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Abstract: Parkinson’s Hlisease{PD) is tharacterized by the progressive Accumulation df heuronal 1
intracellular aggregateslargely tomposed of alpha Synuclein {C5yn) protein. The processbf IByn 1
aggregation is tihduced during &ging and &énhancedly énvironmental &tressesguch asthe éxposure 1
to pesticides. Paraquat {PQ) & an herbicide thich has beentvidely Uised in agriculture &nd associ,
ated With PD. PQ is known 1o tausedn increased bxidative $tressin &xposed individuals but the 1
consequencestf 4uch dtress@n THyn ¢onformation femains fioorly @nderstood. To &tudy IByn path ,
ogenic fnodifications ih fdesponsetb PQ, We éxposed Drosophilagéxpressing human IByn to & ¢hronic 1
Citation: Arsac, 1.N.; Sedru,M.; 1 PQ protocol. We first $howed that PQ &xposure &and 1I5yn &xpression $ynergistically induced fly 1
Dartiguelongue, W.; Yulin, 1,1 1 mortality. The éxposure tb PQ Was also dssociatedWith thcreasedkevels &f tbtal &nd phosphorylated 1
Davoust, N.; Baron T, Mollereau, B.1  forms df I8yn In the Drosophilabrain. Interestingly, PQ Increased fhe fietection df $oluble IBynin 1
Chronic Exposure fo Paraquat 1 1 highly flenaturating buffer but #id hot increase IByn tesistancelo proteinase K tigestion. Thesel
Induces Alpha SynucleinPathogenic 1 1 oqt5 guggestthat PQ induces the accumulation af foxic $oluble nd fisfolded forms &f TSyn but 1
Modifications i Drosophilaint. 1.1 . o .
Mol $61.2021, 22, 11613 btps/ 1 that ﬂhgselbxnc forms dlo tot form fibrils dr aggregfe\tesﬂhat are dletected by fhe proteinase K assay.1
) N Collectively, dur fesults lemonstrate fhat Drosophilatan be lised fo &tudy fhe &ffect bf PQ tr dther 1
doi.org/10.3390/ijms222111613
environmental feurotoxins &n IByn firiven pathology. 1
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Parkinson’s dlisease(PD) ik &haracterized fy the ieuronal &ccumulation &f IByn yich 1
cytoplasmic ihclusions known asllewy todies [ll]. IByn ik 4 dertebrate specific 140amino ,
acid presynaptic protein, Which tan Acquire heurotoxic properties Huring &aging &nd in 1
synucleinopathies &uch &sPD [2]. During fhis firocess, $oluble IByn fnonomers form ali ,
gomers that progressively Accumulate 10 produce large 1ILSyn fibrils that tonstitute the 1
insoluble hggregates]3]. Interestingly, 105yn hggregation 1s hssociatedivith Increased 1

By 1 C5yn phosphorylation &t $er12915ynpl129),vhich has beendentified &sthe predomi ,
Copyright: ©2021ty the authors. i, ant pathogenic inodification df ID5yn present in Lewy bodies inh PD and dther $ynucle ,
censeelMDPI, 1Basel.1Switzerland. 1 INOPathies [4]. The accumulation af inisfolded ITByn, tinder fhe form af fibrils &nd/or &g,
This article s An bpen hccessarticle 1 grégates, tvas $hown wising the fesistancedf ITsyn fo proteinase K dligestion assayih tel,
distributed @nder the terms and ¢on,  lular firotein éxtracts from PD &nd delated disorders patient [5-8]. 1
ditions af the Creative Commons At , There &re tultiple factors that éan firomote @r &nhancethe éggregative firocess.This 1
tribution (CC BY) license (http://crea,  iNcludes familial issenseinutations df ITSyn, $uch &s IBYnAS53T, Which &re Associated1
tivecommons.org/licenses/by/4.0/).1  with &n ihcreased&ggregation firopensity [©]. Abnormal &levated éxpression &f THyn &lso 1

Publisher's Note: MDPI ktays heu ,
tral 1with 1lregard 1to ljurisdictional 1
claims ih published taps and ibstitu ,
tional &ffiliations. 1
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promotes its hggregation. This is bbserved in familial Huplication br friplication of the 1
synuclein &lpha (SNCA) gene,aswell asih & disk tariant ith the thon coding distal &lement 1
of SNCA, which all [ead fio & &onstitutive thcreased IByn éxpression [3,10].1

The &tudy af PD prathogenesisédtrongly telies &n &nimal fnodels, ih Which the appear,
ance bf PD hallmarks tan be followed, allowing the identification tf geneticsfactors feg,
ulating their Tormation &nd brogression. Although hon human brimates Inost Tlosely 1
mimic the human pathology, tnice &re the inost dften Lised aAnimal inodel {11]. The heu,
ronal dverexpression of human IByn Ih nouse heurons tan be associatedtvith ITsyn &g,
gregation and bcomotor impairment &lthough the Ibss tf lopaminergic heurons B tften 1
not bbserved [12]. For &xample, it vas $hown that inisfolded and hyperphosphorylated 1
CByn that &re fesistant fio firoteinase K digestion &re found th fransgenic fnice With notor 1
deterioration [B]. One drawback Wwith ttansgenic house éxpressingthe iuman $NCA gene 1
is fhat fhe &#ndogenous fnouse D, dnd 1 Esynucleins terfere tith human IByn fibril for ,
mation and &ppearancedf lewy hodies/neurites, thus imiting a&full anderstanding &f the 1
aggregative firocessih thesefnice [13]. 1

Another Yaluable inodel df Parkinson is Drosophilainelanogasteibr the fruit fly, 10 1
study @enetic &nd &nvironmental factors thvolved th PD [14-16].The fly & thdeed & fiow |,
erful genetic inodel dbrganism that tarries & tomplex heuronal tircuitry including #lopa,
minergic heurons tlusters fthat &xpresstiopamine &nd gvolutionary tonserved &nzymes, 1
such as the tyrosine hydroxylase {17,18]. Several inodels bf PD Were fleveloped in Dro,
sophilaihcluding awell characterized ihodel th which the tieuronal éverexpression af fu ,
man $SNCA gene @ising the WAS/GAL4 4ystem fnimics PD hallmarks [19]. This inodel Was 1
greatly lised 1o study &nd tharacterize tonserved tellular Inechanisms Associatedwith 1
C5yn pathology th humans, despite the fiact that Drosophiladloes thot &arry &n &éndogenous 1
ortholog &f SNCA gene[12,20,21].The dommon parkinsonian thallmarks @bserved ih flies 1
overexpressing SNCA [hclude the accumulation @f ITByn aggregatesih §itu, [bss af dopa ,
minergic heurons XDA), Iand the Impairment Df Xly locomotion Inegative heotaxism) 1
[17,19,22-24]The in &itu dletection bf IByn Aggregates,and the heurodegeneration tvere 1
best@bserved With WAS ,[5yn ttansgenic thsertion éxpressingafly ¢odon a@ptimized form 1
of IByn dr ihsertions Wising the QF/QUAS ystem that all desult ih & high &xpression evel 1
of Isyn [25,26]. Although iseful, these lhigh expressing IByn lines &xhibiting high level 1
of heurodegeneration, are hot dbptimized 1o $tudy the progressive and pathogenic &ccu,
mulation df IByn tluring &ging. Elies &xpressing BNCA With WAS/GAL4 &t & tnore tnod ,
erate level tvere previously Uised fio fiollow IIByn pathogenic inodifications, Ihcluding fhe 1
detection &f phosphorylated Iynpl129and the accumulation af tisfolded THyn fesistant 1
to fnild digestion by frroteinase K during aging [22,27].However, i thesefnodels the de ,
tection df IByn Aggregatesin &itu vas best bbserved by to expressing &n additional &g,
gregate firone firoteins, $uch asHuntingtin  &r Tau firoteins [28,29]. Collectively, thesefe ,
sults $how that Drosophilatan be lised 1o $tudy 1II5yn pathogenic inodification #&lthough 1
the dletection @f ITByn &ggregatesand ihclusions flemains fuite thallenging during fly &g,
ing. One foal of this $tudy Was thus 1o bptimize the available fabeling inethods df fotal 1
CByn and IBynp1291o follow 1IByn pathogenic inodifications in Drosophiladdult brains 1
during &ging. 1

Environmental §tressesduch asthe éxposure tb fiesticides ibcluding kerbicides, have 1
been associatedtvith PD. Indeed, festicides fargeting he tnitochondria, Icluding PQ, 1,
methyl 4 phenyl 1,2,3,6tetrahydropyridine @VIPTP) and dotenone firovoke BD ih humans 1
and fparkinsonian gymptoms th dnimal dhodels af BD [BO]. Eurthermore, the ferbicide, PQ, 1
has been Widely wsed in agriculture &nd associatedWith PD tontracted by farmers and 1
winegrowers/occupational &xposure [31,32].PQ &xposure &n fecombinant Tsyn tvas &lso 1
shown tb @nhancethe date @f TByn fibril formation th ditro [B3]. Ih the 4ame4&tudy, PQ dral 1
exposure as hssociatedWith 105yn Increased Expression hnd hggregate formation 1In 1
mice. However, it is fot tlear vhether PQ gimply firomotes all @r part @f Tsyn pathogenic 1
modifications, Including Increased 105yn levels hnd phosphorylation, 105yn nisfolding 1
and aggregation, that are dbserved ih PD. 1
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PQ éxposure ik dlso@ommonly Gsedtb dtudy BD ih Drosophilathat do ot dverexpress1
human SNCA gene [20,34-36].In this nodel, fly inortality Wvas lised &s frroxy of PQ fox ,
icity 1o identify the inechanism tegulating the $tresstesponseio PQ {15,37,38].In $ome 1
studies, but hot &ll, PQ acute éxposure tvas &lso dssociatedvith the [bss &f lopaminergic 1
neurons [37,39,40].However, the analysis tf the &ffect df PQ tn IByn pathogenic inodifi
cations tvas hot assessedh fhese $tudies. In the present tudy, tve éstablished the lise df 1
PQ ih & ghronic tnanner fo tnodel PD i flies dverexpressing human ISynih drder fo &n,
alyze fhe PQ jnduced IByn pathogenic fnodifications. To &chieve this goal, dve first lised 1
in §itu detection and iochemical dssaysfireviously @Gised tb follow IByn fiathogenic tnod ,
ifications 15,41-50]{Table 1). Thesebiochemical Assaysinclude the #ietection df Yarious 1
status df Aggregation df IByn in tesponselo freatment With #lenaturating buffers df in ,
creasing &trength and h fhe fesistancefo proteinase K tligestion assayin aging flies. We 1
next lestablished 1a IPQ Ichronic lexposure lprotocol lon Iflies lexpressing 18ynWT lor 1
CBynAS53T, in Which We followed 1ly Yiability &nd 1D5yn pathogenic inodifications. We 1
found that PQ jnduced fly Inortality ivas Enhanced by the Expression bf 15ynWT br 1
5ynA53T. The gxposure 1o PQ Was also dssociatedWith increased fevels df 1otal ITSyn 1
and IBynpl29ih the $ubesophageal@anglion and fhe &ntennal bbes. Einally, tve $howed 1
that RQ frromoted the &ccumulation &f IByn fesistant b thild denaturating huffers tut dot 1
to proteinase K tligestion, $uggesting that PQ father induced fhe dccumulation foxic &ol ,
uble inisfolded forms df IByn, that Yet @lo hot form fibrils &nd Aggregates.Collectively, 1
our tesults lemonstrate that the thronic &xposure df PQ in fly &xpressing human 1ILsyn 1
can be @ised fo &tudy the &ffect &f &nvironmental heurotoxins &n IByn pathology. 1

Table 1. In &itu &nd biochemical assaysfo follow IByn pathogenic fnodifications. 1

1 DByn Pathogenic Progression o 1
DByn Modifica , Physiological 1 Oligomers &nd 1 Fibrils and/or 1 References 1
tions 1 Conformers 1 Misfolded Eorms 1 Aggregates1
Serine129phos , . .
M High 1 [4,39]1

phorylation 1
Resistancefo finild 1

denaturating 1 None — L Ml High 2 [40-43]1

buffer 1
Structural fear ) )
' N — L High

rangements 1 one Ml +igh 2 [4415]1

Resistancefo PK 1 = High 1

digestion 1 None L [46-248]1

2.Results 1

2.1.Developinglmmuno Histologicalllabelingtio Eollow 1Syn Pathologyiiuring Aging th Dro ,
sophilal

The Immunolabeling df 1Syn protein &nd its forming Aggregatesis & tritical Aspectl
of the tharacterization aof PD pathology. IByn dggregateshave been previously feported 1
in heurons df Aged fransgenic Drosophilagxpressing IL5yn 122,26]. However, flepending 1
on the level df the gxpression bf ILByn, the dletection df ID5yn Aggregatesis hot foutinely 1
reported ldue lto lissueslin ltheir 1detection lin Itissues lof 1IDrosophilaltransgenic llines 1
[20,21,25,28,29]To improve fhe fnethod df IByn immunodetection i &itu, tve &xamined 1
[Byn [Abeling i dissected Drosophilalirains 4tained With three @ommonly @ised anti ,C5yn 1
antibodies {Syn 211, MJFR1,and C20R),vhich tecognize different &pitopes in the C ter,
minus &f the firotein. We beled TSyn firotein fhy immunofluorescence ih frains a@f foung 1
(5-10Mays) Band Dld Zlies 160 Hays) Expressing the Wwild type ¥orm bf human 1[B5yn1
( DBynWT) dr fhe AS53T tariant {CBynAS53T) Linder fhe tontrol of the pan heuronal driver 1
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ELAV (Figure 1). The &tainings appeared globally &tronger ih &ntennal bbes, $uboesoph,
ageal ganglions and ih tnushroom hodies, tompared fo fhe fietina and dther heuropils i 1
young flies &And 10 & lesseréxtent In dld flies {Figure 1a-l). To precisely valuate 1IT5yn 1
detection in Young and dld flies, e fuantified the immunofluorescent intensity in the 1
antennal lobes, Which Tan Easily be Helineated, nd 1n heuropils bf the &nterior Yen,
trolateral firotocerebrum dasing the three anti ,[5yn antibodies (Figure 1m,n). We @bserved 1
a Inore intense Immunofluorescent 1IC8yn $taining in Young flies &xpressing ILSynWT br 1
CB5ynA53T tompared With dlder flies df the $ame fenotype Wwith the Byn 211 &ntibody 1
(Figure 1a,d,g,j,m,n). Interestingly, for the MJFR1antibody, the loss bf IByn labeling in 1
Drosophilabrain @luring &ging & lessbvious than Wvith $yn 2111 fhe antennal bbes for 1
C5ynAS53T and I hot bbserved in heuropils df the anterior Yentrolateral protocerebrum 1
neuropils In flies &xpressing TBynWT a@r IBynA53T {Figure 1m,n). In tontrast fo $yn 2111
and MJFR1antibodies, the Iabeling df IBynWT &and I5ynA53T With the C20R &ntibody 1
was $till Yisible in the Antennal Iobes and Was associatedWith & Weak and Liniform in ,
creaseih fhe &ignal of IByn labeling ih fhe tvhole theuropil (Figure 1f,l,m,n). This fnay be 1
due tb the fact that the C20Ra&ntibody deadily detects IBynforming &ggregates,as&hown 1
by fhe tletection df both SDSresistant dligomers in Western blot &nd &pecific ELISA Im ,
munoreactivity @f guch dggregatespiroduced ih titro fhy Protein Misfolding Cyclic Ampli
fication [B1]. Collectively, thesefliesults demonstrate Yariability ih the timmunodetection @f 1
5yn labeling In Drosophilabrain Huring Hkging. This Taises the Ppossibility that 105yn1
epitopes detected by $yn211(111-125mino &cid §equence)and to & [esseréxtent MIJFR11
(118-123mino &cid dequence)tut hot C20R(C terminal @inknown &mino &cid $equence)l
antibodies @ould ke hasked due tb the ¢hange &f TSyn éonformation during dging. To test 1
this fiypothesis, We @sed &n antigenic nmasking firotocol adapted tb immunohistochem ,
istry Wwith the MJFR1antibody fo detect the firesencel Syn (seeMaterial &nd Method gec,
tion). Wsing this firotocol &nd th &ontrast fo fhe immunofluorescent Mhbeling, We detected 1
a trong 1Syn immunoreactivity, &specially In the $ubesophagealtjanglion, the antennal 1
lobes, the tnushroom hodies &nd theuropil @f hoth $oung &nd ald flies with pan neuronal 1
expression bf 1BynWT br 10BynA53T IFigure 1Lo-r). Interestingly, ive hlso bbserved B 1
global Increased Accumulation df 1Syn by immunochemistry In $ubesophageal@janglion 1
and fieuropil @f @ld déompared to foung flies (Figure 1p,r). Both the thcreaseddetection @f 1
.Syn ising the inmasking protocol and fhe Yariability I the immunodetection f I5yn 1
by Immunofluorescence, §uggestfhat 1Syn accumulate In dggregated forms I the brain 1
of aging flies. 1
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Figure 1. Ix5yn tfransgenic flies $how &n Age dependent II5yn gpitope masking. Representative immunofluorescence br 1
immunohistochemistry brain images tf $oung (5 day pold for immunofluorescence dr 10 day pld fior immunohistochem ,
istry) la—c,g-i,0,q) @r dld (60 day old) d—f,j-,p,r) flies éxpressing human BBynWT (a—f,0,p) br >ynAS53T (g-,q,r) linder 1
the ELAV driver. EliesWere daised @n &tandard dorn theal fbod 4upplemented With {east. Eor immunofluorescence ilmages, 1
[Byn tvas &tained findicated i green) tvith diifferent ITByn specific &ntibodies: $yn 211(a,d,g,j), MIJFR1(b,eh,k) dr C20R1
(cf,i,]) &n dissectedfly brains @f $oung &nd ald flies. Images Were fprojected from &onfocal Z stacks&cquired @n tonfocal 1
microscope Gsing MAX ihtensity thethod. llote & firominent 4taining &f the Tsynih the thhushroom hodies (MB), ¢ell hodies 1
of the &ntennal Ibbes (AL) &nd 4uboesophageal@anglions (SOG).Quantifications @&f fluorescencevere determined after 2 ,
projection {using BUM intensity Inethod) bn %elected tegions df interest {antennal Iobes dr in heuropils df the anterior 1
ventrolateral protocerebrum) for flies &xpressing human IynWT {m) br I3ynA53T {n). Data are $hown &s inean Wwith 1
standard tleviation for the fhree #ifferent I5yn specific &ntibodies for Young dr dld flies from iwo independent &xperi,
ments: Byn211(n £ 5 for ZynWT and @ £ 6 for TZynA53T ih &ntennal [bbes 10 £ 5 for SynWT &nd & £ 6 for BYnAS3T Ih 1
neuropil), MIFR1(n £ & for ynWT and f % & for T3ynA53T I antennal bbes 14 £ 7 for ynWT and & £ & for ynA53T 1
in heuropil) And C20R{n £ 7 for I3ynWT and b £ 9 for IBynAS53T in antennal Iobes1h £ ¥ for IBynWT &nd b £81for 1
BynAS53T in heuropil). p yvalues df the group tifferences Were talculated Lising 1 fest {** p £ 0.00261 BynWT, antennal 1
lobes, 8yn211),1* p £ 0.00701 BynWT, antennal lobes, MIJFR1),1*** p £ 0.0001{ B3ynA53T, &ntennal fobes, Byn211),1p £1
0.0138(BynWT, teuropil, $yn211),1** p £ 0.00020 BynWT, theuropil, C20R),1** o £ 0.0009L BynA53T, theuropil, $yn211)1
and * p £ 0.0006{ BynA53T, heuropil, L20R),tespectively). Immunohistochemistry Was performed lising MIJFR14nti ,
body (o—r) With &ntigenic tinmasking firotocol &nd fevealed an &ccumulation af ISyn ih alder flies. Scalebar, 301m. 1

2.2.DevelopingBiochemicalssaysio Eollow 1Syn Pathologyduring Aging th Drosophilal

5bf P11

Previous &tudies have &lso $hown fhat the firocessaf IByn dggregation s dssociated1
with fhe dccumulation df IByn fibrils that &re fesistant fo nild proteolysis by Proteinase 1
K 149]. The accumulation df proteinase K tesistant forms df ILByn Was &lso bbserved in 1
flies tarrying #& dleficiency In the Drosophilahomolog of the §jlucocerebrosidasel {GBA1) 1
gene[R7]. Therefore, We éxamined Whether IByn fiesistancetb firoteinase K digestion tar ,
ied @luring fly &ging. We found &n &ge dependent Ihcreased Accumulation bf proteinase ,
K ITresistant forms lof 1Synlin lboth ltransgenic 1Drosophilalexpressing 15ynWT land 1
BynA53T Wwith the ELAV driver (Figures 2a,band £1). We also bbserved that the §ensi,
tivity 1o proteinase K tligestion Was higher in Drosophilagxpressing IIsynWT tompared 1
to the dne expressing IBYNAS3T, $uggesting that ILSyn protein tarrying inutation A53T 1
may e tnore prone fo Aggregate.The toncentration of proteinase K for tvhich Iyn tvas 1
degraded fanged from 0.5fo 1 BRy/mL &f firoteinase K @and 1o 1.5 Ry/mL &f froteinase K 1
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in goung (1 day pld) and ald flies @0 day pld) éxpressing IBynWT &r T8ynA53T, flespec,
tively (Figure 2a).1
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Figure 2. Age dependent biochemical profile df IByn protein I IByn expressing flies. {a) Protein ,
aseK 1PK) tesistance hssay bf 105yn performed bn protein Extracts from heads df IL5ynWT &nd 1
D5ynAS3T éxpressing flies &nalyzed by Western kot With the &nti ,I5yn MJFR1antibody. The thnes 1
show ihcreasing &éoncentration @f PK (from Qfo 2 1g/mL) for $oung (1 day pld) ar @ld ¢40 day old) 1
flies. tb) The graph &hows the percentage df protein femaining after dligestion Wvith 1.51g/mL PK 1
concentration frelative io the Lindigested $ample) in $oung fbefore 20 day pld) dr dld fat least 40,
day pld) fior TBynWT &and TBynA53T &xpressing flies. Western kot &ignals vere ineasured by dlen ,
sitometry @ising fhe &oftware limage b tersion 5.2.1build 11.Quantifications &howed & ignificant 1
increaseih ITByn PK fesistancethetween goung flies and ald flies for TSynWT (n £4) &nd TB5ynA53T 1
(n £7). Data &re $hown as Ineans * $tandard Heviations. P yalues dbf the roup differences were 1
calculated @ising fLtest ¢* o £ @.0335&nd 1* o £ @.0086 fAespectively). (c) $oluble Tsyn firotein detection 1
after gxtraction With tlenaturating buffers df ihcreasing $trength (LB1 ¥ 1B3). Western blot Assess
ment {with the MIFR1antibody) df I5yn protein in the $oluble fraction of 1B10.5%NP40&nd 1Bs 1
urea/thiourea lysis buffers dn young {1 day pld) dr bld {40 day pld) flies &xpressing ILBynWT br 1
BynA53T. (d) The graph &¢hows the fiercentageaf firotein quantity th LB3 felative o LB1 for foung 1
and dld flies in £7 for BynWT &nd h £ 8 for ISynA53T). Data are $hown &s inean tvith $tandard 1
deviation. P yalues df the group tifferences Were talculated ising 1 1est {** p £ 0.005).Flies were 1
raised @n &tandard &orn fineal food $upplemented With §east.1

We fiext determined the tarious $tagesaf dggregation @f TSynA53T &nd TSynWT hy 1
using éxtraction tuffers @f increasing denaturating 4trength (LB1411B2 £ 1B3). We doticed 1
that while toth TBynA53T and IBynWT Were detected With &imilar tevels ih hoth LB1and 1
LB3 huffers h §oung flies, ITBynA53T hut hiot TBynWT tvas tveakly dletected after éxtrac,
tion Wwith the Weak @lenaturating buffer LB1 in dld flies {Figure 2c,d). The proportion df 1
CBynAS53T guantity dletected tvith LB3 felative fio LB1, fanged from 47%1fo T3%ih §oung 1
and tld flies, fespectively (Figure 2d). The fleduced dletection ih LB1 but higher dletection 1
in 1B3 buffers $uggestsa progression df IBynA53T into the Aggregative processin bdid 1
flies. A fnore detailed &haracterization $howed that T5ynA53T tvas hormally detected af ,
ter protein Extraction Wwith 1 B1 in young {1, 10, 20 day pld) &nd B0 day pld flies but 1
strongly @lecreasedih 40 day pld &nd tvas fotally indetectable ih %0 day pld flies (Figure 1
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S2).A dlifference h TBynAS53T dletection vas hot dbserved tith fhe buffers af higher de ,
naturating 4trength (LB2 &nd LB3) (Figure $2).1

Collectively these tesults show that II5yn Hetection After Extraction in Weakly He,
naturating buffer flecreaseshile tesistancelo proteinase K tligestion progressively in ,
creasedduring fly &ging. This further upports the firoposal @f &n dge dependent &ccumu ,
lation @f tnisfolded &nd &ggregated fiorms &f IByn. Einally, the fiact that TSynA53T &xhib ,
ited & inore pronounced tesistancelo proteinase K tligestion and 1o flenaturation tom,
pared 1o I5ynWT tnay be flue 1o the fact that IL5ynAS53T is Inore Aggregate prone than 1
CBynWT [49] (seedlso dliscussion ih $ection3). 1

To further analyze fhe progressive pathological &lterations tf IB5yn protein I &ging 1
flies, e Examined the presence df phosphorylation bf ILByn &t Serine 129{ 5ynp129),1
which Was fireviously associatedith the dppearanceaf Is5yn dggregatesf,22,42,52]For 1
that, Wve @ised &n &nti ,C5ynp129(EP1536Y)antibody for the detection &f THynp129My in ,
munochemistry in paraffin embedded head $ectionsin Young &and dld flies &xpressing 1
CBynWT ar TBynA53T Wwith the ELAV driver (Figure ). We @bserved that ITSyn ik ¢onsti ,
tutively phosphorylated &t fow levels gspecially in the $uboesophagealgjanglion areain 1
both goung ITBynWT (Figure 3a,a’)and IBynA53T (Figure 3c,c’) &xpressing flies. We also 1
noticed &n ihcreaseaf Tynpl29Mkvels ih thesetwo &onditions i tld dompared fo young 1
flies IFigure Bb,b’,d,d’,e,f). Tollectively, dur hnalysis provides & ket bf tomplementary 1
methods fo gévaluate the evels &f I5yn &nd the pathological fnodifications dluring fly &g,
ing ibcluding IByn/ CBynpl29detection ky immunochemistry ih itu, dswell dsdesistancel
to froteinase K dligestion &nd $olubility by ftmmunoblotting. 1

anti-aSynp129
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aSynwWT

104
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subesophageal ganglion area (%)

Young Old

254

Young
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104
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subesophageal ganglion area (%)
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1

Figure B. Age dependent increase df IBynp129in ITByn expressing llies. Representative immuno

histochemistry paraffin embedded brains $tained With &n &nti ,5ynpl129{EP1536Y)antibody bn 1
young 5 tlay pld) {a,c) dr dld (60 dlay pld) {b,d) flies &xpressing IBynWT {a,b) dr IBynA53T {c,d). 1
Magnification df &reaindicated in {a—d) &re $hown in {a'—d’). Note that Iocalized $taining df the 1
Dsynp129ik dbserved ih the $uboesophagealgjanglion &reaas tvell s &n ihcreased dletectability i 1
older flies. White arrowheads ihdicate IBynpl129tieposits. Scalebar lepresents 30 1m. Quantifica ,

tions g¢how the 4urface &f TSynp129thbeling (EP1536Yantibody) th 4ubesophageal@anglion areafor 1
BynWT (e) &r TBynA53T {f) ih goung (5,dr 10 day old) or dld {50,dr 60 day pld) flies. In the hox 1
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and Whisker plots i (e,f), hoxes&xtend from the first fio the third guartile, the line hside the hoxes1
shows the Inedian hnd 1he Whiskers tepresent the in/max Yalue df Independent Experiments: 1
CBynWT (n %4 for young, & % & for @ld) &r TSynAS53T (n £ 5 for §oung, & % & for ald). fp values @f the 1
group tlifferences Wvere talculated lising Mann—-Whitney fest {** p £ 0.0095for SynWT and * p £1
0.0043for TBYNAS53T). Elies Wvere faised @&n §tandard &orn fneal food $upplemented with §east. 1

2.3.Establishinga ChronicPQ Exposurellodelih Drosophila Expressingduman 13yn 1

PQ #&xposure tvas lised in Drosophilaio tudy PD ]20,34-36,38]However, the acute 1
dose &f PQ tsed ih thesethodels (10 &r 20 M fied to &dult flies, depending @n the gtudies) 1
led 1o tapid foss df fly Liability Within 2-3@lays, Which precluded & fine analysis df the 1
effect df PQ &n ITByn protein. A goal bf this &tudy tvas Instead fo further ¢alidate the Gise 1
of & éhronic &xposure fo PQ &t & bwer dose fio dletermine Whether IByn pathogenic fnod
ifications desemble those tbserved ih PD, $uch &sihcreased éxpression and fphosphoryla ,
tion, Ihcreased flesistancefo firoteinase K dligestion &nd fio denaturating tuffers. 1

To &stablish & inodel fio §tudy fhe progressive pathological inodification &f ITsynin ,
duced by PQ, tve first ineasured the %iability of flies &xpressing LsynWT, IBynA53T, br 1
control GFP linder the ELAV driver lntreated br freated With PQ {Figure ). The flies 1
raised inder & tontrol diet (agaroset 10%&ucrose)tnly (untreated) died &t & gimilar fate 1
but Wvith &n garlier dbnset In TsynWT (17 tlays) tompared fo ISynA53T and tontrol GFP 1
(19 "ays) tonditions {Figure #a). The fact that IL5ynWT, but hot 1I8ynA53T, Exhibits & 1
higher nortality fhan tontrol flies s ot tlear, but tve tannot &xclude &n &ffect due fo the 1
different genetic hsertions af the P[UAS] fransgenes.Using & thronic bbw dose éxposure 1
PQ protocol (0.75nM) dluring the &ntire length of the g&xperiment (PQ freated), &ll frans ,
genic flies §uccumbed to death hefore 23 days &f age (Figure 4a);h all the tonditions, PQ 1
significantly &nhancedthe fnortality fate. To further describe the impact af dral &xposure 1
to PQ, the desults af toxicity Were &nalyzed thy fnonitoring fnedium [ifespan &nd the &lope 1
steepnessiin &urvival turves. While fhe inedian lifespan &ignificantly @liminished @ flies 1
exposedio PQ for all fransgenic lines, the fieduction tbserved IBynA53T flies (49.73%)r 1
BynWT 1lies 143.36%)vere Significantly ¥horter than that for GFP {38%) {Figure #b).1
Moreover, fhe linear fegression hetween I5% &urvival and 15% $urvival flies for gach#x,
perimental tondition $howed & &teeperlope for TBynA53T flies &xposed fo PQ 1°19.54),1
reflecting that flies die at higher date ih this @ondition @dompared with the athers ¢onditions 1
(Figure 4c). We have thus gstablished & thronic &xposure paradigm fo PQ, in Which the 1
PQ toxicity ik &ynergistically &nhancedfy the éxpression &f TBynWT @r T5ynA53T. Ih this 1
paradigm, the [ethal ime 30 (LT50), &t Which 30%@af the flies 4&uccumb from PQ tteatment, 1
is between 15 and 19 dlays, tvhich &llows &ufficient fime fo Accumulate pathogenic inodi ,
fications @n the IByn farotein. Therefore, LT50 Will ke the &electedtime foint for the &nal ,
ysis af the éffect &f PQ &n IByn frotein frathogenic tnodifications. 1



IEI. 1.Mol. $¢i.2021, 22, 116131 9bf P11

a
100 -
o
2 GFP
75 B s aSynWT
—_ = wSynAS3T
=\c 3
T 50 ol = GFP
E o | --a-- aSynWT
5 F| e aSynA53T
5]
25 o
B A S o
o : = =
0 30 40
b c
w
- . o
5~ .. B s
oF " S5 207 =3
g 8 T % 5 £
o T =2
o = s e
=] 28 ]
£7 2 —
T & 304 S = i_ ]
,g c w © -104
s =) g =} El
3 s
o i
528 1o 8%
O @ o @
0 B o D
@
8= 85
g ol T : n= ol . T : . T
a ? Al 3 ? Al a1 ° AS 1
OFF gyt Lo &Y oy ey o oy e
Untreated +PQ

1

Figure 4. Chronic &xposure 1o PQ induces & $ynergic foxicity With IIByn dn fransgenic Drosophilal
(a) Burvival turves bf Drosophilainales faised in tontrol inedium fagarose* 10% sucroseftliet), &x,
pressing GFP flight @ireen), BynWT (light blue), 3ynA53T (light ded) &r faised ih &ontrol medium 1
supplemented With PQ 10.75IM), Expressing GFP Idarker Jreen), I3ynWT Idarker blue), nd 1
BynAS53T {darker ted). Btandard &rrors &re tepresented for Bachsurvival turve hstashed light 1
lines, b £5 Independent g&xperiments for & fotal df 68611lies. {b) Decreasedf ily $urvival after PQ1
exposure. $tatistical gignificance @f differences (Mann-Whitney U test) tompared with GFP group, 1
*x fh £ 0.0002and 1* p £ 0.0087despectively, b + 8. {c) Slope $teepnessibf survival turves talculated 1
between 75%and 15%. $tatistical &nalysis Was frerformed @sing Dunnett’'s test for fnultiple ¢ompar ,
isons fio &évaluate ihtergroup differences, *** p £ 0.0001,h £ 5. In the hox &nd Wvhisker flots i (b,c), 1
boxeséxtend from the first fo the third duartile, the line ihside the hoxes&hows the fnedian &nd the 1
whiskers fepresent the inin/max talue &f lhhdependent &xperiments. 1

2.4.ChronicExposurdb PQ Leadsio Pathogeniddodifications@f 1 SynucleinProteinih Dro
sophilal

We and athers fhave fireviously &hown that PQ &xposure ihcreasesthe [evels &f TSyn 1
in human dopaminergic deurons &nd th $H SY5Yhuman teuroblastoma dell lines [53,54].1
We thus first &xamined i the &xposure fio PQ affected the 1Syn level tising inmunofluo ,
rescencelnd tonfocal Hetection With the &nti ,[Byn L20R Antibody 1In flies Expressing 1
BynWT (Figure 8a,b)a@r T5ynA53T (Figure 3d,e).We dbserved 4 gignificant &ccumulation 1
of 1Synin PQ &xposed flies tompared 1o lintreated flies {Quantification in Figure bc,f).1
We hext &xamined the gffect df PQ freatment bn the tatus df Aggregation bf IBynA53T 1
and 108ynWT Droteins by Ivestern blots by Lising Extraction buffers bf Increasing He,
naturating &trength (LB1£1B3).1
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1

Figure 8. Chronic éxposure tb PQ ¢ausesIByn dccumulation ih ITByn éxpressingflies. Representativetnmunofluorescence 1
images bf dlissected brains &tained tvith &n anti ,5yn {C20R) &ntibody &f TBynWT &nd IBynA53T éxpressing flies faised 1
in tontrol {a,d) dr PQ $upplemented tnedium {(b,e) &nd &nalyzed &t LT50. Images Wvere projected from tonfocal Z stacks1
acquired dbn tonfocal inicroscope. Scalebar, B0 1 m. Quantifications $howed & $ignificant increasein 1Byn tletection be,
tween flies &xposed fo PQ &nd lintreated flies for TBSynWT {n % 6) {c) and ILB5ynA53T {n £ 9) {f). Data are $hown asinean 1
with &tandard #leviation. P yalues df the giroup dlifferences Were talculated Wising 11est £** p £ 0.0003and ** p £ 0.0059,1
respectively). 1

As bbserved dn fthe immunoblots, Wve first hoticed &n increase bf ILByn levels bf &x,
pressionib flies tteated Wwith PQ éompared tb Gntreated flies detected after éxtraction with 1
LB1,1B2, &r LB3 for hoth TBynWT &and IBynAS53T (Figure fia, & &nd Supplemental Eigure 1
3). This Is in Agreement With the increased tletection bf IByn bbserved by immunofluo
rescencehfter PQ ireatment IFigure 5). Btrikingly, the fraction bf 105yn I BynWT &And 1
BynA53T) detected With the fhost dtringent tuffer [LB3 dtrongly ihcreasedtelative tb LB1, 1
which presumably driginates from the global increase bf ILByn levels And Hlecreasedile ,
tection in LB1 buffer (Figure 6b,d). This Indicates fhat PQ promotes the dccumulation df 1
soluble &nd fnisfolded TByn. 1
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1

Figure &. Ely ¢hronic éxposure tb PQ affects 4oluble IByn detection ih denaturating tuffers. Western 1
blot antibody MJFR1)&nalysis dn fly head &xtracts from tontrol funtreated) br PQ &xposed (+PQ) 1
flies &xpressing IBynWT {a,b) br IBynA53T {c,d) tealized &t L T50. Heads {n £ 100) vere homoge ,
nized Wising & lysis buffer 1 (L B10.5%NP40) dr & thaotropic lysis buffer B {LB3 Uirea/thiourea). The 1
optical #lensity df #ach%ample Was ineasured &and hormalized uising & 1 tubulin tun dn the $amel
gel. The graphs are tomposites df $ix independent &xperiments {n £ B for IL5ynWT and h £Bfor 1
D5ynA53T). The data, $hown astnean with &tandard deviation i (b,d), fepresent the ihcreaseaf the 1
signal duantify with LB3 @irea/thiourea &éompared fo 1LB10.5%MNP40 for & $ame éxperimental &ondi ,
tion. P yalues f the group differences tvere galculated tising fLiest ¢** p £ 0.0045for TSynWT and 11
p £0.0203for TBynA53T). 1

Given the ihcreased tnisfolding &f IByn h desponsefo PQ freatment, tve fiext évalu ,
ated the fdesistance&f TByn tb firoteinase K digestion. n ¢ontrast to dging flies (Figure 2a),1
we did ot dbserve &ny Ihcreasedf IByn fesistancefo firoteinase K dligestion h desponsel
to PQ freatment in flies &xpressing IBynWT br IL5ynAS53T {Figure Ya—d). This suggestsl
that PQ freatment aintains br promotes 1IL8yn In & $tate $till $ensitive 10 proteinase K 1
digestion. 1
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Figure Z. Ely thronic &xposure 1o PQ promotes IByn proteinase K sensitive forms. Heads {n £100)from IBynWT {a,b) 1
and IBynA53T éxpressing flies {c,d) &t LT50 tvere dligested With proteinase K {PK) {25 1C, B0 inin) &t Increasing toncen,
trations &nd &nalyzed ty Western tlot dvith &n &nti ,5yn (MJFR1)antibody. Cropped itmages urrounded ky dashed lines 1
from the @orresponding @ondition @el With & bnger éxposition &re §hown lelow éachgel. Densitometric &nalyses(b,d) are 1
indicative df 10 independent g&xperiments torresponding 10: lintreated IL5ynWT {n £ 4), PQ I5ynWT {n £ 2), iintreated 1
BynA53T In £ 6), and PQ ILBynA53T (n £ ¥). Red &tars $how the inodifications df the PK tligestion profile bbserved in 1
CBynWT ffour pointed $tars) br IBynAS3T {five pointed $tars) gxpressing flies. p yvalues df the group differences were 1
calculated @ising fLtest ¢* b £ 0.0470).1

Interestingly, dsing imited firoteolysis fy firoteinase K [65,56], IBynA53T Was fetter 1
detected than in the Absencedf proteinase K &nzyme in both lintreated and PQ treated 1
flies. This tvas dbserved as & pic of detection df IByn for gxtracts freated tvith 0.51R)/mL 1
proteinase K {Figure Zc,d). This Was interpreted by the fact that proteinase K lnakes a1
more aggregated IBynA53T fraction accessible vhich I fhus essaccessiblefo immuno
detection {'release &ffect”). Einally, the feleaseg&ffect tvas hotably tveaker i the frresencel
of PQ, $uggesting that IByn  essaggregated ih PQ treated tompared fo Uintreated flies. 1

Finally, fo gomplete fhe analysis tn the &ffect &f PQ &n IByn pathological tatus, ve 1
evaluated the Iotal And phospho synuclein fevels { Bynp129)in paraffin ection df flies 1
expressing IBynWT a@r IBynA53T (ising the &hronic &xposure firotocol af PQ &t LT50.As 1
in 60 day pld flies (Figure 1), tve btbserved & global ihcrease bf Isyn evel dletected lising 1
the &nti ,[5yn antibody MJIFR1(Figure &8a,b,e,f).The levels &f $erl29phosphorylated Tsyn 1
were Weak And broadly *emained Linchanged for 1I05ynWT Ahfter PQ Exposure {Figure 1
8c,d,i). In tontrast, e @bserved & tigh immunoreactivity af IBynpl129with EP1536Yan,
tibody) fior TBynA53T expressing flies Which Was énhancedih the firesenceaf PQ (Figure 1
8g,h,j). This accumulation df ISynpl29tvas particularly pronounced ih the $uboesopha,
geal ganglion fegion (Figure &h). Thus, PQ freatment thduces &ignificant accumulation af 1

Bynp1291n Tlies Expressing 108ynA53T but hot 18ynWT. Lollectively, these Xesults 1
demonstrate that PQ freatment promotes pathogenic inodifications df IIByn in flies &x,
pressing TBynWT a&nd IBynA53T. This ihcludes &n ihcreased4oluble and thisfolded Thyn, 1
which ik fiot &ssociatedwith &n ihcreased fesistancetb firoteinase K for hoth TSynWT and 1
BynA53T, astvell dsan ihcreased IBynpl29detection for TSynA53T. 1
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Figure 8.Chronic g&xposure 1o Paraquat induces the Accumulation df IBynp129.1n brains df IBynA53T expressing flies. 1
Immunohistochemistry Was fierformed (@sing &nti ,05yn (MJFR1)(a,b,e,f) @r &nti ,I5ynp129(EP1536Y)(c,d,g,h) &ntibodies 1
on paraffin embedded brain $ectionsdf IIBYynWT fa—d) br IBynA53T f{e-h) &xpressing flies lintreated br #xposed io PQ 1
(+PQ) &t LT50. Magnification of areaihdicated In {a—d) are $hown I {a'-d’). Magnification bf arealhdicated In {e-h) are 1
shown ih (e'-h’). White &rrowheads ihdicate Tsyn &r TBynp129deposits. The 4calelhar & 20 1 m. Quantifications how the 1
surface df ITBynpl129(EP1536Y)labeling in $ubesophagealgjanglion &reafor IBynWT (i) dr IBynA53T §) in tontrol un ,
treated) dr PQ g&xposed (+PQ)flies. In the box and Whisker plots In { ,j), boxes&xtend from fhe first 1o the third fuartile, 1
the line ihside the fhoxesghows the fnedian &nd the Whiskers fiepresent the hin/max talue @f 10ihdependent éxperiments: 1
CBynWT (n £4 for Gintreated, & £ % for PQ) &r TBynA53T (n % 8 for lintreated, & £ 10 for PQ). fo values af the group differ ,
encestvere galculated ising the Miann-Whitney test ¢*** o £ 2.0002).1

3. Discussion 1

In this deport, tve dtudied the &ffect af PQ &n IByn pathogenic tnodifications dising & 1
chronic inodel df PQ &xposure in Drosophilagxpressing human SNCA @iene In heurons. 1
We first found fhat & inild @lose df PQ (0.75M) &xhibited & inoderate fly foxicity (LT50 1
between 15 &nd 19 @lays) tompared 10 Acute freatment {10 br 20 InM tlepending dn the 1
studies), ih Which fnost af the flies die Within 2-3days [37,57]. Eurthermore, PQ dynergis ,
tically #nhanced foxicity In IBynWT &and II5ynA53T Drosophila tompared fo fhe tontrol 1
flies. Thus, the thronic &xposure df PQ provides &n appropriate inodel fo &tudy & $yner,
gistic foxic &ffect between PQ &nd IBynih flies. 1

To $tudy 1he &ffect df PQ dn I05yn expressing flies, We Lised & tange df in &itu And 1
biochemical inethods fo @letect &nd &valuate the Dpprogressive tonversion tf Syn foward 1
aggregated forms (Table 1). We first dbserved that PQ thduced the &ccumulation df hoth 1

SynWT and IL5ynAS53T proteins, Which Was hAssociatedWith &n increased Hletection df 1
misfolded &oluble IByn dising 4trong denaturating huffer. This desult s ih Agreementwith 1
previous &tudies $howing that PQ ihcreasedthe [evel &f TBynih fice [83], ih human feu ,

roblastoma $H SY5Y #r in inelanoma EK MEL 2 tell ines [53]. interestingly, PQ dlid hot 1
increase firoteinase K resistant TSynWT &r IBynA53T, duggesting that 4oluble misfolded 1
CSyn dccumulate but tot fully aggregatedfiorms i this paradigm. Particularly, e ¢ould 1
not dletect the accumulation of IByn aggregatesin &itu In Drosophilais dbserved In ice 1
expressing human SNCA and éxposedio PQ [68]. In that tudy, We Would like fo @mpha ,

size, however, fhat fhe Ihcreaseih proteinase K resistant IByn hduced by PQ have heenl
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reported In inice bver expressing IL5yn &fter bne tnonth df PQ freatment. Therefore, the 1
lack df tletection df ID5yn forms that &re fesistant fo proteinase K in flies #xposed io PQ, 1
may Yery Wvell be tlue fo &n garly $tep In IT5yn dggregation fhat tvas hot bbserved in the 1
mice tnodel. In upport of dur dlata, & $tudy Gsing & proximity ligation assaytnethod, fe ,
ported the tletection 1L5yn bligomers that temain $ensitive 10 proteinase K tligestion in 1
human post mortem brain $ections {59]. It Was $uggested that bligomers dccumulation, 1
that &re dlifferent from both physiological and highly aggregated IB5yn, fepresent & Yery 1
early @vent &f TByn fpathology [59]. Indeed, high evels &f TByn $oluble tligomeric forms, 1
rather than the insoluble fibrillar forms, have been proposed 1o be the inost pathogenic 1
speciesin PD [60,61]. Especially, $oluble II5yn bligomers tan dlisrupt thembranes [62,63]1
and tausetell dleath hoth b ¢itro [64,65]&nd th &nimal fnodels [66,67]. Thus, tve firopose 1
that PQ Ihduces fhe foxic accumulation @f ITByn, Ihcreasesits hsolubility but do hot pro ,
mote its aggregation foward highly dggregated forms th Drosophila 1

PQ &xposure tvas &lso associatedtvith & pronounced accumulation of IBynpl129tie ,
tected Ih the $ubesophageal@janglion fegion &f the adult Drosophilabrain i flies &xpress,
ing ITBynA53T. A §pecific ihcrease&f TBynA53T fthosphorylation ithduced by PQ hastieenl
previously bbserved in fransgenic inice, &t least in the fut &nd after bral &xposure [68]. 1
However, tve tannot éxclude fhat the $pecific Ihcreasedf ITBynA53T phosphorylation i,
duced iy PQ ik ih frart due tb the genetic hackground @f the Drosophilattansgenic line, ie., 1
the to expression bf CG7900,4 lipid #roplet binding protein §69]. Further investigation 1
will he fequired fio determine the &ontribution &f CG7900tb the pathogenic inodifications 1
of I8ynih PQ treated flies. 1

Another Mteresting &spectfaised ih dur $tudy & vhether PQ thduces &imilar ar dif ,
ferent pathogenic inodifications df I5yn than the bnes bbserved in aging flies {Table 2). 1
We first found that TByn @indergoes thajor hodifications th dged éompared tb foung flies, 1
including: (1) the inasking &f ITByn &pitopes detected by immunofluorescence h &itu &nd 1
by & Weakly #lenaturating buffer in immunoblots, 12) &n increased tletection df IByn by 1
immunochemistry Iith &n Linmasking Jrotocol br highly Henaturating buffer by Im ,
munoblot, (3) &n ihcreased desistanceto firoteinase K digestion and (4) & tnodest ihcrease 1
of ILsyn phosphorylation. Our tesults show that 10Byn Modifications &re fuantitatively 1
and qualitatively different dluring aging dompared to & thronic &xposure o PQ. The finain 1
differences éare that aging but ot PQ &xposure firomotes IByn fesistanceto proteinase K 1
digestion, the inasking of 1IT8yn Epitopes And & teduced Hetection in inild Henaturating 1
buffer. Eurthermore, fhoth PQ éxposure &nd fly aging fesults ih the accumulation @f Isyn, 1
but In freater &xtent with PQ &xposure. Finally, the increased phosphorylation df Isyn 1
observed during dging ihvolves tioth TSynWT and ITBynA53T Was tery hodest @éompared 1
to fhe $pecific iIncreasein phosphorylation of IBynA53T In fesponsefo PQ. Collectively, 1
these Inethods $upport that 1L8yn is tonverted 10 inore Aggregated forms #Huring Aging 1
than tipon PQ &xposure. The fact that PQ promotes phosphorylated 1I5yn forms that #lo 1
not &xhibit proteinase K fesistancefnay torrespond fo tnore foxic forms, particularly b,
served With IBYynAS53T, Which tould &xplain the higher foxicity df PQ in the IB5ynA53T 1
line. 1 1

Collectively aur fesults firovide évidence that Drosophilafirovide & aseful fire clinical 1
PD fnodel tb 4tudy the fiathogenic fnodifications &f ITByn during &ging ar Gnder &xposure 1
to PQ a@r ather &nvironmental theurotoxins. 1

1
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Table 2. Comparison &f I8yn pathogenic firogression ihduced during hormal &ging @r by PQ éxpo,
sure. Isyn pathogenic inodifications in dged 140, tb 60 day pld) dr $oung PQ &xposed flies (LT50 1
between 15, 4nd 19 day pld) in flies &xpressing human 1II5yn { BSynWT br ID5ynAS53T) iinder the 1
ELAV driver. 1

Modifications (Dsyn) 1 Aging Jnduced 1 PQ Jnduced 1
Accumulation 1 vesi vesl
(BYynWT, I8ynA53T) 1 ( DBynWT, IBynA53T) 1
Yes1 Undetected a@r Yes1
ine 129 phosphorylation 1
Serine 129phosphorylation (DSynWT, TBynA53T) 1 ( DBynWT) LISynA53T) 1
Resistancefo fnild denaturating 1 Undetected a@r Yes 1 Yesl
buffer 1 1 BynWT) (BynA53T) 1 (BynWT, IBynA53T) 1
. . Yesl Undetected 1
Masking af TByn @pitopes 1 o\ TBynA53T)1  (DSynWT, TSynA53T) 1
Yesl Undetected 1

Resistanceb BK digestion 1 o v 18ynAS3T)1  (DBynWT, TSynAS3T) 1

4. Materials &nd Methods 1
4.1.Drosophila$tocksaind Harvestingl

The Xollowing Xtocks Wwere Iobtained from BDSC:UAS , SynWT {BL8146),UAS ,
[BynA53T{BL8148),and the fran heuronal ELAV Gal4driver (BL8760).The WAS GFPwas 1
provided by Claude Desplan boratory. Eemalesfrom the ELAV Gal4 line vere g&rossedl1
to tnales from the UWAS , BynWT, UAS , [BynA53T @r UAS GFP. Elies from g@achgenotype 1
were §eparatedaccording tb ¢exwithin 24-48h faost éclosion. Eor &urvival assays{Figures 1
1,2,and 3), flies Were daised &n 4tandard torn fneal fiood dupplemented With feast, nain ,
tained at 25 1C, 60—65%humidity &nd & 12 light/12 h @lark tycle b & glimate controlled 1
incubator. Male flies Wvere Gised h the present tudy fio &void gender dariance. Elies vere 1
transferred fo hew tials (~40flies fer tial) &very three dlays. Elies vere &nesthetized tvith 1
CO: tjas, fransferred fo fubes, then frozen &t 180 1C uintil future Lise br tleposited dn dry 1
ice b §eparatetheadsfrom the hodies. 1

4.2.PQ Ireatmentl

Adult fnale flies, 48—-96h after &closion, Were fed @n 10%4ucrosednd Q.8%éagarose(3 1
mL) With dr Without PQ 10.75InM). Ely Yiability assaysivere tonducted &t 25 1C. Eresh1
medium {10% $ucrose and 0.8% agarose)Was poured into Vials #8h before lise Aand PQ 1
(+PQ) &r tvater Quntreated) Were added (1001k) 24 b hefore &dding the flies. 1

Groups bf 25 age matched flies tvere flipped fo fresh tials tontaining PQ &very 2-31
days. Fly Vials Were tored horizontally 1o avoid frapping flies in &any liquids that inay 1
accumulate in the bottom df the Yial. The humber df tlead flies Was tounted &very tay. 1
Fly flipping fo fresh tials tontaining PQ dr tontrol fnedium tontinued wintil &ll flies died 1
or intil the fethal fime 0 (LT %0) for &nalysis. Kaplan Meier fespan turves tvere gener,
ated @ising GraphPad Prism €.6.07 (GraphPad $oftware, $anDiego, CA, USA). 1

4.3.Immunostainingénd Confocalimaging 1

Flies were §edated @n ite, decapitated fefore firoceeding to firain dissection ih adrop 1
of HL3 inedium {70] supplemented With D Glucose {120InM). Whole mount #lissected 1
brains Were fixed in paraformaldehyde {PFA) %% &and incubated in PBS$upplemented 1
with 0.5%Triton X 1004nd 5 ing/mL bovine $erum &lbumin {BSA). Primary &ntibodies 1
including: fabbit anti ,3yn {C20R, tef ¢ 7011 R, SantaCruz Biotechnology, $antaCruz, 1
CA, WSA) (1:400),touse &nti Tsyn ,(Byn211,def §c 12767 ,$antaCruz Biotechnology, Cal ,
ifornia, WSA) (1:400),and dabbit anti ,5yn (MJFR1,def 4b138501 Abcam, Cambridge, WUK) 1
(1:400)vere diluted ih the blocking 4olution @vernight &t 4 1C. The §amplesvere Washed 1
3 times Wwith PBST &nd incubated bvernight At 4 2C Wwith anti mouse Alexa Fluor 6471
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(1:400,A31571,Invitrogen, Thermo Fisher Bcientific Inc., Waltham, MA, USA) br anti ,
rabbit Alexa Eluor 488(1:400,A11008, hvitrogen, Thermo Eisher $cientific hc., Waltham, 1
MA, WUSA) tr &nti mouse Alexa Eluor 4881:400,A32723,Invitrogen, Thermo Eisher $ci,
entific Inc., Waltham, WA, WSA) secondary antibodies diluted th hlocking &olution. $am,
ples Wvere Wvashed three Iimes Jand then Inounted in Mectashield Inounting Inedium 1
(AbCys) &n & firidge 4lide b firevent fissue flattening. $amplesivere dtored &t 220 1C aintil 1
confocal tnicroscopy. 1

4.4, EpitopelUnmaskinglhty Inmunohistochemistrit

Flies tvere @lecapitated @n dry ite then heads tvere fixed th PFA 4% for 24 th and fdou ,
tinely firocessedih faraffin t firoduce histological 4ections@@ 1m) for immunohistochem ,
istry &taining. The histological 4ectionswere deparaffinized &nd thydrated. To &nhancethe 1
immunoreactivity a@f 1Syn firotein (epitope tnmasking), $ectionswere foiled ih @.1fnol/L 1
citrate buffer {pH B, 8) lref £9999,8igma Aldrich, $t.Louis, MO, USA) for % inin i & fni ,
crowave @ven. The @ndogenous fieroxidase activity Was thlocked by & & min inmersion ih 1
a B% hydrogen peroxide %olution {ref 23615.261YWR, Radnor, Wayne, PA, USA). The 1
non specific hinding Was blocked fy hcubating the $ectionsih & $olution &f Blocking Re,
agent (ref 11096176001%igma Aldrich, $t.Louis, MO, WSA) for 30 din. $Subsequently, the 1
sections Were Incubated Dbvernight t ¥ 2C With Primary Jntibodies Tabbit Anti ,[5yn 1
(MJFR1,1ef Ab138501Abcam, Lambridge, UK) 11:500)br tabbit anti ,[5ynpl1291clone 1
EP1536Y tef Ab51253,Abcam, Lambridge, UK) 11:300).The histological kections vere 1
blocked & $econd time by incubating the $ectionsin 1he Bolution Blocking Reagent{ref 1
11096176001%igma Aldrich, $t.Louis, MO, WSA) for 20 hin. The HRP Jabeled anti yabbit 1
Ig Becondary Antibody 11:200)1ref #01005; CliniSciences, Nanterre, France) vas lised. 1
HRP énzymatic fieaction Was fievealed Gising the immPACT™ DAB 4ubstrate (ref $K 4105,1
CliniSciences,Nanterre, Francg $Sectionstvere fhen tounterstained tvith dqueous hema,
toxylin. The $tained %ections Were bbserved Linder & light icroscope BX51 {Olympus, 1
Tokyo, Japan)toupled fo INFINITY 3 6UR tamera{Lumenera, Dttawa, IL, Canada). Au ,
tomated Immunolabeling Tounting ivas performed ith 1he Fiji Boftware. Automated 1
counting Lisesh threshold Algorithm 1o dHistinguish And tount taining from the back,
ground &nd determined the $urface tovered With &tained. 1

4.5.Proteinasé Resistancéssayl

Fly ieads @ %100)Were homogenized @n ite with & Dounce korosilicate glassdrinder 1
(0.1inL) In & buffer tontaining (50MM Tris—HCI, pH 8.5,5M EDTA, NP401%,DTT 11
mM) and ihcubated 1k at 259C. After dentrifugation at13.000dpm for 1 fnin, 4upernatants 1
were tollected &nd ihcubated 30 finin &t 25 1C tvith Ihdicated Amounts of proteinase K (0, 1
0.5,1,1.5,and 2 1g/mL). Laemmli huffer dvas then added fo the $ample, hefore freezing. 1

4.6.Extraction &f $olublel Syn tvith Weak(LB1), Medium (LB2) &nd $trong Denaturating 1
(LB3) Buffersl

Fly heads (n £ 100)Were firepared ih lysis huffers &f ihcreasing denaturating &trength 1
on fce With & Dounce borosilicate flass grinder {0.1inL): 1B1 (50 M Tris—HCI, pH 8.5,1
56M EDTA, NP40 0.5%,1% phosphatase &and protease Inhibitor tocktails), LB2 (50M 1
Tris—HCI, pH 8.5,5M EDTA, NP40 1%, DTT 1 inM, 1% phosphatase &and proteasein ,
hibitor tocktails) @r LB3 (50&M Tris—HCI, pH 8.5,56M EDTA, NP40 0.5%,DTT %0 M, 1
7M Urea, 2M fthiourea, 1% phosphatase and protease Inhibitor tocktails). After tentrifu ,
gation At 13.000ipm for B Inin, Supernatants Wwere tollected. Laemmli buffer Was then 1
added fo the $ample, lhefore freezing. 1

4.7.WesternBlot Analysis 1

Proteins tvere $eparated by $odium #@lodecyl &ulfate &ulfate polyacrylamide gel &lec,
trophoresis (SDS—-PAGE:$tain Free el 4-15%.fef 8678084 Bio Rad, Hercules, California, 1
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US) and fransferred fio polyvinylidene fluoride fnembranes. Membranes tvere fhen Incu ,
bated with TBS&ontaining 4% PFA &nd 0,01%dlutaraldehyde for 30 fnin &t floom temper ,
ature before blocking Wwith 3% BSA ith TBSé&ontaining 0.1%Tween 20.The following anti ,
bodies Were lused: ¥abbit Janti , Syn X\MJFR1,Tef lab138501JAbcam, XLCambridge, UK) 1
(1:2000)And &nti , ftubulin Iref E7 ¢, Developmental Hybridoma Bank, lowa Tity, 1A, 1
USA) (1:2000).After tvashing the nembranes tvith TBStontaining Tween 20, & horserad ,
ish peroxidase tonjugated @oat &nti mouse (ref 32460;ThermoFisher $cientific, Waltham, 1
MA, WSA) (1:1000)dr anti rabbit (ref 32430;ThermoFisher $cientific, Waltham, MA, USA) 1
(1:1000)1g kecondary Antibodies Was hpplied. The Immunocomplexes Were Yisualized 1
with themiluminescent feagents {Supersignal WestDura, fef 34076,ThermoFisher Scien,
tific, Waltham, MA, USA), followed by &xposure tn Biomax MR Kodak films, dr CL Ex,
posure films, &nd by &nalysis lising the Yersa Doc system And Quantity One $oftware 1
(both from BioRad, Hercules, CA, USA). 1

4.8.Confocalimaging &nd mageProcessing/Analysi&

Images af tvhole mount brains Were acquired Wising & Zeiss LSM800 &onfocal fnicro
scope at the LYMIC PLATIM Imaging and Microscopy Core Facility df BFRBiosciencesl
(UMS3444,ENS de Lyon, Erance).The thsersfor 1 Syn detection Were detp &n 4SynA53T 1
expressing flies thronically &xposedio PQ &t the beginning df this $tudy and kept n ,
changed for the guantification &f hoth &ging &and &xposure éxperiments. 1

For 1Syn dignal quantification, & frojection af all &f the Z sectionsfbr the desired areal
(whole train, &ntennal tbbes ar deuropils &f the anterior tentrolateral firotocerebrum) was 1
made 1o $um the bixels Intensity. For antennal lobes &nd heuropils bf the anterior Len,
trolateral protocerebrum, tve lised the $ame Z thickness o fienerate the $tack projection. 1
The fevels df fluorescence Were tletermined bn $electedtegion df interest With Fiji. The 1
fluorescence threshold tvas tletermined dn & tegion that &k dutside df the abelled fissue. 1
Intensity levels are éxpressedper ainit area.l

4.9. StatisticalAnalysis 1

Analyses bf all lata fvere tonducted Wising GraphPad Prism €.6.07 {GraphPad $oft,
ware, BanDiego, CA, USA), lising two tailed Student s 1 fest Assuming gqual Lariances, 1
using the Wilcoxon—Mann—Whitney two sample Tank sum Zest Jor lusing la lone way 1
ANOVA followed by fhe Dunnett's post test. Details of fhe analysesére dlescribed in fhe 1
figure fegends. 1

Supplementary 1Materials: 1The 1following lare lavailable 1online 1at 1www.mdpi.com/1422 ,
0067/222/11/1613/s11
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