea concentration (Fig. 2). For the reduced form at pH 7.4
onlyrefoldingfrom10Mureato>3Mureawasmeasuredasatlowerureaconcentrationstheproteinaggregatednon-specifically.AtpH7.4,bothredoxformsofmPrP(23-23l)showcooperativeone-steptransitions.Analysisaccordingtothetwo-statemodeloffolding(Santoro&Bolen,1988)yieldedsimilarstabilitiesforoxidizedandreducedmPrP(23-231)withafreeenergyoffoldingof-26.7and-23.7kJmol\respectively(TableÎ).TheAAG-valuebetweentheoxidizedandthereducedformisthereforeonly3.0kJmoF1.However,atpH5.5wherethetwoisoformsdisplaycompletelydifferentstructuresaccordingtotheCD-spectra.Thereducedproteinhasonlyhalfofthestability(-10.7kJmor1)oftheoxidizedproteinwith-20.3kJinol"1.Theequivalentvaluesofcooperativityaround4.3kJmoF'Mlindicatethatasimilarsizedportionoftheproteinisfolded.AtpH4.0,bothredoxformsofmPrP(23-231)showabroadtransitionthatisreminiscentofathree-stateequilibriumwithafoldingintermediate.Theproteinsunfoldatverysimilardénaturantconcentrations.Theintermediateseemstobeonlypartiallypopulatedandcouldalsobeanoligomericform.Thedifferencesbetweenoxidizedandreducedproteinaresmall.Insummary,atneutralpH,reducedmPrP(23-23l)showscx-helix-likeCDspectrathatclearlydifferfromthoseoftheoxidizedprotein,butshowsalmostthesamethermodynamicstabilityastheoxidizedform.AtpH5.5,thestructureofthereducedproteinisß-sheet-likeandthestabilityishalfoftheoxidizedform.AtpH4.0bothisoformsshowsimilarthree-statetransitions.ReducedmPrP(23-231)formsfibrillaraggregatesatacidicpHandionicstrengthabove200niMTheaggregationbehaviouroftheoxidizedandthereducedisoformofmPrP(23-23l)wastestedbyincubationwithincreasingNad-concentrationsfor1or24hoursatpH4.0andfollowingprecipitationbycentri(ligationat14000xg(Fig.3A).OxidizedmPrP(23-231)aggregatesonlyatveryhighionicstrength.Theaggregationprocessoccursslowly,ascanbeseeninFigure3A.1hourafteradditionofNaCl,

aggregates
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are only seen at concentrations above 0.5 M NaCl, whereas after 24 hours in the sample

with 0.4 M NaCl
morethan80%oftheproteinisintheprecipitate.Electronmicroscopyshowed,thattheseaggregatesofoxidizedmPrP(23-231)consistedofamorphousmaterial(datanotshown).ReducedinPrP(23-23I)aggregatesreadilyatpH4.0andionicstrengthabove200mM.Alreadyafteronehour,thereactioniscomplete.Ultrastructuralstudiesbyelectronmicroscopyrevealedthattheproteinformsamyloidaggregatesthatwerefoundasdensemashesoffibrilsofabout5nmindiameter(seeFig.3B),Asmentionedbefore,atpHabove>6reducedmPrP(23-231)instantlyaggregates,evenatlowionicstrength.Theaggregatesshowundefinedamorphousstructure(datanotshown).OxidizedmPrP(23-231)stayssolubleundertheseconditions.ReductionofthedisulfidebridgeofnativemPrP(23-231)isextremelyslowToinvestigatereductionofmPrP(23-231)atpH4.0-9.0theproteinwasmixedwith50mMDTT,thereactionwasstoppedafterdifferenttimesbyaddingformicacid(finalpH<2)andtheacid-quenchedsampleswereseparatedbyHPLC.Therateconstantsforthereactionsweredetermined(seeTableII).AtallpHvaluestested(pH4.0-9.0)thereductionisextremelyslow,consistentwithcompleteunfoldingofmPrP(23-231)priortoreductionofthedisulfidebond.Noteworthy,thereductionatpH4.0waswithasecondorderrateconstantof7.410^s~!M~labout2-3timesfasterthanatpH5.0-8.0(seeFig4A,tableII).OnlyatpH9therateconstantincreasedoverthisto9.4KT5slWT'.ThefindingwassurprisingbecausedisulfideexchangeisexpectedtobetentimesslowerperdecreasingpHunit(Shakecletai,1980).ThissuggeststhatanincreasedrateofunfoldingofmPrP(23-231)stronglyfacilitatesreductionofthedisulfidebondatacidicpH.WealsoinvestigatedthereductionofmPrP(23-23I)inthedenaturedstateforthesamepH-rangeasabove.In8Murea,thereactionincreasedwithpllbelowthepKaofDTT(Fig4B).ThelogarithmicplotofpHagainstthesecondorderrateconstantsshowsthelinearincreaseofthereactionratewithincreasingpH,givingaslopeof0.77.Thediscrepancyfromtheexpectedvalue1.0canbearesultofchargedresiduesinthevicinityoftheSS-bond,asthereareAspl78,Asnl81,Thr2l6and

Gln2l2.
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Additionally local residual structure is retained around the disulfide bond in the

unfolded
state(Hosszuetal.,1999).Thiol-disulfideoxidoreductasescatalyzethereductionofniPrP(23-231)WenextexaminedthekineticsofthereactioncatalyzedbytheoxidoreductasesDsbA,DsbCandthioredoxin(Fig5).Theenzymeswereusedincatalyticamounts,i.e.,0.1molarequivalentsrelativetoniPrP(23-231)atthethioldisulfidelevel.AtpH4.0and7.4,thereactionratesofthereductionofmPrP(23-231)byDTTincreaseupto40-foldbycatalysis(Table11).AtpH4.0,boththioredoxinandDsbAgiveonlyamoderateraleincreaseof2.9-fold,whileDsbCdenaturesatacidicpH.However,atpH7.4theaccelerationbyDsbAis6.1-fold,thatofTrx23.9-foldandthatofDsbC41.7-fold.CatalyzedformationofaggregatesAfterhavingshownthatthereducedproteinaggregatestoamyloidandthatmPrP(23-231)canbereducedunderappropriateconditionsweinvestigatedamyloidformationduringthereductionoftheprotein..Reductionwith50mMDTTwasperformedasbeforebutinthepresenceof>200mMionicstrengthtofavouraggregation.SamplesweretakenafterdifferentreactiontimesandthefractionofaggregatedmPrP(23-231)wasseparatedbycentrifugatiotiandquantified.Underallconditionsinvestigated,weobservedimmediateaggregationuponreduction(Fig.6).AdditionofcatalyticamountsofDsbAtothereactionatpH4.0givesasignificantincreaseofthereactionrateandaccelerationoftheformationofaggregates.TheaggregatesconsistedoffibrillarstructuressimilartothoseproducedfromfullyreducedmPrP(23-231)(Fig.3B).ReoxidationofreducedmPrP(23~23!)HavingestablishedconditionsforreductionandamyloidformationofmPrP(23-231)atacidicpH,wewantedtotestifthedisulfidebondcouldbereformedbyoxidation.InafirstexperimentequalmolaramountsofreducedmPrP(23-23l)andoxidizedDsbAwereincubatedatpH4.0andthereactionwasanalysedafter18hours.NooxidationofmPrP(23-231)hadoccurred(Fig.7A)althoughDsbAisthemostefficientdithioloxidantknownsofar.HoweveritwaspossibletomodifytheSH-groupsofreduced
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mPrP(23-231) by carboxamidomethylation with iodoacetamide in the control reactions

in 8M urea at pH 8.0 and pH 4.0
andinthenativestateatpH4.0(Fig.7B).ThoseresultssuggestthatinthestructureofreducedmPrP(23-231)theSB-groupsareonlyaccessibletoasmallmoleculelikeiodoacetamide,butnotforDsbA.Thereasoncouldbethattheyareburiedinsideofthemoleculeorcannolbeaccessedbecauseofoligomerizationofthemolecules.ReoxidationofreducedmPrP(23-231)wassuccessfulwithdiamide,alowmolecularweightthiolspecificoxidant(Kosower&Kosower,1995)(Fig.8).AtpH4.0thekineticmeasurementgaveasecondorderrateconstantof0.16MTVforthenon-aggregatedproteinandaboutthesame.0.15MV,forthesalt-aggregatedprotein.Thedisulfidebridgewasexclusivelyformedintramoleeularlyandthereactionreachedyieldsofupto90%.Theaggregatedproteinwasnotsolubilizedthroughformationofthedisulfidebond,demonstratingthattheoriginalconformationoftheoxidizedmPrP(23-231)couldnotbere-established.AlsoatpH7.4wherethereducedproteinaggregatesinstantlyreoxidationwithdiamideoccurred.ProteinaseKresistanceOxidized,reducedandreoxidizedmPrP(23-231)weredigestedwithincreasingamountsofProteinaseK(Fig.9).NativeoxidizedmPrP(23-231)isverysensitivetodigestion,whereasthereducedandreoxidizedformshowaslightresistancetolowconcentrations(upto0.5mg/ml)oftheprotease.Thisresistanceisidenticalforthesolubleandtheaggregatedprotein.Thepatternoftheproteolyticfragmentsisinallcasesthesame.However,theresistancefoundhereisatleastafactorof100lowerthantheProteinaseKresistanceofPrPSc,andthegenerationofaPrPSc-specificfragmentcomprisingresidues90-231wasnotobserved.
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4.5. Discussion

The prion concept relies on the "protein only" hypothesis
whichstatesthatinfectiousprionsarecomposedlargely,ifnotentirely,ofPrPSLmolecules(Prusiner,1991).TheunderlyingeventinthepropagationofprionsandthepathogenesisofpriondiseasesseemstobeaprofoundconformationalchangeinPrPcasitisconvertedintoPrPSc(Gassetetal,1993;Panetal.,1993;Safaretal.1993).SeveralspectroscopicmeasurementshaveshownthattheconversionofPrPcintoPrPScisaccompaniedbyareductioninthea-helicalcontentofPrPandanincreaseinpu¬shedstructure(Panetal.,1993;Prusineretal.,1983).ConsequentlyPrPcanexistinatleasttworeasonablystableconformations.Thereforeitisevidentthatdiversestudiesonstructural,biophysicalandbiochemicalpropertiesofprionproteinsareundertaken.RecombinantPrPisgenerallyusedasmodelsystemforthesestudiesduetothenecessitytoobtainsufficientamountsofproteincanbeachievedbyoverexpressionoftheproteininbacterialsystems(Hornemann&Glockshuber,1996;Hornemannetal.,1997;Swietnickietal.,1997;Zahnetal.,1997;Zhangetal.,1997).RecombinantPrPproducedinE.colilackstheN-linkedglycosylationandtheGPImembraneanchor,buttheseposttranslationaimodificationsseemnotnecessaryforPrPScformation(Rogersetal.,]993:Taraboulosétffl/.,1990).Here,weworkedwithfulllengthmousePrP(23-231).ThestructureofthisproteininoxidisedformhasbeendeterminedbyNMR(Ricketal.,1997).TheC-terminalsegment125-231formsastabledomainwhichismainlya-helical,whereastheN-terminalsegment23-124isflexiblydisordered.Far-UVCD-spectraofoxidisedmPrP(23-231)confirmthea-helicalcharacterofitsC-terminaldomain,whereasthereducedformshowsß-sheet-likespectra.Thisfindingisremarkableas,inprinciple,thestructureofaproteinshouldunequivocallybeencodedbytheaminoacidsequence,anddisulfidebridgesareonlyassumedtobestabilisingelements.ThethermodynamicstabilityofthereducedmPrP(23-231)dependsstronglyuponpH.AtpH7.4itisalmostashighasthatofoxidisedmPrP(23-231).AtpH5.5,thereducedproteinismuchlessstable.ThisseemstobeaneffectofthepFi-dependentstructuralchangesoccurringinreducedmPrP(23-231).Incaseoftheoxidisedproteinthestructureofthemonomeriscertainlystabilisedbythedisulfidebondthatconnects

the
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C-terminal a-helices 2 and 3. Whereas the reduced protein could acquirepartofitsstabilityfromoligomeri/ation:BylightscatteringexperimentswefoundthatreducedmPrP(23-231)initssolubleformatacidicpHisoligomeric(datanotshown).However,JacksonetahreportedforreducedImmanPrP(90-23l)amonomericß-sheetform(Jacksonetah,lc)99b).ForhamsterPrP(90-23l),thereducedproteinwasagainreportedtoformoligomersof6-7PrPmolecules(Zhangetah,1997).Atthemoment,thesedifferencescannotbeclearlyexplainedandmustbeattributedtothedifferentspeciesoriginoftheproteinsandthedifferentlengthofthemolecules.Remarkably,whileoxidisedmPrP(23-231)isstableandsolubleoverawidepH-range,reducedmPrP(23-231)startstoprecipitateatpH-values>6.AtacidicpHthereducedformaggregatesatmuchlowerionicstrengththanoxidisedmPrP(23-231).ThedisulfidebridgeofmPrP(23-231)provedtobeextremelystableagainstthiol-disulfideinterchangereactionswiththestrongreductantDTT.Thestabilityofthedisulfidebondisbestexplainedbythefollowingmodelwhichassumesatwo-statefoldingmechanismofmPrP(23-231)andarequirementfortotalunfoldingpriortoattackofthedisulfidebondbyDTI'.DTT,edDTTicd>-/•-J-o\ox^_—^____uox^__|^KFNoxrepresentsthenativeoxidisedfoldedmPrP(23-231),UoxtheunfoldedoxidisedmPrP(23-231)andRthereducedprotein,ku,k>andLrrepresenttherateconstantsofunfolding,foldingandreduction,respectively.TheoxidisedproteinwasindeedshowntobeinaveryfastequilibriumbetweenNandU(Wildeggeretah,1999).Surprisingly,theapparentreductionrateincreasesatlowpHandtheproteinismoreeasilyreduced,althoughlessoftheattackingthiolispresentintheionizedform.ThisisclearlyduetothesignificantlylowerstabilityofoxidisedmPrP(23-231)atacidicpH.CatalysisofmPrP(23-231)reductionmayprincipallyhavetwodifferentorigins.Ontheonehand,
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the enzymes certainly all accelerate disulfide reduction itself. On the other hand,

however,theymayalsoselectivelybindtotheunfoldedstateandtherebyincreaseitslifetimeforsubsequentattackofthedisulfidebond.SuchapeptidebindingactivityhasparticularlybeensuggestedforDsbC,whichindeedprovedtobethemostefficientreductioncatalyst(Darbyetal.,1998).TheobservationthatPrPccanbereducedbytheaidofcatalysts,oxidoreductasesastheyexistalsoineukaryotes,leadstosomespeculation.UnderphysiologicalconditionsPrPcisendocytosed(Borcheltetah,1992;Caughey&Raymond,1991)andinthereducingenvironmentoftheendosomesitcouldindeedbereduced,changeitsstructure,andbecomesusceptibletofibrillaraggregation.Infact,proteindisulfideisomerase,aeukaryotichomologueofDsbAandDsbCwasfoundinendosomes(Noiva,1999).Other,endosome-specificdisulfideoxidoreductasesarcalsoveryplausiblecandidatesforPrPreductioncatalysts.Thefirstrepresentativeofendosome-specificoxidoreductaseshasrecentlybeendescribed.Itisthec-interferon-induciblethiolreductase(GILT)whichindeedhasitspH-oplimumatacidicpHandappearstobeinvolvedinreductiveantigenprocessing(Arunachalametal.,2000).Thedisulfidebridgeisverystableagainstreductionwithty2ofuptooneweek,evenagainstDTT-concentrationsof50mM.ThereforeitcanalsobespeculatedthatthePrPmoleculecould,afterinternalizationreachforthecytoplasmandstayoxidisedinthisreducingenvironment.InviewofthestillunknownfunctionofPrPc,theproteinwithitsunstructuredN-terminalpartcouldthenexertasignallingorbindingfunction.WehaveperformedthereductionofmPrP(23-23i)invitroandanalysedthekineticsofthereactiondirectlybyHPLC.andalsoexaminedthesimultaneousaggregation.Theuncataly/edreductionatpH4.0hasatmof52hours(TableII).Afterthistimeabout30%oftheproteinisaggregated(Fig.6).IncaseoftheDsbA-catalyzedreactiontheti/2is17.5hours,wherebyatthistimepointabout35%ofmPrP(23-231)isaggregated.Aswechoseanionicstrengthwhereexclusivelythereducedproteinaggregates,about60-70%ofthereducedmPrP(23-231)shouldbeaggregatedandthisiswhatwefound.Therefore,thereductionwastheratelimitingstepunderourconditions,andaggregationproceededimmediately.Thus,fastaggregationofreducedPrPwillpresumablyalsooccuratlowerproteinconcentrationsthan20jjlMbothinvivoandinvitro.
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Data on the reduction of the disulfide bond in PrPSc preparations are ambiguous. In one

study, neither
DTTnor2-mercaptoethanolathighconcentrationsalteredtheinfectivityofprionrods(Prusineretal.,1980).Ontheotherhand,reportshowed,thatinthepresenceofSDSexposureofPrP'cto2-mercaptoethanolreducedinfectivity(Somervilleetal,1980).ThisraisesthequestionaboutaccessibilityofthedisulfidebondintheaggregatedPrPSc-molecules.TheinvitroreactionofproteasesensitivePrPtoPK-resistantPrP-resinthepresenceofcatalyticamountsofPrPScwasinhibitedbythedisulfidereducingagentDTT(Herrmann&Caughey,L998).Innoneofthesestudiesreoxidationofthedisulfidebridgewasincluded,whichmightbeanessentialstepasPrPScisoxidized(Turketal.,1988).WeshowedthattheproteinsubunitsinaggregatedfibrilsofreducedPrPcanindeedbereoxidisedbysmalloxidantssuchasdiamideandpossiblyalsobymolecularoxygen,whilethecysteinsareobviouslynotaccessibleforlargeroxidantslikeDsbA.WhethertheSS-bondinPrPScisindeedrequiredforinfectivityremainstobeshown.OnepossiblescenariocouldbethatreoxidationofPrPfibrilsformedinendosomesoccursaftercelllysisandliberationofthefibrilsintotheoxidisingenvironmentoftheextracellularspace.Overall,wehavestudiedtheshiftofrecombinantprionproteinintoanoligomericß-sheetformtoanalyseoneofthepossiblemechanismsofPrPctoPrPScconversion.WeshowedthatreducedmPrP(23-231)formsamyloidfibrilsatslightlyelevatedionicstrengthandacidicpH.Intheseaggregatesthedisulfidebondcanbereoxidizedwhiletheproteinremainsinaggregatedform.However,bothkindsofaggregatesdonotshowthetypicalProteinaseK-resistancethatisahallmarkofPrPSc.ThereforetheprocessofPrPSc-formationcannotsolelyconsistofoxidativeprocessesofthedisulfidebondbutmustinvolvefurtherstepsthatremaintobeestablished.4.6.ReferencesArunachalam,B,.Phan,U.T.,Geuze,HJ.,Cresswell,P.(2000).Enzymaticreductionofdisulfidebondsinlysosomes:characterizationofagamma-interferon-induciblelysosomalthiolreductase(GILT).ProcNatlAcadSelUSA

97(2):745-50.
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4.7. Tables

Table 1. Two-state analysis of the equilibrium unfolding transitions of oxidized

and reduced mPrP(23-231) at 22°C and a constant
ionicstrengthof180mM.AGambureai/2c(kJmor1)(kJmor'M-1)(M)ox.PrP(23-231)-26.7±0.94.4+0.16.0pH7.4__„red.PrP(23-231)-23.7±2.14.6±0.45.1ox.PrP(23-23l)-20.3±1.14.2±0.24.8pH5.5.—.-red.PrP(23-231)-10.7±1.64.3±0.42.5'"freeencigyoffoldingintheabsenceotdenatuiantb)cooperativityo1thetransitionc)tiansitionmidpoint
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Table TI.RateconstantsofthereductionofmPrP(23-231)byDTTat37TataeonstaiHionicstrengthof180mMii-(it)Conditionski(s-)')k2(s"1M'1)'"Accelerationfactor'50mMDTT.pH4.0v>3.710652.07.4If)"5SOmMDTT,pH5.0"1.1KT6175.02.2io-550mMDTT,pH6.0"1.5io"6128.43.010"50mMDTT.pH7.4"1.8io-6107.03.610"50mMDTT,pH8.0noiIO"687.54.410"50mMDTT,pH9.0"4.71.1IO"541.017.59.42.210^~~~2.9"50mMDTT,Trx,pH4.0"10"450mMDTT,Trx.pH7.4n4.310°4.58.6io-123.950mMDTT,DsbA,pH4.0"1.110"17.52.2io-'2.950mMDTT,DsbA.pH7.4,}l.l10"17.52.210-46.150mMDTT,DsbCpH7.4"4.02)7.510"2.61.5io-341.78Murea,5.5-150mMDTT.pH2.9IO"1398Murea,1.8-50mMDTT,pH5.02)1.710"27708Murea,0.6-50mMDTT.pH6.02l1.5I0"150008Murea,0.2-50mMDTT.pll7.4"'8.610"'240008Murea.0.2-16mMDTT,pH8.0:)3.5800008Murea.0.02-0.6mMDTT.pH9.0"20.3220000}ReactionswerepeiformedIntheappropnatebuffets(seeMethods),\\heieindicated1'wasincluded.^'Reactionswereperformedforaconstanttimeof10minor100mm11kppseudoHistorderrateconstant)molaiequivalentofoxidoreduetasc(Trx,DsbA.DsbC)'kitsecondordertäteconstant!AcceterationrelametothesecondorderrareconstantoftheuncatahmieductionbvDÎTmtheabsenceofdénaturant
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4.8. Legends to Figures

Figure 1

Far-UV circular dicliroism spectra ol" A) oxidized and
B)reducedmPrP(23-231)atvariouspHvaluesmeasuredat22°Cand182mMionicstrength.C)pFI-dependenceoftheCDsignalat210nmofreducedmPrP(23-231)at22°C.D)Far-UVcirculardichroismspectraofoxidizedandreducedmPrP(23-23L)atpll7.4in3MureacomparedtothespectrumofreducedmPrP(23-23V)atpH6.0,0Murea.Figure2Urea-inducedrefoldingtransitionsofoxidizedandreducedmPrP(23-231)atA)pH7.4B)pH5.5andC)pH4.0.Themeanresidueellipticitiesat222nmweremeasuredat22°C,proteinconcentrationsof17-20pMandconstantionicstrengthof182mM.Thesolidlinesresultfromfittingthedataaccordingtoatwostatemodel(ÄandB)oraccordingtoathreestatemodel(C).Figure3mPrP(23-231)aggregatesatpH4.0andhighionicstrength.A)AggregationwasinducedbyincreasingNaClconcentrations,aggregatedmaterialwasseparatedfromthesolublefractionbycentrifugation(10min,14000xg)andquantifiedbydensitometricanalysisofCoomassie-stainedSDS-PAGEgels.B)NegativestainelectronmicroscopyoffibrillaraggregatesofreducedmPrP(23-231)formedatpH4.0and0.3MNaCl.Figure4ReductionofmPrP(23-231)A)HPLCanalysisofthereductionofmPrP(23-231)with50mMDTTatpH4.0-9.0for8hoursat37°C.B)pH-dependenceoftherateconstantsofreductionofnative(D)andurea-unfolded(O)mPrP(23-231)byDTTat37°Cand180mMionicstrengthandC)protectionfactorsforthereductionofthedisulphidebondinnativecomparedtounfolded

mPrP(23-231)
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Figure 5

HPLC analysis of the uncatalysed and catalysed reduction of mPrP(23-23
J)(20|iM)with50mMDITat37°CandA)pH4.0orB)pH7.4.Thedisulphideoxidoreductasesthioredoxin(Trx),DsbAandDsbCwereaddedataconcentrationof2\xM,correspondingto0.1molarequivalentsatthethiol/disulphidelevel.Figure6DsbA-catalysedreductionandfibrilformationofmPrP(23-23L)mPrP(23-231)aggregatesatpH4.0and0.2MNaCl(232mMionicstrength)duringreductionat37°C.Solubleandaggregatedmaterialwereseparatedbycentrifugation(10min,L4000g)aftervariousreactiontimes.Reductionwasperformedby50mMDTTwithorwithoutcatalyticamounts(0.1molarequivalents)ofDsbA.Figure7AccessibilityofthefreeSH-groupsofreducedmPrP(23-231)atpH4.0.A)NoreoxidationwasachievedbyequimolaramountsofoxidisedDsbA.ShownistheHPLCanalysisof1)oxidisedmPrP(23-231)(control1).2)reducedmPrP(23-231)(control2)and3)thereactionmixtureofreducedniPrP(23-23i)withoxidisedDsbA(DsbAiselutedattheendofthegradientontheHPLCandisnotshown.).B)ThefreeSH-groupsofmPrP(23-231)canbecarboxamidomethylatedby1mMiodoacetamide(TAM).ShownistheHPLCanalysisofL)reducedmPrP(23-231),2)IAM-modificationatpH8,8Murea,3)IAM-modificationatpH4,8Mureaand4)IAM-modificationatpH4;A?correspondstothedoublyalkylatedformofmPrP(23~231).Figure8HPLC-analysisofthereoxidationofreducedmPrP(23-231)by1mMdiamideatpH4.0and37°CinitsA)solubleandB)aggregated(+200mMNaCl)state.
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Figure 9

Coomassie stained gels of Proteinase K digests of A) oxidised, B) reduced and C)

reoxidised mPrP(23-23l). The concentrations of PK are indicated above the lanes. Both

the soluble and the aggregated, fibrillar form of reduced uiPrP(23-231) at pH 4.0 were

used
forreoxidationwithdiamideandsubsequentProteinaseKresistanceassays.
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Figure 3
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Figure 5
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Figure 7
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Figure 8
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5. CHARACTERIZATION OF REDUCED mPrP(121-231)

5.1. Introduction

During
priondisease,thecellularprionproteinPrPcisconvertedintoPrPSc.Thischangeisonlyconformationallyasthemonomelic,solublea-helicalformPrPcisconvertedintoanoligomeric,aggregatedstate,PrPSc,thatdisplayshighß-sheetcontent(Weissmann,1996).Nocovalentmodificationshavebeenobserved.Uponreductionofrecombinantprionproteinsasimilarreactioncanbeobserved(Jacksonetah,1999a;Jacksonetah,1999b;Mehlhornetah,1996;Zhangetal,1997).Thea-helicalsolubleproteintransformsintoß-sheet-likestructure,ispronetooligomerization,andformsfibrilsuponincreaseofionicstrength.ThisreactionhasfirstbeenobservedforhamsterPrP(90-231)(Mehlhornetah,1996;Zhangetah,1997)andwasalsodescribedforhumanPrP(91-231)(Jacksonetah,1999a;Jacksonetah,1999b).WehaveexaminedthereductionformPrP(23-231)withsimilarresults(seepreviouschapter).Theoxidizedfull-lengthprionproteinconsistsofanunfoldedtail(residues23-124)andaC-terminaldomain(residues125-231)thatismainlya-helical(Rieketah,1997).Thesingledisulphidebondlinkshelix2andhelix3byCysl79andCys214inthisfoldeddomain.NodetailedstructureofanyreducedisoformofPrPisknown.ToexaminetheroleoftheC-terminaldomaininreducedPrP,westudiedreductionofisolatedmPrP(121-231).5.2.MaterialsandmethodsPurificationofmPrP(f21-231)andpreparationofreducedmPrP(121-231)mPrP(121-231)waspurifiedinitsoxidizedformfromtheE.coliperiplasm,asdescribed(Liemann98).OxidizedmPrP(121-231)wasdenaturedin8Murea,10mMTris/HCl,pH8.0.50mMDTTwasaddedandthesolutionwasincubatedforonehouratroomtemperature.10volumesof8Mureaintheappropriatebuffer(50mMformicacid/NaOH,pH4.0or50mMMOPS/NaOH,pH7.4)werethenaddedandthesampleswereconcentratedtotheoriginalvolumeincentricon10tubes(Amicon).Thisdilution/concentrationprocedurewasrepeated.
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CD-measurements

For circular
dichroism(CD)-measurementsthestocksolutionofreducedmPrP(121-231)wasdiluted-1:10withthesamebuffers(50mMformicacid/NaOH,pH4.0or50mMMOPS/NaOH,pH7.4)containingdifferentureaconcentrations,yieldingafinalconcentrationof20jiMmPrP(121-231).Proteinsampleswerecentrifuged(10minutes,14.000g)priortothemeasurementstominimizelightscattering.Refoldingtransitionsweremonitoredat22°Cbyrecordingthefar-UVCDsignalat222nmfor30secondsonaJasco710spectropolarimeterin0.1cmcuvettes.Theaveragedellipticitieswerecorrectedforthebuffer.Theureaconcentrationwasdeterminedbyrefractometry.ThetransitionatpH4.0wasevaluatedaccordingtoatwo-statemodeloffoldingwithasixparameterfit(SantoroandBolen,88),onlyfixingthesignalofthenativeproteinat0Murea.Forselectedsamples,far-UVCDspectraweremeasuredbetween180and250nmat22°C,accumulated16timesandcorrectedforthebuffer.5.3.ResultsWhenmPrP(121-231)wasreduced,alreadythefirstexperimentsshowedthatthereisnosolubleformofreducedmPrP(121-231)intheabsenceofdénaturantsatanypHo£"g4000c6000|0000110'A1!1t/01000Ë^300-ueV2-14000—,sbOOOB//\-ff\V\'//\'V\//\////[600016SMjrea©21Mured©26Murea©Il~"ni02-S1<">2\j2?0?^0?40250wavelength(nm)urea(M)Figure1:A)Urea-inducedrefoldingtransitionofreducedmPrP(121-231)atpH4.0.Themeanresidueellipticitiesat222nmweremeasuredat22°C.Thesolidlineresultsfromfittingthedataaccordingtoatwo-statemodel(seetext).B)Far-UVCDspectraofsamplesfromtherefoldingtransitionasindicatedinA.
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between 4 and 9. The protein

immediately aggregated upon dilution or

dialysis from 8 M urea under
allconditionstested.Therefore,onlyrefoldingtransitionscouldbemeasuredtoinvestigatethestabilityofreducedmPrP(121-23J).TheyareshownforpH4.0and7.4inFigure1AandFigure2.Theproteinaggregatesbelow1.7or4Murearespectively,sothatatbothpHvaluesnocompletetransitionscouldbemeasured.However,atpH4.0,theproteinadoptsß-sheetlikestructurewhentheureaconcentrationisdecreasedbelow2.6M(seeFigureIB).Thespectrashowaminimumat215ran.ThispartialtransitionwassuperimposabletothefulltransitionofreducedmPrP(23-231)atpH4.0(datanotshown)and,byfixingthesignalofthenativeproteinat0MureatothevalueexpectedfortheisolatedC-terminalpartofmPrP(23-231),aninterpolationcouldbedone,andthestabilitybeestimatedtobe-9.9±2.7kJmol"1M"1,withacooperativityof6.8±1.1kJM"landamidpointoftransitionat1.4Murea.Thedataareonlyanestimationundertheprerequisitethatthesegment121-231inreducedmPrP(23-231)andinreducedmPrP(121-231)havethesamemeanresidueellipticityat222nmintheabsenceofdénaturant.AtpH7.4theCDsignalat222nmdecreasesslightlyupondecreaseofurea,butnocooperativetransitionisobservable(Figure2).FromtheCDspectranoregularsecondarystructurecouldbedetermined(datanotshown).00_—1"51C0OETJ|1*0~£?coo-|2,00^-F^00*3^>J0246810urea(M)Figure2:Urea-inducedchangesintheCD-signalat222nmofreducedmPrP(121-231)atpH7.4.ThemeanresidueeJlipticitiesat222nmweremeasuredat22

°C.
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5.4. Discussion

Upon reduction of the disulphide
bondtherecombinantfull-lcnghtprionprotein,mPrP(23-231)foldscompletelydifferentlycomparedtotheoxidizedform.HerewestudiedreducedmPrP(121-231).thesegmentcorrespondingtothefoldeddomainofoxidizedmPrP.AtacidicpHinthepresenceof2Mureaß-sheet-likeCD-spectraaredisplayed.AtlowerdénaturantconcentrationsthereducedmPrP(121-231)precipitated.Similarly,reducedfull-lengthinPrP(23-231)showsalsoß-sheet-likestructureatpH4.0,butthisreducedprionproteindoesnotaggregateintheabsenceofurea.Therefore,theN-terminalpartseemstoinfluencethesolubilityofreducedmPrPatlowpH.IntheliteratureitwasdescribedthatreducedhumanPrP(91-231)(Jacksonetal.,1999b)andhamsterPrP(90-231)(Zhangetal.,1997)aresoluble.Therefore,wespeculatethattheaminoacids90-120areresponsibleforthesolubility.TheC-terminaldomainmPrP(121-231)thatmainlycontainsa-helicesintheoxidizedstate(Rieketal.,1996)formsaclearß-sheetlikestructureuponreduction.Therefore,wesupposethatthea-helicesaretransformedintoß-sheetsinthereducedprotein,andthatthisoccursaswellinmPrP(23-231).Ourdataalsosuggestthatitisverylikelythatthesegmentthatformstheß-sheetstructureinreducedmPrP(23-231)isagainrestrictedtoresidues121-231,thepartofdefinedsecondarystructureintheoxidizedprotein.AtpH7.4,mPrP(121-231)andmPrP(23-231)behavesimilarinasmuchasbothaggregateatlowdénaturantconditionsandnoclearlydefinedstructurecanbedeterminedinthepresenceoflimitedureaconcentrations.5.5.ReferencesJackson,G.S.,Hill,A.F..Joseph,C,Hosszu,L.,Power.A.,Waltho.J.P.,Clarke,A.R.andCollinge,J.(1999a)Multiplefoldingpathwaysforheterologouslyexpressedhumanprionprotein.BiochimBiophysAda,1431,1-13.Jackson,G.S.,Hosszu,L.L.,Power,A.,Hill,A.F.,Kenney,J.,Saibil,H.,Craven,C.J.,Waltho,J.P.,Clarke,A.R.andCollinge,J.(1999b)Reversibleconversionofmonomelichumanprionproteinbetweennativeandfibrilogenicconformations.Science,283,1935-7.Mehlhorn,L,Groth,D.,Stockel,J.,Moffat,B„Reilly,D.,Yansura,D.,Willett,W.S.,Baldwin,M.,Fletterick,R.,Cohen,F.E.,Vandlen,R.,Plenner,D.andPrusiner,S.B.(1996)High-levelexpressionandcharacterizationofapurified142-residuepolypeptideoftheprionprotein.Biochemistry,35,5528-37.
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6. INFECTIVITY OF SCRAPIE PRIONS BOUND TO A STAINLESS STEEL

SURFACE

E. Zobeley, E. Flechsig, A. Cozzio. M. Enari, & Ch. Weissmann (1999)

Molecular Medicine 5, 240-243
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