E#s N—F2YURERDINAH S5O

ELICAMEATT &, MIBG Oy v F25% b 7%
KTHBPLLIFEWTTL, BEgLMLREEH
BORRPONR—F Y VIHEV)BENENTT.

BREE FAEHHFIE, MSA-P @ —F 0y UixL
DERHLT AL WEBVWTT. BRIREXHOK
b ENL D I—BI L T VAW T8,
L2AL1ECOWT B E, RIS MSA-P O
RELZETDHr—2A¥H Y 3. HHEEEIEZ, v
PATTh.

R 1#£&25TiE3%RLT, ZL2I2EHT
[L-dopa DEIE Db r o bBWni]Ewn)HIS
B3Ho7L ) TITN, 4~5 FELTVWTSHERCS
Wil o T, [P RES L LR TWnEhd L
Nen]ERby, SSICEMIE-T, MSA &L
THENLZEBZRZELTEBEIAL, Yk
Wi L7,

BREB {2, L-dopa BT LIX LS
BRI ? HRFLCDHIBTCH) T8

Al CHDEESLEVWITL, HERETIR
KEEH 2EHEDL, 43 900mg T THRLT L
IEvbhET. 600mg THLLEVEERA
», 900mg TS HEDBH Y T, 72Fhas,
EIZMSA-P THEHAVHLDOMIH LAz
TTH, ThEZHICEIETTIEboarlnS
EZAIZHEboTL BEBRVET.

7oL ZIEMSA-P THo-Th, EXHOMEMH
i, FOHVIEIEN—F 0 UmE LTiHET
LT, BEESAZESTIHISOFAY v b
bawntBnEg,

BE Z2hiz®) Tt

ERZHOFRAY

REE EBZHE V) DRFETILTHILNE
B DTTH, ‘&Iz PET (positron emission
tomography) %, MIBG #%% 1 ¥ §. #iAkEk4ix, 5
AT7T=0D—DELTARA=I VT - A¥F4
ZROLNTVETA, ZOAYDIZOVTVHAHRT

Lt

SR IFBHULCEBRIATVEIET
T, N—F UV URFTIEMIBG LY > F 75
T4 =BT LL - HRE H/M ) %L 0k
HETLET. —HTMSA % PSP, MiniREsE
TR —F 0V VIEBBCRERIRE CIRIZE ALY
BFLERA. LEPoTH—F Uy VEBED
ERZHNICH/M ARy EZONET. Lh
LIDII) R ERLEZL OMRIIREBE
TEDHERBOERETHY, LrdbiiLAro
iw L DAEHFIL autopsy proven Tid 7z 728, 443k
TZHB4DERNZ MIBG LY V575
T4 —DRRIZTTENT 50MErHB LR
Wi,

BRTIEO T, N—FL VU EREELE
THEED H/M s EWEEE, S—F2 vy
WWEBW L TRLBIZL VA, Lewy MEEIE R D
WREHIZ Vv, REOEBII 2V, T-8E
DN 2588 L £ 3 A0 o R E 2 v e,
ZEDRICEBZLILENH Y 7.

72 s SPECT &, S—F >y VIEBRERO
FERICEHEZEZ TET. KRERIIBIIAE
b, REEL/NROmBERHEOEILIERL,
BRRFT R E D L 2 HEEE AT 2 EDE
BTY. REEEEREENETIE, KEEED
EAENFEYTTL, PSP TRLLEFALY
DTYA, MBELHEENNEICBIT 5 ERBHE
TLEYS. MSA IER T L ICBEERFRRAZEE T
MBZWII LT L VO TTH, BEER/ ML
RTORBREIIEBLT .

—J P8I VR PET METY A, BATIEE
DOTRONARERT LI TORTE L ¥
TXH D TEAD, N—F Y UHTIIEEERI
BIFLEENRIVRTVVF T ADOELIEBIY T
. BRoOKS, FIMITOERTE, ZoZieic
B L7z Dy B4R upregulation D BLASEE®H
bhEd. —H MSA T, Didmike & ik
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2BE HNREDRHD/I—F VY IIRDE

TE25HMEHD, N—F VUL MSA T
PET 5% &, 24 hHABICERN TR BEbh
7.

Pl, RN—=F%ry VERBRORERY, 50
BRENTH- T, ZOL) LBEFHRELM
AEbEstEHEE I YmMETEEZZLN
F9.

IRE ZWoOHHBMFERE LT, MIBG B MT
BHE T 20 EMRTH LA, HIREMAAED
LI ETEMIZENTHAE Vo TINE AW
7.

—%, #HTIk, MOBBROMEYVHY, X
NIFIRETEZVEVIERLDYET. L
L, ZWo2Y vy bE2EZ 2L &2, AMRISE
BEPS250EMME, HTHRIVEETIEL
WEEZTEIWDOTLLYID?

BERK FO5TTh FOLIREREH-TO
Z & TL & 9, transcranial sonography 12 & % &
BB AHBEOEAICOEEIEEF > T E
. EZOBREFARIIBOTERTLINED
2T, T TEA. FoM, BERERLPHL
HoeaAEE (DWD O MRI 2 &b, 5%/ —F Y
VIROENZHICBVWTEELRMEBEEZLED LD
LhIHA.

WTFhLEEEDLLRVOT, LHERRE, o,
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i 88 f5 # K

FLALRBELVWEZZTIVERVIT.
RE ZHVolb P ERIILoTL BT
Ty A

#BEA ZorbLnIEA.

=% VIRDER

RER RICIEEIZOVTTTA, ZhiZidws
WAERMH Y T, L-dopa P HRMBLTH L
LWIEBRLLLAADDETL, FRIVER
FRIBERLIVEVIERDD ) 7. M HELE,
TEREWLZTE .

WH EBELBEBTAILEDBEIADEEE
ISR EYRH L ERBVET. R, HERY
N=F VI VIREVIZADPHOND Xk
720T, FFICE, I bTHICEIERRE)
T, BBLTCALEBVEHREIHL LV RE
DBEZADS, [IGFTHRELTEILL
RlEwniIs5nn, EEHEPLEDELT, BEHF
FEEICDILVEESATITBONET. T2 H,
EEEEEE SRR ED I S B LR LV D
A5, FTEELELEVET.

F7:, FOANDLELENLZWELXUPEN
CHWhEDOPLEELRREAL VI EEBVWEY. H
ETHHDOR—ATEEE2THEIVEELA
L UBEINBELVEREIALTRE, B8O
FLEREINBLNWHBRLYET. $/, TE
LR HIBEDOLANICHEL 2V ELRE
TARNAEHLEVIEELDHN .

EROBNBEIATHE, FRIUrE2HKk
FIEE(7TT=A M) PORBTALV)IDARLN
BIRZLBVWEYT. LA L, ¥Y— )V (Yahr) TEL R
LHBATTA, Yahr MIFWEA TWiLTH, B
XNENLEDICHEL BOIEREUFE L2V
&idL-dopa 2o TH v By, BRI
MbaztbdbITL, N—FrVUHEWV)
Sk XVT, dIIERIEEFLLVERVIAA



HHEEXERK

TW5b &) BHER, BCLL LR, 20
BONENEDb->TETLEVET.

BRER {EEERER, WP TL LI .

i SOBFRFEFIHRIEZDELS. R
X, $FTHA PS4 VIZBED IZHE, BT
SITEZTCLESTWAEAPKRED 1T
Y. RBMEVWRBELATHNZ, SLE8XH
5L TH-TWTD, 23 F/83 A KHHE
PHOILHTVET. [WolhE{LTEF
LEdJEwIRLETLTWESY. — /T, &fES
TVHEEIAR, HELVI)BOEELDH,
bLNERAN, BROLENPZWTT. BRRE
DEHFIATTE, KBHBWERTD L-dopa
PHIILDTVET. SO ERTHREVIEBEZA
BENELLWDOTTE, COEBTHNIL, wear-
ing-off 2 ESUZH I L-dopa S BEEL 7.
HMERE, SERELERTHAICHFTL
FoTnIET,

7272, D dose IZBIL Ti, AXAD needs
PRFIIZLTVET. Yahr I TERISEL T,
AADBBIER 5D ZTHSL EWHEEITIE, ke
IVEEEHIEMEZEE L C max dose ¥ TR
TZIELHY FT. L-dopa T RIEEIZ 600 mg,
900mg EWEL TV E, BEZAD needs 128>
IREEXROTVEET. ZOHETIE, BERIZ
FRILEHBEEVPLLRVOTIE BN
7.

—AT, Yahr IHNTDH, S—F 2V VHD
BEIARDY EERZEVELEPEZNHDOTT
L, HWIICEERATZ B EWV) FITIZ, Yahr
ITHoTHHEELLZVWEELDD .

HE ©S—F Y ROBEHEIAFEIIONT
bE{MBLTIONTY. LichTE BT
BERIRVWEVI DN, FORESADEEE
ZThHELIE, ThiZFhTIVoOry L
¥AD, [L-dopa HEHZWVIE V) DE EZHTH

BE#Hs NK—F VY URBROINHISO

W, ThiC&NVBEFTF-TLEW, BRIZEDL
HMCHLHEE LR VHELERVTT.

ZDOHEIE, L-dopa IV H L 2B S T
RLTEZVWBIDTIIZVEWSI &%, 3B A
EIEATWZ LD, RUDOEHEELT, HDH WV
34 LR % 2007 TAT ) B RE D iR E LT,
PROVEELZOTREZVWAEBRVET.

BRER SiARZA4ix, WHhAHABTL L .

AR PR, MBEHICIBESADEREEY
ERICHEBET A LiIcEELHVE Y. T2, B
E#3TIEZENTVT, $TIHFI—FY
VIRESMEENRTWAZ L BV ETOT, %
DEIZDREDT T,

ZOEMIE, BHREOHIENOEEIEE
BLTET. LEZITKBSAD, F55052
DL TnB LR ICEEL &L TLIVE
. ZHVIHIHEITE, BENICEZEALTY
EF9. —F, BELZFREICrMHERIRZVOT
hed, FORBRRISTOBZSAR, B
PICHAH T ADL b +5#F I hTws Hicik
HBEBETLILEODY T, LEBIEIE,
CORBBBLVITAEEIAERARDIVIFE T
wnk ) TFht.---- .

FEDOMENHETE, 74 K54 v 2BELC
L o4 DEFATHEL TS, BERIC
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BE RNREDRLSD/IS—F2Y VIKLE

RS UERBERREE» SR T AT — A0S
WOTTA, Thh SMEREERL D OHES
BIFHELTEITE, BHEISADIEIINAONVAENA
BREENHTLLEBVET.

IRE FEoFWHIZEHL T, MED I Z
Lihd, BOROBEIADADL, H50i
QOL DEREIZL T, UK, £XLIRETHA
) ERDBBEET.

AYAE- N0 SR N ARV e N b e Sl
SEMALEYT. BERONN—F UV VRESELZ
ARENHLDOLTOBETY. BEMO de
novo DIEBIZZHIENEVDT, £H Vol
AT S UEREKIIBE,LSIZ LD, Zhd
LESIIREFIZET o TWD EWIERICE, L-
dopa # 150 mg %, 300 mg TiHEHEL 9. — iKY
1212 300 mg ASZWVTTH, Fhiffio TAT,
TEXALLTBRELZEDLLEVIIIZT S, HhHnid
ADL 28 < $57:012, L-dopa HEI T L b
H0ET. LHL, RETIEEMIIFSI VR
BERNEE) F) 2 EDEVOPHIRTT.

BRI, HEEEDB-L25X912, B
DEOBEEAD, BLTEI VLRV %
HIELTWAREW) T EIZEBLEVERVE
T. HARSA VIR T TR, BEIAD
QOL 3ZE L CTHEHEEZREL TLWOTHE
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1 #e - K

TuhrtBunEg.,
BREENSBELOD o7z K733 /M
BEOMBITEVIZETLI) =20, £
AREFEMRRD2BIIFTTOLNL DT TTH,
BELLROTA N4 i, ZoEARLEFEE
ARIZBVTH, BEEEMPETL 52T EHRFD
AhrhEBunId. EBICI—0 v NTiE, %9
WHNBM DAL FIA4 VBUETES TV E
. MHEEE, FORYIZONWTBEBEZIZIITSN
E I

HH AED P I ZERREEZEZT
WD AT, EARICE HHALBHERS DR Y
MBI RY, B toREDORSHNPTET,
HELLWI ERHD T LA FEEARI, HE
FIRA LR TWEWIERYEH ) £ 3. &L, X
AR THBEICR > TV A LEORBEOREEIE L
Td, EBICFEME2 Lo ThiE ok, 20
DAREIZZoTLE) EVIEMIZELOTEIN
PHERBVWIETH, RECHERLOHE SV
L, RIS 2T, SLDOFREEH) I
BEICELTIE, BZLOEEARTHEICLD
F LA, BBATR, EARLEZARTHE
REZZVWEEIRLTWET, LAL, WhY3
[sleep attack], 2% ) ZROIR Y AAEEIZOWV
TiE, IR Y IFEZEARDIIIHEEVIHE]
HxdboTwid. BRZHINCTHIE, EXAR
DT HFNRTVEWVWIEIRIEZD Y 7.
EEARIEBPREICKAINZEL D
D, BRTOHFRBFEIEINELIZEZFECIZZoTY
9. EEARIE, OARTVIEDDD, DV
BEAMZTLIV, JEFSHTLEIZLDDY
FF. FURTVREE, Fhi ) iCHR0HHE
TTh o, EhHANTEEROHAL WS T L
2, BB L HEDLERITREVITAVWEE ST
WET,

RS {ERESEE, WAHAATL L) H.



SAEE K

el SECTOERIEARDIIINE o720
T, ZARTKATVLBEIASEHKIZS
THh, TTHo, YNEXTEEARICELS
F—AB¥ETHET.

RE BHmiciE, EHnHr—2Tth.

B Zwoit, b ATTRh. LEBREET
BEIARADPHLERI ML L 2 BB L2
ERBVOTEN, BECHLBEESARENE
% \»T7 . pramipexole DA IZRFAH ) LR
TYDH, RIFEZARMEUR TV E VI EL
BboTwiT, BLb, EARDITI 25
o TW/ADTTA, L ATHLBEZXAILH
LT, EXARICEZTVET.

FEEARTOLL AEDN TT, 2535
ETRBIZELRY, Uol DT BE50TRES
ENBHEDBET. RROBIEHEZ 7Y 7T
W, FEXARRIFECRLT VDT, 25 0v)EK
T, SBIIE—-BIRICZ-TW Lo Lng
HA.

BRER ZAKREEIZTVD2ATL &9 2.

K FPRIVERAGRRBEOZLAL LR
REH#EIT S > TV EHA DS, pramipexole 2E S &
EEVRALL o720, IDERIEET LES
SADVET. Hamilton D) DA — L L X &
SR LT, UEELS LS DL D TF. per-
golide 2DV T, BEREEIIHEN DL LI %
S[ABLET. Shi3N—Foy Ui,
MSA THERLERZREBR LT L. Zhdp
LRI, RARDPOHFEAZNDAAL v F 7
(switching) i%, ZEARMICIZLTBY A, 127
L dropped head, 2 F D HF A Y SEREEA EL 7>
LOYYVEZ 2T o REROKEEIIH Y 7.

T2, S vy —F VTR LIFShTn
% LS BEAE R MM O RIE T 7%, REFIIR
BAEHYFeA. LELINIEIIEHALED
LBFEFHY F LA, M3 VEZEARIBED

B#ES NK—FvYVEBROINISO

WMEREB Zwhohd LhEtA. 4%,
ZIVOHEFROMBICHEEZH - T
FHEVPELTCELREELTVET.

FEPLR--THRBETERRDD - 72
pramipexole T A%, R Y IRAIHELE LT
TTDT, A7 EBRT LI %EN—
Db BEVET, BURATHEREICELER
b5, BEELTERW, tWol2Z TIXEY 9
L, ZREUERICLI2REERLLEOFZLBX T
TEHLo B LoTEET. TH ol B
S AIZIE, ropinirole *WHEL BB LI LD
T, b0l EIXEAIDEVI LI, wrn
AEITHEBRL T LIIRBERVET. bh
BHOFEE U TUIERIHIS U 7@ 8 % o
HYVAIHLTORRTEDDLILPEEFLE
WEg.

BEEOHLWHRN—F VY UREORER

RE ZhZho F/83 v SAEEREED 2
Vo MEHoT, TREENL TS Z L ATKE
2259 LBwvwEd. —FT, valvulopathy D F4E
H003% CHOVWEEWIF—F bbb ETD
T, ERZ &72:7 X9 Z.O0BABERIZEA L
WiFh &S, BEELTIL—F2< 50k o
TLBE, REVF-TVLAIEEELILS LE
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BE HNREDRHDI—FVYURED

PFHTEET. £HVIHIEKRTIE, LTI-DK
HEFEHRICTHEN) T LA, LALEARE
FoTVBEEHIZIIKEESLH LEVET.

RS U2 RAREEE IR T, &
DB, zonisamide E W) FLWEDOZ L ¥
RKEFFpEEINFI L. Ca, NaEDAF U F ¥
FVRD, N—F T VIHOEEELLTH LY
F—4y M bDhREBRVWET.

zonisamide b, M TADPAEELEWIZ LT, C
DEDOLOHF LA A—-TEbhbhiZbzb L
T MzbiF T8, FAH%GHE, zonisamide DB
ROLEEDBFER, AUy b, FAYY MIOW
THRHEL T2 ETH? BEIDDH, A
EBRAfH oI ol blt )T R
Bo L2\ E 74 droxidopa TIHERDANTZH I
N4 LTCBKB o2y EdbdET. £
DBWYIZONT L, [AHhary b LTWELETR
FEBwE9.

WE 72F2F R —F Y UROBBIANT
APADREZRI SNT, ZOBIIIZ, Thi
7-% 723 TF A%, zonisamide 2R IREREH D
BEWIFEEFNTWDT, ZORZFEAD,
PN—F UV UREE, HITA»AEOWM %
To AT RITEVIT VD26, [1HiF
BREEROD 22D LNZVWEDIE) Foundy
Z?lEVHICHVDOEZTRATWZLEWZO
T, ZHLELLS, RONKRBERIZBLES
IFENR—F Y VERD I BT LA

FNE TR, REKOFHFF-ERY)DITH LI
LT LIZENRTi T TW72DIZ, —ATHM
Lizh, BABIZOANRS LG/ HD
TY. [FAGZENDEONR]IEBS/2DTT
A5, 7L, BOROKED IWTTL, £0
BLZFOREIFRLE L.

FRNTHLIWZHELTAT LA2L, $TICEA
MAERME 7NV —THRTALAELLTO
zonisamide DWEDH T, BEETI NI U &g
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RFIEEFMELTCELS. RIEHE, v b
WG L2 A, BPISRERD PRI Y ER
FECHEMLELL. FAT, [2hEVWITEHLD
L EBo7zDTT.

b L-dopa DMHFBREZH > TW/DT
4%, L-dopa IXFEF I L VETTHS, BMABITH
b5 T, RBBAE N DARETT . zonisamide
i, BRABITHFIEFICL LT, FREFRVET
F. [L2dFoks, §I7{vnleiwn? ]
EDOBVIARNRAY—FTL.

FRYAREVEWV G Z LA o TWzDT,
BF 5 wearing-off DBE I AL ORRV DM,
DRFTWVEEZ, BRATW WS EFhA
L, #hExd LICBBFI LD bR, KEBEE
FTWwolobiFTT.

FR3 U RMPT L) I EidENTT. 7,
hEEEDE ) 7 I BLEEE (MAO-B) HEMH
MBHHOLHENTYT. Lrd, 0O MAO-B H¥EF
R EVH DO, RABEORMNIBET, BEET
i 50% BHED LNV TTAS, KEFTO ICs A3
FIZEL, KETIXEBLALERALERA. 0F
D, KHTH MAO-B HEIC X 2EIEHHIEFEIC
Bicd WETHLEWVW)Z LIZRED FT.

5l EIREAEEA VDN X 9 T zonisamide
X, T¥4 7 CaFx 2 NVERET, >, NaF v
ANVOERETT. ThoDF v R NMIIHT 54E
e —% vy VRTER & ORI, BERR
BTY.

FRHLSBHALPICL T RIThITWIT 2
WOTTH, SREFERELLE X, WP
b FRAE W& FE Lz 2OHI— A, rest-
less leg SEBEREICH T BB OVWTHATLE

XS 7EAVE Lz, FO%HE, restless leg

SEREE 2 PED TADAJEBIC zonisamide 25
L7:L2h, TAPARETIBEAADI L, rest-
less leg FEIR b BIEFITHZI2EWVWH T ETY.

FR3 VRIBEHED 5D TRHVTHAL HEW



T4, EARPRERENLIFEBVWE L.

BRER restless leg FEMRBE L /X —F 2V VKIS
BEERRDHLDLITTTOT, FhidBHLAN
T3 1.

XA 1E, zonisamide BBEWIZZ -2
N T3,

B EBRIC, I FUVURICHLT
REV B THRWDOTH->TRVEHA. FH
TE, TOVWLIZARYDBE X AL, L-dopa ®
MEIED - -DTT .

HH IRBHoBEISATY. FRIvE
FHRNBELHREND->T, 0 EHVDOEE
T, ol H&EWbELoTnDTY. #
M 771X zonisamide % 5-DBEERIZ, X7 T= & b
DBERIZBML TV 220w TWBDTTA, Fh
IV X TT (&),

£ 10 FORMBT, L-dopa DRI R AL
ZoTHERTRIV: L v biT Tt .

FH 22.3TIEHLVANALELfHST,
2BIESVPLVEBREIATEVE, RRELT
b, AT L2BFEDLro7TTh, YoErk
ATHIRIES ) LS BEIAIL, 2 ED
PhOPOLWEERATATLEEVEIZVWE R
WTTDE, WANLLREZ/->TWT, b5
Lok AL LEWEWS FAIZERATW
R&FL7 5~ ANOBEXAR, KO%ZH
W, [HE, BRE! JLwoTBEEnT LI
ZFDLHW, Zo& DX holkDTT.

£ TLHTALAETT»S, BEHEL
TRRZEHVETTLLY ?

HE £5T3h, dh2Ed. 7275, HTA
PABELTHES & L7225 300mg SV
TH, N—F UV UHTI 25~100mg HWT
PR IO TT,

5 1HOEBTTD. LIS VETHE
BHbHDTT .

MH =%y RTHEEPICLEL LB

B NK—FVYUBREODINHLHSO

TLEIBEIAPVET IR, £HI0HIAT,
AAN100mg TH% Y XVDT, dokfkihi
WEBoL2oT200mg il 5E, TATAR
Ab%L, BBIERHELLZLWI Y —231) o
ZHAbYF L.

BEE ROBHEIARZ, oI IBAFHLT,
100mg Z>7D% 50mg I2L T, LA 7Dk
MPAEL Zoleh b BoTunE§. &AREAIL,
VA TT .

] AIIERABRBELZVWOTT, boHEE
ETSINLBEIAPERIC 50T A.

HE zxz. BRIGETFZIFICLE LS.

BEK EXFAoTwaEbIITctiih #3515
L, MEMLEMTTA, zonisamide ZNDH DD
BRLDP, HECIHEEEME, 2% L-dopa
M Ao729 2 T zonisamide D ELZDOH 7% &,
WAHAWBLEZLNBLE)DTTH, whHFT
L&,

FHE L-dopa R, F/33 U ZAMAHEE CihE
LTWT, 5 %1 wearing-off DHLBEX A
D on RMAPEFTHWEDT, HEMERHLEWS S
LiZnzahb L ERAD, zonisamide D
YERM AL V72 EBVnET,

HMHA zxz, MAO-B HEEAXHBDT, 3
HAHA L-dopa BFRITORIRYH 2 DIZFEETT
D, BEBROLEIZ, 12F7:% 50% DBRESAHD
selegiline #ML 5 EhTwE L7-. MAO-B fHE
YEF S zonisamide & ¥ selegiline M3 ) ST
425, selegiline #8KA TW5B 7 IV — FIIBED
bV tBoTWlEDOTY., 2 A% #MiZ
selegiline 7'V —"T7DII ) PP RN I VW HNWT,
BEAEERLEVEWIRRTLE., TTH»S
YER#ERF D4R MAO-B FHEERH TId WA
ILEZ T L

R 9 LI EMBMICEY EFAIRE I W
VT —ATTh. HIBREEFTLLBET, L-
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BHE ABREDRLOD/IS—F2Y ViRDE

dopa 289 T2 ENTE Y, LHL ADL b
FHEFSLZVEWVIBHAEIC 50~100 mg 219
LEn, L) LIZRBTL LD

HE %9 T34 wearing-off DHSHEBEI A
i, BRVFECOLPHRTVTT. wWHnLEL
BEEFoTHIER-oTLESLDIIHLTY,
RSB NERWET,

L-dopa D—FEDRFNLL BB E T & T, I
TV ARBIBIC 2520 TTA, FIVOER
5 — ¥ T$A%, zonisamide /M Z 5 & L-dopa ?
HBENZFOFTIRHRT A0 bIlhoTVET.
Sy ki, PLHALED L-dopa & BEAT
% LT, L-dopa DXV AKFEZE S, 2% D,
wearing-off 1272 DI KT HZLAFHFINE
T, EREBMOHGORAL TWEBEIADN
WH LT, FOBRBIANEFFLIOorbL
NTEEAD, i) IVRREZRTTVET.

BRE8 L-dopa @ FFHe ¥ # (continuous stimu-
lation) £V Z & T¥ 4.

{8 zonisamide # 7z SAMI L, VAF A
VTR BROTER?

HEA 7 3AfIEHBERVET.

g (72K BAEIIEVITVHRETY
A, MELR-TWBEEIRBEIATTE, ¥V
AFFTTHRUOEL R wearing-off VA
ZVWEBIDTTA, ZHIVIFIIEH &, VR
FRAUVTHOEL BENVHZERHDITHA
e

HHE L-dopa ZHENCKATWEIRBEIAT
9 &, zonisamide BEFHIZ & ) L-dopa DR FE R
AEL RT3, ZRTHEMIC L-dopa DED
BRHEDT, LLAVAFATYTIREY . BR
DF—=FTiE, VAFAITREIZTVWIRAT
L7z, %X, [NeurologyiTHi L7z & &2, YA¥
AVTRE) ZoTWDh L) ERD, ik
W—FLho7-DT, bI—ERTELEBLL
DTTH, WMz TWELATL.
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IhhSOBRRICHTISHD

BREB zonisamide MFEZX L TWwW/z 72 & F L&
A, EEEEE, o0 —F Y VIRIEERE
KHIFTA5D, L) TETVRHRTTH.

il HIBTLAORTLELHYET. 2
FTRN—F Y VIHOERIE, HHERTIINE
WECTELVWTT R, TT2OoMERERRZ
¥, R=% VUV URERETHERNTESHEE
Wt .

FI3%oTLBE, BAL)ICRBZHMHE
KABICR->TE T REBHZz LTI ShefER
BBV ETLIEVZAEN B ELWTTRAE
HnH I EBRLTArLWELTY, #TZIED
HIENTELEREVPONITERL LTI A,
THHER, FTLTERLPLRLEVITRILT
Wiy
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Fbsl is an F-box protein present abundantly in the nervous
system. Similar to the ubiquitously expressed Fbs2, Fbs1 recog-
nizes N-glycans at the innermost position as a signal for
unfolded glycoproteins, probably in the endoplasmic reticulum-
associated degradation pathway. Here, we show that the in vivo
majority of Fbsl is present as Fbs1-Skp1 heterodimers or Fbsl
monomers but not SCF™! complex. The inefficient SCF com-
plex formation of Fbsl and the restricted presence of SCFFs!
bound on the endoplasmic reticulum membrane were due to the
short linker sequence between the F-box domain and the sugar-
binding domain. In vitro, Fbs1 prevented the aggregation of the
glycoprotein through the N-terminal unique sequence of Fbs1.
Our results suggest that Fbsl assists clearance of aberrant gly-
coproteins in neuronal cells by suppressing aggregates forma-
tion, independent of ubiquitin ligase activity, and thus functions
as a unique chaperone for those proteins.

The SCF (Skp1/Cull/E-box protein) complex, the largest
known class of sophisticated E3? ubiquitin ligases, consists of
common components, Skpl, Cull, and Roc1/Rbx1, as well as
variable components known as F-box proteins that bind the
substrates (1, 2). In this complex, the scaffold protein Cull (alias
cullinl) interacts at the N terminus with the adaptor subunit
Skpl and at the C terminus with the RING-finger protein Roc1/
Rbx1 that recruits a specific ubiquitin-activating enzyme (E2)
for ubiquitylation. F-box proteins, interacting with Skpl
through the ~40 amino acid F-box motif, play an indispensable
role in the selection of target proteins for degradation because
each distinct F-box protein usually binds a protein substrate(s)
with a degree of selectivity for ubiquitylation through C-termi-
nal protein-protein interaction domains (3). The human
genome contains 69 genes for F-box proteins and a large num-
ber of F-box proteins function in the specific ubiquitylation of a
wide range of substrates. The F-box proteins are divided into
three classes according to the type of substrate-binding
domains. The two classes of binding domains are WD40
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repeats and leucine-rich repeats, which are named Fbw (or
FBXW) and Fbl (or FBXL) families, respectively (4). The third
class of F-box proteins is the Fbx (or FBXO) family that does not
contain any of these domains.

It has been reported that a subfamily under the Fbx family
consists of at least five homologous F-box proteins containing a
conserved FBA motif (5, 6). Among them, Fbs1/Fbx2/NFB42/
Fbgl and Fbs2/Fbx6b/Fbg2 can bind to proteins with high
mannose oligosaccharides modification that occurs in the
endoplasmic reticulum (ER) (7). Experiments using a fully
reconstituted system showed that both Fbs1 and Fbs2 can form
SCE-type ubiquitin ligase complexes specific for N-linked gly-
coproteins (7, 8). Overexpression of the Fbsl or Fbs2 domi-
nant-negative form or decrease of endogenous Fbs2 by small
interfering RNA resulted in inhibition of degradation of endo-
plasmic reticulum-associated degradation (ERAD) substrates,
suggesting the involvement of SCF™' and SCF®? in the
ERAD pathway. Interestingly, x-ray crystallographic and NMR
studies of the substrate-binding domain of Fbs1 have revealed that
Fbsl interacts with the innermost chitobiose in N-glycans of gly-
coproteins by a small hydrophobic pocket located at the top of the
B-sandwich, indicating that both Fbs1 and Fbs2 efficiently recog-
nize the inner chitobiose structure in Man,_oGIcNAc, glycans (9).
Indeed, the introduction of point mutation into the residues
in the pocket impaired the binding activity toward its glyco-
protein substrates. In general, the internal chitobiose struc-
ture of N-glycans in many native glycoproteins is not acces-
sible by macromolecules. Fbs] interacted with denatured
glycoproteins more efficiently than native proteins, indicat-
ing that the innermost position of N-glycans becomes
exposed upon protein denaturation and used as a signal of
unfolded glycoproteins to be recognized by Fbs1 (10).

Of the Fbs family proteins, whereas Fbs2 is distributed ubig-
uitously in a variety of cells and tissues, Fbs1 is expressed onlyin
neurons (7). In considering the involvement of these F-box pro-
teins in the ERAD pathway in general, the restricted expression
of Fbsl in neurons remains a mystery. In this study, we found
that the major population of Fbsl protein did not form the
SCF™s! complex in cells although Fbsl is known to act as a
compartment of SCF-type ubiquitin ligase (8). Moreover, the
results showed that the sequence of the intervening segment
between the F-box domain and the substrate-binding domain
of the Fbs1 hampered the assembly of the SCF™*! complex in
the cytosol without affecting the association with Skpl. The
Skp1-Fbsl heterodimers as well as SCFF™! complex effectively
prevented the aggregation of the glycoprotein in vitro, and this
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activity was dependent on the presence of the N-terminal
domain and the substrate-binding domain of Fbsl. Our data
thus imply that Skpl and Fbsl may function in both SCF and
non-SCF complexes.

EXPERIMENTAL PROCEDURES

Affinity Purification and Immunoprecipitation of Brain
Lysate—The preparation of lysates from mouse brains and
purification of Fbsl by using a ribonuclease B (RNaseB) column
were performed as described previously (10). For immunopre-
cipitation, we used polyclonal antibody to Fbsl as described
previously (11). For immunoblotting, we used rabbit polyclonal
antibodies against Fbsl, Cull (Zymed Laboratories Inc., San
Francisco, CA) and Skpl (Santa Cruz Biotechnology, Santa
Cruz, CA), and horseradish peroxidase-conjugated goat anti-
rabbit 1gG (Jackson ImmunoResearch Laboratories, West
Grove, PA) for Fbsl and Skp1 blots or horseradish peroxidase-
conjugated goat anti-rabbit 1gG light chain (Jackson Immu-
noResearch Laboratories) for Cull blots. Lectin blotting was
performed by using horseradish peroxidase-conjugated ConA
(Seikagaku-kogyo, Japan) as described previously (11).

Glycerol Gradient Analysis—The fraction eluated with 0.1 m
chitobiose from the RNaseB resin was prepared from 0.5 ml of
lysates (14 mg/ml) from mouse brains. The eluate was dialyzed
against TBS. The resultant fraction and a 1-mg lysate of brains
were used for glycerol gradient analysis. Samples and molecular
weight markers (Amersham Biosciences) were fractionated by
4-17% (v/v) linear glycerol density gradient centrifugation (22
h, 100,000 X g) as described previously (12).

Cell Culture and Immunological Analysis—PC12 cells were
grown in RPMI medium 1640 (Invitrogen) supplemented with
10% horse serum and 5% fetal bovine serum. For neuronal dif-
ferentiation, PC12 cells were treated with 10-20 ng/ml nerve
growth factor (Invitrogen) on collagen-coated plates. 293T and
Hela cells were grown in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% fetal bovine serum and were
transfected as described previously (8). FLAG-tagged Fbsl
mutant vectors consisting of Fbsl and Fbs2 fragments were
generated by PCR, and those sequences were verified. Whole
cell lysates were prepared with 20 mm Tris-HCI {(pH 7.5), 150
mM NaCl (TBS) containing 0.5% Nonidet P-40. The superna-
tant and precipitate fractions were prepared by ultracentrifuga-
tion of the supernatant that was prepared by centrifugation of
freezing-and-thawing cell lysates in TBS at 8,000 X g for 20 min
and at 100,000 X g for 60 min. The precipitate fraction was
solubilized with Triton X-100. Each immunoprecipitation
analysis was performed for whole cell lysates or subcellular
fraction of cells by using the same amount of proteins. Mono-
clonal antibodies to calnexin and rhodopsin were purchased
from BD Transduction Laboratories and Affinity Bioreagents
(Golden, CO), respectively. Antibodies to FLAG, HA, and
fetuin have been described previously (8).

Pulse-chase Analysis—The expression plasmid for P23H rho-
dopsin was kindly provided by M. E. Cheetham (University Col-
lege London). Pulse-chase experiments were performed as
described previously (7). Briefly, 293T cells were transfected
with 1 g of P23H rhodopsin expression plasmid and 1 pg of
FLAG-tagged Fbsl derivatives or pcDNA3-FLAG plasmid.
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Twenty-four hours after transfection, the cells were starved for
30 min and labeled for 1 h with 150 uCi of Pro-Mix L-3%S in vitro
cell labeling mix (Amersham Biosciences) per milliliter. After
washing, the cells were chased with complete Dulbecco’s mod-
ified Eagle’s medium supplemented with fetal bovine serum in
the presence or in the absence of 50 pug/ml MG132 (Peptide
Institute, Tokyo, Japan) for the indicated time intervals. After
the harvested cells were lysed by TBS containing 0.1% SDS and
1% Nonidet P-40, immunoprecipitation was performed with
anti-rhodopsin and FLAG antibodies.

Preparation of Recombinant Proteins and in Vitro Ubiquity-
lation Assay—The His-tagged Fbsl AF, Fbsl AP baculovirus
were produced by Bac-to-Bac baculovirus expression system
(Invitrogen). The SCF™™!, Skpl1-Fbsl dimers, Fbsl Fbsl AF,
Fbs1 AP, Skp1-AP dimers, and Fbs1 AN were obtained by bacu-
lovirus-infected HighFive cells as described previously (10).
These proteins were purified by affinity chromatography using
RNaseB-immobilized beads as a ligand and chitobiose as an
eluent, and the eluates were dialyzed to 1,000 volumes of TBS
three times. In vitro ubiquitylation assays were performed as
described previously (10).

Aggregation Assay—Jack bean a-mannosidase (Sigma) was
desalted using a NAP-25 gel filtration column (Amersham Bio-
sciences) equilibrated in 10 mm Tris-HCl (pH 8.0). The desalted
protein was lyophilized and redissolved at 21.7 uM in 0.1 M
Tris-HCI (pH 8.0) and 6 M GdnHCl as described previously (13}.
After denaturation for 60 min at room temperature, samples
were diluted to 0.3 um in 1 ml of TBS containing various con-
centrations of bovine serum albumin or recombinant Fbsl
derivatives. Protein aggregation was monitored at 25 °C over a
period of 60 min by measuring absorbance at 360 nm.

RESULTS

Mudltiple States of Fbs1 in Brain—Fbs1 has been found in the
fraction eluted with di-N-acetyl-D-glucosamine (thereafter
referred to as chitobiose) from GlcNAc-terminated fetuin of
lysates prepared from mouse brain (8). Fbs1 and Skpl proteins
were detected in the eluted fraction with Coomassie Brilliant
Blue staining, but we could not detect the apparent band of
Cull. However, the formation of the SCFF®*! complex was con-
firmed not only by reciprocal immunoprecipitation experi-
ments in 293T cells but also by reconstitution of baculovirally
expressed recombinant SCFF**! proteins. To address these con-
tradictory observations, we tested whether endogenous Fbsl in
the mouse brain forms the SCF complex by examining the
interaction of Fbs1 with Cull (Fig. 1A). Fbs1 can be easily puri-
fied by affinity chromatography using RNaseB that contains a
high mannose oligosaccharide as a ligand and chitobiose as an
eluent (10). Since Fbs1 contains a single binding domain toward
an N-glycan, it seems likely that the eluated Fbs1 protein or its
complex from the RNaseB-immobilized resin is free from its
substrates. Indeed, the glycoproteins modified with high man-
nose oligosaccharides were not included in the eluates by chi-
tobiose (Fig. 1B). Although Skp1 was effectively co-immuno-
precipitated with Fbsl from the lysate of mouse brain, the
amount of Skpl that was eluted with Fbsl from the RNaseB
resin was small (Fig. 1A). Despite the difference in the quanti-
ties of Skp1 bound to Fbs1 in the fractions between eluates from
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FIGURE 1. States of Fbs1 in mouse brain. A, 0.6 mg of lysate from adult
mouse brain was subjected to RNaseB-immobilized affinity column and elu-
ated with chitobiose (£} or subjected to immunoprecipitation with an anti-
body to Fbs1 (IP). Thirty ng of lysate (L), one-tenth of eluate, and immunopre-
cipitate were analyzed by immunoblotting with antibodies to Cull, Fbs1, or
Skp1. Asterisks show |g heavy chain (aFbsT) and light chain (aSkp1). B, ConA
lectin blot for brain lysate (L) and the eluate from the RNaseB resin (£) against
the same amounts of proteins described in A. C, adult mouse brain lysate
(fower panel, 0.7 mq) and lysate eluated with chitobiose from RNaseB (upper
panel, started from 7 mg of the lysate) were separated by 4-17% glycerol
density gradient centrifugation. One-third of each fraction was analyzed by
immunoblotting with antibodies to Cul1, Fbs1, and Skp 1. Molecular size mark-
ers are indicated below.

the RNaseB resin and immunoprecipitation with an anti-Fbs1
antibody, almost the same and small quantities of Cull were
detected in these fractions. These results suggest that major
populations of substrate-free Fbs1 and substrate-binding Fbs1
are present as Fbsl monomers and Fbs1-Skpl dimers, respec-
tively, and the binding of substrates to Fbs1 does not influence
the weak SCF complex formation.

To examine the behavior of endogenous Fbs1 in more detail,
eluates from the RNaseB resin and lysates from the mouse brain
were separated by a 4—17% glycerol density gradient centrifu-
gation (Fig. 1C). The distribution of Fbsl (~42 kDa) in the
chitobiose eluates corresponded to the position of Fbsl mono-
mers (fraction 4) and Skp1-Fbs1 dimers (~63 kDa)(fraction 6).
Although Cull was not detected in any fractions, the peak of
Skpl in eluates from the RNaseB resin was in the position of the
Skpl-Fbsl dimer. On the other hand, Fbsl protein in brain
lysate was detected in a broad range of fractions mainly larger
than Fbs1-Skp1 dimers, indicating that most Fbsl, if not all, is
associated with various glycoprotein substrates; i.e. Fbs1-Skpl
dimers maintain the association with glycoproteins in vivo.
Cull (~90 kDa) in brain lysate was distributed broadly in

W
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higher density fractions, indicating its association with various
other SCF-components.

Minor Population of Fbsl Forms SCF Complex on ER—We
next expressed FLAG-tagged F-box proteins alone or their
combination with HA-tagged Skp1 in 293T cells and immuno-
precipitated with anti-FLAG and anti-HA antibodies (Fig. 2A).
The expression of HA-tagged Skpl increased the amount of
exogenous F-box proteins, suggesting that Skpl stabilizes
F-box proteins (lanes 1-8). Cull was co-immunoprecipitated
with Fbs2 and Fbg3, which are highly homologous with Fbsl, or
BTrCP1/Fbwl, one of the Fbw family members (lanes 11-16).
The interaction between Cull and these F-box proteins increased
upon co-expression of Skpl. However, unlike these F-box pro-
teins, Fbs1 was almost undetectable in the immune complex with
Cull, regardless of the overexpression of exogenous Skp1 (lanes 9
and 10), although Fbsl was co-immunoprecipitated with Skpl
as well as other F-box proteins (lanes 18, 20, 22, and 24 in the
aFlag panel). Moreover, the amount of Cull associated with
exogenous Skp1l was lower in the presence of Fbs1 than in those
of other F-box proteins, suggesting that expression of Fbs1 pre-
vents forming other SCF complexes by dimerizing with Skpl
(lanes 18, 20, 22, and 24 in the aCull panel). These results
suggest that Fbs1 can strongly bind Skp1 but is weak in forming
the SCF*®! complex.

We have recently reported that Fbs1 is a cytosolic protein but
that part of Fbsl associates with the ER membrane through
interaction with p97/VCP (valosin-containing protein) (11).
We next examined whether the ER membrane-associated Fbsl
formed the SCF complex. Lysates of 293T and Hela cells
expressing FLAG-tagged Fbsl were fractionated into the
100,000 X gsupernatant and precipitate fractions excluding the
8,000 X g precipitate, and then Fbsl was immunoprecipitated
from these fractions by anti-FLAG antibody. As shown in Fig.
2B, Cull was co-immunoprecipitated with Fbsl mainly from
the precipitate (p) fraction (lanes 4 and 8). Although the asso-
ciation of Fbsl with Skpl occurred more effectively in the
supernatant (s) fraction, the formation of the SCF complex,
including Fbsl, was hardly detected in the supernatant fraction
(lanes 3 and 7). Moreover, we examined whether endogenous
Fbsl formed the SCF complex in the precipitate fraction using
nerve growth factor-treated PC12 cells, which endogenously
express Fbs1 (14). As shown in Fig. 2C, part of Cull was co-
immunoprecipitated with Fbsl from the precipitate (p) frac-
tion. These results indicate that the major population of endog-
enous Fbsl is present as the Fbs1-Skpl heterodimers or the
Fbs1 monomers in the cytosol, and a minor population of Fbsl
forms the SCF complex bound on the ER membrane.

Linker Sequence of Fbsl Prevents SCF Complex Formation—
Although the SCF complex-formation of Fbs1 was inefficient,
Fbs2 formed the SCF complex effectively (Fig. 24). To identify
the region(s) of Fbs1 that impedes SCF complex formation, we
examined the ability of various fusion proteins containing Fbsl
and Fbs2 fragments to form the complex and compared these
findings with the full-length proteins in co-immunoprecipita-
tion assay (Fig. 34). Fbs1 AF was used as negative control that
did not bind to Skp1 (Fig. 3B, lane 3). Fbsl YW and Fbs1 AC,
both of which are deficient in substrate binding, could not
restore SCF complex formation, indicating that the interaction
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F-box domain and the linker
sequence are replaced with those of
Fbs2 forms the SCF complex effec-
tively. Thus, we conclude that the
Fbsl linker sequence between the
F-box and substrate-binding do-
mains hampers the SCF**! complex
formation.

We next compared the localiza-
tion of Fbsl, Fbs2, and the mutant

FIGURE 2. Major population of Fbs1 forms non-SCF complex in vivo. A, 293T cells were transfected with
plasmids encoding various FLAG-tagged F-box proteins (Fbs1, Fbs2, Fbg3, and BTrCP1 (BTr)) combination with
empty HA plasmids (—) or plasmids encoding HA-tagged Skp1 (+). Whole cell lysates were subjected to
immunoprecipitation (/P) with antibodies to FLAG and HA, and lysates (15 ug each) and one half of the result-
ing precipitates were analyzed by immunoblotting with antibodies to Cull, FLAG, and Skp1. Asterisks show Ig
heavy and light chains. B, 293T and Hela cells were transfected with FLAG-tagged Fbs1. Cell lysates were
fractionated by ultracentrifugation, and FLAG-Fbs1 was immunoprecipitated with an antibody to FLAG from
the same amount of proteins of 100,000 X g supernatant (s) and precipitate (p) fractions. The total amount of
protein of the supernatant fraction was 2-3 times larger than that of the precipitate fraction. Lysates (15 ug
each) and immunoprecipitates were analyzed by immunoblotting with antibodies to Cull, FLAG, and Skp1.
Asterisks show Ig heavy and light chains. To control for the fractionation, immunoblotting with an antibody to
calnexin was performed. C, endogenous Fbs1 was immunoprecipitated with an antibody to Fbsl from
100,000 X g supernatant, and precipitate fractions of differentiated PC12 cells were treated with nerve growth
factor. Lysates {15 p.g each) and immunoprecipitates were analyzed by immunoblotting. The immunoblotting

Fbsl proteins capable of forming
the SCF complex: Fbs-2N1C and
Fbsl 12 (Fig. 3C). Although a minor
population of Fbs1 in the precipitate
(p) fraction formed the SCF com-
plex, most Fbs2 formed the SCFF*
complex in the supernatant (s) frac-
tion as well as the precipitate frac-
tion. Fbs-2N1C could form the SCF
complex mainly in the supernatant
fraction (Fig. 3C). Moreover, the

analysis for separated supernatant and precipitate fractions was conducted as for B.

between Fbsl and its substrates does not affect the complex
formation (lanes 4 and 5). The N-terminal sequence of Fbsl
called the P domain is unique and is not seen in other F-box
proteins, but the removal of this domain from Fbs1 or the addi-
tion to Fbs2 did not affect the complex formation (Fbsl AP and
Fbs2 P1: lanes 6 and 13). Exchange of the F-box domains
between Fbsl and Fbs2 caused the loss of the Skpl binding
activity, probably due to the incorrect folding (Fbsl F2, Fbsl
APF2, Fbs2 F1, and Fbs2 PF1: lanes 7, 8, 10, and 11, respec-
tively). However, the replacement of the Fbsl N-terminal
region (which contains P and F-box domains and linker
sequence) with the Fbs2 N-terminal region rescued the com-
plex formation (Fbs-2N1C: lane 9). In contrast, the addition of
the Fbsl N-terminal region instead of the Fbs2 N-terminal
region markedly reduced the activity of Fbs2 to form the SCF
complex but did not affect the Skpl binding (Fbs-1N2C: lane
12). The linker sequences of the intervening segments between
the F-box domain and the substrate-binding domain showed
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amount of Cull co-immunoprecipi-
tated with Fbsl 12 was similar in both fractions. These results
suggest that the linker sequence of Fbs1 does not only impede
the formation of the SCF complex but also restricts the local-
ization of the SCF complex bound on the ER membrane.
Expression of Mutant Fbs1 That Forms E3 Easily Induces Pro-
teolysis of Its Substrates—T o confirm that most Fbs1 in the cells
is inactive to function as an E3 ubiquitin ligase, we next exam-
ined the ability of the mutant Fbs1 that readily forms the SCF
complex (Fbs-2N1C) to ubiquitylate the substrates. It has been
shown that P23H mutated rhodopsin (hereafter referred to as
P23H) is an ERAD substrate, and its N-linked glycosylation is
required for the degradation (15, 16). As reported previously,
rhodopsin monomer is ~40—43 kDa, but the majority of P23H
was detected as high molecular weight complex multimers by
immunoblotting with anti-rhodopsin antibody (Fig. 44). Wild-
type Fbsl, but not the substrate-binding defective mutant Fbs1
YW, was able to associate with P23H effectively, suggesting that
Fbs1 binds to P23H through its N-glycans. On the other hand,
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FIGURE 3. Linker sequence between F-box and substrate-binding domains of Fbs1 hampers SCF™>*’ complex formation. A, schematic representation of
constructs of fusion proteins consisting of Fbs1 and Fbs2 fragments. The fragments derived from Fbs1 and Fbs2 appear in gray and white boxes, respectively.
The numbers above the constructs represent the amino acid position of Fbs1. The vertical bars represent identical amino acids between Fbs1 and Fbs2. P and
F-box domains, linker sequence, and sugar-binding domain are represented by P, F-box, linker, and SBD, respectively. The binding activities of these constructs
toward Cull and Skp1 shown in 8 are summarized on the right, with + representing strong binding, + representing weak binding, and — representing no
binding. B, 293T cells were transfected with plasmids encoding the FLAG-tagged mutants F-box proteins represented in A. Whole cell lysates were subjected
to immunoprecipitation {/P) with an antibody to FLAG, and the resulting precipitates were analyzed by immunoblotting with antibodies to Cul1, Skp1, and
FLAG. Asterisks show Ig heavy and light chains. C, 293T cells were transfected with FLAG-tagged Fbs1, Fbs-2N1C, Fbs1 12, or Fbs2. Cell lysates were fractionated
by ultracentrifugation, and FLAG-Fbs1 was immunoprecipitated with an antibody to FLAG from 100,000 X g supernatant (s) and precipitate (p) fractions. The
resulting immunoprecipitates were analyzed by immunoblotting as in Fig. 28.
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FIGURE 4. Expression of Fbs-2N1C promotes substrate degradation. 4, 293T cells were transfected with plasmids encoding FLAG-tagged empty vector (),
Fbs1 (W), Fbs-2N1C (2N), or Fbs1 YW (Y} and combination with rhodopsin P23H mutant. Some cells were treated with 10 M MG132 for 16 h. Whole cell lysates
were subjected to immunoprecipitation (/P) with antibodies to FLAG and rhodopsin, and the resulting precipitates were analyzed by immunoblotting with an
antibody to rhodopsin. Asterisks show Ig heavy and light chains. 8, rhodopsin P23H was co-transfected with FLAG-tagged empty vector, Fbs1, Fbs-2N1C, or
Fbs1 YW. Twenty-four hours after transfection, 293T cells were pulse-labeled with [**S]Met/Cys for 1 hand chased for the indicated time intervals. Rhodopsin
P23H and Fbs1 derivatives were immunoprecipitated with antibodies to rhodopsin and FLAG, respectively. The plotted data at the bottom show a quantifi-
cation analysis of the stability of rhodopsin P23H over time in the upper panels. Data are the mean * S.0. of three independent experiments. WT, wild type.

Fbs-2N1C could bind to P23H, although its binding to P23H
seemed weaker than that of wild-type Fbs1 (Fig. 44, left panel).
Since the activity to bind RNaseB was not different between
Fbsl and Fbs-2N1C (data not shown), it seems likely that the
SCF™*2N'C causes degradation of P23H through its ubiquity-
lation. Interestingly, the quantity of P23H decreased upon Fbs-
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2N1C expression (Fig. 44, right panel). It has been reported that
the degradation of P23H was suppressed by MG132 treatment
(15, 16). The quantities of both P23H associated with Fbs-2N1C
and the P23H protein were recovered by the addition of
MG132. Moreover, we performed pulse-chase analysis using
293T cells co-expressing the P23H mutant and FLAG-tagged
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FIGURE 5. Fbs1 complexes suppress the aggregation of denatured a-mannosidase in vitro. A, electrophoretic pattern of the recombinant proteins
produced by the baculovirus system. CBB Staining, Coomassie Brilliant Blue staining. 8, GlcNAc-terminated fetuin (GTF) was incubated in a reaction mixture
containing the ATP-regenerating system, recombinant ubiquitin-activating enzyme (E1), Ubc4, GST-ubiquitin (GST-Ub), and Skp1-Fbs1 dimer (S-Fl) or SCF
complex (SCF) in the presence of the NEDD8 system at 30 °C. The high molecular mass ubiquitylated fetuin ((GST-Ub)n-GTF) was detected by immunoblotting
with anti-fetuin antibody. C, after denaturation in 6 M GdnHCl, a-mannosidase (Man) was diluted to a final concentration of 0.3 mm at 25 °C in the presence of
the indicated concentrations of SCFF®s' (SCF™* or SCF), Skp1 and Fbs1 dimer (Skp1-Fbs1 (Full) or SF), Fbs1 monomer (FbsT (Full) or Full), or Fbs1 derivatives (Af,
AN, or AP). Aggregation was measured by monitoring light scattering at 360 nm over a period of 60 min. Data are the mean * 5.D. of at least three independent
experiments. D, a-mannosidase was allowed to aggregate in the presence of equal mole of SCF™'or Fbs1 (AN). 0.05 mm N, N'-diacetylchitobiose was added
(+chitobiose), and the effects on aggregation were monitored by measuring light scattering at 360 nm. Data are the mean and standard deviation of three
independent experiments. £, a-mannosidase was allowed to aggregate in the presence of equal mole of recombinant Fbs1 complexes or derivatives. Data are

the mean = S.D. of three independent experiments.

Fbsl derivatives. The degradation of P23H was suppressed by
MG132 treatment as reported previously (Fig. 4B). Although
wild-type Fbsl or the YW mutant did not influence the kinetics
of P23H degradation, co-expression of Fbs-2N1C efficiently
promoted its degradation. On the other hand, like wild-type
Fbsl, Fbs1 12, could associate with P23H, but its expression did
not influence both the amount of P23H and the kinetics of
P23H degradation (data not shown). These results demonstrate
that the non-SCF complex of Fbs1 can be converted to an active
E3 ligase by introducing the complex-forming activity mapped
onto the F-box domain and the linker sequence of Fbs2.

Fbs1 Suppresses Aggregation of Denatured Glycoprotein in
Vitro—We reported previously that the expression of Fbsl
inhibits aggresome formation in Cos7 cells (8). Furthermore,
since Fbsl interacts with denatured glycoproteins more effi-
ciently than native glycoproteins, we examined whether Fbsl
functions as a molecular chaperone for glycoproteins in vitro.
To this end, we prepared recombinant SCF™!, Skp1-Fbsl
dimers, Fbs1, Fbsl1 AF, Fbs1 AP, Skp1-AP dimers, and Fbs1 AN,
all of which were produced by using a baculovirus system (Fig.
5A). To obtain highly purified recombinant proteins, we puri-
fied them by using the affinity for the RNaseB resin but not
nickel resin toward His tag. The purified SCF™" but not Skp1-
Fbsl dimers could ubiquitylate GlcNAc-terminated fetuin
(GTF) effectively (Fig. 5B). We next assessed the ability of these
proteins or their complexes to suppress the aggregation by
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using denatured a-mannosidase that contains high mannose
type oligosaccharides, a typical substrate for the glycoprotein
aggregation assay (17). Although Fbsl alone suppressed the
aggregation of denatured a-mannosidase in a concentration-de-
pendent manner, the Fbs1-Skpl dimers as well as the SCF™>*'
complex suppressed the aggregation much more effectively than
Fbs1 alone (Fig. 5C). Although the addition of half-molar of Fbsl
AF did not affect the aggregation of denatured a-mannosidase,
AF was also active to suppress the aggregation at a level similar
to that of Fbsl alone in an equal molar ratio, suggesting that the
partial suppression by Fbsl1 is independent of the hydrophobic
F-box domain. On the other hand, AN, consisting of substrate-
binding domain alone, enhanced its aggregation. Both the
aggregation-suppressing activity of SCFF®*', Skp1-Fbs1 dimers,
or Fbsl and the aggregation-enhancing activity of AN were
inhibited by chitobiose (Fig. 5D and not shown). In contrast,
these recombinant Fbsl protein complexes had no effect on the
aggregation of non-glycosylated proteins such as citrate syn-
thase and luciferase (data not shown). Importantly, AP as well
as the Skpl-AP dimers could not suppress the aggregation of
a-mannosidase in an equal molar ratio (Fig. 5, Cand E, and not
shown). These results indicate that the Skp1-Fbsl dimers effec-
tively suppress the aggregation of denatured glycoproteins by
recognizing the exposed chitobiose in N-glycans and that the P
domain of Fbsl is required for this aggregation suppressing
activity.

VOLUME 282-NUMBER 10-MARCH 9, 2007



DISCUSSION

The F-box family of proteins, which are the substrate-recog-
nition subunits of the SCF ubiquitin ligase, play important roles
in ubiquitin-dependent proteolysis in eukaryotes (18, 19).
However, itis not clear whether all F-box proteins indeed func-
tion as receptor subunits of SCF complexes. For example, it has
been reported that at least two F-box proteins, Ctfl3 and Reyl,
out of 11 F-box proteins in Saccharomyces cerevisiae, do not
form SCF complexes (20-22). Since not all RING-finger pro-
teins are ubiquitin ligases, it is possible that non-canonical
F-box proteins that fail to form the SCF complex play some
important roles other than ubiquitin ligase activity. In the pres-
ent study, we showed that the SCF complex formation of Fbsl,
which recognizes N-glycans, is not efficient and that the inter-
vening segment between the F-box domain and the sugar-bind-
ing domain of Fbs1 suppresses the formation of the SCF com-
plex. The major population of Fbsl is present as Fbs1-Skpl
heterodimers or Fbs1 monomers, which can inhibit the aggre-
gation of the glycoproteins. Our results show that Fbs1 contrib-
utes to a chaperone function in addition to the role of the
SCF™s! ubiquitin ligase, opening new perspectives for cellular
activities of F-box proteins.

Although most endogenous Fbsl was not assembled into the
SCF*®*! complex, a minor population of Fbs1 was capable of
forming the SCFF®! complex in cells. Moreover, the SCFF®s!
complex could be produced in insect cells by infection with the
baculovirus, indicating that Fbs1 can intrinsically form the SCF
complex. It is worth noting that the SCFF®! was mainly present
in the 100,000 X g precipitate fraction including the microsome
(Fig. 2, Band C). It is not clear why the SCF®*! is bound to the
ER membrane, although it is plausible that it plays a pivotal role
in the ERAD pathway. To examine how the SCF complex for-
mation of Fbs1 was promoted in vivo, we treated Fbsl-express-
ing cells with ER stress inducers, such as thapsigargin and
dithiothreitol or a proteasome inhibitor MG132. These treat-
ments, however, did not affect the SCF complex formation
(data not shown). Furthermore, although the interaction
between Fbs1 and its substrate glycoproteins did not affect the
SCF complex formation (Figs. 14 and 3B), we examined the
effects of overexpression of p97/VCP, Fbs1 substrates, Skpl, or
Cull. No protein other than Cull accelerated the SCF™*! for-
mation not only in the 100,000 X g precipitate fraction but also
in the cytosol (Fig. 24 and data not shown). Intriguingly,
whereas Fbsl and Skpl were mainly located in the cytosol
(100,000 X g supernatant fraction), Cull was detected not only
in the cytosol but also in the 100,000 X g precipitate fraction
(Figs. 2, B and C, and 3C), suggesting that Cull is recruited to
the microsome membrane where the SCFF™™! complex will be
assembled to ubiquitylate efficiently the N-linked glycosylated
ERAD substrates.

Fbsl belongs to a subfamily consisting of at least five homol-
ogous F-box proteins that contain a conserved FBA motif in
their C termini (5, 6). Among them, at least Fbs2 recognizes
high mannose oligosaccharides as well as Fbsl and forms an
SCE-type ubiquitin ligase. The Fbsl protein sequence shows
highly homologous to that of Fbs2 other than the P domain of
Fbsl and C-terminal part of Fbs2, but the linker sequence
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between the F-box and FBA domains shows lower homology
than other portions (Fig. 34). As shown in Fig. 3B, the differ-
ence in the ability for assembling into the SCF complex between
Fbs1 and Fbs2 is ascribed to the short linker sequence (92-117
amino acids of Fbs1). Although Fbs2 formed the SCF complex
efficiently in the cytosol as well as the 100,000 X g precipitate
fraction, the SCF™! formation was mainly present bound on
the ER membrane (Fig. 3C). Although itis not clear whether the
linker sequence of Fbs1 prevents the SCF™*! from being in the
cytosol or causes the formation of the SCFF®! bound on the ER
membrane, this limited localization of SCFF™*! is also due to the
linker sequence (Fig. 3C). Crystal structure and mutational
analyses of Cdc4 and BTrCP1 revealed the importance of ori-
entation and rigidity in the linker sequence between F-box and
WD40 domains for their in vivo function (23, 24). The linker
sequences of Cdc4 and BTrCP1 are longer than that of Fbs1 and
form three or four helix globular domains. On the other hand,
the linker sequence of Fbsl is an unstructured domain that
consists of a flexible linker loop and an a-helix and is too far
from Cull to influence directly the SCF complex formation.®
The information of the structure of Skp1-Fbs1 suggests that the
prevention of the SCF complex formation by this unstructured
linker sequence can be cancelled by binding to the membrane
or unidentified proteins on the ER.

In this study, we demonstrated that the Fbs1 could suppress
the aggregation of denatured glycoproteins. This activity is due
to the N-terminal P domain that is not seen in other F-box
proteins. This N-terminal domain has been reported as a PEST
sequence rich in proline, glutamic acid, serine, and threonine,
which are often found in short-lived proteins (25). The N-ter-
minal sequence in Fbsl, however, did not seem to act as a gen-
eral PEST because the deletion of the P domain from Fbsl or
the addition to Fbs2 did not affect the protein stability (Fig. 3).
More recently, it has been reported that U-box type E3 CHIP (C
terminus of Hsc-70-interacting protein) is associated with Fbsl
through the P domain (26). Although we did not detect the E3
activity of the Skpl-Fbsl dimers produced in the insect cells
toward glycoprotein substrate GlcNAc-terminated fetuin (Fig.
5B), it is possible that an unknown chaperone molecule of
insect cells was bound to the P domain of Fbsl. Skpl-Fbsl
dimers and Fbsl monomers as well as the SCF™5! complex
showed activity to suppress the denatured glycoprotein aggre-
gation, suggesting that the majority of Fbs] is present as Skp1-
Fbsl dimers or Fbsl monomers in cells and is not an interme-
diate prior to assembly of the SCFF™! complex, but rather, a
novel functional unit.

It is predicted that more than 30% of eukaryotic proteins
contain substantial regions of disordered structure (27). One
feature of intrinsically disordered proteins is their rapid degra-
dation. Intracellular protein quality control, especially the deg-
radation of proteins with aberrant structures, is thought to be
important particularly in quiescent cells such as neurons (28).
Fbsl is expressed mainly in neuronal cells in the adult brain
(14). Recently, it has been reported (29, 30) that loss of autoph-
agy leads to neurodegeneration even in the absence of any

3 Mizushima, T., Yoshida, Y., Kumanomidou, T., Hasegawa, Y., Suzuki, A,
Yamane, T., and Tanaka, K., unpublished data.
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aggregation-prone mutant proteins. Moreover, these reports
have shown that the primary role of autophagy under normal
conditions is the turnover of diffused cytosolic proteins, rather
than direct elimination of inclusion bodies (29, 30). Our study
suggests that Fbs1 contributes to the clearance of such cytosolic
proteins by constitutive autophagy, like other chaperone sys-
tems, to suppress the aggregation of abnormal glycoproteins in
neurons. For this, the N-terminal unique sequence of Fbsl, the
P domain, having chaperone function, may have been made up
during evolution. Since Cull is a common component of the
SCF complexes and Fbsl is abundant in neuronal cells, Fbsl
may also evolutionally acquire the linker sequence that sup-
presses the SCFF®! complex formation to supply Cull toward
other F-box proteins. It also seems possible that Fbs1 functions
as a chaperone to keep the solubility of a particular glycopro-
tein(s) in the cytosol in neuronal cells. Further studies are
needed to identify the Fbsl target glycoproteins in neuronal
cells, which may reveal the role of Fbsl in maintaining homeo-
stasis of neuronal cells.
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The ubiquitin ligase complex SCFFts1, which contributes to the
ubiquitination of glycoproteins, is involved in the endoplasmic
reticulum-associated degradation pathway. In SCF ubiquitin li-
gases, a diverse array of F-box proteins confers substrate specific-
ity. Fbs1/Fbx2, a member of the F-box protein family, recognizes
high-mannose oligosaccharides. To elucidate the structural basis of
SCF™s' function, we determined the crystal structures of the
Skp1-Fbs1 complex and the sugar-binding domain (SBD) of the
Fbs1-glycoprotein complex. The mechanistic model indicated by
the structures appears to be well conserved among the SCF
ubiquitin ligases. The structure of the SBD-glycoprotein complex
indicates that the SBD primarily recognizes Man3GIcNAC,, thereby
explaining the broad activity of the enzyme against various gly-
coproteins. Comparison of two crystal structures of the Skp1-Fbs1
complex revealed the relative motion of a linker segment between
the F-box and the SBD domains, which might underlie the ability
of the complex to recognize different acceptor lysine residues for
ubiquitination.

glycoprotein | tertiary structure | ubiquitin system

biquitin-mediated proteolysis plays a regulatory role in a

number of diverse cellular processes and involves the se-
lective destruction of short-lived functional proteins (1). The
ubiquitin—proteasome system also is responsible for the disposal
of misfolded and unfolded cellular proteins, the aberrant accu-
mulation of which usually causes cell death, which can lead to
neurodegenerative diseases (2). Protein ubiquitination is cata-
lyzed by a sophisticated cascade system consisting of the ubig-
uitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-
ligating (E3) enzymes (3). Among these enzymes, the E3
enzymes are responsible for the selection of target proteins. E3
enzymes are a diverse family of proteins and protein complexes.
One of the best characterized groups of E3 enzymes is the SCF
complex [composed of Skp1, Cull, Rbx1 (also called Rocl), and
an F-box protein], which regulates the degradation of a broad
range of cellular proteins (4). F-box proteins consist of an
N-terminal ~40-aa F-box domain that binds to Skp1 and various
C-terminal substrate-recognition regions and are subcategorized
into three classes according to their substrate-binding domains.
The Fbw (or FBXW) and Fbl (or FBXL) families possess WD40
repeats and leucine-rich repeats in their binding domains, re-
spectively (5). The third class of F-box proteins is the Fbx (or
FBXO) family, which does not contain any presumptive func-
tional domains. However, we recently identified a subfamily
within the Fbx family that consists of at least five homologous
F-box proteins that recognize N-glycan; we named the sugar-
binding domain (SBD)-containing proteins of this subfamily the
Fbs (F-box protein that recognizes sugar chains; known previ-
ously as FBG) proteins (6).

In the SCF complex, Cull functions as 2 molecular scaffold
that simultaneously interacts through its N and C termini with
the crucial adaptor subunits Skpl and Rbxl together with a
specific E2 enzyme, respectively. Skp1 is an adaptor protein that

www.pnas.org/cgi/doi/10.1073/pnas.0610312104

Fig. 1. Structure of the Skp1-Fbs1 complex. Skp1 and Fbs1 are colored blue
and red, respectively. The secondary structure elements for Skp1 and Fbs1 are
labeled. Dotted lines represent disordered regions. The F-box, linker, and SBD
domains of Fbs1 are circled.

links Cull and one of the F-box proteins (6). Fbw and Fbl
proteins usually recognize the phosphorylation status of the
substrate, and structural models of the SCF complexes of some
of these proteins, such as Fbw1/B-TrCP1 (7), Fbw7/Cdc4 (8), and
Fbl1/Skp2 (9-11), have been reported. Structural information,
however, is available only for the recognition of phosphorylated
protein substrates.

N-linked glycosylation of proteins takes place in the endo-
plasmic reticulum and plays a key role in protein quality control
(12). Misfolded proteins and unassembled protein complexes
that fail to assume their functional states in the endoplasmic
reticulum are subjected to endoplasmic reticulum-associated
degradation, which involves retrotranslocation into the cytosol
and degradation by the ubiquitin-proteasome system. SCFFbs! jg
an N-linked glycoprotein-specific ubiquitin ligase complex that
contains the neuron-specific F-box protein Fbsl/Fbx2/NFB42
(13-16). We previously reported x-ray crystal structures of the
Fbsl SBD alone and in complex with di-N-acetylchitobiose
(chitobiose, GIcNAc-GlcNAc, or GlcNAc;), which revealed that
the binding site is formed by a small hydrophobic pocket located
at the top of a B-sandwich (17). The molecular mechanism
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Fig. 2. Structure of the Skp1-Fbs1 interface. (A) Stereo views of the Fbs1
F-box domain (red) and Skp1 (blue) are compared with the structures of
Skp1-Skp2 and Skp1-B-TrCP1. Skp1 is purple, Skp2 is green, Skp1 is orange,
and B-TrCP1 is yellow. The secondary structure elements for Skp1 and Fbs1 are
labeled with black and red letters, respectively. (B) Close-up view of the
interface between Skp1 and Fbs1 showing intermolecular contacts. Fbs1 is red
and Skp1 is blue.

underlying the ubiquitination of N-glycoproteins by the SCFFs!
ubiquitin ligase, however, is unknown at present. To understand
the mechanistic details of the SCF™*!-mediated ubiquitination
reaction, we determined the crystal structures of the SBD-
glycoprotein and Skpl-Fbsl complexes.

Results

Overall Structure of the Skp1-Fbs1 Complex. The Skpl-Fbsl com-
plex has an overall L-shaped structure with Skpl and the Fbsl
subunits oriented ~90° to each other (Fig. 1). Skpl and the
chitobiose-binding site (17) are located at the opposite ends of

Fbs1. Fbsl consists of four distinct domains: the PEST domain
(residues 1-54), the F-box domain (residues 55-95), a linker
domain (residues 96—124), and the SBD (residues 125-297). The
electron densities of the N-terminal PEST domain (residues
1-47) and part of the linker domain (residues 104-108) are not
visible, suggesting that these regions are flexible. Although the
Skpl-Fbsl complex was crystallized in the presence of 30 mM
chitobiose, the chitobiose molecule is not visible in this structure.
The F-box domain comprises four a helices, which is the same
structural motif observed in the Skpl-binding domains of Skp2
and B-TrCP1 (Fig. 24). The SBD in the Skpl-Fbsl complex is
composed of a 10-stranded antiparallel 8-sandwich, and it can be
superposed on the previously reported structure of SBD alone
with an average rms deviation of 0.39 A for the C* atoms,
indicating that the structures are very similar. On the other hand,
the C-terminal linker helix a5 assumes slightly different positions
in the two structures because of crystal packing and the flexi-
bility of the linker domain, which consists of a5 and a loop
structure.

The Skp1 in the Skpl-Fbsl complex adopts the same BTB/
POZ fold (18) observed in previously reported structures of
Skpl (7-9). Interestingly, the C-terminal a-helix a8 of previously
reported structures of Skpl complexed with other F-box proteins
is replaced with an extended structure (C loop: residues 146-
155) (Fig. 2A4). The differences in the secondary structure of
Skpl may reflect different roles of the protein. With the excep-
tion of the C-terminal loop, the overall structure of Skpl is
almost identical to those of the protein in the Skpi-Skp2 and
Skp1-B-TrCP1 complexes (rms deviations for the C* atoms: 1.8
and 2.1 A, respectively).

Skp1-F-Box Interface. Whereas the F-box domain of Fbs1 contains
the same four-helix (al-a4) structure seen in the domains of

Fig.3. Structure of the SBD-RNaseB complex. (A) The SBO is red and RNaseB is cyan. The secondary structure elements of the SBD and RNaseB are labeled. (B) Stereo
view of the interface between the substrate-binding pocket of the SBD and the sugar of RNaseB. The Man3GIcNAc; was modeled with the electron density map (2F, —
F.omit map of Man3GlcNAC,) contoured at 1.1 rmsdeviation. Fbs1isred and RNaseB is cyan. (O Surface representation of the substrate-binding pocket of the SBD bound
to Man3GlcNAc,. The surface is colored according to the electrostatic potential of the residues (blue, positive; red, negative). (D) Comparison between the
substrate-binding sites of the Fbs1 SBD (green) bound to chitobiose (yellow) and the Fbs1 SBD (red) bound to glycosylated RNaseB (cyan).
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