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TTThhheeeeeeffffffeeeccctttooofffMMMooollleeecccuuulllaaarrrCCCrrrooowwwdddiiinnngggooonnn
iiinnnttteeerrraaaccctttiiiooonnnooofffaaalllppphhhaaa---SSSyyynnnuuucccllleeeiiinnnwwwiiittthhh

BBBiiiooolllooogggiiicccaaalllMMMeeemmmbbbrrraaannneeesss
AAAbbbssstttrrraaacccttt

α-SynucleinisknowntobeimplicatedinthepathogenesisofParkinson's
disease.Recently,ithas shown that α-synuclein can transiently bind to
biologicalvesiclesthrough α-helixformation in itsN-terminalrepeatregion.
Theintracellularenvironmentiscrowded with macromolecules.In particular,
approximately 40% oftheneuronalcytoplasm volumemay beoccupied by
macromolecules.Somecellulareventsincludingproteinfoldingand protein-
proteininteractioncanbeaffectedinthiscrowdedenvironment.Crowdingby
cytoplasmic macromolecules has been experimentally modeled with inert
polymers.Inthisstudy,theeffectofmolecularcrowdingontheinteractionof
α-synucleinwithbiologicalvesicleswasexaminedbyaddinginertpolymers.In
short,theadditionofvariouskind ofpolymerssuchaspolyethyleneglycol,
dextran,andficollenhancedbindingofα-synucleintobiologicalvesiclesina
concentration-dependent manner.And the interaction of α-synuclein with
vesicleswasproportionallyaugmentedbyincreasedexpressionofα-synuclein.
However,molecularcrowdinghadaneglectableeffectonthevesiclebinding
ofα-synucleinmutants(A30P;Ala30Prowhichisknownaspointmutationin
the α-synuclein geneisacauseoffamilialParkinson disease,TG6;ThrGly6
thatisamutantreplacingsixthrenonineresidues(Thr22,Thr33,Thr44,Thr59,
Thr81,and Thr92)with glycinein itsN-terminalregion)which havebeen



vii

reported to show reduced membranebinding capacity.Also,aggregation of
α-synuclein seemstobeaccelerated by α-synuclein bound tovesicles.These
resultssuggestthattransientinteraction of α-synuclein with vesiclesoccurs
morecommonlyincellsthanexpectedinthepreviousreports andimplythe
interaction of α-synuclein with vesicles may be one ofthe physiological
processesinwhich α-synucleinisinvolved.

Keyword:Parkinson'sdisease,alpha-Synuclein,vesicle,Molecularcrowding,
inertpolymer
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III... IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Parkinson's disease (PD) is a chronic progressive neurodegenerative
movementdisorderandclinicalmanifestationsofthisdiseaseincludesresting
tremor,bradykinesia,posturalinstability,andrigidity.PD ischaracterizedby
selective degeneration of dopaminergic neurons in substantia nigra pars
compacta and the presence ofproteinateous inclusion bodies called Lewy
bodies(LB)in remaining cells1-2.Although thecauseofthediseaseisstill
unknown,both ofgeneticand environmentalfactorsseem toplayacritical
role in pathogenesis ofPD.Among genetic factors, α-synuclein has been
knowntobeimplicatedinthedevelopmentofPD3.Threemissensemutations
in α-synuclein gene (A53T, A30P, and E46K) and triplications of the
α-synucleingene(SNCA)areknowntobeassociatedwithPD4-7.Thereisa
growing body ofevidence thatabnormalaccumulation and aggregation of
α-synucleinmayplaycriticalrolesinpathogenesisofPD.

α-Synuclein is a natively unfolded presynaptic protein. It is highly
expressedinneuronandlocalizestonerveterminal8.α-Synucleinconsistsofan
N-terminalrepeatregion,a hydrophobic middle region,and an acidic C-
terminalregion.Ithasbeenproposedthatα-synucleinisinvolvedinsynaptic
vesiclerecycling,storageandcompartmentalizationofneurotransmitters,leading
toaffectingsynaptictransmission9-12.Althoughtheprecisemechanism ofhow
α-synucleinfunctionsinsynaptictransmissionisnotclear,itsfunctionsinlipid
metabolism and vesicletraffickingwerepreviously addressed13-14.A genome-
widescreeninginyeastshowedthatnearlyone-thirdofgenesthatenhancethe
toxicityofα-synucleinwerefunctionallyrelatedtolipidmetabolism andvesicle
trafficking15.Expression profiling studies in transgenic flies showed that
expression of lipid and membrane transportgenes were associated with
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α-synuclein expression16.In addition,overexpression of α-synuclein in a
neuronalcelllineand homozygousdeletionsof α-synuclein in miceled to
changesincellularfattyaciduptake,metabolism andmembranefluidity17-19.

α-Synucleininteractstransientlywithbiologicalvesicles20.Thisinteractionis
mediatedbytheN-terminalofprotein.Whereasthefreeform ofα-synuclein
isnativelyunfolded,theN-terminalregion adoptsan α-helicalconformation
uponbindingtovesicles21.Thebindingofα-synucleintobiologicalvesiclesis
rapidlyreversibleandoccursonlyinthepresenceofnon-proteinandnon-lipid
cytosoliccomponents.Ithasbeen alsoshown in numerousstudiesthatthe
interaction of α-synuclein with phospholipid membranes, fatty acids,or
detergentmicellesaltersthekineticsofitsaggregation22-28.
A commoncharacteristicofthecytoplasm isthepresenceofmacromolecules

inahighconcentration.Especiallyinneuronalcytoplasm,approximately40%
ofitsvolumemaybeoccupiedbymacromolecules,predominantlyRNAsand
proteins29-33.Therefore,severalcellulareventsincludinginteractionofmolecules
maybeaffected bythecrowded macromolecules.A typicaldiluted solution
may notprovidean appropriateenvironmentto study cellularfunctionsof
cytoplasmicproteinsinvitro34.Therefore,tomimictheintracelluarenvironment,
crowdingbycytoplasmicmacromoleculeshasbeenexperimentlymodeledwith
inertpolymerssuchaspolyethyleneglycol,dextran,andficoll35-42.Thelevelof
nonspecific crowding in a mammalian CHO cell cytoplasm has been
approximatedbythesolutionscontaining20% polyethyleneglycol(PEG)8,000
and20% dextran11,00043-45.
Inthisstudy,theeffectofmolecularcrowdingoninteractionofα-synuclein

withbiologicalvesicleswasexamined.Molecularcrowdingenvironmentwith
macromolecules influenced the binding of α-synuclein to vesicles and the
expression levelof α-synuclein affected the interaction of α-synuclein with
vesicles.Meanwhile,themolecularcrowding had littleeffecton thevesicle
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interaction of mutants.Also,the aggregation of soluble α-synuclein was
augmentedby α-synucleinboundtovesicles.
Theseresultssuggestthatasignificantamountof α-synuclein transiently

bindstointracellularvesiclesandtheirtransientinteractionswithvesiclesmay
beimportantinphysiologicalorpathophysiologicalprocess.
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IIIIII...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDD MMMEEETTTHHHOOODDDSSS

111...RRReeeaaagggeeennntttsss

All-transretinoic acid,polyethylene glycol,dextran,ficoll,and protease
inhibitor cocktailwere purchased from Sigma (St,Lous,MO).OPTI-PREP
iodixanolreagentwaspurchased from AccurateChemicals& ScientificCorp.
(Westbury,NY).Monoclonalantibodiesfor α-synuclein (Syn-1)and protein
disulfide isomerase were purchased from BD Biosicences (SanDiego,CA).
Polyclonal antibody specific for Myc tag is a product of Abcam Inc.
(Cambridge,MA).Disuccinimidylglutarate(DSG)waspurchased from Pierce
BiotechnologyInc.(Rockford,IL)(Fig.1).Lipofectamine2000isaproductof
InvitrogenCorp.(Carlsbad,CA).

222...CCCeeellllllcccuuullltttuuurrreeeaaannnddd αααα---sssyyynnnuuucccllleeeiiinnneeexxxppprrreeessssssiiiooonnn

The neuroblastoma cellline SH-SY5Y (SK-N-SH-SY5Y)cells which was
subcloned from human neuroblastoma SK-N-SH were splitto about10%
confluencyandthenextday,were inducedtodifferentiatewith50µM all-
transretinoic acid.The cells were incubated in fresh medium containing
retinoicacidwhichwaschangedeveryotherday46.Onday5ofdifferentiation,
thecellswereinfected with appropriateadenoviralvectorscontainingcDNA
forhuman α-synuclein (adeno/α-syn),C-terminaltagged human α-synuclein
WT (adeno/α-syn-MycHis), A53T (adeno/A53T-MycHis), or A30P
(adeno/A30P-MycHis)atamultiplicityofinfection (m.o.i.)of1047.Thenext
day,theinfectionmedium wasreplacedwithfreshmedium withRA.Afteran
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additional24h,thecellswerehomogenizedandsubjectedtothecrosslinking
reaction.Fortransfection,COS-7cellsweresplittoabout45% confluencyand
incubatedfor24h.Thecellsgrownin100mm culturedishesweretransfected
with 5 µg ofplasmids(MycHis-tagged α-synuclein WT and TG6 mutant)
complexedwith15µloflipofectamine2000.Attwodaysaftertransfection,the
cellswerehomogenizedandsubjectedtothecrosslinkingreaction.

333...CCCeeellllllhhhooommmooogggeeennniiizzzaaatttiiiooonnnaaannndddfffllloootttaaatttiiiooonnnccceeennntttrrriiifffuuugggaaatttiiiooonnn

Cellsgrown in a100-mm culturedish werewashed twicewith ice-cold
phosphate-bufferedsaline(PBS)andscrapedin500mlhomogenizationbuffer
(HB;10mM HEPES,pH 7.2,1mM EDTA,250mM Sucrose)withprotease
inhibitorcocktail.ThecellsweredisruptedusingtheDouncehomogenizer.The
cellextractwascentrifugedat10,000×gfor10min.Then,thesupernatant
wascollectedanddefinedasS2fraction(Fig2).TheS2fractionwasmixed
with60% iodixanoltoobtainafinalconcentrationof40% and waslayered
under1.8mlof30% iodixanol/HB.Then,0.1mlof5% iodixanol/HB was
gentlylayeredontopandthesampleswerecentrifugedat200,000×gfor2
h.Thetop fraction (300 µl)containing vesiclesand 200 µlofthebottom
fractionwithcytosolicproteinswereobtainedandusedforfurtherstudy(Fig.
3).

444...TTTrrreeeaaatttmmmeeennntttooofffpppooolllyyymmmeeerrraaannndddCCCrrrooossssssllliiinnnkkkiiinnnggg

Forcell-freecrosslinking,cellhomogenates(S2 fractions)were incubated
withinertpolymerssuchaspolyethyleneglycol,dextran,and ficollatroom
temperaturefor30min.Then,themixturewerecrosslinkedwith1mM DSG
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atroom temperaturefor30minandthereactionwasstoppedbyadding1M
glycine(pH 8.0)toafinalconcentrationof100mM.

Pellet(P2)

1,100xg

10,000xg
Pellet

Homogenate(TH)

Sup(S1)

Sup(S2)
Cytosol+Vesicle

200,000xg

Sup(S3)
Cytosol

Pellet(P3)
Vesicle

Figure2.Procedureforfractionation

Figure1.Structureofcrosslinker,DSG

O O
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O
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(DisuccinimidylGlutarate)
MW 326.26

SpacerArm Lenth7.72Å
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555...WWWeeesssttteeerrrnnnbbblllooottttttiiinnnggg

Cytosolic and vesicle fraction were analyzed by 15% sodium dodecyl
sulfate-polyacrylamidegelelectrophoresis(SDS-PAGE).Proteinsinthegelwas
transferred to a nitrocellulosefilters.Theblotswereblocked by 10 ㎖ of
tris-bufferedsalinetween20solution(TBST,Tris0.05M,NaCl0.15M,Tween
200.05%,pH 7.4)containing5% skim milkfor1hatroom temperature.It
wasthen washed with TBST solution 3 timesforeach 10 min and then
submerged into 10 ㎖ ofTBST solution containing mouse anti-α-synuclein
monoclonalantibody(1:2,000dilution)for1h.Then,theblotswerewashed
with TBST solution 3timesforeach 10min.They wereincubated in the
presenceofthesecondaryantibody(10㎖ ofTBSTsolutioncontaininghorse
radishperoxidase-conjugatedgoatanti-mouseIgG,1:3,000dilution)for40min.
Afterwashingwith TBST solution 3timesforeach 10min,theblotswere
submerged in the enhanced chemiluminescence solution using a PicoEPDTM

(EnhancedPeroxidaseDetection)Westernblotdetectionkit(ElpisBiotech,Korea).
Forquantitativeanalysis,theWestern resultswerequantified by computer-
assisteddensitometryusingImageQuaNTsoftware(MolecularDynamics,USA)
underequallightandpowersettings.
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Figure3.Schematicdiagram ofcrosslinkingandfractionationprocedures
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IIIIIIIII...RRREEESSSUUULLLTTTSSS

111...PPPEEEGGG---iiinnnddduuuccceeedddmmmooollleeecccuuulllaaarrrcccrrrooowwwdddiiinnngggiiinnncccrrreeeaaassseeesssttthhheeeiiinnnttteeerrraaaccctttiiiooonnn
ooofffαααα---sssyyynnnuuucccllleeeiiinnnwwwiiittthhhvvveeesssiiicccllleeesss...

Toinvestigatetheeffectofmolecularcrowdingontheinteractionofα-
synucleinwithintracellularvesiclesinvitro,differentiatedhumanneuroblastoma
SH-SY5Y cellswereinfected byadenovirusexpressing α-synuclein and then
homogenized.Varied concentrations(0,5,10,15,20%)ofPEG 8K,oneof
crowding agents(theinertpolymers),wereadded to thehomogenates(S2
fraction)whichwerethenincubatedatroom temperaturefor30min.Then,DSG
wasadded to stabilizetransientbinding of α-synuclein to vesiclesin the
homogenateswhichwerefractionatedbyflotationcentrifugationintothecytosol
and vesicles.Binding of α-synuclein to vesiclesweredetected by Western
blottingofthevesiclefractionusinganti-α-synucleinantibody.AsshowninFig.
4,DSG wasableto crosslink between α-synuclein moleculeswith vesicles
(comparelane1withlane2)andthecrosslinkagewasincreasedbymolecular
crowding with PEG 8K in a dose-dependentmanner.This resultshows
molecularcrowding in cellsinfluencesthe interaction of α-synuclein with
vesicles.
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Figure 4.The interaction of α-synuclein with intracellular vesicles was
increased by the PEG-induced molecular crowding. (a) The
homogenates of differentiated SH-SY5Y cells expressing α-
synuclein were incubated in the presence of the indicated
concentrationsofPEG 8K atroom temperaturefor30min and
crosslinked using DSG.Then,the crosslinked mixtures were
fractionatedintocytosolandvesiclesbyflotationcentrifugation.α-
SynucleinintheeachfractionwasidentifiedbyWesternblotting
withanti-α-synucleinantibody.Proteindisulfideisomerase(PDI),a
vesicular protein, was used as an internal control. (b)
Densitometric quantificationoftheWesternblottingresults.
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222...TTThhheeeiiinnnttteeerrraaaccctttiiiooonnnooofffαααα---sssyyynnnuuucccllleeeiiinnnwwwiiittthhhvvveeesssiiicccllleeesssiiisssaaalllsssooo
aaauuugggmmmeeennnttteeedddbbbyyyaaaddddddiiitttiiiooonnnooofffooottthhheeerrriiinnneeerrrtttpppooolllyyymmmeeerrrsss...

Toconfirm thatmolecularcrowdingaffectsthebindingofα-synucleinto
vesicles,otherpolymerswhichhavedifferentchemicalpropertiesfrom PEGwere
usedtomimiccrowdedenvironment.SH-SY5Ycellsexpressingα-synucleinwere
homogenized and thehomogenates(S2fraction)wereincubated withvaried
concentrations (0,2.5,5,7.5%)ofdextranorficoll.Then,thecellhomogenates
werecrosslinked in thepresenceofDSG and then fractionated byflotation
centrifugation.As expected,dextran-or ficoll-induced molecular crowding
increasedtheinteractionofα-synucleinwithintracellularvesicles(Fig.5).The
effectofdextranorficollwassimilartothatofPEG.Thisresultsuggeststhe
increased interaction of α-synuclein with vesiclesisresulted from molecular
crowding,notfrom theuniquechemicalpropertiesofusedpolymers.
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Figure5.Thebindingofα-synucleintovesicleswasaugmentedbymolecular
crowding induced by dextran and ficoll.The homogenates of
differentiatedSH-SY5Ycellsexpressingα-synucleinwereincubatedin
thepresenceoftheindicatedconcentrationsofdextran(a)orficoll(b)
atroom temperature for 30 min.The cellhomogenates were
crosslinkedusingDSGandthenfractionatedintocytosolandvesicles.
α-SynucleinintheeachfractionwasidentifiedbyWesternblotting
withanti-α-synucleinantibody.Proteindisulfideisomerase(PDI),a
vesicularprotein,wasusedasaninternalcontrol.
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333...TTThhheeeiiinnnttteeerrraaaccctttiiiooonnnooofffαααα---sssyyynnnuuucccllleeeiiinnnwwwiiittthhhvvveeesssiiicccllleeesssiiisssdddeeepppeeennndddeeennnttt
uuupppooonnnttthhheeeaaammmooouuunnntttooofffiiinnntttrrraaaccceeelllllluuulllaaarrrαααα---sssyyynnnuuucccllleeeiiinnn

Molecularcrowdingcausestheincreaseoflocalconcentrationofintracellular
proteins.Thus,additionofcrowdingagentssuchasPEG,dextran,andficoll
resultsinincreaseoflocalconcentrationofα-synuclein.Therefore,toexamine
whetherthe amountof α-synuclein protein influences itsinteraction with
intracellularvesicles,SH-SY5Ycellswereinfectedwithvaried amounts(0,1,3,
10,30,100m.o.i)ofadenovirusexpressing α-synuclein.Then, homogenatesof
thecellswerecrosslinked with DSG atroom temperaturefor30min and
fractionatedintocytosolicandvesiclefractions.AsshowninFig.6,thebinding
ofα-synucleintovesicleswasproportionallyaugmenteddependingonthelevel
ofα-synucleinexpression.Thisresultindicatesthatmolecularcrowdingincreases
thelocalconcentrationofα-synucleinandtheincreasedlocalconcentrationof
α-synucleinleadstoenhanceditsinteractionwithintracellularvesicles.
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Vesicle

Figure6.Theinteractionofα-synucleinwithvesicleswasenhancedbythe
increasedexpressionofα-synuclein.(a)DifferentiatedSH-SY5Ycells
were infected with varied concentrations ofadenoviralvectors
expressinghuman α-synuclein.Homogenatesoftheinfected cells
werecrosslinkedwithDSGandfractionatedintocytosolandvesicles
by flotation centrifugation.α-Synuclein in theeach fraction was
identified by Western blottingwith anti-α-synuclein antibody.(b)
DensitometricquantificationoftheWesternblottingresults.
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444...MMMooollleeecccuuulllaaarrrcccrrrooowwwdddiiinnnggghhhaaasssllleeesssssseeeffffffeeeccctttooonnn ttthhheeebbbiiinnndddiiinnngggooofff
AAA333000PPP α---sssyyynnnuuucccllleeeiiinnnmmmuuutttaaannnttttttooovvveeesssiiicccllleeesss...

IthasbeenreportedthatanA30PmutantamongthePD-linked α-synuclein
mutantshasareducedcapabilitytointeractwithintracellularvesicles.Therefore,
itisreasonabletocomparePD-linkedmutantswiththewild-typeoneinterms
ofthemolecularcrowdingeffectontheirinteractionwithvesicles.SH-SY5Ycells
wereinfected withadenoviralvectorsexpressingwild-type,A30Pmutant,or
A53T mutantofα-synuclein.Theinfected cellswerehomogenized and then
incubated in theabsenceorpresenceofPEG 8K.Thehomogenatesofthe
infected cellswerecrosslinked with DSG and then fractionated by flotation
centrifugation.BindingofA53T α-synucleinmutanttointracellularvesicleswas
increasedbyadditionofthecrowdingagent,PEG 8K (Fig.7).Thepatternof
increasedA53Tmutantinteractionwithvesicleswassimilartothatofwild-type
α-synucleininteraction.Ontheotherhand,themolecularcrowdinghadless
effectontheinteractionofA30P α-synucleinmutantwithintracellularvesicles.
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Figure 7.EffectsofMolecularcrowding on the interaction ofPD-linked
α-synucleinmutantswithintracellularvesicles.SH-SY5Ycellswere
infectedwithadenoviralvectorsforwild-type(WT),A30P,orA53T
mutantsof α-synuclein.Homogenatesoftheinfected cellswere
incubatedwithorwithout20% PEG8Katroom temperaturefor30
min.ThecellhomogenateswerecrosslinkedusingDSG andthen
fractionated into cytosoland vesicles. α-Synuclein in the each
fraction wasidentified byWestern blottingwith anti-α-synuclein
antibody.Proteindisulfideisomerase(PDI),avesicularprotein,was
usedasaninternalcontrol.
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555...MMMooollleeecccuuulllaaarrrcccrrrooowwwdddiiinnngggllliiittttttllleeeaaaffffffeeeccctttttthhheeeiiinnnttteeerrraaaccctttiiiooonnnooofffTTTGGG666
αααα---sssyyynnnuuucccllleeeiiinnnmmmuuutttaaannntttwwwiiittthhhvvveeesssiiicccllleeesss...  

Ithasbeen known thattheinteraction of α-synuclein with intracellular
vesiclesrequirestheformationofan α-helixinitsN-terminalrepeatregion.
Therefore,itwasexaminedwhethermolecularcrowdingaffectsthebindingof
ofα-synucleinmutantsdefectiveinthe α-helicalN-terminalrepeatregionto
vesicles.TG6 mutantof α-synuclein is a mutantreplacing six threnonine
residues(Thr22,Thr33,Thr44,Thr59,Thr81,and Thr92)with glycinein its
N-terminalregion by multiplesite-directed mutagenesis.Becausetheglycine
doesnotfavorα-helixformation,theseThrtoGlysubstitutionscaninterfere
with thehelix formation in α-synuclein.COS-7 cellsweretransfected with
plasmid DNAs encoding wild-type and TG6 mutantof α-synuclein.The
homogenatesofthetransfectedcellswereincubatedwithorwithoutPEG 8K,
a crowding agent.Then,the mixtureswere subjected to crosslinking and
fractionation by flotation ultracentrifugation. As shown in Fig. 8, TG6
α-synucleinmutantproteinswerenotabletointeractwithintracellularvesicles
and addition ofcrowding agentdid notincrease the vesicularinteraction
either.
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Figure8.EffectsofmolecularcrowdingonthebindingofTG6 α-synuclein
mutanttointracellularvesicles.COS-7cellsweretransfected with
plasmidDNA encodingeitherwild-type(WT)ortheTG6mutant
(TG6)α-synuclein,bothofwhichweretagged withMycepitope.
Homogenatesofthetransfectedcellsweretreatedwithorwithout
40% PEG8Katroom temperaturefor30min.Thecellhomogenates
werecrosslinkedusingDSG andthenfractionatedintocytosoland
vesicles.α-SynucleinintheeachfractionwasidentifiedbyWestern
blotting with polyclonal anti-Myc antibody. Protein disulfide
isomerase(PDI),avesicularprotein,wasusedasaninternalcontrol.
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666...AAAggggggrrreeegggaaatttiiiooonnn ooofffsssooollluuubbbllleee αααα---sssyyynnnuuucccllleeeiiinnn iiisss aaacccccceeellleeerrraaattteeeddd bbbyyy
αααα---sssyyynnnuuucccllleeeiiinnnbbbooouuunnndddtttooovvveeesssiiicccllleeesss...

Toexaminetheeffectof α-synucleinboundtovesiclesontheaggregationof
α-synuclein,differentiated humanneuroblastomaSH-SY5Y cellswereinfected
adenovirusexpressing α-synuclein (α-Syn)or α-synuclein tagged with Myc
epitope(α-Syn-Myc).Thehomogenates(S2fraction)ofα-synucleinexpressing
cellswereincubatedinvariedconcentrations(0,5,10,15,20%)ofPEG8Kand
then crosslinked by addition ofDSG.The crosslinked homogenates were
fractionatedintothecytosolandvesicles,thenthevesiclefractionscontaining
α-synuclein-bound vesicleswerecollected.On theotherhand,thecytosolic
fractions(S3 fraction)were obtained from the homogenatesof α-Syn-Myc-
expressingcells.Then,thesolutionofα-synuclein-boundvesiclesweremixed
withthecytosolicfractioncontainingsolubleα-Syn-Mycandincubatedatroom
temperaturefor1day,3days,and5days(Fig.9).AsshowninFig.10,the
aggregationofsoluble α-synucleinmoleculestaggedwithMycwasincreased
proportionallytotheaddedamountofα-synucleinboundtovesicles.Thisresult
suggeststhataggregationofsoluble,cytosolicα-synucleinisacceleratedbythe
presenceofα-synucleinboundtovesicles.



20

Figure9.Experimentaldesignforexaminingtheeffectofα-synucleinbound
tovesiclesonaggregationofsolubleα-synuclein
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Figure10.Aggregationofsolubleα-synucleinbythepresenceofα-synuclein
boundtovesicles.SH-SY5Ycellswereinfectedadenovirusexpressing

          α-synucleinor α-Syn-Myc.Varied concentrationsofPEG 8K were
added to the homogenates (S2 fraction)ofcells expressing α-
synuclein.Themixtureswereincubatedatroom temperaturefor30
minandthencrosslinkedbyDSG.Cytosolicfractions(S3fraction)
wereobtained from thecellsexpressing α-Syn-Myc.Thesolution
containing α-synuclein-boundvesiclesweremixedwiththecytosolic
fractioncontainingsolubleα-Syn-Myc,whichwasthenincubatedat
room temperaturefor1,3,or5days.α-Syn-Mycintheeachfraction
wasidentifiedbyWesternblottingwithpolyclonalanti-Mycantibody.
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IIIVVV...DDDIIISSSCCCUUUSSSSSSIIIOOONNN

The binding of α-synuclein to vesicles has been a subjectofintense
investigation.Recentstudiesshowedthatα-synucleininteractswithbiological
vesiclesand theseinteractionsaretransientand reversible20.However,there
remainyetunsolvedquestions;(1)how muchamountofα-synucleinbindsto
biologicalvesicles in cells? and (2) what is the physiologicaland (or)
pathophysiologicalmeaningofthisinteraction?In thisstudy,inertpolymers
wereused asacrowdingagenttomimicintracellularenvironment.Proteins
and vesicles in cells are crowded with other macromolecules. Thus,
macromolecularassociation such asbinding ofproteinsto vesiclesmay be
affectedbymolecularcrowding.Theamountofα-synucleinboundtovesicles
inthecellsmaybedifferentfrom thatobtainedfrom aninvitroexperiment
using a diluted solution.In thisstudy,Idemonstrated thefollowings:(1)
molecularcrowdingincreased theinteractionofα-synucleinwithintracellular
vesicles,(2)binding of α-synuclein to vesicleswasenhanced by increased
α-synuclein expression, (3) molecular crowding little influenced vesicle
interaction ofA30P and TG6 α-synuclein mutantsthathavereduced vesicle
binding capacity,(4)aggregation ofsoluble α-synuclein wasaccelerated by
α-synucleinboundtovesicles.
To elucidate the effectofmolecularcrowding on the interaction of α-

synucleinwithintracellularvesicles,theextentofitsassociationwithvesicles
wasexaminedinthepresenceofvariousinertpolymersincludingpolyethylene
glycol,dextran,and ficoll.Regardlessofpolymertypes,addition ofthese
polymerswasabletoenhancetheinteractionofα-synucleinwithvesiclesina
dose-dependentmanner.Thisimpliesthattheenhancedinteractionisresulted
from simplemolecularcrowdingprovidedbythepolymers,notfrom aspecific
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environmentprovidedbyanyparticularpolymers.Also,thismayimplythat
significantamountofα-synucleintransientlybindstovesiclesincells.

Ithasbeen proposed thatfibrillation oraggregation of α-synuclein is
acceleratedbymolecularcrowding.Ithasbeenalsosuggestedthatbiological
vesiclesinducesaggregationofα-synuclein11.Thus,itispossibletospeculate
thatmolecularcrowding may enhance the interaction of α-synuclein with
vesiclesandtheincreasedinteractionmayaccelerateinductionofα-synuclein
aggregation.Those observationsand speculation indirectly suggestthatthe
bindingofα-synucleintointracellularvesiclesmaybeinvolvedin α-synuclein
aggregationwhichisamajorcauseofParkinson'sdiseasedevelopment.
Accordingtotheexperimentalresultsinthisstudy,increased α-synuclein

expressioninthecellinducedhigheraugmentationofα-synucleinbindingto
vesicles.Inaddition,ithasknownthatthelocalconcentrationofintracellular
proteinsincreasesundermolecularcrowding conditions21-26.Therefore,itis
reasonabletospeculatethattheincreasedcrowdnessbypolymersmayelevate
the localconcentration of α-synuclein and resultin augmentation of α-
synuclein binding to vesicles.It has been also known that increase of
α-synuclein expression induces α-synuclein aggregation in the cell and
transgenicanimalmodels40.Thus,itispossibletostatethattheincreasedlocal
concentration of α-synuclein by molecular crowding leads to enhance
α-synuclein binding to intracellularvesiclesand resultin augmentation of
α-synucleinaggregation.
Ithas been reported thatPD-linked A30P α-synuclein mutanthas a

diminished vesicle-binding capability40.In thisstudy,molecularcrowding by
polymershadanegligibleeffectontheinteractionoftheA30Pmutantwith
vesicles.Thissuggeststhatvesicle-bindingcapabilitybetweenthewild-typeand
A30P mutantisdifferentfrom each otherin thecell,morethan expected
previously7.Also,ithasbeen known that α-helix formation in N-terminal
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regionofα-synucleiniscriticalforitsbindingcapabilitytovesicles.Thedata
inthisstudyalsoconfirmedthattheTG6mutant,incapableofforming α-helix
conformationinitsN-terminalregion,wasnotabletoaugmentitsinteraction
with vesicles even under the molecular crowding condition.This result
suggeststhatthe α-helix formation in N-terminusmay bealso criticalfor
α-synucleinbindingtovesiclesinthecytoplasm.
Todeterminetheroleofα-synucleinbound tovesiclesinaggregationof

α-synuclein proteins solublized in the cytoplasm, aggregation of free
α-synucleinwasexaminedbymixing α-synucleinboundtovesicleswithfree
α-synuclein (α-Syn-Myc).Aggregation of free α-synuclein in the cytosolic
fractionswasclearlyacceleratedbytheincubationwith α-synucleinboundto
vesicles under the PEG-induced molecular crowding condition. This is
concordantwith previousreports10-19 thattheinteraction of α-synuclein with
phospholipidmembranes,fattyacids,ordetergentmicellesaltersthekineticsof
itsaggregation.Based on theseobservations,itisreasonableto claim that
abnormalaccumulation and stabilization ofinteraction of α-synuclein with
vesiclehasanimportantroleinseedingornucleationofaberrantα-synuclein
aggregation.
Insummary,thisstudyshowedthattheenvironmentofmolecularcrowding

augmented the interaction of α-synuclein with cytoplasmic vesicles.This
suggeststhatmoreamountofα-synucleincanbindtransientlyandreversibly
to vesicles in cells than expected previously.These results imply that
α-synuclein interaction with vesiclesmay bean importantphysiologicaland
(or) pathophysiological event in normal cells and PD-associated cells.
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국문요약

Molecularcrowding이 alpha-synuclein과
세포막의 상호작용에 미치는 영향

파킨슨병은 뇌의 흑색질에서 신경 세포가 파괴됨으로써 신경 전달 물질인
도파민의 결핍에 의해 생기는 질환으로,이 질환에 관련된 주요 인자중 하나인
α-synuclein은 세포내에서 대부분 세포질에 존재하고 있으며,일부가 vesicle과 결
합하는 것으로 알려져 있다.현재까지 발표된 연구 결과들에 의하면 α-synuclein이
vesicle간의 결합이 가역적이고,일시적이며,결합시 N말단 부위가 α 나선 구조를
이루는 것으로 밝혀졌다.한편,세포 내에는 높은 농도의 RNA,DNA,단백질 등
의 거대 분자가 존재 하는데,특히 신경 세포 내에는 세포 부피의 40% 이상이
이러한 거대 분자로 채워져 있다.이런 세포내 환경을 molecularcrowding이라 하
며,이는 분자 간 결합 등의 여러 화학 반응에 영향을 미친다고 알려져 있다.이
에 따라,invitro실험에서 세포 내의 환경과 비슷한 조건을 만들기 위하여 다양
한 불활성 중합체를 이용해 세포내와 유사한 crowding환경을 만드는 여러 모델들
이 제시되어왔다.본 실험에서는 polyethyleneglycol,dextran,ficoll등의 여러 가
지 중합체를 이용한 molecularcrowding조건에서 α-synuclein과 vesicle간의 결합
정도를 연구하였으며,crosslinker인 DSG를 이용하여 가역적이고 일시적인 결합을
안정화하여 실험하였다.실험 결과 α-synuclein과 vesicle간의 결합이 중합체의 농
도 의존적으로 증가됨을 확인하였으며,α-synuclein발현 증가에 따라서 vesicle과
의 결합이 증가함을 관찰하였다.그러나 이러한 molecularcrowding이 vesicle결
합능이 떨어지는 것으로 알려진 α-synuclein돌연변이 A30P(30번 자리에 alanine
이 proline으로 바뀐 돌연변이)와 vesicle과의 결합능이 없는 α-synuclein돌연변
이 TG6(22번,33번,44번,59번,81번,92번 자리에 threonine이 glycine으로 바뀐
돌연변이)의 vesicle 결합에는 크게 영향을 주지 않은 것을 확인하였다.또한,
vesicle에 결합한 α-synuclein이 세포질에 존재하는 수용성 α-synuclein의 응집에
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영향을 미쳐 파킨슨병의 대표적 병리학적 특성인 α-synuclein침전물이 형성됨을
관찰하였다.결과적으로, 세포내에서 α-synuclein과 vesicle의 결합은 기존의 연구
결과에서 예측되었던 것보다 훨씬 빈번하게 일어나고 있으며,이는 α-synuclein과
vesicle간의 결합이 α-synuclein의 세포내 기능에 매우 중요함을 간접적으로 제시
하고 있다.

핵심어 :파킨슨병,alpha-Synuclein,vesicle,Molecularcrowding,불활성 중합체
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