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A B 42 : Amyloid B peptide

AD : GroEL apical domain

ADP : adenosine diphosphate

ATP : Adenosine triphosphate

AFM : Atomic force microscope

Amp : ampicillin

ANS : 1-anilinonaphtalene-8-sulfonate

BSA : bovine serum albmin

CD : circular dichroism

DNA : deoxyribonucleic acid

DTT : dithiothreitol

EDTA : ethylenediaminetetraacetic acid

ESCT7 : concatenated form of GroES where individual subunits were linked by a tri-glycine
linker

G192X : Gly192 to X substitution GroEL mutants
Gdn-HCI : guanidine hydrochloride

HSP : heat shockprotein

MDH : malate dehydrogenase

PD : parkinson’s disease

QCM : Quartz Crystal Microbalance assay

Rho : Rhodanese

SDS-PAGE : sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEC : Size exclusion chromatography

TEM : transmission electron microscopy

ThioT : Thioflavin T
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1-1. [ILHIZ

ZNENX, 20 FENSIRDT IR EE DRy i T H 2R —FINT D3 o THIK
TWb, B TOXN7EE, DNA OFOBRERZSLIMELNTEY, BInh 5036 E
oD%, TIVBESN DG WMIZT THD, EWETAF->TWD 20 BEOTIVBREREZE N
720, ZLTEDISRNEF T AL, —fHOZ " 7EELTHREEZ R THONTEDLN
Z, [HEHMELTRIFL TWDD DNA Thd, OFED, ENF 2O KBS BN -
AR, AR BEBRMTAIEOEBERITIINETICREESTWVD, BEHEHIL,
DNA—-RNA—Z U NI E NGB TNR T v o TN B EPET DN, VRV — AT
BRRENTIZH AR X FRIZHEIZT IR —FNE ROk THY, 2O EETITH
REA T2\ ZU R BIXE A O EEE S Ielm(T+— VT 1 )BT b e
ThaO THERB R FF DXL NI E L7025, B NI EIXT 4+ —NT 4 7T HZETHME OSLIRHE
WAL, BEFRSOG, RERIS, =X —28 8, WE ik, MidES el 2/t
P20,

LInLZRRS, 2o ™ EITEITEMICARITHER L T LD TiERwn, 2o/ 7 E o R
WG TInAREXIEND BE IR E DT VI NA~— IR E L0 & T 2R MR B o
JRR O — 2L/ Z LM DN/ - TE TS, 1957 4FIZ Anfinsen H1%, RNaseA
BERITIRBLEZIMMLTHIETEDNMAEEZTERITHE LI, ZNLTRFBLRET DL,
HIERRBERLMEZDZLICIVEEREIE T 5282 R LT, ZHUTRY, ZU 7 E DAL
ARG T I BRI S AR FITIRE T D, DY, Z NI BEDT +— T 4 T3NS
DEFX—ZNBEELRWVHA TR T 0t ATHEE0) [ Anfinsen | DR 7 < Z4EB L72(1),

UL, 22T O RELENTWEZEIL, 74— VT A 7 M TONDBREDORE TH -7,



RERE O T & o T E IR EDORUVVIRIE CEEBR AT o722 X(21E, Anfinsen DK
< INESET BN, AN O LK NI EIREDIEF ICTEWEREICEWT, 2T
LN LR WS EDNITAE A SN ER S TETWS, FITRIETHONS Ty 2ay LT

NAH—EEDR L NIEHEMTHS,

1-2. ¥ _u=V GroEL D1k LR

1970 RSB a0 % 52 D2 OEE BRI Z D52 7B NSRRI, Zh
BOL NI 2y 7437 H (Heat Shock Protein: HSP) &4 &iu7=(2), 2@
HSP 13 KGENO AN ETT X TOEDDFE > TNDLILEN 31> TWD, HSP O7 I/
FllZ L CHDHE, KWLM TEOMFEMEIL 40 % FEETHY, bR HSP LR HE O
HSP ZEELIL T D, ARV AR L THI M (K 2575 HSP (Z4AMIC Lo TR AR,
MOMBEART Kl E L THY, TOHEADOBE CIRAFSN TEIENHERIESND,
BV ORY XTI FRTERISNTZF VB IE, BB O LT TIEELALIT
FNTIELO ARG Z KT D2 N TERD, SOICH R E I, TR MB< ST R b=
YRUT RERR IR E DRI/ ERENCBE LRVRD, EHALE<IENTERY, 20K
b L H BT TERN, 22T, HSP 13XV EEEBLAL T+ — LT 47 LT
ELWVYLERHEIEIZLIED, B#A Fiao7ob, BMELIEZ L SV BE 2B LD IELWIL IR
REFEZLTND, 20X, BIEbZ L _IE DOy x_ur ThHNO LKL T
DLW Mo TEIZ HSP L0 ) 113, [ FivSmr L XiTng Eo1c72-72(3),

DFTuk, HSP oA VI~ —2 0 "IV EOEGICHE G TR LU TR RSN, £
DEFIORALEHIT T Xar O ERHESL LTz, 57 Fo ¥ Xur O YUY OERIL, ¥
VRIBDT A —NT 4T ENT RO X NI E ThD, LinL, BIETIE 74—V T 4
YAICELEELT, SES EAMIBREDHIEIZ ) T Xr R LTWAHZER DA T

XTHEY, BT v XarOlAITIEEL TS,



IR A E B A OB THEAMICERFEISN TS 5 7 v ~Xr2id, HSP60 (v
¥~r=" GroEL), HSP70 (DnaK), HSP90 (HtpG), small HSP (IbpA/B) 72¥ ®—ff
Bd5, E. coli DEGE, VRY—AETHELDOHLIRIXTFROELLL, NI —K T
(trigger factor:TE)LFEAL, GRMNTE T THLEURY —LA0DEEN TV, ZD#% 1T, SHIZ
MGy T x Nz FESNLGEL, 57y XarOEBRLTHERBMICT+— LT
AT DbDIT DD, EF ™I E ZBR<HK) 2500 FED A[EEMEZ R BE DK 10 %I
¥ =2 (GroEL,/GroES)> A7 A2, 5~18 %Ii% HSP70 (DnaK/Dnad/GrpE) 3 A

BTN TT A — T A T FTHENDITEY, ZVD 70 %<BWDRYALTFRIE
Ty OPFELEELRWTH RN A=V T 47T HEEZ LN TNDH(4), vyl
B0, RIE TR TOMBETEFTLHEOICKHATHD, Ty Smr=F— KA OFE[F
FIT R ER AR, SEARAE SR L2 2 DO T =TSN TEY, Jv—7 18
vy _nrELT E . coli REDEIEMBELCINALRYT, BERIKREIT/FIET D HSP60
(GroEL)(5), /v —7 N Bl vy Xa= L CHMESCEZ MO AN VICHEET D
CCT ZERMLNTWD, NV —F TRy yXa=(d@Earyr74#—LL T HSP10
(GroES) # B LT DN, VL —T M v _u=1% HSP10 |2/ Y T2 5% H 5 H &
DY 7 2=y NN LTS Z R L CT5(6),

GroE OV 45— VT AT DAH=A L, vy Xur D4 )T~ —i s L3 I BEL T
%o GroEL 1% 57 kDa OY¥ 7 2=y 7T Db dV 0 VR EDLEIC 2 DERo 14 &
TR (R 5y 7 ~800 kDa)Z L T 5(7), GroEL 1XER 137TA, mx 146 A oK
EZOM IR THD, GroEL THENTZI 7 WEIIZZNEILERLK 456 A OZRAHY,
2 DOZERIZDIRNB> TR, GroEL OFNENOH T 2=y NI 8 DORAL U bro

TWA5(K 1-1)(8),



FN—F 1% : GroEL/GroES 7NV —7N# . g#8MtAsk FA— 08 . CCT

Domain

Helical
protrusion;'\
Apieal
Intermediate
Equatonal

1-1.3 v Xa=r DY T 2=y MIBIFTA%& R AL (8)
TN—=T MBI e X=X T EDNR AL DI 7 v —7 T B3 FE L s ayy o= o E|

% %7-4 Helical protrusion 23 {F{EL T 5,

TIT NITIVRAL AT BRI VXX ET A OWNANZ M D> TEE L TS ATP K55 fig o
AL 25 7, GroEL D 6B Tho, WRIDOU L 7 Ot LAMU U L 7 D4 fik 0D KE 5y
(I TR T ARAL PR L TCND T2 TR T VR AL 1% GroEL AV2~—DH
TR A RT7297(9), TEHIVR AL ATZETHDO N DAL E L, Z<OBKMET I/ ERRHET
RSN EER)RT FREDHE G AN A E A TODL(FEREIC GroES Off & kL &
12)(10), 1> Z—AF 4 TARR AL 1L 2 ©D Hinge $ZICE> T TR T ILR AL LT E
HNRAL i L CTD, 07T, 20 F BRI 5 OEIROM O T e 7 )y /{5 5
DIRETHH(11),

Aty Ths GroES (FERE T5A, mE 30A OFN—LRMEELLE 7T &IKTHD
(12), GroES 1% 10kDa OH 7 =y h 7 DM bHR5ME ORI i & R L Thd, ZiE
I ZEAEN B —FTHEERIILTWDS, GroES @ 16-33 & B T I/ KL IZI 77 Ofih+
DEHREZ LD, GroEL Y BAEH T 58 AN —T LREIZN S EALIZHE Y 35, GroES
1T GroEL OTEHNLRALTHREAL, TORAEITIE, ENZED GroEL Vo 7T FET D

XV AFRFEGHALIZ ATP 5y ADP BNEAL TCWAIENMETHDH(13), fEA DR,



GroES OENA N N—T1E, GroEL OBKMESXTFREFESTHZETHEELSND, 2D
FNTL T, XIVATFREA L GroES,/ RUSRTFREEASH CTRWEAEMNL 5, TE L
RALAE~90°E THZ > CTHIEE T D, BUKMERE S EALIT Y 7 2=y MES 3 ITH D
B, ZZRAONEZBAKMEIZLT, A LIERIRTFROKHEZ SR 3, ZHUZfEny, ¥
YETADEFRIT 45~80 A £THINT 5,

ADP fF7E F T L7z GroEL-GroES A KON A ENBEREINTHLT v Xmay
7L — SIS L= (14), T DOHEEIL, GroEL O F DU 71Z GroES NEDLHITHE

AL, FCMOD 750 GroEL 7 ==y hZ 1 279> ADP &L TW\i=(X 1-2),

C

1-2. GroEL-GroES-(ADP): @ X ##k %1% (14)
A. GroEL-GroES #HA& KD LiHX
B. GroEL-GroES # & (Kol ifi X
C. GroEL-GroES # & kD 7 [

ZHUCED ETF VT3 HER 12725 (GroES, ADP OfE & L=V 7 % cisring, S xHA D
V7% transring LX5), 51T, cis-ring @ GroEL 7 =y "R ¥ A F 07T, LT

AR DOBEREE B R AT BRI e o T EIE AL Z L Qe A F— AT A TAIRAL D



IZIEAET D 2 S0 Hinge WAL &2 NI TE LR AL TAIT 90° DdaDZRns
1260° 25 E3H(0pen ), ZHUEHEHE, BEHELZL T ABEE RSB OES D
JHREETHD, ZOMEEZELOFER, cisring NOZEHOERFENRK 2 5125530, GroES

DHEIZESTRERAHZEM P AEEND, EOIT, GroEL ORV T FREEG A DIZEAL
73 GroES LOfEAIZH WL, EDT2®, GroES OfE S 12L> THRITFRiL GroEL
OB FEININ T, IERUIZEMIC I ENDZ L2725, BT FRIZZO ZERICADIA
T2 T, BEDOERMNOLBNTIEFRT+— VT 7 TEH(ZEMIZIEA 57kDa £TONR
URTFRBAVIADD)(15), GroEL MBHF AT Iy /& B bz 5 i3 28128D, cs-
ring OZEHNEIZRIRXTFRNRTH— VT AT FTHDIZHEDLWREIZELT S,
GroES M & L TR X2 RN ERICEE T L QW e BUK 7 /ER#% 1T, GroES @
FEBIZE S THTZIC R END GroEL H7 o=y ME OB i CTEH 35, fREL T2
TR BRI 22 LN 1725, BKMET /R 7% I 33 1 (Mg ST 9T AR XA MERY
RTFRIPLLLTADLIENTELHZEME2L5(16),

X Xa VD ROETA7 L, 22D GroEL ICEMRED LB RV XTFRBFEA 352
EBIEES (K 1-3A), FEWT, 72D ATP 23E AL, GroEL 78 Open WA &AL 35,
ZHUZ GroES B E& 35628 T, RUNTFRIL cisring DZEJANIZIE ELIAEN, FREELT-

ZEM DO TT 4 —IVT 4 T BT 5 (cis ATP B A 1K), 20 cis-ATP A4 K1X ATP 2
K57z ADP(cis-ADP &N/ E TEELRY, RIRTFRIZES>TUIT v
=V DRBRIRETANICBIT D —EDT +— VT 4 TR D RIESNDZ LT 5, cisring
N ATP MK R 2R (K 8 By v X U ORIGHA 7NV DHA~—L LT
DTh%, LInL, 20 8 BDOFA~—IFZELIT 3 L 5 BD 2 BFEICHITONDZ LR Do
72(% 1-3B)(17), GroES 2 #EA L TDARYRT FRNBZERMNICIE L LIAENDHETITHR Y]
D 3IBWEEL, HED 5 W TTH—NT 47 PHEITT 5, GroES @ GroEL-ATP-JE&E %

RIBEBERA~DFEEITEE X RIVENFYET A NI EIZELIAEN TR cis-



ATP*HE A K& A, ATP 728 ADP ISR fiREH, cisADP AR5, trans-
ring fliZ ATP 235G 7%, 20 ATP fE & 01351 &&L70-> T, cisring IO GroES 73 i it
L, ZNERIFFIC cisting M0 ADP EHIZPATIAD BTV ARY RTF R — i I fif
Do BYERVANTFRIL, 74— T 42 7 BT LTHNDNEINNT DL — E R Th
SNDN, TAH—NT AT EPOLDITHE v ~n _ESh, HERE O A7 %
BIBICTH— T AT INE T 5, 4, transring lIZIE ATP ERVATFRBFEAL

TEY, S EIXIBLOMN cisring il &7e>TEIKZ L1225, ZHLTHAZ L —K 3 5(18),

A single timer model

Nomwatie folding %
rotein =
A GroES - A
= . ﬁ“"h— ool v [
L. <ts L J Cdar LI
~8s s
cis-ATP cis-ADP
complex complex
B two timer model
caging folding
3
i Yo
Nonnat : i o
Nonnative {TP-m:mamm ADP-tranattron ? 5D
..!. GroES Pi / }\f;
- @ [ 1 A Q % = ()
g R s e g R e K o s g
<1s
cis-ATP” cis-ATP cis-ADP* cis-ADP
complex complex complex complex

1-3. GroEL @ v _Ru= %A 7/LEF/1(17)
A. ek vy Ro= K s A7
B. 2 BEfrD v Rp = KR A 7L



Ty n=r GroEL IZARY T F R a2 NEICIIA T 72O I Kig e & A bz S 2L,
BURIARRE T A LN D ZE A ED T, COBSURERDZDONBE R A ITHFET D
Hinge EMEIINDEAL THD, TEINVRAL L EA LB —AT L ZANRAAL L DRITAFIET D
Hinge I #3712 192 & H @ Gly 73 (Gly192) 2365, VLRI A 225 T, Gly192 7% 3%
Z Trp \ZEH L G192W £ BIRAAERIL, 2Oy vy ~Xa= e DN 21T -72(19), %
O F, GroEL G192W £ (K13 GroEL WT &#kL TAM 44 Fd Rhodanese X°
MDH DB & _IBEIH TV T+ — T A TIEMERE LR FLTODR R PGS
N T%, GroEL G192W ZE S AKOERREMAT OFE R LD, Gly Ak ZiRb REWT I/ Mk
HTHD Trp ICBMLI-ZETH D cisring 75F® Open RHEEIZ/RD, ATP OIHEFLE T

IZBWNTEH GroES Zfi A THZEMTELIENH LN oT, SHIZ, ZOEE, KXHHlD
transring Vo 7T EE DN ES T2, £D%, ATP Ll FEO GroES ZIRNT 2L HE
WHI, FRDVIZ GroES 2S5, Wi DV 712 GroES A& L= 7 vy bR — VAU &
KL2ZLT, 2Oy rr=rH A7 HE 1L LTz [Dead-End ) 72k 8L 72 5 (M 1-4), =
L&Y, GroEL G192W Z SLARIT il 77 DV 7 TRIKFIZ GroES %f5 & 35N AIREL /8o
Tein, BEEEVIIARYETANICHEELIALZENHR T, VT — T 4 T O B 21T

DIRNZERH BN T,

2
0. 58 8B
D..kgg S

substrate Perturbation of efficient encapsulation

Binary complex ol
e
Without ATP

1-4. GroEL G192W £ # KD v o= P A7 /L O X (19)



GroEL IZ81F25 2 2DV 7% L TRIFFIZ GroES 23 & L7 7 v bR — VBRI A K1,
A REZE T TORELLHEZEZOLNTE, LL, IEFIZRDZOE A I3 T H0F
ZEITE I CETWAH(X 1-5), B AR GroEL OAFEM FIcB\W T, 7y MR— LA &
ENUNES T 0 A=Y M QURY:Y/R o & N 1 A Wi S/ENo b NS i Db S o MNP S I AN oE .
TAAX—BE(FRET)EREEH WD ETT v MR — VB L3 LR S E FE FE A7 fE L CTRY,
ADP/ATP B3 ENET Y MR — A BIO TR BLE SNDZEE A HSITn5(20), EH1Z,
398 FH D Asp % Ala |[ZEMLI-ZEERIKTHS GroEL D398A 2 HAK(21) % H =i 5E
IZBWTH, GroEL Ofli 5DV 712 GroES A& L7z 7 v MR — VB S KRB RS D
TFNAEERINTNAE(22), 20 GroEL D398A ZE FEAKIZHIL 52 & H D Asp % Ala (2
EHALIZZET, RiIC ATP ONK A IHI S 72 GroEL D398A/D52A 728 BRI
J5 DV 71T GroES BEA L TWA 7y bR — LA R X ik i S AR S h T g

(23), v XE= Y AT NITEBITAHT Y MR — AR SR DD E L Do TS,

A B
- e Low ADP/ATP ratio
Pare -
(I [
Ll — 017 — [
ATP WV
C >
240 A g High ADP/ATP ratio
PATP o &
D ATP ATP
>t B
ADP ATP

1-5. GroEL 7 MR— LV & K O R & LG A 7L
A. GroEL D398A/D52A: GroES: #A RO 1% FEX(23)
B, C. ATP/ADP R DEWIEIFSH GroEL O y~<n=14A2/1(20)
B. LD ATP/ADP (28153 v _Xa= A2
C. @D ATP/ADP (2835 v _r=r AL



GroEL O7EHNLVRALATHE G L TOWDIEEIL, GroES 2#HATHIE TRV M LTy
ETAWNERIZHEELIA TN T 74— LT 4 7 3 Bh&nbd, 0%, ATP MBIKy S
TADP £7252LT GroES 2N IEE O i3 EL S, ZOBEZEZLNTHD —ED T ¥
NRa=U AN LT ERTRD, GroES NEZLICIRETHLFvyE T A NEI O FLE 2SN L,
ZOB%EEBENPBE NI T —NT 4o T T LTIV TIREJENSBERELDTED

PTAEIZZR 0B L T 5(24,25) (4 1-6),

Chaperonin-assisted folding In-cage folding

Rapid
‘ In-cage 2
QmES release
Jany N
D

+ATP
—
Natural
escape —_—> &
J gE}

GroEL
Spontaneous
folding

Out-of-cage folding

1-6. GroEL OFH Vo7 K tsET /1(24)

LU EXY, GroEL ORERE LA 1 IZ W TREMNIHEANT S TIRWEMEZ L E I 5

BRI R TIZ L Fk > T D,

10



1-8. ZU I BOBEREICEVAEL D TInANRMEERE

1980 #E1Z Glenner |, 7I0AR— AL T I/ RERHED BIRPEIZ DOV TRL TN 5(26),
TIRAR =T AEE, AR, EEAERREL DX R E DOSARKEIEIZE A Y, AR
MAEICESLTLE TOREORK THD, ZOIIRFFHMNDS, TInAR— VAT T4+ — /v
TATIHELXITNTNDQ2T), IKMBENTNDETInAR = RELT, TAYNAY ),
=T, NCTFUNAE, TV, P SRR AE (ALS) S S FEET D, L
L, ZO—J7T, HREBEL TWRWZ L 7 EOTInAREHELDH S SN TV 5(28),

TInARNBRHEDTE AT, BEHBEELRDBE LIRS 277 2 AL, RSN IZE ) ~—
M2 EFEETHZETHRMEDNRREL TWE, 2OH%EFIRELRD 3 DOBM ARG
ICEDAETDESNTHD(R 1-7), LML, TORRMED W 7 CREENE 47~ 37 Seed | 43 723

TFETHILITID, T7 XA LERE TR RIS A AELDHLEESN TS (29),

RUELERE

—t

B B

1-7. 7InARHBHMETE AL E T L

11



HEOTIOARBMEDOEFEL T, 2Ty R (30), Thioflavin-T(31)% TY i,
T IEMEE CBIZ T 2LMEH 7T~12 nm ORI d 720 RS & %2 7~ 37(32), 2L

Z, X BT, FHRE GRS T B > — b B3 2% 0551 65 (11 1-8)(33,34),

A B
==
DS

115 A
24 B-strands

1-8. 7IuAR#MED 7 A B I O Y & - WA 1 4
A. TInAR#HED 5 FET VN
B. 7XmA R #E D FE - SRR I

AL AVAZB W TR END T IOARBRAEILE F MBI % 1B WT, 20 IR
ROEDNELIHBNDHD, BILHI THS TCEP 1F(E FICBWTEEME - SR 4k T ClER &
ETDHEX—=RWIROTInARBEMEEZE R T5(K 1-9), IHIZ, ZOX—KWROLOIX, &

ROEDEHANTZEA LML FEIEDR RN LRSI TND(35),

12
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1-9. A2 v al KBRS T7 a1 R#jHE(35)
A. TCEP JEMF/E FIZBW UK L7 In A Rk
B. TCEP fF7E FIZB W TR LT I Rk

ZOIINT, BHENDTInARBHEDOTERRIZE > Th Ml B MEIEVW R ALND, 7inA

RERHEZ T BT 220 R OB AR BIZB VTG L TV LS TWDR, 7
IRARHRHME B IRICEIER D DD, BRHETE R ER (20 2 BE4E h K ICEMER B D Dh T
RIEZHHEIHBIL TORW, 207280, TIRARNBRMEICEDLETOEERK L OERE TE
R SNDERE T RO IL, 5% DT InARFRICE W TEERBER LRLIENEZ ZON
Do 7I0ANHBRHMED TG BT I 1T DAk 2 72 FIEIC LD B MEI) R A E SN TE TN D, 73
A RBRHEZTE R T 2T VZ LRI E D —2IZ GroES b5, ZIVET, AWFFEE TIEARY
T2 )= ND—FETHLT VN T =0 BRI ETHE AR =X R(VMA) Z Lo v Xn

VELTHWE GroES OEEIIHIZh B> W T AL T A(X 1-10)(36),
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400
350
300
250
200
150
100

ThioT Fluo. Intensity (a.u.)

80 120 160
Time (hr)

1-10. VMA (215 GroES &7 v R 5k 47  (36)
A. B2 ZRER O VMA RINCED GroES DL FE 2RI DH L AL
48 R [H1(@), 96 R[] (@), 120 K[ (@) IZF51F D VMA BN GRMILHRFITER)
B. 120 FE]TO AFM (215 GroES O 7 IuA FH{HEBL I (RERIC BT HKEID )
C. VMA #IN# 0 AFM B (FR#R R E1T VMA 23N L T 48 B RIR % 14)

)T 2 )= VEFIN BB, TV CREDO LG FRISH G LI e ed s a2 RF (b &
MIDRFET, BTx2, NI, NAAL U ERETOND, W T DB ThLHEE T
BT a7 X ATT VAL PrPse O Z L ELET), 7073137 InAF B(AB)
DA VT~ —ERHETE B A HI L (38), /SA L 1% a -Synuclein Off#E (£ 1% L TR
HENRHDHBYEENEIRENTND,

E51T, ALS OFRZ Y RIE ThHA—R—FFH AP ALZ—F(SODD)IZZ DIEM
EALIZ Cu & Zn DSEMEHRODICENL A2 T, IGMERR B & 0 fif 3 2 & 2~ 323, Cu O
BICEVZDEBEEL MBI SNDD DRI TND(40), EBIT, TAYNA~—IHDJRK Z 3

JETHDH ABAL), FTIFUVIEORAZ L 2378 PrPC (U2)I2B W Thae B A4 3l 51

14



TWLHEHRESNTWD, TVA L Z N TEBBEGE L TOLHKRBELTEMNIBITS7n/Y T =
VAT a7 P (CID) BBV, 7 TIEY MR NIE(BSE) 355703, ZOT VA2 R_IE
B ABAVTv—DIFFAERICE G L TWAIEREF/RENTNDA3), EF e~ T ADHE
BEIFIZBWT, AR AV ~—%, LTP(RHIE IR : =2 —n MO T 7 AFE G &R 15
BE)NLESN TODEDONRRENTNDA, PrPeGaR 7V A ) 2R FFL TN~ T 2D
WS R T ES R TWanolz, ZRERERIS, EFW TV ADWHE YA TAB L PrPCo
FHAE A% #9258, LTP 1L A B AV~ —ICX D BEZ T oI bR S, =
nN&Y, ZUA %, HIENTO ABDT7+— VT A 7 IRREEE I RFEMES v ~ry )
ELTOBBER L > TODATREMEL B SN TUWB, MR MR BICB W TIE, REICHESZL
TR PRAENTAAAEL TRV, Ak 2 7280 (K] - & oD BESE 134 2 O VAR IEBR 26 (2R 2h 7 dn

EHEZDTENPIFEN TN,

1-4. R—F I TRBIEDRIKFZ 2 737'E o -Synuclein

1817 #IZ Parkinson (ZLVFE BENTZ 8=V Ui LY WHE MR & L Tl S S,
Z D% 1888 42T Charcot BEVFEMZRIEHI AR RL, /R—F VL TR Sh7z(44),
N—=F VR PDNE, BE L ARVEDOERPRIN TECLIMREMRED 1 SLLT,
BUET WY NAAY—IRICIR WV THEICE R B THLLSN TN D, N—F Y URFICEN
T, PR EOR — SIAF RN EERE LA I B —/MEA(LB) E X IE D B ARR
o 1-11),

1997 412 Spillantini S, MIFEME/R—F 2V 9KI2EB1T5 LB OREMEIR 3 ZAE R Ak 4y
2 a-Synuclein THHZEE I HHNTLTZ(45), a-Synuclein L4t LB Oy £ LT,
5y xS Tihd aB-2U A2, HSP70, HSP2T Sl Dfk % 724 R_7E LT Hivs

(46,47),

15
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-~ ¢

1-11. S Y AN To R =% Y U BE B O BE Y] 7 (45)
A. a-Synuclein ML E—/MEEZEH L 2 DO R (RENCEIVERTD)
B. 2 ©® a -Synuclein 3B L7z B —/MEE A 10 A D
C. 4R 1T % a -Synuclein K LIz E—/ME

FRERZE PR FRIZH51T D o -Synuclein OB 5-1%, ¥ 7 /LY A~ —K(ADIZHITHT
2ARBEH KD o -Synuclein Wiy (NAC) R KRELBI 5L TWHEEZE X HIL TV Z(48), o
Synuclein O 1%, SNCA Bfn V= a—REIND T/ 140 FRIENDIRDHA LR
JBC, WBBEMED N K, K& ORI E R 272 WK D C Kb, £ O MITIXBUK P8
T, ETIOARNE Y E G R EICRE 95 61-95 @ 35 TR DALD NAC fHik s
FEIX DB DAL SV TV D, £72, N K21k KTKEGV fEI B2 5480 = LEL S
"% E A TODRHEE R > T D (R 1-12)(49),

A

B Bk Bkt
1 61 95 140
N Rk NAC fais C Kb

SR I 1 s

1-12. a-Synuclein OffiE

A. a-Synuclein ®7 I /EE SO B :KTKEGV OtV LE S %77,
B. S/ A o -Synuclein #1%(50)

16



NAC SHIBIAFAE T DKM B4 & AT IO BV <O A RBEELHTET, 73
2A RBRME DT I B W TERAETHZEDIREN TN (51,52), EHIZ, NAC ##ik(1-35)
B DOTF PR LI EEE X, Thioflavin-S IZBMHETHHLIENLIRA 2 — M %
TERLLTEY, TEM OfEMT#ERNOTInARNRIEEZTE L TNDIEERENTND(53), £
72, NACcore(68-78 73 /Wi #) T /i db O & 1T, ThECT/ISBE ORRBMEBITIX
BT DL RNV ESNTEIEN, IEE~ A7 FEriE (MicroED) &) F 1527
AL, fEEPRESN TS, ZOFE R TIE, NACcore DffiElX, «-Synuclein £ E 23
AT 2 R AR AME S LT E CTHD DR REN TS (54), 7InANHRMED KB NT,
NAC FEIRIC BT DBK MR EITEE &R H 2 172l CnbHEE 255, «-Synuclein @
AIHEL TS C KimfHika KBS HLZETTInANBRHEDR IV R THZEDRS
NTWD, ZOREFRLY, C R, EAZHETIHRNEZOLNLH(55), LoL, C K
I SEIBUCAFEL TD 129 FH @ Ser FREL(S12913, W EAFF—B T T MIZLhI»
b3 22L T InANRMEATE BT DM 23N 2LV Kb oD, LB AL Tuvd
a-Synuclein 1235 8129 7 3EiE, 90% BULELL TWAHIENDLY, /=% 2V HKIC
F1F% a-Synuclein @ LB OFEARIZE G L TWDHIENE 2L TS (56),

2 O? a -Synuclein #1572 B{K A53T, A3OP I REWIRIER OF ENE PD OFAKIC
DIRMDZENRENTZ(5T), in vitro 2\ T a -Synuclein A53T & A30P (34 VT ~—,
BEE TR AR, A2 R ER KT 5, «-Synuclein OFEMER BB FRIZIHB VT, AS3T &
BARDAFAE T CIIMESND T, A30P £ RARIF(E T TIIMMEIE BRI B A LTS
WESILTVD, LAL, A30P Z8 S AKITEIR  CHMMEAA VT~ — DB EIETR R #2/3

B OWEWEAEINE T 2(58), £7=, A30P 28 F R34 &2 DB DA IE ITE NN DD D
MBI > TVD(K 1-13)(59), E46K ZE 5 A, FEMRME /N —F% Y i I BIfR 528 51
Al o -Synuclein X1 T5(60), E46K 28 BRI, ABAICHBLIZYR Y — A~ By A7

® « -Synuclein JObLFEAL, SHIZZHUIMD 2 SO BKEZE > TWDHIEL RS

17



TWb, TIAROMMEILKICE N T, E46K 2 B AKITHF 4R o -Synuclein (WT) & kil
LRV RIRMEETE AT 203, AB3T LIRFRE THH(61), Zhb 3 DOFRIEA BRI Z,

UL4E 50 % B @ His % Gln & REICEHR L H50Q 48 BARL S RIRL L TR Ran
(62), ZOEFIRIL, HLLEEEZMEEL, o-Synuclein OT7InARRMEEZTE KT 5, IHIT,
2 WIS SRS (NMR) & [ — 6 tE(CD) A7 MU XM E fEAT I3 W TR IR 72
2 WIERE N E LR DPRENTND, EIZOERRIT in vitro 2BV T4 R LM B IE

ML, VBT DR Ib RN EDIREND, TOMaEMEZN R 1T WT LHEL, Mifdst T

PAE IR IENTTNAIIICHLNT-(62),

A

1-13. a-Synuclein WT & A30P H D7 v R HEAE & D\ (59)
A. a-Synuclein WT 2k L7-7 01 RiHE
B. a-Synuclein A30P 23K L7=7 v A Rk

FRAGICER D AR RIE, N—=F VR BIED RN T2 5L 5 2 5T\ 5(63), 7/l
FUZIBNT, Met (TROBEEBECRT WV, B2kl Met 1%, 70 A RHRHETE 2 -5
Do BBATATZOMBIZNFIKIL, #RHELETIE# ZF(64), «-Synuclein DEHEICEH
W, SOD1 X° A B, PrPse DIHICE BN ZOMHMEALIZE G L TWAZEN RSN TN,
F AL E T ML (TEMIC E AT IRV T, Cu(lDiE, WT TiEMiEWRy Ty —2D 55
IRERAEDTE RSN D DIZK L, KM IR (A30P, E46K, A53T) TILMiHE TlEnT £

18



T 7 AR E L T e, 2L, Fe(IDFAE F Tk, WT, & 28 BRI IZ6 )8 A

AU IAFAE T TSN D IR WFRHED T s 7= (1 1-14)(65),

1-14. Cu() X% Fe(IDFF/E FIZHB W T K T2 o -Synuclein ik HE D E N (65)

in vitro \ZHWC, Trp & Cys F& I 3 KL T% a-Synuclein & H:0. TECH T
{EL7z a-Synuclein %, 7I/BEES FIZ/FEL TS 4 D2 TOD Met L2 R INAYIZAL
BN LT 5, Met B2{kI2L% a-Synuclein #EHEFELOINHIIL, €O L LT Met
DOENZFI Y F5(66), JCimicF 2V E o7z a-Synuclein X7 F R 1-15 (2L L 7= BR 5E
(ZBWT, NTEeF b, BRI ROm 5T, CuliZ 2 >ONIIARTFRE Metl &
Met5 7% ELITHEA THIEICRVEERIE R E LD D035 FLENT=(67), ZOMEIZIHB T,
FRALIR TN E T, BALIZE LT, BRBEFLE TOR—IUICBWTHIEFEETHLDON
IRSNTZ, T, fila'E @ Cu Il a-Synuclein &iFHERD, FHEBEREZKDT, B{L
S ERET 22 LTRSS A Cu l a-Synuclein 1%, FEIE M Z2ED S HHEENH DO N
IRENTWD, &8, BRIL AN AZNZ A o -Synuclein BEHE DK 1127202503, A BN
IZBWT, FRITIMMNICIE o -Synuclein, @&, BBEWTIBHFELELTWDLOT, 48 Ll

ARV AN T HZET a -Synuclein DEFENELDHZELE 2 HID,

19



a -Synuclein OFEM7ZRFEREITRIZ AR/ 3%\, a-Synuclein %, 7/Va2—/LTER
rs—1¥ (ADH) O#E4EIZIBWT HSP27 LRIBROIHIZN AR LIZZEDD, oz ]

B OWBEZIGET Y N AAEEEZREEL TOAZEL A ST 5 (58), Ml IREY
BOBHIZENT, T 7 RNa Lo & ICBE OO E Tbs SNARE #2 /" 7E D
BARRICEEL T4 F- v~ LT Dnad 773 —IZBLTW% CSP o N EIET
%(68), ¥V AICBWTEIEICED CSPa @ /v 277 VNE, a-Synuclein ZH BS540
FOZDBIEZERETE LV WMEND, RIFMHREOBRGEIRETDENIERELF > T
HZELREND(69), £72, a-Synuclein [EIICHE G 952 LI KORRHE R B3 s S
(70), =D %% « -Synuclein OEEEIIEO R H THELDHZ NG, BEIXELNIZ o
Synuclein OAVT~v—{bLZFHETHZENREIILTND(T), ZHUTKEL, HM: & HE AR
S ORICHREE G T HEMMEE B FEENLZENME SN TND(72), 61, kL
72U HEE L, JEE I DE T a -Synuclein N THERENRRDDE/RLTND, K
B S T ICR W T, VIR /MBICHE A T2 &8 00 BT 4 — VR U CRRMERE 15 27 i 3
DN, LOEBRE RN TlE a ~ 7 AEEE LD TRMEZ DL E S5 (73), 20 X951,
L DL RF LY NRE LR EAEH § 5285 o -Synuclein 1%, 4027 F LR
ZBHLTWHZENEZBND, DFED, Mok, T 7 A 8, MleA1F, F— 3
PRRAS DR BN BT EEN ZH o TNDBLILRNZ LD, ZILHIEH O REZ B S

WD EDNFEH IR 55230127060 b Lt

1-5. RRBEMEZ U RIBIIRHT D0 F Uy nr OfE

BT B ST B DT —NT 4 7 BT DR AR D0 oy Xr i, M
ELERBRRBEDORINERDZ NI EOREE MG T DEN 2R e M E SN TND,
RDOL U RZBNT, ZERICHFEL TWDIVARZY LRI NDZ X7 1X, BEE ORI
B I LSRRI STV WS, ANBE~DZ KRR 5 RBEINTND, a ZUAH

20



UATER P HINCEME LT B -, v -ZVAZVAATHKIL, Ty _uU a2 mbhTng
(74), %72, a B ZVAXVATHIILNIZB W TT VY A~ —J5(75) 0/ AV 7 o)L h-Fa 7
J5(16) 72 EIAT 4+ — LT 4 TIRICHE G L T DM DX R~ O EATLEL TWDHIEL
WESN TS, HSPT0/HSP40 & HSP104 (X [RIL TEMEL CWEX L 7B E (b S
BDHU AU R ERI(77), HSP104 (%, BERE 7 UA L 2378 Sup3b DEEED K
IZBWTR 5 LT, HSP104 OB &N O LS ITEE R AR ET 223, mF &
H LIL I BN B L2133 0 5 @< 2R & T (78), HSP70 & HSP90 i A
B 1-40 OT A REMEFE K Z I35 RENTNDH(79), HSPY0 X, o -Synuclein
DT IaAREHEACICK L, ATP FELE/E F TlE, AV ~—0Z 352, ATP fF/E FT72
A RERHENTE LT 2S5 (80), EHIZ, o -Synuclein A53T £ B KA - ZERIC
BT, HSPI0 (% a -Synuclein O #MZRT LI /25A4 VT~ — LR [E 708 & K2 Bl

THZETHRELZMBHETHZENRENTWA(H 1-15)(81),

(a) Hsp90 interacts with oligomers

X, W W W

L") A Assembly of

Monomer . oligomers on
(Intrinsically Partially folded .1y ligomers the pathway to
disordered) Intermediate forming fibrils

* Stabilisation of %
oligomeric state
by Hsp30
u 3 ™
Hsp90 é + /l/_\\;
F T

Fibrillar a-synuclein

(b) Hsp90 interacts with oligomers and prevents
a-synuclein from being toxic

a-synuclein

ThT fluorescence

1-15. HSP90 2L % a -Synuclein A V=~ — DMk O HH5(81)
(a) HSP9O &4 V=~—fH A {E FH A%
(b)HSPI0 & « -Synuclein OFH AAF AL DAY =~ — 3 M O fif 14 H A%

21



HSP70 1%, M MiaIZ W TR BT 58 A B RTFRICEOMRm LB 52
EMTEDLDNREINTNDH(82), HSPT70 2BV TH, a-Synuclein O#EEINH @<L
RS TIN(83), IHIT, ZOMAAEAITIE N REGIAFET D ATP MK G RN A 1T
VETIERLS, DLARER-EGRAA T TOHAEEML, BEOMEII@LIN TS
(X 1-16)(84), ZDZ&inb, 2L TEOEEMHI N RIZIBNT, oy Xr iRl

TH<DO TR, LLAKEDEM N EELRDILENEZLND,

Substrate  C-
binding terminal
ATPase domain subdomain__lid
HspT0 FHHITHI Y
1 386 543 640

Subtrate-binding
domain

Hsp70 (386-640)

Hsp70 (386-543)

AS+
Hsp70 (386-640)
I 3 1

1-16. HSP70 OB EfE AR AL 2L D o -Synuclein O 7 I R BRAE T A0 1 2 5 (84)
A. HSP70 O7 I /EEEF DR
B. HSP70 7#1£ F 28135 a -Synuclein NJER LT InAREMED TEM {4
721 a-Synuclein 23 E L7271 R#RHE
t e HSP70/ATP 124£ FI281J % « -Synuclein 2B L7 A R HE
F : ATP MK 5 i GBI JE A7 1€ T HSP70 & 572 o -Synuclein T T Im 1 R #RiE
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— 7, In vitro (2B, GroEL O 7 E /LR AL Bl ¢t Rhodanese, cyclophilin A
DYT 3= T4 T TEIEDREN TS (85), SHIZ, V7 —F TRy _u=103, TE L
R AL DI AFAEL T 5 Helical protrusion [ZEVEERE Sup35NM ~fEA L, TD%E
HLEIH L TVDIERRINTND(86), kI NV —7 TRy ~a= GroEL (ZHW
T, HEEL 72T EINR AL ATBEN T IRAR = ZADRR ESNTND B-I7mrm7 O
BEE A LN T2 REFFOI= Uy XEr THHIENRR SN TWS (X 1-17)(87), 7
EANRANATIEE S N VEOREE T ZATV, EOHBRAT vy _a LR+ 5L T
F—INT AT DFEEITS>TNDLN, ZHUE, T TICHMBILTWOIEE X "V E 2T Tl

<, RIREWZ NI ELRATHIENTE, TOEESZIBEIL TODAREMED B 2 b,

S200f A
=2 ~o—0—0-—0
2 150
..“:_.’ pH7.0
© —0-p,m
% 100 =~ apical domain
(&)
8 50t :
o
= Of
= : : : :
0 60 120 180
Time / hour

Apical domain / p,m=1:2 : GroEL / f,m=1:1

} ' 3 - +¢ & 1 e o
AL Y ; o s & o Py e
\ ! A% 2 (> = L « Y
e - - 4 Ly " ot
;

1-17. GroEL O T EANRAALUNILD B o-Irm 7 a7 U OFHER B4l (87)
A, TEINVRALAFAE T (O) XIFIEFAE F(OICHITD B o-I7m a7 Vi Ak
B-D. B30/ a7V i TEDVRAL=1:0, 1:2, 1:1 OHER RGO TEM [
E. B37nzu7lr :GroEL=1:1 23 2MHEIK M S5 O TEM i
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1-6. KD HH)
KFFETIIvXa= GroEL ICXDT7IaARMRMETE N ECAE M2 )78 O

Btz TR FIEICIVBA T 522 AL LTz, RO SCE, 6 B TS D,

% 1 B ] T, AR08 e U TR A MR BOJEIE R IR L7220 RIRAEMEZ 3

BT DIRFD Iy F v my, FARGR LD B BB IO RIZ W TR~

% 2 #E[GroEL Gly192 Z iK% -y v Xa= OREMEHT ] TlX, GroEL G192X
B RAR A W IE L ENE, v Xa=U R OMEHT, GroES EOHH AEHIZ W TR

THZET, Gly192 IO EHLIZLY GroEL OMEFEICE D IR B L 5.2 500 AT~ T,

% 3 E[GroEL Glyl192 ZRIKICIDTInARNIRHEEEOITIZh & ] Tix, B4 M
GroEL K OY G192N, I, W ZR2{KZH T AB X7F K& a-Synuclein ~DFHAANEH,
a-Synuclein OFRFHELICIBIT D BIZOWTHEI 7528 T, Glyl192 K LD EWRIZEST

A RNRRHEETE KT D5 NI A~DHRIZ O TR AT,

o4 BE[I=2 v <ar TGroEL-AD | Z W=7 I A N HETE sl 20 51 T, GroEL
WZBTDTE IR AL INTIAARBRMEETE LT D57 L R BITE B L TWDLIEDNRIES

12T, TEIIVRAL L BMIZ LD T I0ARIRMEZTE K T D5 I ~D B R~ T,

7

# 5 Hm[HAEHBLZ]TIE, GroEL G192X ZH (KL GroEL OTEHNRAL BT InAR

A

MRHMEZ TR D2 NI DR B DR Raie B BRI,

6 mAEFE]TIX, AWFED ELD &R~
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% 2 E GroEL Glyl92 EEKZHVWEI ¥y Xn=Vv
B RE D AEMT

2-1. f& 5

ZoNTEITER ONREE LT+ — VT A4 T ESNDIEITEVA RO REZ T D,
UL, #kx e BIRIC K02 E RS TIIm WA BB A RNICE B TFET 5, 2hbD
BRI HERARFOREEICIELL) 7+ — VT 4 75 e s v ~2u=" GroEL I3{%EL
TW%, GroEL Ot LR RE ICIT B H2 BIR N b D, GroEL ITAFTE 27/ ik iz
BALSEHZETARKOMAEE RELETLIENMOLNTND, GroEL %7 =y NZ&1}
LI TN TIVRALAL, XTVAFROFEE K OIMAK 3 fEOHEREZ AL TW5H(9), ZOR A
ANTAFAET S 398 T H D Asp FE % Ala ICEHLZ D39SA ZE HiK(L, GroEL 734k
REFL TS ATP OINKS fRERE T 3 KB T 52BN TS (21), ARBFFEEIC
BWCTHZI TR T NVRALAFIET S 138 F H D Cys % Trp IZEH LT C138W 4
BAKIE, 25°CE 37TCORARDIE T v 2a= YAV R TNDDEHREL72(11),
GroEL DA KRFFL TWDIEEED JVFEMZRENT 2170125720, FeEDERALIZIBIT DT/
BRIR B BT DI LI HEERFIELRYID, 5 1 H TR ~72L9IZ, Hinge I FHALIZAF1E
9% Gly192 % Trp [ZE# L 7= GroEL G192W ZEAKD T v o= L CTOREZ T L
72&ZA GroEL WT SHHZL, RETEMIME T LT, 22T, KETIE, TI/MBIEED
RESERTHIETHL7 70T VT — LV AEREICEAL, Glyl92 Zkk 2 e RESDT I/
FRECEB LT GroEL G192X 2 S {AAERIL CTHIZFE M/ REMAT 21T 72, GroEL
G192X & B{h% VTR F IR, Sy Xr=U BB~ 8E, ATP JEFF1E F iz
% GroES EOF AAEHZF~, Gly192 FREDZEALIZ O G B RB IS DWW TR L 7=, &

ZTC, Gly192 7D GroEL [ZBITA Y vy _Xu=U e ~D B 523 7 5.
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2-2. MELETT B
2-2-1. 7T AIN BB

HE DT T AIR AR R L TWDKIFE O/ tn—/L Ahy 7% LB £ # (Ampicillin 50
ng/ml) ([CHEE L, 37°C CHrEEs B L7z, WRIC, ZOR#EIK 3 ml Z4EHEL, illustra™
plasmid Prep mini spin kit ZfH W CFI7AIRZHEEL 7=, Milli-Q (ZXuiE I L7=1%,
Nano Vue (GE Healthcare) Zfli L, 260 nm OW Y EZHE L TTITAIREEZ KD

72o DNA O EFHREITEEKE 10 mm, W E 1 OLE, 50 ng/ml ER5Z %2R H L=,

(LB &% HuH Bk ]

1.0 %(w/v)Bacto Tryptone
0.5 %(w/v)Bacto Yeast Extract

1.0 %(w/v)NaCl

2-2-2. T H 0 —ABRIKE

THa—ZS%1.0% (wiv) (27255912 TAE Buffer 2%, BFL P TMEAL, 7H
0—AZFERIZEN LTI, NLUCRADETHEL, =F T L7 rvAR%Z 0.1 pg/ml 1Z725HK
NTMZ, FAAERBICETa— 22U TEIRTEIL L, BUL LT T a— 27 )L &k E)
iz, vkEIH O TAE Buffer 21, 27 AET NV EOU T 7 I LT, @
%, BELT % BPB 237 L0 2/3 FRE ETIRAZRE R TUkEH A0, trans A /LR —H—
(FAS-TI, TOYOBOIZ LW AU REfERLIZ,

[TAE Buffer]

40 mM Tris-HC1(pHS8.0 at 25°C)
40 mM CH3;COOH

1.0 mM EDTA
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2-2-3. B im#

77 Z3IF DNA (100-200 ng) Z= 7 b/l (JM109(DE3)K 100 pl Xix BLR
(DE3)# 200 uDIZ iz, JKH T 30 53 A > F aX—hL7z, RIZ 42°CT 45 BRI T 528
Te—hrav &7, TOHREBIOKFIZT2 0 HFHEL, T 42 CIZRO TEHE = S0C
BhA e N 1 mliZRsdoicinz, 37 CT1-2 KRG L=, BRI % LB 2 K55

(Ampicillin 50 pg/mDIZEAL, 37 CT—HrgFE IR LT,

[SOC £z #1(pH7.0)]

2.0 %(w/v) Bacto Tryptone

0.5 %(w/v) Bacto Yeast Extract
10 mM NaCl

2.5 mM KCl

10 mM MgCl.

10 mM MgSO.

20 mM Glucose

2-2-4. DNA Sequence

H i s 1 O H gL, BigDye®Terminator ver 3.1 Cycle Sequencing Kit (Applied
Biosystems)% >, PCR 2LV HHE S| DO HME %1 T >7=, PCR %, 125 mM EDTA 5 pl,
Milli-Q 7k 10 pl, E51299.5 % =% /—/L 60 ul Nz, RIET 15 R E L, 4°C,
15,000 rpm, 30 73 fil i 0o L TP L7z, i Of& T RIS BIEZFRAL, 70 % =% /—/L 60
ul Zhnz, 4°C, 15,000 rpm, 30 4y fEli.OLCHeE Lz, O/K TRIC ETEEREL,
Milli-Q 7K 25 pl ZMA THRNT w7 AT, MUK IE THIBIRAFL, B UK -4 fin B RE

X2 —2 — I RENT R LT,
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2-2-5. GroEL G192X D {EH

vr~Xr=r GroEL(DR-1, SR-1) G192X # & % {kiX, GroEL(DR-D¥ BL7 7 AIK
pETEL X% SR-1 %77 AIK pEL SR-1 Z#§% - L, PCR % i\ /- 54 B A2 X0
B, HFEBKOTTAIF pETEL G192X X% pEL SR-1 G192X #H W T K H#

JM109 # I E =L, ZD1% DNA Sequence (ZRVZE HE A& fEsB L7,

2-2-6. ¥ NNVEERE
5 57 R L7- Bio-Rad %! Protein assay kit 24 &R ER HRERE 6 ALV 7 L]
ERORBREIZS 2ml T o0 E L, MRERHRBREICHBOREL7:55512 BSA0.5

mg/ml) & Milli-Q K% TR Iz, MmEfoEf 21772,

% (mg/ml) 0.0 0.1 0.2 0.3 0.4 0.5
BSA (ul) 0.0 8.0 16 24 32 40
Milli-Q 40 32 24 16 8.0 0.0

WY TNV EARLT 0~0.5 mg/ml O&EPHIZILNED IV 7 VHIE H O ER
BTz, o7 VEEN 40 w1127253912 Milli-Q KZEMz 72, RIZ 595 nm TOW

EAENEL, e ERICIVREZRDT,

2-2-7. KREEH

LB Bz, REHEEZIT -7, R TOE®EIT 3TCTIT o7, B #iAHpklr N FIE

Z UL TR LT,
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(LB it s i (pHT.4) ] [LB X1 (pHT.4) ]

Polypepton 1.0% Polypepton 1.0%

Yeast Extract 0.5% Yeast Extract 0.5%
xtr 5%

NaCl 1.0% NaCl 1.0%

Agar Powder 1.5 %

BRI E iR t2, LB/Amp %€ KE- 1T Over night ffrER; L7, o7 an=—%
HEEL, 5 ml © LB/Amp iRIEEH GRBRE) IZHE L, ODeoo=0.6 12720 F CIREZL: %
L7z IZ 1L Oy 7 UAF& = 477222 E L2 300 ml @ LB/Amp #E (R ES #2548
BORBE TR 300 pl ZME L, 37°C, 120 rpm THEEL# L72, ODsoo =
0.4-0.6 [ZBWTHKIBE 1 mM L725552 IPTG ZRMNL, O 5 BEEZ R 8 L, B

AL T, 8000 rpm, 20 47, 4 C T/ Ly HEICIVERE L,

2-2-8. GroEL(F AR, HEELRE)DRER

GroEL 5 /A 3 4 fE A BAR o fE 1%, =i 12 T AKTA-FPLC system(GE
Healthcare)Z iV 7= Superdex 200 Increase 10/300 GL(GE Healthcare) (ZL25%7 /15
Wra~h777 41—, % T Resource-Q (GE Healthcare) ([ZXDEAA L o~ TT

T 4—E4T o0, R W Buffer EFEA DL FIZRLE,

—f | Buffer —
[Lysis Buffer] [T vAHilra~< 757 +—H Buffer]
50 mM Tris-HCI (pH7.8 at 25 °C) 50 mM Tris-HC1 (pH7.8 at 25 “C)
2 mM EDTA 2 mM EDTA
2 mM DTT 2 mM DTT
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(faAft 2o~ 777 c—H Buffer]

50 mM Tris-HCI (pH7.8 at 25 °C) [%#r 1 Buffer]

50 mM Tris-HC1 (pH7.8 at 25 “C)

2 mM EDTA

9 mM DTT 2 mM EDTA
1 M NaCl 2 mM DTT
1. B kR

EELUIZHIREZ 10 5 & (w/v)D Lysis Buffer (28 # L, 1/100 EEDV Y F—2bIN%
TR T 1 BFEBH L, RIOK I B W Tl F I B CRE IR AT o 72, 205

#t (14,500 rpm, 30 47, 4 C) I[ZLVibEWmEREL, BiEE S 2RI LT,

2. BREZERALEE
B SR e 1% 0D L 375 1 IR TRETED 5% AR TR~ AT Bk AP -<DE T L,

W FHBRERTL FFEBRHRL R E T o7, 1B, =00 HE(14,500 rpm, 30 %

4 C) I[TXVLB L7 AabREL, iG-S &I LT,

3. BTV E= L5 H
RS ORI 412, K TBEELADOHEE T = AR IR 55 %afnss

FTHoDERML, WMEIHIT 1 BFEBERLE, %, =008 (14,500 rpm,

30 47, 4 C) 2Kk E 4y 2 [EI Lz,

4. Fnrilra<r o7 41—
DL E Sy A 24 B0 L A Buffer (ZIEfEL, w020 B (14,500 rpm, 10 4

4 C) \ZIVILEE LI MZ RV ERREL, BIEE S ZRIR L., TOH T w74
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L — R L7- %, AKTA-FPLC sysyem [Cf%EL7-7F VA rIa~hTd 77 4—
(superdex 200 Increase (volume 25 mL)) (27774 L7-, ¥—7# 4% SDS-PAGE

THERRL, GroEL M H Lo i 43 =X L7,

5. BAA LV R#Ia~ T TT 41—
AU L7 4 W 5> %2 AKTA-FPLC system |[CEL/ZBEAF R/~ s T77 41—
(Resource-Q (volume 6 mL)) (2777 4L7-, 0.1-1 M NaCl /I = hCTiaH LIz,

E'—7Wi 5y % SDS-PAGE THER L, GroEL 234 Hi L7- i 73 & [ L 7=,
6. ZHT, FEEMER
ZHT A Buffer T—BREHNT 21TV, BHTREHERLIT o7, D%, SDS-PAGE 1249

s AR ol D RERR AT T2,

FEERUZ BT DREMZ2 FIHIXX 2-1 (2R L7z,
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KD (GroEL)

(1L /3y 2)L{tET7523,37°C,120 rpm innova)
— EENEBEEAREEDI0EEICGSH LS, Lysis buffer TR

B AR (Amplitude 50, Pulser 1, 30 min, on ice)

C_D 14,500 rpm, 4 C, 30 min

1
IR £E

J

Bi%EE (REBE25% ARLTRIA ) «— 22— 5—T1ERER

< |% 14,500 rpm, 4 C, 30 min

[ V¥

LR L&

}

BESE 55 % MET7TVE=D L) «— 25—5—T15MER

<_|Vb 14,500 rpm, 4 C, 30 min

1
LR Lt&E
«— LEOTILABIOYLT ST — HBuffer|C BIE
=L EEE, LiEE 7 L2 — BB

FILAHiBYZ AT R 57 4— (Superdex 200 Increase)

}

A4 30Tk 57 4— (RESOURCE Q, 0.1~1 M NaCl)

2# (Amicon Ultra, 10,000 MWCO)

l

&4 (Dialysis membrane size 36)

X 2-1. GroEL D45 il i 2
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2-2-9. CD HIE

GroEL WT ¥ ) GroEL G192X 28 BAKD 2 kK 1E % T ~57-9H12, CD P EEIT-7-,

[T 7 P R Ak

50 mM Tris-HCI (pH7.8 at 37 C)
10 mM Mg(CH3COO0)2

20 mM KCl1

2 mM DTT

200 pg/ml GroEL

JASCO J-820 Spectrophotometer f# L C, M —fatE (CD) AT MLEHIE LT,
R 7, BB E 1 mm Of KR LE AW, ERAAE 2 Lisy, 25°C TULT
(R THE SR THIEL,

(P5E 2 ) B - Low (1000 mdeg), BAAAIE K 1250 nm, #4& T ¥ :200 nm, 7—X Ik
AP 0.1 nm, EAE—NF:continuous, EEHE 50 nm/57, L AR Z:0.25 sec, /3

RiE 1.0 nm, F&5 %10 [=]

2-2-10. ANS #=JtHIE
7=V 7 HL L ZVRCEE(ANS) 1T B B EN S AR 0 1 T, MK I RBRE K
BRI FICEDPNDEZOE R ENZF LI KT 5720, BKETr—7 L TSR HZ

T&Elz, ZOMWEEZRAL, B4R GroEL & G192X £ BAR D BKMEER BE DE WA TR T,
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[T 7 I Rk

50 mM Tris-HCI1 (pH7.8 at 37 C)
10 mM Mg(CH3COO0):

20 mM KCI

2 mM DTT

200 pg/ml GroEL

ANS H# AT MVHIENE, JASCO FP-6300 Fluorescence Spectrophotometer,
R 1em OAEELERWT, LT ORIESRMETITo7,

(@& & F) W& €& —F : Emission, B S RE 5 nm, 563 FiE 5 nm, VAR
Z:Medium, & :Medium, i 371 nm, BAAAI K 1400 nm, # T & :600 nm,

BOAMIME 0.5 nm, HX:100 nm/45, fEE : 5 [A]

2-2-11. FNEBI v~ b T T 4 =T XD BESHT

GroEL G192X A& REKDNRIEIE DB Z 5T 572012, FVIE#Rs n~ 7
774 I AT o T, TR WD A T bi%, "I ER DR
ESTELTHHSNOEENRLD, 2O, WHLEZ VSV BESFOBBLE
Doy REFNT D52 ENARETH D, MR L7z GroEL G192X &% v 7 /WA #ER
P40 % (V) ERD EHICTE FrEKTICENW T - Y LT L, Z0#%, K
FIC 10 R L7z, ¥R, 14,500 rpm, 4°C, 30 /rfm.0oorBE L, i % [E1IX
Lz, B L7 BiEE S Al v~ N7 5 7 ¢ —2347 H Buffer T—BriBEHT L7214,
Buffer #4&#: L, 512 2 KFMEHT 21772, &H %, Vivaspin 500 (MWCO
10,000(GE Healthcare) |2 & 0 i 21T >7=, TD% 5uM &7 % L 512 0.5 ml Tl
LY TN ETO A NVER e~ N7 T 7 0 —8H Buffer TFfi{ba1T->C
7= AKTA-FPLC system (2% & L7~ VA7~ 1~/ F7 ¢— (superdex 200 Increase
(volume 25 mL)) (7774 L7z, S, HitiE 0.75 ml/min, 0.5 ml=1 Fraction

TITVy, UV280nm DA NI L vy~ 7 L% L7z, GroEL ® ' — 7 RNAH b
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M7= #5571 % protein assay Kit 200 p112%L T4 ul#ML, Infinite 200(TECAN)

[Z& Y 595 nm DAL TEHMPI L7z, £ D% SDS-PAGE IZ X 50 217> 72,

W& Buffer LA IE TR T,

(7 NAHimra~hrZ 74— 5541 A Buffer]

50 mM Tris-HC1 (pH7.8 at 25 C)

2 mM EDTA

2 mM DTT

100 mM NaCl

2-2-12. ATPase EMHHIE

ATPase JEM:1Z, 37 °C 12BWT, GroEL 28 ATP ZKSfETAZLICL>THELAE

BEV ez bt 8 B9 D2 SIS KD IE L7z, Buffer ALK « SOSBAL R - I E FNEZ DL T IR

L7,

(R EIC W33 ]

A TR

B ¥k

C ini

D ¥

0.045% Malachite Green Oxalate
Hexaammonium Heptamolybdate
Tetrahydrate in 4N HCI

Triton x-100

34 % Sodium Citrate Dihydrate

[ATPase A Buffer]

50 mM Tris-HCI (pH7.8 at 37 “C)
10 mM Mg(CH3COO0):
20 mM KC1

2 mM DTT

FEEOWIRIT ABKE B Wiki% 3:1 DEIGTRAL, #EL T 20 /ML EHE# L%, IR

B D 1/1000 EO CIEERZIML 10 57 DL BB #R%ZE L7203 whatman A#t No.

5 TAIlL7z, 0.1 utM IZFHHL72 GroELis, GroEL: % GroEL14/GroES7, GroEL:
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IGroES: Z& e E 10 43, 37T CTAYFa—hL7-, KIZ ATP(2.0 mM)% &
ML, RSB UTZ, BOSBIEES 10 23 Z EICRUSERIE S 50 nl &0, T% i@ 35 BRI
% 550 pl LIRA LG ZAF LS, KHPICTRIELTZ, Zhi 60 43 fAT o714, 30 23 [k
H A F2—kL, ZhEE D (15,000 rpm, 4 °C, 10 23) LTRSS DXL 37
BaiblesE, il BNz BT 50 pul 2% AIAEHE 800 pl Tz THERL, 1 /5%
D ¥k 100 pl 201 THRELLZISER LT 30 pRMELZ, Z0%, ZhEhot 7
JUZDWNT 660 nm (ZIITF AW FEZRIE L, L) BRI 2 O TR LR &R D
WEEZFH L, fR1ET GroEL 28R 5- LT 2uy, ATP @ B JE R IR D fRIC K-> TAEL

T-iEEE) R DB A E LW EAE R T LT,

2-2-13. MDH V74 —NT 4 7 TEVERIE

MDH (Malate dehydrogenase:V> =T Ry —+¥ (Z&{K:70 kDa)) % L-Uv
g% NADY ([ZXY MBI iK B L TV aliit s NADH 245 2 K S Z il it 3%
R CThHD, PRIV T A BRI > TODO T, A afifig ol IFE FICBiT5

NADH D) % 340 nm OWEEZRE T HZL128->TC MDH O RIEME2 T & TE5,

MDH (XL T DB ARl 3%,

NAD+ NADH + H*

L-Vo = < N A > A XY uEEER

COO - MDH cCOO -
Ho—é —H c|= O

éHz (Jle

C|OO N ClOO -
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V74—V F 427 Buffer OFEAELL FIZRT,

(V7 4—T 17 Buffer 5% ] [Assay Buffer #H % ]

30 mM MOPS-KOH (pH7.4 at 25 C) 100 mM Tris-HC1 (pH7.8 at 25°C)
10 mM Mg(CH3C0O0)2 1.67 mM A %Y g

10 mM KCI 0.254 mM B-NADH

25 uM MDH % 6.25 mM DTT 7#7£ F ¢ 3 M Gdn-HCl 2L, 37°C T 30 p AkES
w72, T 0.5 pM IZFARL TE Wz GroEL1s, GroEL: X% GroEL14/GroES7, GroEL-
/GroES: %% t» Refolding Buffer |2, IR 0.6 uM £ 52N, 25 C TG
AR LT, OISR 50 pl #2HLL, Assay Buffer 1.45 ml [Z¥RIIL T 340 nm
TOWNHEIZEY NADH Ojsib &%z 1 ok L THIELZ, Zhe 0 43&L, b 31&iC
ATP (2.0 mM)ZIRMNL, ZHEEEIL, 10 S EIZY > TV 7 24T o7, fRIIRZ M MDH

DIEMEE 100%E L THEMERIE RE2H R TE L L,

2-2-14. Rhodanese refolding assay
Rhodanese(F ALY T =R AZNL 7 =5 —F (HE &K : 33kDa) i3 F A HilE O Rk
T A CREZ BRI T2 T T b a LT A RS A it i 2B 35 C

%, Rhodanese [3LL T O & fRE 92,

“S—S03~ +CN~ — S032~ + " S—C=N

FAT T EE(CS—C=N)IE, 512 KSCN &78%, KSCN /X 460 nm (2RI AEFFDD T,

B D 460 nm (2B NEEZHET5HF T KSCN OFLEEEZRDDHIENTED,
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Rhodanese Refolding Assay (%, 6 M Gdn-HCl #H W\ CTZ M XH 7~ Rhodanese %
GroEL /71 F CUTZA—NT (o7&, MEEZG LR TGS E-%, KSCN 0 &%
HE 4 5ZLT Rhodanese OIGPERIE ROFEEELTZ, Rhodanese |37 U Tl H kDb D
AL, GroES, ATP 72l CTlL A DE 2572\ Non-Permissive & T CTHlIE L7z, LA

TIZIE AR, TR ITERR IR, Refolding Buffer Ofkz <7,

(U7 +—/LF 17 Buffer k]

[ 5% (o VA iR R AR REZERE A Non-permissive Buffer

HCHO 1.61 % 9.8 mg/ml KCN 30 mM Tris-HC1 (pH7.2 at 25°C)
Fe(NO3)s3 0.87 % 50 mM Na2S203 50 mM KC1

HNOs 1.13 % 40 mM KH2PO, 10 mM Mg(CH5COO0):

Rhodanese ##&JEE 6 M Gdn-HC1 T 25°C, 1 RFfEIA S, T® 0.69 pM (23K
1L TH W= GroELws, GroEL: X 1L GroELw/GroES7, GroEL:/GroES: % & e
Refolding Buffer (2, #&#E2EN 0.46 pM L7259 4 Rhodanese #¥IL, 25°CT
FOSZBIMA LT, 5 0% ATP Z /&R 2 mM L7ebX0CiRIN LIz, KOG BRAEA D 10 43
PBEIZ, KISEIEND 200 pl BEEL, WEMEETK 1 ml LIRG LT 25°C, 10 A Fa—
RL7z, IZZOVEHE 200 pl SR AR 2 ml Z2EA LT 25°CT 10 5 A FaX—hL7z,
ZORF R TO 460 nm (21T HW I EAZREL, £EHE KSCN iR 4 W CTHERR L7210 &7
MO EEZF U, fE R CRT 7 —ZI1%, K24 Rhodanese O IEMEZ 100 % &L TR

PERIE R 2T R TR,
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2-2-15. oy FHHE/ER E & (QCM)

5y 7 RIAR B AR F E B35 18 AffinixQNp(Initium)Z N C GroES 4 —IcH &k
L, #ZI2 GroEL M %24, GroEL-GroES O A {F H % & BRI L7, QCM
T — bk ~d GroES %[ &3 57212, AFFINIX 5 f [# 7 1k % » M(Initium) % ¢,
AR EACE EAC LTI VR B E 2 RO DT ) M A SHHIETH T O %
fREF L7 FE 2 ICE EAL L, B — RICEEL LT GroES i3, 7 2O% 7 2=y 3
VH—TEBo T BT~ — 5B LTS ESCTE) %ML, T 240 /8%

GroEL &L CHEMT 2T o7,

<FvRHNE >

COOH-SAM reagent plus

EDC

NHS

Ethanolamine-solution

Buffer A (200 mM citrate-buffer pH4.0)

Buffer B (200 mM citrate-buffer pH5.0)

<t P —DUE>
1. 1% SDS IR LT- M CEMAEED,
2. MQ ik, 70 ER (Bl 3:1 mER b /KFEAK) 2 nl IRINL, =R T 5 /7 i,

E T ONEIR I A E A ER L7,

3. MQ TUE#%, BOETZUNERE 2 W)l IRINL, IR T 5 /i,

4. MQ THitk, Ro7mK3EROERS,
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<[ &>

1.

2.

50 ul @ SAM ik Ao —EME /2T R, IR T 1 RFH#E,

MQ THE, KoaabrE,

NHS ##% 50 ul & EDC &% 50 pl 2184

NHS/EDC B & iRzt —EME 212 50 pl IINL, Fii T 15 7 #FiE.

MQ T4, 10-100 pg/ml O 7 L (ESCT)% Buffer A T 50 pl IZFHHRIL7-%
DZERML, |ET 1 K,

KE e T2 D pl k0 1 B EKW Buffer (Buffer A or B) &38R,

MQ T¥E# %, Ethanolamine-solution % 100 ul #RANL, 2= T 30 77 UL LFFE,

S8R Tt 9% Buffer (4810 35 CTix ATPase Buffer &1#i ) ~23 #,

. ATPase Buffer T 20-30 4y [d & ¥ &2 Z €L S3E5,

LEWH, ALY 7 L (GroELws, ATP)Z LT,
BE THLENE, B O ERZEL, 2M Gdn-HC1 % 10 ul #iNL, iR T

iE
5 ikE L, MQ TUEH#%, 751 ATPase Buffer C/E a2 E L, HELZ,

2-2-16. QCM [ZXBHART Ao INRFA—F—HH

BEOREICBTLREMEL LI, MEEER Kd, #56EH Ka, MREEEE kog, /6 H

& kon ZHER T HIENTED, B —BMIZEE LT ESCT IZXfL, ATP f71E F XX

FEFEIE TIZBWT SR-1 G192 Z#F N1 5 nM, 10 nM, 15 nM, 20 nM, 25 nM R0

L, MELIZIREV IO ART 40 I NFGA—=2—DFE %17 o7, K 2-2 12 ATP f#7E T I

1172 GroEL WT O &R FEIZ351F5 GroES LD AAE T OfE R a2 R T,
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100 . . . . ;

0
-100 1
-200
-300
-400
-500
-600

A F (Hz)

0 100 200 300 400 500 600
Time (s)

2-2. BIrBEEIZE 1T D GroEL WT & GroES A A 1E A
ESC7 # 50 uM tr¥— LI ERLT,
0 nM(®), 5 nM(@®), 10 nM(@®), 15 nM(@®), 20 nM(@®), 25 nM(®)
128175 GroEL &R & COM AN EZ TR T,

1] J R —

k =1.31x10° M 's™)

on

—AF s ssssssssseeeesesEEeEEE N

—1/’2AFM FEsEEEEEEEEEEEEEEEESE

0 2107 4107 6107 8107 110° “To 510° 110° 1510°210%2510° 310°
conc. (M) conc. (M)
K=7.52x10 " (M) K=1/K=1.33x10° (M) k ,=9.85x10" (s

2-3. QCM (Z331) B -1 i A « 3o 5 i BT
e Ka OB M T oo, 45 kon, kott DR 7 ok
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GroEL OW 7 f I3 EE KT IS RE 20, ZORED K I8 B O B 2 iRt .52 THus
VB OREGMEER T K OEEFHTDIEN A REL D, MR E ST A E S Ka ©
WELCTZEDEN/NSUVNEE GroEL & GroES O AAEH BV EETnD, L, [AUME
B E B OB I T D BAE I Ch, A 5008 3 58 < gt B o8 203 3 N I s Ll A T 203 38
M B S P b 3 W SIS DFTEL CND, D728, 43 1O AAE 23N fi# T 35356
(X, K5 A (kon) ERREBER FE (kot) DR EAT D, fREEE B GRE & E LA H 32 EBRIE

RIRDIRE DIV > TR DML ORI ELMRVIR S, ZOLE/{BoNT T my M IR
et BIC KV 7 1T 4 T HATHZET, Fiie Kd & AFmax O A/ DA EX
Mo TED, M 2-3 OEOKIRUTfEEEE S (E3E 6 T8 2R T 5100
2-2 DISNTIE L= & IR ERF Ok 5 & AF 25 ML, 8i6i% GroEL ## %, fitHis
Ak EEL Ty 52 8ICko TR, $72, K 2-3 OADOMIZRLIZEIIZ, &
ROT AN FIREDWEN =T &7 40T 47 HILT, iz GroEL #i2 &, fitihz
kovs ELTT L, MREEHE kotr, #5 A HE kon ZH M LT, KEBRIZBIT Y —TT
DDT 4T 427 R OB 21X, AQUA(Affinix Q User Analysis: Initium)%

Y5
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2-3. fEHR
2-3-1. B GroEL ¢4 G192X & RIKOEE ICHE T 2N

GroEL G192X £ RK138 4% GroEL(GroEL WDIZHF5 192 FH O Gly 7&Kk
(Gly192) %7 7> T WU — VA RIEICIE B L TR A RTIBICEBRLIEERETHD,

Gly192 1%[X 2-4 (2R LT E91Z GroEL O & Z b D3 fH E70% Hinge U HALICAFAET 5,

GroES

Apical

Intermediate

Equatorial

2-4. GroEL @ Hinge I #7I2351F 25 Gly192 OfL i

G192 G192A G192N G192V G192 G192F G192Y G192W

Van der Waals
Volume (A?3)

60.1 88.6 114.1 140.0 166.7 189.9 193.6  227.8

# 2-1. GroEL (28175 Gly #k otk « 7o 7 I/ JEICE B LUT- 2 Bk D

Ty T VT — )L AR FE
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GroEL (28175 Glyl192 O7 I /i KA B L - 21280 RS ~D 2% CD X
RIMUZEDFR T2, 1 2-5 12 GroEL WT J U8 GroEL G192X 4 28 ¥L R D — Yk A 18 % i
Wr U7 %R L72, GroEL WT &% GroEL G192X 78 B K34 ToZ Rz 4imL T
208 nm fFitL 222 nm FITIZADERNER SN, ZOTT T T a ~y 7 ARG IS
FrR A HON0H DT, IEF RS EZ k> T D GroEL 1% a ~y 7 AEEEZ<E
ATWD, ZOFERTRLIZEIIC, GroEL WT 12815 Glyl92 Z#KkESHE DR
BRA 72T BRI HEA~EH T 501285 GroEL O ki E ~EET L LTV ERER
7=, £72, GroEL WT K O GroEL G192X 428 B Ak ANS w5t A~7 ML E L= (1K
2-6), ANS 045613 GroEL WT 2°bJIEIC Gly ZEHLIZ7 I /5% EN RELRDITHON
T 478 nm T IZALNDE MM KBTIV THWLDORBRIS T, B2 7 VT
AIEL72 ANS #0060 478 nm T2 T 5H EAHE KL THDEWN) ZEITEHE 1 THUK

IR ML TNDEEN TS, K 2-5 [ZBITHRONTBIZRLIZT 7T VT — VAR
i L Y6 TR T DR 2325072 478 nm DIEDOBRICB W THL 7 70 T LY — )L 2R FEMR K
ERBIZONT 478 nm DHOLMEASHE ML TWDEDONR R TEND, CD & ANS OfE LD,
GroEL G192X Z % {13 GroEL WT 2» bR 2 1AL L TRV, 82 85 E O

ENREATEHZET GroEL TOBKMENELL TWAIENE X BN,
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— G192A
— G192N
— G192V
— G192]
— G192F
— G192Y
— G192W

Wavelength (nm)

2-5. GroEL WT K O%FE G192X R (KD CD AXI MVl E
GroEL WT(=), GroEL G192A(=), GroEL G192N(-), GroEL G192V(-), GroEL G192I(-), GroEL
G192F(—), GroEL G192Y(-), OOFEREZNETIRLTND,
FERBIZENT, 208 nm & 222 nm [TEDBRKNALND, 2L, o~y 7 A& 7275
7% Y, GroEL WT } 4% GroEL G192X & #AKDM —A T —HEL TWelinb, “RIEEITZEAL
LTWRWZED RSN,
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-
N

1| — G192a
1 | — G192N
1| — G192v
1 | — 1921

1| —— c192F
1 | — G192y
1| —oc192w

N
o

Relative Fluorescence

0 450 500 550 600
Wavelength (nm)

2-6. GroEL WT & U4l GroEL G192X Z B kD ANS 4% g 227 MUl E
GroEL WT } "% GroEL G192X Z R AKIZE VT 478 nm (HTICH SO KB BLHIS =, 77T
N — L ZEFE N R ELALHIEE 478 nm IZB T HE HLDB KA KELIR S TNDID ARSI,
2B, RFEIZEITD GroEL WT K U GroEL G192X £ BAKDZNZND T T 7128 HiE R1% it
EIVEANBIE 5ok i
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" >
3 8 8

a
o

Abs at 595 nm (a.u.)

relative Abs at 280 nm
8

B WT G192A G192N G192V
16171819 16171819 16171819 16171819

o

1 GroEL
| GroES

7 G192 G192F G192Y G192W

. 16171819 16171819 1617181916171819
0O 3 6 9 12 15 GroEL

Elution volume (ml)
GroES
D

WT Ala Asn Val lle Phe Tyr Trp
GroEL
GroES

Fraction No.

2-7. GroEL G192X Z KD VA ra~ 7T 7 4—
A. UV 280 nm [ZBIJHEEHE—2
B. % HHE 2 16-19 % H © SDS-PAGE 434
C. Abs 280 nm (ZHITHEE HE 5y 16-20 F H OB HE —7
D. i HE 5y 18 % H ® GroEL G192X % % #{k?» SDS-PAGE
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TN v~ 777 4 — ORI 2-7T 2R Lz, EHEBEOY TV,
GroEL WT & L L, GroEL G192X Z8 B4R TH I S 72 K% 0.5-1.56ml 12721
ThfrcFhTns kriciabND, SDS-PAGE 12 X % 5# Tik GroEL A& H &
%5 17, 18 FH DM IZEB W T GroEL G192X £ Z BAKIEL GroEL WT & [F UAEIZ
GroEL OALEIC AN RRMRIE R, E— 7 HBICEENTWDL X NI HE LDFE
N2 Z & 2 BB L L7 protein assay Kit ([C X B2 TEFEBROERIZEB W T,
B4 GroEL, GroEL G192A, GroEL G192W % 18 & B O M43 12K D v — 7 23
LNDDITx L, o> GroEL G192X A RKIL 17 FH OB IO E—7 RNHb
72 GroELWT 2B T 5 RKOE—27 2R L TW\WD 18 F H DM 432 L T, GroEL
WT &4 G192X A Bk % SDS-PAGE IZ LV /3 #r L7z & Z AL FRIRM TR O E AW
TR > TWVEDR, 2 TOERKIZEWT GroEL OfLEIZ/NY FREER ST, L
FORRELD, GroEL G192X £ B CHKREEN DT ICENLL THD I ENH
Z HiT=, GroEL (2815 Glyl92 73 /s ~E L= Z LI LA E OE VS
vyNn=r bk LTCORREICE 2 DB E TARDT2IC, ATP K5y g s % & O MDH

L Rhodanese ZIEEIZH WY 74— VT 00 ZEERIE Z1T 72,
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2-3-2. ATPase #EMEHIE
GroEL WT & GroEL G192X &KL D ATPase {EMHRIED L Z1T >7-, 37°CIT

BiFoHarha—1 LT GroEL WT & REIKFIZHIE LT,

A
0.6

0.5

Released Pi (mM)
o O O O
= N W A

o

ATPase activity (mM/1hr) ~
000090900
= N WO b OO O

o

0 10 20 30 40 50 60 0 10 20 30 40 50 60

B

e e 2 o0 92 9°
= M w bk oo

Released Pi (mM)

o

Time (min) Time (min)

-

+-4+-4+-4+-4-4+ GroES
a Asn Val Ile Phe Tyr Trp

3
3

2-8. GroEL WT } O} GroEL G192X 4% (KD ATPae 1% Ml &
A:GroES JEfF1E T, B:GroES fF1E T
C:60 /i A28 D ATPase assay O HIE & F
GroES JE777E T (M), GroES 177£ (M)
A WENE, 3 EIEDEERL, 3 BIHIEOREHERR 2% F 1L,
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ATPase {EMEME D GroES 7L T, JEAF(E T ORER RIZK 2-8 1TR-L7z, X 2-8A &
B TENEIURLICHIE RS R TIE, GroES F1E T, EFE TV TV TE GroEL WT
LHHZL, GroEL G192X %28 B AR, ATP OMAKGFRIEENME FLTWAIEMRHLNE
olz, ¥ 2-8C T/RLIZIDNS, ZOIEMEDIR TIL, BEMLIETI/BELOT7 7T VY —

JVARFEN K ELRDIZHONT, IVIE FLTWaIoickxEbNT,

2-3-3. MDH, Rhodanese V74 —1VT 47 &R E

GroEL WT ¢ GroEL G192X & A BAKD y o= G E 457912, MDH,
Rhodanese OU74+—/vT 4 ZIEHERIEZIT o7, X 2-9A T/RL7EIIZ, MDH Y7 4+—
VT 4 T IEPEIZEB VLT, GroEL G192X A R {K1X GroEL WT @ 40%IZE LA MDH
ERLTELT, IDVREWELICERLZZBEEIZELVERVEEZRL TV, X 2-9B T
ARL72E91Z, Rhodanese V74— /L7 U ZIEPEIZ LV BEZE 72IEE DR TR AH40, &b E
W GroEL G192A % BLKIZE W T GroEL WT @ 50% 2 E DG ELM AT, o2
FAKIZE > Tl Spontaneous(Z 1t Rhodanese @ H 3RV T 4 —/LF (0 7) ERIFEE D
26D THRVNEE LR Sedn oz, ¥ 2-9C TRLZEIIZ, GroEL G192X 4 48 Sk D 28
HE DOV T +—NT 47 611X GroEL WT &itigL, X 2-8C T/RL7= ATPase assay @
FEREFRERIZ, (K FLTCWDONRHBLINTE, Glyl92 2B LI-Z LI LD B2 AT 57

I, BRI TR IED T 7 T T — VA KFE LV S = B REFRAT D FE B oW

TORRZ 2-10 (ZFE DT,
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vs)

60

80 — 80 —
$ 70} ggg-
= 60} S 60}
Eso. Eso-
> 40| o 40|

=
£ 30} £ 30;
= 20| S 20|
® 10} e 10; _
x | £ 1 A A SR S T S
0 10 20 30 40 50 60 0 10 20 30 40 5
Time (min) Time (min)

C

120

40 1
20 1

Refolding yield (%)
(=]
(==

WT Ala Asn Val Ile Phe Tyr Trp Spo

2-9. GroEL ® MDH, Rhodanese U7 4—/LF 127 {&MEHIE
A:MDH refolding assay B:Rhodanese refolding assay
Spontaneous(—): B D A FHRHEERLTND,
C:60 472825 MDH,Rhodanese DOV 4— /L7 ¢ 7 iEVERIE
MDH V74—V 7 (7 & 7E (M), Rhodanese V74— L7 27 {41 E (M)
GroEL G192X OfEi%, 60 4323155 GroEL WT Ol & #& 4 100 %L TR H L,
BV A — VT 4 ZIEVEE L 3 BIE D%~ L, 8 BIIEOFE MR 2EZH H L,
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120
100
80
60
40
20

u ] | | 1 1 | 0
40 60 80 100 120 140 160 180
Volume (A’)

2-10. G192X ERIKDT 7 T AT — VAR LY v~ un = RE O BILR

(mM
e e
o o
1 1

Released P
Net Refolding Yield (%)

ZNZENOREF1L 60 /3K COEMEZ L, MDH & Rhodanese DV 74 —/LF 427
TEERE OFE F 1%, GroEL WT Ol E 4 100% &L TR L,
ATPase assay (GroES JE/77E I : @), ATPase assay (GroES 777£ : O)
MDH V74— ¢ 7% 2 (W), Rhodanese V74—V 7 42 75L& (@)
ENENOFERIL, 3 BIIE DO FEEEAE T 1y L, =T — N — TR HER LR,

2-10 1238175 GroEL G192X #ERKDT 7T NT — LV AKEL ATPase &1,
MDH, Rhodanese ®OV7+— /L7 ¢ 7 MR E DR F TiX, GroEL WT &g LT
GroEL G192X & Z BARKITHEIZTEEME T LTV DD R RN, ZOR REZIT T,
GroEL G192X #ZEEAKD cisring (28175 Open IREIZR>TWHEANWELIVEE

72 FETIRNT T 572012 QCM TORIEEITHZ Lz,

2-3-4. GroEL G192X £ £{&kL GroES DFE A 1EHM#EHT
i EOWFFEIZIB T, GroEL G192W £ B {R1X ATP FE/71E T C GroES LfE & 3580
ITENHBNER>TWAHTZ), QCM(Qurtz Crystal Microbalance assay)iZBW\ T, 4

ZERARE GroES LBtz ATP HEAF(E T TEDIOIREALNHLNLDEBRET T,
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AF (Hz)

200 || ] ] I ||
WT (-ATP
0 e (-ATP) |
200 b N WT (+ATP)_
0t - ~ G192A_
i S 192N
-600 [ \ .
! G192V

-800 |-
. G192l
-1000 | ~ -
G192Y
-1200 [ -
1400 G192W ]
0 50 100 150 200 250 300

Time (s)

2-11. ATP FETF(E FICH1T5 GroEL G192X A B {KE GroES O A {F H il &
ARANFFELTESCT7 % 50 u M ¥ — EICEE(LLTWD,
FANY F-(RILTZ GroEL) % 20 nM &ML T GroEL & GroES * AR A {EH ZMEHNT LTz,
GroEL WT % ATP 3E(F1E T Tl GroES &AL T,
ATP 171E F(+ATP), FETFAE T (CATPHZI T 248 B AR R Ofs RaeznZhr 3,
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-50

-100

AF (Hz)

-150

-200

0 50 100150 200 250 300
Time (s)

2-12. ATP f#1E F, FE1E(E FIZHBIF5 GroEL G192N 28 kL GroES O A/ H

ATP FE(FIE FIZHI1TDH GroEL WT & GroES(@)
ATP JEF1E T2 5 GroEL G192N & GroES(@)
ATP {7/£ FIZ8BF% GroEL WT & GroES(@)

ATP {#4£ FI2BF% GroEL G192N & GroES(@)
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2-11 (2R L7Z QCM DR XV, GroEL WT 1% ATP O IEFE(E F Tl Bzl ek
L7z GroES LIFfE & L7220, LonL, ATP OFFAE F CIE M EICEE(L LT GroES ~#& &
LT3, S51Z, ATP OIEMFIE FIZHE VT GroEL G192X &4 #{ki1L ATP 177 F O
GroEL WT X0, E512 GroES OfEANAELT D, GroEL @ Gly192 Z o7 /i 7% ik
IZEHAL 722 8T GroEL G192W % ATP JE{F/E F T&x b cisring lIZ GroES 235 &
LCWe, 2D, ithd GroEL G192X & & BAKY, TEH/VR AL Open JREEIZ/2 - T
BV, cisring fICiE GroES MNFiATHIETHEEDI 74— T 47 %N BL TR
ZEMEZEND, £, K 2-12 TRLEEIIC, ATP F1E FEFEFTE FC GroEL G192N
2 BARITEMCE B LT GroES ~DfE A ITE VN AL, ZOHEFE GroEL G192X
ERARIZBIT D v e = A5 EOE VDD transring ] Ty _a = HEEEDM#) T
HAfEMED B BESND, DI, transring IIZE1T5 GroEL OFfEZPEFR LT GroEL
NI T AR SR-1 A BARE AW RB T 21T 72, 2D SR-1 IZB1T% Gly192
# % Val, Ile, Trp ([CENTNEMRLUIZE BRAKAERL, ZHOOEREKE Ao r S
= A AEMEEZHET52EC, K07 GroEL G192X & BARD vy ~a = ¥ e A fifHT 5

HZEIZLT,
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o
B

ATPase activity (mM/1 hr) »
o
o

0
Goes —+ -+ -+ -+ -+
GroEL SR-1 SR-1 SR-1 SR-1
WT WT G192V G192 G192wW

B
120 : : : : .

§100

o

© 80

S

E’ 60

§ 40

o

E 20
0

GroELSR-1 SR-1 SR-1 SR-1 spo
WT  WT G192V G1921 G192W

2-13. SR-1 G192X ZE KDy ~m= AT
A. SR-1 G192X Z £ {kdD ATP K 53 fif ik
GroES JE771E T (M), GroES 17/£ T (M)

B. SR-1 G192X EREDY 74— T 1 7%
MDH (M), Rhodanese (M)

56



GroEL G192X Z #{Ki%, ATP OIEFFAE T T GroES MEGTHI LA R LI, v vy3n
=UEMEDORIEIZINT, Glyl192 FRILZ B L 2R LT L THEMEIDEW R LN, 2D
HEVME, FEE A ATP FETFLE F T GroES 23 G35 cisring 7207, Ei2i% ATP f74E
T GroES MES 5% 206N5 transring I TV T 4 — LT 27 D3l Bh & 7= ks 5
BB TCNDHEB 2 BNz, 2T, EHoDU T TI 74— VT 4T DI B E1TH0 % LD
FEHNCIEAT 572012, GroEL O3 7 NI 728 BAR(SR-1ICFIT 5 Gly192 7% HZfh o>
TIBRFRICEWA L. SR-1 G192X BRAKEZERL, ZOv v = EEEDMNTZ1T
72o SR-1 G192X Z BAKTHAUX, cis-ring D TOMEREDSRE RIS S D LD HIFF
&b, K 2-13A 12 GroEL WT, SR-1 WT, SR-1 G192X 2 E K> ATP MK 43 fig i 1% D
FERERLE, ZOREFEIZBWT, SR-1 WT X GroEL WT O =53 i £ O %7~ L, SR-
1 G192X BB ARIEL SR-1 WT L0HEBICE F LR REZ/RL QW e, 2, 2 20U 7708
1 DIZ7po72Z8T ATP OIKGIRNR MR T LIZZENRE 2B, EHIZ, GroES f71E
Tl GroES FE/ATE F LV ZNENIEMEIME F LTV 22D GroES EDFE A AEH A
#2517z, ¥ 2-13B T/rkL7= Rhodanese refolding assay O FIZH8VC, SR-1 WT %
GroEL WT O3B DV 74— VT 4 Z{EEZ R L TEHEY, SR-1 G192X 48 B4R | L iE #
LT BRI DO KRESIZEVIEERNME T L W DO R ALz, £D—7F T, MDH %'
ELTZV T A — VT 4 TIEPEICEB VT, SR-1 WT UHIZEA ETEEZ R L TR oTz, T
NV TEREK SR-1 1TV 7T HOTaAT )y 73 7 F VST WOl — 72 v v Sm
SUPAINNEDDI L TN — 0 — N —fRAE T2 H SN TS (89), ZD72, v
TNV 7B RRT MDH ¥ v 7 NEHC B ELIAENT-% GroES MM 34Tk
HEPFIEMEILEIE L2V, L, SR-1 G192V & SR-1 G1921 £ H (KX SR-1 WT &kt
L, mUEEEZRL TV,

2-14 L O'F 2-2 12 SR-1 G1921 ® ATP 177E F UFIETFLE FIZEBITD GroES &

M HAERMATOFERER LT, M 2-14 128V T, ATP JE77E FLWh ATP 71 F Tl
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FEDS EIRHIZ o TEY GroES LIVHHAEML TWDEIIZHR D, LaL, 20777 X0
HAERIZBIDENART Ay I NTGA=B—%FH M LT2LZAH ATP OFIE T, FE4A1E FIZH
DOTEEICKREIE NI AL o7, DFED, ATP OF HEIZEHH T GroES LD A
TERNTZEALR W OE MR LTZ, & 2-2 ICPART SPR(E 77 XE LI W THIE L
ATP #7E F @ GroEL WT X3 ATP f#4E , FE471E FICH1F 5 GroEL G192W 2 5K L
GroES LD NAXT 4y I RTA—=H—% R LTz, 20 GroEL O¥fEL SR-1 G1921 A& KL
OFAEZ LT 5L, SR-1 G1921 ZHE AKX GroEL K0b & kon DEAEN /SN E
5 GroES EDOFEANEEV, 51T, SR-1 G1921 28 BAR DR B kote 13 GroEL WT X
DH/NENZEDD GroES EOfifEfIZE N, Lo L, GroEL G192W ZRAKIDIZRE 2L
75, GroES LOfRBEN R WIENER TEe, 2O R LY, SR-1 G192X £ R K1X
GroEL G192X JV% GroES 235 & LEES, MREEL S WMEBEZH > TWDIEnBE LD, T

NDSHTIR D> ~u = BEREARAT DR RIS REN TN DHEE ZBND,
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AF (Hz)

0
-50
p—
¥
= -100
(N
<]
-150
-200 1 1 1 1 1 —200 1 1 1 1 1
0 40 80 120 160 200 240 0 40 80 120 160 200 240
Time (s) Time (s)
2-14. QCM 1245 SR-1 G1921 @ ATP f77E F XIXFEFFTE FTD GroES LD FH H./E M
A. ATP FEfE(E FITH1F5 SR-1 G1921 & GroES D fH H {E M fE#r
B. ATP f£1F FI23175 SR-1 G1921 & GroES XD fH A {E M fE#r
A, BB\, 5 nM(@), 10 nM(@), 15 nM(®), 20 nM(@®), 25 nM(@)Z <L TW\5,
Sample kon (M-1-8°1) kott (81) Kd (M)
SR-1 G1921 (—ATP) 1.39 % 10* 1.71X 103 1.22X10°7
SR-1 G1921 (+ATP) 1.37 X 10* 1.65X 103 1.20X 1077
*GroEL WT (+ATP) 1.76 X10° 1.03X102 6.08 X109
*GroEL G192W(—ATP) 3.88X10° 2.96X 104 7.63X1011
*GroEL G192W(+ATP) 6.82x10° 5.08 X105 7.30X 1012

#2-2. 4 2-14 L0EH L7 GroES & SR-1 G192 DI A RT 07 /8T A—H —
KA (M) : fRBE 5, kon (M1S1) 55 A R BT kogr (ST1) « 7 e 33 E
*Biacore2000 %{f i L72 SPR A7 MU E S H(19),
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2-4. B

ARFETIE, AR GroEL & 192 HFHD Gly EHEE2 77T NI — L ARREIZIEBRLT
B2 72 7R R LIS B A LT BAKR GroEL G192X & B K%\ T, GroEL WT & i
L7 s 2RI B T 23R M 21T o7 (X] 2-4, & 2-1), Gly192 FRILafk 4 727/ fRik ki
EHLL 722880 R E OB RITEIRI SN2 o7 (K 2-5), LAL, ANS DA~y
FUAEHT CIE, GroEL WT J0% G192X 2 BARITT I/ BRFR LN K ERDIFE LD ANS &
HNEL 2o TNDINCHLNTZ(K 2-6), GroEL OREE R AN 2 &G e TEHILR AL
Wr A (191-345 7% M)~ ANS #EA BT 2058 R R @A Sh T 5(90), Zhdb,
GroEL G192X & B AKX Open REEIZ/R ST T E LR AL ~D ANS OfE A H3 e SR E
DiE BRI BRENTWDHEE ZBND, [ 2-7T DF NS~ 7 F7 0 — 28555 B it D
fEEICBWTY, GroEL WT & GroEL G192X Z BAR TR ML E DN E 7> TN =2 &b,
GroEL G192X Z BARKIZIRIT LMK IE AT HNDEALR AL TNDZENE BT, D
E0, Glyl92 2O 7/ ERFEFKICEBLI-ZET RERE A RIZZLL TRVLR, 2FK
2P RAEE DT NCEAL L, W PIC T DBUK IS b B A KIZL TV EB XD
b, £77, ATP ik 45 fEiE M (X 2-8), MDH & Rhodanese ZEE L=V T7 4 — VT 4
TRHBRENNCBIT D v ~u= B EE T GroEL WT L _EFELIK FLTW(K 2-9), FF
V74— T 4 TIEEREIZB T, Gly ICRESDREDITV Ala ICERRLIZZRKTE
ZHIGMEIEX GroEL WT O3 B ELMNEMEDREIE N R oi/eh -7, MDH X~ &K Th
HDT, FYET AR~V ELIAEN, £D% GroES OfEHEIZIIMI St ShzeiT
AUXTE D EIE L7200 (91), Rhodanese HF YE 7 A NI ELIAENDZ LT IDTEHEN
[ 15 9 %(92), LLRTOHF 2BV T Glyl192 b KEWTIEEEIEL Trp ([CEHLE
GroEL G192W £ R AKIIEM LB DV T 4 — T 4> THEANPKEUR FLTWDLOE R
LTWD, TOHAHLLT, cisring IETEH VAL 3 F 8 Open HiE 272> TWNHDT,

ATP DOIEFHETF T GroES NHEEIVLEIGFES TH20T, BEIFTFvyET o NERIZ AN
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W, ZIUTINZ, transring I TlX ATP OFF1E T C GroES O &N LD, —EfE S
THEZNLAREMEBEE T, EICHEEDRHE AL T THEEEANRDDLIHZLT GroES 28
fE 67 %, GroEL G192X Z B AKX cis, trans EHLHEDY 72V TH GroES 1356 TX
D0, FXET AN EE NHEELIAEN 2, LL, Gly192 A ER LTI/ FEICK
WERE DV 7 +—NT 4 TIEITE WD BT, 69kDa O K3 H kDO~ /L7 F AR
v vav g —EMalZ) ik, GroEL OX v 7 4 NEBIZEFE{b ST, cisring liZ GroES
2, transring lIZ MalZ DNFEALIZIREETOY 74— VT A 7T ANRHEINTND
(93), GroEL G192X ZEHIKD cisring (2% ATP JEFHE F T GroES BiEATHDOT
MalZ D X912 transring |ZEBWT GroES NHEZLRVVIREETOY 74— LT 0 T HERED
#2615, GroEL G192X A RO v _u= iDL GroES O A1E MM
KESHELTWAIERE ZBNT=DT QCM 2R L@ 217 -7,

GroEL G192X Z KX, ATP OIEAFTE T TH GroES MEAL THDON A b7 (X
2-11), SHIZZOFE B BIFEI LTIV BRIRE D KRENVIZEIVFEA L TODONRE LA LZ
STz, OFED, G192X A BAKIT T8 Open IREEIZ/2 > TS cisring A2 WT ATP DI
{#1E T C GroES LA AEH 5260 TE, Glyl92 LV REWT I/ LT ER L7224
FARFE GroES LM AAFHA LA WIEMNHERB SNz, X 2-12 128V T GroEL WT KW
GroEL G192N Z S ARD ATP f71E T, HEAF(E TICHITDH GroES LR A AR T il
R LT, ZORERIZENT, GroEL WT | ATP FEFTE FEVHAFTE T D525 GroES &i%
AL TV, ZiE, GroEL WT (2 ATP »3f546 9 5& Closed dRAEND Open JIRHEIZ/2Y
GroES DA CEHITDME N K MIN T\HEE 2 HLD, GroEL G192N 28 F ik
FPILTRE R EZ R L2280 D, G192X B BARD trans-ring [ZBITFDHTEIIVRAAL T
ATP FEAFTE F Tl Closed IREETHSDY, ATP MfEAT5H5ZLT Open IKHELZD GroES
DG A LR SND, ED%, GroEL WT 1% ATP 237K 53 fiE S 4L ADP 12725 & GroES

WHAND, L, G192X ERKIIFFE Closed IREEBICHEDERITHEIE B DR ERD
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Hinge 0 §AZIZE1T5 Gly192 IO TRk N EAL LTz Z LI LV B O AR 23
EUAHZET Closed WKEEIZER LT, GroES bfifffL72</25LE 2 b5, GroEL ~0DZ% H
BHEANTLHIET, REWREENETLE, Oy e BN KREEDLLZLITEND
ZEMEBZLND, Fiz, ATP OIIKGEIZEY cisring OFEEIZELL720N, V7RO
B EY transring TORAAS OEMWENRAE LD EN T TA A4 E MBI LOENT S
TEY, Dt transring OEEIZIV 2ROV T NEEIL, ATP LIEE X R_IEBHES
TELINTRDERINTNAH(16),

Open IRHETH D cisring B TP GroEL G192X ZBARD ¥ o= M REE JVFEH
WA 95222 HREL, GroEL O 7 VU 78 BAR SR-1 (8DIZH1T D Gly192 7% 5
MO T I FEFRILICE LA BARE W REETT 72 (B 2-13), SR-1 G192X A 5
R ATP MK REEIINE GroEL WT O3 R E LA SR-1 WT K0 EBHITKh -
72o LL, GroES ORI TIVIEHEME T LTV =ZE D, GroES EDO B RN HDHTEN
RE72, Rhodanese DU74—/L7 4715 MEIL SR-1 WT X0H KA Spontaneous X
DHENWZENLFXYE T AN A~EEZTIAAL TNWDIENE 2 6ND, £, Y7 VT
ERARITEFE oy Xm= A7V R—ELDEILRW T N E— o F— N —IRE | Th
HIEMND, FXETANERICHE LLIA EN 22 MDH 3T i & 72<725 DT SR-1 £
FARIZMDH OV 74— T 4 7 B EAT eI Tins(94), LaL, SR-1 G192X 4
BARDIEVEIZ A TNV 7D G192XK B RAKDG A LIT RV EOIEEZRL Tz, 2k
D, SR-1 G192X A F{KIT ATP OIFE(E FICBW T I NH — 2 F— R —TH A7 )L H &
1B, GroES 7344524 TMDH 23MANC it S Tnb Zeb B 2 bivd, £2T, ATP
TFE T XUTIEAFLE FICHBT D GroES EOFH AAEH O 24T 72, X 2-12 1238 T ATP
TE(E T XUTIEAFAE FICB 5 SR-1 G1921 & GroES O A {E A fiEtrf Ra2rLiz, 207
FTIFOENART A I INTA=Z—DE M EIToT2(F 2-2), ZONRTA—=H—ZEBWT, SR-

1 G1921 Z BAKIL ATP OF 2B 57 GroES DA AAE I ZEALIZ AL D> T,
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GroEL G192W Z % (koD SPR O R LT SR-1 G192 I 2 RRIIMEEE S Kd H°
FELREINZEDD GroES MEBELCT WL iR TX 5, SR-1 128128k 2 7287 C
DRERIIZDS T REIEVHELD, ZHOE BAKIX ATP OFF/E FTD GroES O
ADRREGEAD L TNDD, mtMDH DOV Z7+— /LT 4 7 BIRE N AR FFL TV DB OH i
HENTVND(95,96), ZDLHIZ, SR-1 G192X A (A%, SR-1 WT LibikL, Gly192 7%k
EEALSETZZET GroES LOMENERAMETL, Z0#% MDH OV74+— LT 407 %
ITOTENHREIC oo Tzl E 2 DiLD, EHIZ, SR-1 128175 Glyl92 #E# L7 7/ sk i
IZXY MDH OUZ74— /LT 4 TIEWISE VR AL =2 LMD, SR-1 G192X 4 K1
GroES DM BEAFH O SIE Gly192 BT 57 I /IR EICIVENTHEE 2D,
ZOMWEIIF T NI D GroEL IZB1T5 cisring AN EL LI MHEE D KBS TV, 2
® SR-1 G192X % BLAKZ FW-fEHTIZED, ATP FETFTE FI2RBIT5 GroEL G192X 2 %
KD cisring 1ZBWT, E@HLIZT I EEFRLICE > TIFE R Open REZLS TR0
72912 GroES LD AAEM NG NWEE 2 BID, £72, 7 DD GroEL 7 2=y MIxfL T
GroES O 7 2=y ;& THEAELTELT, GroEL-GroES O#ZfilimlZ 8\ TR N AET,
ZIPDIEE DM SN ZEBEZBND,

LLEDZEED, Glyl92 ZEH T 57 I /MR EEZ L0EBIRICT L TTEI LR AL
® Open 7RIRBEAHITH S, ZHUTED GroES O AAEHRE M LB DY 7 4+ — T 1o

TR ED v _Xa= L COMBEERET TN ARE TH DL ENRIB I LT,
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%5 3 E GroEL Gly192 B EREKIZIDTInANERMERE D
iz R

Iy

3'1. %;::

% 2 #ClX GroEL (235175 Hinge L LI AFTET D 192 % H O Gly FR A kR 2 7273
IR LB T DL TTEH IR AL AT RIET B OV TR, EEPNICHFEELT
% small HSP(97-100), 5y 1> v~Xr 773U —HSP40, HSP70, HSP104 (101-103)
FIZKDRIREMES L RTEORERHI N RIS R ESNTND, £D— )T, HSP60
IZOWTOMFHI RO 1T/, GroEL 135 2 TITB W ORLEZEIIS, KIBEMNIC
BT MDH X° Rhodanese D IE XL TG DOV T 4 —NT 4T HN BT 5 LN %
FIT ARSI TN D, ZOMMEIZBWT, BHEREEIE GroEL OWNHICHFET VNI ¥y
BT AL END 2RI IRDIAENDHZETH B RFTVE S DOMELT, BENECTZZ R

BDREET 52 CRE B ZIAERWIDIZT D, ZORBREERERZHEI DR, LH &
NI ERWL, A LB E T A NEICHIAT 51T GroEL O SEmIIAZEL TWDHT
EHIVRAL L THD, 2 EDOFE TS Glyl92 FRIEAEH LTI /O RESITHAFILT
TEHNRAL L DOBERIHI SN TNDZEE R LT, GroEL M RKKREMEZ LRI EIRED
TIRARBHMELAECSELZ L RITEOEELZIHILIRWNDIXT E TV R AL DR E )N B
LRDBTENE ZBND, IEDHIZEIZHBWT, NMR (Nuclear Magnetic Resonance)? /)
W, GroEL EHHAAEM L7z a-Synuclein X IE7I0AR B (A B)DAE A & D& D
FRAT 23728 TV 5 (104,105), ZO5E R TlX, GroEL 123\ Th Ak 4 M9 B o JFUR &2
NWIEEM BB RE CTHLHZEIEB A DID,

FZITARETIE, RAEWEZ L IBITHK LU TTE DV AL OBHER LD IIH S TS

GroEL G192X Z8 BAR DA B AEHIZ W T 7=, 512, a-Synuclein O 7 A RERHE
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RS IC31T 5 GroEL G192X 2 BAKRIM D% >\ T GroEL WT &%t L, GroEL

G192X LB DT InARNBRHMETE i~ D IOV T %,

3-2. BEtETT L
3-2-1. a-Synuclein DOIEE&

E. coli BLR(DES3)I(Z a-Synuclein WT X % HissTag ft 4 a-Synuclein (a-
Synuclein-Hise) 7€ Bl 52 77 AIF pETSNCA a-Synuclein WT( « -Synuclein WT),
pETSNCA a-Synuclein-Hiss (a-Synuclein-Hiss) % AZ1, 30 23 Bk FIcH &, [EiEME T
42°C, 45 e—hayZL, KPT 2 A Fax—hll, ZLT, 28 1 ml (22555
12 SOC H5Ha AL, 37°C(TAITEC, Personal-11 Water Bath Shaker) (2 CiRZE &%
1-2 BTV, LB ZE Rz ic kX, 37°C(EYELA, Soft incubator SLI-450N) C— It &
R LT, 20k, RBREIC LB iz A Cae=—%2KEL, 37°C, 170 rpm T ODsoo
=0.6 fFITETIREL, TVEEEZITo72, 300 ml F5 D A>72 1L Oy T A& = A7
A2, #EIRE 50 pg/ml OT I E AN, LR LR RIKZE 300 pl RAIL,

3T CT—WIRGERE R LIz, B4 T4, 8000 rpm, 20 47, 4 C CELOWBEICIVER LT,

[LB £ H1 (pH7.4) ] [SOC £ Hi(pH7.0)]

Polypepton 1.0% 2.0 %(w/v) Bacto Tryptone

Yeast Extract 0.5% 0.5 %(w/v) Bacto Yeast Extract
NaCl 1.0% 10 mM NaCl

2.5 mM KCl

10 mM MgCl:

10 mM MgSO.

20 mM Glucose
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3-2-2. a-Synuclein D¥5H

1. B AR
£ H L7 E. coli BLRIDE3)/pETSNCA a-Synuclein WT X (& pETSNCA a-
Synuclein-Hiss (2% LC 10 % & (w/v)® Lysis Buffer (28 L, 2112 1/100 £DV
VF—LEMAEIRT 1 RS Uz, K Ol 5 R A 2 F O TR IR I e 24T o

7o oy B (14,500 rpm, 30 43, 4 °C) ICEWibEeMZFREL, RG22 R LT,

2. kpizR
BT O IS B 5K P CRETED 5 %A TR~ AL U mIRE DD FL
7o, BIRT 1 BEEBLL TR AT -T2, 1BH%, =008 (14,500 rpm, 30 47,

4 C) \ZXoikBU-eabrEL, BiFm sy a R Lz,

3. s
FREZR 1% O 15 W0 23 2 s 1 C 75-80°C, 20 4y M BVLER 21T~ 7=, )KH T 30°C
PIFETRABL, 15 Rk CHRELZ, BH%, 205814500 rpm, 30 %), 4 C)

(ZED B AR LT,

4. RERT V=T 4
B L7z B3 ISOK TR LD DIRER T V=Y A KIRE 70 %225 ETh-LIhE
WL, I SHIC 1 R FR L7z, #EdR R, @058 (14,500 rpm, 30 47, 4 C)
(RIS 24572, ZOTLERE 4y 20 Y D7V Al Buffer (ZEAEL, @ 4T H]

Buffer T 2 B[], 4A°C TEMN 21T 272112 Buffer #58#L, EBIZ & 21177,

5. BRI~ NTTT 4—

66



¥/

5

Wik, w05 HE (14,500 rpm, 10 43, 4 C) ICXVILB LI M2 OB EREL,

WS EEU LT, EOV TN ET 4V E—EiE LT %, AKTA-FPLC system (Z3%
ELIZfaAA 2 ra~ 757 1—(Resource-Q (volume 6 mL)) (2777 AL7z, 0.1-
1 M NaCl 077 FCIRH LT, B — 2743 % SDS-PAGE THERL, o-Synuclein

VR H U7zl 4y A A LT,

. BT, A LR
FIUN L7243, 3 mM OERET =72, Buffer T—W, 4°CTHEITEZITV, £D
#% Buffer # 1 mM OEREET L EULIZHL, SHIZ 2 K], 4°CTHENE2ITo72,

ET %, EYELA BURSclds FD-50 2 HIVWCHURE RE g LT, BRORS RE % O % 7L X

ACTRAFLT,

—ffi F§ Buffer—
[Lysis Buffer] [T A~ 7o 7 +—H Buffer]
50 mM Tris-HCI (pH7.8 at 25 C) 50 mM Tris-HCI (pH7.8 at 25 C)
2 mM EDTA 2 mM EDTA
2 mM DTT 2 mM DTT

(faAat 2 ra~ 757 c—H Buffer]

50 mM Tris-HCI (pH7.8 at 25 °C) [iZHTH Buffer]

2 mM EDTA 50 mM Tris-HCI (pH7.8 at 25 C)
2 mM DTT 2 mM EDTA

1 M NaCl 2 mM DTT

3-1 12 a -Synuclein DR OFENAEFL T,
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RO (o -Synuclein)

(1L /3 2)L{1tET523,37°C,120 rpm innova)
— ZENBEAEEDI0FEIZLSH LS, Lysisbuffer TEH

B AR (Amplitude 50, Pulser 1, 30 min, on ice)

C_D 14,500 rpm, 4 C, 30 min

1
IR £E

J

Bi%EE (RBE25% ARLTRIAL ) «— 22 —5—T1ERIER

< |% 14,500 rpm, 4 C, 30 min

[ ¥

LR L&

}

SAMIR(75-80°C,20 min) «— K P TEAL, 15D B

}

BRESE (70 % HBET7UE=ILEAH) «— 242—>5— 1L

C_Ivb 14,500 rpm, 4 C, 30 min

1
LR Lt&E
«— LEOTILABIOYLT ST — HBuffer|c AR
E=OoEEE, AR L2 — ER

ZE#H (Dialysis membrane size 36)

}

A4 30Tk 574— (RESOURCE Q, 0.1~1 M NaCl)

!

ZEHT (Dialysis membrane size 36)

3-1. a-Synuclein ¥ fl i 2
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3-2-3. GroES DL kEH
<HEEE>

GroES #®Hl7Z7AIKN pETES # LB EHizH W, KEHEELZIToT-, 2 TCOEEIT
37°CCIF o7z, B HIMLAR I ONE FIEZ L F IR LTz,

[LB #5Hi (pH7.4) ]

Polypepton 1.0%
Yeast Extract 0.5%

NaCl 1.0%

H AR E R t%, LB/Amp 'L —F T Over night ffER;#E L, o7 an=—%
HEEL, 5 ml ® LB/Amp 55 HiGRERE)ICHE L, OD600=0.6 (2720 F TIRERZ Lz, K
(2 300 ml ® LB/Amp 55 #1lZE #7478 300 pl ZAEE L, #2553 L, ODesoo =0.4 (2725
72HEIZ 1 mM IPTG ZIRMUIZt%, FEO 5 ReMIRE RS 8 L7, B8 & T %, 8000 rpm,

20 47, 4 CTELoBEEICLVERE LT,

<FERL>

GroES ##A1TH572912, BIRIZB W T AKTA-FPLC system(GE Healthcare)Z >

T Resource-Q(GE Healthcare) i\ L AEA A R/ a~ T T7 4 —%1T o7,

FERLC vz Buffer & FEZLL FISRLZ,
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—{# ] Buffer—

[Lysis Buffer] [[E2AA4 R a~ R 7T7 +—Buffer]
50 mM Tris-HCI (pH7.8 at 25 C) 50 mM Tris-HCI (pH7.8 at 25 C)

2 mM EDTA 2 mM EDTA

2 mM DTT 2 mM DTT

(HHVEAAF AR~ TF7 +—H Buffer]

50 mM Tris-HCI (pH7.8 at 25 C) [ZEHr H Buffer]

2 mM EDTA 50 mM Tris-HC1 (pH7.8 at 25 C)
2 mM DTT 2 mM EDTA

1 M NaCl 2 mM DTT

1. B AR

W LTCE A% 10 5 & (w/v)O Lysis Buffer [Z8#EL, Z4UZ 1/100 EOVYF— L%
MA T 1 RS L T, RISK P TR E B 2 O TR (R 2 AT o 72, 10

47 BfE(14,500 rpm, 30 47, 4 ONZXvitEWaErEL, BIEE Y2 RN LT,

2. bRz
BRI O FIE K P TRETED 5 %A T h~ AL v w2 d <0 T L,
T T #%SIET 1 BEMBHRL SRR E2ITo -, B8%, 2058 (14,500 rpm, 30 47,

4 C) \[TEVILBLImakREL, BIEHE S &R,

3. LB
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vig

SRS O FYEE 4%, 70-75°C TEVILER A2 20 4y T 7=, BVLERt:, K TAmL,
15 Sy E L=, D%, w050 (14,500 rpm, 30 %3, 4 C) I[CKViLBLI-EE%E

BrREL, LiEE & EIR Lz,

. FRER T B =T LAy TH

BULEL O EIEIS, KT CTRIRLZDDIEE T E=U AE KR E 55 %225 FETPo<
DEWRML, 1 KeffeeR U7z, R, =050 BE(14500 rpm, 30 47, 4 “CICXV LB
Gy T, TR, Y B LA Buffer ([CWERL, BT Buffer 12XV 4 CT—HE

BT EAT o7, SHIT, BT Buffer 2452#1L, 4 ‘CT 2 K@ 217 o7,

5. @AV RMI O~ NI TT 41—
BEHT%, =05 BE (14,500 rpm, 10 43, 4 C) ICEDIRB LI M2 "I EEREL,
FiFE S EBEIN LT, EOY T NET 4 —Eim LTc %, AKTA-FPLC system [Zi%
EL-faA A a7~ 757 +—(Resource-Q (volume 6 mL)) (2777 AL7=, 0.1-
1MNaCl 773V = MNClEH LT, B —2 43 % SDS-PAGE THERL, GroES 23 H

L7z 43 2 M LT,

6. BT, TS LR
3 mM OERKRRERT VEZULAT BN ZITo72%%, 1 mM OERBTE=UALT 2
RERENT 21T o7-, BEHT%, EYELA WS RzEE2s FD-50 % W CHlRE io e L7z, WG

% oY 7 it 4 CTHRFELT,

3-2 12 GroES OO Eie 3,
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FH DL (GroES)

(1L /89 2)L{+E2523,37°C,120 rpm innova)
— EENBEAREEDNIFEICGSH LS, Lysisbuffer TR

B R (Amplitude 50, Pulser 1, 30 min, on ice)

CD 14,500 rpm, 4 °C, 30 min

| |
LR £F

y

BiEE (REE25% ARLTRTAIY) — 25 —S5—TIEREER

< |+ 14,500 rpm, 4 °C, 30 min

v

LR L&

}

FAIB(70-75°C,205) KB TRAL, 159 HE.

C_IVD 14,500 rpm, 4 °C, 30 min

LR £iF

|

RESE (55 % BEE 7T LEAT) <— 2% S5 C1HERER

< |% 14,500 rpm, 4 C, 30 min

| v
L£iE SRR «— DEOYILBH®IOTR 57— FiBuffer(C AR
l B EEE, FEE T LR — B

E#7 (Dialysis membrane size 36)

}

eAF4 XA 5T74— (RESOURCE Q, 0.1~1 M NaCl)

|

##H  (Dialysis membrane size 36)

[X] 3-2. GroES D} il B [t
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3-2-4. PIBIZA WY I OFRE

B 4 o -Synuclein } Y Hise-Tag fil & « -Synuclein [ 5 #2845 5 4 25 mM Tris-
HCI pH 7.4 at 25 ‘CCIEfEL, 280 nm (23517 HE/LWIEAR%EL 0.354 (285 a-Synuclein
DH NI BREEE B LT, GroEL G192X ZH KL GroES 135 2 B 2-2-6 L[AERD
TAEICCRE E 21T 572, A B 1-40 T FR(RTFRIFIEHT, KPOIL 5 nM 725151

TUE=T K TEMLTZH D% W,

3-2-5. QCM IZ LA RREM:Z L /0'E L GroEL O B 1EH fi# T

# 2D 2-2-15 L[EFRIC AB 1-40 12 QCM ¥ —t /L FICEE(L LIz, GroEL & o -
Synuclein O A A AE AT 121, Hise-Tag 7% C RFIZEA L TV o -Synuclein %
T Ni-NTA #EIc kbt —tr ~DE E HIEEZFRI L,

% Buffer fpKIZLL FIZRTEYTHD,

[ Buffer #H %]

Non-permissive Buffer

30 mM Tris-HC1 (pH7.2 at 25°C)
50 mM KC1

10 mM Mg(CH3COO0):

[Ni P Ak

10 mM NiSO. [Imidazole ¥&¥&HHAL]
20 mM HEPES pH7.5 0.4 M Imidazole

150 mM NaCl 20 mM HEPES pH7.5
50 mM EDTA 150 mM NaCl
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<t Y —DOPeE>

2-2-15 LRIEEDHEAEIZ LT -T2,

<[EH &>

1.

0.5 mM C2-NTA (3,3-Dithiobis[N-(5-amino-5-carboxypentyl)propionamide-N’-
N’-diacetic acidldihydrochloride (Dojindo) 100 u1Z ¥ ¥ —&/LIZIRML, KL

T 10 4y R ERIE,

2. MQ THEE, KaERE,

3. NIk 500 plztr h—EMEIZIRIMNL, =|IE T 10 5 H#kE.

<{E>

1. MQ TH###, o —EM% QCM & (AffinixQNyp, Initium)IZFEEL,
1 uM a-Synuclein-HiseZ &> —EMIZEAL, 10 57 IEE 201 E LTz,

2. & Buffer TV —EMAEF L%, B —O Pk E21T o7,

3. GroEL k& —BMICHRML, B2z 10 5 FHE L,

4. WEKTH%, MQ T —EMmAEEEL, Imidazole {EiR% 500 pl iINL, =|E T
30 3 [HIHfE LTz,

5. MQ T¥EH%, Ni %K 500 pl 2t —BMICEML, =R T 10 pHEEL%

FEEHNE I AW,

3-2-6. QCM IZBIFDHART A I INTA—F—DEMF 1k

AAXRT 497 /8T A= —IX, 2-2-16 TRLIEFIEICIVE R L, B —1LIcE &1k

L7 a -Synuclein (2% L T, GroEL WT, GroEL G192N, GroEL G192I, GroEL

G192W ZFNF1 2.5 nM, 5 nM, 10 nM, 15 nM, 20 nM #&IIL, HIEL-IEE X LY

HART 492 8T A5 —DEEAT ST,
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3-2-7. 7IA FHRRHETE RR

a-Synuclein WT % 1 mg/ml, GroES %# 1 mg/ml, AB 1-40 X7'F K% 10 uM &72%
F212 500 pl =y XU RATFa—TTHBL, LT AR 96 T —RM8X 12
well plate;Greiner, Kremsmuenster, Austria)® 1 well (Z2& 150 L 35,120
Yo T MoE 3 well TOELI, well ZEDH T VOFAELEST 72012 1 well 12
DEBBLATFOTTu =R (JHEERAERT) 2 1 D AT, TORITIZT L= —4 —
(ARVO X4, Perkin Elmer, Waltham, Massachusetts) N2t v kL, PL FIZRL7Z54

[ZRBWT 3T CTHENRE, 156 I LICHBHESE o, RUSSRMFERIERMITTRICEK

AN
(RO 2 A ] [ o -Synuclein D#RHME AL S ]
Excitation: 440 nm 1 mg/ml a-Synuclein
Emission:486 nm 25 mM Tris-HCI buffer pH7.5
Measurement height: Default 150 mM NaCl
Measurement time:0.1 sec 20 uM Thioflavin-T

Emission aperture: Normal

Excitation aperture:N/A [A B 1-40 X7 FRDORRHET Ak S 14 ]
Shaking duration:820.0 sec 10 pM AB1-40

Shaking speed: Fast 50 mM phosphate buffer pH7.4
Shaking type:Orbital 150 mM NaCl

Shaking diameter:5.00 mm 20 pM Thioflavin-T
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[GroES OR{HMETE kK 21 ]

1 mg/ml GroES
50 mM phosphate buffer pH7.4
0.4 M guanidine hydrochloride (Gdn-HC1)

20 uM Thioflavin-T

3-2-8. GroEL TE1E T IZBITBT7InAREHET AR

a -Synuclein WT 1mg/ml(69 M, 7y 11 14,500, HEK)OFEHER I BV T
GroEL WT, GroEL G192N, GroEL G192I, GroEL G192W % Z L Z iLE /L b »
0.05::1(3.45 uM:69u M), 0.1:1(6.9 uM:69 M), 0.2:1(13.8 t M:69 . M)E725 k5
IZIRINLT=, AR IC GroES 1mg/ml(70 n M, 43 £ 70,000, 7 &{K) - AB1-4010 u M
IZxtL GroEL WT X% GroEL G192W ZEFEAKDE/LED 1:1 ERDIDITHMLTZ,
GroEL 1%, HE{K(y & 57,260ICBTHME TR L, HIER RIZ, 3 BIFHZRL,

TR ERGERR H L,

3-2-9. ERR2FFMICB VT GroEL Z¥ML 7 o -Synuclein DRRHER AL
a-Synuclein WT 1mg/ml(69 u M, 571 & 14,500, B & R) DFRHER S IZI) T
GroEL WT, GroEL G192N, GroEL G192I, GroEL G192W ZZIZiLvE/L LD 0.2:1

LB IO 0 Ifd], 3 Wi, 8 MM, 24 RFH THIIL, £ D% 30 FEH ETHRIE 21T 7,

3-2-10. J& M 7 B (AFM) I &

AFM (Nanoscope IV scanning microscope, MMAFM-2) (Z XA HIE 1L, KA FIZH
W, Xy 7 E—RE AW TIT257, GroEL WT XX GroEL G192W Z BAKDTE(E T
SALFEAFAE FIZIBUWNT 40 Kefi] A F 2 —FL72 o -Synuclein O 7 InA RS 7 L%

10 5478 (0.1 mg/mL IZFHE) LT=A A2 15 ul D, 30 min A2 F 23—k % (2 100
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pl®d Milli-Q TYHHL, | C—BREIEb0a 7 bz,

3-2-11. ZREEFEHME (TEM) JIE

GroEL DOfF7E FIZH W T a -Synuclein N L7270 A RERHEDTEREIZE VR L5
LONEMERR T D212 TEM I E %1772 572, GroEL Z ¥ L7- o -Synuclein ®7IvA
R#RAED 7% 10 5L T4 U Ay 212 10 p L O, 1 min AF =
—MEIZA TR WERDY, 5 p L @ Milli-Q K THEH L7z, €Dk 10 A MLz EM A7 A
F—(H#H EM)% 5 uL O, 30sec (> Fa_X—h 5L TRGEITR-T2, SHIZAH|T
WNEY, R ESE D&Y7 LE LT, TEM (JEM-1400plus, JEOL)(E 80 kV T1772
VY, X50,000 DR TEBIAILZ, 7InAREMEN L Image J ICKD #7225 3 mb DY) L

R AR L,
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3-3. MR

3-3-1. GroEL LRREMZ 7' EOMHEANE AR
GroEL WT, GroEL G192N, GroEL G192I, GroEL G192W 7% QCM &>+ —+% /L |
WZEELLTZ A B 1-40 (2K T 2IREN B DL b A1 3-3A 1T, o -Synuclein (T3 SR B #
DEALEE 3-3B IZENENRLIZ, ENENDRERICHB VT, GroEL WT, GroEL
G192N, GroEL G192I, GroEL G192W ODJEICHE BN AL AN R L T2 ennh, KA AEH
MR 72> TWB DR ST, S5, [ 3-4A-D 12 GroEL WT 3% GroEL G192X 2%
FLRL o -Synuclein O KT R 7R B AERRAT O AR U, £ 3-1 1RLEIK 3-4
B HHEME L0 M Ul e Kd, #6HE kon, MREERE ko ZRL7T2, Kd 13X
GroEL WT Ti% 3.06 X108 Th%73, GroEL G192N (% 1.37X 108, GroEL G192I |
1.03X 108, GroEL G192W % 8.4 X109 LW EAE L=, Kd 1355 & &4k Ka Ok
THLHTEND, BAED/NSWIIEZ X7 E RO BEAER 2RI LDV 5, GroEL
XL T GI92N 127D 1, G1921 1% 3 /3D 1, G192W i 4 3D 1 FREE TR FL
TWDDONERTED, Kd 1T kon & kott TNUENDOEAEN EH LTS, ZaLED,
Gly192 ALV REWT I/ EEFRRICEHLL 7224 C o -Synuclein EOAH AAEH TR
STRVEDFUGIE, f5EHEAEL, MHEEE DB OIENE 2 ST, ZOM B AE g
([ZFBTHHERE R DS o -Synuclein DT A NHEMET OB FRIZE D IO 8% KIAT$ D)

Z 572012, GroEL 174 F T? a -Synuclein O 7 IvA RK#RHETE B DO EAT 21T > 7=,
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A . AB1-40
0

-400}

-800¢

AF (Hz)

-1200}

-1600 |

0 50 100 150 200 250 300
Time (s)

B . a-Synuclein

AF (Hz)

0 50 100 150 200 250 300
Time (s)

B 3-3. QCM (2L KIKRZE M2 _ 2B L GroEL & OFH B AE A fEMT
(A)A B 1-40 LA BAE A4 (B) o -Synuclein &OFR A E 1 AT
GroEL WT (@), GroEL G192N (@), GroEL G1921 (@), GroEL G192W (@) %=,
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A . GroELWT

B . GroEL G192N

0 0
o AR
N —_— = o ]
L 20| T
L -
8 30| 5 100 1
3 5
T 40| < -150|
T T 200
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
C . GroEL G192l D . GroEL G192W
0 0 —
_50 | '50_
= = -100} |
T -100; I -150} ]
w 1501 w -200}
© @
- = -250L
= .200| °
3 3 -300|
-250¢ -350]
-300 R -400 T S S—
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
3-4. K AFIY7: GroEL & o -Synuclein & O AR A /5 fg#r
(A)GroEL WT (B)GroEL G192N (C)GroEL G192I (D)GroEL G192W
2.5 nM (@), 5 nM (@), 10 nM (@), 15 nM (@), 20 nM (@)% /KL T3,
Sample keon (M1+5°1) kott (s71) Kd (M)
WT 2.6 X10* 7.98 X104 3.06 X108
G192N 10.5 X 10* 14.4 X104 1.37X108
G1921 15.0x 10" 15.5X 104 1.03X108
G192W 19.6 X104 16.4 X104 8.4X109

7% 3-1. ¥ 3-4 JWEH L7z o -Synuclein & GroEL OHART 47 /3T A—H—
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3-3-2. GroEL FTE FIZBIFARAREMWF LV RIBEDTInARNBRHKER K
GroEL 125175 Gly192 A @ L= 2L C L0 T E B LR AL OB E RS INH S 72

FAK, o -Synuclein D7 IRARBHEERKIZEDIDITHESTLO0ETH 5720,
Gly192 277 F N7 — LA H /NS Gly(GroEL WT), HH kXU Trp, Z 0
® Asn, Ile [ZE #2172~ GroEL WT, GroEL G192N, GroEL G192I, GroEL G192W %
AT Thioflavin-T assay IZBW TR LML ED%, TEM B2 TRl L7,
3-5 |Z Thioflavin-T assay D& A2 /RL7Z, ZDEE o -Synuclein (2% LT GroEL WT %
0.05, 0.1 DE/NEETIHRIMT DL A DT ONTENTND, 0.2 OF/LETHEINT
HEFVBERENN BNz, G192N Z iK% 0.05, 0.1 OENELTIRMT 5L GroEL
WT (28155 0.05, 0.1 OFE/LHTHRMUIZFE RITELL THDIDITHBLD, 0.2 DFE
VLTI UTfE T E R OEIE R R OB NS DT, G1921 ZRAKIT A TORMEIZ
BT GroEL WT, G192N Z B I0b R OB DI, S5HIZ, 0.1, 0.2 DF
JVHCTIIIUTE G TIE, TBRLTE T IrA RERMED B L TWVD IoIc b,
G192W ZHEAKIZIBNT, 0.06 OENLTHRMLIZSGEAFTHMO GroEL &~ KiE72
B ORNNBAHDIL, 0.1 OF/LTERMUZSAM: TR RO KigZe@iamz, 73
A RHRRHETE R B DD 3BTz, 0.2 DBV THILIZSM: Tk 30 B Tl e Al

® a-Synuclein 77 7237 I A NERHEL L T RWIS I A LIV,
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A . GroELWT B . GroEL G192N

[-2]

>E XI0° - . S E 3x10 . :
=c b= =
(12]
8 2.5x10° § 9 2.5x10
= <t -
=% 210° Eg 2x10°
se 32
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%E 1x10° %% 1x10
55 5 338 5x10
i SI: S5x10 4 TH $ _,;:'-"f‘.
1 et 0 - M |
0 ———%00 1200 1800 0 600 1200 1800
Time (min) Time(min)
C . GroELG192] D . GroEL G192W
~ 3x10° — 3x10° . .
= E
‘E‘ 6 2 C 950109
0 o 2.5x10°} 6o 2
S« < 6
- 5 -~ |
E-&; 2x10° : £ 210
Lo bl 20 ¢
§§1.5x10 | | il %5 1.5x10°
2% 1x10f] §> 0]
= (@ i LE
S35 sxi0f 95 sx10%
< <l g
0 600 1200 1800 0
Time (min) Time (min)

3-5. GroEL T7{£ T8 5 a -Synuclein OH#REHE ik
(A) GroEL WT (B) GroEL G192N (C) GroEL G1921 (D) GroEL G192W
a -Synuclein WT (@), GroEL: « -Synuclein= 0.05:1 (@), 0.1:1 (@), 0.2:1 (@),
GroEL WT only (@, A), GroEL G192W only (@, D) #/rLT\5,
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3-6 |28 A GroEL X% GroEL G192W fF1E FIZEB W T K LT- a -Synuclein @
TInARNKRHED AFM B %2R LT, S5I2, AFM CTALIVMRHME L iZA VT~ —DE %
FHAIL 7= A2 3-2 127”72, a-Synuclein 3E{F7E FIZH1F5 GroELWT X% GroEL
G192W Z8 B K1Z[X 3-5 @ Thioflavin-T assay DR CTEIHEILI=EHZ, $RHEITIZARL T
BOF, AFM (2B W THHEAMER Db DITBBI SN2 h o7, FTo, ZOLEBRENTA VA~
—OESIE 15-16 nm EFEFRIT X RS A A G BT 2 812l RSN TS GroEL OO
ESEHPILIZEE /R L T e, GroEL G192W £ H K% 0.2 OV THMULIZ&MEICE
VT « -Synuclein FETFTE FICBWCEBI LAV~ —ROLO L LIZb OB AL,
ESHFLIL TV, 0.1 OFENETIRMUIZSEMG TIRESW T 2 h 7o 7 UL 3 il S,
ESH o -Synuclein 23 A U728 HE L0 S RIFITARVMEZ R L Tz, 24Ut L, GroEL
WT % 0.2 iF 0.1 OFE/NHTIRMUIZEMHETIEELLHRIRW T InA MR OB D23
BT, ZOLEEDE S a -Synuclein MR L7 MR #E LV HIRWEZ R L722Y, GroEL

G192W E1E FICBW TR LEBMELVITEVVE ThH T,
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+G192W

3-6. GroEL 7#{E FIZ31F% o -Synuclein 738 il L7z #R#fE > AFM #1142
/XL a-Synuclein WT 23Rk L7277 I8 A R
2L GroEL WT f77£ FIZE1F 5 a -Synuclein NTE kK L7 7 I A Rk HE
T3k GroEL G192W f#7E FIZ31F% a -Synuclein 23 Ak U727 v A R
HFICRFE L7258 1E o -Synuclein 12%f 9% GroEL WT X% GroEL G192W OTF#E && R~

Sample S *(nm) Sample ES*(nm)
a-Syn WT 16.3£1.3 +EL WT X0.2 4.8+1.1
GroEL WT 15.4*0.4 +EL WT X0.1 8.3£0.9
GroEL G192W 15.3£0.2 +G192W X 0.2 10.2+2.9
+G192W X 0.1 1.73+0.4

# 3-2. AFM THUIL7=AV T~ — T InAFREDO & S
*RAE D E ST 3-6 121D AFM [li{4 0 3 #» AT B i A M E + YR 2= 4R L T\,

84



FOFERNCIE Bk ST MR ME DO REZRAT 572012 TEM (LB RAT 21T 72, X 3-5 @
HARMFICBITS 30 KEEE AL TEM BlE2OfE 4K 3-7 (2R L72, GroEL WT % 0.2 ®
/LI, GroEL G192N % 0.05 ®<E/LLk, GroEL G192 % 0.1 ®E/L L TIRINULIZ 544
IZBWCH A TRLULEE S Tl AFM (28T GroEL WT % 0.1 X% 0.2 OE/NLT
WIMLTZRAETHLNIZIO R R VERR OB RO TInA RN BLRIS N, TD—FT
GroEL G192N, GroEL G192I, GroEL G192W Zh <% 0.2 OE /L THRMULIZSM:
[ZBWT, FRIUAATRUZERST ST AFM @ GroEL G192W % 0.1 OE /L THRIMLIZS
T CHRLNT IR WBRME DR R UN TR REAE Lo T 7 In AR RRHEN Bl S 72, GroEL
DOWMETMEBO BTV R T DHTIARBRMEDOTERENELIZZENEZZHND,
TEM OHIE R RS H H U g 2% 3-3 (2R L7Z, GroEL WT [ZiRIN9 5 &4 5N
S THIE SRR DI IT K E R BN A b e o7z, GroEL G192N & HE L7
RERLTW =, LoL, GroEL G192N (%, 0.05 OFE/LHIZEWT GroEL G192N &
0.2 OEN IO IRVRHENE TH o7, E51Z, GroEL G1921 O¥sM &2 IS <z
L THAED IR D3R T2 > T DR E N T2, GroEL G192W % 0.05 DE/LEIZIHBNT
GroEL G192I @ 0.2 OFE/NMHIDEROIEOBAENBLHISH T, 0.1 & 0.2 DENHT
GroEL G192W Z UL T L7= o -Synuclein 7 X0 KRk R HE R (385 O TR,

HRAENE 2 7 9~ D Z LA R 7R Do T2,
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+G192N

+G1921

+G192W |

3-7. GroEL f£7E FIZHiF% a -Synuclein OFRHEF KO TEM 8] %2
3-5 (28T D45 SIS G D 30 KE[#IRE D TEM B g4 7L TW\WD,
Ar—)L/N—1% 200 nm ZFR L TWD,
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Sample FRHENE* (nm)

GroEL & hn&

x0.05 X0.1 x0.2
+GroEL WT 11.6+0.9 11.2+1.8 10.6+3.8
+GroEL G192N 11.1+1.2 10.7+2.8 9.7£2.9
+GroEL G1921 9.1£2.5 8.0+2.0 7.7£2.3

+GroEL G192W 7.6+£2.2 — —

% 3-3. [X 3-7 THELUM U727 0o R HE O B HE
FRHENE XX 3-7 ZI0EH T TEM B4 X, #R#ED 3 7P 1) 5% E + % e {F 7
R TS, —: JllE AR

EHIZ, fiedh a -Synuclein O 7 IuA RFRHER B A MHI L T e GroEL G192W (ZiFH L
T, DT IRARTE RS 7B DR M S O R A F L7 (K 3-8), ZofE Rick
T, 0.4 M OIFREY T =V A71E FIZEIT5 GroES 1 6 K (360 73)® -0 DARMER:
DI REBBIEL TOD I HLNDLDIZKIL, GroEL G192W Z M UL7= 514 T ClL 15
(900 73 B 7= T 072 DI A DTZ, A B 1-40 DA, GroEL JEF/E T
TITSUG B L EBITRMERE DT R M E > TD, ZD— 7T, GroEL WT ORIMEFIZE
WTh A B 1-40 OFHEZIE RIZEL 2> TERY, IHITH RSN DHRAE B ILRME i 53 7
BTz, ZHUCKIL, GroEL G192W OIRINEFIE GroEL WT X0 SHIZHRHEEE DT A0
HEL, ESITERESNLRHMERLHD L T DD RS-, 2O R LY, GroES & AB1-
40 OTIOARNRHE BIZXT LT GroEL G192W X a -Synuclein @354 & [RIAE O] %)

REBOTNDILENHALNIR ST,
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o>

Fluorescence Intensity
(Arbitary Units at 480 nm)

B

> E 25x10°[
1l o
P s il
=% 2q0° |j |||||| | | I
Q2 |
33 |
oL 1.5x105- ]
o
S5 .

e it L oL A

0 500 1000 1500 0T R0 1000

Time (min) Time (min)

3-8. GroES, AB1-40 D7 InANHHE(IZH TS GroEL G192W Oz R
A. GroEL G192W 215 0.4 M Gdn-HCl1 171 FIZH()% GroES Db #1125 5
GroES(@), GroES+GroEL G192W(@)
B. GroEL 2X% A B 1-40 OFHEAL A1 20 5
AB1-40(@), A B 1-40+GroEL WT(@), A 8 1-40+GroEL G192W(@)

3-3-3. B 5RFMIZEBI1T5 GroEL Zf£-7- o -Synuclein OFRHE 5k

a -Synuclein OFEHE KIEFEIZIS TS GroEL DR 2A LD FEMITEH 2572 O MR HETE ik
LD B2 50, 3, 8, 24 FEEDIC GroEL DRINZ{T-7, X 3-9 12 GroEL WT,
GroEL G192N, GroEL G192I, GroEL G192W #% « -Synuclein (2% LE/L L 0.2 (T
5489120, 3, 8, 24 KFHEICEWTHIMLZ#HETE @ fe 27~ L7z, GroEL WT (3, 0, 3 ¥
FOWIMZIBNT, IR ORIEIT LN, MR ERE THD 8 FHOBIIZH
THOTNIENTW e, UL, BB RSB & IS 2T AN o7z, 24 IRE[H]
2B 52 TD GroEL ZIRMLTZEMHIZEBWT, GroEL O 2T R oh 720 57, GroEL

G192N, GroEL G192I ® 0, 3 FffHi23517% GroEL DOIRMIE, £ OMHMETE A HBH

DI, e SN BT L T WG A L beig L, KIEIZIAD LTz, G192W 128\ T,

0, 3 IO TIL, B ENAREMEIT 2 o7, 7, 8 R OIS I2B1T5 GroEL

G192X K Z BARZRIM T HZEICIVBHEM BB P TIEESTHDD RS,
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3.5x10°

Fluorescence Intensity
(Arbitary Units at 480 nm)
o N O
G G

[, =Y
» o»x
_=_ -k
2

Fluorescence Intensity
(Arbitary Units at 480 nm)
= e w
a N O W O
> X X X X
— — — — —

X 3-

3x10°|

ocn

A . GroELWT

| TRt I'Iliisillll:i‘:i':l

1200
Time (min)

C . GroEL G192]|

1800

200
Time (min)

9. RARDEFMHIC

Fluorescence Intensity
(Arbitary Units at 480 nm)

Fluorescence Intesity
(Arbitary Units at 480 nm)

3.5x10°

3x10° |
2.5x10°|
2x10° |
1.5x10° |
1x10° |

5x10°

3.5x10°

3x10°|
25x10°|
2x10°|
1.5x10°|
1x10°}

5x10°

0 600

B . GroEL G192N

1200

0 600
Time (min)

D . GroEL G192W

1200
Time (min)

8125 GroEL 174 F TP a -Synuclein O 7 I A RHRHE BK

(A) GroEL WT, (B) GroEL G192N, (C)GroEL G192I, (D) GroEL G192W
GroEL 0 Ff[l] s (@), GroEL 3 Bf[E1 sl (@), GroEL 8 K [E1 sl (@)
GroEL 24 % (@), o -Synuclein (@)
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3-10 12X 3-9 OF RIS 30 Bl TEM HEifg 4 R~ L7, X 3-9 O 24 KFfH]IZ
B35 GroEL ZMUT-AE KA KL, ED GroEL ZIRINLTZ5ME T L OMHMENR A5
iz, 0, 3 REMICH TS GroEL WT OIRM T, K 3-6 THALNT-LICEEMRR O i
Lol BN BLNT, LAL, JVBWEERIZH TS GroEL WT OFEMTIE, o-
Synuclein OFEHEE AICEVERIL, RUNTZERBOMMEDR DIz, Zh&idx i,
GroEL G192W DTFE{E FIZRITHMMER AL, EORICE W Th — IR FRED
FRHMED DTz, M 8-10 IZHBWTELRI L 727 I A RARHE LV MENT L7 fRHEIE 2R 3-4 IZ/RL
2o ZORERIZENT, GroEL WT 137 IuA N#MEZ BB 1235\ T GroEL 2N %
RE I3 <72 DIEE FRAENR 23 2o T DR S 72, ZhuiE GroEL G192N, GroEL
G1921 T% 0, 3, 8 WfH1IZ GroEL ZIRINL7- & X ITMRAMENE 23 P> TV DERETR LT,
L2>L, Thioflavin-T OH#OEELINC I W CRAITRMENTE RSN CTODREH THD 24 W
IZ GroEL Z#IL THMAENE 1L 8 BIC GroEL Z ¥R L7- A HENE LW b 1K< /2> T,

ZiZ, GroEL G192W [ZB W CHRIRDOFE R Tho7-, 2z TEM ([ZXVE RS- TE R

i

FHRB R EADEDE, GroEL WT & GroEL G192X £ % {KT|X « -Synuclein ® 73
ARNBRHEACIZ T TR ENRRLZEN R IND, OFD, K 3-6 T/RLEIIIZ, iINT 5

GroEL OFRFHICLY, B SILOMMEDIEREN 5720 Z L3 EE B S 47z,
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GroEL

A hn +G 1921 +G192W

+WT  +G192N

3-10. 72285235175 GroEL /#1£ T T o -Synuclein 2B L7Z#k#ED TEM i
% GroEL 1%, a-Synuclein @7 I FERHETE A B W CTEMNIT R LRI B W TR Z1T 72,
TEM [ZX57 I R0 2213, X 3-7 @ Thioflavin-T assay (25115
30 KFfE T AR L 72 MR AE 22 I W T 24T o 72,
A=/ 3—1% 200 nm ZEKLTWD,
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# 3-4. X 3-10 THI U727 v A RHRAE D HAEE

AN A i * (nm)

T

EL WT G192N G1921 G192W
Oh 11+1.8 8.7+1.8 8.3+1.7 —
3h 8.8+1.1 8.3+0.9 7.8+2.6 —
8h 8.2+0.8 7.9+0.5 6.9+1.2 6.4%+1.0
24h 7.8+1.1 10+1.9 8.4%+0.4 8.3£1.8

FERAHEIR XX 3-7 LSS TEM B L0, SR 3 » P CI8 1) 5E Y fif + 58 Y {7 74
R TCWD, —: 1l E AR

DR D GroEL OUSAICEIT% Thioflavin-T w5 M EE TEM #2200 H5 R L0,
GroEL G192X % 2 {#|% o -Synuclein O 7 IrA RHRAER A MKk« 2R BB IZ 8\ TR BLIE
AL TEY, SHLITEHRSNOMMEDOTERED Gly192 AEHMLI-TI/BBICEIEVRAETLD
ZHEFR LTz, 2O IO T InARRMEDO T RBOEWIIWUNRZELTHD, LinL, BEET
RHMADIZ A, BrHEH R IZH o -Synuclein OB E&KRNEEL TS, 20729, Glyl92 %
BT RIE RO REITTEINRAL L DHEEZEAL S 7228 T o -Synuclein B
BIRLEOMAEAEFOEVAREL, 2SI EEBITTE RSN DRRAMEDTERRIZHIE WA D
HEZEZBND, ZNEIVFEMIZTHRH7-0IZ Seed f77E FIZHI1FH a -Synuclein DRk
~® GroEL WT XX GroEL G192W Z RAKD AT L7, « -Synuclein [3#3#E
ICHEERBEAE L WK ZETREOH ENAELD, UL, TOMRMEEDBFETHIETH
e ROSINE T 52N @A S T1A(106), 2T, Seed 77E F T« -Synuclein O H. &
K& GroEL G192W £ BAKPRFH AAEH L TWADTHILT GroEL WT fF#7E T L0bfkE

eI EL IR DN TSNS,
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>
ow

= 3.5x10° . aE 3.5x10°
-E' S 0| ' -Eg 3x10°|
23 25¢0°| 23 2500
2g 2107} §§ 2x10° |
35 1.5x10°} 35 1.5010°}
%E 1x10°| %E 1x10°}
if MO ZE %0y /.
" %% 400 500 120016002000 2400 0 400 800 7200 7600 2000 2400
Time (min) Time (min)

3-11. Seed fF7£ FIZE1FD o -Synuclein OFEHETE B FF D GroEL 0 5 %

A:GroEL WT F1ETF
10 % Seed 177E FT? o -Syn(@),
Seed+ a -Syn+GroEL (@), «-Syn(®), o-Syn+GroEL(®)
B:GroEL G192W fF{E T
10 % Seed f#7£ FT®? a-Syn(@),
Seed+ a -Syn+GroEL(@), a-Syn(®), o -Syn+GroEL()

3-11 1Z/RL7=X912, Seed fFfE F T a-Synuclein 1%, #IEK N EEICITDIL, TD
% DTSN DOMAE RS IEIL TODIDNTH BT, ZHUTKL, B4R GroEL AL
7= Seed f#1E FICH W THEV R EREALITADNRD o7z, LL, GroEL G192W 4 (&
ZWRMNT 5L Seed FTE FIZHRIT A UL KIBIZEIEL TOADZENHER SN, 2O
FJY, GroEL G192W Z L {K|% o -Synuclein H & A73 Seed (ZH5 AL TTInARHHED

HEZTLIVERGEETHIETHMEM R ZIEFL TWLIE RSN,
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3-4. BER

HSP60 1%, ATP OIEAFE F ClET v 7 NI T HEThAHM, ATP O HSP10 7776 F
THETZyMR— VBRI A R EZ L0, BB X L RIBOV T+ — VT 4 T E T 5L
S TN5(107,108), EHIZ HSP60 I3, iTH A B 1-40 OEEZ MG THZENME ST
15(109), GroEL WT & AB 1-40 IZxf 957 I B A ML OIHIZI R R ST
%(104), 2 &Y HSP60 1%, GroEL LT A5 E O v ~u= x> T0DH08, HE
PLLTe R Z N E DREMBI I R AR L TODIENBIEREZ Z DIV TNDHE M
B2kt 9% GroEL OFERELIXEHEANCBIRL TOZRWZERHERIEND, 22T, AE T
GroEL @ Hinge I #i{Z123517% Glyl192 A EI L2 THERD T vy ~n= Mz
REFL T2 GroEL G192 £ B ARAE VT, RAREM X _I B OWEREIKH T 58
DWTHH L7z, Hinge TEALICH1T5 Glyl192 2LV KREWTI /BRI ILIZTHZET, AB
1-40 % O a -Synuclein ~OFFIPENBE ML TWDDOEK 3-3 (R LTz, [ 8-5 TRLEZE
9T, a-Synuclein EOBFHEDIINIL, ZOMKER SR IZ BT HMblaE I & —EL Tk
D, F5lZ, Glyl192 Z b REWTI/BEE L ICE I L 72 G192W £ B AR IX o -Synuclein O
METE A b I LTz, KO REWTIVBRICE B LI E BARIE, TEDNVR AL D E 5T
MESEHZET Open HRAEELZRY, ff 2 B2 R BOBOKMEE EER N ELIRLEE
Hhd, FEERITR EOFFEIZEB VT, GroEL G192W ® TEM E{§ Tl, TEANLR AL A
ATP OIEFFAE FIZEWT Open JRAELZ2 5T 2(19), 5 2 BIZE W, Glyl92 & H%E~
T NT =V ARFRITIE B U TR A 27 IR FR SR I E A U728 BRI E A L 728 oD K
EIZEDTEANR AL DFEENREALL TODDER LT, TEUNNLNR AL DI EEE S
5Z&T, GroEL @ « -Synuclein O 7 InA R#RMETE B 12 R IE T BN BT L5 2
bz, FEERIZ, 3-6 MUK 3-7 T/RLIZEIIZ, GroEL {77 FIZE-o TR END o -
Synuclein O T7InARBHEDIEZREIL Glyl92 ZEHLI-EBRIK TR > TNDEIEND

Glyl192 ZE# T 57 I RIE I GRIETEHZENE BN, &HIZ, K 3-10 T/RL
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72&91Z, GroEL WT X, «-Synuclein D#RAMEEAIZIITDHM OB BE TR 224 T
a-Synuclein BT DT IRANBMEARBORENTZFREITIRRY, Tar7 4T YN RE
HWIWATICRE LT ORI THLO LR LI, 2O T HMMEDO L REAHRE T 5
HE /1L, a-Synuclein (2%t 35 GroEL WT Db 55V AEH DB EEL THhAZENE 2
5%, GroEL G192W X a-Synuclein (Zxf L Theh FRH A /EH 27~ LTz, GroEL &
O AAEMIE, a-Synuclein O HEEIZHWTEM L7, o -Synuclein O 7 1A F#jHE
TR 1, BADICH BAR Y FNEREE L, AV~ — 700, ZIDDMRHEL AL, 2Ot
MERZICH B R TR A LG LTV ZE TR EN RIS TWD, DFD,
Gly192 Zfhd> 7 /EFEILICE#R T2 TEY o -Synuclein LD F FPER B ML 7=
GroEL G192X A (KX, «-Synuclein HLE(Ky T7-LiEGTHILTRELIE T2,
H RO ~ORAZMEL TWDHIENE 2B, &HIZ, K 3-11 T Seed fF1E T
ZHF% a -Synuclein OFFEF K IZIH VT, GroELWT 13 Seed {77E F T « -Synuclein
DOREHETZ R SIS =, LaL, GroEL G192W [ Seed f7£1E FIZH W Th#AE(L 230
IR oTe, ZOFREREY, BMEEZIZK 35 o -Synuclein @A BEAEH LS
GroEL G192W |Zxf9 % a -Synuclein H&EAEDH GAEH DL N LVRE THLHZENE %
bz,

INBHORERLY, GroEL 1%, #RAETERIZIS T DA O B 152 B4 KX L, GroEL @
Hinge I §AZICEITS Glyl92 FERILICBITDTI /AR A B LI-ZET, TEHILR AL

DXL o -Synuclein B &R ~OFHFMEITEDNED, ZORE R o -Synuclein 23K

\

DRRAEDTCRBICH AL ECTZZEN B A BND, SHIT, ¥ 3-8 T/RLIZEIIT, GroES & A
B1-40 123175 GroEL G192W D7 A NfRHMETE KOG IOV TR F LSS, £h
Z 1 a-Synuclein O %G LFEARIZEWINHI BRSO, A B 1-40 ([ZHIT DHRAETZ LD
Thioflavin-T # 1% GroEL G192W 77/£ T Tl GroEL WT 1#/£ T & i L CRRiER

TR IBIEL , ST ENABMEREL R L TWAI I HbT-, AB 1-40 13 40 FE KD
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TN OIRDIR T X7 TR THDH, AB1-40 1L Closed HKAED GroEL THFvET 4N
HICEIAENDLEE 2 D50, GroEL G192W 28 BK I EX51C Open JRRELARDZETH
YETANEICIIAENRT<ARY, TInANRMER R EZ LI L TnbeE 2 bND, £z,
GroEL G192W X ATP DOIELFIE FIZEBWT GroES WA THZEE2LIRTHRELTWD
(19), GroES 1% GroEL D7 EHNRALAAZEITSH GroES it & EALICH A 5., GroES
D FEEHE A EALIT I A A AT VML B ITFTEL TVA(10), 512, GroES DOf#E T
REARIE, GroES MWAM T 5ZET 7 B A B B R ITARBEL 7218 7 I A RERMEZ T ik
FT5891272%5(110), X 3-7 128V T GroEL G192W |2 GroES 28 BB (K |2 figfif 45 101
BB THZETTInANBHEZ A2 IHI L TS A EEMED B 2 bivd, GroEL G192W
IZ a -Synuclein, GroES, A 81-40 I[ZBITA7I0ANBRHEZ R ZMEIL CWAZEERL,

B2 2T InARBMEETE T D2 B OEREIHIN REB L TOD AR E A HND,
INHOTIaARREMEE TR T D20 7B IZ% LT GroEL G192W 1% Gly192 7% 5% #x
HLRENTIUEETHD Trp ICEBRLIZZETHRMLMEIZRLIZZEDD, GroEL OTE
ANRALATT I A RRHEMHISE IS L CHEEREEEZ RT-LTCNLEBEILND, O
7=, % 4 BTl a-Synuclein, GroES, A 81-42 Z W TTE LR AL Bl (GroEL-

ADNZEDT I ARBRAE A 20 RO TRREHT 21T D,
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48 =% 8rGroEL-AD | Z W =TI/ Nk
ARG HEIE S

4-1. F&E

%2 HIZBWT Glyl92 MR AEHRLI- TR ILICIVTE D VR AL OEE N ZE AL
LTWHDDPIRENTZ, ZHUE, 5 3 BIZBITDRAREMWZ NI E~OMEEHORIITH
RS TNz, 61T, o -Synuclein OFEHER BGEFRIZIHB VT GroEL G192X 4 H K 1X
GroEL WT LIIEARDEEZKITL, BRSNDOMMEDOT L EIMSETNDZEE R/ LT,
IN—T Ny Xa=Ths CCT ITIEFICRY, XILFFREFEFIZEB N Ta-
Synuclein OFEMELE BALKD 1 D ThDH AS3T B RAKDTIaARRMEE A MHI 528
MHEINTWAH(1D), CCT 1E, N F U ARDIRR L 7 F LS TNLRY 7 A
237 (poly-Q DR A I T2 ZEb WA SN TS (112-114), v Xr=E, K72
WD RO, ZLOTInARIERK S 7B ORRHE T RS 2 BN CE D T REME S B 2
bid, ZOWE, BEREFERIETEBEZONDDONTENLRAL L ThD,

VURTAMFFEE TIEZ/ N —T7 N vy e =B DT EHIVR AL D Je i I E 5
Helical protrusion FEBEASEEREH D Sup35NM D7 v A RAGHETE % 2 il 35 0 &
HL72(86), £7z, GroEL 13 AB1-40 DEEEZMEITH0OHMESILTEY, ZOEEAB1-
401X GroEL OTEAINRAL LM BEA/ERL TWDZENRINTND(104), v Sr=0
Bb LB L, BHEREORBEREEGEITITENNRALAL, TInARBRMEE R AT
DERTEEBHEAEAL, ZOEEEMETOHEIEELFF > T DILRBEILND,

RETIE, TEHVRAL L HIM(GroEL-AD) TT7InARR#MEE TR 9240 /78 L 40 A
TEHIL, 612, ZOT7InANBAMETERIMHIC I R DB DH DL FEIELTZ, ZDLE, RIREM

HoRVE AB1-42, a-Synuclein 7217 T2, ZMFMH BTS2y ~n=" GroES %
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ETNVEEBEELTHWEFEREZIT-72(K 4-1), GroEL-AD 728, £ 2 722 R IZ B Dkt
ERIICBIT DR ERET T D8I ED, BME L Z 7 E DL P Kk Oz L To W

REMEIZ DWW THE LT,

GroES
Apical

cis

X Intermediate
ring

Equatorial

trans
-ring

rAB42 peptide‘

aSynuclein

kGroES

7

Cytotoxic fibrils
Apical
Domain
(GroEL-AD)

4-1. TE AR AL > DR
A:GroEL 2R (EH)ICHITS 1 >OY 7 2=y X)
B:GroEL %7 2=y MEIZEIT LT EINRFAAL L (FX)
Z®D GroEL TEHIVRAL L DIE L7225 3 DDORV T FR
(A B 1-42, a-Synuclein, GroES)Z b A IZF L7z,
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4-2. MEtE T IE
4-2-1. GroEL-AD D {E#!
GroEL-AD 3 # 77 A3IK (pET-AD)I%, GroELS %8 ~77%3IK pUCELS Z#H s

TPCRIICEWIER LT, PCR THA LTI A~ —ESNE FREIRd,

TEIIIVR AL sequence forward

5 -AGGAGATATACATATGGAAGGTATGCAGTTCGACCGT-3’

TETIIVR AL sequence reverse
5 -GAATTCGGATCCGCGTTAAACGCCGCCTGCCAGT-3’

ESLIL72 GroEL-AD #8177 AR pET-AD %, DNA Sequencing CEI 2R LT,

4-2-2. GroEL-AD 0¥ LHsH
(%]

LB 8z MV, KERELIT o7, R TORKEIT 37CTIT o/, BRI DN FIE
Z LA PRI,

[LB 55 (pH7.4) ]

Polypepton 1.0%
Yeast Extract 0.5%

NaCl 1.0%

A1 BLR(IDE3)IZI EH in#it%, LB/Amp 7L —h T Over night & Lz, > 7
Jvan=—ZHEEL, 5 mL @ LB/Amp B HGRBRE) IR E L, 16 FERIIREZE & LT, 5%
T 1, 8000 rpm, 20 %y, 4 CTE/LABEICIVERE L,
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ki
1. B AH R
£ L7~ BLR(DE3)/pET-AD I3 10 {Z & fE# A Buffer 22 TREL, KHIC Tl

FRALEE ATV, AR LT, Rt a0 23 B (14,500rpm, 30 47, 4°C)LT-4%,

EiFEREIR L,

2. BRIEZERALEE
BRI O FIEE SNk RCRIATED 5% AR T h~AL iRk A D -><DEm T L,

P =IET 1 IR L CRERRZTT o7, %, =00 814,500 rpm, 30 47,

4 ONZEY B #5532 BI L7,

BREZE % O _EIE 431X, 70-75 ‘CT 10 BV Z T 7= % K CamL, 15 4
il LT-, FO%E 04y HE(14,500 rpm, 30 43, 4 CICEY B &R L, Bz

O _FIEW 431X, 70-75°C, 10 4y BB 21T > 7= 1% Kk h CAW, 15 R E LT,

4. BTV E= A5 H

BLERL , w03 BE(14,500 rpm, 30 47, 4 CIZXVENL L7z EIEES I, K TR
LRINORIET B =D LR E 65 % (ICRDFTHoKVERML, ImNESHIZ 1 KFfH

B LT, R, =050 BE(14,500rpm, 30 47, 4 CIZXV LB 4y 2157,

5. FLABIa<w NS 5T 40—
WRZ IS DL ZAE By 77— TEWfREL, ¥ VA rn~ 757 ¢—(Sephacryl S-

300:GE Healthcare) {27 7 7AL, KA A@ra~h7 o7 4—H v 77—, §itiE 0.5
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ml/min (CIVEEHZAT o7, WH LY — 2 #4531 SDS-PAGE THEFEL, GroEL-AD

VR U728 5y & B LT,

6. T, BRAE Rt
U LI F VA e~ 7 T7 4 — 1% OE 431X, 5 mM HIRET - E=U LERICED 4°C
T—BEN 1T -72%, 1 mM BEEBRTE=ULRIFIZEY 4 CT 2 BB 21T-
7=, BHT#, EYELA S5 R%s FD-50 & W CHlii i L, B gg o7

13 4CTIRAFLT,

GroEL-AD o5z v /= Buffer (X FEcIZ58 9,

—f# | Buffer —
K% Buffer] [(FvAitara~hr 57— Buffer]
50 mM Tris-HC1 (pH7.5 at 25 C) 50 mM Tris-HC1 (pH7.5 at 25 C)
2 mM EDTA 0.1 mM EDTA
2 mM DTT 0.1 mM DTT
0.1 mM PMSF 100 mM NaCl

4-2 \ZRE M7 R R R AR T,
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¥ H DO E L (GroEL-AD)

(1L /3y 2)L{tET7523,37°C,120 rpm innova)
— EENEBEEAREEDIVEEICLESH LS FE buffer TREE

B AR (Amplitude 50, Pulser 1, 30 min, on ice)

C_D 14,500 rpm, 4 C, 30 min

1
IR £E

J

Bi%EE (REBE25% ARLTRIA ) «— 22— 5—T1ERER

< |% 14,500 rpm, 4 C, 30 min

[ ¥

LR L&

}

$AIE(70-75°C,10 min) <«— K hT2AL, 155 F#

}

BRESE (65 % HBE7UE=ILEA) «— 22—S5—TIERER

C_Ivb 14,500 rpm, 4 C, 30 min

1.
LR L&

ld— PEDTILAB|YOTRT 57— HABuffer(C B

=L EEE, LiEE 7 L2 — BB
FILAiBY AT 57 4— (Sephacryl S-300)

}

ZEHT (Dialysis membrane size 36)

X 4-2. GroEL-AD O il 2
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4-2-3. PRBICA WY TV OFHE

a-Synuclein %, 3-2-2 T/RLZLIITHERIL7Z, £72, a-Synuclein (% 3-2-3 T/RL7=LD
(ZAREEL, AB1-42 1% 3-2-4 ® A B 1-40 L[FERD FNETHHE AT 72, GroES & GroEL-
AD O RS RLRARE S X, JE H O Buffer TIRRELICIZ, 2-2-6 (TR LTcZ L RV ERIEIC

FJORE LT T,

4-2-4. GroEL-AD ZfE o= 2L R0 OB HETE R EBR
GroEL-AD f#7E F XILIEMGFE FICB T LML _IEOTInAREHEIE K1, 3-2-6

LRIERD FIEIZRVIT o7, BRHMETE R OBIE I D E FAFT T RRICR T,

[GroES D 54 [« -Synuclein OH#ET p 4]
1 mg/ml GroES 1 mg/ml a-Synuclein

50 mM phosphate buffer pH7.4 25 mM Tris-HCI buffer pH7.5
0.4 M guanidine hydrochloride (Gdn-HCI) 150 mM NaCl

20 pM Thioflavin-T 20 pM Thioflavin-T

[A B 1-42 T F R OREHET B S ]

10 pM AB1-42
50 mM phosphate buffer pH7.4
150 mM NaCl

20 pM Thioflavin-T

GroEL-AD O ¥ #i vz B2 551X, a-Synuclein (28175 M E Tl 256 mM Tris-HC1
(pH7.5)1Z, A B1-42 & GroES |28} 5l & Tix 50 mM phosphate buffer (pH7.4) (2K

DENENEMR LTS DZE LT,
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4-2-5. TInANHRKMEDBLE

GroEL-AD f#1(E F UL FIZB W OB LIZ 7 InA ML, TEM XX AFM (<
FHMEZEIT T2, TEM IZEA8IE2E, 3-2-9 LIRAEED FNET1T->7-, AFM (Nanoscope IV
scanning microscope, MMAFM-2) (ZLZAHE X, KRR FIZEBWT, ¥y 7T —R%
WTAT72 272, GroEL-AD {#1E T XULIEAFAE FICH T 40 R A FaX—hL7Z a-
Synuclein, GroES & 30 FFfi A F=2X—F 72 AB 1-42 DTInARRHMEY 7 V% 10 %
AH(0.1 mg/mL IZFHE) LT~AMIZ 15 ul D, 30 43 fAFa—h 2 100 pl o

Milli-Q THHL, BiR C—BRZIEbL0E 7 rEli,

4-2-6. GroEL-AD LZME5 /)78 O FH B AE AT

GroEL-AD EZEVEZ L RIEEOMBEAERIZ, 4> F M AEHE&EE AffinixQNp
(Initium) ZHWTE &N 21T >72, GroEL-AD & o -Synuclein XX A g8 OHE T
I% GroEL-AD 100 ng/ u 1 &% —@EMIZE &L, i Buffer 500 p1 i T —%
BEASETZ%, 5 ul OF AN )78 (a -Synuclein £721% A B 1-42) WML 7-,
GroEL-AD L ZPES M FI2H1F 5 GroES O E T, GroES # o —EMIC[E &L,
0.4 M Gdn-HCI %% te St Buffer 500 1 TRy —2 R ELS W14, FANF L T
H (GroEL-AD)Z M7=, o ¥ —&EMi~" GroEL-AD %7-1% GroES @[ &1k, 2-2-
14 LRERDOFNATIT o7z, T OE ELZ NI BEEFER LTS AN R E 1T 1.6 M
Gdn-HCI # & e )& Buffer #C 30 04> F2_X— 352 THRELE, D%, Kk
Buffer 1°C 30 /3 AvFa_X— 2L TCEMLIZEEMA L VBV T+ —NT 17
Rt #EAT 7%, B —&EMm OB EZ 7 EIXFEMFTICEH L7z, GroES %[
EAL LIt — BT ERTIC 0.4 M Gdn-HCl %5 o5 Buffer §1°C 30 4R A
FaX—h217o72, GroEL-AD & o -Synuclein XXMM FiZBI1F5 GroES OFH A

VERRNT I DIA T 4 7735 A= —DE L, 3-2-5 LRIEED FEINETIT-7-,
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SOz W= Buffer OFLAGITCL FIZR LT,

—{# H] Buffer—

[ Buffer]

50 mM Tris-HCI (pH7.8 at 25 °C)
2 mM EDTA

2 mM DTT
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4-3. FER
4-3-1. GroEL-AD (Z X258k 2 725 2 7B ~D A8 B 1E Fl LR HETE 51l
a-Synuclein [Z/X—F 2V HICE L, AB 1-42 17V A~—JRIZE 5L T\5,
GroES I3 E DI R A~D B 51X A LN, Gdn-HCl OFETE Fal 0Lt Fick
WCTIRARNBRMEEZ R THET LVE AL EL CORBER > TWD, 7 AMRMIEICE
WT, GroES O LIz W TSN A VT v —4r 1%, MREES RSN TS, 3
SDHX L RIE (o -Synuclein, A B 1-42, GroES) D 2B I1F5H GroEL-AD D%
Thioflavin-T #GHIEICIVIENTLIZ(X 4-4), 3 DDFRIEIFA FaX—eBliAL
THD 0~6 K% ICHRMEIZ RO B DA DAL D, & #2737 EIZB VT, GroEL-AD #if
INF B2 ETREEIZ RICBIT D ENASIZ, «-Synuclein OE/LEE 1:0.5, A 1-42 O
F)LE 1:1, GroES ®OF/LEE 1:2 T GroEL-AD ZIRINT5E, #16 DOREHERE R B 12
GroEL-AD EEL, 0% DOTInARNHHE LR 2 1A LT e, Ih@mnte T
GroEL-AD #IRNT 52 L TRBITHRMEZ BRI HIS4L, GroEL-AD 12X %58\ \BH 5% 2 5
WRENTZ, GroEL-AD O A D= ha— L E B Tl HEDIE R IT A b 7e -7, X 4-4D
DI, 3 DO IRIEDEEIRTInARBRMEOTE A2 I T 572912, o -Synuclein
DOE/VEE 1:3, AR 1-42 DE/VEE 1:20, GroES OE/VEE 1:4 & GroEL-AD O 202 & )5 E
LMD, H X RTEOTInARKRME(LE GroEL-AD B IE®H 2D BB 8 A KX LT

WHETRSIZ,
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A: o-Synuclein B: AB1-42 Peptide

2x10°

§ . § 2x10°

o 2x10° )

§ § 1x10°

= 1x10°%F = 2|

3 _g 8x10

Ll_l- 5X105‘ t 4x102 |

< <

= O R - 0

0 5 10 15 20 25 30 0 5 10 15 20
Time (hrs) Time (hrs)
C: GroES D: Client:GroEL-AD ratio
6x10°F =

8 X i 8 100 132

§ 5x10° § 80 50

S 3x10°} i =

S F S 40 0123456
T 2x10°h =

|— EE Q 20 I

£ ; 7 = 2

= o e e o IRD) qa 0 |

0 5 10 15 20 25 30 E 0 5 10 15 20

Time (hrs) Molar Equivalent GroEL-AD

4-4. GroEL-AD % {57 a -Synuclein, A 8 1-42, GroES ¢ Thioflavin-T | &
(A)GroEL-AD 777E T XITFEAFTE FIZEBITD o -Synuclein OHEHER B
(B)GroEL-AD f7{£ F UIIHEAFAE FITEIT D A B 1-42 DMHETL K
(C)GroEL-AD f#7E F XIFIEAFAE FIZHB1F 5 GroES DRk
(D)GroEL-AD & 3 D DL #2737 B OREMETE 5 #11H  BE £

a-Synuclein(@), A 8 1-42(@), GroES(@)%Z LI rT,
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4-3-2. GroEL-AD DfFETE T IZBW TR INZ T InARERH#ED T B8l 52
GroEL-AD DOAF(E FIZBWTIERIIIZ T InA NEMEOTERBA B T 572912, AFM
I EHBE AT o72(” 4-5), —FLMOKICEBNTENENDZ L 37 E D GroEL-AD @

HAFME TIZBWTRRD RO T InARBRMELTE K T2 DM R TED, GroEL-AD D2

I, BEET, TInARRMEEZE L TR0, GroEL-AD OFE FTEREhDH L8
VR, RSN T InA RO TR I EIC L T2, @V EIE T GroEL-AD

ZIRIMLTH T IRARRMEILADIDDY, FHEITELRY, DR 78R HE D & ITH O Th & F

TR LTz, ZRHDERMFITENT, BRAELFERICWLSDND/NESNT BT 7 A7 R

DR TET=, o -Synuclein ®E/LLE 1:3, AB1-42 DE/NLIE 1:20, GroES ®E/LLE 1:4

LI D GroEL-AD DFFFE FIZH W TR AERIZR AL TZBRAE X503, 1W< D/

SVERIRDEE MDY I BB NG, — B AR LIZKE GroEL-AD only CaRU7ZM% b

B 28T, LR AV EEITRFIE D GroEL-AD O7 /N7 7 AR EEHE THD

ZENREZLND,

PLEDOFEFR I, M K SOSZ381F 5 GroEL-AD OB 503, #Er) L7en 2 NI N E

T AT IaARBMED I EAE RESEIT LD TR, BSIEN X T E P EEIIC

RT DA B AL E TN HLEE AN,
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-GroEL-AD —ee +GroEL-AD

a-Synuclein

AB1-42

GroEL-AD only

4-5. GroEL-AD %k 7= SR #ETE % 0 AFM Bl 22

A= LR —1%, 1 pmERT,
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WIZ, 3 DDIERIZ L RIEBK T 2D RE~D GroEL-AD D587 JVFEHIC
RT3 57212, TEM (ZEDET 51T -72(K 4-6), ZDEExarhr— LT GroEL-AD
DRDOVIZETNVREDOHFMIET V7 I (BSA)ZMHH LTz, K 4-6 128\ T, BSA L3 »
DIEH)Z 2 37 E DRAMETE RSN L T DD BHERR TE D, LL, FE/VRED
GroEL-AD (& 3 DDIEHZ L "I E OMHMETEL 2 SHIZHEF L TWDHIEND, BHEIZRRIC
BF5 BSA OB R THLONREND, BSA DEAEN 2L I ~DIERE R

IS BT N E TR > TS, BSA f77E F D A B1-42 1% Thioflavin-T #6252k
THOT NP L TONDDNHLNDD, BRMERZL T XITTE K SR BB LR,
ZIUZxL, BSA f71E F @ GroES IT#EAMEZ AL E LRIEL T D, BSA fF(E T D -
Synuclein [ZHRHERZE Al LR HER R O 5 IR EL T\, 20 BSA ORINZEITHH A
DRI, BAEHNZ 0B OMHEAL BOG 2 HEME 32 R A9 7253 1 AR AR O W3 5
BL WD, BAERZ LRI BEDRRD M TSN IO B IC R EE W T80 o
Too LDAL, BilFN3 2 28D, 1 D%, BSA OfF/E FTEAMLIE AB1-42 OREHEIE, AB1-
42 HhE GroEL-AD f7/E FD A B 1-42 IZBW TR LIEMHMELIVBEWZETHD, L
T, GroEL-AD O fE(E F T L7- a-Synuclein OfE#EIE, LoD 2 S TRk L7 fiiE &
DHIENE LS AR DL THD, MMEO BRI ZRTEREIL 4-5 (128175 AFM THIZ S

TRERLE—HL TV D,
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ThT Fluorescence

ThT Fluorescence &

ThT Fluorescence €

£
=
=

4x10°
3x10°
2x10°
1x10°

(=] =]
o o
- -
o o
G @

»n

X %
- -
o (=]
L L]

1-42 + AD Ap1

Ap1-42 AB

o7t

| i e it

5 10 15 20 25 30
Time (hr)

%

5 10 15 20 25 30
Time (min)

4-6. GroEL-AD % ¥ 7= #ME Y R #% © TEM #8142
Ji:a. AB1-42, b. «-Synuclein, c. GroES @ Thioflavin-T it & % 5
GroEL-AD JE{77E (@), GroEL-AD 777 (@), BSA 777£ (@)

A EE O 30 BifH(A B 1-42, GroES) & 40 il (a -Synuclein) DFFE#HEE K # © TEM i

M LR L L TFOEITENENLER O DEFZRITL T D,
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4-3-3. BRBEE/EICE1TS GroEL-AD % fEo7-7InANRME R ~ D&
WAZ, KRR 52 R0 B DRKETS I 5 B72 55 T GroEL-AD Z IR M LI= L& D
BN OWTHRAELTZ (K 4-7), BRI #3728V, a-Synuclein TiX 0, 3, 8, 24 I
iz, AB1-42 TiX 0, 0.5, 1.5, 8 K2, GroES TiX 0, 6, 10, 24 K2 GroEL-AD
ZIRINLTz, 4-3-1 TR LTeIDITHREMEIE Al A 58 RT3 5 K912 1€ 4 o -Synuclein ©
TV 1:3, AB1-42 DF/LLL 1:20, GroES ®E/LI 1:4 T GroEL-AD ZiRMNLZ, %
FEBRIZHB T, GroEL-AD ZAR ML OIEH TR 22 TR LI HMEITD LR IEIZRE
DRV, BRLMHEMEZETHIEIXTEL, GroEL-AD (& RIS W THML T
FTCEELZRIFLTWDION R TIRND, R Z R BIZER RS, EThH BRI
GroEL-AD ZIMNT 52 THRIEERZERICIHE TEXHO RSN, ZOfERE 4-3-2
TRLE AFM, TEM OREADET, GroEL-AD 134 il RE/R 2L /S 7 B FRHE D RE s %
BEIETDIRRIIDBHDLOTII L, T 74— ARUIAIEE O E ER 2 7B ICEBEERL
TWDDD, BAEZTE S T2k 2 22 PR FREDIREZ D SE TV OB E R HLL%E
ZADNTZ, ZRIKANT T O B A KT T2 OB R 2R T AR R
7oy EIRERE Y HSPT70 & HSP40 TH@AEIITWD, LL, ABFFEICEITD, GroEL-AD
fF1E T T a -Synuclein O%H, B SNDRMEDTERERN DT INTELL TWDHIENR

X7,
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a. a-Syn + GroEL-AD b. AB1-42+GroEL-AD

1.6x10°F v b Y
@ I ©1.2x10°+ 4" W,
2 6| c ™ '-:N.ﬂ
o 1.2x10 A - o A’A:“a s
o I s e R
2 . o2 o 8x10%
= 8x10° Ya i L
<] e 4 o b AR AR e
= g _ i z 4x10°
o 4x10° R t #
=
0 5 10 15 20 25 30 35 0 5 10
Time (hrs) Time (hrs)

c. GroES + GroEL-AD

—~ 1x10°F
3

S 8x10°T
6x10° [
4x10°[
2x10°

ThT Intensity

(=]
r
b
!
L

0

5 10 15 20 25 30
Time (hrs)

4-7. BB IS GroEL-AD Z WS I L7 & & O MHE T iR S
(a) @ -Synuclein, (b)A g 1-42, (c)GroES
BRI EIT D GroEL-AD ORMEERIZLL T 0y Th s,
(a)0 F5fH(@), 3 ¢ (@), 8 FEfH (@), 24 5 [#(@)

()0 F5f#(@), 0.5 FrfH(@), 1.5 FEF(@), 8 ¢ (@)

(0 (@), 6 IKF[H(@), 10 KH(@), 24 K[H(@)
(23T GroEL-AD %M L7,

(@)%, GroEL-AD FEAFAE T2 DMRMETE Al il AR L T2,

113



4-3-4. GroEL-AD LiERZ L )7 B L O BAE R fEHT
EHERE BEOMT T 25 QCM 2 HL T GroEL-AD SERYZ /"7 E W O AE B AE

HaXOFEMICAT L2, QCM 1%, B —EmIcH L I E &2 EE/LL T, fHAEH
THENNTEERIMU UK ZETAELLIMERE B2 AR B E(LEL TUT L Z A LI
B T&D, DT, 2L/ 7 EMOMAEAF M Z SR E I E TEL 5 THD, K 4-8a
\Z GroEL-AD & 3 DL &L /30 B OAH BAR FfEHT RS R = LTz, B Buffer &N
L7z&, IRV BUIZEALL TRV, B XL R E O HZ LI R AR IR I Z
fEMAEC TS, IRENER DO BIIAER # o 7B OFEFAIC LY B7e > TD, GroEL-AD &
GroES (% a -Synuclein O AAER L, 1ZEA ERENVE N LT, s, A
B1-42 [ZHMNT DT ITRBE DA L TWD, ZOEAKIE, FUGERZ VDD, FEFER
HI7AE B E L CWNDZENE 2 DND, A B 1-42 ([CXDENTIL, D 2 SOIEF Ry

B, ZORKINEIRLE ThoTo, 2, AR 1-42 D4 T AXD/NSTEDLDN, Hi
W U72EDIZ A B 1-42 OFRMEILINHNIZ 2 B D GroEL-AD 2300 B/ 23S R S 40, 1E ff72
FEAT DT 272N LMD, QCM IZED AT I L TV RNIDIZE 2B ILD,

A B 1-42 & GroEL-AD O A /EFAfEHT L L, GroEL-AD:GroES & GroEL-AD: « -
Synuclein O EAERMEHTIZID IEMERIEZITOZEN A RE THD, M 4-8b-d 1T 0.4 M
Gdn-HC1 #7£ Fi23513% GroEL-AD & GroES Ok A 1E i ik 525 L=, X 4-8b (T
BT, GroES ~DERIFH72 GroEL-AD OfE&42/RLTZ, ZOfER TIE, GroEL-AD
AWMU RE IR TR E R AF 25 HL, #{#li% GroEL-AD O &, Fffili4 f
g EREL T ay b 58T, B EH Kd OB HE1T -7z, X 4-8c IZB W TORLIZED
2, | AF|ZTA T4 T4 7 3528T (7.0£1.6) X106(M) © Kd fizfFbhns, £z,
4-8b THEB TES GroES Lk~ 7R FEIC817D GroEL-AD OWE N —T %7 49T 4V
73 HZET, #iihAZ GroEL-AD O, fitihz ks ELTT Ry NT2ZET, fREEEE kot

FEAEE kon ZEHLZ. X 4-8d I2BWT kobs vs [GroEL-AD]O 7oy I H LT
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kott WMAH T AT I2MEZTRTOT, X 4-8d IZBIFHME TIXZOEEIL 0 1ITRELZ, 2D
FFICBOWTHRHELE kon 13 4.1X10* (M 1s ) ThH o7z, ZOFRME FIZRBITFHT —H 54T
X, KAHTTEDNART 4 7 REROM R A @ LT Kd 2R TEho7-, L, K 4-
8¢ TliX, GroES & GroEL-AD OIZHBWT, RA[HiR hA T 407 REEITI T HFE A

TERE—EL Q=
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a. Sensorgram Comparison

0
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£.200
(18

<300
-400

b. GroES vs GroEL-AD: Sensorgrams

aseline
o=-Syn
= GroES
N
- =S
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<
1 1 | ﬁﬁ42
0 50 100 150 200

Time (sec)

c. GroES: |AF| vs [GroEL-AD]
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d. GroES: k be VS [GroEL-AD]
oDs

0.2

T T T

0 1 2 3 4
[GroEL-AD] (uM)

4-8. GroEL-AD & o -Synuclein, A 8 1-42, GroES [ ® AffinixQN p (2350 540 A AE H 7 AT
(a) GroEL-AD & « -Synuclein(—), GroES(—), A B 1-42(—) LD A8 A 1E H fighr
(b) GroEL-AD EZEVESR T2k D GroES LD AR A 1E H fg#r
0 pM(-), 0.495 1 M(@), 1.23 » M(@), 2.48 o M(@®), 2.97 pM( ), 3.71 p M(@),
4.95 1 M(@), 9.90 1 M(@) I[ZBF57 mybaZnZhrL T,
() 72D EIZFB1F D GroEL-AD #IRML72E XD GroES &D | AF | DO T myk
() E2DIEEICBITD GroEL-AD & GroES (2B W TEI ST kobs DRI ]I 7

Sampl

e

kon (Ml . Sl)

kogr (S71) Kd (M)

GroES

4.1X10*

0.29

7.0X106

7% 4-1. GroES & GroEL-AD O AERICBWTH B LIZIART 4 I /R8FA—H—
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4-9 |Z GroEL-AD & o -Synuclein EOF A AEH OfEATRE R AR LTz, ZORE R MBI,
GroES & GroEL-AD MOM HAEA LI, Bieol GERLTWDDONRHER TED,
AffinixQN p Z 72 QCM JIE I K0 BL ST A I — 71, HER STV D LR EUY
Tl A Lo T, 6725558 T, % a -Synuclein ##E (25172 GroEL-AD ~0Of&
Blx, BN R EOEBEBIZE TS 2 SOR] % ik & KIS THH  EE BRI b
B LW, FHAEAEMN O JVIRIED G FH 2L, K 4-9b £, Kd=(1.23+0.31) X
106 (MDZEF LTz, S OO EEEE (Kobs f25t) & LD IR E ELH (Kobs slow) Dl 7 221
FHHNTHEA RSB D kon/kott ZH M LT2(K 4-9¢, d)o X 4-8 TR T LIIZ, Kobs fast
KV, kon=1.20X10° (M1s )& kotr= 0.25 (s DDA EEH L7z, 241k, Kd=2.1X104
(M) EEH L=, I, [ 4-9d TRLEZEIT, Kobs slow 755 kon = 9.2X10° (M1sD)E kot
=0.017 (sVDOIART 4y FETNEEEH LIz, ZiLkD, MEEEH Kd = 1.8X105

M) O¥ Az R H LT,
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a. Sensorgram b. |AF| vs [a-Synuclein]

0F T T 3 30 F T T T T 3
-5 ; 25 | >
E %"‘ 20 b
g i 1 T
(T
<1 ﬂ 10 —
5 -
L 1 1 0 1 ! 1 1 1 L4
0 50 100 150 200 0 2 4 6 8 10 12 14
Time (sec) [a-Synuclein] (M)
fast 5 slow 5
c. k vs [a-Synuclein] d. k vs [a-Synuclein]
obs obs
04F T T T T T T = 0.03 F T T
—~ 0.025
< 03f ° C "0
' . 2 002
E 02r 1§, 0015 » :
3 s . o
x® 04} . = 0
0.005 1
(1}= 1 | L 1 ] L - (= 1 1 1 L ! ! -
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
[a-Synuclein] (uM) [a-Synuclein] (pM)
4-9. QCM % H\\ 7= GroEL-AD 43 1-& « -Synuclein OF8 F.E H i 47
(a) BB EICBWTHIMLT a -Synuclein & GroEL-AD & QCM (22540 A 1E H f# 4t
1.72 1 M(@), 3.45 1 M(@), 6.90 » M(@®), 13.8 1 M(@)AEZLNL I RLTND,
(b) BIARDEEIZBWTIMLU « -Syn & GroEL-AD @ | AF | fEDIEMRIE T 1T 427
(c) BADBEEIZBWTIHRMLUE o -Syn @ GroEL-AD (2% 9% kobs fast ORI B9 25 41
(d) EARDEEITBWVTIHRMLU a -Syn @ GroEL-AD (2%} 92 kobs slow DRI 0] )3 43 Hr
kobs kon (M'l' s1) koff(S_l) Kd (M)
Fast 1.2X103 0.25 2.1X10+4
Slow 9.2X10° 0.017 1.8X105

# 4-2. o -Synuclein & GroEL-AD O AEMICBWTEIHISZ 2 DOE—RIZBWT
ENENFEHUIAART 49 I RT A= —
oY — EIZiE GroEL-AD Z@E E{L L TS E(T o7z,

118



ZNHDHIZEBWT, «-Synuclein ® GroEL-AD ~D#E & D EE /2R THHE LV
kote R EIZEIMR T HRE M ZH LI LT, GroEL-AD & GroES tDOfEA X, 1oDR
A7 RE A THHDIZHTL, [ 4-9 T/RLZEIIZ, a-Synuclein & GroEL-AD [f{® 1 -2>®
Bl TR0V SR IS B 28 B9 7 i & I KD F il 27~ L Tz, GroEL-AD I3, in
vitro \ZBWTC, TIRAREZE T 24 R EORMET AT 1T D4k 2 e B e 2 38 ik LG
BTDIENTEDR N ZAE NI A TVD, ZHUZEY, GroEL-AD 3k % 227 Im AR

KA DGR A M+ D LN AIRBICRD LB 2 HND,
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4-4. BE

ARFETIE, v¥n=" GroEL JVHEEEL/=7E /LR AL (GroEL-AD) Z#{EHRIL, AB
1-42, a-Synuclein, GroES D7 I ARNEEHMEIT KT 25 I S R A MaT L7, gl & o
GroEL-AD ZRMMUZZSEAMEICHBWT AB 1-42, «-Synuclein, GroES O 7 IuA R
AT I S DD &R L= (X 4-4), o -Synuclein X° GroES O#R#EE R IZ B VT,
HEED GroEL-AD Z¥ML7a<Th, +aaMfil iR naoini, Lrl, AB1-42 T
SERTRINHI N R A LHT-D121F 20 5 &L, ED GroEL-AD %3 TH-7-, o -Synuclein
R GroES TIXZRLRMBINALIVZEEIZB VTS, A B 1-42 TIEERRIH 2RI 70
S72(K 4-4d), 7RI LZIH T2 FLVIRWVIRE D GroEL-AD ZIRNT 5L, Gtk
BRI OHD2 B 5y T LM BEAER T8 T, RHEIISTE R T D8 =R L TnD e
E 26172, GroEL-AD OAFIE FIZHBWTIER LTCHRME DT RBIZITE VR bR o7,
UL, EREZBZDITND T InARBRMEATE BT DM ARSI T D EE 2 B (M
4-5, X 4-6), L7>°L, o -Synuclein @ 513614 T, GroEL-AD 1F/E FIZBW TR LT
#rAfED TEM {413 o -Synuclein HAM K& OHRHMER B ICHEBALR 722 BSA OAF(E FIZHWT
FE R L= L0 b i 2b 7= (X 4-6), 1 4-9 ® QCM ZEBRIZHI1TS GroEL-AD & -
Synuclein M O AE/EH BRI SN T-EE O AKX D7D IZ, GroEL-AD 7% « -
Synuclein OFEHEM R AIHIL THRY, SHITTERTOHMMEDOEREBEZL T O IIBALT
WHIENE ZBIL,

AREIZBOTHER SN TZGroEL-AD DR & 7248 19 222 /37 B O RRHETE hl 2 SR 15 (4 il 4
DRESNT, BRA REBREFM FIZB W TSHIZH LN o7, £, GroEL-ADIZ, 4273/
BRI DFVA B 1-42XTFRE, 977 I/ 7% 5 D GroES K M 1407 X/ RIR I D o -
Synuclein OFEDO RKEXOM HFEFEREL THE S TE 7o, THUTINZ, ZNOIER) E7eD 47
YRTEOREE TR A T, HOWRIRTFRTHDAB 1-42, RIREWF L RNIBED o -
Synuclein, T L THRAT 47 E DA VT~ —NE 0 I E M L2 GroESNFIET 5, 1L
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ZHPDLT, il x DX RTEIZB N TBIISNDE L NORMETL K EMEIZEBENT
GroEL-ADIEfE G VT InA RIRMEGE SR A Il T~ 2 2L 3 C& Tz, L L, QCMIZ LD
B DOHHTIZEBNT, B Z S E EGroEL-ADD S A 12 BT 515 A #k T — & Tid v
DRI NI, ZHUE, 3ODREZ L R 7E EGroEL-ADE D fE A A IZ 31T 5 BAe D
EEEN I TNDEE X BILD,

GroELIZ, MW AR AZI) — RIS E R LIZT 7 4 — VR Z ST Gy F ~DBUK
IR Z N LB TWS, GroELOTE LR AL, ZRHD5y F&2KXKBIL, a5
BOKMEEL =L TR AT THHDPNLGES N TN D (K 4-1, ~UvZAH, ), KET
BT, 32DTInARBMAL B ECDERZ o ST EIT T DBOKME N R~DF 52 0R
L7c, M2 7B BIT DB MEOEENL, BSAZ 3 ha— L e L2 ERIZEBWTEY
FEAMICHERRENT= (X 4-6), BSAIL, R Z L R IZH L CTEENLRWIEE LHEAL, M
HIBLU TR A RREBLRDy THEETHMIGEH IV E Thb, BSAIL, AB1-42, a-
Synuclein, GroESO#RHETZ I BN THEL KITL TWDHIITHALNDD, FIRED
GroEL-ADZIRMUT= 4R L L CTZ DR BEITTHV (K 4-6), ZDarbr— /L ERIZH W
T, GroESTIIBIERRIC, A B 1-42TIHIE RSN DMRMED T RE N FH LA L TV DI,
BSAIZZENZENDIERZ LRI E DORRMETE AT KT LRI D EEZ KITL T\ D, ZORER K
Y, TIARBRMET BB R ORZ I B LR HE R R 238 1T D BUK MM BAE T 2 FE 2 R 22 bk 5
ZHo TWAHIENRENT, TAUZ, A B 1-40D MR HEE BRI 32 LT OBFFEIC BV T,
xR ELAOBEREZD LA E WM 2 EM AEHANRBEEL WD ZE
b ESINTERY, BUKMMEAEERRZTPRMELZHEL THL0TIERWEEZLND
(115,116), M ENZ LD R A~DIERSZ MK F 52 0 37 ORRMEAITIZZ <O AAE A
B LT05, ZHIUE, 2302 3B OR EAE RIS LB 8L O NMRRE & 45 #r

REDFA LB IT 0T LWL THASD,
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HHE BREBE

RIFFETIE, 5 2 BT GroEL G192X ERRICLDT v Xn= U HEREMNT, 2 8 =T
GroEL G192X % A= RARZENES L R OF HAER &7 I A NRRHETE A ~D B 5125
W, 5 4 ETIX GroEL O7E VR AL HEEL 72 GroEL-AD Z W T, 7InA Nt
e ~D B 5% 7 M L7z, RETILLL EORERZ 5F X T, GroEL (ZBIFATEA/LR AL
VB LT DTInARRHMEE R~ D EE LR ENCOWTRAEBET D,

% 2 FIZB W T GroEL WT @ Hinge I 53712815 Glyl192 A7 7o T /LT — LA
RREICER LT 2 27 /B FEICE# L 72 GroEL G192X 28 B KT, KEWTI /Mm%
CEMLUIZERRIZE v o= U B RB IR B2 RITL TDHZEE R LT, £2°C, 5-1 12

T GroEL @ Hinge #ALIZ35175 Gly192 FEFEDEENZOWTIR~D,

EHIZ, 3 LY GroEL G192X 28 MK IIA BAKMIZI W TRHEF i D 272 51 FR I
WERLZIFL, RSN EOIELZ{LL QW e, 22T, 52 12T GroEL @ Gly192
FRIEDBEACLIZZ LI LD A~ DB OWTE R T D,

F72, 5 4 XY, GroEL-AD 237 InAR#HMEE R OBl 21T > T HDE R LT, 22T,

I TCTInARMEETE R T 22 7 E 2% 9% GroEL-AD OH 5125\ ik 15,

5-1. Hinge I BAZIZFTET S Gly192 FEED GroEL 12k} 584 El

GroEL @ Hinge I ffZI281F5 Gly192 1T, 7 /B EZE(LSETHZED R
M1 L DU RIS L Z R E T EWE R o 72(K 2-5, 2-7), — 5 C, ANS 8 I E 2 L5 3K B
KPEDFENT G, Gly192 FRIEDE B L7277 I/ BRIR AR EWIZE R BRMER F</2oT
W2(H 2-4), GroEL OWNERIE, BKMEEAZ WEITns(16), Gly192 R iEA 2 (b
7224 T GroEL 7% Open H§3512720, ANS (215 GroEL D7 E LR AL ~DfEA 7S

ZEAL3H5ZLT, ANS HHHREDOEAITEEL TNWDHIENEZ X bILZ, Pyrococcus
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furiosus HEDT N—TF N ¥ ~n=(PfCPNIZEBW T, Gly345 k4% Asp (ZHEH#
L7z G345D Z B AKIE, Co+)DIFAE FIZBWTH AR O 25% L0y ATP/ADP MK%y
NG M2 RS, In vitro \IZBWTEM MDH O 74—V 7 4> 7 S BIOFE J1 530 LTy
72(117), Gly-345 I3 HIEZ L —F MRS vy o= NS E RSN TEY, TEHLR AL
YA B AT 4T AR AL DT ITHFEL TS, Py _Xu= 3B IEE DOV 7 4+ —
NT 4 TR T DB R B R G AL N ECDZEN DI TND, DT, Ty
RV SRR R R TICHT, G EALDSRERDEAINAFET DT I A E T 5T
LT, MIEZLE LIV RE R BLIC BT DI BN A FE ST~ D2 LD TED, GroEL (2
BIFDH Glyl92 AL Z(LIHI-ILIZIDT v Na= U EBRE~ DR BE T~ 7-L25, ATP
DOIAK 3 fiERE S, MDH & Rhodanese #3EEL CHWU 7 +— L7 00 7 Bk
Glyl192 A BEHL- 7 I/ BRIREN KEWVIEEZNZENDIEMENME FL T2, Zachary
W. White 53, GroEL 1231725 3 % H® Lys % Glu 7% JE(CfE#: L 7= GroEL K3E % &
K% W92 80 T, GroEL K3E 13, B A E ThoH0S, 20 R iEIL GroEL
WT SHEEILTHEY, GroEL WT SHEEL, &\ ANS 3OEABIHISZ, L, X7LAF
RTFAE FIZB W CEMEEDOV 74— VT 4 T a2 752N TERD-72(118), LA,
Gly192 #ER AT L RKEWT I/ MEEL THD Trp ICEH L GroEL G192W Z K1
ATP DOIETFELE FIZBWT cisring 1lZ GroES M &+ 5ZL2 & 1L72(19), GroEL
G192X A RARD L v~ = HEREMRAT D5 R LV, GroEL G192X A M K%, Gly192 fk ki

BEHLIZTI/BRICEY GroES LOMAEEMIZZLBELTNDHIENE ZAbNTZ, QCM
WD ATP JETFLE FIZEB1F5 GroEL G192X Z8 5k & GroES AR A 1E F 2 i bT L 7= f&
RTIE, Glyl92 Z# REWT IR IEICEBRLTZZ RIKIZE GroES LOMAAEH ARV
ERBA BN (K 2-11),

GroEL G192X Z BARIZI1T S cis, transring D&z LOFEMIZIENT T52 2 HEOE

L, cisring D¥ERETZ 1T %D GroEL O 7 W) 728 BAK SR-1 @ Gly192 12817573
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VR A E LT SR-1 G192X & BAKE W=y v e = BT 21T > 7=, MDH @
V74 —T 4 TIEMERE OFE RIZEBNT, YT Ns—rd— 38— (94) B K TIH %%
FEAETREA2 SR-1 WT L LT SR-1 G192V & SR-1 G1921 2 B AR CIX @G %
RLTW iz, LETOMFZEIZIB W T, X2 T A>T GroES 7 &RICE TN D00
GroES 7 2=vh% Asp ERIEICEBLL/ZZLT, SR-1 LOMAEERITHEDR, 2%
MDH DV7 4— 1T 4> 7 1EMED GroES WT LOHE ML TV A EMNR S ST 5(119),
EBIZ, GroEL S EAEA 35208 TELY T 2=y OB A E L& E 72 GroES I2H 1T,
7 BBt GroES 7 2=y 47-0) GroEL LHHAAEMTLIENTE LY T 2= b3 5 OFfF
fELTW5E GroEL WT & GroES WT LRIFEE DV T 4 — VT 4 TIEWA R T 20 ]S
ENTNDH(120), ZOH A TIEEDHIZ GroES O 7 o=y "L TWOAHIEE B4R HE
LU RE AR FE T 22 EREN TS, ZNHDOMEND, EDOV T+ —NT 4 7 %I
B3 512&7-9, GroEL & GroES | 7 BER R L2 TR AL TWORWATEEMED B 2 56D,
SR-1 G192X Z B AR D>y R = B EEMAT O F5 R LY, GroEL G192X Z FLKD cisring
28135 GroES O AEAEMIL Gly192 FEEZ K RKEW Trp [ZEHTHILETREEID
GroES LfEA 3508, ZNEN/INSNWT U TIXE2RIZIE GroES LA L TV RN ENnE
265, ZidY, GroEL G192X £ BARKIZE TS GroES EOM AEM L, Gly192 7% 3%
BT 57 AIRIRT 528 T Open IREEOTENNRAL L ZFH THZETELS
BHIENARRICDEE 26D, SHIZ, GroES EOM AEMZE bS5 CTAEME
DVTZ =T 47 BIRE NG EI 22N A REL R D EE 2 b,

LLEED, Gly192 #%EE1E, GroEL AR A L CWAEML L ANIEDV T+ — VT 17
W RE W& R ETHEEARNFTHY, 20 Hinge I EALICAL BT HEEEZ (LS EHIE
T GroEL Oy Xu=Ufiea 2 78 TFEIICHETHAIEN A RE THAHIEDRIRS

Nz, ZOLEDEZLNAY Y= AV E X 5-1 12757,

124



REER GroES /V
I\ N
g3 1% "8
e ¢ ATP
GroEL G192X J
ADP Native
A ‘J 28
EHEER GroES
—)ADP
+ATP +ATP
GroELWT

5-1. GroEL WT & GroEL G192X Z B AK DY v 2= YA 7L 0D b ik

X :GroEL G192X A HAKD v v Ra=H A0
Hinge I 2 D Gly192 FEIEAZB#HTHILTTENNVR AL DEEEZZEALSETHH(EN),
COBEEDLEALIE Glyl92 27 72 T — L AR FEIC KD BB LA RIS R0 A LT 5,
GroEL G192X Z Bk, TEHNAN ER-5TD cisring (21% ATP JE(71E FC GroES 23 &
95, transring [JIFEMILE NG T 5, D%, ATP L&5725 GroES OIMT transring O
EMERE L GroES NEEXMDD, BT I/ K IEICL> T~ B3FvETANICADIAATY

TA—IVT 4T DN BB T,

TE:GroEL WT Oy ySn=2H%A7/L
GroEL WT |3EVERE % cisring IZFE G S 72% ATP OFF7E T T GroES 569524 T, K
B S AL Z B SR ZLNERIZ B M AF R E T A IR IENDZE M EEV L, B2 EL
Ate, TDOHEVERENTHFEL TCODIRETIIEMELE % transring IS T2, AL TS
ATP 78 ADP (2K 53 figsid e GroES 738k, 28 M LB 2kt an g,
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5-2. RAREMWEZ LV RIBDOTInANBRHEFE RIBRIZEITS GroEL

® Hinge I #PALIZTFFET D Gly192 FHE DK E

GroEL @ Hinge I 5iNLIZT E I VR AL OBMEIZE B /2R E 2 R7-L, ZOENIIFAE
LTW5% Glyl92 ZRIEAMOT I/ MR IEICER T HILETTENNRAL L OF &2 T
LA REMEIIRTEI TR LTz, GroEL O T E AV R AL T, FE O &AL GroES OfE &
BRI L UL @ ICFEEL TS (121), Glyl92 2o 73 7k ICE L2 LT
Open RAEIZ725E GroEL G192X 28 B AKX ATP OIELFAE T T GroES & 4%, Zh
IZEDZPERED MDH & Rhodanese 132 NI LF v BT A NICADZENTET, U7+ —
T 4T N TEIRNENREN T, ANS S OEHIE DR RIZBW T, Glyl192 7% 4 &
LTI BIRE N KREWIZE Open IRELRVTE I NVRAL U BER PICBRI T
G192X £ BAKIZE R EBUKIEN @I o22EMD, TOREITHK IR EEZZEALTH
DHDRREMS RV ELOMHAEERALRTWIENE 2 bV, BB O3S H 7 FR
BIVELD—DTHHAL AL, TIRANBAMEN RO ET NZ L RITELLTSNTND
(122), ZNET, Z V=7 DRy X = @ T 28 & B0 S ko v <=
(HSP60)?D C KImIZIIFHZMMMENIEML, @ikt T Tl m e 2R 348 AR
IZBWT, AV AV BT T DM e L, MEZ DT 22D EINTND
(123), 20 HSP60 1T ATP DAFIE FIZHR N TAL AV ##ED Thioflavin-T # 2% ATP
IAFIE T EVBIE TLTEY, ATP fF7/E F TR ¥ —hBRELITHA L THDDARINTND,
EH1T, SHSYHY Mifuzfl L7 MTT 3 #7icdB\\ T, HSP60 & ATP {fF#7E T\ TT
SR RRRAE ISR S AL, IRAED AL R L TSI W B EMZ T R LTz, ATP FETEAE
T Dd HSP60 1A AU i D B LR FEE D R Tho7-, ATP 774/E ¢ HSP60
ITRAEDONiAE SR Z ATP IEAAE FEOBIME T DL T, BMELVFIEN W T ELT 7 R

BREE LRRHEMT 24 PE T AZETEMEN ML TWAZENB 25 T\1A(124), Zh kb,
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RIRBENME S R DEREICBT DA, TR LIEFEEOR BT L Ty e
SUNEEREFERICTARERBIALND, N—F VRO RIR LR DL E —/ME
(LBIFZRAREMEX L 737'E o -Synuclein 2 E2248 5k 53 THHO RS T5H(45), LB
128\ T a-Synuclein £ HSP 77U — L {IEL THZENH A ST AH(125-128), &
HIZ, T4 o -Synuclein OEEIHRIZIBWTEDEEL HSP 77U — 031l 3 2 E )
5, in vitro, in vivo Ol 71285 T a -Synuclein & HSP OBEMRMENTE H STV S,
Thioflavin-T & Y&l & & AFM (2 X 5fEHT CiE, small HSP(sHSP)» —#iTéh % HSP27
2% a -Synuclein EfEA L, a-Synuclein O RCAFRMEDTE LA L E T2 EMNRESN T
%(129), 51, in vitro \IZB W T a-B-ZVAZV AL, M7+ — VT 47 LT a
Synuclein ¥ &K LFH AAEH T5Z8125Y a -Synuclein &A% E T HELERE 1R
ST 5(130),

AAFZEIZIBUNT, GroEL G192X ZH KL Glyl192 ZE#LIZ 7 I /MR LN REVNTL
a -Synuclein SFRAH A A LIZfE R, 704 RBHER il D Bl 2 B 23 i <Ae b D& R Lz,
L2L, GroEL G192X 2 BARILIRIN T 22 BAKOFEIE LN T % 812 XY o -Synuclein 73
BT 527 InANBHEOTERITENR AL, ZORKELT, «-Synuclein &AL
GroEL O AAEMICKBIZMENKESERLTNDEEZLND, QCM EEFIFA L o -
Synuclein B &AL GroEL DM AE/EMIL, £ H L7 GroEL OFfEEICL > THRR-> T
72(1% 3-3), HEAKROWREEIZIITD a -Synuclein & G192X Z BAK DA A /EH121E, GroEL
?® Open fEDIEVPREEH G LTNDLEE LN, FEBRIZ, K 3-4 MOEBUEA/NEWIE
CREA MMV ESNDMREE TR Kd 25 L7225, GroEL WT L9 GroEL G192W 0
13D CT/hE<, G192N, G1921 & BRIE WT & G192W £ BARO BN OfEZ 7R LT
72(F& 3-1), ZOREEELVFEMITIENT T 572012, K5GHE kon, MRBEHE ko zH ML
5, Glyl192 BEHEALORKENTIERERIEICERRLZE BRRIFE A IEL, L HE L

WVIOE RGOz, 2, GroEL f#7E TIZ3517 5 a -Synuclein O #EHE T 52 I E L7 7%
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F, 192 FHOTIEBELI /NS Gly 252 GroEL WT 13, Ak R 003 4E (2 8
WTED, BELIERHEDOTEREITEO TESESREREOLOR LN (X 3-5, X 3-7), =
MICKIL, ieb REWT IR CHD Trp ICEHLLT- GroEL G192W 28 AR TlX, #rifE
BB RO LA IHIL TR, T LIRSk OMRME LS L, VR thoFiEs 2
STV, ZRHOMIALE T 2% GroEL G192N (X GroEL WT (2, GroEL G1921 %
GroEL G192W (LI =M OB AR A2 R L, TR SV MMEI - D CE A ECR R
EHIWALN DO RBOBHEPRE G L TWDIIITAHALNT, 72, «-Synuclein DHEHMET L
WFRICIBITDRARDEER]DED, BARHEME T GroEL G192X A BARZIRINULICHE b,
0 K5, 3 KD GroEL OWINT, MMERE O3z b Cni=(X 3-9, ¥ 3-10), Zi
2L, 24 FEICH1FD GroEL OIRMTIEZEAL R ELT THRNWIEND, JBRENTZT IR
ARBRKEZ GroEL 1T B L KIFIRWNEB 2 bivlz, 8 K2\ T GroEL ##N7 5L
MRHEMR R DL BN TWDHILND, BAER B IRITITRBLRVD, BHEICH & T 58
BRD «-Synuclein EHHHAEALTHBZEME 2 BT, GroEL 1255 a -Synuclein @
T I0A RRRHER BT T 201 2 3R 1, GroEL O T E VR AL LM BB FE 215
a -Synuclein EDfE G DHIDBEBRL TNDHEB X HID, 192 F H O T IR I Hb /)
SV GroEL WT X « -Synuclein EOF5 A 032, M AAVEH 35 FE TIZT IaA RERHER Bk
FEAEREE R PR DB ETHEA TLEVY, GroEL WT [ Z#REHE R & I3 Tt
BITREGTOHBRICHEER TN R OEBEICER>TWDHLEILND, £
DO—FT, G192X E H KT, o-Synuclein LDO#ES M EL, HERCERE T RIALE ST
HIEDMEZIE R OMBNZ N -T-E 2 b7, £72, GroEL WT {#{E N TS
TI0A RERAED TEM B8 (25T, o> GroEL & ~T%<?D GroEL 2 fFfEL, S51C
FRAE EICHFEEL TV DI Abid, ZiLkY, — B GroEL WT IZH &L o
Synuclein HEKIZEEND2ORNEND, F¥ETANEBIIZELLIAEN T, SMUlZmVN 2

REETHEELTERY, ZORETRMEMEICEEL TWIELE LN, ZOBRITE RS
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NETInARBHEITES TERAROL OIS, — 7T, G192W £ Z KX, #E< o -

Synuclein LA TE L7280, HERSLCEEE T AL O AR IZZVBRMEERL DT iz B S

DM, ZDH GroEL 7 BARHEL 7= B B ROUREEE o R IR IEARAEAZ DT il O HRAE = L2 B

B3 52E0nE 2515, G192N X G1921 1% G192W £ R, 58472 Open fi

TIFERWIED, o-Synuclein OFEHMEFFIZBIRL T, MV U REOMHMEICIR LD -
EARR DL DG HOENDIINTIRSTZZEN B I b,

HSP70 (25" C, o-Synuclein OFEAEH R BME ORI EAEH 52 CRAEEE L
T 5(83), ADP »fE A L7= HSP70 1%, a-Synuclein &\ EELE i 17 275 97 (131),
HSP90 (% ATP JE/#7E FC, «-Synuclein O#HMETE R ALE L, 4V~ —D LR 2L
T2, D —J5T, ATP 1#1E F CITMME D il (2 3 5(80), 24 kv, HSP90 I
HSP70 (24% « -Synuclein ~O@) & &K OIER 2R T L0505, UL EOZENE, HSP I
o -Synuclein O 7 IARHRHEE R A2 MG T 2012, XZVATFRICEIDEENKEBEEL
TWAHEE 255 M, HSPT0 1 a-Synuclein O¥FETE FIZEB W T ATP #54 EAL A K IH
SETAERRIL, ATP FEFAE TICB W TRAEE 2 I 32 23 i STk (84),
GroEL G192X 28 84K %\ /= « -Synuclein @7 A RRLHETE B O #1H] 2h B2 B0 Th
ATP ZER SN2 Dol T, Glyl92 F B A REWT I/ Mk L ICE# L2 T, ATP
DIFAFAE FIZB VT GroEL WT O ATP f7£/E F D L9572 Open #1E L7722 &N LT
WHEE ZBILD,

LLEDZElY, GroEL OEMEILEOGEFHL, #HAIERTHTEHARAC BT InARER
HETE AL O INHNCTRBI G- L TWDZENE X DTz, K 5-2 IR FRICBITHFERNOE D
% GroEL G192X Z B KD o -Synuclein (2% 957 01 R HRHE BB 330 2 )

RRDET NVETRT,
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GroEL G192X

8 @
l: ._—_'4¥—>/

a-Synuclein B EE DRk KA FIOAREH
()

‘X X /\
= &

5-2. GroEL G192X Z R {RIZL% a -Synuclein O BELE I il FE
a -Synuclein HERE, RIIKETEMELTODD, TOREEL TRHEZZTEKR T 5, ZO8HE
B2 LT a -Synuclein HEERFE G L TOERHMEDOM R 25, MR MR L TWZETT IR
ARBRMEL 722, ZHUZx LT GroEL G192X 2 #{KIE, o -Synuclein H & & X I3EE4E H [ ARISHS
L, MHEEOR KR E 5, S5IC, MMM R ICB T MR ISR & L T < a -Synuclein ¥ &
RITH BT HZETHRED MR ZIE T2,
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5-3. GroEL 7TE VR AL ANZE BT InA NERHETE AR D

GroEL G192X % Bk % /= o -Synuclein O 7 v REHER sk ] 21 £ LY, GroEL
DT EANVRAL PN BEL TWHIERE 2B, NMR Z W2 RICBsVW T, A
B 1-40 &« -Synuclein X GroEL OT7EDIVR AL AR ITHE BRI A+ 5H28
PIRENTNS(104,105), X512, GroEL-AD HANT B -X7m 7 a7 U ORHEE b il
THZEMHEEINTND(8T), 2T, ABFZETlE o -Synuclein, A 8 1-42, GroES (2% 3
% GroEL DT EANRAL L ZHEELT- GroEL-AD (2557 I 1A NfiHE T 15k o> #1111 2 3 (2
SOWTHFELTZ, QCM #E2FIH LI- #7125V T, a-Synuclein & GroES Tl GroEL-
AD LR BMHAAEREZL TODINTHBNTZ(X] 4-8), GroES I, I EKAF 7k A /EM
ZRLTWEA, a-Synuclein [ICEB W T AT EFA2S 2 SO A FIENFELTNDHD
EMEZZ DI, B 4-T TRULIZIDND, TInA RN B OB bk, A, MR EDOE D
BB T GroES Xid o -Synuclein Z N 52E THARLMAMEMEZEL WD
ZENBIRENTZ, EDT=8, GroEL-AD (ZXD KRR H 378 OREHMER RN ] A% 12 B
THMEEICRERE VTRV EE X B, L)L, QCM #1285 GroEL-AD & GroES X
I o -Synuclein OFHAAE R EHTIZIV T, GroES & a -Synuclein TIEZ Off & 7k I0iE
WIRHBIT, ZHUE, TEANR AL AT DERI Z 2 R E ORGP RS LTS L
EZ BT, a-Synuclein 355 EDEIELZFF 2R WRIREM L B ThD, GroES 1%
EVETHEHBEERMEIELZLD, TIDBTIRARMEHMED T IZ R > T<(110), LavL,
GroES %6 % GroEL o=y ~u=THY, GroEL 7 E /LR AL 2L GroES @
FEEENLPFAEL T D, TDT, BMWEMF T CE/~—ICfifBEL7- GroES I3#RHE A
PACDHHIC GroEL-AD @ GroES AL LM HAEA 52N TELOT, oiERy 4
PARTBEIVHEERALLTNWIENE 26D, QCM #1285 GroEL-AD EZMS4: KT
D GroES & AAE AT OfE R BRI LT Kd O#fi23, GroEL-AD & o -Synuclein

DEEEIVE/NESNZEND, AR RNZERBZILND, DFY, GroEL-AD % « -

131



Synuclein £Vt GroES EOFH AAEHNRWNZER DS, £72, GroEL WT X ATP JE7F
£ F TiE Closed JRFETHD72DIZ, GroEL G192W & BAKD I T E IV R AL DBk
PSRN DSV IR STy, 22 ) GroEL WT 1% o -Synuclein SAHAEH T 5
ZENTERVDT, a-Synuclein OEEEIMEI RN FIZHOWTOIMEDDIRNZLENREZ Z B
%, LDL, GroEL-AD I% o -Synuclein O#EHETE LA MEIL TWDZENE, HAIEH 52
EIXFRETHLD I /RENTZ, ZDEHIZ, GroEL-AD [FEME T2 NI E L0 EAE
BOHIEILEDNRSLEE 2D,

1=y ry GroEL(193-335 7% 351X, in vitro (28T GroEL &K OREIZIZS D
2, 2Pt Rhodanese DVT7+— VT 47 %I BT HZERHE SN TNSH(85), ABFFEIC
BUWTH, GroEL-AD HUM Tk % 7o R B ORRMEE 2k 28l $h R AR LTz, 22
T, GroEL-AD Bl LV 7 #1E 2K L T % GroEL G192X Z8 BARIC LD 7 I A R
TR KT 2MBIZh RA L, EHONRIVBRNRONERFTT LI, & 3 HTRLIZE
IZ GroEL G192X Z B AK{ETE FIZEI1T D a -Synuclein OFEHETE ik ~D 2 LY, GroEL
G192X ZRRITHEERBE CTELL 0.2 FREAZRMLTHEWIHZ R rShiz (K
3-5, [ 3-7), ZHUZKIL, GroEL-AD {#7E FIZ31F5 o -Synuclein DO#EHETE pl~D 5228
T, HEERE TEALL 0.5 FEARIML T RERE(IEHONDo72(K 4-4), 5
12, QCM {£123817% « -Synuclein AL GroEL G192X 28 BAA L O A 1E H f# AT Ok
RIVEH LI ART 40 73T A—=2—DOHEIX, 192 FHOTI /WL b3
Gly #H-> GroEL WT (28T, Kd 1% 3.1X108 M, kon IF 2.6 X10* M1-s1, kogr |
7.98 X104 s 1 OFAE A EHNT-(FE 3-1), ZAUTHKIL, o-Synuclein ¥ &KL GroEL-AD
EO HAEF T OfERIVFEH LT 2 2ORER (kobsFast, kobsSOZ BT DA FT v 7%
FTA=Z—DFEONT NG Kd DBMEIEKEL, SBIT, ko lFT/NEL, kot lZ K ED 72 4-
2), DFEY, Open Hi&E T, TED NV RAL U BER P IZIESN TNV WEE 2615

GroEL WT X0 GroEL-AD [3AH AAE A3 95<, G I3 <, MREEE B TRV SV Rs
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EREons, LEoZElED, o-Synuclein H &{K|X GroEL-AD LVt GroEL G192X 4
EBRAREAHEAEH LT, BRHETE U BT 2HI Rb MW EN BN ERoT2, 2T,
GroEL G192X ZRKIL, VI BEIZEWTTEAILRASCBHFEVESIZLT, o
Synuclein @B ERPEE T AN IVH AR LT <R TNDLIENEZLND, 5 H#

SBIZFEMR e 21 TH 2L T, GroEL G192X Z K| o -Synuclein O 7 I R §EE4E (2%}
THIHNCFNT, GroEL-AD UL EICH B2 FEBLRDIENE ZBND, LirL, LR
EAEBNOBREREICIVIEWFRMEICB N TIFEZITIICH Y, GroEL &K T3y &N
800 kDa & RENW=OITMH A KMENKREHIRINTLEIZENEZ 2 H1DH, ZHIITHIL,

GroEL-AD (3453 &2 22 kDa &/hSWD T, FIHLRLTWIZERHIFFE LD, AFZELD,

GroEL-AD B CTHEECMMEE BN E L DX "V E O EE b Z AL, Zh bl B
LA SEISRNR=oy Ry [ LLOMRB S B HIFRFTEHEEZbND, TEAIVEAL
UDNEIR HPICES AL TS GroEL G192X 2 BAR T In A MR HETE i & #3220 RdR
SNz, 72, GroEL-AD B THL L OT7IaA RMEE A2 M6l 7220 a2 R~ L=, Zhvk
VD, TEHIVR A ATHRMETE B A I T 28 R A D ZENBBnERoT2, X 5-3 ([TANISE
(LB T DHERNEEZAHND GroEL-AD OFERIH LRI $ 27 I A R T poi

(ZRTLMEN B ROET VETRT,

133



GroEL-AD
> L
A A
" ) ) ‘

%p%—'u/
{4

X 5-3. GroEL-AD 12557 01 R #5005 4 4171 1) 1 1k
O7IuaARNEEX X VEHFEIK:

TInANRAEREE LT KT 27 VBT, BREOIRREICE VT, GroEL-AD 2MF/ET 5L Tk

e R (@) DT i A3l S 2%,

@7 InAREESE A :

EEAE AR B I BV Ch GroEL-AD 23 & T2 2L THHEZ (@) DI il & L E 35,

@7 IuARMHERETE B : T L STV RHERZ L6 L TR VR B L TV ZE TIRFEM R 235 25,
ZOrE, MK A TOHERL GroEL-AD 234 & 152 LIS KRR MED M R &2 I 24 &,
TIaANHHE(@)DIE BB E S D,

@7 A R R
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56 FE fhan

T AR 2 MR R LI XD TR IR SN EE 225 S D FIE I B W TER NI EL TS
S DRIREMNEL L S OWRRENRE G LTONBESNTWS, ZD0, KRELTHLE
IR0 TWNRUWNR IR M 22 73 T DU SR 08 B 0D i B M ONBEBEE D i) 2 SR e 9~ 2 WP R 12
WTH oY Xar O 5345 B EDICEBIZRDIENIIFRF SIS, RAFSECTIZ KRG EH
KD Xa=r GroEL |[Z&DRIREMZ L 7 E ORREMTIHEME I B L2217 -
720 % 2 T GroEL (28175 Hinge I SN ICAFAEL TS Gly192 7% 5 B H L2 52>

IZL7z, SHITE 3, 4 BOFERLD, RIREMEX L OB OBEMTIERE 23T GroEL IZ
FAET DT ENNR AL L SRR BB R B 2 R I CDZLaE R LT,

GroEL 1 ATP 1#1E T2V T GroES iR T E WL R AL THE S $ % 2L TR M1 &
A ZB EEILNEBIZ BRI AR E T A LI ZE R ZEV L, 2B Z R
BEWMABRNT 5 —NT AT DR E1TI, ZOBEBER LTI SR ZT A ERDDMN
B RAA L BNCAFAET D 2 5D Hinge AL CTHDH, TDOND 1 -5 Ths Hinge I FIALIZETE
T2 Glyl92 AT 70 T AT — )V ARFEICE B LU TER 2 07 I/ RIR IR IS B (LS H 7
GroEL G192X ZR{KZ{ERL, ZDv v un=RKaE DT 21T 72, £DfE A, GroEL
G192X ZERITTI/BRMEHAN KERDIZONTTE IR AL OEVERIIHI STz,
NI, Glyl92 IZBIFAT I/ BE LA AL SHHZET GroEL O 2 KH G L v in
=URE ORI ICE DN DR HERI STz,

BT, Glyl92 27 I /B HICE# L7224 T Open WiEZL->TWS GroEL
G192X ZBAKIZEDZ RRE ML OB O BAERZT~RIz, ZTORE, AB1-40 XX
a-Synuclein EOMAEAETIL Glyl192 ZEHR LTI/ FRILIEN RELRDITHNTHINL
TWNDHZEEF R L, &512, a-Synuclein OFRHMEILIZHBITDHNL 203D GroEL G192X 2

FAR K O GroEL WT 771 TICHBIT D BA I L7225, GroEL G192X 4 BRI, ##
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METE B2 FF & LIRS B L TV, ZOEEB RS- fKED GroEL ZRKAA(E T TITF
RENS R D2 b RSN,

SbIZ, a-Synuclein O#EHMEIE Ak B FEIZI51T 5 57225 BB TD GroEL ORI, G192X
KL GroEL WT TRk Z /R LTZ, 2D, o-Synuclein ORRHETE S IC
BT GroELWT & G192X 28 AR L TRRSTZBEBEICH 5L TWDIENE LI, 2D
B IC B W CHRRICEE LB 26N 7DD, GroEL OEMRIZALE T5T7EHNVRAL L ThHD,
TERNRAL L DERBERITE MR E OB G, SHlZavyXn=Ths GroES &
DG ThHD, TENNR AL AT E OBUKME, TEREF O 2 LB R 2L TR ST 52
LINFTRETH D, D78, GroEL WT 19t Hinge I HATICAZEL T 5 Gly192 &%
EHLLTZZETTEIVR AL 73 Open iE & LY, ORI IZRIND EHI1C72 572 G192X
ZERARITRIRENE S L X E TEXBBIKL, M A EIT oI ED B TP R IC R 2% KIFL
TWALIERBZ NI, 2T, ZOZEENLGET 572012, GroEL OTEINVRAL 7T %
B BI0BEL 72 GroEL-AD (2157 I0A RARMETE B~ B G- %A b7 LTz, ~ Dk 5
TlX, GroEL-AD i%, «-Synuclein, GroES, A 5 1-42 LZ5 PERg#E, MR N RAD X %

EEERNELUTREZMEIL7=2E00, GroEL-AD 3o 2 < O R 28 M 9% B D8 JE (2 B
FRLTWDH NI EZ R E LT 2 R B CEL e RENT,

ARHFFEIC BT D GroEL (25D RIRZENEZ L 378 OBREEINHI 2D BT 5958 Bix, AR

DIRICBIT DI I RWVICEBR TEHEE 2615, GroEL 1TMEH kDX IE Th
B0, ERREIZEB VT GroEL OFERS THDH HSP60 BFIELCnD, 22T, 4
I3 HSP60 (231D RIRENES 2 /7 DEEELRE I ORI K OBERINH 20 R ORREHI LY
BRI LS TWRN ORI R S MR BR300 F7e 5 H kL b2 e lIf S

2THAD,
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The isolated apical domain of the Escherichia coli GroEL sub-
unit displays the ability to suppress the irreversible fibrillation
of numerous amyloid-forming polypeptides. In previous exper-
iments, we have shown that mutating Gly-192 (located at hinge
II that connects the apical domain and the intermediate
domain) to a tryptophan results in an inactive chaperonin whose
apical domain is disoriented. In this study, we have utilized this
disruptive effect of Gly-192 mutation to our advantage, by sub-
stituting this residue with amino acid residues of varying van der
Waals volumes with the intent to modulate the affinity of GroEL
toward fibrillogenic peptides. The affinities of GroEL toward
fibrillogenic polypeptides such as AB(1-40) (amyloid-(1-40))
peptide and a-synuclein increased in accordance to the larger
van der Waals volume of the substituent amino acid side chain
in the G192X mutants. When we compared the effects of wild-
type GroEL and selected GroEL G192X mutants on a-synuclein
fibril formation, we found that the effects of the chaperonin on
a-synuclein fibrillation were different; the wild-type chaper-
onin caused changes in both the initial lag phase and the rate of
fibril extension, whereas the effects of the G192X mutants were
more specific toward the nucleus-forming lag phase. The chap-
eronins also displayed differential effects on a-synuclein fibril
morphology, suggesting that through mutation of Gly-192, we
may induce changes to the intermolecular affinities between
GroEL and a-synuclein, leading to more efficient fibril suppres-
sion, and in specific cases, modulation of fibril morphology.

Chaperonins are well preserved complex oligomeric systems
whose cellular role is to suppress the irreversible aggregation of
various proteins in a typical cell and promote refolding and
recovery of biological activity (1). The general mechanism of
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chaperonin action, exemplified in the GroE system from Esch-
erichia coli, consists of the recognition and binding of dena-
tured, aggregation-prone protein molecules via hydrophobic
interactions (mediated by the apical domain of the GroEL sub-
unit), followed by the binding of nucleotide ATP, which triggers
the binding of the co-chaperonin GroES and dynamic move-
ments of the GroEL subunit that internalize the bound protein
molecule into the characteristic central cavity of the unique,
double-ringed quaternary structure of the GroEL tetradecamer
(2). Subsequent hydrolysis of ATP acts as a timer that regulates
the interval during which the internalized molecule remains
within the central cavity. The protein is then released from GroEL,
either having modified its original structure autonomously so that
the risk of aggregation is lessened, or according to alternative
views, having undergone an active rearrangement of its structure
through GroEL to “rewind” the molecule for another attempt at
correct folding (3, 4). Bacterial chaperonins such as GroE are
known to apply this general mechanism of protein folding assis-
tance to proteins regardless of their source or biological activity.
The effects of GroE are partially limited, however, by a molecular
size criterion that determines whether a given protein is able to be
internalized within the central cavity of GroEL (5).

Recent advances in understanding cellular protein homeo-
stasis have indicated that under certain conditions, cellular pro-
teins form fibrillar protein deposits, which are in turn impli-
cated in various molecular diseases (6—12). These protein
fibrils typically evolve very slowly over a long interval within
certain cells to form insoluble, characteristically fibrous depos-
its that may be identified pathologically. It has been shown that
various molecular chaperones that are normally present in the
cell interact with these proteins that are prone to long-term
aggregation and deposition, and partially control or prevent
this deposition from occurring (13-17). The interactions
between fibrillogenic proteins and molecular chaperones may
extend toward molecular chaperones from bacterial origins
(18-20). In our experiments, we have found that the isolated
apical domain of GroEL (spanning residues 191-376 of the
original GroEL subunit) is capable of suppressing the fibrilla-
tion of polypeptides such as AB(1-42),> a-synuclein (aSyn),

2 The abbreviations used are: AB, amyloid-S; ANS, 1-anilinonaphthalene-8-sul-
fonate; aSyn, a-synuclein; MDH, malate dehydrogenase; QCM, quartz crystal
microbalance; Th-T, thioflavin-T; TEM, transmission electron microscopy.
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GroES

Apical

Intermediate

Equatorial

the GroEL subunit. The figure on the left is a cutaway image of the
GroEL, ,-ADP,-GroES, complex, derived from Protein Data Bank (PDB) file
1AON (36). Selected GroEL and GroES subunits have been removed to show-
case the characteristic central cavity of GroEL,,. The GroEL subunits shown in
the forefront of the figure have been colored to highlight the domain archi-
tecture; the apical domain is in red, the intermediate domain is in green, and
the equatorial domain is in blue. The panel on the right is an expanded view
of the hinge Il region of the GroEL subunit, with Gly-192 represented as space-
filling forms. Images were drawn using UCSF Chimera (37).

and GroES (21). Through understanding the underlying prin-
ciples by which various molecular chaperones interact with
fibril-forming polypeptides, it may become possible to develop
agents that suppress the irreversible fibrillation of proteins that
are conducive to numerous diseases.

During the course of our studies on the GroEL subunit, we
characterized a point mutation (G192W) with unique charac-
teristics (22). Gly-192 is located within a hinge region that con-
nects the apical domain and the intermediate domains of
GroEL, and this hinge region is proposed to facilitate the
dynamic movement of the apical domain in response to ATP
binding and hydrolysis within the GroEL subunit (Fig. 1). Sub-
stituting Gly-192 with a bulky tryptophan residue served to
hinder this dynamic movement in an unusual manner; the
mutant chaperonin displayed the ability to bind the co-chaper-
onin GroES and unfolded peptide simultaneously, in the
marked absence of added ATP (22). Further characterization
determined that the apical domain in this mutant was tilted
relative to the original subunit configuration in such a manner
that the binding of GroES and unfolded polypeptide to the same
GroEL 14-mer was now possible. The altered configuration
resulted in the display of binding interfaces that were hidden in
the wild-type subunit when ATP was not bound.

Taking the unique characteristics of GroEL G192W together
with the interesting ability that the GroEL apical domain had
shown with regard to protein fibril suppression, we reasoned
that it may be possible to engineer an enhanced suppressor of
protein fibrillation using the GroEL quaternary structure as a
scaffold. To prove our ideas, in this study, we substituted Gly-
192 with a number of amino acid residues that differ in the van
der Waals volume of their side chains, and then characterized
their abilities toward suppressing the aggregation and fibrilla-
tion of proteins. We found that, in agreement with our initial
expectations, the relative affinities of various GroEL G192X
mutants toward unfolded peptide and GroES in the absence of
ATP could be modulated in accordance with the size of the side
chain of the X-substituent. This modulation was accompanied
by corresponding increases in the surface hydrophobicity of
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FIGURE 2. Structural characterization of the seven GroEL G192X mutants.
A, far-UV CD spectra of GroEL mutants. The color legend next to panel A
denotes the data corresponding to each mutant, and this legend is valid,
when applicable, for the data in each panel shown in Figs. 2-4. B, ANS fluo-
rescence spectra of GroEL mutants to gauge surface hydrophobicity. The
insetin Bis a plot of the fluorescence intensity at 478 nm (F,5) for each trace
against the van der Waals volume of the amino acid side chains that replace
Gly-192 in each mutant.

each GroEL mutant. A clear correlation could be observed
between the van der Waals volume of various amino acid side
chains and the relative affinities of the resultant mutants
toward proteins and peptides such as aSyn and AB(1-40) pep-
tide. The abilities of the various mutants in suppressing protein
fibrillation also showed a strong correlation; the most bulky
mutant (G192W) proved to be the most effective suppressor of
fibrillation in in vitro assays using fluorescence to detect fibril
maturation. An unexpected additional finding was that, in addi-
tion to this enhanced ability to suppress fibril formation, we
could observe changes in the morphology of resultant protein
fibrils that formed in the presence of different GroEL variants.
Our results suggest that, through adjustment of the orientation
of the GroEL apical domain by mutation of Gly-192, it is possi-
ble to engineer a series of chaperonins that are capable of mod-
ulating the length and shape of protein fibrils. These chaper-
onins act by interacting with fibrillogenic proteins and their
products at multiple points of the fibrillation process.

Results

Fig. 2 shows the results of the initial structural characteriza-
tion of seven GroEL G192X mutants using circular dichroism
(CD, Fig. 2A) and surface hydrophobicity analysis using the
fluorescent probe 1-anilinonaphthalene-8-sulfonate (ANS; Fig.
2B). Fig. 3 shows the corresponding functional characteriza-
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FIGURE 3. Functional characterization of the seven GroEL G192X
mutants. A, ATPase activities of the GroEL G192X mutants in the absence of
GroES. B, ATPase activities of the GroEL G192X mutants in the presence of
GroES. C, refolding assays of porcine MDH. D, refolding assays of bovine rho-
danese. The gray traces in panels C and D denote spontaneous refolding reac-
tions of each substrate protein performed in the absence of chaperonin.
Refolding reactionsin panels Cand D were initiated in the absence of ATP, and
2 mm ATP was subsequently added at t = 5 min. E, functional characteriza-
tions of the G192X mutants summarized by plotting four distinct experimen-
tal values: the released inorganic phosphate concentrations detected at t =
60 min in panel A (closed circles: solid lines), similar values for panel B (open
circles: dashed lines), and the net refolding yields at t = 60 min shown in panels
C (closed squares) and D (closed diamonds), in a manner analogous to that
shown in the inset to Fig. 2B. Error bars represent the S.E. of each data point.

tions of these mutants using ATPase assays (Fig. 3, A and B), as
well as refolding assays using malate dehydrogenase (MDH)
(Fig. 3C) and rhodanese (Fig. 3D). Fig. 3E summarizes our func-
tional evaluations by plotting the net ATPase activities and
refolding yields shown in Fig. 3, A-D, against the van der Waals
volumes of the amino acid side chains (23) that replace Gly-192
in each mutant.

The CD spectra of all of the mutants closely resembled the
spectra of GroEL WT (Fig. 24), indicating that substitution of
Gly-192 with various amino acids resulted in minimal effects on
the overall structural integrity of GroEL at the secondary struc-
tural level. In contrast, as shown in Fig. 2B, substitution of Gly-
192 with larger amino acids resulted in a gradual and significant
increase in the amount of detected ANS fluorescence. This
increase correlated roughly with the size of the amino acid res-
idue that occupied position 192, as demonstrated when we plot
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the values of the ANS fluorescence intensity at 478 nm (F,,)
against the side chain van der Waals volumes (23) of each sub-
stituting amino acid (Fig. 2B, inset). We note here that during
purification of the mutants, each mutant was eluted from a
Superdex 200 Increase gel filtration column at elution volumes
(8.75-9.50 ml) that were slightly smaller that of thyroglobulin
(M, 669,000), suggesting that all of the mutants retained the
original 14-mer quaternary structure of GroEL.

InFig. 3, A and B, the ATPase activities of the various Gly-192
substitution mutants are plotted. We note again a rough corre-
lation between the ATPase activities and the size of the side
chain of the amino acid substituent. For each mutant, the addi-
tion of GroES to the reaction resulted in a marked decrease in
ATPase activity (Fig. 3E, compare closed versus open circles),
indicating that a basic functional relationship between the
GroEL ATPase and GroES binding to GroEL (ATPase suppres-
sion) was preserved.

With regard to the folding assistance activities of the various
mutants (Fig. 3, C and D), this ability was also affected by the
Gly-192 to X substitution and also roughly correlated with the
size of the side chain that replaced Gly-192. Generally, substi-
tuting the glycine at position 192 for amino acids with larger
van der Waals volumes resulted in a more severe decrease in
folding assistance activity. Some anomalies were apparent: for
instance, the strong suppression in MDH refolding assistance
abilities in the G192W mutant (Fig. 3C, orange). Also, regarding
rhodanese refolding assistance abilities, we observed that the
effects of Gly-192 substitution were more severe, with only
G192A displaying a significantly improved refolding yield when
compared with the spontaneous reaction (Fig. 3D, red). Overall,
however, the effects of amino acid substitution in Fig. 3 seem to
reflect the consequences of steric effects caused by the size of
the amino acid substituent, as summarized in Fig. 3E.

We next probed the effects of Gly-192 substitution on the
binding of the co-chaperonin GroES, through direct quartz
crystal microbalance (QCM) analysis. In this assay, we used a
concatenated form of GroES where individual subunits were
linked by a tri-glycine linker (ESC7) (24) as the binding group
immobilized to the sensor and the various GroEL mutants as
soluble ligands. The results are summarized in Fig. 4. It should
be noted here that, with the exception of the wild-type chaper-
onin, all of the GroEL mutant proteins were tested for ESC7
binding in the absence of ATP; only GroEL WT was analyzed in
both the absence and the presence of 2 mm ATP. As seen in Fig.
4, all of the mutants tested were capable of binding to GroES in
the absence of ATP. Generally, a larger van der Waals volume
for the substituting mutation corresponded to an increase in
|AF], roughly reflecting increased affinities between GroEL and
GroES. From the results shown in Fig. 4, we believe that the
substitution of Gly-192 with bulkier amino acids served to
change the orientation of the apical domain relative to the orig-
inal closed conformation in the apo GroEL 14-mer, causing an
increase in surface hydrophobicity (Fig. 2B), an increased affin-
ity toward GroES (Fig. 4), and a decrease in overall “chaperonin
competence” (Fig. 3, C and D).

We next measured the affinities of a selected subset of G192X
mutants toward two immobilized fibrillogenic polypeptides,
AB(1-40) peptide and aSyn bound to the sensor via a C-termi-
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FIGURE 4.QCM binding analyses of GroEL G192X mutants to immobilized
GroES ESC7. Preparations of ESC7 were immobilized to the sensor chip using
standard methods, and aliquots of GroEL G192X were added to the cell. Signal
changes reflect changes to the mass that is bound to the sensor chip, whichin
this case represents the amount of GroEL G192X that is bound to ESC7. With
the exception of GroEL WT, all measurements were performed in the absence
of ATP.

nal His, tag (aSyn-His), using QCM to gauge the effects of the
G192X mutation on GroEL-AB(1-40) and GroEL-aSyn asso-
ciation. For this assay, we selected the mutants G192N, G192,
and G192W. These three mutants, together with GroEL WT,
span the range of different affinities that were observed in the
GroES binding experiments shown in Fig. 4. As shown in Fig. 5,
the G192X mutation resulted in changes in the affinities toward
GroEL for both immobilized AB(1-40) (Fig. 5A) and immobi-
lized aSyn-His, (Fig. 5B). The relationship between the substi-
tuting amino acid and the binding affinities was roughly com-
parable with the changes in affinity toward GroES: GroEL
G192W displayed the strongest affinities toward AB(1-40) and
aSyn-His,, and GroEL WT displayed the weakest. The results
were in line with our explanation that these amino acid substi-
tutions change the orientation of the GroEL apical domain rel-
ative to the ring structure, and as a result, structural interfaces
that accommodate protein binding are exposed. The finding
that the affinities of the G192N mutant and the G192 mutant
also fell between wild type and G192W, for both fibrillogenic
polypeptides, supported our notion that the size of the substi-
tuting residue at position 192 dictates a sliding scale of affinity
toward protein ligands.

The interactions between the four selected chaperonins and
aSyn-His, were probed further by quantitative QCM analysis,
and the results are summarized in Fig. 6 and Table 1. We found
that the qualitative relationship that we inferred from Fig. 5 was
supported in quantitative analyses. Estimated dissociation con-
stants (K,) of each chaperonin toward immobilized aSyn-His,
ranged from 8.4 X 10~° M for G192W to 3.06 X 10~ ® m for
GroEL wild type (Table 1), again demonstrating a sliding scale
of binding affinities correlating with the size of the amino acid
side chain that replaces Gly-192.

To determine whether the changes in aSyn-GroEL binding
affinities in particular translated to detectable effects in aSyn
fibrillogenesis, we next monitored the effects of GroEL G192X
addition on the time course of aSyn fibril formation using thio-
flavin-T (Th-T) fluorescence (Fig. 7). As shown in Fig. 7, we
found that the addition of either GroEL WT or each of the three
G192X mutants that we tested indeed caused measurable
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FIGURE 5. QCM binding analyses of GroEL WT and three G192X mutants
to immobilized fibrillogenic polypeptides. A, the binding of GroEL to
immobilized AB(1-40) peptide. B, the binding of GroEL to immobilized aSyn-
Hise. In each panel, the black trace indicates the binding of GroEL WT, the blue
trace indicates the binding of GroEL G192N, the green trace indicates the

binding of GroEL G192I, and the red trace indicates the binding of GroEL
G192W.

changes in the time course of aSyn fibrillation. Intriguingly,
however, we noted in the experiments a qualitative difference
in the effects of GroEL wild-type and the G192X mutant chap-
eronins on aSyn fibrillogenesis. In the case of GroEL WT, the
fibrillation profile was altered in a GroEL concentration-depen-
dent manner, but the changes were mainly confined to the rate
of fibril extension, with the lag interval remaining relatively
unchanged (Fig. 7A). In the case of the G192W mutant, how-
ever, the addition of increasing amounts of the chaperonin to
the reaction caused a specific increase in the lag phase of fibril-
lation, and the rate of extension as monitored by the slope of
Th-T fluorescence increase was relatively constant across the
samples. This suggested that this mutant affected most strongly
the initial formation of fibril nuclei from which mature fibrils
extended (Fig. 7D). The effects of the other two mutants lay
between these two extremes, and GroEL G192N tended to pro-
duce effects that were more pronounced in the fibrillation rate
(Fig. 7B), whereas GroEL G192I addition caused more drastic
changes to the initial lag times (Fig. 7C).

Do these varied effects on the fibril extension profile trans-
late into changes in the shape of the fibrils that are eventually
formed? To answer this question, we performed transmission
electron microscopy (TEM) analysis on fibrils that were formed
in the assays shown in Fig. 7 using negative staining. Interest-
ingly, we observed a difference in the morphology of fibrils
produced in the presence of these chaperonins (Fig. 8). In the
presence of GroEL WT, fibrils tended to develop unbraided,
strip-like forms where multiple protofibrils were arranged in
parallel, especially at higher ratios of aSyn to GroEL (Fig. 8, see
+WT, x0.2 panel, bordered in blue). In our TEM images, we
could also observe particles of GroEL bound to the periphery of
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FIGURE 6. Quantitative QCM binding analyses of GroEL WT and three
G192X mutants to immobilized aSyn-Hisg. A-D, titrations of aSyn-His,
immobilized to the QCM sensor with increasing concentrations of GroEL WT
(A), GroEL G192N (B), G192l (C), or G192W (D). Colors in each panel indicate
QCM traces obtained by adding GroEL at the following concentrations: black,
2.5 nm; blue, 5 nv; cyan, 10 nm; green, 15 nw; red, 20 nm. E, estimation of K,
values through linear regression fitting of [GroEL] versus k. plots. Black, WT;
blue, G192N; green, G192I; red, G192W.

TABLE 1

Summary of the values k,,,, k¢ and Kp,, estimated from linear regres-
sion analysis of the data shown in Fig. 6E

Sample koo k. K,
Mgt st M

wWT 2.6 X 10* 7.98 X 10~ * 3.06 X 10°8

G192N 10.5 X 10* 14.4 X 10™* 137 X 1078

G1921 15.0 X 10* 15.5 X 107* 1.03 X 1078

G192W 19.6 X 10* 16.4 X 10°* 84 X107

the fibrils, reflecting perhaps the persistence of the GroEL-
aSyn interactions. In contrast, in the presence of GroEL
G192W (Fig. 8, see +G192W, x0.2 panel, bordered in red), the
fibrils observed more closely resembled the braided protofibril
forms that are observed when aSyn fibrils are formed in isola-
tion (Fig. 8, topmost panel); instead, the fibrils formed were
shorter in overall length and were greatly reduced in number.
Fibrils that formed in the presence of GroEL G192N and G192I
included both parallel oriented forms and shorter, braided
forms, as highlighted in Fig. 8 with the corresponding colored
borders.

In Fig. 9, we probed the effects of the delayed addition of
these chaperonins to the aSyn fibril-forming reaction. The
delayed addition of GroEL during aSyn fibrillation resulted in
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FIGURE 7. Th-T fluorescence assays of aSyn fibrillation in the presence of
GroEL WT and G192X mutants. A, GroEL WT. B, GroEL G192N. C, GroEL G192I.
D, GroEL G192W. In each panel, lighter shades of blue are used to denote
increasing concentrations of GroEL added to the experiment. Specific molar
ratios of GroEL,, added to each sample relative to aSyn monomer are as
follows: 0.05:1,0.1:1, 0.2:1 (from dark blue to light blue). Red traces in panels A
and Dindicate Th-T fluorescence changes of GroEL WT and G192W incubated
under identical conditions, respectively. Error bars represent the S.E. of each
data point.
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FIGURE 8. Transmission electron micrographs of aSyn fibrils formed in
Fig. 7 (at t = 30 h). Scale bars in each panel indicate 100 nm. The uppermost
panel shows negatively stained samples of typical aSyn fibrils formed in the
absence of chaperonin. The lower panels are grouped horizontally according
to the type of chaperonin added to the aSyn fibril-forming reaction, and
vertically according to the specific ratio of chaperonin oligomer added rela-
tive to aSyn monomer. Blue and red borders indicate grouping of panels and
regions that show a common fibril morphology, as discussed in detail under
“Results.”

changes to the time course of fibrillogenesis. The specific
changes that each chaperonin brought about, however, were
slightly different between GroEL wild type and the other three
GroEL Gly-192 mutants. In the case of GroEL WT, the addition
of the chaperonin at different time points of the reaction
resulted in changes that varied with the delay before GroEL
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FIGURE 9. Delayed addition of GroEL WT and G192X mutants to fibrilla-
tion reactions of aSyn. A-D, after initiating the fibril-forming reaction in the
absence of chaperonin, either GroEL WT (A) or GroEL G192N (B), G192I (C), or
G192W (D) mutant was added after a fixed delay time. The ratio of GroEL, , to
aSyn added was fixed at 0.2:1. The specific time of delay before the addition
of chaperonin to the experiment follows the following convention: red, chap-
eronin added at zero time (no delay); orange, chaperonin added after a 3-h
(180-min) delay; green, chaperonin added after an 8-h (480-min) delay; blue,
chaperonin added after a 24-h (1440-min) delay. Black traces indicate reac-
tions in the absence of chaperonin. Error bars represent the S.E. of each data
point.

1800

addition (Fig. 94). When GroEL WT was added at the early
stages of the fibril-forming reaction (Fig. 94, red and orange), an
elongated lag phase (attributed to fibril nuclei formation) and a
decrease in the rate of fluorescence signal increase (attributed
to fibril extension) were both observed. Adding GroEL WT to
the reaction at later intervals, for example, 8 h after the initia-
tion of the experiment (Fig. 94, green), resulted in a decrease
in the fibril-forming rate. However, the fluorescence signal
increased eventually to values similar to that of samples without
added GroEL (Fig. 94, black). In contrast, when GroEL G192W
was added to the reaction at various time points (Fig. 9D), we
observed that GroEL G192W was quite effective in immediately
halting further fibril formation, even when this chaperonin was
added at the midpoint of the extension phase (8 h; Fig. 9D,
green). The affinity of GroEL G192W toward aSyn is higher
than the affinity of GroEL WT (Table 1), and this difference in
affinities may be causing these differences in additive effect on
the aSyn fibril-generating reaction. Reactions where either
G192N or G192I was added mimicked the results of GroEL
G192W; in each case, delayed addition served to immediately
halt further increases in Th-T fluorescence.

When we observed the shape of the fibrils produced in the
delayed addition experiments, we were able to confirm the dif-
ferential effects of GroEL WT and GroEL G192W on the fibril
morphology of aSyn that we noted in Fig. 8. As seen in Fig. 10,
aSyn fibrils that were formed in samples where GroEL WT was
added in the early stages of the fibrillation reaction (0 and 3 h)
tended to produce long straight fibrils without twists, confirm-
ing the results shown in Fig. 8 that fibrils that formed in the
presence of GroEL WT displayed this characteristic morphol-
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the experiments shown in Fig. 9. Images are grouped vertically according to
the type of GroEL added. The top row indicates aSyn fibrils that formed in the
presence of GroEL without delay time (0 h), and subsequent lower rows show
samples from reactions that were initiated in buffer, with GroEL added at
progressively later intervals (3, 8, and 24 h). Scale bars indicate 100 nm.

ogy. However, this tendency was altered when GroEL WT was
added in the latter stages of the reaction; the fibrils produced
were much more similar to the braided protofibrils typical of
aSyn fibrils formed in isolation (Fig. 10, compare the topmost
and bottommost panels of the left-side column denoted WT). In
contrast, fibrils produced in the presence of GroEL G192W
(Fig. 10, right column) displayed twisted morphologies irre-
spective of the time that GroEL was added to the reaction, again
confirming the morphological differences of the fibrils that
formed in the presence of these two chaperonins, as described
in Fig. 8. We may deduce two things from the images in Fig. 10
regarding the effects of GroEL on aSyn fibrillogenesis. First, the
effects of the chaperonin on fibril morphology are realized in
the initial, early stages of the fibril-forming reaction; GroEL is
incapable of altering the morphology of fibrils once they have
been formed, because delaying the addition of GroEL to the
reaction for 24 h results in the disappearance of all morpholog-
ical differences between the samples (Fig. 10, 24 & panel). Sec-
ond, this ability to change the morphology of aSyn fibrils seems
to hinge on the relative affinity that GroEL displays toward
aSyn, and this affinity may be modulated by replacing a crucial
glycine residue localized in the hinge II region of the GroEL
subunit with a bulkier amino acid that tilts the orientation of
the GroEL apical domain.

Discussion

Molecular chaperones function as shepherds to various cel-
lular proteins under conditions of stress to maintain the struc-
tural integrity and functional abilities of these clients, and also
act to smoothly process damaged and inactive proteins through
the proteolytic pathway. To achieve these functions, molecular
chaperones frequently utilize protein-protein interactions to
recognize proteins that are qualified for processing.

Recent in vivo studies have highlighted the possibility that,
through this protein maintenance activity, various molecular
chaperones are actively involved in preventing the accumula-
tion of insoluble, fibrillar protein aggregates that are often
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implicated in various cellular diseases. Examples such as the
involvement of the small heat shock proteins (14, 25-27), mem-
bers of the Hsp70 and Hsp104 families (15-17, 28, 29), and the
chaperonin/Hsp60 families (30-32) have demonstrated that
the involvement of molecular chaperones in the control of pro-
tein folding diseases may be a general concept applicable to a
variety of phenomena that affect the well being and health of
eukaryotic cells.

Building upon this concept, we set out to elucidate general
principles that may underlie the control of protein fibrillation
by molecular chaperones. We elected to use a model system
composed of the bacterial chaperonin GroEL and multiple
fibrillogenic proteins. In a previous study, we succeeded in
demonstrating that the apical domain of GroEL, which acts as a
sensor for proteins susceptible to association and insolubility, is
capable of interacting with and suppressing the formation of
protein fibrils from various sources (21). The present study is
aimed at utilizing and extending our original findings regarding
the GroEL apical domain, by revisiting the original chaperonin
quaternary structure and selectively modifying a crucial hinge
region so that the active apical domain may be reoriented
toward our purposes.

Our experiments demonstrated rather clearly that it was
indeed possible to modify the structure of the GroEL subunit to
enhance its affinity toward fibrillogenic polypeptides, with min-
imal effects to the overall structural characteristics of the chap-
eronin. Moreover, the modifications are partially customizable;
by substituting Gly-192 with amino acid residues of increasing
size, it was possible to gradually increase the affinity of GroEL
toward polypeptides such as AB(1-40) and aSyn. This increase
in affinity was also correlated with an improved ability to sup-
press the fibrillogenesis of aSyn; the mutant with the bulkiest
substitution at position 192 was determined to be the most
effective suppressor of aSyn fibrils. The structural basis for this
effect seems to be relatively clear-cut; the presence of bulkier
amino acid side chains acts to tilt the apical domain to an ori-
entation that exposes more and more of the hydrophobic bind-
ing interface for unfolded polypeptide (Fig. 2B). We have
observed in Machida et al. (22) that this is true in the case of
GroEL G192W; direct TEM observation showed that in this
mutant, the apical domain was tilted in an open-like configura-
tion in the absence of ATP. The additional, interesting finding
of the present study was that this effect was adjustable, based
upon a sliding scale of the van der Waals volume of the substi-
tuting amino acid side chain. It should be relatively easy to build
on our results shown here to enhance this ability to even greater
levels. Selected modifications to the GroEL apical domain, for
example, may conceivably increase the affinity of this domain
toward various polypeptides, or lead even to “customized”
affinities, where the domain is modified to accommodate only a
specific structural motif over other interactions. The findings
shown here form a robust platform on which we may build to
probe much further the development of protein-based factors
that may be utilized in the detection and, ultimately, control of
insoluble protein fibrils that are implicated in various protein
misfolding diseases.

An additional unexpected and interesting finding was that, in
addition to protein fibril suppression, GroEL was also capable
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of altering the morphology of aSyn fibrils specifically, and this
ability was also adjustable by mutating Gly-192. We found that
the original GroEL WT, when added to the aSyn fibril-forming
reaction at a sufficiently early stage, could change the morphol-
ogy of aSyn fibrils from its original twisted, braided form to a
flat form in which the protofibrils of aSyn are arranged parallel
to each other. This fibril-modulating ability may be based on a
“loose” interaction with aSyn oligomers or protofibrils, because
it was the GroEL variant with the weakest affinity toward aSyn
that displayed this tendency. However, specific interactions
that are responsible for this ability must be elucidated in further
experiments to probe the detailed kinetics of the GroEL-aSyn
interaction. Fortunately, however, we already have in our hands
a mutant GroEL where this ability has been altered to a more
general fibril suppression activity, so a comparative analysis
between these two chaperonins, and selected other G192X
mutants, should provide insights on this interesting effect on
fibril morphology.

Experimental Procedures

Preparation of Chaperonins and Client Proteins—Genes
encoding the GroEL mutants were constructed by using the
QuikChange site-directed mutagenesis kit, using pETEL
(pET23a(+)(Novagen)-based plasmid encoding wild-type
groEL) as the template. The successful construction of each
mutant was confirmed by DNA sequence analysis of the entire
GroEL coding region. Both wild-type and mutant proteins were
expressed in E. coli BLR(DE3) and purified at room tempera-
ture, using the method described previously (22) involving
ammonium sulfate precipitation followed by successive gel fil-
tration (Superdex 200 Increase 10/300 GL) and anion exchange
(Resource-Q) chromatography. All chromatography steps were
performed on an AKTA-FPLC system (GE Healthcare) at room
temperature.

MDH from pig heart was obtained commercially from Roche
Applied Sciences, and bovine rhodanese was obtained from Sig-
ma-Aldrich and used in refolding studies. AB(1-40) peptide
was obtained as synthesized peptide from the Peptide Institute
(Osaka, Japan). Human aSyn and aSyn-His, were each
expressed in E. coli cells harboring an overproducing plasmid
and purified using protocols published in Yagi et al. (33).

Buffers—The following buffers were used in this study. Buffer
A, 50 mm Tris-HCl buffer, pH 7.8, containing 20 mm KCl, 10
mMm Mg(CH;COO),, and 2 mm DTT. Buffer B, 30 mm Tris-HCl,
pH 7.2, containing 50 mm KCl and 10 mm Mg(CH,;COO),.
Buffer C, 50 mm Tris-HCI, pH 7.5, containing 2 mm EDTA and
2 mm DTT. Buffer D, 20 mm HEPES-NaOH buffer, pH 7.5,
containing 150 mm NaCl, 50 mm EDTA, and 10 mMm NiSO,.
Buffer E, 20 mm HEPES-NaOH, pH 7.5, containing 150 mm
NaCl and 0.4 M imidazole. Buffer F, 25 mm Tris-HCl buffer, pH
7.5, containing 150 mm NaCl and 20 um Th-T (Wako, Osaka,
Japan).

Structural Characterization—CD spectra of GroEL mutants
(200 wg/ml) were measured in Buffer A. Measurements were
performed on a Jasco J-820 spectropolarimeter at 25 °C. Spectra
displayed are averages of 10 scans, and corrected for buffer
signals. Raw signals were then converted to mean residue ellip-
ticities in Fig. 2A4.
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Fluorescence spectroscopy of GroEL mutants (200 ug/ml) in
the presence of ANS was measured on a Jasco FP-6300 fluores-
cence spectrophotometer in Buffer A containing 5 um ANS, at
an excitation wavelength of 371 nm. Spectra shown are aver-
ages of five scans, and buffer contributions were subtracted.

Functional Characterization—ATPase activities of GroEL
protein (0.1 uMm) in the presence or absence of GroES (0.1 um)
(7-mer) were measured at 37 °C, using a slightly modified pro-
tocol of a colorimetric method described previously (34, 35).
Experiments were performed in Buffer A. The initial concen-
tration of ATP added was 2 mM, and samples were removed at
10-min intervals to determine the concentration of inorganic
phosphate in the assay mixture.

Refolding assays of MDH were carried out as reported previ-
ously (22). Refolding of rhodanese was performed using previ-
ous protocols. Briefly, purified rhodanese (46 um) was unfolded
in 40 mm Tris-HCI buffer, pH 7.4, containing 6 M guanidine
hydrochloride and 1.5 mm DTT at 25 °C for 1 h. The refolding
reaction was started by a 100-fold dilution into Buffer B. The
temperature and protein concentration of rhodanese during
the refolding reaction were 25 °C and 0.46 uMm, respectively; a
1.5-fold molar excess of GroEL and GroES oligomer relative to
rhodanese was present in the refolding reaction, and 2 mm ATP
was added to each reaction at 5 min. The assay was performed
at 25 °C.

In both ATPase and refolding assays, the data shown repre-
sent averages from three experiments using two independent
chaperonin preparations of each variant. Error bars represent
the S.E. of each data point. Values for the van der Waals volume
of each amino acid side chain that replaced Gly-192 in the
mutants were obtained from Darby and Creighton (23) and
used to plot the Fig. 2B inset as well as Fig. 3E.

QCM Assay—An Affinix QN (Initium Inc., Japan) QCM
instrument was used to directly detect GroEL-protein interac-
tions. The instrument contains one 550-ul cell equipped with a
27-MHz QCM plate (8.7-mm diameter quartz plate and 5.7-
mm? area gold electrode) at the bottom of the cell and is cou-
pled to a temperature control system. Immobilization of ESC7
and AB(1-40) peptide to the sensor cell and subsequent mea-
surements were accomplished utilizing amine coupling as fol-
lows. The gold surface of the quartz resonator was first cleaned
successively with 1% SDS and piranha solution (H,SO,:H,O, =
3:1) prior to immobilization. Carboxyl group-containing self-
assembled monolayer (COOH-SAM) reagent was then added
to the cleaned gold electrode of the QCM and incubated for 1 h
at room temperature. The sensor was washed with Milli-Q
water, and the resultant carboxylic groups introduced to the
sensor surface were next activated by adding 50 ul of a freshly
prepared 1:1 mixture of N-hydroxysuccinimide and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (50 mg/ml each).

After washing the sensor, 0.5 ml of ESC7 samples (50 um) in
reaction buffer (10 mm citrate buffer, pH 5.0) was added to
initiate the binding reaction. This lower pH buffer was neces-
sary to improve the binding of ESC7. For AB(1-40), a solution
of 5 um AB(1-40) in Buffer B was added to the cell, and binding
was allowed to proceed in a similar manner. After monitoring
the changes in resonance frequency (AF) for a designated inter-
val sufficient for binding, the sample was removed and ethanol-
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amine solution was added to rinse the sensor. The cell was then
equilibrated with experimental buffer (Buffer A for ESC?7,
Buffer B for AB(1-40)), followed by the addition of ligand pro-
tein solution (containing GroEL mutants) to initiate the assay.

In contrast, immobilization of aSyn-His, samples to the sen-
sor was performed using an alternative method involving nickel
affinity binding of the C-terminal His tag, to minimize nonspe-
cific interactions between aSyn and the sensor surface. After
initializing the sensor chamber by washing the cells with SDS
and piranha solution as described above, 100 ul of a solution
containing 0.5 mMm 3,3'-dithiobis[N-(5-amino-5-carboxypen-
tyl)propionamide-N’, N'-diacetic acid] dihydrochloride (C,-
NTS, Dojindo) was added to the cell and incubated for 10 min at
room temperature. This solution was washed away with Mil-
li-Q water, and 500 ul of Buffer D was added and allowed to sit
for 10 min at room temperature. Afterward, the cell was again
washed with Milli-Q, and then 0.1 um of aSyn-His in Buffer B
was added to the cell. The binding of aSyn-His, to the activated
sensor was allowed to proceed under observation for 10 min at
25 °C under mixing. Afterward, the cells were washed with
Buffer B before adding the respective GroEL samples for the
actual measurements in Buffer B. Regeneration of the initial
experimental conditions was accomplished after each measure-
ment by washing the sensor cell with Milli-Q, adding 500 ul of
Buffer E for 30 min to remove aSyn-His,, and reapplying Buffer
D and fresh aSyn-His, solutions, as described above.

In quantitative analyses (Fig. 6E), data were analyzed using
the software package provided by the manufacturer of the
instrument (AQUA 2.0) by linear regression analysis of the
observed rate constant (k) relative to the concentration of
added GroEL G192W mutant, according to the following
equation

kops = kot + kon[ GroEL] (Eq. 1)
to estimate k_gand k,, values, which were subsequently used to
estimate the K.

Fluorescence Detection of Fibril Maturation using Th-T—
Fibril formation of aSyn was monitored using Th-T fluores-
cence as described in previous studies (21). One milligram per
milliliter of aSyn was incubated either alone or in the presence
of 2.76 mg/ml GroEL WT or G192X mutants at 37 °C in Buffer
F. Samples (150 ul) were prepared in triplicate in 96-well plates
(8 X 12-well plate; Greiner, Kremsmuenster, Austria) and
placed into an ARVO X4 (Perkin Elmer) plate reader that was
capable of sustained sample agitation. Increases in Th-T fluo-
rescence were monitored intermittently through the bottom of
the plate (read times, 0.1 s; excitation, 440 nm; emission, 486
nm). Data were averaged across the three samples to obtain
time-dependent fibrillogenesis traces with TEM.

TEM Analysis—In this study, samples for TEM analysis were
obtained from samples measured in Th-T fluorescence assays
(Figs. 7 and 9), as described under “Fluorescence Detection of
Fibril Maturation using Th-T,” with the exception of the con-
trol sample of aSyn depicted in Fig. 8. After each fluorescence
assay, representative aliquots (10 ul) of each sample were ran-
domly sampled from the wells and applied to carbon-coated
400-mesh copper grids (Nisshin-EM, Tokyo, Japan), and sam-
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ple preparation was performed according to the protocol
described in Ojha et al. (21) using EM Stainer (Nissin-EM,
Tokyo). TEM images were obtained using a JEOL JEM-
1400Plus transmission electron microscope at 80 kV. For the
control aSyn sample in Fig. 8, TEM images were obtained from
2% uranyl acetate-stained samples observed at X27,000 magni-
fication, with images obtained using a film camera mounted on
a JEOL-100CX transmission electron microscope operating at
80 kV. Film negatives were scanned using a commercial flatbed
scanner (Canon) at resolutions and sizes that match the reso-
lution and sizes of the digital images obtained for the other
samples.

Author Contributions—N. F., T. M., and Y. K. designed the research,
and N. F,, K. A, and K. H. performed the research. N. F., T. M., and
Y. K. wrote the main manuscript text and prepared the figures. All
authors reviewed the manuscript.
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OFEN Suppression of amyloid fibrils using
the GroEL apical domain

Bimlesh Ojha?, Naoya Fukuil, Kunihiro Hongo?, Tomohiro Mizobata’? & Yasushi Kawatal-?

In E. coli cells, rescue of non-native proteins and promotion of native state structure is assisted by the
. chaperonin GroEL. An important key to this activity lies in the structure of the apical domain of GroEL

Accepted: 12 July 2016 : (GroEL-AD) (residue 191-376), which recognizes and binds non-native protein molecules through
Published: 04 August 2016 : hydrophobicinteractions. In this study, we investigated the effects of GroEL-AD on the aggregation

. of various client proteins (a-Synuclein, A342, and GroES) that lead to the formation of distinct protein

fibrils in vitro. We found that GroEL-AD effectively inhibited the fibril formation of these three proteins
when added at concentrations above a critical threshold; the specific ratio differed for each client
protein, reflecting the relative affinities. The effect of GroEL-AD in all three cases was to decrease the
concentration of aggregate-forming unfolded client protein or its early intermediates in solution,
thereby preventing aggregation and fibrillation. Binding affinity assays revealed some differences in
the binding mechanisms of GroEL-AD toward each client. Our findings suggest a possible applicability
of this minimal functioning derivative of the chaperonins (the “minichaperones”) as protein fibrillation
modulators and detectors.

Received: 22 March 2016

Cellular misfolding of proteins and their progression to stable, ordered fibrillar aggregates is closely related to a
number of pathological events collectively referred to as amyloid diseases or amyloidoses. Amyloid diseases rep-
resent a family of over 25 diverse pathological conditions in humans, including neurodegenerative disorders such
as Alzheimer’s disease (AD) and Parkinson’s disease (PD), as well as various metabolic and genetic syndromes
such as Type II diabetes and hereditary systemic amyloidosis'~>. More than 20 different types of amyloid form-
ing proteins or peptides have been identified so far, including «-Synuclein, amyloid beta (A83), and superoxide
dismutase®°. Recent studies also argue that many proteins not normally associated with disease are capable of
forming amyloid fibrils under suitable experimental conditions in vitro®”, and it has been suggested that almost
all proteins generally have at least one structural segment that is susceptible to aggregation®. In spite of differences
in the sequences of different amyloid forming proteins, all amyloids share a common structural motif: an ordered
cross-B-sheet elongated fibrillar structure with a diameter ranging from 5 to 15nm, formed by multiple layers
of B-sheet lying in a direction parallel to the fibril axis*!°. The formation of amyloid fibrils is a multistep process
involving an initial nucleation event followed by transformations through different intermediate molecular forms
such as oligomers, protofibrils and fibrils''-'. Each of these intermediate species seem to display their own molec-
ular characteristics and differences in their relative toxicity toward living cells.

Extensive studies to probe the underlying mechanism of amyloid fibril formation have been performed with
a view to achieving an eventual methodology to prevent the production of cytotoxic molecular species'* 8. In
line with this objective, many instances have been reported where various molecular chaperones, an endogenous
group of proteins known to interact specifically with proteins and prevent their aggregation, have interacted to
suppress or modulate the formation of amyloids. Examples of such interactions include the Hsp104-Hsp70-Hsp40
system!®-23, small heat shock proteins such as aB-crystallin®*-?, and members of the chaperonin family (TriC)*"-*.
In each of the cases above, the respective molecular chaperone was capable of specifically recognizing, mainly
through hydrophobic interactions, aggregation-prone target molecules and either suppress interactions that lead
to aggregation entirely or shunt these molecules toward an alternate non-toxic form. We became curious as to
whether there were any underlying common principles that ran common to all of these molecular interactions.

The bacterial chaperonin GroEL from E. coli is a quintessential molecular chaperonin involved in the main-
tenance of protein integrity in this organism?®'-3. Detection of aggregation-prone molecules is accomplished
through the apical domain of GroEL, which spans residues 191-376 of the 548-residue GroEL monomer (Fig. 1).
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Figure 1. Overall concept of the present study. Left, structure of E. coli GroEL subunit derived from PDB
1SVT®. The two helical regions (Helix H, residues Leu234-Ala243 in magenta, and Helix [, residues Gly256-
Arg268 in blue’) that form the binding interface for unfolded protein and the co-chaperonin GroES are
highlighted. Models were drawn using UCSF Chimera’". The isolated apical domain was used to modulate the
fibrillogenesis of three target peptides (A342, a-Synuclein, and GroES). All three polypeptides have either been
implicated in the pathogenesis of various diseases, or displayed cytotoxic tendencies in previous experiments®.

Bound molecules are then moved into the central cavity of the GroEL 14-mer*-?’, and are segregated for a prede-
termined interval from other similar molecules in solution. The molecular mechanism of GroEL-facilitated fold-
ing is characterized foremost by its versatility, and previous studies have shown that GroEL is capable of assisting
the folding of various proteins regardless of its original source. Recent studies have shown, in fact, that GroEL is
capable of recognizing and binding to various polypeptides implicated in amyloid-related diseases; NMR studies
have shown explicitly that Af peptide®® and a-Synuclein® are both recognized by the apical domain of GroEL
and are bound at specific sites.

A notable characteristic of E. coli GroEL lies in the finding that the isolated apical domain of GroEL
(GroEL-AD, Fig. 1) is known to retain its structural integrity and functionality in solution. Previous studies have
shown that GroEL-AD possesses a high chaperone (aggregation suppressing) activity, and that GroEL-AD must
have an intrinsic chaperone activity that is not dependent on structural and functional characteristics displayed
by the original GroEL oligomer. This novel chaperone activity has inspired the name “minichaperone” for this
domain®.

By utilizing the minichaperone architecture of GroEL, it becomes possible to directly analyze the numerous
interactions and dynamics that are involved in the recognition and binding of fibril-forming protein molecules
to GroEL. Therefore, in this study, we first establish the effects of GroEL-AD on the aggregation of various pro-
teins that form fibril structures, including a-Synuclein, A342 and GroES, using a combination of biophysical and
biochemical methods (Fig. 1). Our results confirm that GroEL-AD is capable of recognizing and binding to these
unfolded client proteins and suppress fibril formation of each. Curiously, further experiments revealed various
differences in the modes of binding between these three proteins and GroEL-AD. These findings are discussed in
context of the myriad molecular interactions that are involved in this phenomenon.

Results

GroEL-AD interacts with and suppresses fibrillation of multiple proteins. We have investigated
the effect of GroEL-AD on the aggregation of three client proteins (a-Synuclein, A342 and GroES) using the
ThT binding assay*'. Each client protein has been confirmed to form amyloid fibrils. a-Synuclein has been impli-
cated in the pathogenesis of PD*%> and AB342 deposits are correlated with the onset of AD*-%%, GroES has not
been implicated in the pathogenesis of any specific diseases to date; however, preparations of GroES have been
shown to form characteristic amyloid fibrils under denaturing conditions such as moderate concentrations of
Gdn-HCI¥. Interestingly, intermediate oligomeric forms of GroES that are formed during fibrillogenesis display
cytotoxicity toward cultured mouse neuron cells®. As shown in Fig. 2a—c, all three clients, a-Synuclein, AB42
and GroES, formed ThT-detectable molecular species after an initial incubation period ranging from 0~6hrs. The
ThT signal in each case displayed a characteristic sigmoidal curve typical to amyloid fibril formation, involving
initial formation of fibril seeds followed by fibril extension®">2. The addition of GroEL-AD to each experiment
dramatically affected the aggregation profile of these client proteins in a dose-dependent manner. At sub-stoichi-
ometric molar ratios (1:0.5 for a-Synuclein, 1:1 for AB42 and 1:0.5 for GroES; Fig. 2a—c) the effects of GroEL-AD
addition were reflected in an increase in the initial lag phase of the transition, and a decrease in the cumulative
ThT fluorescence intensity after prolonged incubation. At higher ratios of client protein to GroEL-AD (1:1 and
1:2 for a-Synuclein, 1:5 and 1:10 for AB42, 1:1 and 1:2 for GroES), these two effects were both strengthened. For
each client protein, adding a high molar excess of GroEL-AD resulted in the almost complete suppression of fibril
formation, demonstrating the strong inhibitory activity of GroEL-AD on the amyloid formation of these client
proteins. In control experiments, GroEL-AD by itself showed no tendency to form ThT-responsive aggregates
in any of the experimental conditions that we used (Fig. 2a-d, black traces). The concentration of GroEL-AD
required to completely suppress ThT fluorescence increase differed for each client (a-Synuclein:GroEL-AD = 1:3,
AB42:GroEL-AD = 1:20 and GroES:GroEL-AD = 1:4), reflecting differences in efficiency on the part of
GroEL-AD toward stopping the fibril formation of these three client proteins.
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Figure 2. Aggregation kinetics of client proteins in the absence and presence of increasing concentrations
of GroEL-AD, as accessed by ThT binding assay. (a) a-Synuclein; (b) A342 peptide, (c) GroES. For panels
(a—c), the red filled circles denote fluorescence values in the absence of GroEL-AD, and the black open symbols
denote changes in ThT fluorescence caused by incubation of GroEL-AD alone under identical conditions.
The concentration of GroEL-AD added to each experiment was increased according to the following
progression of symbols: blue filled squares, green filled diamonds, magenta filled triangles, and orange filled
inverted triangles. The specific value of client: GroEL-AD used in each sample (calculated relative to the
monomeric molar concentration of client) are as follows in increasing order: (a) 1:0.5, 1:1, 1:2, 1:3; (b) 1:1, 1:5,
1:10, 1:20; (c) 1:0.5, 1:1, 1:2, 1:4. (d) Comparison of the relative effects of GroEL-AD addition on the cumulative
fluorescence signal of each client protein. The values are normalized according to the fluorescence values
observed for each client protein at the end of the experiment performed in the absence of additional GroEL-AD.
The inset to panel (d) is an expansion of the main figure that shows the dependencies at low ratios of GroEL-AD
to client.

Morphology of protein fibrils formed in the presence of GroEL-AD. We next assessed the effects
of GroEL-AD on the structure of resultant protein fibrils using AFM (Fig. 3). As shown in the leftmost block in
Fig. 3, each client protein could form typical amyloid fibrils after prolonged incubation. Incubation of GroEL-AD
under similar conditions did not lead to significant aggregation, nor to amyloid fibril formation (Fig. 3,
“GroEL-AD-only”). The addition of GroEL-AD to each client protein in substoichiometric to stoichiometric molar
ratios (Fig. 3, center block) interestingly failed to produce any clearly apparent changes in the morphology of these
amyloid fibrils, except for a slight variation in their total observable numbers and the absence of fibrillar clus-
ters. At higher ratios of GroEL-AD to client proteins fibrillar structures were still observable. However, shorter
fibrils were more apparent in each case, and a slight decrease was seen in the total amount of fibrils visible in the
experiment. Under these conditions, some small, amorphous aggregates were also observed alongside the fibrils.
Finally, in the presence of excess concentrations of GroEL-AD (1:3 for a-Synuclein, 1:20 for AB42 and 1:4 for
GroES) relative to each client protein, we observed no mature fibrils, and some small spherical aggregated struc-
tures were seen instead, which may either be amorphous aggregate forms of target protein or excess GroEL-AD
(Fig. 3, rightmost block; compare with images of GroEL-AD only, lowest block). Our results seem to suggest that
the participation of GroEL-AD in the fibrillation reaction generally does not cause any overt changes in the fibril
morphology of the fibril-forming client protein, and rather acts to suppress the amount of fibrils that are ulti-
mately formed by each client.

In order to characterize the effects of GroEL-AD on the morphology of protein fibrils formed by the three
targets of our study in more detail, we next performed transmission electron microscopy (TEM) experiments on
fibrils formed by each protein in the presence of GroEL-AD (Fig. 4). In these experiments, we also performed
control experiments in which bovine serum albumin was added in place of GroEL-AD at an equivalent molar
concentration (Fig. 4, blue traces). For each experiment, the molar concentration of GroEL-AD and BSA that was
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Figure 3. AFM images of various fibril-forming client proteins and GroEL-AD samples. Each image is a
512 x 512 pixel AFM scan of a given square area of the mica-bound sample. The leftrmost column shows fibril
samples formed in the absence of additional GroEL-AD, the three center columns display images of fibrils
formed in the presence of increasing concentrations of additional GroEL-AD, and the rightmost column shows
images of fibrils formed in the presence of GroEL-AD at concentrations sufficient to completely suppress the
ThT fluorescence signal in assays shown in Fig. 2. Top (first) row, a-Synuclein, middle (second) row, A342,
lower (third) row, GroES. The bottommost image (fourth row) shows an image of GroEL-AD incubated under
conditions identical to those used for fibril formation of a-Synuclein. Where apparent, the values at the upper
lefthand corner of each panel denotes the actual molar equivalent of GroEL-AD that was added to samples,
relative to the monomeric concentration of client protein, and at the lower right hand corner of each panel, a
white scale bar denotes a length of 1 um.

added was set to the molar concentrations used in the green traces shown in Fig. 2 (corresponding to molar ratios
of 1:1 for a-Synuclein; 1:5 for A342; and 1:1 for GroES). We note here that GroEL-AD alone, and BSA alone,
failed to produce ThT-positive fluorescence signals in control experiments performed in parallel (Fig. 4, gray and
green traces, respectively).

As shown in Fig. 4, an unexpected and interesting result was observed in each of the control experiments that
we performed, which showed that addition of BSA was effective in modulating the fibril formation reaction of
all three target proteins to a certain extent. However, for each target protein, GroEL-AD was more effective in
fibril suppression at equivalent molar concentrations, demonstrating an effect that went beyond the presumed
“non-specific” effects of BSA on fibril formation. Curiously, the effects of “non-specific” BSA addition differed
for each target. In the case of AB42, BSA addition served to slightly decrease the overall amount of ThT-positive
signal with no effects in lag time or fibrillation rate (Fig. 4a, leftmost panel). In contrast, for GroES, BSA served to
lengthen significantly the lag time, e. g., the interval required to form the initial seeds from which GroES fibrils
form, with minimal effect on the rate of fibrillation (Fig. 4c, leftmost panel). And finally, for a-Synuclein, the effect
of BSA addition acted on both the lag time and the rate of fibril formation (Fig. 4b, leftmost panel). This differen-
tial effect of BSA addition on the fibril forming reactions of these three target proteins may reflect differences in
the specific molecular interactions that propel the fibrillation reaction of each target protein.

To probe for differences in the morphologies of fibrils formed under the various conditions shown in Fig. 4, we
took samples from the end of each assay that displayed positive ThT signals and subjected them to TEM analysis.
The panels displayed on the right of Fig. 4 summarize our results. For each target protein, we were unable to detect
overt differences in the fibril morphologies between each experimental condition, save for two exceptions. The
first was seen in the fibril samples of A( formed in the presence of BSA, where we observed that the fibrils tended
to be much shorter in length than the fibrils formed by AB alone or A8 in the presence of GroEL-AD. The second
was seen in fibril samples formed by a-Synuclein in the presence of GroEL-AD, where the width of the fibrils
seemed to be markedly thinner in the TEM images, compared to the other two conditions. Apart from these two
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Figure 4. Analyses of fibril morphology using TEM. Samples of target proteins were incubated according

to the conditions used in Fig. 2 and monitored with agitation in an ARVO X4 plate reader. Block a (upper
panels) represents experiments performed on AB342, block b (center panels) represents experiments performed
on a-Synuclein, and block ¢ (lower panels) represents experiments involving GroES. Gray traces and light

green traces in the time trace of block a (uppermost left) denote changes in ThT fluorescence for BSA and
GroEL-AD, respectively, at a molar concentration of 50 uM. Target proteins were either incubated alone
(denoted in black) or in the presence of either GroEL-AD (denoted in red) or BSA (denoted in blue). The
concentrations of GroEL-AD and BSA added were set to the following molar ratios relative to target monomer:
AB42, 1:5; a-Synuclein, 1:1; and GroES, 1:1. After each experimental session, aliquots from each sample that
displayed a positive ThT fluorescence signal were subject to TEM analysis. The images shown to the right of
each time course display the results of TEM analysis. The magnification used in each panel was set to 30,000
magnification, with the exception of the “A3 + BSA” sample panel shown in the uppermost right corner of the
figure. In this panel the magnification is set to 4,000x magnification, and the lower left inset depicts an image
taken at 100,000x magnification that was adjusted digitally to correspond to 30,000x magnification using image
manipulation tools.

instances, the overall shape of the fibrils seemed to be unchanged, supporting overall the results observed in AFM
experiments (Fig. 3).

We next probed the effects of delayed addition of GroEL-AD during the fibril formation reaction of each client
protein (Fig. 5) to probe the abilities of GroEL-AD to affect the process at various stages of the reaction. Each
client protein was allowed to proceed with the fibrillation reaction for a predetermined interval (a-Synuclein;
for 0, 3, 8 and 24 hr (Fig. 5a), A342; for 0, 0.5, 1.5 and 8 hr (Fig. 5b), and GroES; for 0, 6, 10 and 24 hr (Fig. 5¢))
before adding GroEL-AD at concentrations that were sufficient to completely suppress fibril formation as deter-
mined in Fig. 2 (3-fold molar excess for a-Synuclein, 20-fold molar excess for AB42, and 4-fold molar excess for
GroES, respectively). In each experiment, our results indicated that the delayed addition of GroEL-AD could not
reverse the process of fibril formation, but was quite successful in preventing further fibril extension. The effects
of GroEL-AD addition were immediate in each data trace. Complete inhibition of fibrils could be achieved only
when GroEL-AD was added at the very beginning of fibril formation, irrespective of the client protein monitored.
Also, in the time frame of these experiments we could not observe a state where the client proteins were able to
“escape” from the effects of GroEL-AD addition; i.e., the suppressive effects of GroEL-AD addition were detected
throughout the course of the fibril forming reaction. From these observations, as well as the data obtained by
AFM shown in Fig. 3 and the TEM images shown in Fig. 4, we concluded that GroEL-AD acts mainly by bind-
ing to soluble monomeric unfolded client protein or the various intermediates to decrease the concentration of
fibril-forming molecular species in the reaction, and does not have the ability to modify the structure of protein
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Figure 5. Delayed addition of GroEL-AD to the fibril forming reactions of each client protein. In each
panel, colored arrowheads denote the instant at which excess GroEL-AD was added to each corresponding
color-coded trace of the experiment. (a) a-Synuclein. GroEL-AD (3-fold molar excess) was added at 0 (black),
3 (blue), 8 (green) and 24 (magenta) hours after initiating the experiment. (b) A342 peptide. GroEL-AD (20-
fold molar excess) was added at 0 (black), 0.5 (blue), 1.5 (green) and 8 (magenta) hours after initiating the
experiment. (c) GroES in 0.4 M Gdn-HCIl. GroEL-AD (4-fold molar excess) was added at 0 (black), 6 (blue),
10 (green) and 24 (magenta) hours after initiating the experiment.

fibrils in a detectable manner. A similar partitioning mechanism that modulates the concentration of free protein
has been reported for the effects of Hsp70 and Hsp40 on the formation of oligomeric huntingtin®’. We note, how-
ever, that in the case of a-Synuclein, GroEL-AD may be interacting additionally to slightly alter the morphology
of resultant fibrils (Fig. 4, “aSyn+ AD”).

Binding mechanisms of client proteins to GroEL-AD. In order to probe the nature of the binding
interactions between GroEL-AD and various client proteins in more detail, we measured the binding affinities
of GroEL-AD toward each client directly using QCM-based mass measuring as shown in Figs 6 and 7. QCM is
a sensitive tool to determine intermolecular binding interactions with high precision by detecting small changes
in the intrinsic frequency of a quartz crystal sensor, which is caused by changes in the mass of ligands bound to
host proteins immobilized onto the sensor surface>*. Figure 6a shows representative sensorgrams of interac-
tions between GroEL-AD and various client proteins (concentration of injected soluble protein: 100 ng/ul). We
note that the resonance frequency of the sensor decreased rapidly upon injection of each client protein, and that
no significant change in resonance frequency was detected when only buffer was added to sensor with immobi-
lized GroEL-AD (Fig. 6a, Baseline). A closer look at the individual sensorgrams revealed more subtle differences
between the binding behavior of the three client proteins. In the case of GroES and a-Synuclein, the sensorgrams
more or less displayed an exponential decrease that could be analyzed further (see below). In contrast, the sensor-
grams for A342 were characterized by an initial rapid change in frequency followed by a pronounced and gradual
drift in the AF signal, which might be reflective of multivalent or non-specific binding. Upon further experimen-
tation, the AF values between each session were also rather erratic in experiments involving A342, compared to
the other two clients. This observation, taken together with the relatively small molecular size of AB42 and the
relatively high concentrations of GroEL-AD needed to suppress fibril formation of A342 (Fig. 2), suggested that
the binding interactions between these two proteins were highly dynamic and transient in nature, and not suitable
(too complex) for QCM analysis.

In contrast to the experiments involving AB42, the binding interactions for GroEL-AD:GroES and GroEL-AD:
a-Synuclein were more specific and allowed us to probe the interactions between GroEL-AD and client in more
detail. Figure 6b—d summarizes the results of experiments performed on immobilized GroES titrated with vari-
ous concentrations of GroEL-AD in the presence of 0.4 M Gdn-HCI. As shown in Fig. 6b, binding of GroEL-AD
to immobilized GroES was dependent on the concentration of GroEL-AD added, resulting in increases in the
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Figure 6. Binding interactions between GroEL-AD and various client proteins (o-Synuclein, A342, and
GroES) assessed by AffinixQNp at 25 °C. (a) The concentration of protein used during immobilization to the
quartz microbalance and the concentration of soluble protein added during subsequent measurements were
both set to 100 ng/pl. The “Baseline” (red) denotes signal changes detected when buffer containing no protein
is added to GroEL-AD immobilized sensors. The “a-Syn” (black) and “AB42” (blue) signals were measured by
adding soluble aliquots of a-Synuclein or AB42, respectively, to the reaction chamber containing immobilized
GroEL-AD. The “GroES” signal (green), however, was measured by adding soluble GroEL-AD to a reaction
chamber containing immobilized GroES protein, in the presence of 0.4 M Gdn-HCI. See the Materials and
Methods section for more details. (b) Sensorgrams measured using a quartz microbalance with immobilized
GroES and varying concentrations of soluble GroEL-AD in the presence of 0.4 M Gdn-HCI. The concentration
of GroEL-AD during each experiment was as follows (from top to bottom); 0 uM, 0.495uM, 1.23 pM, 2.48 uM,
2.97uM, 3.71 pM, 4.95 pM, 9.90 uM. Each trace was analyzed using the analysis function of Aqua 2.0 to obtain
kqps and AF values. (c) Plot of the estimated | AF| values to the concentration of soluble GroEL-AD added.
Data points were fitted non-linearly to the isothermal adsorption equation outlined in Materials and Methods
to obtain the fitted curve shown in the figure. (d) Linear regression plots of k to the concentration of soluble
[GroEL-AD]. We used only the k,, values for the lower [GroEL-AD] concentrations in this analysis since the
data sampling rate, which was fixed for the instrument, precluded the detailed sampling of raw sensorgrams
with large k,,, values. This leads to more errors to be incorporated into the k,,, estimates at higher [GroEL-AD]
concentrations, and subsequently a notable tendency in the linear regression analysis to yield negative values of
ko (the y-intercept).

frequency change AF that could be analyzed to estimate Ky (Fig. 6¢). As seen in Fig. 6¢, the derived |AF| could
be fitted well to the isothermal adsorption equation to obtain Ky values of (7.0 £ 1.6) x 10~¢ (M). Fitting the raw
traces in Fig. 6b to a single exponential decay function with drift also revealed the k,,, at various [GroEL-AD],
and these data were also plotted to estimate k,, k.4 values. It should be noted here that we selected to omit from
the analysis the k,,, values from traces obtained at the highest two GroEL-AD concentrations; due to constraints
in the sampling rates of the quartz balance (1 data point/sec), these two raw traces contained relatively little infor-
mation of the initial exponential decay phase, and estimates of the k,, were correspondingly inaccurate.

The interactions between GroES and GroEL-AD in the presence of 0.4 M Gdn-HCI were most consistent with
a specific 1:1 binding mechanism that was essentially irreversible. Initial analysis of the k,, vs [GroEL-AD] plots
(Fig. 6d) indicated that fitting of the data would result in a negative value estimation for kg, and so the data in
Fig. 6d were analyzed by setting this value to zero. Estimation of the k,, under this restriction resulted in a value
of ko =4.1 x 10* (M~!s7!). Due to this constraint in the data analyses, we were unable to estimate the K, values
through estimation of the reversible kinetic rate constants as initially planned. The results from Fig. 6c however
are consistent with a strong and essentially irreversible binding reaction between GroES and GroEL-AD.
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Figure 7. Analysis of o.-Synuclein binding to immobilized GroEL-AD molecules using QCM. (a) Sensorgrams
measured using a quartz microbalance with immobilized GroEL-AD and varying concentrations of soluble
a-synuclein. The molar concentration of a-Synuclein used for each sensorgram was as follows from top to bottom:
1.72uM, 3.45pM, 6.90 pM (green trace), 13.8 pM (red trace). Raw data of each trace were fitted non-linearly to a
two phase exponential decay equation to obtain two apparent amplitude values and two rate constants, k,,** and
kops oW, The net change in frequency, | AF|, was estimated by adding the two derived amplitudes of the analysis.

(b) Non-linear fitting of | AF| values to the molar concentration of soluble GroEL-AD. See the Materials and
Methods section for details on the analysis and the main text for derived K; values. (¢) Linear regression analysis
of k" against [a-Synuclein]. (d) Linear regression analysis of k. > against [o-Synuclein]. See main text for
details and derived K, values.

In contrast, the binding reaction of a-Synuclein to immobilized GroEL-AD differed in many important
aspects to the binding interactions between GroEL-AD and immobilized GroES (Fig. 7). First of all, the raw
binding curves obtained from the Affinix instrument could not be fitted well to the single exponential decay
reaction as recommended by the manufacturer. Upon further analysis, we found that the traces obtained at each
a-Synuclein concentration were best fitted to a double exponential decay equation (Fig. 7a), which suggested that
the binding of a-Synuclein to GroEL-AD was best represented by two distinct binding reactions with differing
apparent rate constants. Using the sum of the amplitudes derived from analyses of the traces, we were able to
estimate the Kj in Fig. 7b. As a result, we estimated the K to be (1.23 £0.31) x 107 (M). Next, we estimated
the k,u/kog values for this binding reaction using both the faster apparent rate constant (k,,,*") and the slower
rate constant (k,,°") individually (Fig. 7c,d). Using k., the estimated values were k,, = 1.20 x 10> (M~ 's™1)
and k,z=0.25 (s7!) (Fig. 6¢). The derived K from these two rates equaled Ky=2.1 x 10~* (M). Next, from the
Kops 1" data we estimated the respective kinetic rate constants to be k,, =9.2 x 10 (M~'s™!), and k,=0.017 (s}
(Fig. 7d), for a derived dissociation constant of Ky=1.8 x 107° (M).

A notable characteristic of a-Synuclein binding to GroEL-AD revealed in these analyses was that the bind-
ing mechanism involved a significant kg rate. In contrast to GroEL-AD:GroES binding, which was essentially a
1:1 irreversible binding reaction, the data in Fig. 7 was most consistent with a dynamic binding equilibrium of
a-Synuclein to GroEL-AD, with more than one, possibly two modes of binding between these two coexisting
proteins. When taken together with the results for GroES and A342, our results suggest that GroEL-AD is inher-
ently capable of utilizing multiple modes of intermolecular recognition and binding to suppress the formation of
various amyloid particles in vitro.

Discussion

Chaperonins protect cells by maintaining the integrity of cellular proteins from stress**-*, but their role in pro-
tecting cells from various long-term amyloidogenic disorders is not apparent. Previous studies have shown that
interactions between various amyloidogenic proteins and various molecular chaperones such as Hsp104, Hsp70,
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and Hsp40 are possible and lead to effective suppression of amyloids'*-?!. In order to determine the existence of
a similar role for chaperonins, we have examined the effects of GroEL-AD, the apical domain fragment of the
group I chaperonin GroEL from E. coli, on the aggregation of multiple client proteins which form amyloid fibrils.
We have shown that the presence of GroEL-AD significantly inhibits the formation of amyloid fibrils of three
client proteins (a-Synuclein, AB42, and GroES). Experimental examples that demonstrate that a specific domain
fragment from a molecular chaperone is able to control protein amyloid fibril formation are relatively scarce.
However, in an earlier study performed by our group, we highlighted the effects of adding the apical domain frag-
ment from the Thermoplasma acidophilum group II chaperonin (Api-Ta-cpn) on the fibril formation reaction of
yeast Sup35NM®. In this prior study, we also found that a synthetic peptide derived from the helical protrusion
region of this domain could also suppress fibril formation of Sup35NM, suggesting that the ability of Api-Ta-cpn
to suppress the formation of Sup35NM fibrils involved specific structural motifs localized in a specific region of
the chaperonin apical domain®.

In the present study, we have demonstrated that a critical concentration of GroEL-AD is required for complete
inhibition of amyloid fibrils in each case. The concentration of GroEL-AD required for complete inhibition varied
according to the protein monitored; relatively moderate concentrations of GroEL-AD was sufficient to suppress
a-Synuclein aggregation (3-fold) and GroES aggregation (4-fold) effectively; however, much higher concentra-
tions (20-fold molar excess) was required to achieve similar effects for A342 (Fig. 2d). Below these critical con-
centrations, the general effect of GroEL-AD was to decrease the amount of fibril that was finally formed, most
likely by limiting the concentration of free aggregation-prone protein molecules in solution. When we probed the
morphology of the fibrils formed in the presence of GroEL-AD, we could not detect many overt differences in
fibril morphology, and this finding seems to support this basic mechanism (Figs 3 and 4). However, there was a
notable exception in the case of a-Synuclein, where we observed in TEM images fibrils that seemed to be notably
thinner than the fibrils that were produced in isolation, or in the presence of an unrelated protein, BSA (Fig. 4).
It may be conceivable that in the case of a-Synuclein, GroEL-AD is capable of modulating fibril morphology in
addition to limiting fibril growth, and this notion agreed well with the multiple modes of binding interaction that
we observed between GroEL-AD and «a-Synuclein, detected through QCM experiments (Fig. 7). Perhaps the
different modes of GroEL-AD binding to a-Synuclein may be responsible respectively to limit fibril elongation
and modulate fibril forms. Further experiments, perhaps involving mutational analysis, will be necessary to probe
this interesting facet of GroEL-AD:«-Synuclein interaction.

A notable characteristic of GroEL-AD that we uncovered in the present experiments was its rather robust
ability to suppress the fibril formation of various diverse polypeptide clients, under rather diverse experimental
conditions. First of all, GroEL-AD was able to bind to both relatively short (42 amino acids: AB42) and moderate
(97 amino acids: GroES, 140 amino acids: a-Synuclein) sized polypeptide clients indiscriminately. Additionally,
the structures of these clients were also slightly varied, ranging from short polypeptides (A342), intrinsically
disordered proteins («-Synuclein), and natively structured oligomers that were partially denatured (GroES).
Although bound by a common structural characteristic (the ability to form fibrillar aggregates under prolonged
incubation), the differences in structure and chemical identity between these three clients were reflected in the
specific conditions under fibrillation occurs for each client, and it is very interesting that GroEL-AD was able
to bind to and control the aggregation of these clients under each individual condition. Although the analysis
of these binding reactions using QCM revealed a spectrum of possible mechanisms that are responsible for this
promiscuous binding of GroEL-AD to proteins, we believe that the underlying binding mechanism of GroEL-AD
to these three clients might reflect a common physical principle.

It is well known that GroEL senses the hydrophobicity of transiently unfolded protein molecules as they accu-
mulate in the cell as a response to stress. It is also well established that the apical domain of GroEL is the domain
which acts as the hydrophobic sensor that distinguishes and binds to these molecules (Fig. 1, helices H and I).
Our experiments therefore highlight the contribution of the hydrophobic effect on the fibrillation of the three
target proteins that we studied here. In a fortuitous discovery, the role of hydrophobicity in protein fibrillation
was also highlighted in control experiments that we performed using BSA (Fig. 4). BSA, an unrelated serum
protein that adsorbs lipids and various nutrient molecules for transport through the bloodstream, was found to
affect significantly the course of fibril formation of all three polypeptides that we tested, AB42, a-Synuclein, and
GroES, albeit in each case to a lesser extent than GroEL-AD in equivalent concentrations (Fig. 4). The interesting
finding that we observed in these “control” experiments was that BSA affected the fibrillation process in a different
manner for each target polypeptide, ranging from specifically lengthening the initial nucleation lag time (GroES)
to altering significantly the morphology of resulting fibrils (A342). The results shown here regarding the effects
of BSA addition to protein fibrillation served serendipitously to highlight the many facets in which hydrophobic
interactions are involved in the nucleation and extension of protein fibrils. Also, it should be mentioned here that
protein fibrillation is by no means modulated exclusively by hydrophobic interactions, as previous studies have
highlighted the contribution of electrostatic interactions on protein fibrillation, using various positively and neg-
atively charged compounds on AB340 fibrillogenesis®"®2. Protein fibrillation most likely involves numerous diverse
interactions that interact spatially along the polypeptide chain, as well as through various molecular interactions
that are sensitive to environmental stimuli. This idea is all the more relevant in analyses of the modulation of
fibrillation through protein-protein interactions, as we are attempting here. In the present study, we believe that
we have been successful in establishing a baseline from which we may probe further the numerous molecular
interactions and events that underlie protein fibrillation, and intend to extend our efforts to probe common prin-
ciples that underlie this important phenomenon.

Methods
Materials. All chemical reagents were obtained from commercial suppliers and used without further purifi-
cation unless otherwise stated.
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Expression and Purification of Proteins. The gene fragment corresponding to GroEL-AD was prepared
by polymerase chain reaction (PCR) amplification using pUCESL (plasmid containing the wild-type
groESL gene) as template, and two primers that flank the apical domain sequence (5'-AGGAGATATACA
TATGGAAGGTATGCAGTTCGACCGT-3’ (forward) and 5-GAATTCGGATCCGCGTTAAACG
CCGCCTGCCAGT-3/ (reverse)). The PCR product was ligated into pET23a(+) vector (Novagen) and the resultant
plasmid (pET-AD) was used to transform E. coli BLR(DE3) (Novagen). BLR(DE3)/pET-AD cells were sus-
pended in purification buffer (50 mM Tris-HCI, pH 7.5 containing 2mM EDTA, 2mM DTT and 0.1 mM PMSF)
followed by disruption using sonication and centrifuged. To the supernatant, streptomycin sulfate (2.5% final
concentration) was added to precipitate the nucleic acids. After removal of nucleic acids by centrifugation, the
supernatant was heated at 70-75°C for 10 min, rapidly cooled on ice, and centrifuged to remove precipitated
proteins. GroEL-AD protein was precipitated from this supernatant by adding fine solid ammonium sulfate to
65% saturation, centrifugation, and re-solubilization of the protein pellet in buffer. This concentrated protein
solution was then loaded to a column (660 cm?) filled with Sephacryl S-300 (GE Healthcare) size-exclusion chro-
matography resin equilibrated with buffer (50 mM Tris-HCl containing 0.1 mM EDTA, 0.1 mM DTT and 100 mM
NaCl; pH 7.5) and the column was developed at a flow rate of ~0.5 mL/min. Eluted samples were analyzed by
SDS-PAGE and fractions containing GroEL-AD were desalted by dialysis against 5mM sodium bicarbonate over-
night, followed by dialysis against 1 mM sodium bicarbonate for 2 hr at 4 °C. The desalted protein solution was
then lyophilized and stored at 4°C. Concentrations were estimated by using a molar extinction coefficient of
4470 M~'cm™"'% at 280 nm for GroEL-AD.

a-Synuclein was purified as described previously from BLR(DE3) cells containing an overexpressing plasmid®.
The concentration of a-Synuclein was estimated using a relative absorption coefficient of %1%, = 0.354%.

Synthetic AB42 peptide was purchased from Peptide Institute Inc., Japan. A working solution of 500 uM A342
was prepared by dissolving ~0.42 mg of lyophilized peptide in 200 uL of 0.02% ammonium solution in a 1.5mL
eppendorf tube and kept on ice before use.

GroES was purified as described previously®>%. Purified samples were subjected to dialysis in Milli-Q water,
lyophilized, and stored at 4 °C. The purity of the protein sample was checked by SDS-PAGE. The concentration
of GroES solutions was determined by protein dye assay (Bio-Rad Laboratories) using bovine serum albumin
(Sigma) as a standard reference.

Aggregation Kinetics of Client Proteins Monitored by Thioflavin T (ThT) Binding Assay. The
aggregation kinetics of a-Synuclein were measured as described previously using ThT®, an environmentally sen-
sitive fluorophore for selective binding of amyloid fibrils*!. Briefly, the concentrated a-Synuclein sample solu-
tion was diluted to a final concentration of 1 mg/mL in 25 mM Tris-HCI buffer, pH 7.5, containing 20 M ThT
and 150 mM NaCl. The solution was then transferred into 96-well microplate wells (Costar black, clear bottom;
Greiner, Kremsmuenster, Austria), sealed using 3 inch crystal clear sealing tape (Hampton Research) and plates
were loaded onto a Perkin Elmer multilabel fluorescence plate reader (ARVO X4 (VICTOR™ X), Waltham, MA,
USA), where it was incubated under orbital shaking at 37 °C. The fluorescence (excitation at 450 nm, emission
detected through a 486 nm/10 nm bandpass filter) was measured from the bottom of the plate at 15 min intervals,
with 12 min of orbital shaking applied before each reading. Three independent experiments were performed for
each set.

For monitoring the formation of GroES fibrils, concentrated sample solutions of GroES were diluted to a
concentration of 1 mg/mL with 50 mM phosphate buffer, pH 7.4, containing 0.4 M guanidine hydrochloride
(Gdn-HCI) and 20 uM ThT. Gdn-HCl is necessary to partially unfold GroES and promote fibril formation®. The
concentration of Gdn-HCl used here, however, is lower than the concentration used in the previous study to char-
acterize GroES fibril formation (0.9-1.6 M Gdn-HCI*); this change in denaturant concentration was necessary to
prevent denaturation of the GroEL-AD fragment during experiments. The sample solution was then transferred
to 96-well microplate wells that were sealed and loaded onto the ARVO X4 fluorescence plate reader at 37 °C. The
fluorescence was measured in a same manner as described in the previous section for a-Synuclein.

The monomeric A342 peptide solution was diluted to a final concentration of 10 uM with 50 mM phosphate
buffer, pH 7.4, containing 150 mM NaCl and 20 pM ThT. One hundred fifty microliters of sample was transferred
into wells of a 96-well microplate (Costar black, clear bottom), sealed and loaded onto a Gemini SpectraMax EM
fluorescence plate reader (Molecular Devices, Sunnyvale, CA), and incubated at 37 °C. The fluorescence (excita-
tion at 440 nm, emission at 485nm) was measured from the bottom of the plate at 15 min intervals, with 5 sec of
agitation before each reading. Three independent experiments were performed for each set.

Working solutions of GroEL-AD were either prepared in 25 mM Tris-HCI buffer (pH 7.5) for experiments
using a-Synuclein, or in 50 mM phosphate buffer (pH 7.4) for experiments with A342 and GroES. Lyophilized
protein stocks were dissolved in their respective buffers and a designated concentration of GroEL-AD was added
to a-Synuclein (1 mg/mL) in 25 mM Tris-HCI buffer (pH 7.5), containing 150 mM NaCl and 20 pM ThT, A342
(10uM) in 50 mM phosphate buffer (pH 7.4), containing 150 mM NaCl and 20 uM ThT, and GroES (1 mg/mL)
solution in 50 mM phosphate buffer (pH 7.4), containing 0.4 M Gdn-HCl and 20 uM ThT. Each solution was then
mixed briefly for 5sec and pipetted into microplates (150 pL/well) for assays to quantitate ThT fluorescence.

Raw data from fluorescence assays were visualized using KaleidaGraph version 4.5.1 (Synergy Software, PA,
USA).

Atomic Force Microscopy (AFM). AFM measurements were performed on a Digital Instruments
Nanoscope IV scanning microscope (MMAFM-2) at room temperature using tapping mode in air. Incubated
samples (a-Synuclein after 40 hr, A342 after 30 hr and GroES after 40 hr respectively with and without added
GroEL-AD) were diluted 10-fold and were placed on freshly cleaved mica for 30 min, washed with 100 uL of water
and dried overnight at room temperature prior to imaging.
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Probing Fibril Morphology Using Transmission Electron Microscopy (TEM). Reaction mixtures
of AB342, a-Synuclein, and GroES were prepared as outlined above in the presence or absence of GroEL-AD or
BSA and fibrillation was allowed to proceed in an ARVO X4 plate reader with agitation. The molar concentra-
tions of GroEL-AD or BSA added corresponded to the following molar ratios relative to target monomer: A342,
1:5; a-Synuclein, 1:1; and GroES, 1:1. The ThT fluorescence of each sample was monitored at regular intervals to
obtain the leftmost traces shown in Fig. 4. After the assay was completed, aliquots were taken from each sample
that displayed a positive ThT signal and used to prepare samples for TEM analysis. Ten microliters of sample were
applied to carbon-coated 400-mesh copper grids (Nisshin-EM, Tokyo) and incubated for 1 min at room tem-
perature. Sample solutions were then blotted off the grids and 5ul Milli-Q water was added to rinse the surface.
Immediately after blotting off the water rinse, 5 jul of EM-Stainer solution (a gadolinium triacetate based electron
microscopy stain, Nisshin-EM, Tokyo®) was applied for 1 min, after which the carbon grid was again rinsed with
5ul Milli-Q water. Grids were dried for 1 hr at room temperature before TEM analysis on a JEOL JEM-1400plus
transmission electron microscope at 80 kV (Fig. 4, right traces).

When preparing samples of GroES fibrils formed in the presence of 0.4 M Gdn-HCI, we found that the dena-
turant was preventing the efficient adsorption of sample to the carbon-coated grids. Therefore, to remove dena-
turant prior to sample preparation, aliquots containing Gdn-HCI were first diluted tenfold with 50 mM phosphate
buffer (pH 7.4), centrifuged at 15,000 x g for 10 min at 4 °C, and the precipitate was resuspended in 30 ul phos-
phate buffer for use in the above preparations.

Binding Interactions Between GroEL-AD and Client Proteins. The binding interactions between
GroEL-AD and fibril forming client proteins were directly monitored by quartz crystal microbalance (QCM)
binding analysis using a Ulvac AffinixQNp device equipped with a 27 MHz AT-cut gold coated QCM>* onto
which various proteins could be affixed for affinity analysis. Prior to immobilization of protein (either GroEL-AD,
or GroES) to the sensor, the gold surface was cleaned with 1% SDS, followed by incubation with piranha solution
(H,SO4H,0,=3:1) for 5min, and a final thorough wash with double-distilled water. In binding experiments
involving a-Synuclein and A(342, GroEL-AD (100 ng/pL) was immobilized onto the cleaned sensor cell using
protocols recommended by the manufacturer, followed by the immersion of the sensor in 0.5 mL reaction buffer
(50 mM Tris-HCI, pH 7.5, containing 2mM EDTA and 2mM DTT). After stabilization of the basal quartz oscil-
lation, a 5l aliquot of guest protein solution (a-Synuclein or AB42) was injected into the buffer filled cuvette to
analyze the interaction between host and guest on the gold electrode.

For analysis of the interactions between GroEL-AD and GroES, in order to simulate the conditions under
which GroES fibrils are formed in our experiments, we added 0.4 M Gdn-HCI to all of our QCM binding exper-
iments involving these two proteins. Perhaps due to this change, when we initially performed experiments with
GroEL-AD bound to the sensor chip and GroES as ligand, we could not detect any meaningful traces for analysis.
Reversing the relationship (GroES bound to the sensor, GroEL-AD added as ligand) allowed us to obtain reliable
data for analysis in the presence of 0.4 M Gdn-HCI.

For each experiment, interactions were detected by the frequency changes (oscillation unit, OU: -AF in Hz)
caused by changes in mass bound to the electrode surface at the sub-nanogram level, attributed to specific ligand
protein binding™. All experiments were carried out at 25 £ 1 °C with constant stirring at 1000 rpm. Between each
session, the sensor with immobilized protein was incubated for 30 min with reaction buffer containing 1.6 M
Gdn-HCl to remove bound guest protein, then incubated for 30 min with reaction buffer without denaturant to
allow regeneration (refolding) of the immobilized protein, and finally adjusted to the conditions of each exper-
iment. We found that this regeneration protocol, instead of using an alternative protocol involving the thor-
ough removal and subsequent fresh immobilization of protein, tended to yield more consistent and reproducible
data. In experiments involving GroES, an additional pre-incubation interval of 30 min in buffer containing 0.4 M
Gdn-HCl was incorporated prior to measurements. Raw sensorgrams were either fitted to a single exponential
decay equation corrected for drift to elucidate apparent rate constants (k) and the net change in oscillation fre-
quency (AF), or alternatively, fitted to a double exponential decay equation to obtain AF and two apparent rate
constants, fast (k") and slow (k,,°%). Estimation of the dissociation constant (K;) between GroEL-AD and
each client were estimated using two different methods; in the kinetic estimation method, the rates of ligand bind-
ing (k,,) and ligand dissociation (k,g) were estimated from linear regression analysis of the k, against [Client],
according to the following equation:

kops = kost + ko [Client]

Alternatively, the K, was estimated directly from non-linear fitting of plots of the | AF| against [Client] accord-
ing to the Langmuir equation for isothermal adsorption:

|AF| = B, [Client]
K, + [Client]

Analyses were performed using either the software package supplied by the manufacturer (Aqua 2.0; for single
exponential decay w/drift; Fig. 6b), or KaleidaGraph 4.5.1 (all other analyses; Figs 6 and 7).
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